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Regulation of Hepatic Fuel Utilization and Storage Through BAD-dependent Glucose Signaling

Abstract
Metabolic adaptation to fed and fasted states is intricately controlled by nutrient and hormonal
signals. In the fed state, the liver stores glucose first as glycogen and then converts excess
glucose to fat through de novo lipogenesis (DNL). During fasting, the liver produces glucose
first though glycogen breakdown and then through de novo synthesis, a process known as
gluconeogenesis, which is coupled to fatty acid oxidation. When dysregulated, these

processes can lead to metabolic disorders such as diabetes and fatty liver disease.

In the liver, the glucose-phosphorylating enzyme glucokinase (GK) is a key regulator of the
balance between glycolysis and gluconeogenesis, and the attendant changes in fat
metabolism. Hepatic GK is modulated by hormonal and nutrient signals, including multiple
regulatory proteins. Here we investigated the relevance of the BCL2-associated agonist of cell
death (BAD), a protein that activates GK when phosphorylated at serine 155 residue in
response to glucose and insulin. We demonstrate that loss of BAD reprograms hepatic
metabolism towards diminished glycolysis and DNL, increased fatty acid oxidation, and
exaggerated gluconeogenesis that escapes suppression by insulin. These metabolic
alterations are rescued by reconstitution with a GK-activating phosphomimic variant of BAD.
Conversely, loss of GK ablates the capacity of phospho-BAD to regulate hepatic substrate
metabolism, indicating that GK mediates BAD’s function in the liver. We further show that
BAD'’s effects on DNL are mediated by the Carbohydrate Response Element Binding Protein
(ChREBP), a key transcription factor regulating hepatic DNL in response to glucose
stimulation. We identified a novel ChREBP-interacting protein that recruits GIcNAc
transferase (OGT) to ChREBP, promoting ChREBP O-GIcNAcylation and activity. Deletion of

GK or BAD leads to diminished hexosamine biosynthesis, OGT recruitment to ChREBP,



ChREBP O-GIcNAcylation, and lipogenic gene expression in response to glucose.
Remarkably, these changes can be rescued by GIcNAc supplementation. The physiologic
relevance of BAD’s effect on hepatic metabolism is evident from the ability of a BAD
phosphomimic variant to counteract unrestrained gluconeogenesis and improve glycemia in
leptin-resistant and high fat diet models of diabetes and insulin resistance, and by altered BAD

phosphorylation in liver biopsies of patients with fatty liver disease.
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CHAPTER 1
Introduction



1.1 Brief overview of hepatic adaptive metabolism

The liver plays an important role in the homeostatic regulation of glucose and lipid utilization,
storage, and production in response to nutrient and hormonal signals such as glucose and insulin
(Lin and Accili, 2011; Oosterveer and Schoonjans, 2013). In the fed state, when nutrient
availability is high, the liver favors glucose utilization and storage. Glucose is first stored as
glycogen, but once glycogen stores are replete, glucose carbons are converted to fat through a
process known as de novo lipogenesis (Figure 1.1). De novo lipogenesis is regulated at the
transcriptional level by both insulin and glucose (Dentin et al., 2004; Horton et al., 2002; Uyeda
and Repa, 2006), and requires the glucose-derived lipogenic precursor malonyl-CoA and the
lipogenic cofactor NADPH, a product of the pentose phosphate pathway and the malic enzyme
(Alves-Bezerra and Cohen, 2017; Sanders and Griffin, 2016) (Figure 1.1B).

In the fasted state, the liver produces glucose through glycogen breakdown and then
through de novo synthesis from glucose in a process known as gluconeogenesis (Petersen et al.,
2017). Hepatic glucose production is intertwined with fatty acid oxidation (FAO), the TCA cycle
and mitochondrial electron transport chain activity, which supply the gluconeogenic pathway with
carbon substrates, reducing equivalents and ATP (Satapati et al., 2012) (Figure 1.1B). These
metabolic pathways are also regulated at both transcriptional and post-transcriptional levels. Key
transcriptional regulators of the gluconeogenic programs include FOXO1, HNF4 and PGC1a
(Anyamaneeratch et al., 2015; Banks et al., 2011; Petersen et al., 2017). At post-transcriptional
level, acetyl-CoA derived from FAO is an important regulator of gluconeogenesis through its
allosteric activation of pyruvate carboxylase (PC), which generate oxaloacetate for the
phosphoenolpyruvate carboxykinase (PEPCK) reaction (Han et al., 2016) (Figure 1.1B).

While de novo lipogenesis and gluconeogenesis are important components of adaptive
metabolism under normal physiologic conditions, their dysregulation can lead to a variety of

metabolic diseases. For example, excessive de novo lipogenesis is associated with diabetes
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Figure 1.1. Overview of hepatic metabolism

(A) Overview of hepatic glucose and fat metabolism summarizing their utilization and storage in
fed and fasted states. (B) Schematics of hepatic substrate metabolism.

Abbreviations: Metabolites: G6P- Glucose-6-phosphate, F6P, Fructose-6-phosphate, F26,BP-
Fructose-2,6-Bisphosphate, GAP- Glyceraldehyde phosphate, 3PG- 3-phosphoglycerate, 2PG-
2-phosphoglycerate, X5P- xyulose-5-phosphate, Glc-6P- Glucosamine-6-phosphate, UDP-
GIcNAc-Uridine diphosphate N-acetylglucosamine.

Enzymes: G6PDH- Glucose-6-phosphate dehydrogenase, GK- Glucokinase, PFK2-
Phosphofructokinase 2, PK- Pyruvate kinase, LDH- Lactate dehydrogenase, PDH- Pyruvate
dehydrogenase, PC- Pyruvate carboxylase, OGT- O-linked N-actetylglucosamine transferase,
ME- Malic enzyme, ACC- Acetyl-CoA carboxylase, ACLY- ATP citrate lyase, FAS- Fatty acid
synthase, SCD1- Stearoyl-CoA desaturase-1, ELOV6- Elongation of very long chain fatty acids
protein 6, PEPCK- Phosphoenolpyruvate carboxykinase, and G6Pase- Glucose 6-phosphatase.



and nonalcoholic fatty liver disease (NAFLD) (Birkenfeld and Shulman, 2014; Samuel and
Shulman, 2018), and unrestrained gluconeogenesis leads to hyperglycemia and its attendant
health complications over time (DeFronzo et al., 2015). As such, how the liver senses glucose
availability to promote its storage or production is an active area of research.

1.2 Glucokinase and hepatic glucose sensing

The glucose phosphorylating enzyme glucokinase (GK, Hexokinase V), is an important
modulator of hepatic substrate metabolism (Matschinsky, 2009; Nissim et al., 2012). Compared
to other hexokinase isoforms, GK has unique kinetic properties such as a low affinity for glucose
(~ 8 mM), positive substrate cooperativity, and lack of end product inhibition (Agius, 2016b).
These features make GK well suited for sensing physiologic blood glucose fluctuations. GK
expression is restricted to liver, pancreatic p-cells and certain hypothalamic neurons, and its
cardinal role in physiologic control of blood glucose levels is further evident from a number of
human pathologies caused by naturally-occurring GK mutations. Specifically, GK loss-of-function
mutations are linked to maturity onset diabetes of the young type 2 (MODY2) and permanent
neonatal diabetes mellitus (PNDM), while gain-of-function mutations in the enzyme are
associated with persistent hyperinsulinemic hypoglycemia of infancy (PHHI), which presents with
abnormally low blood glucose concentrations (Matschinsky, 2009). For these reasons, drug
discovery efforts for therapeutic modulation of GK has gained considerable attention over the past
years (Grimsby et al., 2008; Matschinsky, 2013; Meininger et al., 2011; Pfefferkorn et al., 2012;
Sarabu et al., 2012).

GK regulates hepatic glucose utilization and storage by stimulating glycogen and lipid
synthesis while suppressing gluconeogenesis (Dentin et al., 2004; Oosterveer and Schoonjans,
2013; Postic et al., 1999; Velho et al., 1996). GK-catalyzed production of glucose-6-phosphate
(G6P) functions as either a substrate or an allosteric activator/inhibitor of many metabolic
pathways. For example, G6P activates glycogen synthase while allosterically inhibiting glycogen

phosphorylase, thereby promoting glucose storage as glycogen (Oosterveer and Schoonjans,
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2013) (Figure 1.1B). Furthermore, metabolism of G6P through the glycolytic pathway generates
pyruvate, which can enter the TCA cycle for oxidative metabolism, generating energy as well as
biosynthetic precursors for other metabolic pathways (Oosterveer and Schoonjans, 2013) (Figure
1.1B). This includes generation of citrate, which is metabolized to acetyl-CoA and then malonyl-
CoA for de novo lipogenesis (Oosterveer and Schoonjans, 2013)(Figure 1.1B). Concomitant
allosteric inhibition of FAO by malonyl-CoA ensures that fatty acids are not synthesized and
oxidized in a futile cycle (Foster, 2012). With FAO inhibited, gluconeogenic flux is also reduced
(Lee et al., 2017; Petersen et al., 2017). Other G6P-utilizing reactions through the pentose
phosphate pathway generate nucleotides as well as reducing equivalents in the form of NADPH
to support de novo lipogenesis (Alves-Bezerra and Cohen, 2017; Oosterveer and Schoonjans,
2013) (Figure 1.1B).

Consistent with its central role in hepatic substrate metabolism, GK activity is regulated at
multiple levels, including transcriptional regulation downstream of the insulin signaling pathway
(Agius, 2016b) (Figure 1.2). In addition, GK activity is modulated by several binding partners such
as glucokinase regulatory protein (GKRP), the bi-functional enzyme 6-phosphofructo-2-
kinase/fructose 2,6-bisphosphatase (PFK2/FBP2) and BCL-2-associated Agonist of Cell Death
(BAD) [reviewed in (Agius, 2016b)]. GKRP inhibits GK by binding to its allosteric site
predominately at low glucose concentrations and sequestering the enzyme in the nucleus (Agius,
2016b; Baltrusch et al., 2001; Detheux et al., 1991; Farrelly et al., 1999). This interaction is
strengthened by fructose-6-phosphate (F6P) and inhibited by fructose-1-phosphate (F1P)
(Detheux et al., 1991). In humans, a common variant of GKRP (GKRP-446L), which has lower
nuclear accumulation and less inhibitory effect on GK, results in high plasma and hepatic
triglycerides and low fasting blood glucose levels, a phenotype consistent with increased
lipogenesis and diminished gluconeogenesis (Beer et al., 2009; Orho-Melander et al., 2008; Rees
et al., 2012). While GKRP inhibits GK activity, PFK2/FBP2 and BAD activate the enzyme (Agius,
2016b; Baltrusch et al., 2001; Danial et al., 2003). Both PFK2/FBP2 and BAD increase the Vmax
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of the enzyme without affecting its affinity for glucose (Baltrusch et al., 2012; Szlyk et al., 2014).
Beyond activating GK, PFK2/FBP2 enhances glycolysis by generating fructose 1,6 bisphosphate,
which in turn leads to allosteric activation of the glycolytic enzyme PFK1 (Okar et al., 2004). The
interaction between GK and PFK2/FBP2 or BAD is increased at high glucose concentrations or
in the fed state (Baltrusch et al., 2012; Cullen et al., 2014) (data not shown). Collectively, these
data point to PFK2/FBP2 and BAD as physiological activators of GK in response to high glucose.
1.3 ChREBP: A glucose sensing transcription factor

In addition to providing biosynthetic precursors for metabolic pathways such as de novo
lipogenesis, glucose metabolism can provide signals to activate the transcription of glycolytic and
lipogenic genes. Carbohydrate Response Element Binding Protein (ChREBP) has emerged as
the primary transcription factor that activates the expression of glucose responsive genes (Abdul-
Wahed et al.,, 2017; Agius, 2016a; Ma et al., 2005). ChREBP is a basic-helix-loop-helix
transcription factor that binds to carbohydrate response elements (ChOREs) in the promoters of
target genes as a tetrameric complex with its obligate binding partner MLX (Stoeckman et al.,
2004). Genetic studies in rodents have demonstrated the physiologic relevance of ChREBP in
regulating de novo lipogenesis and the development of hepatic steatosis (Dentin et al., 2006;
lizuka et al., 2004; lizuka et al., 2006). Moreover, polymorphisms in the ChREBP gene are linked
to increased plasma triglycerides in humans (Kooner et al., 2008). Beyond de novo lipogenesis,
ChREBP-dependent transcriptional programs may also modulate hepatic ATP homeostasis in
response to excess carbohydrate and in NAFLD. This is consistent with the observation that
hepatic ChREBP targets include genes that down regulate phosphate ester pools to preserve
hepatic Pi and ATP (Agius, 2016a).

As a glucose-responsive transcription factor, ChREBP activation requires GK and is
believed to be dependent on glucose metabolites rather than glucose per se (Abdul-Wahed et al.,
2017; Agius, 2016a; Dentin et al., 2004). In particular, three phospho-metabolites of G6P,
xyulose-5-phosphate (X5P), or fructose 2,6 bisphosphate (F2,6BP) have been shown to activate
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ChREBP (Arden et al., 2012; Dentin et al., 2012; Kabashima et al., 2003) (Figure 1.1B). The
molecular mechanisms whereby ChREBP is activated by these metabolites await further studies.
Increased glucose metabolism can also elevate flux through the hexosamine biosynthesis
pathway, increasing UDP-GIcNAc, the substrate for protein O-GIcNAcylation (Figure 1.1B). O-
GlIcNAcylation of ChREBP increases its DNA binding affinity, transcriptional activity, and protein
stability (Guinez et al., 2011; Sakiyama et al., 2010; Yang and Qian, 2017). However, the
mechanisms controlling ChREBP O-GlIcNAcylation are not fully understood. DNA-binding and
transcriptional activity of ChREBP can also be modulated by acetylation in response to glucose
stimulation (Bricambert et al., 2010). This may depend on glucose-dependent enrichment of
acetyl-CoA pools (Figure 1.1B), which may alter protein acetylation (Wellen et al., 2009).

Other glucose-dependent ChREBP post ftranslational modifications include
phosphorylation. Specifically, ChREBP is phosphorylated by PKA/AMPK and sequesterd by 14-
3-3 proteins in the cytosol under low glucose conditions or during fasting (Kawaguchi et al., 2001).
This interaction may be further stabilized by AMP, an indicator of low energy status, and by ketone
bodies, which are metabolites produced from fatty acids under starvation conditions (Nakagawa
et al., 2013; Sato et al., 2016) (Figure 1.1B). ChREBP can be dephosphorylated by a PP2A-like
phosphatase activated by X5P, which promotes its nuclear translocation (Kabashima et al., 2003).
However, ChREBP phospho-mutants remain glucose responsive (Tsatsos and Towle, 2006), and
a pool of ChREBP resides in the nucleus even in the absence of glucose stimulation (Davies et
al., 2008; Kim et al., 2016), indicating the existence of additional glucose-dependent regulatory
mechanisms apart from ChREBP phosphorylation status and nuclear translocation.

Structure-function analyses, together with theoretical modeling of ChREBP structure
based on conserved sequences across Mondo glucose-responsive transcription factor family
members, revealed a potential mechanism whereby G6P may activate ChREBP (Li et al., 2006;
McFerrin and Atchley, 2012). These studies uncovered an N-terminal glucose sensing module
(GSM) in ChREBP composed of two domains; a low-glucose inhibitory domain (LID) and a
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transactivation domain known as glucose-response activation conserved element (GRACE),
which can potentially bind G6P (Li et al., 2006; McFerrin and Atchley, 2012). In the LID/GRACE
model of ChREBP activation, ChREBP is repressed by intermolecular contacts within the GSM
under low glucose conditions, which are relieved upon G6P binding.

1.4 Hormonal regulation of hepatic metabolism

Under physiologic conditions, nutrient cues work together with hormonal signals to promote
metabolic adaptation to fed and fasted states. Glucagon, which is secreted from the pancreatic
a-cells in response to low blood glucose levels, is a major regulator of the fasting response and
stimulates hepatic glucose production (Jiang and Zhang, 2003). Insulin, on the other hand is
secreted from the pancreatic B-cells in response to high blood glucose concentrations (Tokarz et
al., 2018). Insulin acts both on the liver and peripheral tissues to promote glucose storage in the
form of glycogen and fat, lowering blood glucose levels.

Insulin binding to the insulin receptor (IR) triggers receptor autophosphorylation and
activation (Avruch, 1998; Titchenell et al., 2017) (Figure 1.2). The insulin signaling pathway
controls a myriad of cellular pathways, including hepatic glycolysis, gluconeogenesis, glycogen
synthesis, and lipogenesis, in addition to other canonical insulin-regulated pathways such as
protein synthesis, cell growth and survival (Titchenell et al., 2017) (Figure 1.2). In particular, the
insulin receptor substrate (IRS) proteins exert metabolic effects through activation of PI3K and 3-
phosphoinositide-dependent protein kinase 1 (PDK1) (Guo et al., 2009; Titchenell et al., 2017).
PDK1 then phosphorylates and activates AKT, which in turn modulates the activity of key
metabolic enzymes and transcription factors in the liver (Hatting et al., 2018; Titchenell et al.,
2017; Yecies et al., 2011) (Figure 1.2). Insulin promotes glucose utilization and storage to

glycogen and fat in multiple ways including, transcriptional induction of Gk via the sterol
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Simplified schematic of the insulin signaling pathway and its effects on multiple metabolic
processes in the liver.
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p90RSK-, p90 ribosomal S6 kinase, p70S6K- Ribosomal protein S6 kinase, Pck1-
Phosphoenolpyruvate carboxykinase, PI3K- Phosphatidylinositol-4,5-bisphosphate 3-kinase,
PIP2- Phosphatidylinositol-4,5-bisphosphate, PIP3- Phosphatidylinositol-3,4,5-triphosphate,
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regulatory element binding protein (SREBP) (Agius, 2016b; Lin and Accili, 2011). SREBP shares
lipogenic target genes with ChREBP and mediates insulin’s effects on de novo lipogenesis
(DeBose-Boyd and Ye, 2018; Titchenell et al., 2017). Insulin activates SREBP by both stimulating
its transcription and enhancing its proteolytic processing to an active form (DeBose-Boyd and Ye,
2018; Owen et al., 2012; Titchenell et al., 2017).

In addition to promoting hepatic glycolysis and lipogenesis, insulin represses
gluconeogenesis (Hatting et al., 2018). Insulin inhibition of FOXO1, which normally promotes the
transcription of two key gluconeogenic genes, glucose 6-phosphatase (G6Pase) and PEPCK
(Pck) (Figure 1.2), is an important mechanism whereby gluconeogenesis is suppressed in the fed
state (Liao et al., 1998; Lu et al., 2012; Postic et al., 2004). This occurs through AKT-mediated
phosphorylation of FOXO1, its subsequent binding to 14-3-3 proteins and nuclear export
(Tikhanovich et al., 2013). Deletion of AKT results in hyperglycemia that can be rescued by
hepatic deletion of Foxo1, demonstrating the importance of the AKT:FOXO1 axis in regulating
hepatic glucose production (Lu et al., 2012). Beyond suppression of gluconeogenesis, systemic
inhibition of hepatic glucose production by insulin is also mediated by inhibition of adipocyte
lipolysis, which diminishes FAO, reducing equivalents, and energy required for gluconeogenesis
(Hatting et al., 2018). Thus, insulin regulates hepatic glucose production by both direct and
indirect mechanisms.

Hepatic insulin resistance, defined broadly as resistance to insulin action, results in
increased hepatic glucose production and hyperglycemia that can develop into type 2 diabetes
(T2D) (Hatting et al., 2018; Michael et al., 2000). At the molecular level, insulin resistance is often
associated with inhibition of IRS phosphorylation in response to insulin (Copps and White, 2012).
The pathophysiology of insulin resistance continues to be an active area of investigation, and
many mechanisms have been proposed including hyper activation of negative feedback loops
that normally dampen insulin signaling such as inflammation, elevated diacylglycerols and/or
ceramides, ER stress as well as high ROS levels (Copps and White, 2012; Samuel and Shulman,
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2016) (Figure 1.3). Most of these mechanisms inhibit insulin signaling at the level of IRS through
activation of IRS inhibitory kinases (Copps and White, 2012) (Figure 1.3). A number of IRS
inhibitory kinases are regulated by insulin signaling such as mTOR, p70S6K, and ERK and are
elements of negative feedback loops (Copps and White, 2012) (Figure 1.3). IRS proteins can
additionally be inhibited by heterologous kinases, whose activity is regulated independently of
insulin such as c-Jun N-terminal kinase (JNK) and protein kinase C (PKC) (Copps and White,
2012) (Figure 1.3). JNK can be activated in response to increased ROS levels while PKC isoforms
are activated by diacylglycerols (Copps and White, 2012) (Figure 1.3). Both of these IRS inhibitory
pathways can be activated by dysregulated lipid metabolism (Copps and White, 2012; Samuel
and Shulman, 2016; Vial et al., 2010). As such, hepatic nutrient and energy sensing pathways
and insulin signaling are tightly integrated with dysregulated insulin signaling impacting hepatic
substrate metabolism, and altered hepatic metabolism affecting hepatic insulin sensitivity (Copps
and White, 2012; Newgard, 2012; Samuel and Shulman, 2016)

1.5 Regulation of hepatic metabolism by the BCL-2 family protein BAD

BCL-2 proteins, which are best known for their cell death/survival function, are active components
of select physiologic pathways carrying “day jobs” in other homeostatic pathways beyond
regulation of apoptosis (Bonneau et al., 2013; Giménez-Cassina and Danial, 2015; Hardwick et
al., 2012). The first evidence of a non-apoptotic role for a BCL-2 protein in regulation of glucose
metabolism and systemic glucose homeostasis emerged from studies showing that BAD, a BCL-
2 family protein best known for its apoptotic function, binds and activates GK when
phosphorylated in response to insulin and other nutrient signals (Danial et al., 2003; Danial et al.,
2008; Giménez-Cassina et al., 2014; Szlyk et al., 2014). This post translational modification
occurs on a conserved serine residue within an amphipathic a-helical region known as the BCL-

2 Homology (BH)-3 domain; serine 155 (S155, amino acid
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Figure 1.3. Simplified schematic of mechanisms underlying insulin resistance

Abbreviations: JNK- c-Jun N-terminal kinase, PKC- Protein kinase C, ROS- Reactive oxygen
species, AKT- Protein kinase B, BAD- BCL-2-associated Agonist of Cell Death, ERK-Extracellular
signal-regulated kinase, FOXO1- Forkhead box O1, GSK3- Glycogen synthase kinase, GYS-
Glycogen synthase, G6Pase- Glucose-6 phosphatase, GRB- growth factor receptor-bound
protein, IRS- Insulin receptor substrate, mTOR- mammalian target of rapamycin, p90RSK-, p90
ribosomal S6 kinase, p70S6K- Ribosomal protein S6 kinase, Pck1- Phosphoenolpyruvate
carboxykinase, PI3K- Phosphatidylinositol-4,5-bisphosphate 3-kinase, PIP2-
Phosphatidylinositol-4,5-bisphosphate, PIP3- Phosphatidylinositol-3,4,5-triphosphate, PDK1- 3-
phosphoinositide-dependent protein kinase 1, SHC- SHC-transforming protein 1, SREBP- Sterol
regulatory element binding protein.
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enumeration based on the mouse sequence of BAD equivalent to S118 in human BAD) (Figure
1.4). The BH3 domain of BAD, which normally binds and inactivates pro-survival BCL-2, BCL-X,
BCL-w is also required to engage GK (Nat Med 2008). However, S155 phosphorylation blocks
the capacity of this domain to engage BCL-2 family partners while enabling its activation of GK
(Giménez-Cassina and Danial, 2015) (Figure 1.4).

BAD S155 is the target of multiple kinases downstream of nutrient and insulin signaling
including AKT, p70S6K and p90RSK that either phosphorylate S155 directly or modify upstream
priming phosphorylation sites (S112 and S136), facilitating S155 phosphorylation (Danial et al.,
2003; Danial, 2008; Danial et al., 2008; Giménez-Cassina et al., 2014) (Figure 1.2). When
dephosphorylated, BAD can engage the mitochondrial apoptosis machinery through BH3 domain-
dependent binding and neutralization of the pro-survival BCL-2, BCL-XL and BCL-w proteins.
However, dephosphorylated BAD per se is not sufficient to trigger apoptosis, rather it plays a
permissive role and sensitizes cells to apoptosis when sufficient cellular damage has accumulated
(Giménez-Cassina and Danial, 2015). Other studies showed that, in the absence of cellular
damage, dephosphorylated BAD is permissive to FAO (Giménez-Cassina and Danial, 2015). The
BAD BH3 domain is not only required but sufficient to activate GK, as evident from the capacity
of hydrocarbon-stapled peptides modeled after the phospho-BAD BH3 helix to activate GK
(Danial et al., 2008; Ljubicic et al., 2015; Szlyk et al., 2014). Biochemical and structural dissection
of the BAD-GK complex has also revealed that this helix directly engages GK near its active site
and increases the Vmax of the enzyme without drastic effects on its affinity for glucose (Szlyk et
al., 2014).

The physiological relevance of BAD in glucose metabolism is evident from impaired
glucose tolerance, fasting hyperglycemia, and reduced glucose stimulation of insulin secretion
when BAD is deleted or prevented from being phosphorylated (Danial et al., 2003; Danial et al.,

2008; Giménez-Cassina et al., 2014). These alterations phenocopy loss-of-GK function in
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liver and in pancreatic B-cells, where GK activity normally regulates the glucose dose
responsiveness of insulin secretion.

1.6 Objectives and overview of this dissertation

The studies described in this dissertation interrogate the physiologic relevance of BAD in hepatic
adaptation to fed and fasted states. In Chapter 2, we provide a combination of biochemical and
genetic evidence showing that BAD phosphorylation is required for hepatic de novo lipogenesis
via ChREBP. We also take advantage of the wild type and BAD-deficient hepatocytes as a
discovery platform to gain new molecular insights into how ChREBP is normally activated in
response to glucose. Specifically, unbiased ChREBP-interaction proteomics under the setting
where glucose stimulation of ChREBP is intact (wild type) versus impaired (BAD-deficiency) led
to the identification of host cell factor 1 (HCF-1) as a novel ChREBP binding protein. We then
separately characterize the biochemical mechanisms and functional relevance of HCF-1 in
glucose activation of ChREBP and de novo lipogenesis. These studies revealed that HCF-1
resides at the promoters of lipogenic genes, and functions as an adaptor protein required for the
recruitment of O-GIcNAc transferase (OGT) to ChREBP, its O-GIcNAcylation and transcriptional
activity downstream of the hexosamine biosynthesis pathway in response to glucose stimulation
(Figure 1.5). We also show that BAD phosphorylation and HCF-1 levels are increased in human
liver samples obtained from patients with non-alcoholic steatohepatitis (NASH), a
pathophysiologic setting where de novo lipogenesis is augmented.

In Chapter 3, we investigate the physiologic outcomes of BAD modifications in hepatic
substrate metabolism and fasting responses. We show that, in the fasted state, loss of BAD or its
phosphorylation reprograms hepatic metabolism towards diminished glycolysis, increased fatty
acid oxidation, and exaggerated gluconeogenesis that escapes suppression by insulin (Figure
1.5). We provide evidence that these metabolic alterations are related to BAD’s capacity to
activate GK. Importantly, hepatic expression of the BAD phosphomimic variant in leptin-resistant
and high fat diet models of diabetes and insulin resistance resets the balance between hepatic
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glycolysis and gluconeogenesis, counteracts unrestrained gluconeogenesis, and improves
glycemia. Collectively, the studies described in Chapters 2 and 3 provide insights into both
mechanistic underpinnings and functional relevance of the BAD:GK axis in hepatic substrate

metabolism in both normal physiology and pathophysiology.
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Chapter 2: Activation of the BAD:GK pathway promotes de novo lipogenesis both by providing
biosynthetic precursors in form of malonyl Co-A and by stimulating lipogenic gene expression
through ChREBP. Full induction of the ChREBP transcriptional program by glucose requires
hexosamine biosynthesis and HCF-1-dependent recruitment of OGT to ChREBP, which
increases ChREBP O-GIcNAcylation, stability and activity.

Chapter 3: BAD phosphorylation stimulates a metabolic program in hepatocytes that is
characterized by GK activation, increased glycolysis, reduced FAO and gluconeogenesis that is
relevant for the homeostatic control of hepatic glucose production.

Abbreviations: HCF-1- Host cell factor 1, OGT- O-GIcNAc transferase, ChREBP- Carbohydrate

response element binding protein, BAD- BCL-2-associated Agonist of Cell Death, GK-
glucokinase, L-Pk- Liver pyruvate kinase, Pck1- Phosphoenolpyruvate carboxykinase.
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CHAPTER 2
HCF-1 Links BAD-mediated Glucose Signaling to de Novo Lipogenesis

through ChREBP Regulation



SUMMARY

Carbohydrate response element binding protein (ChREBP) has emerged as a key transcription
factor regulating de novo lipogenesis (DNL) in response to carbohydrates and in hepatic steatosis.
As such, mechanisms underlying nutrient modulation of ChREBP function are under active
investigation. We provide genetic and biochemical evidence that phosphorylation of the BCL2
agonist of cell death (BAD), a glucokinase (GK) activating protein, is physiologically relevant for
ChREBP activation and hepatic DNL. Further, we identify HCF-1 as a new ChREBP-interacting
partner that regulates ChREBP O-GIcNAcylation by recruiting OGT to ChREBP in response to
glucose stimulation. Blocking BAD phosphorylation leads to diminished hexosamine biosynthesis,
HCF-1 O-GlIcNAcylation and its association with OGT and ChREBP, ChREBP O-GIcNAcylation,
and lipogenic gene expression. However, GIcNAc supplementation is sufficient to reactivate the
HCF-1:ChREBP module in the absence of BAD. Importantly, phospho-BAD and HCF-1 levels are

elevated in liver biopsies of NASH patients consistent with increased DNL in this setting.
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INTRODUCTION

Metabolic adaptation to fed and fasted states is intricately controlled by nutrient and
hormonal signals. In the fed state, the liver stores glucose as glycogen, and once glycogen stores
are replete, it converts excess glucose to fat through de novo lipogenesis (DNL), a process
regulated by insulin and glucose-derived metabolic signals (Abdul-Wahed et al., 2017; Sanders
and Griffin, 2016; Uyeda and Repa, 2006; Yecies et al., 2011). While storage of excess glucose
as lipids is an important component of metabolic adaptation, excessive DNL is associated with
pathologies such as nonalcoholic fatty liver disease (NAFLD), where up to 30% of hepatic fat
accumulation can be linked to increased hepatic DNL (Donnelly et al., 2005; Softic et al., 2016).
NAFLD often co-segregates with obesity, diabetes, metabolic syndrome and cardiovascular
disease (Perumpail et al., 2017; Samuel and Shulman, 2018).

Glucose metabolism provides both biosynthetic precursors and regulatory signals for DNL,
and evidence indicates that the Carbohydrate Response Element Binding Protein (ChREBP) is
an important transcription factor and effector of glucose-derived signals in this process (Abdul-
Wahed et al., 2017; Agius, 2016a; Alves-Bezerra and Cohen, 2017; Uyeda and Repa, 2006).
Notably, polymorphisms in ChREBP are linked to increased plasma triglycerides (Kooner et al.,
2008), and increased ChREBP protein levels are associated with human NAFLD (Benhamed et
al., 2012). Beyond DNL, ChREBP-dependent transcriptional programs may also constitute a
mechanism for modulating hepatic ATP homeostasis in response to excess carbohydrate and in
NAFLD. This is consistent with the observation that hepatic ChREBP targets include genes that
down regulate phosphate ester pools to preserve hepatic Pi and ATP (Agius, 2016a). Several
glucose-derived metabolites can activate ChREBP, including G6P (glucose-6-phosphate), F2-
6BP (fructose-2,6-bisphosphate) and X5P (xyulose-5-phosphate) (Arden et al., 2012; Dentin et
al., 2012; lizuka et al., 2013). There is some evidence that X5P can trigger dephosphorylation
and nuclear translocation of ChREBP through activation of protein phosphatase 2A (PP2A)
(Kabashima et al., 2003). However, ChREBP phospho-mutants remain glucose responsive
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(Tsatsos and Towle, 2006), and a pool of ChREBP resides in the nucleus even in the absence of
glucose stimulation (Davies et al., 2008; Kim et al., 2016), indicating the existence of additional
glucose-dependent regulatory mechanisms apart from ChREBP phosphorylation status and
nuclear translocation. Additional glucose-derived metabolic signals in the form of acetyl-CoA and
UDP-N-acetylglucosamine (UDP-GIcNAc) can activate ChREBP through acetylation and O-
GlcNAcylation, respectively (Bricambert et al., 2010; Guinez et al., 2011; Sakiyama et al., 2010;
Yang and Qian, 2017). Specifically, increased glucose metabolism can augment UDP-GIcNAc
pools through the hexosamine biosynthesis pathway, and O-GlcNAcylation of ChREBP increases
its DNA binding affinity, transcriptional activity, and protein stability (Guinez et al., 2011; Sakiyama
et al., 2010; Yang et al., 2017). However, the mechanisms controlling ChREBP O-GIcNAcylation
are not fully understood.

The myriad of glucose-dependent signals that converge on ChREBP reflect a complex
network of mechanisms controlling gene expression in response to glucose and carbohydrate
surplus. In the liver, these signals are controlled by the glucose phosphorylating enzyme
glucokinase (GK), the product of the maturity onset diabetes of the young type 2 (MODY2) gene
(Matschinsky, 2009; Nissim et al., 2012). In the fed state, hepatic GK regulates glucose utilization
and storage by stimulating glycogen and lipid synthesis while suppressing hepatic glucose
production (Dentin et al., 2004; Postic et al., 1999; Velho et al., 1996). Genetic evidence also
indicates that GK is required for activation of ChREBP by glucose and carbohydrate feeding
(Dentin et al., 2004). Hepatic GK activity is regulated by a number of binding partners including
GKRP (glucokinase regulatory protein), PFK2/FBP2 (6-phosphofructo-2-kinase/fructose 2,6-
bisphosphatase) and BAD (BCL-2-associated Agonist of Cell Death) [reviewed in (Agius, 2016b)].
These endogenous modulators of GK could be components of additional signaling pathways that
exert physiologic control over ChREBP activation in response to lipogenic signals. However, given
multiple mechanisms that control hepatic GK activity (Agius, 2016a), it is unclear whether any
given GK modulatory protein would be singularly relevant in this process. BAD activates GK when
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phosphorylated at serine 155 within its BH3 (BCL2 homology 3) domain downstream of the insulin
signaling pathway, independent of its capacity to bind other BCL-2 family proteins (Agius, 2016b;
Danial et al., 2003; Gimenez-Cassina and Danial, 2015; Giménez-Cassina et al., 2014). This
involves direct binding of the BAD BH3 helix near the active site of the enzyme (Szlyk et al., 2014).
Activation of GK by phosphorylated BAD stimulates hepatic glucose utilization while suppressing
gluconeogenesis and fatty acid oxidation (Giménez-Cassina et al., 2014). However, whether BAD
phosphorylation is relevant to DNL analogous to GK activation as part of broader effects on
hepatic substrate metabolism is not known and could not be predicted given the multitude of
hormonal and nutrient signals that can regulate hepatic GK activity and lipid synthesis. Here, we
investigate the necessity and sufficiency of BAD phosphorylation for DNL following glucose
stimulation of primary hepatocytes or carbohydrate overload in the liver. Having found that BAD
is required for ChREBP activation by glucose, we also utilize the wild type (WT) and BAD-deficient
hepatocyte system as a discovery platform to gain new insights into how ChREBP is normally
activated in response to glucose. Specifically, unbiased ChREBP-interaction proteomics under
the setting where glucose stimulation of ChREBP is intact (WT) versus impaired (BAD-deficiency)
led to the identification of Host Cell Factor 1 (HCF-1) as a previously unknown ChREBP binding
protein. We show that HCF-1 resides at the promoters of lipogenic genes, and regulates ChREBP
O-GIcNAcylation and transcriptional activity downstream of the hexosamine biosynthesis pathway

in response to glucose stimulation.
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RESULTS
Glucose stimulation of ChREBP activity and de novo lipogenesis are altered upon BAD
modification

To initially assess BAD’s relevance in glucose modulation of hepatic lipogenesis, we
undertook C glucose tracer studies and quantified incorporation of glucose carbons in lipid
fractions in Bad +/+ and Bad -/- primary hepatocytes following incubation with low and high
glucose concentrations (5 and 25 mM, respectively). Compared to Bad +/+ (WT) hepatocytes in
which glucose stimulation elicited a robust increase in DNL, the contribution of glucose to lipid
synthesis was significantly lower in Bad -/~ hepatocytes (Figure 2.1A). This defect was fully
reversed by genetic reconstitution with the adenovirally expressed phosphomimic BAD S155D
variant capable of activating GK but not the phospho-deficient BAD AAA variant, harboring triple
Ala mutations within the BAD BH3 domain (L151A, S155A, and D156A) that blunt its GK-
activating capacity (Danial et al., 2008; Giménez-Cassina et al., 2014) (Figures 2.1A, 2.2 and
2.3A). Notably, expression of the BAD S155D variant did not lead to additional augmentation of
lipogenesis in WT hepatocytes beyond the level seen in GFP-expressing control hepatocytes
(Figure 2.1A, Bad +/+: BAD S155D vs Bad +/+: GFP). These observations suggest that, at least
in this acute setting, phospho-BAD does not lead to hyper-stimulation of the lipogenic program by
glucose.

Hepatic lipogenesis is substantially regulated at the transcriptional level (Wang et al.,
2015), prompting examination of whether BAD-dependent alterations in this pathway are
associated with altered lipogenic gene transcription. In the liver, the sterol regulatory element-
binding protein-1c (SREBP-1c) and ChREBP transcription factors, which have overlapping target
genes, mediate the input from insulin and glucose to the lipogenic gene program, respectively
(Abdul-Wahed et al., 2017; Agius, 2016b; Herman et al., 2012; Uyeda and Repa, 2006; Yecies et
al., 2011). Because our primary focus was on regulation of lipogenesis by glucose, we performed
all subsequent measurements in hepatocytes in response to glucose
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Figure 2.1. BAD-dependent changes in glucose-induced lipogenic program

(A) Incorporation of glucose carbons into lipids in Bad +/+ and /- hepatocytes reconstituted with
the indicated adenoviruses and treated with 1uCi of U'C-glucose tracer for 4 hrs. Data are
presented as percent increase in label incorporation from 5 to 25 mM glucose (glc) treatment
(n=3-4 independent hepatocyte isolations). (B) Relative expression of lipogenic genes in Bad +/+
and -/~ primary hepatocytes reconstituted with the indicated adenoviruses and treated with 5 or
25 mM glucose for 20 hrs (n=5 independent hepatocyte isolations). (C) ChoRE luciferase reporter
activity in Bad +/+ and -/- primary hepatocytes treated as in (B). Data are represented as percent
increase in reporter activity upon glucose stimulation (n=4 independent hepatocyte isolations).
(D) Relative occupancy of ChREBP at L-Pk and Acc promoters in Bad +/+ and -/~ primary
hepatocytes reconstituted with the indicated adenoviruses and treated with 5 or 25 mM glucose
for 4 hrs (n=7 independent hepatocyte isolations). (E) Relative occupancy of ChREBP at the
promoters of L-Pk and Acc in livers of Bad +/+ and -/- mice reconstituted with the indicated
adenoviruses one week prior to being fasted for 24 hrs and refed a HCD for 18 hrs (n=3-4
independent mice per condition).

Error bars in A-E are means + SEM, *p < 0.05; **p < 0.01; ***p < 0.001; n.s., nonsignificant; one
way ANOVA (A,C) or two way ANOVA (B, D, E).

Gene abbreviations in (B): L-PK, liver pyruvate kinase; Acly, ATP citrate lyase; Acc1, acetyl-CoA
carboxylase 1; Fas, fatty acid synthase; Elovl6, Elovl fatty acid elongase 6; scd-1, stearoyl-CoA
desaturase; Chrebp, carbohydrate response element binding protein; Srebp-1c, sterol regulatory
element-binding protein-1¢; Pdhk, pyruvate dehydrogenase kinase.

31



% Increase in'“C-labeled lipids
with 25 mM glc treatment

C

% Increase with
25 mM glc treatment

O

Relative promoter occupancy

Relative promoter occupancy

Figure 2.1. (Continued)

O Bad +/+: GFP
B Bad -/-: GFP
@ Bad -~ BAD S155D

O Bad-/-: BAD AAA 1.5-
mBad +/+: BAD S155D 1ol
80 - n.s. n.s.
Thkk kkk dkk kk 051
kS
60 % E)
% 15,
401 & 104
©
% 05
20 -
’%‘ % i
o
[0
0 o 15
2
+ 10
T
o 05
D Bad +/+: GFP ﬁ
EBad-/-: GFP o 0
mBad-/-: BAD S155D o,
O Bad-/-: BAD AAA ._c% .
L-Pk ChORE Acc ChORE © 1.0
80 n.s. 1 0
Khk kkk  kkk n.s. ¢ 05
60 - 604 ————— i)
T T * ok kkk ol
T 1 <
40 4 40 =
X 15
20 20 1S
1.0
0 0-
05
-20 - -204
104 L-PkPromoter .. ... LBad +/+ GEP
mBad -/ GFP
8 mBad- BAD $155D
OBad -/~ BAD AAA
6_
4]
ZD“.W ﬁiﬁﬂ
0 Ciliml ]
5mMglc 25mMglc 5mMglc  25mMglc
ChREBP ChIP 1gG ChIP
20+ L-Pk Promoter LBad +/+ GFP
B Bad -~ GFP
154 mBad -~ BAD S155D

OBad -~ BAD AAA

OBad +/+: GFP  mBad-/~: BAD S155D
B Bad-/-: GFP OBad-/- BAD AAA
L-Pk * * %% 45 Acly * k%
[
1.0
0.5
04
Acc1 15 Fas *k Kk kk
*k ok kkk —r T 1
| —
1.0
J 0.5
| ST N G
_Elovlé * kk k% {5 Scd-1 * k%
1.0
4 f 0.54
A 0, i-
,Chrebp a 1.5, Chrebp B LN
1.0
05
0
_ Srebp-1c 5 Pdhk
1.0
0.5
5mM glc 25 mM glc 5mM glc 25 mM glc
10 Acc Promoter OBad +/4+: GFP
LESLLLELLY ®Bad-/: GFP
8- mBad-~: BAD $155D
OBad-/-: BAD AAA
6_
4
. = &l Gl
 5mM gle 25mMglc 5mMglc 25mMglc
ChREBP ChIP IgG ChIP
20- Acc Promoter 0Bad +/+: GFP
B Bad--: GFP
15 I mBad-~: BAD $155D

OBad -~ BAD AAA

104 104
0. mﬁl—ﬁm_ 0- o O == et
Fasted Fasted Fasted Fasted HCD
ChREBP ChIP 1gG ChIP ChREBP ChIP IgG ChIP



BAD BH3 Variants GK-Activating | Binding to BCL-2
Capacity Family Partners
Wild-type
yp + +

LWAAQRYGRELRRMSDEFEGSFKGL

$155D
LWAAQRYGRELRRMDDEFEGSFKGL

LWAAQRYGRELRRMADEFEGSFKGL

AAA (L151A, S155A, D156A)
LWAAQRYGREARRMAAEFEGSFKGL

m Bad +/+: GFP (n=11)
B Bad -/-: GFP (n=8)
® Bad -/~ BAD S155D (n=5)
@ Bad -/~ BAD S155A (n=7)
7)

m Bad -/-: BAD AAA (n=
n.s. . ke
,D—: 120- ‘ kK y *%k § *%k ) n_s_‘
L
Q 100+
X
+ i
80 .
Q T
o 60
R
2 40
=
< 20-
X
O 0-

Figure 2.2. BAD’s hepatic function is modulated by its phosphorylation status.

(A) BAD phospho-variants used in reconstitution studies. The effect of each mutation on BAD’s
dual functions or interaction partners is summarized. (B) Hepatic GK activity in Bad +/+ and -/-
mice after tail vein delivery of the indicated adenoviruses.

Error bars, + SEM. **p < 0.01; n.s., non-significant.
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Figure 2.3. The effect of BAD modifications on lipogenic gene expression

(A) BAD protein levels in Bad +/+ and -/- primary hepatocytes after reconstitution with the
indicated adenoviruses. (B) Time course of changes in L-Pk transcription in WT primary
hepatocytes treated with 5 or 25 mM glucose (n=4 experimental repeats from hepatocytes derived
from 2 mice per genotype). For all subsequent gene expression analyses, glucose treatment was
carried out for 20 hrs. (C-D) Relative expression of hepatic lipogenic genes in livers of Bad +/+
and -/~ mice reconstituted with the indicated adenoviruses one week prior to being fasted for 24
hrs and refed a HCD for 18 hrs (C), (n=3-4 mice per condition). Western blots in (D) show protein
levels of BAD in livers samples used in (C). (E) Relative expression of lipogenic genes in
epidydimal fat pads of Bad +/+ and -/~ mice treated as in (C), (n=3 mice per condition). (F)
Immunoblot analysis and quantification of relative BAD phosphorylation on S155 in liver samples
from C57BL/6J mice fasted for 24hrs or fasted then refed a HCD for 18hrs (n=2-3 mice per
condition). (G) Immunoblot analysis and quantification of relative BAD phosphorylation on S155
in primary hepatocytes from C57BL/6J cultured in 5 or 25 mM glucose for 4 hrs (n=3).

Error bars in B,C, E-G are means + SEM, *p < 0.05; **p < 0.01; ***p < 0.001; two way ANOVA
(B, C, E) or Student’s t test (F, G).
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alone without insulin stimulation (Ishii et al., 2004; Petrie et al., 2013). As expected, substantial
increase in the mRNA abundance of lipogenic genes was observed upon glucose stimulation of
WT (Bad +/+: GFP) hepatocytes (Figures 2.1B and 2.3B). ChREBPa mRNA levels were not
substantially regulated by glucose but those of the ChREBP isoform were induced (Figure 2.1B).
This is consistent with previous reports that glucose regulates the ChREBPa isoform post
translationally, while ChREBP( expression is regulated by ChREBPa activity (Havula and
Hietakangas, 2012; Herman et al., 2012; Stamatikos et al., 2016). In BAD-deficient hepatocytes,
glucose induction of mRNAs for lipogenic genes was significantly blunted (Figure 2.1B, Bad -/-:
GFP, and Table 2.1). However, the expression of other genes whose transcription is not glucose
responsive, such as ChREBPa, SREBP-1¢ and pyruvate dehydrogenase kinase (Pdhk) (Deng et
al., 2002; Stamatikos et al., 2016; Zhang et al., 2015), was comparable in Bad +/+ and -/-
hepatocytes stimulated with glucose (Figure 2.1B). As in lipogenesis assays (Figure 2.1A), BAD
S155D but not AAA restored glucose induction of lipogenic gene transcripts in Bad -/- hepatocytes
(Figure 2.1B).

The observation that BAD modifications affect the transcriptional output in response to glucose
warranted examination of ChREBP activity. To this end, we used two complementary functional
readouts; luciferase reporters containing the Carbohydrate Response Elements (ChoREs) of L-
Pk and Acc genes and chromatin immunoprecipitation (ChlP) assays to examine promoter
occupancy of ChREBP at target genes. Glucose induction of ChoRE reporters and recruitment of
ChREBP to endogenous promoters of L-Pk and Acc genes were significantly lower in Bad -/-
compared to Bad +/+ primary hepatocytes, but were restored to WT levels following genetic
rescue with the GK-activating BAD S115D but not the BAD AAA mutant (Figures 2.1C and D). As
an in vivo correlate to our findings in hepatocyte cultures, we also examined the effect of BAD
modifications on hepatic ChREBP activity and the lipogenic gene program in liver biopsies from

Bad +/+ and -/- mice subjected to short term (18 hr) high-carbohydrate diet (HCD )
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Table 2.1. gPCR Primers

Primer Name

Sequence

L-PK F ctg gaa cac ctc tgc ctt ctg
L-Pk R cac aat ttc cac ctc cga ctc
Accl F aca gtg gag cta gaa ttg gac
Acc1 R act tcc cga cca agg act ttg
Scd1 F ccg gag acc ctt aga tcg a
Scd1 R tag cct gta aaa gat ttc tgc aaa cc
Elovl6 F gaa caa gcg agc caa gtt tg
Elovi6 R tgt aag cac cag ttc gaa gag
Fas F agc ggce cat ttc cat tge cc
Fas R cca tgc cca gag ggt ggt tg
Chrebpa F ttg ttc agc cgg atc ttg tc
Chrebpa R agc atc gat ccg aca ctc ac
Chrebpp F tct gca gat cgc gtg gag
ChrebpB R ctt gtc ccg gca tag caa
Srebpi1c F aac gtc act tcc agc tag ac
Srebp1c R cca cta agg tgc cta cag agc
Acly F gaa gct gac ctt gct gaa cc
Acly R ctg cct cca atg atg agg at
Me F gcc ggc tct atc cte ctt tg

Me R ttt gta tgc atc ttg cac aat ctt t
Pdhk F tct aac gtc gcc aga att aaa gc
Pdhk R gga acg tac acg atg tgg att
CycD F atg gca ctg gcg gca ggt cc
CycDR ttg cca ttc ctg gac cca aa
L-Pk ChORE F gtc cca cac ttt gga agc at
L-Pk ChORE R ccc aac act gattct acc c

Acc1 ChORE F

gag gcc agt ttc cac tga ct

Acc1 ChORE R

tgg att gcc aat gat cac t
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feeding; a treatment known to activate hepatic ChREBP and lipogenesis (Agius, 2016a;
Denechaud et al., 2008). In Bad -/- liver, both ChREBP binding to L-Pk and Acc gene promoters
and transcriptional induction of lipogenic genes in response to HCD treatment were significantly
attenuated (Figures 2.1E, 2.3C and D). These effects were specific to the liver as induction of
lipogenic genes by HCD was comparable in Bad +/+ and -/- epididymal fat pads in the same
animal cohorts (Figure 2.3E). This is consistent with the fact that GK, which is required for hepatic
ChREBP activation (Dentin et al., 2004), is not expressed in adipose tissue, indicating that the
BAD-GK pathway is irrelevant in this tissue. Hepatic reconstitution of Bad -/- mice with
adenoviruses encoding BAD S155D or AAA corroborated our findings in primary hepatocytes that
BAD phosphorylation is required for full induction of ChREBP activity and expression of lipogenic
genes (Figures 2.1E, 2.3C and D). Notably, BAD phosphorylation on $155 within its BH3 domain
is normally induced in liver upon HCD feeding or in primary hepatocytes following glucose
stimulation (Figures 2.3F and G), garnering further support for the utility of BAD BH3 phospho-
mutants in dissecting the physiologic relevance of this post translational modification in nutrient
control of DNL.
BAD’s effect on lipogenesis is mediated by ChREBP

Attenuation of glucose-induced lipogenesis in BAD-deficient hepatocytes and liver occurs
concurrently with diminished ChREBP activity. Likewise, the rescue of lipogenesis by BAD S155D
in these settings is associated with restoration of ChRBEP transcriptional activity (Figures 2.1C,
D and E). This would be consistent with the GK-activating property of BAD S155D and restoration
of glucose signals that are believed to trigger ChREBP activation (Abdul-Wahed et al., 2017).
However, these data do not provide evidence for a cause-and-effect relationship between
phospho-BAD and ChREBP activity that could account for BAD-dependent changes in DNL. To
directly address this possibility, we tested the effects of BAD S155D on DNL in the context of
ChREBP deficiency. Chrebp knockdown in Bad +/+ primary hepatocytes led to diminished DNL
and transcriptional induction of lipogenic genes in response to glucose
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Figure 2.4. ChREBP is required for BAD’s effect on lipogenesis.

(A) Incorporation of glucose carbons into lipids in Bad +/+ and -/~ hepatocytes co-infected with
the indicated adenoviruses and treated with 1uCi of U'C-glucose tracer for 4 hrs. Data are
presented as percent increase in label incorporation from 5 to 25 mM glucose treatment (n=4
independent hepatocyte isolations). (B) Relative mMRNA abundance of lipogenic genes in Bad +/+
and -/- primary hepatocytes co-infected with the indicated adenoviruses and treated with 5 or 25
mM glucose for 20 hrs (n=4 independent hepatocyte isolations). (C) ChREBP protein levels in
Bad +/+ primary hepatocytes infected with the indicated concentrations of ChREBP shRNA-
expressing adenovirus. MOI; multiplicity of infection

Error bars are means + SEM, *p < 0.05; **p < 0.01; ***p < 0.001; n.s., nonsignificant; one way
ANOVA (A) or two way ANOVA (B).
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consistent with previous reports (Dentin et al., 2006), and completely ablated the ability of BAD
S155D to restore lipogenesis in Bad -/- hepatocytes (Figures 2.4A, B and C). In Bad -/-
hepatocytes, ChREBP depletion had no additional effect on reducing DNL (Figures 2.4A and B).
Taken together, these data indicate that ChREBP is required for the effect of phospho-BAD on
glucose stimulation of lipogenesis.
HCF-1 is a novel ChREBP binding protein that recruits OGT to ChREBP

Given the myriad of mechanisms regulating ChREBP activity (reviewed in (Abdul-Wahed
et al.,, 2017; Agius, 2016a)), we opted for an unbiased approach to determine the possible
molecular underpinnings of diminished ChREBP activity in the absence of BAD. To this end, we
initially examined changes in ChREBP-containing protein complexes in glucose-stimulated WT
hepatocytes compared to BAD-deficient hepatocytes using immunoprecipitation (IP) coupled to
mass spectrometry (MS). More significantly, this unbiased approach enabled us to take
advantage of the WT and Bad -/- hepatocytes, in which glucose induction of ChREBP is preserved
or blunted, as a discovery platform to learn about new biochemical mechanisms that can
contribute to glucose regulation of ChREBP. To this end, ChREBP was immunoprecipitated from
the nuclear fractions of primary Bad +/+ and -/- hepatocytes expressing Flag-tagged ChREBP
and cultured in 25 mM glucose. Among proteins captured by the anti-Flag antibody in WT
hepatocytes, were known ChREBP binding proteins such as Max-like protein X (MLX), a chief
partner of ChREBP for transcriptional induction of lipogenic genes (Ma et al., 2006) (Figures 2.5A

and B). We then prioritized candidates that were > 3 fold more abundant in ChREBP IPs in WT

compared to Bad -/- hepatocytes based on spectral counting after normalizing for the efficiency
of anti-Flag IP in each genotype, and focused on proteins with direct or indirect functional
annotations in gene transcription and glucose signaling using gene ontology, STRING, and
DAVID bioinformatic tools. This filtering approach narrowed down our focus to Host Cell Factor

(HCF)-1, which was enriched by 3.5 fold in ChREBP IPs of WT
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Figure 2.5. Identification of HCF-1 as a novel ChREBP interacting protein

(A) Summary of mass spectrometry (MS) results for ChREBP, Mix and HCF-1 in anti-Flag
immunoprecipates of nuclear fractions from Flag-ChREBP-expressing Bad +/+ and -/-
hepatocytes treated with 25 mM glucose for 6 hrs. Corrected ratios were calculated by normalizing
total peptide spectral counts for each protein to the total peptide spectral counts for ChREBP in
each genotype. (B) Protein coverage of ChREBP in MS experiment in (A). Sequences underlined
in green are peptides captured in the proteomics data set. (C) Proteins enriched by 3 fold or more
in ChREBP immunoprecipitates from nuclear fractions of Bad +/+ and -/~ primary hepatocytes
treated as in A. (D) Representative western blots (left) and quantification of n=3 independent
analogous experiments (right) of ChREBP association with HCF-1 and OGT in livers derived from
Bad +/+ and -/- fasted for 24 hrs and refed with a HCD for 18 hrs.(E) Validation of WGA pull down
assays for the capture of O-GIcNAcylated ChREBP. O-GIcNAcylated ChREBP capture is
competed off following GIcNAc treatment. (F) ChREBP protein levels in WT hepatocytes treated
with two independent Hcf-1 siRNAs in the presence of 25 mM glucose.

Error bars in (D) are means £ SEM, *p < 0.05; **p < 0.01; two way ANOVA.
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Gene Unique Peptides | Total Peptides Corrected Ratio Peptide sequences (Bad +/+)

Name [ gag +/+ | Bad -+ | Bad +/+ | Bad -~ |P39 */+ to Bad-

ChREBP 26 26 32 37 1 See panel 2.5B below

Mix 6 5 6 6 16 R.RGAPQLSPESPLLSGAR.G, R.GAPQLSPESPLLSGAR.G, K.VEYAYSDNSLDPGLFVES
THK.G, KKKQEEEVSTLR.K, K.VNYEQIVK.A, K. AHQDNPHEGEDQVSDQVK.F

HCF-1 9 3 9 3 3.5 R.LLVFGGM*VEYGK.Y, R.LGHSFSLVGNK.C, K.VASSPVM*VSNPATR.M, KVMTSGT
GAPAK.|,K.IATGHGQQGVTQVVLK.G, K.GAPGQPGTILR.T, R TTNTPTVVR.|,
K.KQELQPGTAYK.F, R.GPFSEISAFK.T

ChREBP Protein coverage in Bad +/+ FLAG IP

ChREBP Protein coverage in Bad -/~ FLAG IP
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PSPSSLALP PEDAYVGNAD MIQPDLTPLQ PSLDDFMEIS DFFTNYRPPQ TPTS
SNYIES PSFGPMADSLFSSGILAPEM PSPASSSSSS GMTPHSGNTR LQARNS
CSGP LDPNPFLSSE FLLPEDPKTKIPPAPGPTPL LPFPTPVKVH GLEPCTPSPF
PTMAPPPSLL PEESLLSARF PFTSAPPAPG VSTLPAPTTF VPTPQPGFGP VPF
SVDHLPH GYLEPVFGPH FTVPQGMQPR CKPSSPSPGG QKASPPTLAS ATAS
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compared to Bad -/- samples (Figures 2.5A and C). HCF-1 is a transcriptional co-regulator whose
interaction with ChREBP or role in DNL has not been previously reported. HCF-1 is activated by
its binding to N-Acetylglucosamine (GIcNAc) transferase (OGT), leading to both HCF-1 O-
GlcNAcylation and its proteolytic processing and maturation, whereby the N- and C-terminal
fragments of HCF-1 remain non-covalently bound, producing a confirmation that enables HCF-1
to interact with its partner proteins (Capotosti et al., 2011; Daou et al., 2011; Lazarus et al., 2013).
In addition to being regulated by OGT-dependent proteolytic processing, HCF-1 can function as
an adaptor protein that recruits OGT to specific substrates (Han et al., 2017; Ruan et al., 2012).
To ensure that the interaction between ChREBP and HCF-1 is not limited to epitope-
tagged and overexpressed ChREBP, we also validated the association of endogenous ChREBP,
HCF-1 and OGT in WT hepatocytes and confirmed that it was diminished in the absence of BAD
(Figure 2.6A). These experiments were performed in the presence of the proteasome inhibitor
MG132 to normalize ChREBP protein stability as previously described (Guinez et al., 2011),
because endogenous ChREBP levels were found to be lower in Bad -/- hepatocytes and liver
compared to WT counterparts (see below). Notably, the association of HCF-1 and ChREBP in
WT hepatocytes and liver samples is induced in response to glucose stimulation or HCD
treatment, respectively (Figures 2.5D and 2.6A). Moreover, siRNA-mediated depletion of HCF-1
in WT hepatocytes led to diminished capture of OGT in ChREBP immunoprecipitates (Figure
2.6B), indicating that HCF-1 is required for recruitment of OGT to ChREBP. Consistent with these
observations, HCF-1 depletion also led to decreased ChREBP O-GIcNAcylation in response to
25 mM glucose as evident from pull down assays using the lectin wheat germ agglutinin (WGA),
which primarily binds GIcNAc (Guinez et al., 2011) (ChREBP®®, Figure 2.5E and 2.6C). Reduced
ChREBP O-GIcNAcylation in this setting was commensurate with reduced ChREBP protein levels
(Figures 2.5F and 2.6D). This is in agreement with the notion that ChREBP stability is regulated

by O-GIcNAcylation
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Figure 2.6. HCF-1 interacts with ChREBP and is required for its O-GIcNAcylation.

(A) Representative western blots (top) and quantification of n=4 independent analogous
experiments (bottom) of ChREBP association with HCF-1 and OGT in Bad +/+ and -/~ primary
hepatocytes cultured in 5 or 25 mM glucose for 6 hrs in the presence of 20 uM MG132. (B)
Representative western blots (top) and quantification of n=3 independent analogous experiments
(bottom) of ChREBP association with HCF-1 and OGT following Hcf-1 knockdown in WT
hepatocytes cultured in 25 mM glucose for 6 hrs in the presence of 20 yM MG132. (C)
Representative western blot (top) and quantification of n=3 independent analogous experiments
(bottom) of O-GlcNAcylated ChREBP (ChREBP®®) in WGA pull down (WGA PD) assays in WT
hepatocytes subjected to Hcf-1 knockdown and cultured as in (B). (D) Representative western
blot (left) and quantification of n=3 independent analogous experiments (right) of ChREBP protein
levels in WT hepatocytes subjected to Hcf-1 knockdown, and cultured in 25 mM glucose for 6 hrs
in the absence or presence of 20 yM MG132.

Error bars are means + SEM, *p < 0.05; **p < 0.01; two way ANOVA (A, C, D) or one way ANOVA
(B).
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(Guinez et al., 2011; Sakiyama et al., 2010). Collectively, these data substantiate HCF-1 as a
novel ChREBP binding partner that is required for recruitment of OGT to ChREBP and its O-
GIcNAcylation.

Diminished ChREBP, OGT and HCF-1 association in the absence of BAD (Figure 2.6A)
prompted examination of whether BAD modifications exert acute effects on ChRBEP O-
GlcNAcylation, and whether this is HCF-1 dependent. ChREBP®® was diminished in Bad -/-
compared to WT hepatocytes treated with control siRNA, and further reduced upon HCF-1
depletion (Figure 2.7A, lanes 1, 2, 5 and 6). Genetic reconstitution with BAD S155D but not BAD
AAA was sufficient to rescue ChREBP O-GIcNAcylation (Figure 2.7A, lanes 2-4). However, the
effect of BAD S155D on ChREBP O-GIcNAcylation and glucose stimulation of lipogenic gene
expression was blunted following Hcf-1 knockdown (Figures 2.7A, lane 3 vs 7, and 2.7B). BAD-
dependent alterations in ChREBP®® are commensurate with corresponding changes in ChREBP
protein levels (Figure 2.8A), and were also observed in liver following HCD treatment of Bad -/-
vs +/+ mice (Figures 2.8B and C). Importantly, high glucose treatment not only stimulates HCF-1
O-GlcNAcylation but also its recruitment to the promoters of lipogenic genes in WT but not Bad -
/- hepatocytes (Figures 2.7C and D). To our knowledge, this is the first evidence showing that
HCF-1 can reside at the promoters of lipogenic genes.

Hexosamine biosynthesis is an intermediate between BAD and ChREBP regulation via
HCF-1

Previous studies have indicated that loss of GK blunts ChREBP activity (Dentin et al.,
2004), which is consistent with findings that certain glucose-derived phospho-metabolites activate
ChREBP (Abdul-Wahed et al., 2017; Agius, 2016a). An additional glucose-derived signal is the
OGT substrate, UDP-GIcNAc, which is required for ChREBP O-GIcNAcylation. UDP-GIcNAc also
triggers the proteolytic cleavage and activation of HCF-1 (Capotosti et al., 2011; Daou et al., 2011;
Lazarus et al., 2013). As such, diminished ChREBP O-GIcNAcylation upon BAD ablation could
be due to both reduced binding of OGT to ChREBP (Figure 2.6A), as
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Figure 2.7. HCF-1 regulates ChREBP function and lipogenesis downstream of BAD.

(A) Representative western blot (left) and quantification of n=3 independent analogous
experiments (right) of O-GlcNAcylated ChREBP in primary Bad +/+ and -/~ hepatocytes
reconstituted with the indicated adenoviruses, subjected to Hcf-1 knockdown, and cultured in 25
mM glucose for 6 hrs in the presence of 20 ym MG132. (B) Relative expression of ChREBP
target genes L-Pk and Acc? in primary Bad +/+ and -/- hepatocytes reconstituted with the
indicated adenoviruses, subjected to Hcf-1 knockdown, and cultured in 5 or 25 mM glucose for 8
hrs (n=6 experimental repeats in hepatocytes derived from 3 mice per genotype). (C)
Representative western blot (top) and quantification of n=3 independent analogous experiments
(bottom) of O-GIcNAcylated HCF-1 in Bad +/+ and -/~ primary hepatocytes cultured in 5 or 25 mM
glucose for 6 hrs in the presence of 20 yM MG132. (D) Relative occupancy of ChREBP and HCF-
1 at L-Pk and Acc promoters in Bad +/+ and -/~ primary hepatocytes treated with 5 or 25 mM
glucose for 4 hrs (n=9 experimental repeats in hepatocytes derived from 3 mice per genotype).

Error bars in A-D are means = SEM, *p < 0.05; **p < 0.01; ***p < 0.001; two way ANOVA
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Figure 2.8. Regulation of ChREBP protein levels by BAD phosphorylation

(A) Representative western blot (left) and quantification of n=3 independent analogous
experiments (right) of ChREBP protein levels in primary Bad +/+ and -/- hepatocytes reconstituted
with the indicated adenoviruses and cultured in 25 mM glucose for 6 hrs in the presence or
absence of 20 um MG132. (B) Representative western blot of O-GlcNAcylated ChREBP in livers
from Bad +/+ and -/~ fasted for 24 hrs and refed a HCD for 18 hrs. (C) ChREBP protein levels in
Bad +/+ and -/- liver samples derived from mice reconstituted with the indicated adenoviruses one
week prior to being fasted for 24 hrs and refed a HCD for 18 hrs (n=3 per condition). (D)
Representative western blot (top) and quantification of n=3 independent analogous experiments
(bottom) of O-GIcNAcylated HCF-1 in livers from Bad +/+ and -/- mice fasted for 24 hrs and refed
a HCD for 18 hrs.

Error bars in A, C and D are means £ SEM, *p < 0.05; **p < 0.01; n.s., non-significant; two way
ANOVA (A, D) or one way ANOVA (C).
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well as lower hexosamine biosynthesis pathway (HBP) activity as evident from decreased
abundance of HBP metabolites such as UDP-GIcNAc in glucose stimulated Bad -/- hepatocytes
(Figure 2.9A and Table 2.2). Genetic reconstitution with BAD S155D but not BAD AAA was
sufficient to restore the levels of these metabolites in Bad -/- hepatocytes (Figure 2.9A). This is in
line with phospho-BAD-dependent modulation of GK activity and hepatic glucose metabolism
(Giménez-Cassina et al., 2014), and is further corroborated by the observation that acute
knockdown of Bad or Gk in WT hepatocytes similarly reduces HCF-1 O-GlcNAcylation, ChREBP
binding to HCF-1 and OGT, and ChREBP O-GIcNAcylation (Figures 2.9B, C, 2.10A and B).

The above observations suggest that, within the context of BAD deficiency or BAD
dephosphorylation, the available pool of UDP-GIcNAc may not be sufficient to support O-
GlcNAcylation of HCF-1 and ChREBP. If true, then increasing UDP-GIcNAc levels should reverse
these effects. To test this prediction, we supplemented Bad -/- hepatocytes with GIcNAc or
glucosamine (GIcN), the latter bypasses the rate-limiting reaction catalysed by glutamine-
fructose-6-phosphate aminotransferase (GFAT), and enters HBP as glucosamine-6-phosphate
upon phosphorylation (Guinez et al., 2011; Ryczko et al., 2016). We found that GIcNAc and GIcN
rescued HCF-1 and ChREBP O-GIcNAcylation, and ChREBP protein levels under high glucose
conditions in the absence of BAD (Figures 2.9D, 2.10C-E). These biochemical changes were
commensurate with restored glucose induction of ChREBP target genes (Figure 2.10F).
Strikingly, GIcNAc or GIcN supplementation also restored the interaction of ChREBP with HCF-1
and OGT (Figures 2.9E and 2.10G). These results are consistent with the notion that HCF-1 O-
GIcNAcylation and proteolytic processing upon O-GlcNAcylation can regulate its capacity to
interact with protein partners (Capotosti et al., 2011). As such, the restoration of HCF-1 O-
GlcNAcylation in this setting may be conducive to the formation of some HCF-1-containing protein
complexes. Furthermore, GIcNAc supplementation led to significant restoration of the biochemical

defect in lipogenesis as evident from “C glucose incorporation into lipids (Figure

52



Figure 2.9. Hexosamine biosynthesis is an intermediate between BAD and ChREBP
regulation via HCF-1.

(A) LC/MS quantification of N-acetyglucosamine-6-phosphate and UDP-GICNAC in Bad +/+ and
-/- primary hepatocytes reconstituted with the indicated adenoviruses and cultured in 25 mM
glucose for 5 hrs (n=4-8 independent hepatocyte isolations). (B) Representative western blot (left)
and quantification of n=3 independent analogous experiments (right) of O-GIcNAcylated HCF-1
in WT primary hepatocytes subjected to Bad or Gk knockdown, and cultured in 25 mM glucose
for 6 hrs in the presence of 20 yM MG132. (C) Representative western blots (left) and
quantification of n=3 independent analogous experiments (right) of ChREBP association with
HCF-1 and OGT in primary hepatocytes treated as in (B). (D) Representative western blot (left)
and quantification of n=3 independent analogous experiments (right) of O-GlcNAcylated HCF-1
in Bad +/+ and -/- primary hepatocytes cultured in 25 mM glucose (glc) and 20 yM MG132 in the
absence or presence of 20 mM GIcNAc or 5 mM GlIcN for 6 hrs. (E) Representative western blots
(left) and quantification of n=3 independent analogous experiments (right) of ChREBP association
with HCF-1 and OGT in Bad +/+ and -/- primary hepatocytes cultured in the presence of GIcNAc
as in (D). (F) Incorporation of glucose into lipid fraction in Bad +/+ and -/~ hepatocytes cultured in
the absence or presence of 20 mM GIcNAc and treated with 1uCi of U'*C-glucose tracer for 4
hrs. Data are represented as percent increase in label incorporation from 5 to 25 mM glucose
treatment (n=4 independent hepatocyte isolations).

Error bars are means + SEM, *p < 0.05; **p < 0.01; ***p < 0.001; n.s., non-significant; two way
ANOVA (A, D-F) or one way ANOVA (B-C).
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Figure 2.10. Rescue of the HCF-1-ChREBP regulatory module in Bad -/- hepatocytes
following supplementation with glucosamine

(A) BAD and GK protein levels in primary hepatocytes subjected to shRNA-mediated knockdown
of Bad or Gk. (B) Representative western blot (left) and quantification of n=6 independent
analogous experiments (right) of O-GIcNAcylated ChREBP in WGA pull down assays in WT
primary hepatocytes subjected to shRNA-mediated knockdown of Bad or Gk, and cultured in 25
mM glucose for 6 hrs in the presence of 20 yM MG132. (C-D) Representative western blot (left)
and quantification of n=3 independent analogous experiments (right) of O-GlcNAcylated HCF-1
(C) and ChREBP (D) in Bad +/+ and -/- primary hepatocytes cultured in 25 mM glucose and 20
MM MG132 in the absence or presence of 5 mM GIcN for 6 hrs. (E) Representative western blots
(left) and quantification of n=4 analogous experiments (right) of ChREBP protein levels in Bad +/+
and -/~ primary hepatocytes cultured in 25 mM glucose for 6 hrs in the absence or presence of 5
mM GlIcN. (F) Relative expression of ChREBP target genes L-Pk and Acc1 in Bad +/+ and -/-
primary hepatocytes cultured in 5 mM or 25 mM glucose in presence or absence of 5 mM GIcN
for 20 hrs (n=9 experimental repeats in hepatocytes derived from 3 mice per genotype). (G)
Representative western blots (left) and quantification of n=3 independent analogous experiments
(right) of ChREBP association with HCF-1 and OGT in Bad +/+ and -/- primary hepatocytes
cultured in the presence of 5 mM GIcN.

Error bars in B-G are means + SEM, *p < 0.05; **p < 0.01; ***p < 0.001; one way ANOVA (B) or
two way ANOVA (C-G).
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Table 2.2. Retention times and MRM transitions for hexosamines
(Quantifying transition is indicated in bold letters)

Metabolite MRM Transitions Retention Polarity
time (min)
N-acetyl-glucosamine-6- 302->284 11.0 Pos
phosphate 302->168
302->126
302->108
UDP-N-acetyl-glucosamine 608->204 9.1 Pos
608->138
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2.9F). While significant, the rescue of actual lipogenesis was partial despite full restoration
of ChREBP O-GIcNAcylation (Figure 2.10D). This is expected because, in addition to
transcriptional regulation, multiple metabolic branch points downstream of glucose and GK are
required for glucose stimulation of DNL. These include malonyl-CoA produced downstream of the
glycolytic and oxidative arms of glucose metabolism, as well as NADPH generated through the
pentose phosphate pathway, which are not expected to be restored by GlcNAc treatment (Alves-
Bezerra and Cohen, 2017; Sanders and Griffin, 2016).

HCF-1 levels and BAD BH3 domain phosphorylation in NASH liver biopsies

Non alcoholic fatty liver disease (NAFLD) is characterized by increased hepatic lipid accumulation
in the absence of increased alcohol consumption (Than and Newsome, 2015), which is due, in
part, to increased hepatic DNL (Donnelly et al., 2005). The relevance of ChREBP in fatty liver
disease is highlighted by studies showing that ChREBP overexpression in mice leads to hepatic
steatosis and that ChREBP proteins levels are elevated in the livers of humans with NAFLD
(Benhamed et al., 2012; Dentin et al., 2006; Hurtado del Pozo et al., 2011). Our findings that
ChREBP activity is modulated by phospho-BAD and HCF-1, prompted assessment of BAD BH3
domain phosphorylation and HCF-1 levels in a pathologic setting of excessive hepatic DNL as in
human patients with fatty liver. Consistent with previous reports, ChREBP protein levels were
higher in NASH (non alcoholic steatohepatitis) patients compared to healthy liver donors (Figure
211 and Table 2.3). Remarkably, BAD phosphorylation on S118 within the BH3 domain
(equivalent to S155 in the mouse BAD sequence) and HCF-1 levels were significantly enriched
in NASH liver biopsies (Figure 2.11). These data, in conjunction with our findings that HCF-1 binds
ChREBP, modulating its transcriptional activity and hepatic lipogenesis in a phospho-BAD
dependent manner, suggest that the BAD:HCF-1:ChREBP axis may be relevant in physiologic

control of hepatic fat content and, potentially, in the pathophysiology of fatty liver disease.
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Figure 2.11. Increased BAD phosphorylation and HCF-1 levels in livers of human NASH
patients

Immunoblot analysis (top) and quantification (bottom) of the indicated proteins in liver biopsies
from healthy subjects and NASH patients (n=7).

Error bars are means + SEM, *p < 0.05; **p < 0.01; Student’s t test.
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Table 2.3. List of Human Liver Specimens

Sample ID Diagnoses Sex Age COD
HH 1142 Normal M 19 HT/MVA
HH 1170 Normal F 49 ICH
HH 1174 Normal F 72 ICH
HH 1202 Normal F 67 CVA
HH 1211 Normal M 79 Anoxia
HH 1227 Normal M 34 CVA
HH 1249 Normal M 59 CVA
UMN 1098 NASH-Fatty F 59 N/A
UMN 1152 NASH-Fatty F 41 N/A
UMN 1228 NASH-Fatty M 62 N/A
UMN 1242 NASH-Fatty F 43 N/A
UMN 1249 NASH-Fatty F 55 N/A
UMN 1305 NASH-Fatty F 48 N/A
UMN 1370 NASH-Fatty M 53 N/A

COD: Cause of death; HT/MVA: Head trauma/ motor vehicle accident; ICH: Intracerebral
hemorrhage; CVA: Cerebrovascular accident.
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DISCUSSION

Our integrative genetic, biochemical and functional studies characterize BAD and identify
HCF-1 as two previously unappreciated molecular players in ChREBP regulation and hepatic
lipogenesis. The findings reported here, together with previous work (Giménez-Cassina et al.,
2014; Szlyk et al., 2014), are consistent with the idea that BAD phosphorylation and the attendant
activation of GK are required for glucose modulation of ChREBP O-GIlcNAcylation and
incorporation of glucose-derived carbons into lipids. In light of the known lipogenic effects of GK
activation, a role for the BAD-GK pathway in this setting might have been expected. However,
given the multiple regulatory mechanisms that converge on hepatic GK activity, including other
GK binding proteins (Agius, 2016b), the relevance of BAD in DNL was neither clear nor certain.
The multiple gain- and loss-of-function approaches utilized here to interrogate the consequences
of BAD phosphorylation in hepatocytes and liver in response to glucose and HCD now provide
solid support for the relevance of this BCL-2 family protein in hepatic DNL. Importantly, taking
advantage of BAD-deficiency as a genetic system where glucose induction of ChREBP activity is
blunted compared to WT hepatocytes, our unbiased comparative ChREBP interactome studies
led to the identification of HCF-1 as a novel ChREBP-interacting protein and modulator of
ChREBP function in glucose-stimulation of lipogenesis. We provide multiple lines of evidence that
HCF-1 recruits OGT to ChREBP in response to glucose stimulation of WT hepatocytes, regulating
ChREBP O-GIcNAcylation and lipogenic gene transcription (Figure 2.12). We further show that
this regulatory module is not operational in the absence of GK or BAD, and is required for BAD
phosphorylation to exert its effect on DNL.

Multiple post translational mechanisms regulate ChREBP activity (Abdul-Wahed et al.,
2017; Agius, 2016a). Among these, O-GIcNAcylation regulates ChREBP DNA binding and
transcriptional activity, as well as protein stability (Guinez et al., 2011; Sakiyama et al., 2010;
Yang and Qian, 2017). However, a specific mechanism for regulation of ChREBP O-
GlcNAcylation has not been previously reported. Protein O-GIcNAcylation is the outcome of the
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Activation of the BAD:GK pathway promotes de novo lipogenesis both by providing biosynthetic
precursors and stimulating lipogenic gene expression through ChREBP. Full induction of the
ChREBP transcriptional program by glucose requires hexosamine biosynthesis and HCF-1-
dependent recruitment of OGT to ChREBP, which increases ChREBP O-GIcNAcylation, stability

and activity.
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net balance between OGT and O-GIcNAcase (OGA) activities, which transfer and remove the
sugar modification, respectively. Remarkably, OGT and OGA are each encoded by a single gene,
yet the pair regulates O-GIcNAcylation of a multitude of substrates. Several scenarios have been
proposed as to how a single OGT gene can specifically O-GIcNAcylate hundreds of substrates.
Substrate specificity may be achieved, in part, by specific subcellular localization of different OGT
splice variants, the capacity of OGT tetratricopeptide repeats (TPRs) to control substrate access
to the active site, differential sensitivity of OGT substrates to intracellular UDP-GIcNAc
concentrations, and adaptor proteins that recruit the enzyme to specific substrates (Yang and
Qian, 2017). We provide evidence that HCF-1 is an adaptor that recruits OGT to ChREBP in
response to glucose stimulation, and that this process is GK- and BAD-dependent.

The role of HCF-1 in hepatic substrate utilization, production and storage has not been
extensively studied, and is likely to be context-dependent. For example, under low (5 mM) glucose
conditions and in the fasted state, HCF-1 is recruited to PGC1a, leading to increased PGC1a
stability and gluconeogenic gene expression (Lin et al., 2002; Ruan et al., 2012). In comparison,
the HCF-1:ChREBP complex is not abundant at 5 mM glucose concentrations or in fasted liver
but is significantly enriched in response to high glucose and HCD treatment, activating the
lipogenic gene expression program. This suggests additional mechanisms are at play to direct
the specific and context-dependent outcomes of HCF-1 association with transcription factors
under select nutrient conditions. For example, beyond glycosylation, other signalling inputs may
be required to “licence” active transcription from promoters occupied by HCF-1. In addition,
studies in other cell types show that HCF-1 can impact the activity of epigenetic modifiers such
as histone methyl transferases and acetyl transferases in OGT-containing promoter complexes
(Deplus et al., 2013; Tyagi et al., 2007; Wysocka et al., 2003; Zhou et al., 2013). Within this
context, the finding that HCF-1 can reside at lipogenic gene promoters is noteworthy, and points
to more complex effects on gene expression beyond ChREBP O-GIcNAcylation. Notably, this
occurs predominantly at stimulatory (25 mM) but not basal (6 mM) glucose concentrations
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consistent with nutrient conditions associated with active lipogenic gene transcription. Additional
studies are required to characterize the potential contribution of HCF-1 to epigenetic regulation of
lipogenic gene loci. Furthermore, given the broad range of ChREBP targets beyond lipogenic
genes, it also remains to be determined whether HCF-1 is relevant to other ChREBP-dependent
transcriptional programs.

Under normal physiological conditions, human hepatic DNL is kept at low levels (Alves-
Bezerra and Cohen, 2017; Sanders and Griffin, 2016). However, excessive DNL can contribute
to hepatic steatosis (Donnelly et al., 2005; Softic et al., 2016). Hepatic steatosis in response to
high carbohydrate overload and in NAFLD reflects net alterations in the balance of hepatic
substrate metabolism, including lipid synthesis, oxidation, secretion, uptake, and hepatic glucose
production (Diraison et al., 2003; Donnelly et al., 2005; Sunny et al., 2011). Although hepatic DNL
is elevated in response to carbohydrate load and in patients with NAFLD, studies in humans show
that, under these conditions, the flux through this pathway is relatively small so that triacylglycerol
derived from DNL is a minor fraction of total triacylglycerol content (Diraison et al., 2003; Donnelly
et al., 2005; Schwarz et al.,, 1995). These observations indicate that DNL is less likely a
quantitative sink for excess carbohydrates and argue for a broader regulatory role of DNL in
hepatic fuel selection by controlling fatty acid esterification versus oxidation via modulation of
hepatic malonyl-CoA content (Savage et al., 2006; Schwarz et al., 1995). Consistent with this
notion, it is possible that reduced DNL in the absence of GK or BAD, or upon BAD
dephosphorylation, reflects a shift in the balance of lipid oxidation and synthesis. This possibility
is in line with the observation that hepatic fatty acid oxidation is exaggerated when hepatic GK or
BAD is depleted, or upon BAD dephosphorylation (Giménez-Cassina et al., 2014).

Diets high in simple sugars including sucrose and high fructose corn syrup can cause
increased hepatic DNL, at least in part, through increased ChREBP activity (Softic et al., 2016).
Additionally, modulation of ChREBP can affect the development of hepatic steatosis in mouse
models of fatty liver, underscoring the importance of ChREBP in the pathophysiology of hepatic
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steatosis (Benhamed et al., 2012; Dentin et al., 2006; lizuka et al., 2006). Our studies uncover a
previously unappreciated regulatory pathway of ChREBP activity that is dependent on
phosphorylated BAD and HCF-1, adding new mechanistic insights into how ChREBP activity and
DNL are regulated in the liver. Importantly, hepatic BAD phosphorylation is upregulated under
conditions where ChREBP is active such as short term (18 hr) high carbohydrate (70% sucrose)
diet treatment in mice, and liver biopsies of patients with hepatic steatosis show increased BAD
phosphorylation and HCF-1 levels. Collectively, our observations suggest that this newly
uncovered ChREBP regulatory axis may be relevant for the physiological and pathophysiological

regulation of hepatic DNL.
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METHODS
List of Reagents

REAGENT or RESOURCE
Antibodies

Rabbit polyclonal anti-ChREBP

Rabbit polyclonal anti-HCF-1

Rabbit monoclonal anti-OGT

Rabbit polyclonal anti-GCK

Rabbit monoclonal anti-BAD

Rabbit polyclonal anti-phospho BAD(S155)
Mouse monoclonal anti-Actin

Rabbit IgG Isotype Control
Mouse monoclonal anti FLAG M2- Peroxidase

Mouse Anti-rabbit IgG (Conformation Specific)

Goat anti-rabbit IgG HRP

Goat anti-mouse 1IgG HRP
Bacterial and Virus Strains

BAD SD Adenovirus
BAD AAA Adenovirus

Gk shRNA Adenovirus

Bad shRNA Adenovirus

Chrebp shRNA Adenovirus

Ctrl shRNA Adenovirus

FLAG-ChREBP Adenovirus

Biological Samples

Human Liver Tissues Healthy and NASH Patients

Chemicals, Peptides, and Recombinant Proteins
Phosphatase Inhibitor Cocktail 2 aqueous solution

Protein Phosphatase Inhibitor Cocktail 3
Phosstop, Phosphatase Inhibitor

SOURCE

Novus Biologicals
Bethyl laboratories
Cell Signaling
Santa Cruz
abcam

Cell Signaling
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Cell Signaling
Jackson
ImmunoResearch
Laboratories
Jackson

ImmunoResearch
Laboratories

Gimenez-Cassina et
al, 2014
Gimenez-Cassina et
al, 2014

Gift of Dr. Christopher

Newgard (Duke

University) Bain et al.,

2004
Gimenez-Cassina et
al, 2014

Designed from

sequence in Dentin et

al, 2006
Gimenez-Cassina et
al, 2014

Gift from Dr. Donald
Scott (Mount Sinai)
(Metukuri et al, 2012)

Liver Tissue Cell
Distribution System,
Minneapolis,
Minnesota

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

IDENTIFIER

NB400135 lots Q1-
Q3

A301-400A
24083
sc7908
ab32445
9297
A5316

31235
A8592

5127S
111-035-003

115-035-003

PMID: 24506868
PMID: 24506868

PMID:15331526

PMID: 24506868

PMID: 16873678

PMID: 24506868

PMID: 22586588

NIH Contract #
HHSN27620120001
7C

P5726
P0044
4906837001



Complete™, EDTA-free Protease Inhibitor Cocktail
PuGNAC

Thiamet G

Sodium Orthovanadate

Western Lightning Plus-ECL

SuperSignal West Femto

NuPAGE LDS Sample Buffer (4X)
FLAG Peptide
N-Acetyl-D-glucosamine
Proteinase K

CHELEX 100 200-400 MB
Formaldehyde (37% solution)
Collagenase

Insulin

Dexamethasone

Percoll

MG132

BSA Fraction IV Fatty acid free
Glucosamine hydrochloride
Ammonium Formate
Acetonitrile

HPLC grade water

Ammonium Acetate

U14C labeled glucose

Critical Commercial Assays
Dual luciferase reagent

Targefect hepatocyte

Trizol

Syber Green Master Mix
Superscript Il 1st Strand Synthesis
Lipofectamine RNAiMax

Experimental Models: Organisms/Strains
C57BL/6J: WT

C57BL/6J-KO(BAD)

Oligonucleotides

Ctrl siRNA: siGenome Non-targeting siRNA #1

Hcf1 siRNA-1 sense sequence: GGA GCU UAU AGU

GGU GUU U

Hcf1 siRNA-2 sense sequence: AGA ACA ACA UUC

CGAGGUA
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Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Thermo Fisher
Scientific
Thermo Fisher
Scientific

Life Technologies
Sigma-Aldrich
Sigma-Aldrich
Life technologies
Bio-Rad Laboratories
Santa Cruz
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fischer Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

American Radiolabled
Chemical

Promega
Targeting systems
Life Technologies
Life Technologies
Life Technologies
Life Technologies

Dharmacon
Dharmacon

Dharmacon

11873580001
A7229

SML 0244
56508
509049325

PI134095

NP0008
F3290
A8625-5G
25530015
1421253
sc-203049
C5138
16634
D-2915
P4937
C2211
NC9227912
G4875
17843
AX0145-1
WX0008
5330040050
ARC-122

E1910
HEP-01
15596026

18080051
13778150

D-001210
N/A

N/A



Primers for gPCR: See Table 2.1 for sequence

Recombinant DNA

L-Pk ChORE firefly luciferase reporter

Acc ChORE firefly luciferase reporter

pCMV-Green Renilla Luciferase control plasmid:

Software and Algorithms
Imaged

Prism

SDS 2.4 (for Q-PCR)
MassHunter Quant
Sequest

Other
Serum

High Carbohydrate Diet (70% sucrose)
WGA Beads

Anti-FLAG® M2 Magnetic Beads
Protein G Agarose

DynaBeads Protein A

Amicon Ultra Centrifugal Filters

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Bad -/- mice have been previously described (Giménez-Cassina et al., 2014). Mice received a
standard chow diet unless otherwise indicated and were housed in a barrier facility with 12 hr light
and dark cycles. Unless otherwise indicated, male mice at 8-12 weeks of age were used. For high
carbohydrate diet experiments, mice were fasted for 24 hrs and refed a high carbohydrate diet

(70% sucrose) (TD.150694) for 18 hrs. All animal procedures were approved by the Institutional

IDT

Gift from Dr. Howard
Towle: Lou D-Q et al,
1999

Gift from Dr. Howard
Towle: O'Callaghan
BL et al, 2001
Thermo Fisher
Scientific

https://imagej.nih.gov/i
il

Graph Pad

Applied Biosystems
Agilent Technologies

Thermo Fischer
Scientific

Gemini

Envigo

Vector Laboratories
Sigma-Aldrich
Sigma-Aldrich Aldrich

Thermo Fisher
Scientific
Millipore

Animal Care and Use Committee at the Dana Farber Cancer Institute.
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Human Liver Tissue
Frozen human liver biopsies classified as normal (n=7) or fatty liver (NASH) (n=7) were
provided by the Liver Tissue Cell Distribution System (LTCDS, Minneapolis, Minnesota), which
was funded by the National Institutes of Health Contract # HSN276201200017C (Table 2.3).
This study used collected specimen that had been de-identified by the LTCDS and was
exempted by the Dana-Farber Cancer Institute Institutional Review Board (IRB) because it was
determined that the project activities do not meet the definition of human subjects research set
forth at 45 CFR 46.102 (protocol # 16-324).
Hepatocyte Isolation and Culture Conditions
Primary hepatocyte isolation and cultures were carried out as previously described with a two-
step digestion process (Matsumoto et al., 2007). Briefly, livers from 8-12 week old male mice were
drained of blood by perfusion via vena cava with 42°C perfusion buffer (0.4 g/L KCI, 1.0 g/L
Dextrose, 1.8 g/L NaHCOQOs;, 0.2 g/L EDTA ) for 3 min. Connective tissue within the liver was
digested by perfusion of 42°C liver digest media (0.4 g/L KCI, 1.0 g/L Dextrose, 1.8 g/L NaHCOs3,
0.5 g/L CaCl2, 10 g/L BSA, 30 mg/L Collagenase) for 10 min. The liver was mechanically
dissociated in plating media (DMEM: 10% FBS, 2 mM Sodium Pyruvate, 2% Pen/Strep, 1 yM
Dexamethasone, 0.1 uM Insulin) at 4°C, strained through 70 micron cell strainer, and hepatocytes
were collected by centrifugation at 50 g for 3 min. Hepatocytes were further isolated from other
cells on a percoll gradient with centrifugation at 650 RPM for 5 min. The cell pellet was washed
and resuspended in plating media, and cells were plated in plating media at a density of 8X10°
cells/well in 6 well plate or 4X108 cells/10 cm dish unless otherwise indicated and cultured with
5% CO; at 37°C. Cells were starved in serum-free M199 media supplemented with 0.2% BSA
(2% Pen/Strep, 2 mM Sodium pyruvate) for 12-16 hrs prior to experimental treatments.

For glucosamine (GIcN) and N-acetylglucosamine (GIcNAc) treatments, primary

hepatocytes were treated with 5 mM glucosamine hydrochloride (Sigma) or 20 mM N-
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acetylglucosamine (Sigma) in high glucose M199 serum free media pH 7.4 for the indicated length
of time.

For MG132 treatment, primary hepatocytes treated with the indicated adenoviruses and/or
siRNAs were cultured in low (5 mM) or high (25 mM) glucose for 6 hrs. After 3.5 hrs, the cells
were treated with MG132 to a final concentration of 20 uM for the remaining 2.5 hrs of the 6 hr
treatment.

METHOD DETAILS

Adenovirus Production and Viral Transduction

Recombinant GFP, BAD S155D, and BAD AAA adenoviruses were generated using the pAdEasy
system (Stratagene) (Giménez-Cassina et al., 2014). Adenoviruses carrying Bad shRNA or
scrambled control were constructed using the Adeno-X Expression Systems 2 with Creator
Technology (Clontech) (Giménez-Cassina et al., 2014). Adenoviruses carrying Gk shRNA were
a kind gift of Dr. Christopher Newgard (Duke University) (Bain et al., 2004). Adenoviruses carrying
FLAG-ChREBP were a kind gift of Dr. Donald Scott (Mount Sinai) (Metukuri et al., 2012)
Adenoviruses containing the Chrebp shRNA were created using the following sequence
gatccGTGTTGGCAATGCTGACATGttcaagagaCATGTCAGCATTGCCAACAttttttggag  against
ChREBP from Dentin et al. (Dentin et al., 2012). The shRNAs were ligated into pSIREN-DNR-
DsRed express plasmid at BamH1 and EcoRI RE sites. The construct was excised at Sall and
Spe1 sites to shuttle the hU6 promoter with the Chrebp shRNA sequence and ligated into
pAdTrack-promoterless at the Sall and EcoRV RE sites. The adenovirus was generated using
pAdEasy system (Stratagene). All virus amplification, purification, titration and verification were
done using the services of ViraQuest Inc.

Adenoviral transduction of hepatocyte cultures was carried out during plating at a viral
dose of 3 pfu/cell for 2-4 hrs followed by 2-4 hr recovery in maintenance media (DMEM: 8 mM
Glucose, 1 nM Insulin, 0.1 M Dexamethasone, 2 mM Sodium Pyruvate, 2% Pen/Strep, 10% FBS)
before overnight serum starvation in M199 media (0.2% BSA) unless otherwise noted. For
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knockdown experiments, hepatocytes were cultured for an additional 24 hrs in maintenance
media before serum starvation in M199 media.

For hepatic reconstitution assays, mice were injected with a viral dose of 3x108 pfu/g of
body weight via tail vein, and livers were harvested 1 week after injection.
Primary Hepatocyte siRNA Transfection
Reverse siRNA transfection was performed with Lipofectamine RNAi Max (Life Technologies) per
the manufacturer’s protocol. In brief, 150 pmol of control or HCF-1 RNA duplex and 15 uL
Lipofectamine RNAiI max were gently mixed in 1 mL Opti-MEM and incubated for 10 min at RT
before adding to freshly plated hepatocytes. For experiments that combined HCF-1 siRNA
treatment and adenoviral expression of BAD variants, cells treated with HCF-1 siRNA, were left
to recover for 2 hrs in maintenance media (DMEM: 8 mM Glucose, 1 nM Insulin, 0.1 M
Dexamethasone, 2 mM Sodium Pyruvate, 2% Pen/Strep, 10% FBS) prior to infection with
adenoviruses Cells were then harvested for analysis after 30 hrs.
De Novo Lipogenesis Assay
Hepatocytes were plated at 10° cells per well in 6 well plates. After overnight serum starvation,
hepatocytes were pretreated in 0.8 mL low (5 mM) or high (25 mM) glucose serum free M199
media for 30 min and then spiked with 1 uCi of Y™“C labeled glucose (American Radiolabeled
Chemicals) for 4 hrs. Lipids were extracted in methanol with a modified Folch method. Briefly,
cells were washed with PBS and then harvested in 200 pL of 0.5% Triton in PBS, and 500 pL of
2:1 chloroform:methanol was added to 150 uL of before vortexing at high speed for 20-30 sec
and incubating on ice for 1 hr. The remaining protein lysate was used for protein quantification
and normalization. The samples were vortexed, and 125 uL of dH>O was added before vortexing
again and centrifuging for 15 min at 1000 RPM at 4°C. The bottom phase was transferred to a
large 20 mL glass scintillation vial containing 3 mL of scintillation fluid. Incorporation of “C
carbons into the lipid fraction was measured using a Tri-Carb 2900 TR liquid scintillation counter
(Packard), and all reads were normalized to protein content.
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Dual Luciferase Assay

Hepatocytes were transfected with 3 ug/mL Acc (O'Callaghan et al., 2001) or L-Pk (Lou et al.,
1999) ChoRE firefly luciferase reporters (kind gift from Dr. Howard Towle) and 10 ng/mL of cmv-
Renilla luciferase control plasmids using the Targefect hepatocyte (Targeting Systems)
transfection reagent. Briefly, transfection complexes were formed in 1 mL serum free high glucose
DMEM without antibiotics by first adding 3 ug of DNA followed by 7.5 L of targefect reagent and
10 pL of virofect reagent per well. The transfection complexes were formed during 20 min
incubation at 37°C. The cells were washed in antibiotic free media, and 1 mL of the transfection
complex was added per well in 6 well plate. Hepatocytes were cultured in maintenance media
without antibiotics (DMEM: 8 mM Glucose, 1 nM Insulin, 0.1 M Dexamethasone, 2 mM Sodium
Pyruvate, 10% FBS) for 4 hrs for recovery and then infected with 2 pfu/cell of indicated
adenoviruses for 2 hrs before being cultured in serum free (0.2% BSA) M199 media with 5 mM
glucose overnight. Hepatocytes were then treated for an additional 20 hrs in either low (5 mM) or
high (25 mM) glucose M199 media. ChREBP transcriptional activity was measured by performing
Promega dual luciferase assay. Briefly, cells were lysed in 500 uL of 1X passive lysis buffer
(Promega), and 20 uL of lysate for each condition was transferred to a 96 well white plate. The
samples were analyzed using a Berthold Technologies Mithras LB 940 instrument to inject 100
uL of LAR Il reagent, measure firefly luciferase activity followed by 100 pL of Stop & Glo reagent.
Renilla luciferase activity for each well was then measured individually.

RNA Preparation and Quantitative Real-Time PCR

mRNA was isolated from hepatocytes plated at a density of 8X10° cells/well in 6 well plate using
0.5 mL of Trizol (Life Technologies) per well, and 1 uyg of RNA was used to make cDNA using the
Superscript Il reverse transcriptase reagents (Life Technologies). cDNA was diluted to 200 uL
(1:10 dilution), and qPCR was performed using Syber Green reagents (Life Technologies) to a
final volume of 10 pL in 384 well gPCR plates with 3 pL of diluted cDNA (1.5 pL for cyclophilin D
control primers) and 300 pyM primers for the indicated genes. The gPCR was performed in an
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Applied Biosystems 7900HT Fast Real-Time PCR instrument. Gene expression levels were
normalized to Cyclophilin D (CycD) using the 222 method and are presented as relative
transcript levels. The sequence of primers is available in Table 2.1.

Chromatin Immunoprecipitation

After overnight serum starvation, primary hepatocytes were treated with low (5 mM) or high (25
mM) glucose for 4 hrs and washed with PBS before incubation in 1% formaldehyde (in PBS) for
10 min at 37°C. Cells were washed once in 0.125 M glycine in PBS and collected in 1 mL of PBS
before centrifugation at 2000 g for 5 min at 4°C, resuspended in 500 uL of SBAR (50 mM HEPES
pH 7.4, 140 mM NaCl, 1 mM EDTA, 1% Triton, 0.1% NaDOC, 0.1% SDS, 0.5 mM PMSF,
Complete™ EDTA-free Protease Inhibitor Cocktail), and passed through an insulin syringe
several times.

Cells in SBAR buffer were sonicated in a Biorupter sonicator at middle intensity 3 times
for 5 min with a 30 sec ON 30 sec OFF cycle at 4°C. Lysates were centrifuged at max speed for
20 min and the supernatant was transferred to a new tube. DNA concentration was measured
and the equivalent of 75 ug of DNA was used per ChIP in a total volume of 200 uL of SBAR (10
uL was kept for input). Samples were incubated with 1 pg of the indicated antibody at 4°C
overnight, and 10 pL of dynabeads Protein A (Invitrogen) pre-blocked with salmon sperm DNA
were added to the sample and rotated for 1.5 hr at 4°C. Consecutive washes were performed in
the following buffers: Buffer | (1% Triton, 0.1% NaDOC, 150 mM NaCl, 10 mM Tris.Cl pH 8),
Buffer 1l (1% NP-40, 1% NaDOC, 150 mM KCL, 10 mM TrisCl), Buffer Ill (0.5% Triton, 0.1%
NaDOC, 500 mM NaCl, 10mM TrisCl), Buffer IV ( 0.5% NP-40, 0.5% NaDOC, 250 mM LiCl, 20
mM TrisCl, 1 mM EDTA), Buffer V (0.1% NP-40, 150 mM NaCl, 20 mM TrisCl, 1 mM EDTA), and
TE for 5 min each. 100 pL of 10% Chelex resin was added to all samples to recover eluates, and
5 uL of 2 mg/mL proteinase K was added to the eluates (20 mg/mL for inputs) followed by 30 min
incubation at 55°C. The digestion was then stopped by boiling the samples for 10 min. gPCR was
performed using 3 uL per replica for eluates and 1 pL per replica for input. A standard curve was
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generated using dilutions of a pooled input sample, and ChIP samples were normalized to their
respective inputs. Primers used are available in Table 2.1.

For liver chromatin immunoprecipitation assays, approximately 80% of the liver sample
was homogenized in 5 mL of SHB (15 mM HEPES pH 7.9, 15 mM KCI, 1 mM EDTA, 50 uM
spermine, 50 yM spermidine, 1.9 M sucrose, 0.5 mM PMSF, Complete™ EDTA-free Protease
Inhibitor Cocktail) using low speed motor-driven pestle 3 times up and down. The liver
homogenate was layered on top of 7.5 mL of cold SHB in 13.5 mL Beckman Ultra-Clear tubes
and centrifuged at 25,000 RPM for 1 hr at 4°C. The pellet was gently resuspended in 400 L of
SucC buffer (15 mM HEPES pH 7.9, 60 mM KCL, 15 mM NaCl, 15 uM B-ME, 0.2 mM MgCl,, 0.34
M sucrose, 0.5 mM PMSF, Complete™ EDTA-free Protease Inhibitor Cocktail), and transferred
to a new Eppendorf tube. Formaldehyde was added to a final concentration of 1%, and the tubes
was incubated for 13 min at 37°C to crosslink the DNA and protein. Crosslinking was stopped by
adding glycine to a final concentration of 0.125 M followed by a 5 min incubation on ice. The
homogenate was transferred to a second cushion of SucC buffer with 0.9 M sucrose in a 15 mL
centrifuge tube and spun at 4,000 RPM for 15 min at 4°C before resuspending the pellet in 400
uL of SBAR buffer.

Co-Immunoprecipitation and Western Blotting

For immunoprecipitation assays (IPs), cells were lysed in buffer containing (Tris/HCI pH 7.5 20
mM, NaCl, 137 mM, 5% glycerol, 2 mM EDTA, 2 mM NasVO,, Complete™ EDTA-free Protease
Inhibitor Cocktail, Phosphatase inhibitor cocktail 3, 2 uM Thiamet-G, 10uM PUGNAc, 1 uM TSA,
0.15% Triton-X100). Cells were mechanically disrupted by passing through an insulin syringe and
rotating for 1.5 hr at 4°C, pelleted at maximum speed in a desktop centrifuge, and the supernatant
was transferred to a new tube. Immunoprecipitation was carried out with 3 mg of protein lysates
and 3 ug of ChREBP antibody (Novus Biologicals, lots Q1-Q3) rotating overnight at 4°C. After
overnight incubation with the antibody, 50 L of protein G agarose beads (Sigma-Aldrich) were
added to each sample and rotated for an additional 2 hrs at 4°C. The IPs were washed once in
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lysis buffer, and proteins were eluted in 2X LDS sample buffer (Life Technologies) with a 10 min
boil.

For western blotting without immunoprecipitation, cells were lysed in RIPA buffer (10 mM
Tris/HCI, 150 mM NacCl, 1% Triton X-100 [v/v], 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 10 yM PUGNACc , and 2 uM Thiamet-G , and protease inhibitors; pH 7.4), and the protein
amount was quantified by BCA assay. For western blots 10-30 ug of protein lysate was loaded.

Samples were prepared for western blotting using the NUPAGE 4X sample buffer and
NuPAGE gel systems (Life Technologies). Proteins were transferred onto PVDF membrane in
Towbin buffer (Tris Base 3.03 g/L, Glycine 7.57 g/L, methanol 20%), and blotted with the indicated
antibodies (see key resource table). The Imaged software was used for quantification of band
intensities.

Wheat Germ Agglutinin (WGA) Pull Down

For detecting protein O-GIcNAcylation, wheat germ agglutinin (WGA) pull down assays were
performed as previously described by (Guinez et al., 2011). In brief, primary hepatocytes
subjected to the indicated genetic manipulations and cell culture conditions were treated with
MG132 (20 pM) and lysed in RIPA lysis buffer (10 mM Tris/HCI, 150 mM NaCl, 1% Triton X-100
[viv], 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 10 yM PUGNAc , and 2 uM
Thiamet-G , and protease inhibitors; pH 7.4) supplemented with or without 0.5 M of GIcNAc for
20 min on ice. Samples were centrifuged at 16,400 RPM for 20 min, and 1.5 mg of protein lysate
was incubated with 50 pyL of WGA beads (VWR) for 2 hrs at 4°C.

Beads were centrifuged briefly at 2,000 RPM and subsequently washed 3 with the
following buffers: I) RIPA buffer; II) 1:1 mixture of RIPA and RIPA containing 500 mM NacCl; IIl)
TNE (10 mM Tris/HCI, 150 mM NaCl, and 1 mM EDTA; pH 7.4). Samples were boiled in 50 pL of
2X LDS sample buffer (Life Technologies) and subjected to SDS-PAGE followed by western

blotting with the indicated antibodies.
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Hexosamine Pathway Metabolite Measurement
Primary hepatocytes infected with the indicated adenoviruses were serum starved overnight and
subsequently treated with high (25 mM) glucose for 5 hrs. For each measurement extracts from
three 10 cm dishes were used. Cells were quickly washed twice on ice with cold 150 mM
ammonium formate at pH 7.4. Plates were placed on dry ice and scraped in 230 uL of 50% MeOH/
50% HPLC H20 solution and transferred to a pre-chilled tube with a metal bead. Plates were then
washed with an additional 150 pL of 50% MeOH/ 50% HPLC H20 solution and tubes vortexed for
10 sec. 220 uL of ice cold acetonitrile was added and the tubes were vortexed for an additional
10 sec. Thawed samples were placed in pre-chilled bead beater racks and beaten for 2-5 min at
30 Hz. 600 uL of dichloromethane and 300 uL of ice cold H.O were added to the tubes. Tubes
were vortexed for 15 sec then incubated on ice for 10 min. The samples were spun down for 5
min at 4,000 RPM at 1°C and the upper aqueous phase was transferred to a new tube on ice.
The samples were spun 1 min at 13,000 RPM to remove any remaining contaminants and
supernatants were transferred to a new tube on dry ice. The aqueous phase was dried using a
chilled speedvac, and samples were stored at -80°C until ready for LC-MS/MS data collection.
Metabolite measurements and tracer analyses were performed at the Rosalind and Morris
Goodman Cancer Research Centre Metabolomics Core Facility. For targeted analysis and semi-
quantitative concentration determination of the hexosamine metabolites, 5 uL of each sample was
re-suspended in 50 uL of water and injected in an Agilent 6430 Triple Quadrupole (QQQ)-LC-
MS/MS. Chromatography was performed using a 1290 Infinity ultra-performance LC system
(Agilent Technologies) consisting of vacuum degasser, autosampler and a binary pump. The
mass spectrometer was equipped with an electrospray ionization (ESI) source and samples were
analyzed in negative mode. Multiple reaction monitoring (MRM) transitions were optimized on
standards for each quantitated metabolite. MRM transitions and metabolite retention times are
shown in Table 2.2. Gas temperature and flow were set at 350°C and 10 L/min respectively,
nebulizer pressure was set at 50 psi and capillary voltage was set at +4000V.

76



Chromatographic separation was performed on a Unison UK-Amino column 3 pm,
2.0x150mm (Imtakt Corp) maintained at 55°C. The chromatographic gradient started at 90%
mobile phase B (acetonitrile) with a 2 min hold followed with a 18 min gradient to 100% mobile
phase A (200 mM ammonium acetate in H>,O) and then held at 100% A for 10 min at a flow rate
of 0.6 mL/min. This was followed by a 6 min re-equilibration at 100% mobile phase B before the
next injection. Relative concentrations were determined from external calibration curves prepared
in H20O. Additional corrections for potential sample ion suppression were not made. Data were
analyzed using MassHunter Quant (Agilent Technologies).

Nuclear FLAG-ChREBP IP and LC/MS Analysis

Primary hepatocytes were rinsed once with cold PBS and once with cold H,O before being
scraped in 400 pL of hypotonic lysis buffer (40 mM Tris PH 7.4, 10 mM NaCl, 1 mM EDTA, 2 mM
NaszVO., Complete™ EDTA-free Protease Inhibitor Cocktail). Cells were incubated on ice for 20
min and CHAPS was added to a final concentration of 0.5%. Cells were passed up and down in
an insulin syringe 4-5 times, and nuclei were pelleted by centrifugation at 1,600 g for 7 min. The
nuclei were washed 3 times in hypotonic wash buffer (hypotonic lysis buffer + 0.5% CHAPS) and
resuspended in 150 pL of hypertonic lysis buffer (40 mM Tris PH 7.4, 420 mM NaCl, 1 mM EDTA,
0.5 mM DTT, 2 mM NazVQO4, 0.5 mM PMSF, Complete™ EDTA-free Protease Inhibitor Cocktail,
0.5% CHAPS) using hand held pestle homogenizer. Nuclei were incubated on ice for an additional
30 min with periodic vortexing and spun at 10,000 g for 30 min followed by transferring the nuclear
fraction (supernatant) to a new tube.

For Co-IP experiments, nuclear fractions were concentrated using Amicon Ultra
centrifugal filter units with a 3K cut off, and samples were diluted such that the final buffer
concentrations was the same as Co-IP lysis buffer (20 mM Tris/HCL pH 7.4, 137 mM NaCl, 5%
glycerol, 2 mM EDTA, 2 mM NasVO., Complete™ EDTA-free Protease Inhibitor Cocktail, 0.5%
CHAPS). Anti-FLAG® M2 magnetic beads (Sigma-Aldrich) were washed 3 times in Co-IP lysis
buffer and the equivalent of 20 pL of initial slurry was added to 3.5 mg of nuclear lysate. Samples
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were rotated for 8 hrs at 4°C, and cells were washed 3 times in Co-IP lysis buffer. After the 3™
wash, proteins were eluted by resuspending the beads in 50 uL of Co-IP buffer with 15 pg of
FLAG peptides followed by incubation on a vortex platform for 30 min at 4°C. The eluate was
transferred to a centrifugal filter prewashed with Co-IP buffer, and the elution step was repeated.
Eluates were then pooled in a single tube, TCA precipitated, and submitted for proteomic analysis
at the Taplin Mass Spectrometry Facility at Harvard Medical School.

For proteomics analysis, the TCA-precipitated samples were reduced in a solution of 1
mM DTT and 50 mM ammonium bicarbonate for 30 min at 60°C. The samples were then cooled
to room temperature (RT) and iodacetamide was added to a concentration of 5 mM for 15 min in
the dark at RT. DTT was then added to a 5 mM concentration to quench the reaction. Sequence
grade trypsin was added at a concentration of 5 ng/ uL followed by overnight incubation at 37°C.
The samples were then desalted by an in house-made desalting column, dried in a speed vac,
and stored at 4°C until analysis.

On the day of analysis, the samples were reconstituted in 5-10 ul of HPLC solvent A (2.5%
acetonitrile, 0.1% formic acid). A nano-scale reverse-phase HPLC capillary column was created
by packing 2.6 um C18 spherical silica beads into a fused silica capillary (100 uym inner diameter
x ~30 cm length) with a flame-drawn tip (Shevchenko et al., 1996). After equilibrating the column,
each sample was loaded via a Famos auto sampler (LC Packings) onto the column. A gradient
was formed, and peptides were eluted with increasing concentrations of solvent B (97.5%
acetonitrile, 0.1% formic acid).

As peptides eluted they were subjected to electrospray ionization and then entered into
an LTQ Orbitrap Velos Pro ion-trap mass spectrometer (Thermo Fisher Scientific). Peptides were
detected, isolated, and fragmented to produce a tandem mass spectrum of specific fragment ions
for each peptide. Peptide sequences (and hence protein identity) were determined by matching
protein databases with the acquired fragmentation pattern by the software program, Sequest
(Thermo Fisher Scientific) (Eng et al., 1994). All databases include a reversed version of all the
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sequences, and the data was filtered to between a one and two percent peptide false discovery
rate.

The spectral counts for the identified proteins in Flag-ChREBP immunoprecipitates were
normalized by ChREBP spectral counts in each IP sample. Proteins that were enriched above 3-
fold in WT compared to Bad -/- samples were prioritized for analysis using online databases,
including DAVID, Panther, and UniProt. Proteins with exclusively mitochondrial or endoplasmic
reticulum localization were excluded from the list.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean £ SEM of the indicated number of independent hepatocyte isolations
or mice per genotype in the figure legend. Statistical significance among the groups was tested
with unpaired or paired Student’s t test and ANOVA when appropriate using GraphPad Prism

software. Differences were considered significant at p < 0.05.
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CHAPTER 3
Regulation of Hepatic Energy Metabolism and Gluconeogenesis by BAD



SUMMARY

The homeostatic balance of hepatic glucose utilization, storage and production is exquisitely
controlled by hormonal signals and hepatic carbon metabolism during fed and fasted states. How
the liver senses extracellular glucose to cue glucose utilization versus production is not fully
understood. Here, we show that the physiologic balance of hepatic glycolysis and
gluconeogenesis is regulated by BAD, a dual function protein with roles in apoptosis and
metabolism. BAD deficiency reprograms hepatic substrate and energy metabolism towards
diminished glycolysis, excess fatty acid oxidation and exaggerated glucose production that
escapes suppression by insulin. Genetic and biochemical evidence suggest that BAD’s
suppression of gluconeogenesis is actuated by phosphorylation of its BH3 domain and
subsequent activation of glucokinase. The physiologic relevance of these findings is evident from
the ability of a BAD phospho-mimic variant to counteract unrestrained gluconeogenesis and

improve glycemia in leptin resistant and high-fat diet models of diabetes and insulin resistance.
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INTRODUCTION

Hepatic glucose production (HGP) is central to metabolic adaptation during fasting and its
abnormal elevation is a chief determinant of fasting hyperglycemia in diabetes (Lin and Accili,
2011; Rizza, 2010). During short term fasting, glucose is produced by both net glycogenolysis
and gluconeogenesis (Rothman et al., 1991), whereas upon prolonged fasting, glucose is
synthesized almost exclusively from gluconeogenesis. Gluconeogenesis and glycolysis are
competing pathways that are reciprocally regulated by glucagon and insulin during fasted and fed
states, respectively. In addition to transcriptional regulation, changes in hepatic carbon flux can
exert allosteric effects on gluconeogenic enzymes (Magnuson et al., 2003). Hepatic substrate flux
is further intertwined with fatty acid oxidation (FAO), TCA cycle and mitochondrial electron
transport chain activity, which supply the gluconeogenic pathway with carbon substrates, reducing
equivalents and ATP (Satapati et al., 2012).

We have previously shown that the BCL-2 family protein BAD has an alternative function
in glucose metabolism separate from its role in apoptosis (Danial, 2008; Danial et al., 2003; Danial
et al., 2008). BAD’s metabolic effect is dependent on its ability to activate glucokinase (GK) and
modulate glucose oxidation (Danial, 2008; Danial et al., 2008). GK is the product of the maturity
onset diabetes of the young type 2 (MODY2) gene that exerts tissue-restricted functions
(Matschinsky, 2009). In liver, GK regulates substrate utilization and storage by stimulating
glycogen and lipid synthesis while suppressing hepatic glucose production (Postic et al., 1999;
Rossetti et al., 1997; Velho et al., 1996). In B-cells, GK is critical for glucose-regulation of insulin
secretion (Matschinsky, 2009). We previously reported that in B-cells, GK activation and glucose
sensing are attuned to BAD phosphorylation on S155 within an amphipathic a-helical region
known as the BCL-2 Homology (BH)-3 domain. BAD S155 is the target of multiple kinases that
either phosphorylate S155 directly or modify upstream priming phosphorylation sites, facilitating
S155 phosphorylation [reviewed in (Danial, 2008)]. Phosphorylation of the BH3 domain not only
triggers BAD’s metabolic function but also suppresses its apoptotic activity. Importantly, the
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phospho-BAD BH3 helix is both required and sufficient for BAD’s metabolic function (Danial et
al., 2008). Recent biochemical and structural dissection of the BAD-GK complex has revealed
that the phospho-BAD BH3 helix directly engages GK near its active site and increases the Vmax
of the enzyme without drastic effects on its glucose affinity (Szlyk et al., 2014).

Beyond B-cell abnormalities, the contribution of altered hepatic metabolism to glucose
homeostasis defects associated with loss of BAD has not been examined. This is especially
relevant as the regulatory networks that modulate GK activity in liver are distinct from B-cells
(Matschinsky, 2009). Here, we use a combination of informative genetic models and BAD mutants
to investigate the significance of BAD and its partnership with GK in hepatic substrate utilization
and glucose production. Moreover, we probe the physiologic relevance of hepatic BAD in
restoring proper control of glucose production in the leptin resistant and high-fat diet models of

diabetes and insulin resistance.
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RESULTS
BAD-dependent modulation of hepatic glucose metabolism

To define the contribution of altered hepatic metabolism to glucose homeostasis
abnormalities in Bad -/- mice, we initially focused on glycolytic and gluconeogenic pathways. In
primary Bad -/- hepatocytes, lactate production in response to glucose was diminished (Figure
3.1A), and gluconeogenesis was significantly exaggerated as apparent from glucose release in
response to lactate/pyruvate (Figure 3.1B). These observations suggest that the net balance of
glycolysis and gluconeogenesis is shifted towards gluconeogenesis in the absence of BAD.
Pyruvate tolerance tests (PTT) confirmed that Bad -/~ mice display significantly higher
gluconeogenic conversion of pyruvate to glucose in vivo (Figure 3.1C). Importantly, knockdown
of Bad in primary wild-type hepatocytes was sufficient to reduce glycolysis and enhance
gluconeogenesis (Figures 3.1D and E), indicating an acute and cell autonomous role for BAD in
these processes.

Impaired PTT in Bad -/- mice is consistent with changes in hepatic glucose metabolism,
however, secondary changes due to chronic whole body deletion of Bad cannot be excluded. To
directly examine the relevance of hepatic BAD in vivo, Bad was knocked down in the liver of
C57BL/6J mice following tail vein delivery of adenoviruses bearing Bad shRNA or control
(scrambled) sequence (Figure 3.2A). Hepatic depletion of BAD manifested in excess glucose
production during PTT and fasting hyperglycemia (Figure 3.1F). In addition, acute hepatic
knockdown of Bad resulted in impaired glucose tolerance (Figure 3.2B) similar to Bad -/- mice
(Danial et al., 2003). Notably, hepatic depletion of BAD did not alter insulin secretion in response
to a glucose challenge in vivo (Figure 3.2C). In addition, fed/fasted insulin levels were comparable
in mice treated with Bad shRNA versus control shRNA (Figure 3.2D). Collectively, the above in
vitro and in vivo observations indicate that hepatic BAD influences the fate of pyruvate and is

relevant for the proper regulation of glucose utilization and production in the liver.
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Figure 3.1. Hepatic glucose metabolism in the absence of BAD

(A) Glucose-stimulated lactate production by primary Bad +/+ and -/- hepatocytes (n=5-8). (B)
Glucose release by Bad +/+ and -/- hepatocytes treated with lactate/pyruvate (n=6). (C) PTT in
Bad +/+ and -/- mice (n=14-20). (D) Lactate production in Bad knockdown hepatocytes 8 hr after
glucose stimulation (n=9). (E) Glucose production in Bad knockdown hepatocytes treated with
lactate/pyruvate (n=3-5). (F) PTT in C57BL/6J mice after hepatic knockdown of Bad (n=12-17).
(G-H) Relative hepatic mRNA levels of Pck1 (G) and L-Pk (H) in fed and overnight fasted
C57BL/6J mice after hepatic knockdown of Bad (n=10). (I) PTT in C57BL/6J mice after hepatic
knockdown of Gk (n=8-12). (J-K) Relative hepatic mRNA levels of Pck1 (J) and L-Pk (K) in fed
and overnight fasted C57BL/6J mice after hepatic knockdown of Gk (n=5).

Error bars, £ SEM. *p < 0.05; **p < 0.01, ***p < 0.001.
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Figure 3.2. BAD-modulation of hepatic glucose metabolism.

(A) Hepatic BAD protein levels in C57BL/6J mice 5 days after tail vein delivery of control or Bad
shRNA adenoviruses. (B-C) Blood glucose (B) and insulin levels (C) during i.p. GTT in C57BL/6J
mice treated as in (A) (n=5-8). (D) Serum insulin levels in fed and overnight-fasted C57BL/6J
mice after hepatic knockdown of Bad (n=10). (E) Relative hepatic mRNA levels of glycolytic (L-
Pk, Gk) and gluconeogenic (Pck1, Fbp1, G6pc) genes in fed and overnight-fasted Bad +/+ and -
/- mice (n=5). (F-G) Relative levels of Pck1 (F) and L-Pk (G) mRNAs in primary hepatocytes
incubated with high or low glucose concentrations for 24 hr after Bad knockdown (n=4-5
independent hepatocyte cultures). (H) Hepatic GK protein levels in C57BL/6J mice 5 days after
tail vein delivery of control or Gk shRNA adenoviruses. (l) Blood glucose during i.p. GTT in
C57BL/6J mice treated as in (H) (n=5).

Error bars, + SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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Hepatic pyruvate metabolism is regulated, at least in part, at the transcriptional level
downstream of hormonal and nutrient signaling (Lin and Accili, 2011). Initial examination of
gluconeogenic and glycolytic genes in fed and fasted Bad -/~ and Bad knockdown liver indicated
changes in several genes. In particular, mRNA levels of the gluconeogenic enzyme
phosphoenolpyruvate carboxykinase (Pck) 1 were significantly elevated, while mRNA levels of
the glycolytic enzyme liver-type pyruvate kinase (L-Pk) were significantly diminished (Figures
3.1G, H, and 3.2E). Other gluconeogenic genes [fructose 1,6-bisphosphatase (Fbp) 1 and
glucose 6-phosphatase (G6Pase)] were also increased in Bad -/~ liver (Figure 3.2E). This is
further consistent with BAD-dependent reciprocal changes in hepatic glycolysis and
gluconeogenesis.

In addition to transcriptional control during fed/fasted states, L-Pk and Pck1 expression
can be regulated by glucose. Specifically, the promoters of both genes are glucose-sensitive in
that increased glucose metabolism through GK stimulates L-Pk transcription and represses that
of Pck1 (Cournarie et al., 1999; Scott et al., 1998; Yamada and Noguchi, 1999). Based on these
reports, we predicted that glucose-modulation of L-Pk and Pck1 transcription may be altered upon
hepatic depletion of BAD and the attendant diminution of glucose metabolism. This was indeed
the case. In wild-type hepatocytes, L-Pk mRNA levels were elevated at high compared to low
glucose concentrations (25 mM versus 5 mM), whereas Pck1 mRNA levels showed the opposite
profile (Figures 3.2F and G). Bad knockdown, however, resulted in higher Pck7 mRNA levels that
were especially exaggerated at low glucose (Figure 3.2F). In comparison, glucose-stimulation of
L-Pk transcripts was significantly reduced (Figure 3.2G).

The above observations in both cultured hepatocytes and whole animals using a
combination of biochemical and transcriptional readouts suggest that BAD is required for proper
interpretation of glucose signals. Notably, the metabolic outcome of BAD depletion in the liver
was phenocopied in mice treated with Gk shRNA (Figure 3.2H). This is evident from exaggerated
glucose levels during PTT, significant elevation of hepatic Pck7 mRNA levels and diminution of
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L-Pk transcripts, as well as impaired glucose tolerance (Figures 3.11, J, K, and 3.2I). Given the
biochemical interaction between BAD and GK (Danial et al., 2003; Danial et al., 2008; Szlyk et
al., 2014), these shared metabolic outcomes suggest their functional partnership may be relevant
for the proper control of glycolysis and gluconeogenesis in the liver (see below).

We have previously reported that BAD’s capacity to activate GK in B-cells is triggered by
S155 phosphorylation (aa enumeration based on the mouse sequence of BAD) (Danial et al.,
2008). Importantly, S155 phosphorylation is sensitive to nutrient status in both B-cells (Danial et
al., 2008) and in liver (Figure 3.3A). Specifically, BAD S155 phosphorylation is induced upon re-
feeding. In addition, the phosphorylation of two priming serine residues upstream of the BAD BH3
domain, S112 and S136, is similarly increased upon re-feeding (Figure 3.3A). These observations
suggest that BAD phosphorylation and metabolic activity may be integrated with nutritional states.
Consistent with this idea, interference with BAD phosphorylation through a Bad S155A non-
phosphorylatable knock-in allele was associated with fasting hyperglycemia and excess glucose
release during PTT (Figure 3.3B).

To interrogate the direct significance of BAD phosphorylation specifically in the liver, we
carried out whole animal liver reconstitution assays in Bad -/- mice using adenoviruses expressing
wild-type or defined phosphorylation mutants within the BAD BH3 domain. Hepatic reconstitution
with wild-type BAD lowered the glucose values during PTT, indicating that exaggerated
gluconeogenesis in Bad -/- is directly related to the loss of BAD function in the liver (Figure 3.3C).
Given BAD’s dual capacity to engage GK and influence glucose metabolism on one hand, and to
bind select BCL-2 protein (BCL-2, BCL-XL and BCL-w) and influence the sensitivity of cells to
apoptosis on the other, a definitive role for BAD’s metabolic function in regulation of
gluconeogenesis could not be inferred solely based on the phenotype of wild-type BAD in these

assays. Therefore, we examined three separate BAD phosphorylation
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Figure 3.3. The effect of BAD phosphorylation on gluconeogenesis

(A) Immunoblot analysis and quantification of relative BAD phosphorylation on S155, S136 and
S112 in liver samples derived from C57BL/6J mice fasted overnight and re-fed for 6 hr after
overnight fasting. (B) PTT in Bad +/+ and S155A knock-in mice (n=10-11). (C) PTT in Bad +/+
and -/- mice following hepatic reconstitution with the indicated adenoviruses (n=16-24). Asterisks
in (C) compare Bad -/-: BAD S155D versus Bad -/-: GFP and the symbols # compare Bad -/-:
BAD WT versus Bad -/-: GFP. (D) Glucose production in primary Bad -/- hepatocytes reconstituted
with the indicated adenoviruses and treated with lactate/pyruvate (n=7-12).

Error bars, + SEM. *p < 0.05; **p < 0.01, ***p < 0.001; n.s., non-significant.
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mutants that are competent or deficient in activating GK (Figure 3.4A). The phospho-mimic S155D
mutation triggers BAD’s capacity to activate GK while blocking its interaction with BCL-2 protein
partners (Danial et al., 2008). Hepatic reconstitution with this mutant was sufficient to restore GK
activity and correct the PTT profile of Bad /- mice (Figures 3.3C and 3.4B). The corresponding
phospho-deficient variant, BAD S155A, which is compromised in its capacity to restore hepatic
GK activity in Bad /- mice (Figure 3.4B), did not correct the glucose values during PTT (Figure
3.3C). Although diminished in its ability to activate GK, BAD S155A retains its capacity to interact
with BCL-2 family partners (Danial, 2008), and is therefore not a direct control for S155D GK-
activating variant, which does not bind to BCL-2 family proteins (Figure 3.4A). For these reasons,
we used a second phospho-deficient BAD variant that has diminished GK-activating capacity but
cannot bind BCL-2 family partners (BAD L151A, S155A, and D156A triple mutant referred to as
BAD AAA) (Figures 3.4A and B) (Danial et al., 2008). Parallel comparison of this mutant with BAD
S155D allowed assessment of BAD’s capacity to engage and activate GK separate from its ability
to bind BCL-2 family partners. Unlike BAD S155D, BAD AAA did not restore the PTT profile in
Bad -/- mice (Figure 3.3C). Furthermore, in vitro genetic reconstitution studies using these
variants were consistent with the above observations in that BAD S155D, but not BAD S155A or
BAD AAA corrected gluconeogenesis in Bad -/~ hepatocytes to levels comparable to GFP-
expressing Bad +/+ controls (Figure 3.3D). Thus in vivo and in vitro interference with BAD S155
phosphorylation is associated with unrestrained gluconeogenesis and phenocopies the changes
in hepatic metabolism observed in Bad -/- and Bad knockdown liver.
BAD’s effect on mitochondrial energy metabolism in hepatocytes

Mitochondria play a pivotal role in gluconeogenesis through provision of carbon
substrates, reducing equivalents, and ATP (Burgess et al., 2007; Satapati et al., 2012). Metabolic

flux analysis has also uncovered a tight connection between PCK1, mitochondrial
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mice after tail vein delivery of the indicated adenoviruses.
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bioenergetics and TCA cycle (Burgess et al., 2007; Hakimi et al., 2005; Satapati et al., 2012). To
assess how Bad -/~ hepatocytes derive the ATP required to support excess gluconeogenesis, we
focused on mitochondrial energy metabolism. We reasoned that gluconeogenesis from
exogenous lactate/pyruvate would create a state of energy demand driving ATP production by
mitochondrial oxidative phosphorylation, which can be deduced from the fraction of mitochondrial
oxygen consumption rate (OCR) that is sensitive to the mitochondrial ATP-synthase inhibitor
oligomycin. In the presence of lactate/pyruvate, Bad -/- hepatocytes showed a significantly higher
induction of mitochondrial ATP production (Figure 3.5A and Table 3.1), which was restored to
wild-type values after genetic introduction of the BAD S155D variant but not the BAD AAA mutant
(Figure 3.5A and Table 3.1).

Gluconeogenesis and mitochondrial FAO are interdependent. For example, fatty acids
augment flux through pyruvate carboxylase leading to significant stimulation of OCR and
gluconeogenesis in the presence of lactate/pyruvate (Gustafson et al., 2001; Pryor et al., 1987).
Importantly, inhibition of carnitine palmitoyl transferase (CPT1), which is required for
mitochondrial import of long-chain fatty acids, or interference with mitochondrial electron transport
chain activity reverse these effects (Pryor et al., 1987), indicating the importance of mitochondria
in energetic and substrate coupling between FAO and gluconeogenesis. This prompted
examination whether increased gluconeogenesis in the absence of BAD is linked to elevated
FAO. Indeed, mitochondrial OCR in response to palmitate was significantly higher in primary Bad
-/- hepatocytes compared with controls (Figure 3.5B and Table 3.1). Similar results were also
obtained in Bad knockdown hepatocytes (data not shown). As predicted, the rise in OCR normally
seen upon treatment with lactate/pyruvate was inhibited by the mitochondrial FAO inhibitor
etomoxir (Etx) in both Bad +/+ and -/- hepatocytes (Figure 3.5C). However, the etomoxir
inhibitable portion of this respiratory rate was significantly larger in Bad -/~ than control

hepatocytes (Figure 3.5C and Table 3.1), which is in agreement with higher FAO in Bad -/-
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Table 3.1. Summary of oligomycin-inhibitable portion of OCR in the absence and presence
of ADP

OCR values in the absence and presence of ADP are shown for all substrates and genotypes
tested in Figures 3.5 and 3.7. As expected, the OCR values were lower in the absence of ADP
than in its presence, however, statistical significance held across comparisons regardless of the
absence or presence of ADP. Figures 3.5 and 3.7 show OCR values in the presence of ADP. *p
< 0.05; *p < 0.01; ***p < 0.001; n.s., non-significant.

Mean £ SEM p value
Figure Genotype Without ADP With ADP Without ADP With ADP
3A Bad +/+: GFP 408.69 + 57.89 655.23 + 84.88 Bad +/+: GFP vs. Bad-/-: GFP * *x
(Lac/Pyr) Bad-/-: GFP 620.44 + 73.4 1021.85 £ 125.08  Bad-/-: GFP vs. S155D *x *x
Bad -/-: BAD S155D 380.44 + 45.28 582.28 + 65.49 Bad-/-: GFP vs. BAD AAA ns. ns.
Bad-/-: BAD AAA 761.07 + 90.66 1250.34 £ 148.32  Bad-/-: BAD S155D vs. BAD AAA kk
3B Bad +/+ 259.25 + 25.46 501.34 + 45.54 Bad +/+ vs. Bad-/- Kkk kk
(Palmitate)  Bad-/- 597.32 + 58.60 1022.36 + 105.05
3C Bad +/+ 431.21 £ 74.93 488.97+ 57.24 Bad +/+ vs. Bad-/- * -
(Lac/Pyr) Bad -/- 679.27 + 55.92 1161.25 £ 54.51 Bad +/+: minus vs. plus Etx * *k
Bad +/+ plus Etx 226.06 + 39.39 289.34 + 46.63 Bad-/-: minus vs. plus Etx *kk *xk
Bad -/- plus Etx 416.56 + 46.71 578.46 + 45.26 Bad +/+ plus Etx vs. Bad -/- plus Etx xx ok
4A GKoxlox 285.01 £21.29 358.92 + 28.49 GKo¥lox ys. GKIo¥ox; Alb-cre *x *x
(Lac/Pyr) GK¥'ox; Alb-cre 1385.08 + 384.75 1479.88 + 383.79
4A GKoxlox 231.22 +19.79 326.97 + 20.58 GKo¥ox yg. GKIo¥ox; Alb-cre *x *x
(Palmitate)  GK'*°%; Alb-cre 815.01 + 201.08 1127.75 + 247.84
4B GKodox: GFP 616.83 + 71.09 805.96 + 145.87 GK'o¥ox ys. GK'o/1ox; Alp-cre: GFP *kk *xk
(Lac/Pyr) GKXo%; Alb-cre: GFP 1510.14 £ 197.23 2470.43 + 276.37
GKo¥ox, Alp-cre: BAD 1737.45 + 234.959 2539.64 + 277.88

S$155D
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hepatocytes (Figure 3.5B). This is also consistent with lower respiratory quotient (RQ) in Bad -/-
mice (Figure 3.5D), which reflects preferential utilization of fatty acids as energy source. Overall,
these results suggest that loss of BAD is associated with an altered program of mitochondrial
substrate and energy metabolism that matches excess gluconeogenesis. Notably, these
alterations do not appear to be linked to changes in mitochondrial mass in the absence of BAD
(Figures 3.5E and 3.5F).

The functional increase in FAO in the absence of BAD warranted examination of hepatic
genes involved in fatty acid metabolism. Comparison of microarray expression profiles using gene
set enrichment analysis (GSEA) identified the mitochondrial -oxidation pathway as the top gene
set enriched in fasted Bad -/~ liver compared to Bad +/+ controls (Figure 3.6A). Quantitative real-
time PCR provided independent evidence for augmented mRNA abundance of the FAO genes in
Bad -/~ liver (Figure 3.6B). Conversely, transcription of the lipogenic gene acetyl-CoA carboxylase
(Acc) was markedly down-regulated in Bad -/~ liver (Figure 3.6B). Examination of key
transcriptional regulators of FAO also indicated significant induction of Ppara mRNA in Bad -/-
liver (Figure 3.6B). Importantly, these transcriptional changes were also observed following acute
hepatic knockdown of Bad (Figure 3.6C), and were further phenocopied by acute hepatic
knockdown of Gk (Figure 3.6D) or liver-specific deletion of Gk, (GKk'¥'°* versus Gk'*/°x; Alb-cre,,
Figure 3.6E). These observations suggest a potential link between BAD- and GK-dependent
metabolic signaling and hepatic gene expression.

Hepatic function of BAD is mediated by GK

The differential effect of BAD S155D and AAA variants in genetic reconstitution assays
suggests that BAD’s influence on glycolysis and gluconeogenesis is coordinated with its ability to
activate GK. In addition, the common phenotype of exaggerated gluconeogenesis and FAO when
either BAD or GK are acutely depleted in the liver suggests that the functional interaction of these
two proteins is relevant for hepatic substrate metabolism This predicts that loss of GK would
phenocopy loss of BAD in mitochondrial energy metabolism and handling of.

105



Figure 3.6. Changes in the expression of genes involved in fatty acid metabolism following
hepatic manipulation of BAD and GK.

(A) Gene set enrichment analysis of mitochondrial B-oxidation in 24 hr fasted Bad +/+ and -/- liver
(n=4-5). (B-C) mRNA abundance of fatty acid metabolism genes in liver samples derived from
fed and fasted Bad +/+ and -/~ mice (B) and mice subjected to hepatic knockdown of Bad (C)
(n=4-5). (D-E) mRNA abundance of -oxidation genes in liver samples derived from mice treated
with Gk shRNA (D) and liver-specific Gk null mice (E) (n=5).

Error bars, £+ SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

Abbreviations: Cpt, carnitine palmitoyl transferase; Scad, Mcad, Lcad and Vicad, short-, medium,
long-, very long-acyl-CoA dehydrogenase; Hadh, hydroxyacyl-CoA dehydrogenase (component
of the mitochondrial trifunctional protein); Acc, acetyl-CoA carboxylase; Hmgcs2, mitochondrial
3-hydroxy-3-methylglutaryl-CoA synthase 2; Ppara, peroxisome proliferator-activated receptor
alpha.
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gluconeogenic substrates; and that BAD’s effect on hepatic substrate utilization would be
abrogated in the genetic background of Gk deficiency. We next tested each of these predictions.
Primary Gk -/- hepatocytes display marked stimulation of mitochondrial OCR when cultured with
lactate/pyruvate or palmitate (GK'/°* versus Gk'°¥'°%; Alb-cre, Figures 3.7A and B; Table 3.1)
analogous to Bad -/- hepatocytes. Gluconeogenesis was also significantly higher in Gk-null
hepatocytes (Figure 3.7C). However, expression of BAD S155D in Gk -/- hepatocytes was
ineffective in curtailing excess mitochondrial OCR and glucose production in the presence of
lactate/pyruvate (Figures 3.7B and C). This contrasts with the capacity of BAD S155D to correct
these parameters in Bad -/- hepatocytes (Figures 3.3D and 3.5A). These data provide genetic
and mechanistic evidence consistent with GK as a downstream mediator of BAD’s effect on
hepatic substrate and energy metabolism.
Hepatic insulin resistance in Bad -/- mice

Insulin is a critical regulator of hepatic glucose metabolism through transcriptional and
post-translational mechanisms, as well as modulation of substrate supply (Lin and Accili, 2011;
Saltiel and Kahn, 2001). It stimulates transcription of several glycolytic genes, including Gk, and
represses that of gluconeogenic genes Pck1, Fbp1 and G6p. In addition, insulin stimulates BAD
phosphorylation in the liver (Figure 3.8A). Given the effect of BAD phosphorylation on GK activity
and hepatic substrate utilization, these observations predict that BAD’s hepatic function may be
subject to insulin regulation. To test the physiologic relevance of BAD in the context of insulin
action, we performed euglycemic-hyperinsulinemic clamp analysis. While glucose was
maintained at basal concentration (~6.7 mM) throughout the analysis (Figure 3.8B), Bad -/- mice
displayed a small but statistically significant reduction in glucose infusion rates (GIR) (Figure 3.8C,
51.5 + 2.5 versus 43.4 + 2.6 mg/kg/min, p < 0.05, Bad +/+ versus Bad -/-) consistent with whole
body insulin resistance. As reduced GIR can derive from impaired suppression of HGP by insulin

and/or its diminished capacity to enhance glucose uptake in peripheral tissues, hepatic
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Figure 3.7. Hepatic function of BAD is GK-dependent.

(A) Mitochondrial OCR in GK-deficient hepatocytes treated with lactate/pyruvate or palmitate
(n=8-10). (B-C) Mitochondrial OCR (B) and glucose production (C) in GK-deficient hepatocytes
transduced with the indicated adenoviruses (n=9).

Error bars, + SEM. *p < 0.05; **p < 0.01, ***p < 0.001; n.s., non-significant.
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Figure 3.8. Hepatic insulin resistance in the absence of BAD

(A) Modulation of hepatic BAD phosphorylation by insulin in vivo. Immunoblot analysis and
quantification of relative BAD phosphorylation on S155, S136 and S112 in liver samples derived
from C57BL/6J mice fasted overnight and injected with saline or insulin. (B-G) Euglycemic-
hyperinsulinemic clamp analysis in Bad -/~ and Bad +/+ mice (n=7-9), showing plasma glucose
(B), glucose infusion rate (GIR) (C), hepatic glucose production (HGP) (D), relative mRNA
abundance of hepatic gluconeogenic genes (E), hepatic glycogen synthesis rates (F), and
peripheral insulin sensitivity (G).

Error bars, + SEM. *p < 0.05; **p < 0.01, Bad -/- versus Bad +/+ mice.
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and peripheral insulin sensitivities were measured separately. Suppression of HGP by insulin in
Bad -/- mice was markedly impaired consistent with hepatic insulin resistance (Figure 3.8D, 94.7
+ 14.7% versus 32.1 £ 14.0%, p < 0.008, Bad +/+ versus Bad -/~). This was further consistent with
diminished capacity of insulin to fully inhibit the transcription of Pck1, Fbp1 and the catalytic
subunit of G6p (G6pc) in Bad -/~ liver (Figure 3.8E).

To determine if hepatic insulin resistance in BAD-deficient mice extends to abnormalities
in glucose storage, the net hepatic glycogen synthesis rates were also measured and found to be
comparable in Bad +/+ and /- mice (Figure 3.8F). These rates reflect the net balance of direct
and indirect pathways of glycogen synthesis (Agius, 2008). While diminished hepatic glucose
utilization in Bad -/~ mice (Figure 3.1A) would predict lower glycogen synthesis via the direct
pathway, increased gluconeogenesis in these animals may lead to a larger contribution from the
indirect pathway. It is possible that a relative increase in the indirect pathway of glycogen
synthesis may have offset any differences in the direct pathway, rendering total glycogen
synthesis in Bad -/- mice comparable to controls. Notably, a prominent contribution of the
gluconeogenic pathway to hepatic glycogen synthesis in glucokinase-deficient (MODY2) subjects
has been reported (Velho et al., 1996).

Insulin resistance in Bad -/- mice is restricted to liver as insulin-mediated glucose uptake in
skeletal muscle and white adipose tissues was not altered (Figures 3.9A and B). Whole body
glucose uptake, glycolysis and glycogen synthesis did not reveal any differences in the two
genotypes (Figure 3.8G). Other metabolic parameters such as fat and lean mass, energy
expenditure, activity, as well as fasted serum levels of glucagon, FFA and triglycerides were
comparable in both genotypes (Figures 3.9C-H). Overall, these results indicate that peripheral
insulin sensitivity is preserved in Bad -/- mice and that diminished GIR in this genetic model can

be chiefly attributed to impaired suppression of HGP.
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Figure 3.9. Peripheral insulin action and additional metabolic parameters in Bad +/+ and -
/- mice.

(A-B) Peripheral insulin action as measured by glucose uptake in skeletal muscle (A) and white
adipose tissues (B) in Bad +/+ and -/- mice subjected to euglycemic-hyperinsulinemic clamp
analysis as in Figure 3.8 (n=7-9). (C-E) Body weight, lean and fat mass (C), energy expenditure
(D), and activity (E) in Bad +/+ and -/- mice (n=7-9). (F-H) Fasting levels of serum glucagon (F),
FFA (G), and Triglycerides (H) in Bad +/+ and /- mice (n=5-9).

Error bars, + SEM.
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Hepatic insulin signaling in the absence of BAD

Impaired hepatic insulin action in Bad -/- mice warranted examination of insulin signaling. Insulin
stimulation of PI3K activity was significantly diminished in Bad -/~ liver but not in Bad -/-
gastrocnemius muscle (Figures 3.10A and 3.11A). Lower hepatic PI3K activity in Bad -/- was
consistent with reduced stimulation of AKT phosphorylation by insulin but could not be explained
by changes in insulin receptor (IR) phosphorylation (Figure 3.10B). Importantly, insulin stimulation
of AKT phosphorylation was not altered in muscle (Figure 3.11B), which is in agreement with
selective loss of insulin action in liver but not in muscle (Figures 3.8D and 3.9A). Reduced AKT
phosphorylation in response to insulin was further evident in primary Bad -/- hepatocytes treated
with insulin (Figure 3.11C), indicating a cell autonomous effect of BAD deficiency on insulin
signaling. Moreover, attenuated insulin signaling in Bad /- mice was recapitulated in mice treated
with Bad shRNA (Figure 3.10C). Reduced PI3K-AKT signaling without alterations in insulin
receptor phosphorylation predicts inhibition at the level of IRS-1 through negative feedback loops
(Copps and White, 2012). Examination of several IRS-1 inhibitory kinases revealed comparable
hepatic JNK and ERK phosphorylation but diminished GSK-3 phosphorylation in Bad shRNA liver
(Figure 3.10C and data not shown). Because phosphorylation inactivates GSK-3, these results
indicate increased hepatic GSK-3 activity in BAD-depleted liver. However, GSK-3
phosphorylation is itself regulated by insulin similar to several other IRS-1 inhibitory kinases
(Copps and White, 2012), and whether GSK-3 activity is the cause or consequence of reduced
insulin signaling in these mice remains to be determined. Importantly, an analogous decline in
hepatic insulin signaling was also observed in mice treated with Gk shRNA (Figure 3.10D). This
is consistent with published reports that loss of GK or inhibition of its activity is associated with
blunted suppression of HGP and hepatic insulin resistance (Barzilai et al., 1996; Clement et al.,
1996; Rossetti et al., 1997). In aggregate, our findings indicate that, similar to hepatic depletion

or inhibition of GK, loss of BAD and the
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Figure 3.10. Altered insulin signaling upon hepatic manipulation of BAD and GK

(A) IRS-1-associated PI3K activity in liver of Bad +/+ and -/~ mice injected with saline or insulin
after an overnight fast (n=10 per genotype). (B) Phosphorylation of the insulin receptor (IR) and
AKT in liver of Bad +/+ and -/- mice treated as in (A). Bar graphs quantitate relative insulin
induction of IR and AKT phosphorylation (n=4). (C-D) Insulin signaling in liver samples isolated
from C57BL/6J mice following hepatic knockdown of Bad (C) and Gk (D). Bar graphs quantitate
relative insulin induction of IR, AKT, and GSK-3 phosphorylation (n=4).

Error bars, + SEM. *p < 0.05; **p < 0.01, ***p < 0.001.
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Figure 3.11. Insulin signaling in the absence of BAD.

(A) IRS-1-associated PI3K activity in muscle of Bad +/+ and -/- mice injected with saline or 0.1
U/g insulin after an overnight fast (n=10 mice per genotype). (B) Phosphorylation of the insulin
receptor (IR) and AKT in skeletal muscle of Bad +/+ and -/- mice treated as in (A) (n=4). (C) Insulin
signaling in primary Bad +/+ and -/- hepatocyte cultures. Bar graphs quantitate relative insulin-
induction of IR and AKT phosphorylation (n=4). (D-E) Relative hepatic mMRNA abundance of
Srebp1c (D) and Gk (E) in Bad -/- and Bad +/+ mice subjected to euglycemic-hyperinsulinemic
clamp as in Figure 3.8 (n=6 mice per condition).

Error bars, mean + SEM. *p < 0.05; **p < 0.01; n.s., non-significant.
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attendant diminution of GK activity is associated with reduced hepatic insulin sensitivity and
insulin signaling

Hepatic GK and BAD are both regulated by insulin. Gk is a transcriptional target of
SREBP1c downstream of the PI3K-AKT axis, and BAD phosphorylation, which stimulates GK
activity (Figure 3.4B) (Szlyk et al., 2014), is induced by insulin. It is, therefore, possible that BAD
may serve as an additional downstream mediator of insulin’s effect on GK, whereby insulin
stimulates GK activity beyond induction of Gk transcription. Given insulin regulation of BAD and
GK and reduced insulin signaling in Bad -/- mice, two potential scenarios may explain the
diminished insulin suppression of HGP in these mice; diminished insulin stimulation of Gk
expression or diminished capacity of insulin to enhance GK activity through BAD phosphorylation.
To determine changes in Gk expression in this setting, we examined hepatic Srebp7c and Gk
mMRNA levels in Bad +/+ and -/- mice subjected to euglycemic-hyperinsulinemic clamp. Relative
Srebp1c mRNA abundance was lower in Bad -/~ liver (Figure 3.11D), which is consistent with
reduced insulin stimulation of PI3K-AKT signaling in these mice. Surprisingly, however, Gk mMRNA
levels were not diminished in these samples (Figure 3.11E), suggesting potential SREBP1c-
independent compensatory mechanisms that maintain Gk mRNA levels despite reduced insulin
signaling in Bad -/~ liver. Of note, several other transcription factors can directly activate the Gk
promoter in the absence of SREBP1c (Bechmann et al., 2012; Kim et al., 2009; Oosterveer et al.,
2012). Moreover, Gk mRNA levels can be regulated by 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase (PFK2) independent of insulin and SREBP1c (Payne et al., 2005; Wu et al.,
2004). Therefore, it is possible that one or more of these mechanisms may stabilize Gk expression
in Bad -/- liver under these conditions. In addition, the potential contribution of residual insulin
signaling in these mice cannot be ruled out. Regardless of the mechanisms that may stabilize Gk
mMRNA levels in Bad -/- mice, our results indicate that diminished insulin suppression of HGP in
these animals cannot be explained by diminished Gk transcription. Considering insulin-induction
of BAD phosphorylation on S155 and the direct stimulatory effect of the phospho-BAD BH3
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domain on GK activity (Szlyk et al., 2014), our data are most consistent with the proposal that
defective GK activity in Bad -/~ liver, despite stabilized Gk mRNA levels, may curtail the full effect
of insulin on proper modulation of HGP.

Metabolic benefits of BAD in models of diabetes and insulin resistance

The capacity of BAD S155D to counterbalance exaggerated gluconeogenesis in Bad -/-
liver warranted examination of its effect in models of diabetes and insulin resistance such as ob/ob
mice. Hepatic BAD protein levels were comparable in ob/ob and control ob/+ mice despite
elevated Bad mRNA levels in ob/ob animals, indicating that increased transcription of the Bad
gene does not result in higher protein levels in this context (Figures 3.12A and B). Remarkably,
however, BAD phosphorylation on S155 and S136 was significantly diminished in ob/ob liver
(Figure 3.12C). These observations further motivated examination whether expression of a BAD
S155D can alter hepatic metabolism in these animals. Hepatic delivery of BAD S155D, but not
BAD AAA, significantly ameliorated fasting hyperglycemia in ob/ob mice (Figure 3.13A), which
was accompanied by diminished fasting Pck? mRNA abundance (Figure 3.13B). Importantly,
glucose levels during PTT were markedly down-regulated in ob/ob mice reconstituted with BAD
S155D adenoviruses so that they were comparable to ob/+ controls treated with GFP viruses
(Figure 3.13C). BAD S155D expression further resulted in systemic metabolic benefits marked
by improved glucose tolerance in ob/ob mice (Figure 3.13D).

We next set out to determine whether the differential effects of BAD S155D and BAD AAA
in ob/ob liver parallel their GK-activating capacity. Previous studies have reported an age-
dependent progressive decline in hepatic Gk mRNA and GK activity in leptin resistant rodent
models (Torres et al., 2009). Importantly, increased GK activity through chemical or genetic
approaches improved glucose homeostasis in these models (Grimsby et al., 2003; Torres et al.,
2009). Hepatic expression of BAD S155D or BAD AAA variants did not alter Gk mRNA levels in
ob/ob mice (Figure 3.12D), but had distinct effect on GK activity. Specifically, BAD S155D
increased hepatic GK activity whereas the BAD AAA variant was ineffective (Figure 3.12E).
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Figure 3.12. Metabolic effects of BAD in obl/ob liver

(A) Hepatic mRNA abundance of Bad in ob/ob and ob/+ mice (n=6). (B) Immunoblot analysis of
total BAD levels in whole cell lysates prepared from ob/ob and ob/+ liver samples. (C) Immunoblot
analysis and quantification of relative BAD phosphorylation in liver samples derived from ob/ob
and ob/+ mice fasted for 24 hr and refed for 1 hr. BAD was immunoprecipitated with anti-BAD
antibody and western blotted with phospho-specific antibodies to pS155 and pS136 BAD. (D)
Hepatic Gk mRNA levels in ob/ob mice (~25 wks) after tail vein delivery of the indicated
adenoviruses (n=4-8 independent mice per condition). (E) Hepatic GK activity in ob/ob mice after
tail vein delivery of the indicated adenoviruses (n=3-9 mice per condition).

Error bars, + SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3.13. Metabolic effects of BAD in ob/ob and HFD-treated mice

(A-D) Fasting glucose levels (A), liver Pck1 mRNA abundance (B), pyruvate (C) and glucose (D)
tolerance tests following hepatic reconstitution of ob/ob mice with the indicated adenoviruses
(n=10-14). Asterisks in (C-D) compare ob/ob mice treated with BAD S155D versus GFP
adenoviruses. (E) GTT in C57BL/6J mice subjected to high-fat diet for 10 weeks prior to hepatic
reconstitution with the indicated adenoviruses (n=9). Asterisks in (E) compare HFD mice treated
with BAD S155D versus GFP adenoviruses.

Error bars, £ SEM. *p < 0.05; **p < 0.01, ***p < 0.001.
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Thus, the differential effect of BAD phospho-mutants in hepatic reconstitution of ob/ob mice co-
segregates with their effect on GK activity.

The ob/ob genetic model is a severe model of diabetes with a complex myriad of chronic
pathophysiologic perturbations. We also tested the metabolic consequence of BAD in the high-
fat diet (HFD) model. Acute hepatic delivery of BAD S155D to wild-type mice after 10 weeks of
high-fat feeding effectively improved fasting hyperglycemia and glucose tolerance, while the BAD
AAA variant was inert in this setting (Figure 3.13E). The GTT profiles of HFD mice treated with

BAD S155D were comparable to normal chow (control)-fed mice treated with GFP viruses.
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DISSCUSSION

Our combined use of multiple genetic tools, including the Bad-null and phosphorylation
knock-in mice, liver-specific Bad knockdown, as well as informative BAD mutants enabled
biochemical and systemic evaluation of BAD’s significance in hepatic substrate metabolism.
These studies show that hepatic loss of BAD or interference with its phosphorylation is linked to
reduced glycolysis, enhanced FAO, and unrestrained gluconeogenesis. Moreover, BAD
deficiency is associated with impaired insulin-mediated suppression of HGP and attenuated
insulin signaling. Our collective observations suggest that exaggerated gluconeogenesis in the
absence of BAD can be mapped to a combination of altered substrate and energy metabolism,
as well as loss of hepatic insulin sensitivity.

BAD'’s capacity to modulate hepatic glucose utilization and production is regulated by its
phosphorylation, which is in turn sensitive to the fed/fasted nutritional states and insulin. When
phosphorylated, BAD activates GK, promoting glycolysis and inhibiting FAO. Upon BAD
dephosphorylation, glycolysis is diminished, FAO is dis-inhibited, and pyruvate is preferentially
partitioned to gluconeogenesis. These observations are consistent with the possibility that BAD
phosphorylation may help mitochondria distinguish the glycolytic versus gluconeogenic source of
pyruvate and its metabolic fate. The idea that GK is an important mechanistic component of BAD
modulation of hepatic metabolism is supported by two lines of investigation. First, the selective
capacity of BAD BH3 variants to modulate hepatic metabolism in both primary hepatocytes and
whole animal liver reconstitution assays co-segregates with their differential GK-activating
property. Second, BAD’s ability to coordinately regulate hepatic energy metabolism and
gluconeogenesis is abolished in the absence of GK, providing evidence in favor of an “epistatic”
relationship between these partner proteins where GK is a downstream mediator of BAD’s
metabolic effects.

The notion that the BAD:GK axis is relevant for proper regulation of glycolysis and
gluconeogenesis is further consistent with several metabolic alterations that are phenocopied
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when each protein is depleted in the liver, including exaggerated gluconeogenesis and impaired
glucose tolerance. Hepatic GK is subject to several regulatory mechanisms, including distinct
binding interactions and sub-cellular localization (Matschinsky, 2009). BAD deficiency does not
lead to reduced hepatic GK expression at mRNA or protein levels, but is associated with
diminished GK activity. Given the multiple mechanisms that converge on hepatic GK regulation,
loss of BAD is not expected to recapitulate the full phenotypic spectrum of GK loss-of-function in
the liver. Within this context, the finding that several metabolic alterations are shared between
mice with hepatic knockdown of Bad and animals with hepatic knockdown of Gk is remarkable.

Changes in hepatic metabolism following depletion of BAD or GK also include altered
expression of several glycolytic and gluconeogenic genes, and a robust transcriptional activation
of B-oxidation. This gives rise to the question as to how BAD- or GK-dependent changes in hepatic
metabolism modify gene expression. Because these changes can be acutely triggered by the
knockdown of either BAD or GK, it is likely that select alterations in glucose- or fatty acid-derived
metabolites may modulate the activity of glucose- and fatty acid-sensing transcription factors such
as ChREBP and nuclear receptors (Agius, 2013; Jump et al., 2013). Another possible scenario is
alterations in chromatin- and histone-modifying enzymes that can be modulated by defined
metabolites or cellular metabolic state (Kaelin and McKnight, 2013).

Our findings indicate that deregulated gluconeogenesis in the absence of BAD also
extends to diminished insulin suppression of HGP. BAD phosphorylation, which can down-
regulate gluconeogenesis through GK activation (Figures 3.3C, D, 3.4B, 3.7C), is normally
induced by insulin. This observation together with the finding that insulin suppression of HGP is
diminished in Bad -/- mice suggest that BAD may serve as a downstream effector of insulin in
modulation of hepatic glucose production. Moreover, hepatic insulin resistance in the absence of
BAD is accompanied by changes in insulin signaling. Hepatic nutrient and energy sensing
pathways and insulin signaling are tightly integrated (Newgard, 2012; Samuel and Shulman,
2012), and the shared phenotype of reduced insulin signaling upon acute hepatic depletion of
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BAD or GK predicts a potential interplay between reduced glucose utilization and/or increased
FAO and the components of the insulin signaling axis. Notably, precedent for a link between
glucose metabolism, ROS, and NADH, and the regulation of PI3K:AKT:GSK-3 signaling exists in
other tissues (Pelicano et al., 2006; Yeshao et al., 2005). The precise molecular link between
BAD- and GK-dependent changes in substrate metabolism and alterations in insulin signaling
awaits additional studies.

The observation that hepatic delivery of BAD S155D reinstates proper regulation of
gluconeogenesis and allays fasting hyperglycemia in the ob/ob and HFD-treated mice provides a
powerful endorsement for the physiologic relevance of BAD phospho-regulation. We have shown
that the BAD S155D variant and hydrocarbon stapled BAD BH3 helices that bear the phospho-
mimic S155D modification (BAD SAHB compounds) can directly trigger GK activity and stimulate
insulin secretion in primary islets (Danial et al., 2008; Szlyk et al., 2014). The studies presented
here suggest that, in addition to boosting p-cell function, BAD BH3 phospho-mimic strategies may
improve hepatic metabolism. This is consistent with published reports that GK activation imparts
benefits to both B-cells and hepatocytes. Hepatic GK activation using genetic approaches or
pharmacologic tools such as small molecule allosteric GK activators (GKAs) leads to increased
glucose utilization, decreased glucose production, amelioration of hyperglycemia, and resistance
to HFD (Ferre et al., 1996; Grimsby et al., 2003; Torres et al., 2009). However, these benefits
have to be carefully leveraged against potential risk of hypoglycemia and hyperlipidemia
associated with chronic GK activation above physiologic levels (Meininger et al., 2011). With
advances in the development of different classes of GKAs that may elicit distinct mechanisms of
action and the possibility of combination therapy with other anti-diabetic agents, the benefits of
GK activation may ultimately outweigh these drawbacks (Matschinsky, 2009). Within this context,
it is important to note that the mechanism by which the phospho-BAD BH3 helix activates GK is
distinct from allosteric GKAs (Szlyk et al., 2014), suggesting phospho-BAD BH3 mimetic
compounds may define a separate class of GKAs. The findings reported here highlight the
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potential therapeutic utility of phospho-BAD BH3 mimetic strategies in diabetes and metabolic

syndrome.
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METHODS

Mice

Bad -/- and S155A knock-in mice have been previously described (Danial et al., 2008). These
mice have been bred into the C57BL/6J genetic background for at least 14 generations and
validated by genome scanning to be 99.9% congenic with C57BL/6J. Conditional Gk mice
(GK'°/ox) were a generous gift of Dr. Mark Magnuson (Vanderbilt University) (Postic et al., 1999).
C57BL/6J alb-cre mice and ob/ob mice were purchased from Jackson Laboratory and Taconics,
respectively. Mice received a standard chow or high-fat diet (55% fat energy, TD93075, Harlan
Laboratories), and were housed in a barrier facility with 12 hr light and dark cycles. Unless
otherwise indicated, male mice at 10-12 weeks of age were used. All animal procedures were
approved by the Institutional Animal Care and Use Committee of Dana-Farber Cancer Institute
and Yale University School of Medicine.

Metabolic studies

PTT, GTT, basal metabolic characterization, and euglycemic-hyperinsulinemic clamps were
performed as previously described (Choi et al., 2007; Danial et al., 2008; Lin et al., 2004).
Adenoviral transduction was carried out as described in Supplemental Experimental Procedures.
Adenovirus production and viral transduction

The BAD S155D, S155A, and AAA mutations were made using standard site directed
mutagenesis techniques to substitute aspartic acid or alanine for S155 (amino acid enumeration
based on mouse BAD protein sequence) or to generate a triple-alanine substitution for L151,
S155 and D156 within the BAD BH3 domain (BAD AAA). Recombinant GFP, BAD S155D, S155A,
and BAD AAA adenoviruses were generated using the pAdEasy system (Stratagene).
Adenoviruses carrying Bad shRNA or scrambled control were constructed using the Adeno-X
Expression Systems 2 with Creator Technology (Clontech). Briefly, 19 bp sequences based on
the BAD coding sequence were designed using Block-it RNAIi designer software (Invitrogen).
Oligonucleotides were then designed according to the knockout clone and confirm PCR kit
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(Clontech), and cloned into RNAi-Ready pSIREN-DNR-Ds Red-Express Donor vector.
Adenoviruses carrying Gk shRNA were a kind gift of Dr. Christopher Newgard (Duke University)
(Bain et al., 2004). All virus amplification, purification, titration and verification were done using
the services of ViraQuest Inc. (North Liberty, IA). Adenoviral transduction of hepatocyte cultures
was carried out 24-48 hr after plating at a viral dose of 4x10° pfu/ml for 3 hr. For hepatic
reconstitution or knockdown assays, mice were injected with a viral dose of 3x108 pfu/g of body
weight via tail vein.

Primary hepatocyte cultures and treatments

Primary hepatocyte isolation and cultures were carried out as previously described (Matsumoto
et al., 2007). Cells were starved in serum-free M199 (Invitrogen) for 40 hr prior to
dexamethasone/forskolin treatment. For assessment of lactate production, hepatocytes were
plated at 5.5x10° cells/ml and incubated in serum-free M199 supplemented with 0.2% BSA for 4
hr and then switched to serum-free M199 containing 0.2% BSA without or with 25 mM glucose
for up to 24 hr. 100 pl aliquots of the medium were collected at the indicated times for lactate
measurement as previously described (Ferre et al., 1996) and normalized to the protein content
of hepatocytes. For glucose production assays, hepatocytes were cultured in M199 medium
containing 0.5% BSA with or without 1 uM dexamethasone and 12 pM forskolin. Glucose
production was assessed as previously described (Yoon et al., 2001). Values were normalized to
protein content.

Hepatic GK activity assays

Whole livers were extracted from mice administered with the indicated adenoviruses and flash
frozen in liquid nitrogen. Samples were homogenized in buffer containing 220 mM mannitol, 70
mM sucrose, 20 mM HEPES pH 7.4, 0.5 mM EGTA, and 0.1% defatted BSA that was
supplemented with complete protease inhibitor cocktail (Roche). Samples were centrifuged at
600 x g for 10 min at 4°C to pellet large matter and separate a layer of fat from the homogenate,
which was aspirated prior to measuring the protein concentration. Samples were diluted to 1
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mg/mL total protein concentration, and assayed in a G6PDH-coupled reaction measuring the
formation of NADH at 340 nm in a Costar 3596 plate at 37°C using a SpectraMax M5 microplate
reader (Molecular Devices). Each well contained 400 ug of protein, 100 mM HEPES pH 7.4, 150
mM KCI, 6 mM MgClz, 5 mM ATP, 1 mM NAD, 1 mM DTT, 0.5% BSA, 2.5 units G6PDH, and
either high (100 mM) or low (0.5 mM) glucose. Absorbance was recorded every two min and the
change in absorbance per min was calculated using data between 10 and 30 min, where the
change in absorbance was linear. Experiments were performed in triplicate. To determine the
contribution from glucokinase alone, baseline-subtracted rates were calculated by subtracting the
mean rate of reaction in low glucose from the mean rate of reaction in high glucose for each
sample. To normalize the data, the baseline-subtracted rate of each sample was then divided by
average of the baseline-subtracted rates of control mice injected with GFP [Bad +/+: GFP (Figure
3.4B) or ob/+: GFP (Figure 3.12E) from the same experiment.

Mitochondrial respirometry in intact hepatocytes

OCR was measured in intact hepatocytes in real time using the XF24 extracellular flux analyzer
and the XF24 v1.5.0.69 software (Seahorse Biosciences) (Wu et al., 2007). Hepatocytes were
counted using a trypan blue exclusion assay that was also used to ensure the integrity of the
plasma membrane. Cells were seeded on collagen-coated XF24 V7 plates (Seahorse
Biosciences) at 4x10* cells/well, allowed to attach for at least 2 hr, rinsed once and kept in 600 pl
of sodium bicarbonate-free M199 medium supplemented with 1% BSA, 1 uM dexamethasone
and 12 uM forskolin. After baseline measurements, additions were delivered in the following order
in 75 pl injections through the instrument’s individual injection ports; substrates (lactate/pyruvate
or palmitate), ADP, and the mitochondrial ATP synthase inhibitor oligomycin. L-lactate (Sigma)
and sodium pyruvate (Cellgro, Mediatech) were injected at 10 and 1 mM, respectively. Sodium
palmitate (Sigma) was injected at 200 uM together with 10 mM L-malate (Sigma). When palmitate
was tested, 0.5 mM carnitine (Sigma) was included in the incubation and equilibration medium to
ensure mitochondrial transport of palmitate. Where indicated, the FAO inhibitor etomoxir (Sigma)
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was included in incubation and equilibration medium at 50 uM final concentration. After addition
of the substrates, 5 mM ADP (Sigma) was injected to drive maximum respiration by mimicking a
state of energy demand. Lastly, 1 uM oligomycin (Calbiochem) was injected to derive the portion
of OCR used for ATP synthesis. In all experiments, parallel samples were run in the absence of
any treatment to ensure stable baselines as a quality control parameter for the bioenergetic health
of the cells. OCR was measured at 37°C in 6 replicates in independent wells of the same plate.
The number of independent experiments for each OCR measurement is indicated in figure
legends.

Of note, ADP can be taken up by intact hepatocytes consistent with reports in several
other cell types (Chaudry, 1982), and pilot studies confirmed comparable induction of ADP-driven
OCR in hepatocytes can be achieved in the absence or presence of digitonin permeabilization
(data not shown). For these reasons, intact hepatocytes were used in all OCR measurements. In
addition, we measured intracellular ADP levels in hepatocytes after addition of 5 mM ADP to the
medium and found this concentration to be 4.25 + 0.10 mM under these conditions. OCR values
in Figures 3.5 and 3.7 represent the difference between the maximal rate in the presence of ADP
and the rate after addition of oligomycin, thus indicating ATP production by mitochondrial oxidative
phosphorylation. We also measured the oligomycin-inhibitable portion of OCR in the absence of
ADP. Table 3.1 summarizes the OCR values in the absence and presence of ADP for all
substrates and genotypes tested.

Analysis of mitochondria mass in primary hepatocytes

Primary Bad +/+ and -/- hepatocytes were seeded onto collagen-coated glass bottom culture
dishes and cultured for 1 day. The cells were then incubated with 300 nM of MitoTracker Green
(Invitrogen) for 30 min at 37°C, washed twice with HBSS, and visualized using a Leica DMI6000B
microscope at a magnification of 63x. Fluorescence intensity was analyzed using the Leica
Application Suite v3.5.0 and ImageJ v1.46r. All samples were processed in parallel and images
captured in the same session using the same imaging parameters.
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Microarray profiling and gene set enrichment analysis (GSEA)

1 ug of liver RNA was used for microarray analysis using the Affymetrix gene 1.0 ST mouse arrays
containing transcripts of ~28,000 well-annotated genes. Affymetrix array hybridization and
scanning was performed by the Microarray Core Facility of the Dana-Farber Cancer Institute.
Expression values were normalized using the Robust Multichip Analysis (RMA) algorithm (Irizarry
et al., 2003). Samples from Bad +/+ and -/- liver were compared using GSEA (Mootha et al., 2003;
Subramanian et al., 2005). Curated gene sets (C2) and Gene Ontology based gene sets (C5)
were used from the Molecular Signatures Database present at the GSEA website (http://

www.broad.mit.edu/gsea/). A custom gene-set corresponding to mitochondrial 3-oxidation was

also added to the analysis. Gene sets were permuted 1,000 times to determine false discovery
rate (FDR) corrected p-values. Over-represented gene-sets were selected by applying nominal
p-value cut-off of 0.05 and FDR of 0.25.

RNA preparation and quantitative real-time PCR

For real time PCR, RNA was prepared and analyzed as previously described (Danial et al., 2008).
Primers for cyclophilin served as internal controls for the quality of RNA. The sequence of primers
is available upon request.

Antibodies

The following antibodies were used for assessment of BAD phosphorylation and components of
the insulin signaling pathway; total BAD (#9292), pS155 BAD (#9297), pS112 BAD (#5284), and
pS136 BAD (#5286), total IR (#3025), pY1162 IR (#3024), total AKT (#9272), pS308 AKT (#9275),
pS473 AKT (#9271), total GSK-3p (#9315), and pSer21/9 GSK-3 ao/f (#9331) (Cell Signaling
Technology). The polyclonal anti-BAD antibody Ab 10929 was used for BAD immunoprecipitation
(Yang et al., 1995). The anti-VDAC (anti-porin 31-HL) and anti--actin antibodies were purchased

from Calbiochem and Sigma, respectively.
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In vivo insulin signaling studies

After an overnight fast, mice were injected intraperitoneally with saline or insulin (Humulin R) at
0.1 U/g of body weight and sacrificed by cervical dislocation 10 min post injection. The liver and
gastrocnemius muscle were rapidly removed and frozen in liquid nitrogen. Tissue powders were
generated using liquid nitrogen-cooled mortar and pestle and extracted in 0.5 ml of lysis buffer
(20 mM Tris pH 7.4, 5 mM EDTA pH 8.0, 10 mM NasP207, 100 mM NaF, 2 mM NaszVos4, 1% NP-
40, 1 mM PMSF, 6 ug/ml Aprotinin, and 6 pg/ml Leupeptin) using Qiagen Tissue Lyser Il. The
samples were centrifuged at 14,000 RPM for 30 min at 4°C, and the supernatants were
transferred to fresh tubes. IRS-1-associated PI3K activity was measured in IRS-1
immunoprecipitates as previously described (Lee et al., 2012). For analysis of distal insulin
signaling components, 60 pg of protein was resolved on 4-12% gradient NUPAGE gels
(Invitrogen) and analyzed by western blotting using the indicated antibodies.

Assessment of insulin signaling in primary hepatocytes

Primary hepatocytes were plated at 5.0x10° cells/well in 6-well plates and serum starved for 14.5
hr in M199 media. They were subsequently treated with 100 nM insulin (Sigma-16634) for 7 min,
washed in PBS, and lysed in 100 pl of lysis buffer (20 mM Tris pH 7.4, 5 mM EDTA pH 8.0, 10
mM NasP207, 10 mM NaF, 2 mM NasVos, 1% NP-40 1%, 1 mm PMSF, 6 ug/ml Aprotinin, 6 ug/mli
Leupeptin), and 30 ug of protein lysate was fractionated on a 4-12% NuPAGE gel for western blot
analysis using the indicated antibodies.

Assessment of BAD phosphorylation

Wild-type C57BL/6J mice were fasted overnight or refed for 6 hr after overnight fasting. Livers
were excised and homogenized on ice in lysis buffer containing (10 mM Tris pH 7.0, 15 mM
EDTA pH 8.0, 0.6 M sucrose, 15 mM B-mercaptoethanol, protease and phosphatase inhibitors
(Roche). The homogenates were incubated on ice for 20 min and subsequently centrifuged at
14,000 rpm for 30 min at 4°C, and supernatant collected. 60 ug of protein was analyzed by

western blotting using the indicated phospho-BAD or total BAD antibodies.

137



For assessment of BAD phosphorylation in ob/ob and ob/+ mice, livers were harvested
from mice fasted for 24 hr or refed for 1 hr after fasting. Livers were homogenized on ice in a
buffer containing 20 mM Tris-HCI pH 7.5, 137 mM NacCl, 10% glycerol, 2 mM EDTA pH 8.0, 2 mM
NasVos4, protease inhibitors (Roche), and phosphatase inhibitors (PhosStop, Roche). The
homogenates were incubated on ice for 20 min and then centrifuged at 14,000 rpm for 30 min at
4°C. The supernatant was collected with a gel-loading tip (to discard the top layer of fat) and
transferred to a fresh tube. 60 pg of protein lysate was analyzed for total BAD protein levels by
western blot and 2 mg of protein lysate was immunoprecipitated with an anti-BAD antibody. For
immunoprecipitations, a final lysate volume of 500 pl per sample was incubated with 30 pl of
protein A-conjugated sepharose CL-4B beads (GE Healthcare) for 30 min at 4°C with rotation.
The pre-cleared lysates were transferred to a fresh tube and incubated with a polyclonal
antiserum to BAD [Ab 10929, (Yang et al., 1995)] at 1:500 dilution overnight at 4°C with rotation.
Subsequently, 30 ul of protein A-conjugated sepharose beads were added and incubated for
another 2 hr at 4°C with rotation. The beads were then washed 3 times with lysis buffer,
resuspended in NUPAGE LDS sample buffer, heated for 5 min at 95°C, and loaded on a 4-12%
NuPAGE gel for western blot analysis.
Statistical Analysis
Data are presented as mean + SEM of the indicated number of independent experiments or mice
per genotype. Statistical significance among the groups was tested with unpaired or paired
Student's t-test and analysis of variance (ANOVA) when appropriate. Differences were

considered significant at p < 0.05.
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CHAPTER 4
Discussion and Future Directions



The integrative biochemical and genetic analyses described in Chapters 2 and 3 enabled
mechanistic dissection and systemic evaluation of BAD’s significance in hepatic substrate
metabolism. Our studies show that hepatic loss of BAD or interference with its phosphorylation is
linked to reduced glycolysis and de novo lipogenesis, enhanced FAO, and unrestrained
gluconeogenesis even in the presence of insulin. Moreover, using Bad -/- hepatocytes as a
system where glucose-dependent hepatic gene expression is impaired, we discovered HCF-1 as
a novel biochemical player in glucose-regulation of de novo lipogenesis. Our findings have also
given rise to additional hypotheses and research opportunities that will lay the foundation for
future investigations, two of which are highlighted in the following sections; the physiological
relevance of the HCF-1:ChREBP axis in hepatic metabolism and insulin sensitivity, and the
therapeutic potential of phospho-BAD mimicry.

4.1 The physiological relevance of the HCF-1:ChREBP axis in hepatic metabolism and
insulin sensitivity

Increased hepatic lipid accumulation has been implicated as a cause of insulin resistance
(Samuel and Shulman, 2018). In line with this model, hepatic steatosis is strongly linked to insulin
resistance (Lallukka and Yki-darvinen, 2016; Samuel and Shulman, 2018). Furthermore, inhibiting
hepatic de novo lipogenesis in mouse models of diabetes and insulin resistance, including hepatic
knock down of ChREBP, results in improved glycemia and insulin sensitivity (Dentin et al., 2006;
lizuka et al.,, 2006; Samuel and Shulman, 2018; Savage et al., 2006). However, given the
spectrum of transcriptional programs regulated by ChREBP, including both glucose and lipid
metabolism genes, the physiologic consequences of ChREBP in vivo are complex with ChREBP
deficiency having beneficial or adverse effects depending on the context [reviewed in (Abdul-
Wahed et al, 2017; Agius, 2016)]. Specifically, the beneficial effects of ChREBP
deletion/depletion in lowering hepatic steatosis and blood glucose levels seem to predominantly
manifest in the context of lipid overload as in long-term high carbohydrate treatment or in certain
genetic models of diabetes and obesity. Overexpression of ChREBP has also been shown to
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decrease hyperglycemia and improve hepatic insulin sensitivity despite increased hepatic
steatosis (Benhamed et al., 2012). These seemingly conflicting outcomes of ChREBP depletion
and overexpression both improving blood glucose levels and insulin sensitivity may be potentially
reconciled by the possibility that different lipid species have distinct cellular effects. ChREBP
depletion may inhibit the production of lipids, preventing accumulation of potentially harmful lipid
species. Overexpression of ChREBP may also reduce harmful lipid species by stimulating their
conversion to neutral or more beneficial lipid species. For example, accumulation of
diacylglycerols (DAGs) and ceramides may result in insulin resistance, while accumulation of
triacylglycerols (TAGs) and monounsaturated fatty acids (MUFAs) may be neutral or even
beneficial in hepatocytes (Benhamed et al., 2012; Birkenfeld and Shulman, 2014; Meikle and
Christopher, 2011).
In vivo relevance of HCF-1 in hepatic metabolism and insulin sensitivity. |dentification of
HCF-1 as a novel modulator of ChREBP activity and lipogenic gene transcription in response to
glucose warrants investigation of its in vivo relevance in hepatic metabolism as well as its specific
contribution to ChREBP function in the liver. HCF-1 knockdown was shown to improve glycemia
in the leptin resistant db/db model, and this was attributed to decreased gluconeogenesis (Ruan
et al., 2012). However the possibility that these benefits could also be partly mediated by changes
in ChREBP was not tested. Additional studies are needed to examine the full spectrum of
metabolic changes associated with hepatic HCF-1 manipulation in vivo, including potential effects
on insulin sensitivity. Within this context, hyperinsulinemic clamp studies will be particularly
informative. Furthermore, a ChREBP variant that cannot bind HCF-1 will be an informative
reagent in similar studies, and will help determine the contribution of HCF-1 to the in vivo functions
of ChREBP.

Given the finding that the HGF-1:0GT:ChREBP complex is induced by high carbohydrate
diet (HCD) in the liver, interrogation of HCF-1’s role in the hepatic response to HCD (70% sucrose)
treatment is warranted. Short-term HCD treatment (18 hrs) augments ChREBP activity and
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lipogenic gene expression, but actual increases in hepatic triglycerides (TGs) and impairment in
glucose tolerance are apparent only upon long-term (8-12 wks) HCD treatment. For this reason,
examination of the consequences of altered HCF-1 in both short- and long-term HCD feeding is
warranted. In light of the findings described in Chapter 3, hepatic depletion of HCF-1 is predicted
to diminish HCD-dependent recruitment of ChREBP to promoters of lipogenic genes, and to
phenocopy ChREBP depletion by lowering hepatic steatosis and improving glucose tolerance in
the HCD model.

The contribution of HCF-1 to transcriptional activation of lipogenic genes. HCF-1 is best
known for its function as a transcriptional co-regulator and its capacity to bridge interactions
between transcription factors and chromatin modifiers (Cai et al., 2010; Tyagi and Herr, 2009;
Wysocka et al., 2003; Yokoyama et al., 2004). This warrants examination of whether glucose-
dependent recruitment of HCF-1 to lipogenic gene promoters is commensurate with HCF-1-
dependent epigenetic modulation of lipogenic gene activation in conjunction with and beyond
HCF-1-dependent ChREBP activation. Among epigenetic modifiers that are found in active
promoter complexes with HCF-1 and OGT are H3K4 trimethyltransferases such as Mixed-
Lineage Leukemia 5 (MLL5) and Set Domain Containing 1A (SETD1A) (Lee and Skalnik, 2008;
Nin et al., 2015; Yokoyama et al., 2004). H3K4me3 is a histone mark associated with transcription
start site of actively transcribed genes. Interestingly, evidence suggests that MLL5 and SETD1A
are regulated by O-GlcNAcylation, which is proposed to enhance their enzymatic activity and/or
facilitate their assembly into higher order promoter complexes (Hahne et al., 2013; Nin et al.,
2015). In light of these observations, it is possible that glucose stimulation promotes an active
chromatin state through recruitment of epigenetic modifiers to lipogenic gene promoters (Figure

4.1).
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Figure 4.1. Potential mechanism for epigenetic regulation of lipogenic genes by HCF-1

Schematic of a potential mechanism whereby HCF-1 recruits H3K4 trimethyltransferases to the
promoters of lipogenic genes in response to glucose stimulation, thereby promoting an active
chromatin state and lipogenic gene transcription.
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4.2 Therapeutic potential of phospho-BAD mimicry

Given its tissue restricted expression and function, GK remains an attractive therapeutic target in
diabetes. To date, drug discovery efforts for GK activator (GKA) compounds have identified small
molecules that bind an allosteric site in GK and markedly increase its affinity for glucose with Kn,
changes from 7—-8 mM to ~1-2 mM (Bonadonna et al., 2010; Efanov et al., 2005; Futamura et al.,
2006; Grimsby et al., 2003; Kamata et al., 2004; Kesavan et al., 1997; Meininger et al., 2011;
Pfefferkorn et al., 2012; Szlyk et al., 2014).The effect of these "allosteric GKAs" is similar to the
kinetic properties of naturally-occurring human GK gain-of-function mutations, which
predominantly occur at the allosteric site. Clinical trials of several allosteric GKAs have shown
promising short-term effects (Bonadonna et al., 2010; Ericsson et al., 2012). However, the
therapeutic benefits of these compounds are curtailed by the risk of hypoglycemia due to drastic
lowering of glucose threshold for GK activation as well as unexplained loss of efficacy and toxicity
over time (Agius, 2014; Kiyosue et al., 2013; Meininger et al., 2011; Wilding et al., 2013). In
addition, allosteric GK activation can lead to excess lipogenesis and fatty liver (De Ceuninck et
al., 2013; Meininger et al., 2011). The successes and shortcomings of allosteric GKAs warrant
exploration of alternative pharmacologic modalities for GK activation, particularly of those with a
more tempered effect on glucose affinity.

The BAD BH3 domain is both necessary and sufficient to activate GK. This is evident from
the capacity of hydrocarbon-stapled peptides modeled after the phospho-BAD BH3 helix to
activate GK (Danial et al., 2008; Giménez-Cassina and Danial, 2015). Unlike non-stapled
peptides, these chemically modified peptides- referred to as Stabilized Alpha-Helices of BCL-2
domains (SAHBs)- preserve the natural structure of bioactive helices (Braun et al., 2010; Danial
et al., 2008). BAD SAHBs modeled after the BAD BH3 phospho-variants are cell permeable and
phenocopy the full length BAD protein and its phospho-variants in terms of their capacity to
stimulate GK activity, glucose metabolism and ChREBP activity (Danial et al., 2008; Ljubicic et
al., 2015) (data not shown). Importantly, the metabolic effects of BAD SAHB compounds modeled
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after the phospho-BAD BH3 helix (BAD SAHB SD) is target (GK)-dependent as evident from the
following two lines of evidence. First, BAD SAHB SD is ineffective in GK-depleted cells. Second,
BAD SAHB compounds modeled after the BAD BH3 variant that cannot activate GK (BAD SAHB
AAA) do not produce the metabolic effects seen with BAD SAHB SD. This has built confidence
that the BAD BH3 stapled peptides are bona fide pharmacologic mimetics of BAD by all
parameters we have investigated to date and that their metabolic effect is mediated by GK.
Molecular and structural mapping of the BAD BH3 helix on GK using BAD SAHBs revealed
that this helix directly engages GK near its active site at a novel region wholly distinct from the
enzyme’s allosteric site (Figure 4.2A and B). The mechanism of GK activation by phospho-BAD
BH3 mimicry is also distinct from allosteric GKAs in that Vmax is increased without drastic
changes in glucose affinity (Figure 4.2C). Preliminary studies to test the efficacy of BAD SAHB
compounds in vivo have been promising. Specifically, intraperitoneal injection of BAD SAHB SD
was sufficient to lower fasting hyperglycemia and improve GTT in leptin resistant ob/ob mice
analogous to hepatic expression of the full length BAD SD variant (data not shown). Additional
studies are required to confirm and extend these findings to other pre-clinical models of diabetes,
and to characterize the long-term effects of these compounds vis-a-vis allosteric GKAs.
Furthermore, full characterization of pharmacokinetic properties of BAD SAHBs awaits future
studies. Given GK as their target, we expect BAD SAHBs to have dual benefits in liver and insulin
producing p-cells. Recent studies in human islets comparing the outcome of pharmacologic GK
activation by phospho-BAD mimicry versus allosteric GKAs have revealed distinct long-term
effects on B-cell survival and functional 3-cell mass (Fu, in revision). Specifically, BAD SAHB SD
but not allosteric GKAs is -cell protective under diabetes-related stress stimuli. Overall, a novel
GK binding site, together with distinct mechanism of action and potential differences in long-term

effects, warrant the pursuit of phospho-BAD BH3 mimicry as a
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BAD SAHB SD 144 + 464 | 6.54 + 0.15™ | 1.71 £ 0.03
BAD SAHB AAA | 110+£3.77 | 7.56+0.87 1.59 £0.05
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Figure 4.2. Comparison of phospho-BAD SAHB and the allosteric GKA RO0281675

(A) Schematic of olefin metathesis and hydrocarbon stapling of peptides modeled after the BAD
BH3 domain (BAD SAHBs). (B) The location of the pSAHB binding site with respect to glucose
binding (light blue) and the allosteric (orange) sites of GK (PDB:4DCH) is shown. (C) Summary
of GK kinetic parameters in the presence of vehicle or 5 uM of the indicated BAD SAHBA (n=6).
BAD SAHB SD (green) is modeled after the Serine to Aspartic acid phospho-mimic BAD BH3
variant, while BAD AAA (blue) is modeled after a phospho-deficient BAD BH3 variant that cannot
activate GK. Vmax, maximal rate of reaction; Sps, the glucose concentration that allows half
maximal activity; Hill coefficient (nw).
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therapeutic approach to targeting GK in diabetes.

While there is precedence for a stapled peptide in clinical trials for hematologic and solid
tumors [p53 stapled peptide (ALRN-6924), https://clinicaltrials.gov/ct2/show/NCT02909972], it is
possible that even with a fair amount of efforts to improve pharmacokinetics, BAD stapled
peptides may have limited clinical utility for metabolic disease. However, this does not diminish
the utility of the information gained using these reagents as tool compounds, including the
opportunity to delve deeply into the structural characteristics of the BAD BH3 helix and GK
interaction. In addition, BAD SAHBs can be leveraged as “pharmacologic guides” for discovering
small molecules that target the novel GK activation site as in a chemical displacement screen.
Such efforts will also help expand our chemical tool box to learn about the biophysical and

structural characteristics of GK that contribute to its unique metabolic biology.
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