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Abstract
Diabetes and obesity, affecting almost a third of population in the Western world, largely
contribute to world leading causes of death, such as cardiovascular diseases and cancer.
Effective treatment options of diabetes and obesity call for understanding of fundamental
mechanisms governing glucose homeostasis in vivo. Therefore, Foxa2, a master regulator of
glucose and lipid metabolism, represents a paramount research target.
Foxa2 governs glucose homeostasis systemically through controlling lipid metabolism in
liver, glucose sensing with insulin secretion in pancreas and feeding behavior in
hypothalamus. Despite numerous health benefits of Foxa2 activation in vivo little is known
about Foxa2 regulation. Recent data from Dr. Stoffel’s group indicate that in vivo Foxa2 is
potently activated by post-translational acetylation. Therefore, I investigated Foxa2
acetylation in diabetes and obesity using conditional genetic animal models mimicking
acetylated form of Foxa2QQ. Foxa2QQ profoundly improves glucose metabolism when
overexpressed in livers of diabetic db/db animal models. Nevertheless, chronic knockin on
physiological protein levels of Foxa2QQ is dispensable in development and progression of
high-fat-diet-induced diabetes in both male and female mice.
In pancreatic beta cells, Foxa2 controls genes involved in glucose sensing and insulin
secretion. Foxa2 is excluded from the nucleus into the cytoplasm in diabetic humans and
animals resulting in disrupted islet insulin secretion. Therefore, I additionally investigated
Foxa2QQ islet-specific knockin under high fat diet challenge. Various diabetic animal
models showed no islet-specific Foxa2 nuclear exclusion. In line with this finding,
Foxa2QQ did not improve insulin and glucose tolerance in high-fat diet challenged animals,
hinting that beta-cell Foxa2 acetylation is dispensable in the development of metabolic
syndrome.
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Zusammenfassung
Nahezu ein Drittel der Bevölkerung der westlichen Industriestaaten ist von Diabetes und
Fettleibigkeit betroffen. Beides sind Störungen des Stoffwechsels, die in der Folge
maßgebliche Risikofaktoren für Herzkreislauferkrankungen und Krebs darstellen, die
wiederum weltweit zu den bedeutendsten Todesursachen zählen. Der Bedarf an wirksamen
Behandlungsmethoden gegen Diabetes und Fettleibigkeit erfordert ein ausgeprägtes
Verständnis der beiden Erkrankungen zugrunde liegenden Störungen des Glucose
Stoffwechsels. In diesem Zusammenhang stellt Foxa2 ein wesentliches Forschungsobjekt
dar, insofern, als es sowohl im Glucose, als auch im Lipid Haushalt des Körpers eine
bedeutende Rolle einnimmt.
Foxa2 beeinflusst den systemischen Glucose Haushalt durch die Kontrolle des Lipid
Stoffwechsels in der Leber, der Glucose abhängigen Insulin Sekretion in der
Bauchspeicheldrüse, und des Essverhaltens im Lateralen Hypothalamus. Wiewohl es bereits
gezeigt wurde, dass die Aktivierung von Foxa2 in vivo eine Verbesserung von zahlreichen
metabolischen Parametern mit sich führt, ist das Verständnis um die Regulation von Foxa2
noch unzureichend aufgeklärt. Neue Daten aus dem Labor von Dr. Stoffel deuten daraufhin,
dass die Aktivität von Foxa2 in-vivo durch post-translationale Acetylierung positiv
beeinflusst wird. Darauf aufbauend, habe ich die den Effekt von konstitutiv acetyliertem
Foxa2 auf die Etiologie von Diabetes und Fettleibigkeit von Mäusen untersucht. Der
Austausch zweier acetylierten Lysin Reste mit Glutamin sollte dabei eine konstitutive
Aktivierung des Foxa2 Proteins erwirken. Das veränderte Foxa2QQ Protein führte in
Überexpressionsstudien zu deutlichen Verbesserungen im Glucose Stoffwechsel der Leber
von diabetischen db/db Mäusen. Gleichzeitig musste jedoch festgestellt werden, dass die
chronische Expression von physiologischen Foxa2QQ Mengen in konditionellen knock-in
Mäusen keinen Einfluss auf Entwicklung und Fortschreiten von Diabetes in Mäusen hatten,
die mit fettreicher Nahrung ernährt wurden.
In pankreatischen Beta-Zellen reguliert Foxa2 die Glucose abhängige Insulin Sekretion. In
diabetischen Menschen und Mäusen wird Foxa2 vom Zellkern in das Cytoplasma überführt,
was einer Inaktivierung gleichkommt und in der Folge zu einer Beeinträchtigung der Insulin
Sekretion in Beta-Zellen führt. Ich habe daher auch den Beta-Zellen spezifischen Effekt des
Foxa2QQ knock-ins in diabetischen Mäusen untersucht. Die nukleäre Exklusion von Foxa2
in Beta-Zellen konnte dabei in keinem der verwendeten diabetischen Mausmodelle
festgestellt werden. Dies deckt sich mit der Beobachtung, dass die Expression von Foxa2QQ
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zu keinen Verbesserungen in Insulin und Glucose Toleranz von fettreich ernährten Mäusen
führt. Es ist daher abschließend davon auszugehen, dass die Acetylierung von Foxa2 im
Kontext des Metabolischen Syndroms vernachlässigbar ist.
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Chapter One. Introduction
Maintaining nutritional homeostasis is paramount for the survival of any species. Therefore,
all organisms developed complex regulatory networks to respond to changing nutrient
availability. Metabolic control is exerted on numerous levels from central nervous system to
kidney, and ensures that blood glucose and most other nutrients remain within a narrow
physiologic range. Metabolism is excessively controlled by a network of humoral regulators,
such as leptin, insulin and ghrelin to name a few (reviewed in (Sebastien Bouret et al.,
2015)).
1.1.

Molecular Mechanisms of Insulin and Glucagon Action

Blood glucose mirrors a balance between hepatic gluconeogenesis, glycogenolysis, and
glucose uptake by the peripheral tissue.
Under fasting conditions, when blood glucose is low, insulin levels also remain low.
Conversely, glucagon levels are high, upregulating catabolic program of the liver and
leading to increased glucose output. Glucagon acts through a G protein-coupled receptor,
which spans the membrane seven times. Two classes of G proteins are associated with the
glucagon receptor, namely Gsa and Gq. Gsa protein activates adenylate cyclase, thereby
elevating intracellular cyclic adenosine monophosphate (cAMP), which later activates
protein kinase A (PKA) (Figure 1). Gq protein activates phospholipase C, which later
cleaves phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) into diacyl glycerol
(DAG) and inositol 1,4,5-trisphosphate (IP3), thereby increasing intracellular Ca2+ levels
(reviewed (Guoqiang Jiang et al., 2003). PKA activation has far-reaching effects, increasing
glycogenolysis by activating proliferator-activated receptor-γ coactivator-1 alpha (PGC1a),
transcriptional upregulation of glucose-6-phosphatase (G6Pase), thus increasing hepatic
glucose output. Furthermore, PKA and other kinases phosphorylate and inhibit glycogen
synthase, increasing portion of available glucose. Accordingly, gluconeogenesis is
potentiated and glycolysis is blunted by PKA action. This action is orchestrated by
transcriptional upregulation of phosphoenlopyruvate carboxykinase (PEPCK), an enzyme
controlling

conversion

of

oxaloacetate

to

phosphoenlopyruvate,

a

rate-limiting

gluconeogenesis step. In brief, PKA activates cAMP response element-binding protein
(CREB) by phosphorylation. Activated CREB transcriptionally upregulates PGC-1a, which
in turn upregulates PEPCK (Cliff Yoon et al., 2001). In diabetic state, increased absolute
glucagon levels contributes to higher postprandial glucose levels (Pankaj Shah et al., 2000).
Promising therapeutic solutions for type 2 diabetic patients targeting glucagon signaling
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include anti-glucagon antibodies, glucagon receptor agonists and peptide glucagon analogs
(reviewed (Guoqiang Jiang et al., 2003)).
Upon feeding, blood glucose raises. This leads to increased ATP:ADP ratio in pancreatic
beta-cells, closure of inwardly-rectifying K+-channel, membrane depolarization, Ca2+ influx
and insulin exocytosis (reviewed in (Juris J. Meier et al., 2013)). Insulin is strong wholebody anabolic signal, increasing subcutaneous fat storage, enhancing lipogenesis, protein
and glycogen synthesis and inhibiting glycogenolysis, gluconeogenesis, lipolysis and
proteolysis (reviewed in (Alan R. Saltiel et al., 2001).

Figure 1: Transduction of Insulin Signal. Insulin acts through insulin receptor or insulinlike growth factor receptor 1 (IGF-1), which are both autocatalytic tyrosine kinases. When
activated by insulin and subsequent autophosphorylation, insulin receptor phosphorylates
other proteins, such as insulin receptor substrate (IRS), Cbl or Shc. The insulin receptor is a
tyrosine kinase that undergoes autophosphorylation, and catalyzes the phosphorylation of
cellular proteins such as members of the IRS family, Shc and Cbl. Cbl, through activation of
TC10, leads to plasma membrane recruitment of glucose transporters Glut2 vesicles.
Activated IRS-1 interacts with and enhances the activity of phosphatidylinositol-4,5bisphosphate 3-kinase p85/p110 complex (PI(3)K), which can be repressed by tumor
suppressor PTEN. PI(3)K is a lipid kinase, phosphorylating phosphoinositols, which further
recruit kinases to the plasma membrane and activate them. One of downstream targets of
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PI(3)K is Akt, which elicits profound effect on cellular metabolism by activating CREB and
inactivating Foxo1 among other players. Atypical protein kinase C (aPKC) activation
through phosphoinositides leads to activation of glycogen synthesis through suppression of
glycogen synthase kinase 3 (GSK3). Activation of mitogen-activated protein kinases
(MAPK) pathway insulin promotes cell growth and survival (Alan R. Saltiel et al., 2001).
On the cellular level insulin acts through tyrosine kinase receptors, tetrameric proteins
including insulin receptor, insulin receptor-related receptor (IRR) and insulin-like growth
factor receptor (IGF-1). Insulin receptor can form heterodimeric complexes with IGF-1
receptor or Met receptor for hepatocyte growth factor (HGF), modulating strengths and
specificity of signal transduction (Arlee Fafalios et al., 2011). Two alpha subunits of these
receptors allosterically inhibit the kinase activity of two beta subunits. Upon insulin binding,
beta subunits undergo transphosphorylation, thereby enhancing their kinase activity.
Subsequently, they phosphorylate intracellular targets such as insulin-receptor substrate
(IRS) (Figure 1). IRS proteins contain pleckstrin-homology domain, which governs cell
membrane interactions, and phosphotyrosine binding (PTB) domain, which binds activated
insulin receptor. Upon tyrosine phosphorylation on C-terminal domain, IRS is bound by
other players of insulin cascade containing Src-homology-2 (SH2) domains (Morris F.
White, 2003). Most of SH2-domain containing proteins are adaptors, including p85, a
regulatory subunit of phosphoinositide 3-kinase (PI-3K). These molecules bind nucleotide
exchange factors, thereby activating G proteins. Two major axis are involved in insulin
transduction cascade, namely Ras-MAP kinases, that promote mitogenesis and cell growth
and PI-3K-Akt axis, that regulates glucose metabolism and cell survival (Shaodong Guo,
2014). PI-3K activation leads to increased levels of phosphatidylinositol (3,4,5)-triphosphate
(PIP3), which in turn activates PDK1 and PDK2, 3-phosphoinositide dependent protein
kinases. PDKs phosphorylate Threonine 308 and Serine 473 of protein kinase Akt (PKB),
thereby activating it (Shaodong Guo, 2014). PDK2 was later identified as a mammalian
target of rapamycin complex, mTORC2, which phosphorylates S473 of Akt (Jian-Feng Tang
et al., 2014). Akt exerts profound anabolic effects, namely: 1) it activates glycogen synthase
(GS) through inhibitory phosphorylation of its repressor, glycogen synthase kinase-3b
(GSK3b); 2) Akt inhibits tuberous sclerosis protein-2 (TSC-2), enhancing mTORC1 and
ribosomal protein S6 kinase-1 (S6K) action on protein synthesis; 3) it activates Glut4
membrane recruitment through Rab10GTPase; 4) it inactivates Bad, thereby inhibiting
apoptosis; 5) Akt inactivates cAMP response element binding protein (CREB) – regulated
transcription coactivator-2 (CRTC2) through an inhibitory phosphorylation; this in turn
blunts gluconeogenesis. 6) Akt activates lipogenesis through a transcriptional coactivator
	
  

9	
  

sterol regulatory element-binding protein (SREBP1c) and inactivates gluconeogenesis
through inhibition of Foxo1 (Alan R. Saltiel et al., 2001) (Shaodong Guo, 2014).
1.2. Metabolic Syndrome and Insulin Resistance
Obesity, characterized by body mass index (BMI) of over 30 kg*m-2, is rapidly becoming a
world wide epidemic. In 2005 the World Health Organization (WHO) estimated over 1
billion individuals being overweight (BMI >= 25 kg*m-2) and 300 million of them being
obese. These numbers are projected to rise (Mariel M Finucane et al., 2011). Excessive
weight leads in most subjects to insulin resistance (IR), a hallmark of metabolic syndrome
(MetS) (S. O’Neill et al., 2014). In conjunction with IR, MetS is characterized by
dyslipidemia, which result in postprandial and fasting low levels of high-density lipoproteins
(HDL)-cholesterol, high triglycerides and fatty acids as well as high levels of low-density
lipoproteins (LDLs) in the plasma. Hypertension follows closely dyslipidemia, with elevates
cardiovascular risks in MetS patients. In addition, MetS is a predisposition to type-2 diabetes
mellitus, a complex heterogeneous disorder characterized by extreme insulin resistance,
dyslipidemia and cardio-vascular diseases. Importantly, cancer has been highlighted as one
of type-2-diabetes mellitus (T2DM) complications. Mechanisms of this linkage could not be
fully elucidated, however several possible explanations were proposed, tying insulin
resistance, elevated insulin-growth factor 1 (IGF-1) and dyslipidemia to tumor initiation and
growth (A Kresak K. B. Greer, B Bednarchik, D Dawson, L Li, A Chak, and J Willis,
2013).
Molecular mechanisms of insulin resistance.
Insulin resistance, a state of impaired cellular response to insulin signaling, is generally
classified under “generalized insulin resistance” in case of insulin receptor mutation or
“partial insulin resistance” in a case of post-receptor impairments in insulin signaling.
Generalized insulin resistance is usually caused by a mutations in the insulin receptor gene,
which result in loss of function or impaired functionality and leads to severe insulin
resistance. In humans examples include Donohue syndrome, as well as Rabson-Mendenhall
syndrome (Robert K. Semple et al., 2009). Additionally, humans can develop autoimmune
anti-insulin receptor response, thus succumbing to acquired insulin resistance. In mice liverspecific genetic ablation of insulin receptor (LIRKO mouse) leads to severe insulin
resistance (Sudha B. Biddinger et al., 2008). Interestingly, in spite of blatant
hyperinsulinemia and hyperglycemia, most human patients with generalized insulin
resistance show normal plasma lipid profile except for elevated FFA. This points to the fact
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that absence of insulin signaling and hence low rate of de novo lipogenesis protects the
patients from dyslipidemia (Robert K. Semple et al., 2009). In contrast to that, LIRKO
mouse exhibits bigger distortions in lipid profile as opposed to humans. Namely, LIRKO
mice show susceptibility to atherosclerosis on a normal chow diet and develop severe
atherosclerosis when subjected to atherosclerotic diet. Indeed, even on chow diet LIRKO
mice display lower high-density lipoprotein (HDL) levels. The defect is exacerbated when
mice are with challenged atherosclerotic diet. In line with human patients, LIRKO mice
show no sterol regulatory element binding transcription factor 1c (SREBP-1c) activation,
hence hepatic triglycerides and plasma VLDL remain in the normal range. Nevertheless,
hyperglycemia prevails in fed state due to lack of glucose uptake in the liver, whereas in
fasted state muscle and fat fail to take up glucose due to previous chronic exposure to high
glucose (John Denis McGarry, 1992; M.Dodson Michael et al., 2000). The most surprising
finding from insulin receptor mutation in human patients and in mice concerned lack of
accompanying dyslipidemia, which is pronounced in diabetes. This highlights the difference
between “ generalized insulin resistance” caused by loss-of-function of insulin receptor and
diabetes-induced insulin resistance.
The answer to these apparent discrepancies between general and selective insulin resistance
lies in bifurcated action of insulin on the liver. In healthy individuals one line of insulin
action activates PI3K-Akt axis, thereby phosphorylating Foxo1, leading to its nuclear
exclusion and degradation. Foxo1, when active, promotes gluconeogenic program. Hence,
under healthy conditions insulin suppresses wasteful gluconeogenesis. In the second line of
action, insulin activates SREBP-1c, which drives de novo lipogenesis (Michael S. Brown et
al., 2008) through transcriptional upregulation of acetyl-CoA carboxylase alpha (ACC), fatty
acid synthase (FASN) and ATP citrate lyase (ACLY). This in turn leads to anabolic storage
of fat in hepatocytes. Selective insulin resistance on its turn is defined by insulin failing to
suppress hepatic gluconeogenesis while still promoting de novo lipogenesis. Therefore,
insulin seems to fail PI3K-Akt-mediated phosphorylation and inactivation of Foxo1,
whereas its activatory action on SREBP-1c remains intact. This leads to a pathological
combination of hyperinsulinemic hyperglycemia, coupled with distorted lipid profile of low
high-density lipoprotein (HDL), high triglycerides, high low-density lipoprotein (LDL) and
low very low-density lipoprotein (VLDL). In addition to causing cardiovascular disease,
dyslipidemia further exacerbates insulin resistance in peripheral tissue, leading to a vicious
cycle (Shaodong Guo, 2014). Recently, mammalian target of rapamycin (mTORC1)
pathway was identified to regulate SREBP-1c activation in liver upon insulin action, while
having no effect on gluconeogenic program (Shijie Li et al., 2009). Interestingly, this
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pathway is S6K-independent, and suggests anther kinase to play a role in relaying the signal
downstream from mTORC1. This notion is corroborated by the data from human diabetic
patients with AKT2 mutation, which display selective insulin resistance and hence
dyslipidemia on hyperinsulinemic hyperglycemic background (Robert K. Semple et al.,
2009). Another factor implicated in selective insulin resistance is carbohydrate responsive
element–binding protein (ChREBP), which is regulated by glucose and insulin. Under low
glucose levels, ChREBP is an inactive phosphorylated cytosolic protein. When glucose
levels rise, ChREBP is activated by deacetylation on Ser196, but also by glycosylation and
lysine acetylation. In the active state, it promotes glycolysis via upregulation of liver–
pyruvate kinase (L-PK), a rate-limiting enzyme of the glycolytic pathway, as well as
upregulates lipogenesis pathway through acetyl-CoA carboxylase (ACC) and fatty acid
synthase (FASN) in cooperation with SREBP-1c. Importantly, lipogenic Liver X receptors
(LXRs) are dispensable in this process and are not crucial for ChREBP action on L-PK
promoter (Pierre-Damien Denechaud et al., 2008a). Importantly, global ChREBP deletion
results in insulin and glucose intolerance. This effect might either come from fat tissue being
unable to store energy in form of lipids (Pierre-Damien Denechaud et al., 2008b). In line
with ChREBP lipogenic action of ChREBP, its knockdown in ob/ob livers led to improved
steatosis and hence insulin sensitivity (Renaud Dentin et al., 2006). Recently, however, the
ChREBP story was given an unexpected spin, highlighting complexity of lipid regulatory
network. It was shown that in some cases liver ChREBP might protect from lipotoxicity
despite exacerbated steatosis. Upon overexpression of ChREBP in livers of chow-fed mice
lipid accumulation has worsened compared to untreated controls. Nevertheless, their insulin
sensitivity is comparable to healthy mice. This apparent paradox is explained by ChREBP
controlling stearoyl-CoA desaturase 1 (Scd1). The latter enzyme catalyzes conversion of
fully saturated free fatty acids into monounsaturated fatty acids. Monounsaturated fatty acids
are beneficial for insulin sensitivity via increased insulin-mediated Akt phosphorylation. In
line with these finding, shRNA-mediated knockdown of Scd1 in liver abrogated beneficial
action of ChREBP on Akt phosphorylation. Furthermore, mice overexpressing liver
ChREBP and fed high-fat diet exhibited improved glucose and insulin levels despite
exacerbated liver steatosis, pointing towards a mechanism how ChREBP bifurcates liver
steatosis and insulin resistance. In line with mouse studies, human patients with nonalcoholic steatohepatitis have ChREBP decreased if they exhibit insulin resistance (Fadila
Benhamed et al., 2012).
The third pillar of selective insulin resistance is inhibition of fatty acid catabolism, an effect
putatively mediated by Foxa2 through a single-site phosphorylation by Akt (Jessica J.
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Howell et al., 2009; Christian Wolfrum et al., 2003). Inhibitory action of insulin on
ketogenesis and beta-oxidation is preserved in both normal physiological state and under
selective insulin resistance. Importantly, deficiency in beta-oxidation causes hepatic
steatosis and subsequent insulin resistance (Dongyan Zhang et al., 2007); defects in general
mitochondrial function in the liver contribute to selective insulin resistance as well (R. Scott
Rector et al., 2013). Reactivation of ketogenic and beta-oxidative programs through
overexpression of insulin-irresponsive Foxa2 mutant proves to be beneficial for insulin
tolerance and glucose metabolism in diabetic and obese mice (Jose P. Silva et al., 2009;
Christian Wolfrum et al., 2004). This effect is at least in part mediated through enforced
expression of Foxa2 target genes driving beta-oxidation: acyl-CoA dehydrogenase, very
long chain (VLCAD), acyl-CoA dehydrogenase, C-4 To C-12 straight chain (MCAD) and
carnitine palmitoyltransferase 1A (CPT1a), as well as targets involved in ketogenesis, such
as 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) (Ferdinand von Meyenn et al.,
2013; Christian Wolfrum et al., 2004). Furthermore, secretion of triglycerides from the liver
is enhanced in diabetic ob/ob mice overexpressing insulin-insensitive Foxa2 (Christian
Wolfrum et al., 2006), all leading to reduced hepatic steatosis and subsequently improved
insulin tolerance (Ferdinand von Meyenn et al., 2013; Christian Wolfrum et al., 2006).
Therefore, Foxa2 activation represents a promising research target in light of its ketogenic
and

beta-oxidative

action,

potentially

able

to

counteract

inhibitory

action

of

hyperinsulinemic state on lipid catabolism.
On the cellular level, excessive accumulation of fat in obesity leads to activation of protein
kinase C (PKC) family, mainly through lipid-derived intermediaries such as diacylglycerols
(DAGs). When activated, these kinases phosphorylate serine residues of insulin receptor or
insulin receptor substrates 1 and 2 (IRS1, IRS2). This serine phosphorylation in turn
hampers tyrosine phosphorylation of IRS1, blunting insulin action. Silencing PKCε showed
protective properties against diet-induced hepatic insulin resistance (Varman T. Samuel et
al., 2007).
Another mediator of metabolic overload in diet-induced obese states includes amino acids,
which in high doses exacerbate insulin resistance not only through fueling gluconeogenesis,
but also through activation of activation of a phosphatidylinositol 3-kinase (PI3K), hVps34.
This in turn leads to increased activity of mammalian target of rapamycin (mTOR) and S6K.
The latter phosphorylated IRS-1 and impedes insulin action (reviewed (Sung Hee Um et al.,
2006)). Accordingly, S6K liver knockdown protects from diet-induced diabetes (Eun Ju Bae
et al., 2012).
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An important part of insulin resistance revolves around ER stress response in liver and fat.
In genetically obese mouse models as well as high-fat diet (HFD)-fed animals,
endoplasmatic reticulum (ER) stress response is markedly upregulated in liver and fat tissue.
This in turn leads to activation of c-jun N-terminal kinase (JNK), subsequent IRS1
phosphorylation and inhibition of insulin signaling (Jiro Hirosumi et al., 2002). Accordingly,
haploinsufficiency of unfolded protein response modulator XBP1 exacerbates diet-induced
insulin intolerance in mice (Umut Özcan et al., 2004). Furthermore, alleviation of ER stress
through small molecule chemical chaperones, ameliorates insulin resistance and improves
peripheral insulin sensitivity (Umut Özcan et al., 2006).
Inflammation is another prominent player in development of insulin resistance. Under
overfeeding and high-fat diet, white adipose tissue (WAT) overgrowth and exhibits
upregulated expression of CD44 (Hong Soon Kang et al., 2013), which contributes to
macrophages migrating to expanding WAT and polarizing towards M1-like stage. This leads
to release of pro-inflammatory cytokines (Alan D. Attie et al., 2009) and low-grade chronic
inflammatory state (Carey N. Lumeng et al.). Pro-inflammatory agents are increased in
plasma of diabetic humans and mice; most prominent examples include tumor necrosis
factor-α (TNFa), interleukin-6 (IL-6) and interleukin (IL-8). In addition, C-reactive protein
(CRP) is upregulated in humans. Furthermore, free fatty acids, which are abundant in
plasma of diabetic patients, might activate Toll-like receptors and lead to activation of
kkb/NFκB as well as JNK pathways (Akiko Iwasaki et al., 2004).
An important pathway linking insulin resistance and inflammation is Tnf receptor signaling
cascade. Namely, Tnf receptor activation by TNFa leads to upregulation of Nuclear Factor
NF-Kappa-B Inhibitor Kinase Beta (Ikkb) and subsequent activation of NFκB. This leads to
serine phosphorylation of Irs1, which blunts its ability to relay insulin transduction within
the cell. Importantly, salicylates, which are weak inhibitors of Ikkb, improve insulin
sensitivity in high dosages. However, their side effects such as bleeding curb their
widespread use in high dosages. In line with Tnf involvement in diabetes,

Tnf

immunoneutralization, genetic knockout of Tnf1a or Tnf receptor gene protects mice and
rats from high-fat diet-induced insulin resistance In addition, Tnf is potent enough to decrese
expression of insulin receptor and Glut4 in adipocyte culture, as well as hormone sensitive
lipase (HSL), providing another level of Tnf-mediated disruption of insulin sensitivity.
Importantly, activated JNK also interferes with insulin signaling through phosphorylation of
IRS1 on Ser307, blunting its activity (Carl De Luca et al., 2008).
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Fat tissue in insulin resistance. Adipose tissue has been recently highlighted as an
important endocrine regulatory organ. In obesity, the storing capacity of fat tissue becomes
saturated, leading to pathological redistribution of fat to vital organs and abnormal secretory
profile of the adipose tissue (reviewed (Deborah Muoio et al., 2008)). Adipose tissue
secretes multiple peptide hormones, including adiponectin, leptin, retinol-binding protein-4,
resistin and pro-inflammatory cytokines interleukin 6 (IL-6) and tumor necrosis factor alpha
(TNFa). Adiponectin and leptin both exhibit anti-adipogenic role, as they increase lipid
degradation and increase insulin sensitivity in liver and muscle, an effect exerted through
AMP-activated protein kinase (AMPK) (reviewed in (Deborah Muoio et al., 2008)). In
diabetic state, resistance to leptin and a deficiency of adiponectin arises, leading to elevated
leptin and low adiponectin levels. Interestingly, insulin desensitizers such as resistin, TNFa
and RBP4 may serve to prevent hypoglycemia in the fasted state, but have taken a
pathophysiological twist due to modern western lifestyle (Qin Yang et al., 2005).
Importance of fat is highlighted by lipoatrophic mice and humans, which develop severe
muscle and liver insulin resistance due to abnormal fat accumulation, but can be rescued by
fat transplantations or leptin administration (Iichiro Shimomura et al., 1999), (Elif Arioglu
Oral et al., 2002). Inflammation is exacerbating insulin resistance in liver and fatty tissue.
Namely, HFD-feeding induces liver nuclear factor kappaB (NF-kB) activation, resulting in
hepatic secretion of IL-6, TNFa and IL-1b. Depletion of liver I-kappaB kinase (IKKB), an
activatory kinase for NF-kB as well as administration of salicylates, that inhibit NF-kB
activity, improve insulin resistance. In adipose tissue infiltration of macrophages ensues
within 1 week of HFD through increased adipocyte presentation of monocyte chemotactic
protein-1 (MCP1) (reviewed (Deborah Muoio et al., 2008)). In summary, pro-inflammatory,
insulin-desensitizing shifts in hormonal and cytokine production in liver and adipose tissue
contribute to insulin resistance.
Muscle tissue in insulin resistance. In muscle as in liver, intramuscular signaling
molecules long-chain fatty acyl-coenzyme-A (LC-CoA), ceramides and DAG overall
adiposity usually go hand-in-hand with insulin resistance. Suppression of ceramide
biosynthesis ameliorated muscle insulin resistance (William L. Holland et al., 2007).
However, recent insights show that mitochondrial dysfunction and resulting toxic
byproducts of lipid metabolism play bigger role in muscle insulin resistance as opposed to
rerouting lipids towards biosynthetic pathway (Deborah M. Muoio et al., 2006).
Accordingly, continuous exposure of muscle cells to lipids enhanced rather than blunted
beta-oxidation. As muscle beta-oxidation on itself does not lead to enhanced consumption
of nicotinamide adenine dinucleotide reduced form (NADH) in electron transport chain and
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acetyl-CoA in the Krebs cycle, toxic intermediaries might build up in forms of long- and
medium-chain acylcarnitines. This incomplete fatty acid oxidation is believed to be the main
harming element in muscle cells (Timothy R. Koves et al., 2005), (Timothy R. Koves et al.,
2008). The unifying hypothesis highlights mitochondrial insufficiencies with decreased
respiratory chain capacity as a hallmark of diet-induced muscle insulin resistance.	
  
1.3.1. Liver in the insulin resistant state
Current theory of diet-induced hepatic insulin resistance states that accumulation of lipid
intermediaries from decreased lipid oxidation leads to rerouting of LC-CoAs and DAGs,
triglycerides and ceramides. Biochemically, a strong inducer of lipid redirection is malonyl
CoA, which is induced by glucose and fuels de novo lipid synthesis, simultaneously
inhibiting lipid degradation through allosteric inhibition of carnitine palmitoyltransferase-1
(CPT1) (J. Denis McGarry, 2002). Furthermore, insulin inhibits ketogenic and betaoxidative action of PGC1a, peroxisome proliferator-activated receptor-g (PPARg) coactivator-1a. In metabolic syndrome this action of insulin prevails, whereas insulin’s ability
to suppress gluconeogenesis becomes disrupted. Together this sets the floor for hepatic
steatosis, a state in which liver accumulates lipids and becomes selectively irresponsive to
insulin. In contrast, knockout of liver enzymes involved in liver fatty acid synthesis, such as
mitochondrial

glycerol-3-phosphate

acyltransferase-1

(GPAT1)

and

acetyl

CoA

carboxylase-2 (ACC2) leads to increased hepatic liver sensitivity (Susanne Neschen et al.,
2005). In addition, inhibition of enzymes involved in ceramide synthesis such as Ser
palmitoyltransferase-1 (SPT1) or dihydroceramide desaturase-1 (Degs1) was protective of
liver insulin resistance.
Non-alcoholic fatty liver disease (NAFLD) is a pathological liver condition ranging from
hepatocellular steatosis, non-alcoholic steatohepatitis to hepatic cirrhosis. Occurring in 20 to
30% of individuals in the Western population, most cases of NAFLD are closely associated
with metabolic syndrome (J. K. Dowman et al., 2010). The latter entails a row of
pathological metabolic characteristics, such as insulin and glucose intolerance, dyslipidemia,
intraperitoneal obesity, leading in turn to increased risk for diabetes, kidney failure,
hypertension and cardiovascular diseases (K. Reynolds et al., 2005).
Non-alcoholic fatty liver disease (NAFLD) is thought to arise via “two hit mechanism”, first
articulated in 1998 by Day et al (Christopher P. Day et al., 1998). First hit entails
accumulation of triglycerides and free fatty acids in the liver, leading to insulin resistance.
Second hit constitutes of mitochondrial dysfunction, inflammation, hepatocyte damage and
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subsequent liver fibrosis. This disease is therefore characterized by increased liver adiposity,
resulting from elevated free-fatty acids (FFA) and lipid accumulation. Generally, lipids in
liver arise through three sources: de-novo lipogenesis, adipose tissue FFA release and diet
(J. K. Dowman et al., 2010). FFA, released from adipose tissue under glucagon action or
pathologically during insulin resistance, is either beta-oxidized or esterified to triglycerides.
Reduced beta-oxidation in liver is therefore largely responsible for excessive lipid
accumulation. Fat storage in adipocytes elicits inflammatory response and exacerbates
intrahepatic insulin resistance (Mohamed Asrih et al., 2013). Excessive fat storage activates
numerous kinases, such as inhibitor of kB as well as Jun NH2 –terminal kinase. These
kinases in turn attenuate insulin signaling via IRS-1 Serine phosphorylation, subsequently
causing insulin resistance. Interestingly, under hyperglycemia insulin fails to suppress de
novo hepatic glucose production, whereas insulin still promotes de novo lipogenesis, further
exacerbating lipid accumulation and insulin resistance (Michael S. Brown et al., 2008).
In healthy insulin-sensitive individuals fatty acids are processes in hepatocytes by
mitochondria through beta-oxidation or they can be alternatively stored as triglycerides. In
the case of imbalance between beta-oxidation and influx of fatty acids increased storage
occurs. It is believed to take place once the capacity of fatty acid storage by fat tissue is
exceeded, resulting in excessive flux and deposition of triglycerides in the liver (Mohamed
Asrih et al., 2013).
Hallmarks of non-alcoholic fatty liver disease (NAFLD) include failure of liver to respond
appropriately to insulin action. Insulin controls hepatic homeostasis through transcriptional
and post-translational modulations of cellular machinery. Under normal conditions insulin
represses transcription of gluconeogenesis genes such as PEPCK and G6Pase. At the same
time insulin enhances lipogenesis through upregulation of SREBP-1c and glucokinase,
acetyl-CoA carboxylase and fatty acid synthase (Iichiro Shimomura et al., 2000). In NAFLD
liver exhibits resistance to gluconeogenesis-lowering action of insulin but retains sensitivity
to lipogenic action, thereby leading to simultaneous overproduction of glucose and fatty
acids. This triggers insulin over secretion by beta cells, which exacerbates insulin resistance
(Bradley Hillgartner et al., 1995).
1.3.2. Pancreas in the insulin resistant state
Pancreas consists of acinar tissue responsible for secretion of digestive enzymes and islets of
Langerhans, involved in glucose homeostasis. Within islets of Langerhans multiple cell
types exist, such as α-cells, producing glucagon, β-cells producing insulin and amylin, PP
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cells producing pancreatic polypeptide, δ-cells producing somatostatin and ghrelinproducing ε-cells. Pancreatic β-cells produce insulin in response to elevated glucose
(reviewed in (Patrik Rorsman et al., 2013)). Other secretagogues include amino acids,
glucagon-like peptide (GLP1) and free fatty acids enhance insulin secretion, but
nevertheless require a certain high glucose level to exert their action (reviewed (Laurie L.
Baggio et al., 2007)). The glucose-stimulated insulin secretion (GSIS) is biphasic in all
mammals. It has following mechanism: increased glucose entering beta cells through Glut2
channels leads to elevated ATP/ADP ration and subsequent closure of ATP-sensitive-K+channel. The potassium channel is especially important in this first, swift phase of insulin
secretion, which occurs within first ten minutes of glucose rise. Ensuing depolarization of
the cell membrane prompts Ca2+-influx into the cell, precipitating exocytosis of insulin
granules. After the first phase of insulin secretion, mobilization and priming of reserve
insulin vesicles is necessary, whereas ATP and Ca2+ have more permissive roles.
Subsequent wave of insulin discharge is termed second phase of insulin secretion (reviewed
in (Jude T. Deeneya et al., 2000)).
In the insulin resistant state β-cells respond by expansion to keep up with the increasing
body demand for insulin. However, at some point in the disease progression they fail to
compensate for ever-increasing insulin resistance of the peripheral tissue. This usually
results from inadequate β-cell mass, either due to increased apoptosis or low rate of division
and cell regeneration as the T2DM worsens (reviewed in (Sebastien Bouret et al., 2015)).
Recent studies proposed salt-inducible kinase 2 (SIK2)-p35-Cdk5 axis to be responsible for
temporary compensation in bet-cell insulin secretion upon hyperglycemia (Jun-Ichi
Sakamaki et al., 2014). Inhibition of cyclin-dependent kinase 5 (Cdk5) leads to enhanced
Ca2+ flux and increased GSIS under high glucose but not under low glycemic conditions
(Fan-Yan Wei et al., 2005). Conversely, prolonged hyperglycemia in diabetes leads to
stabilization of SIK2. This member of AMPK family in turn phosphorylates p35 on Ser 91,
thereby leading to its ubiquitination-dependent degradation. P35 serves as an activator of
Cdk5, therefore, its degradation impedes Cdk5 and leads to enhanced glucose secretion. This
is believed to be one of mechanisms behind beta-cell compensation during metabolic
challenge (Jun-Ichi Sakamaki et al., 2014).
A current working model of impact of reduced cell mass is as follows: reduced cell mass
leads to diminished insulin pulsatility, which impedes efficient peripheral glucose uptake.
This in turn leads to disrupted beta/alpha cell communication, increasing glucagon levels in
the blood and excessive gluconeogenesis in the liver (reviewed in (Juris J. Meier et al.,
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2013)). Progressively, this allows for higher blood glucose levels, which further negatively
affects β-cell function through gluco- and lipo-toxicity. Importantly, GSIS can be restored
once glucose levels in diabetic patients are returned to normal (reviewed in (Patrik Rorsman
et al., 2013)). Most prominent beta-cell abnormalities in human subjects with type 2 diabetes
include: altered insulin secretion kinetics with blunted first phase response ((Juris J. Meier et
al., 2013)), loss of insulin oscillations and insufficient response to mixed nutrients (reviewed
in (Alison J. Evans et al., 2001), as well as increased beta-cell apoptosis (Alexandra E.
Butler et al., 2003).
The mechanisms of diabetes-induced beta-cell dysfunction are not fully understood, with
studies arriving at contradictory conclusions. For instance, long-term exposure of beta-cells
to fatty acids was thought to inhibit beta-oxidation through downregulation of pyruvate
dehydrogenase (PDH), thereby lowering ATP:ADP ratio after glucose stimulation. This
might in turn blunt GSIS (Yun-Ping Zhou et al., 1994). Nevertheless, further research
concluded that it is rather pyruvate cycling through activation of pyruvate carboxylase
allosterically through acetyl CoA that leads to basal insulin hyper secretion and blunted
insulin response (Anne Boucher et al., 2004). ER stress is also believed to play a role in
gradual demise of beta-cell function. Prolonged metabolic overload in beta-cells could cause
desensitization of unfolded protein response, with subsequent loss of inhibition of protein
transcription and translation. Over time, cumulative damage to ER might cause beta-cell
loss. This current hypothesis is based on evidence from eiF2a-beta-cell-deficient mutants
consuming HFD, where ER stress is particularly evident (Sung Hoon Back et al., 2010).
Leptin deficiency resulting from ob/ob mutation manifests itself differently on various
backgrounds. Namely, ob/ob mice on C57Bl6 background are able to compensate for
hyperphagia-induced obesity through islet expansion. Conversely, ob/ob mice on BTBR
background fail to expand their beta-cell mass to keep up with growing insulin demand and
develop severe insulin deficiency later in life (Jonathan P. Stoehr et al., 2000). Mice with
missense mutation on leptin receptor gene, db/db, are severely hyperphagic and thus obese
and insulin resistance later in life. On BKS background, they also fail to compensate for
insulin resistance and loose islet mass, leading to severe hyperglycemia (Oanh H. Do et al.,
2014). In humans, mutations in hepatocyte nuclear factor-4a (HNF4a), in glucokinase or in
pancreatic transcriptional factor, pancreatic and duodenal homeobox-1 (PDX1) lead to
maturity-onset diabetes of the young (MODY) (reviewed in (Deborah Muoio et al., 2008)).
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1.4. Role of HATs, HDACs in metabolism
Histone acetyltransferases (HATs) are responsible for adding acetyl moiety to their
substrates, whereas histone deacetylases (HDACs) are removing acetyl group from the
proteins. Apart from their canonical role in influencing transcription through acetylation
status of histones, with higher acetylation status corresponding to the actively transcribed
genes, HATs and HDACs were shown to modify numerous non-histone targets, profoundly
influencing transcription of metabolic genes (reviewed in (Maria M. Mihaylova et al.,
2013)). Therefore, it was suggested to rename the enzyme classes to lysine acetyl
transferases and lysine deacetylases, KATs and KDACs, respectively. For clarity purposes
in this thesis I will nevertheless refer to them as HATs and HDACs.
HDACs, an ancient evolutionary conserved group of proteins dating back to prokaryotes, are
subdivided into two families based on sequence homology to respective yeast orthologs and
cofactor requirements (Christina M Grozinger et al., 2002). The first family contains class I,
as well as class IIa, IIb in addition to class IV, all requiring zinc for their activity. The
second family, class III HDACs, relies on NAD+ for their activity and is routinely referred to
as Sirtuins.
HDACs are profoundly involved in metabolically relevant tissues. For instance, HDAC1 and
2 were implicated in myogenesis and muscle metabolism, whereas HDAC9 is putative
negative regulator of adipocyte differentiation (Tapan K. Chatterjee et al., 2011).
In liver, one of most prominent HDACs Class I and II is HDAC3. This deacetylase engages
in response to fasting, mainly through suppressing liver lipogenesis. It is albeit not unclear if
HDAC3 repressor function comes from histone or non-histone targets (Dan Feng et al.,
2011). However, activatory action of HDAC3 on gluconeogenesis is well established and
involves Class IIa HDACs, namely HDAC 4, 5 and 7. Their regulation in response to
feeding mirrors an intricate interplay between insulin, Akt, AMPK and SIK1/2.
Gluconeogenesis is suppressed by feeding through Insulin and Akt pathway, whereas
another suppressor, LKB1, regulated by adipokines (Barbara B. Kahn et al., 2005) blunts
gluconeogenesis through AMPK, SIK1 and SIK2 activation (Seung-Hoi Koo et al., 2005).
Physiological ATP levels fall rarely steep enough to activate AMPK, however metformin is
thought to function through AMPK. AMPK is guarding cellular ATP storages from
depletion. Upon AMPK activation either through low ATP levels or more often through
adipokines (Barbara B. Kahn et al., 2005) it phosphorylates and inactivates mTOR complex,
thereby reducing CREB-dependent gluconeogenesis (Seung-Hoi Koo et al., 2005). At the
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same time SIK1/2 acetylates HDAC 4/5/7, promoting their cytosolic retention, whereas Akt
phosphorylates and inactivates Foxo1. Upon low insulin levels and glucagon signaling,
cAMP increase dephosphorylates and activates HDAC4/5/7, which get imported into the
nucleus and serve as a scaffold for HDAC3. HDAC3 has in turn catalytic activity, thanks to
which it deacetylates and activates Foxo1, promoting gluconeogenic program expression
(Jason Karpac et al., 2011).
SirT1 in metabolism. Third family of KDACs, class III HDACs, is comprised on NAD+dependent enzymes. The most prominent member of class II HDACs family is Sirt1. The
role of Sirt1 in glucose homeostasis has been controversial. It is largely debates if chronic
overexpression of Sirt1 in most tissues grants protection from HFD-induced metabolic
syndrome and whether Sirt1 knockdown has deleterious effects on glucose homeostasis.
It has been shown that Sirt1 gain of function in pancreatic beta cells improves insulin
secretion and whole-body insulin sensitivity (Laura Bordone et al., 2007). The latter effect is
most likely mediated through Sirt1 effect on beta cells, as Sirt1 is a positive regulator of
insulin in beta cells. Namely, SirT1 is a negative regulator of uncoupling protein 2 (Ucp2), a
decrease in which reduces uncoupling, therefore leading to higher ATP production and thus
elevated insulin release (Kathryn A. Moynihan et al., 2005).
Main controversy, however, surrounds Sirt1 role in liver on high-fat diet and on caloric
restriction (CR). Beneficial action of Sirt1 has been largely highlighted by studies on caloric
restriction. It seems well established that caloric restriction across wide range of species
promotes metabolic health and longevity. While benefits of CR seem to be too complex to
be explained by a single hypothesis, Sirt1 is considered an important mediator of its action
(David A. Sinclair, 2005). In accordance with this, Sirt1 upregulation was proposed to be
beneficial to overall health, as elevated Sirt1 activity increases longevity across wide range
of species, such as yeast, flies, worms (Danica Chen et al., 2008). A polyphenolic activator
of Sirt1, resveratrol, is proposed to replicate part of CR by elevating Sirt1 activity, thereby
benefitting general health ((Joseph A. Baur et al., 2006). Nevertheless, it is currently
believed that resveratrol might have other non-Sirt1 targets and might not activate Sirt1 at
all (Michelle Pacholec et al., 2010).
In addition, some studies highlight that regulation of Sirt1 in caloric restriction and highcaloric diet might be the opposite of widely accepted dogma. While Sirt1 is unregulated in
white adipose tissue and in muscle on CR, its levels are decreased in livers upon caloric
restriction and are unregulated on a high-caloric diet (Danica Chen et al., 2008).
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Furthermore, NAD/NADH ratio, which increases Sirt1 activity, is significantly increased in
muscle but not in livers upon caloric restriction (Danica Chen et al., 2008).
The notion that Sirt1 increases beta-oxidation in liver also rests on contradictory evidence.
Indeed, hematoma cell lines exhibit increase in glucose production upon Sirt1 activation,
mediated by Foxo1 (David Frescas et al., 2005). Nevertheless, in vivo study of Sirt1 has
shown that while the deacetylases increases gluconeogenesis and glucose output from liver
by deacetylating and activating PGC1a, it fails to influence lipid metabolism (Joseph T.
Rodgers et al., 2005). In line with these findings, knockdown of Sirt1 in rat livers using
antisense oligonucleotides resulted in improved glucose and cholesterol metabolism,
presumably through reduced expression of gluconeogenesis genes (Derek M. Eriona et al.,
2009).
The finding that AMPK in fasting inactivates Sirt1 highlights an additional level of
controversy. Sirt1 is shown to be phosphorylated on Thr344 and inactivated by AMPKa, a
regulator activated by elevated AMP:ATP ratio and prompting cellular catabolism (Leo LapYan Wong Chi-Wai Lee, Edith Yuk-Ting Tse, Heong-Fai Liu, Veronica Yee-Law Leong,
Joyce Man-Fong Lee, D. Grahame Hardie, Irene Oi-Lin Ng, and Yick-Pang Ching, 2012).
Furthermore, Sirt1 was shown to be downregulated on a protein levels by fasting, albeit in
hypothalamus only. Hypothalamic Sirt1 levels were increased after feeding, an effect absent
from diet-induced obese and db/db animals (Tsutomu Sasaki et al., 2010).
Liver p300 in metabolism.	
   Histone acetyltransferase p300 has been reported to exert its
activity during nutrient depletion. In liver, p300 acts with CREB to induce gluconeogenic
program, in particular through upregulation of Foxo1 expression (Anne R. Wondisford et
al., 2013). This effect is mediate through glucagon, which inhibits p300 repressor saltinducible kinase 2 (SIK2). Namely, acting through glucagon receptor and adenylate cyclase,
glucagon upregulates cAMP production, which activates PKA. PKA phosphorylates and
abrogates activity of SIK2, deactivation of which lifts inhibitory phosphorylation of p300 on
S89 (Julien Bricambert et al., 2010). Thus p300 becomes more active, associates with
CREB-regulated transcription coactivator 2 (CRTC2 or TORC2), acetylates it on K628,
further activating it and driving gluconeogenic gene expression, mainly through Foxo1
upregulation (Yi Liu et al., 2008). Concomitant decrease in insulin signaling promotes
Foxo1 nuclear localization, driving expression of gluconeogenic enzymes. Interestingly,
insulin inhibits numerous elements of CREB-CBP pro-gluconeogenic complexes, by
phosphorylating CBP at S436 or CRTC2 at S171, which leads to disassembly of CREBCBP complex or nuclear exclusion and degradation of CRTC2 respectively. Conversely,
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p300, closely related to CBP, lacks S436 regulatory residue, and cannot be inactivated
directly by insulin. This feature of p300 is important in maintaining basal hepatic
gluconeogenesis and glycogen storage (Ling He et al., 2012).
1.5. Foxa2 in Development and Metabolism
Foxa2, previously HNF3b, is a member of FoxA family of transcription factors, which
consists of Foxa1, Foxa2 and Foxa3. Due to their ability to strongly activate liver protein
albumin, alpha1-antitrypsin and transthyretin, FoxA family members were initially called
hepatocyte nuclear factor-3 (HNF-3) alpha, beta and gamma. However, recent nomenclature
encourages FoxA for naming. The name forkhead comes from head development defects in
Drosophila when Foxa2 is disrupted. DNA-bind domain of FoxA, forkhead box, is a
winged-helix structure, which resembles linker H1 histone (Kirk L. Clark et al., 1993) and is
conserved yeast to humans. In development, this feature of Foxa2 helps it to open up
chromatin, whereas its C-domain associates with histone 3 and histone 4 (H3 and H4).
Importantly, Foxa2 does not require chromatin-remodeling complex SWI/SNF (Kirk L.
Clark et al., 1993). Hence, FoxA family members are often referred to as “pioneer”
transcription factors, enabling other transcription factors to bind chromatin (Lisa Ann Cirillo
et al., 2002). Forkhead box domain is highly conserved across Foxa1-3 and is surrounded by
nuclear localization signal. Outside of Forkhead box Foxa1-3 share less homology.
Foxa2 is involved in both adult and embryonic tissues. During embryogenesis, Foxa2 is the
first FoxA member to be expressed, namely at the embryonic day 6.5 in the anterior
primitive streak and the node, structures essential for gastrulation. Mesoderm, definitive
endoderm, and later neural floor plate and neural tube all express Foxa2. Endoderm-derived
structures such as thyroid, lungs, liver, prostatic buds and pancreas retain Foxa2 expression
in adulthood. In the postmitotic brain Foxa2 remains in fourth ventricle and certain midbrain
nuclei (Hiroshi Sasaki et al., 1994).
In adult C. elegans, PHA-4/FoxA family members mediate longevity induced by calorie
restriction (Siler H. Panowski et al., 2007).
Inflammatory signals inactivate Foxa2 (Mo Liu et al., 2012), which is important for
mTORC1 activation in the inflammatory state (Irina Bochkis et al., 2013). In human
carcinoma cell lines TNFa inactivates Foxa2 through IKKa-mediated phosphorylation on
S107/S111, thereby decreasing NUMB expression and activating NOTCH pathway, that
prompts tumorigenesis (Mo Liu et al., 2012). Hence, the role of Foxa2 in tumorigenesis does
	
  

23	
  

not come as a surprise. Namely, Foxa2 blocks pro-metastatic epithelial-to-mesenchymal
transition in lung cancer cell lines and its action is antagonized by pro-inflammatory TGFB1 (Yunneng Tang et al., 2011).
Foxa2 in the brain. Foxa2 plays a role in both developing and adult mouse brains. Foxa2
and a closely related transcription factor Foxa1 are important for the specification and
differentiation of dopamine neurons. Mice haploinsufficient for Foxa2 suffer age-related
loss of dopamine neurons, leading to a locomotor defect that mimic Parkinson’s disease.
Both Foxa2 and Foxa1 are necessary for normal DA neurons development, as they control
transcription factors guiding specification such as Lmx1a, Lmx1b and Nurr1, which drive
expression of Tyrosine-3-Monooxygenase (TH) (Andrii Domansky et al., 2014), (Simon R.
W. Stott et al., 2013). In adult hypothalamus, Foxa2 together with Foxa1 controls DA
neuron maintenance and function (Simon R. W. Stott et al., 2013). In addition, Foxa2
controls appetite and feeding behavior in mice through its transcriptional targets melaninconcentrating hormone (MCH) and orexin. Upon feeding, insulin inactivates Foxa2 through
Akt-mediated phosphorylation on T156 residue, leading to reduced expression of orexigenic
peptides. In line with this, hyperinsulinemic diabetic animal models show constitutive
inactivation of Foxa2, resulting in reduced MCH and orexin expression in the brain.
Conversely, expression of Foxa2 T156A mutant in the hypothalamus, which cannot be
inactivated by insulin, results in increased food-seeking behavior and subsequent improved
insulin sensitivity (Jose P. Silva et al., 2009)
1.5.1. Foxa2 in Liver
In adult liver Foxa2 regulates hepatocyte’s response to fasting. Foxa2 controls primarily
lipid catabolism program in response to glucagon, an effect mediated by p300 (Ferdinand
von Meyenn et al., 2013). Namely, under fasting conditions, Foxa2 upregulates genes
responsible to beta-oxidation such as CPT1a, acyl-coaenzyme A dehydrogenase, C-4 to C12
straight chain (ACADM or previously MCAD), acyl-CoA dehydrogenase, very long chain
(ACADVL or previously VLCAD), ketogenesis – 3-hydroxy-3-methylglutaryl-CoA
synthase 2 (HMGCS2) (Ferdinand von Meyenn et al., 2013), (Christian Wolfrum et al.,
2004) and secretion of very low density lipoprotein (VLDL) (Christian Wolfrum et al.,
2006). The latter effect is mediated by Foxa2 interaction with coactivating factor
peroxisome proliferator γ coactivator beta (PGC1b). Foxa2 target genes involved in VLDL
secretion include microsomal triglyceride transfer protein (MTTP), responsible for secretion
of chylomicrons containing ApoB, and diacylglycerol O-Acyltransferase Homolog 2
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(DGAT2), which catalyzes esterification of fatty acids to diacylglycerol for lipid synthesis
(Christian Wolfrum et al., 2006).
Under feeding condition, Foxa2 is inactivated by insulin via Akt-mediated phosphorylation
on T156 residue (Christian Wolfrum et al., 2003). This phosphorylation results Exportin 1dependent export, also named Chromosome Region Maintenance 1 Protein homologue
(CRM1) (Jessica J. Howell et al., 2009). Importantly, Foxa2 export mutant, which cannot be
excluded from the nucleus, is nevertheless inactivated by insulin, which inhibits the
transcriptional factor’s DNA binding (Jessica J. Howell et al., 2009). Inactivation of Foxa2
is therefore important to exert insulin’s action through abrogating catabolic processes, such
as ketogenesis, mitochondrial beta-oxidation and liver lipid secretion. Accordingly,
chronically hyperinsulinemic animal models such as ob/ob or HFD-fed animals show
permanent Foxa2 nuclear exclusion under fasting conditions in the liver (Christian Wolfrum
et al., 2003) (Jose P. Silva et al., 2009), as well as other metabolically-relevant tissues, such
as hypothalamus (Jose P. Silva et al., 2009) and beta-cells of diabetic humans (Kazuaki
Ohtsubo et al., 2011). Importantly, chronic inactivation of Foxa2 seems to play a role in
pathogenesis of diabetes. Accordingly, forced expression of Foxa2 T156A mutant in
hypothalamus and liver, which cannot be inactivated by insulin, leads to normalization of
glucose homeostasis (Jose P. Silva et al., 2009; Christian Wolfrum et al., 2006). Inactivation
of Foxa2 has been shown to have deleterious effects on lipid metabolism and glucose
homeostasis in infectious states as well. HCV infection, for instance, leads to Foxa2
depletion in the nucleus, which in turn reduces hepatic beta-oxidation and contributes to
virus-induced liver steatosis. Ectopic expression of Foxa2 following HCV infection rescued
steatotic phenotype through increased beta-oxidation (S. K. Bose et al., 2014).
While inhibited by phosphorylation on T156, Foxa2 is activated by acetylation on lysine
residues K259 and K275 (Figure 2), an effect mediated by glucagon signaling at least on
K259 site (Ferdinand von Meyenn et al., 2013). Acetylation seems to be dominant over
phosphorylation in terms of nuclear localization, as Foxa2 K259R T156A mutant remains
largely cytosolic. Glucagon, acting through glucagon receptor, activates adenylate cyclase
(AC), which increases concentration of cyclic AMP (cAMP). This in turn activates PKA,
which inhibits salt-inducible SIK2 kinase. SIK2 is a negative regulator of p300. Therefore,
glucagon lifts inhibitory action of SIK2 on p300, thereby promoting its activity (Yi Liu et
al., 2008), which in turn enhances Foxa2-driven transcription of beta-oxidation and
ketogenic programs. Players responsible for acetylation and deacetylation of Foxa2 in vivo
are p300 and histone deacetylases, most prominently Sirt1. Foxa2 physically interacts with
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p300 and Sirt1, the two antagonizing enzymes. As it is necessary to inhibit both HDAC
Class I/II and HDAC Class III enzymes to detect Foxa2 acetylation, Foxa2 must be
deacetylated in a concomitant fashion by enzymes in addition to Sirt1 (Ferdinand von
Meyenn et al., 2013)

Figure 2. Regulation of Foxa2 by nutritious status.
Foxa2 regulates hepatic metabolism in response to glucagon and insulin. Under fasting
conditions, glucagon activativates adenylate cyclase (AC) through glucagon receptor. Rising
cyclic AMP (cAMP) levels upregulate protein kinase A (PKA) activity, which in turn
inactivates salt-inducible kinase 2 (SIK2). SIK2 inactivates histone acetyltransferase p300
by inhibitory phosphorylation on S89. Hence, inactivation of SIK2 through glucagon
signaling activates p300. When active, p300 acetylates and activates Foxa2, leading to
expression of ketogenic and beta-oxidative programs. Sirt1 and other deacetylases deactivate
Foxa2, potentially freeing it up for phosphorylation-dependent inactivation by insulin.
Insulin, acting through insulin and insulin-like growth factor receptors, activates
phosphatidylinositol 3-kinase, which in turn activates Akt. Akt phosphorylates Foxa2 on a
single conserved T156 residue, leading to its inactivation and nuclear export. This abrogates
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wasteful ketogenesis and beta-oxidation under conditions of nutrient abundance (Ferdinand
von Meyenn et al., 2013)
Apart from its involvement in lipid homeostasis, liver Foxa2 transcriptionally controls bileacid transporters, bile acid synthases and inhibitors of mTORC1. Therefore, mice lacking
Foxa2 in livers showed elevated phosphorylation of mTORC1 substrates, namely S6K and
eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1). Reduced expression
of Foxa2 target Stat5b additionally leads to increased de novo lipogenesis, which together
with low-grade inflammation through bile-acid-related injury leads to hepatic lipid
accumulation and premature aging (Irina Bochkis et al., 2013).
1.5.2. Foxa2 in Pancreas
Foxa2 is profoundly implicated in the development and metabolic function of pancreatic
alpha and beta cells (Catherine S. Lee et al., 2005). In adult pancreatic beta cells, Foxa2
controls genes involved in glucose sensing (Nan Gao et al., 2010) and insulin secretion
(Kazuaki Ohtsubo et al., 2011). In addition, Foxa2 controls a master regulator of pancreatic
development and insulin secretion, Pdx-1 (Catherine S. Lee et al., 2002). Beta-cell specific
Foxa2 ablation leads to early postnatal deaths due to hyperinsulinemic hypoglycemia
(Newman J. Sund et al., 2001). Importantly, while lineage allocation in Foxa2loxP/loxP;
Ins.Cre islets remained unperturbed, islet architecture in these mutants was severely
disrupted. These mice exhibited profound defects in glucose-stimulated insulin secretion.
Namely, perifused islets of Foxa2loxP/loxP; Ins.Cre mice secreted more insulin across 0-16
mM glucose range and failed to cease secretion when glucose was withdrawn from the
medium. Furthermore, KCl stimulation gave significantly elevated insulin response. In
addition, Foxa2 knockout islets were abnormally excitable by amino acids, secreting
significantly higher insulin amounts in response to amino acids as compared to wild-type
islets. To pinpoint the cause, Sund et al. proposed blunted expression of KATP-channel
subunits, SUR1 and Kir6.2, Foxa2 targets, being responsible for the observed
hyperinsulinemia. This study was substantiated by later findings, which discovered
additional decrease in expression of a voltage-gated K+ channel, Kcnb1 (Nan Gao et al.,
2007). Kir6.2 and Sur1 encode a pore forming and a regulating subunit respectively of
inwardly rectifying K+ channel. Under normal fasting conditions, this channel spontaneously
closes and opens, allowing K+ to flow outside the cell. High blood glucose post feeding
elevates ATP/ADP ratio, causing the channel to close. This promotes membrane
depolarization, precipitating insulin secretion (Tim J. Craig et al., 2008). Importantly,
mutations in KATP-channel of familial hyperinsulinemia were reported in human subjects as
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well, as single-nucleotide polymorphism (SNPs) in Kir6.2 and Sur1 have been associated
with hyperinsulinemia and susceptibility to type 2 diabetes (A. F. Reis et al., 2002).
Nevertheless, the severity of Foxa2loxP/loxP; Ins.Cre phenotype cannot be explained by
lacking KATP-channel only, which implies that other, non- KATP-channel secretion
mechanisms are perturbed in these mice.
Additionally, recent human data showed Foxa2 being excluded from beta-cells in diabetic
humans. In dispersed mouse islets, this effect is mediated by palmitate administration to the
culture medium. Therefore, Ohtsubo et al propose a model in which Foxa2 and HNF1a are
excluded from the nuclei of diabetic humans and animals. Consequently, expression of
Foxa2 target glycosyltransferase 4a (GnT-4a) is reduced, leading to reduced glycosylation
and membrane residency of Glut2 protein. GnT-4a is a key glycosyltransferase of Golgi
apparatus,

responsible

for

transfer

of

N-acetylglucosamine

from

UDP-linked

acetylglucosamine to the mannose residue of glycosylated proteins (Kazuaki Ohtsubo et al.,
2011). Reduction in glycosylation of Glut2 protein might contribute to blunted GSIS as
seen in diabetes.
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Chapter Two. Liver overexpression of Foxa2 acetylation mutants
improves glucose homeostasis in diabetic animal models
Background
In metabolic syndrome over nutrition increases liver adiposity, leading to hepatic steatosis,
which further exacerbates insulin resistance (Shaodong Guo, 2014). Under insulin resistance
conditions insulin retains selective action in liver, suppressing lipid catabolism such as betaoxidation pathway but failing to suppress gluconeogenesis (Alan R. Saltiel et al., 2001).
Foxa2, activated by glucagon, upregulates lipid catabolism program through enhanced betaoxidation in particular its direct transcriptional targets CPT1a, ACADM and VLCAD. In
addition, Foxa2 increases ketogenesis by upregulating its direct target HMGCS2, a
mitochondrial enzyme responsible for condensing acetoacetyl-CoA to synthesize 3Hydroxy-3-Methylglutaryl-CoA. Furthermore, Foxa2 controls genes involved in secretion of
VLDL, such as MTTP, responsible for secretion of chylomicrons containing ApoB and
DGAT2, catalyzing esterification of fatty acids to diacylglycerol for lipid synthesis
(Christian Wolfrum et al., 2006). While activated by glucagon, Foxa2 is transcriptionally
repressed by insulin through Akt signaling on a single threonine residue T156 (Jessica J.
Howell et al., 2009; Christian Wolfrum et al., 2003). Chronically hyperphagic animals such
as ob/ob or db/db models develop metabolic syndrome with hyperinsulinemic
hyperglycemia. Continuously elevated insulin levels lead to chronic Foxa2 exclusion from
the nuclei, which might be responsible for a pathological drop in lipid catabolism (Christian
Wolfrum et al., 2004).
Foxa2 acetylation was first discovered in a search for Foxa2 activatory signals using
chemical inhibitors of deacetylases. Simultaneous inhibition of class I/II HDACs by
trichostatin A (TSA) and class III HDACs by nicotinamide (NAM) leads to acetylation of
Foxa2 on K259 and K275, as detected by mass-spectrometry (Ferdinand von Meyenn et al.,
2013). Foxa2 acetylation can be mimicked by mutating lysine residue to glutamine (Q),
whereas deacetylated state is mimicked by mutation of lysine to arginine (R). Importantly,
acetylation is an activatory signal for Foxa2, while deacetylation inactivates the transcription
factor. Namely, liver adenovirus-mediated overexpression of Foxa2 K259Q led to enhanced
beta-oxidation program and ketogenesis in genetically obese ob/ob animals. In db/db
genetically diabetic animals liver adenovirus-mediated overexpression of Foxa2 K259Q led
to improved glucose homeostasis and liver insulin sensitivity, whereas Foxa2 K259R, wild
type Foxa2 and GFP control had no effect. In addition, Foxa2 acetylation appears to be
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dominant over phosphorylation in terms of target gene expression and activity, suggesting
hierarchy in Foxa2 regulation (Ferdinand von Meyenn et al., 2013). In light of massspectrometry finding by von Meyenn and colleagues, I investigated second acetylation site
by means of acetylation-mimicking Foxa2 K275Q and a double acetylation-mimicking
mutant Foxa2 K259, K275 QQ (2xQ).
Aims of the study
I investigated the hypothesis that liver acetylation of Foxa2 K275 and double-site
acetylation of K259, K275 residues would improve glucose homeostasis in genetically
diabetic db/db animals through enhanced beta-oxidation and ketogenesis programs. This was
achieved by adenoviral liver overexpression of Foxa2 K275Q or Foxa2 K259, 275QQ (2xQ)
mutants. The mice overexpressing said constructs were subjected to glucose and weight
monitoring, as well as insulin tolerance test and target gene expression analysis.
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2.1. Foxa2 acetylation-mimicking but not Foxa2-acetylation deficient mutant improve
glucose homeostasis in genetically obese db/db males upon virus-mediated liver
overexpression of the mutant protein.
Virus-mediated liver overexpression of Foxa2 acetylation-mimicking mutant Foxa2QQ led
to normalization of blood glucose in genetically diabetic animals db/db on BKS background.
Namely, their random-fed blood glucose levels dropped from severely diabetic (27mM) to
nearly normoglycemic values of 8mM at day 3 post-infection (Figure 3, A). Similar
improvement was observed with Foxa2 K275Q mutant as well. Importantly, a control group
injected with either GFP-bearing virus or Foxa2 wild-type-bearing virus (Foxa2WT) showed
unchanged glucose values on all days post-infection (Figure 3, A). The strongest difference
to control group was observed at Day3 and Day4, with glucose levels returning to
hyperglycemic levels at Day5 already. The weight of the db/db animals was not significantly
different between the groups, and remained unchanged over the course of treatment (Figure
3, B). Insulin tolerance test, performed at Day5 after 3hours fasting over the light cycle
revealed significant difference between the Foxa2WT-receiving group and both Foxa2QQand 275Q-receiving groups (Figure 3, C). Accordingly, data from Ferdinand von Meyenn
pooled together with my findings indicate that all acetylation-mimicking mutants (in blue
Figure 3, D) exhibit improved insulin tolerance as opposed to GFP control, Foxa2WT and
acetylation-deficient K259R groups (in shades of red Figure 3, D). When area under the
curve (AUC) for the ITT was quantified it revealed significantly improved insulin tolerance
in all three acetylation-mimicking groups as opposed to controls and acetylation-deficient
groups (Figure 3, E). Following ITT, db/db animals were re-fed for 3hours and sacrificed,
with livers harvested for protein and mRNA analysis. Overexpression of Foxa2 protein,
although normalized to PFU units at infection, was the strongest in Foxa2 K259,275 QQ
(2xQ) mutant, but was comparable between WT and K275Q mutants. Bands seen in GFP
control correspond to endogenous Foxa2 (Figure 3, F). The expression of the Foxa2 target
genes (Figure 3, G) involved in lipid oxidation such as cross-membrane Carnitine
Palmitoyltransferase 1A (CPT1a), Acyl-CoA Dehydrogenase (ACADM), which encodes an
enzyme controlling the first step of mitochondrial beta-oxidation pathway for medium-chain
fatty acids, C4 to C12, and an analogous enzyme for very long chain fatty acids, Very LongChain Specific Acyl-CoA (VLCAD), and mitochondrial 3-Hydroxy-3-MethylglutarylCoenzyme A Synthase 2 (HMGCS2) remained unaffected. The improvement in hepatic
insulin sensitivity exemplified by ITT was in line with reduced expression of
gluconeogenesis genes such as Glucose-6-Phosphatase (G6Pase) and Phosphoenlopyruvate
Carboxykinase 1 (PEPCK).
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Figure 3. Adenoviral overexpression of Foxa2 acetylation-mimicking mutant improves
glucose homeostasis in db/db animals. A) 13-week old db/db males were injected with
adenovirus bearing respective Foxa2 mutation and their tail vein glucose was monitored at
random-fed condition at 9:00 every morning. B) Weight of db/db animals was monitored
	
  

32	
  

every morning following the day of injection at 9:00 every morning. Weight of the animals
is not significantly changed. C) One unit of insulin per kg of body weight was injected
intraperitoneally after 3-hour fast to measure insulin sensitivity of db/db animals. Foxa2
K275Q (pale blue) and Foxa2 K259 275 QQ (dark blue) showed improved glucose tolerance
as opposed to GFP- or Foxa2 WT-injected animals, in black and red respectively. D)
Improved insulin tolerance test of acetylation mimicking (all in blue) as opposed to insulinresistant curve of acetylation-deficient (Foxa2 K275R) and wild type (Foxa2 WT) as well as
GFP-injected db/db control animals. E) Quantification of area under the curve of the ITT
measurement from D). F) Liver levels of Foxa2 protein following liver adenoviral
overexpression of respective mutants. G) Relative target gene expression in the liver of
db/db animals infected with respective mutants was analyzed at the sacrifice, day 5 postinfection. Animals were previously subjected to a short 3-hour fast, followed by an ITT,
followed by a 3-hour re-feed. Error bars represent arithmetic mean +/- standard deviation.
Statistical analysis was performed using two-tailed, unpaired Student’s T-test. *P>0.05,
**P>0.01, ***P>0.001.
Foxa2 is proposed to improve liver insulin sensitivity by normalizing lipid metabolism, in
particular through fueling lipid catabolism via beta-oxidation, ketogenesis and lipid
secretion (Christian Wolfrum et al., 2004). Therefore, I tested if the observed improvement
in glucose homeostasis correlated with different lipid profile in liver or plasma of the db/db
adenovirus-infected animals. Surprisingly, lipid triglyceride metabolism was unchanged
between mutants at the days of measurement. Namely, plasma triglycerides at Day5 postinfection were comparable between mutants, as well as liver triglycerides after the sacrifice
(Figure 4, A). Furthermore, plasma NEFA on Day5 post infection was not different between
GFP-, Foxa2WT-, Foxa2 K275Q- and Foxa2 2xQ-expressing animals (Figure 4, B). In line
with that plasma cholesterol remained unchanged between mutants at Day5 (Figure 4, C).
The absence of toxic effects following adenoviral liver infection was attested by controlling
for plasma ALT levels at both Day0 and Day5. Plasma ALT levels remained insignificantly
different between mutants (Figure 4, D).
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Figure 4. Adenoviral overexpression of Foxa2 acetylation-mimicking mutant has no
effect on lipid homeostasis in db/db animals. A) Triglycerides, blanked for glycerol, were
measured in plasma and liver of db/db animals infected with respective Foxa2 mutants at
Day5 post-infection. Animals were previously subjected to a short 3h fast, then an ITT test,
after which they were re-fed for 3hours. B) Plasma non-esterified fatty acids (NEFA) were
determined in the plasma of db/db animals at Day5 post-infection. C) Plasma cholesterol
levels were determined in the plasma of db/db animals at Day5 post-infection. D) Plasma
alanine-aminotransferase (ALT) levels were determined before infection, at Day0 and at
sacrifice, Day5. All values show no significant difference to GFP or Foxa2WT adenovirus.
Error bars represent arithmetic mean +/- standard deviation.
After animals were briefly fasted over the light cycle at Day5 post-infection, analyzed in
ITT, re-fed for 3 hours and sacrificed, their organs were harvested for analysis. To assess
improved insulin tolerance, phosphor-AKT signaling was measured by whole-liver western
blotting in unstimulated, re-fed livers. Phosphorylation on the AKT T308 and S473 residues
as normalized to total AKT signal remained unchanged between different mutants under
unstimulated conditions (Figure 5).
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Figure 5. Foxa2 acetylation mutant do not affect phosphorylation of AKT in
unstimulated in db/db animals. A) and B) Whole-cell liver lysates db/db animals infected
with Foxa2 acetylation mutants were probed with either pAKT T308 antibody (A) or pAKT
S473 antibody, with global anti-AKT and anti-HSP90 antibodies used as loading controls.
13-week old male animals were infected through a tail vein injection with either GFP
control adenovirus (GFP), Foxa2 WT virus (WT), Foxa2 K275Q virus (275Q) or Foxa2
K259,275QQ mutant (2xQ). 50ug of protein liver lysates was loaded per lane. C)
Quantification of pAKT signal relative to global AKT signal. The differences are not
statistically significant. Error bars represent arithmetic mean +/- standard deviation.
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Discussion
We analyzed glucose and lipid homeostasis in diabetic db/db males using adenovirusmediated delivery of Foxa2 acetylation mutants through a systemic tail vein injection. The
tail vein injection of adenovirus vector results in almost exclusive liver expression of
targeted construct, although some other tissues posses the Coxsackie adenovirus receptor
(CAR) and the alphavbeta3 and alphavbeta5 integrin complexes necessary for the viral entry
(H. Fechner et al., 1999).
Adenovirus-mediated acute overexpression of Foxa2 acetylation-mimicking mutants
resulted in improved glucose metabolism on Day3 and Day4 post-infection (Figure 3, A),
whereas lipid homeostasis remained unchanged as measured at Day5 (Figure 5). The weight
of the animals remained constant through the treatment, hinting that improved glucose
homeostasis comes from improvements in liver insulin tolerance but not whole-body weight
loss (Figure 3, B). Improvement in glucose levels came most likely secondary to improved
insulin sensitivity in the liver, as exemplified by the insulin tolerance test performed at Day5
(Figure 3, C). Namely, all Foxa2 acetylation-mimicking mutants performed better than GFP, Foxa2WT- or Foxa2 K259R- receiving groups (Figure 3, D). Accordingly, area under the
curve for all acetylation mimicks was significantly lower than that of control groups (Figure
3, E), hinting that acetylation either on individual sites K259 or K275 or on both of them
simultaneously results in comparable improvement in liver insulin sensitivity. Nevertheless,
despite profound improvement in insulin sensitivity, mRNA analysis of Foxa2 targets
revealed no significant regulation on ketogenesis (HMGCS2) or beta-oxidation pathway
(ACADM, CPT1a, VLCAD) (Figure 3, G). Nevertheless, expression of gluconeogenesis
genes such as PEPCK and G6Pase was significantly reduced in the acetylation-mimicking
mutants (Figure 3, G). This drop in gluconeogenesis expression program is a wellestablished indicator of improved liver insulin sensitivity, and shows insulin being more
efficient in repressing starvation gluconeogenesis response (Hyunsook Kim et al., 2003),
(Yin Liang et al., 2004). Surprisingly, in my analysis lipid levels in mouse plasma and liver,
such as NEFA and cholesterol levels in plasma, triglyceride content in liver and plasma were
comparable between mutants at Day5 (Figure 4). It is reported that db/db show maximum
expression of viral protein in first days after infection, such as day 1 to day 4, after which
they progressively lose adenoviral-delivered protein (Kazuhito Fukui et al., 2005). This goes
in line with the blood glucose values I observed, namely maximum reduction in glucose at
Day3 and Day4 post-infection, with glucose values returning to diabetic levels at Day5
already (Figure 3, A). Taken data from (Kazuhito Fukui et al., 2005) and my glucose db/db
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data it is inviting to speculate that maximum effect of Foxa2QQ overexpression took place
at day 1,2 and 3. Subsequently, glucose reaching diabetic levels at Day5 despite residual
improved insulin sensitivity would signal a loss in protective effects of Foxa2 acetylation
mutants. Therefore, the lipid profile might have already been reversed till Day5. Hence,
more investigation is needed, such as analysis of plasma at Day 1, 2, 3 and 4 in order to
pinpoint lipid secretion spike from Foxa2QQ overexpression. In addition, random-fed or refed db/db analysis at Day2 or Day3 is needed to dissect molecular mechanisms of improved
insulin sensitivity. This analysis will clarify another surprising finding, namely absence of
regulation on beta-oxidation and ketogenesis program in the livers of Foxa2-infected
animals (Figure 3, G). Constitutive active liver Foxa2 improves glucose homeostasis
through upregulated ketogenesis and beta-oxidation pathways (Christian Wolfrum et al.,
2004), (Ferdinand von Meyenn et al., 2013), a pathway pathologically repressed in diabetes
and obesity (Mitsuhisa Tabata et al., 2014 ). The biggest effect is seen on beta-oxidation
program of re-fed ob/ob and C57/Bl6 animals expressing different Foxa2 mutants
(Ferdinand von Meyenn et al., 2013). According to this model, insulin inactivates wild-type
Foxa2 upon re-feeding, thus amplifying differences between a constitutive active Foxa2
K259Q or Foxa2 T156A mutants. Hence the absence of such regulation in db/db seems
surprising. One possible explanation is the fading effect of Foxa2 overexpression at time of
the analysis, Day5. This notion is supported by the rising glucose, which at Day5 already
bounces back to the diabetic levels (Figure 3, A). Therefore, the glucose levels might be a
lagging indicator and secondary change to improvements in insulin sensitivity, either due to
transient improvement in hepatic steatosis taking place at Days 1-4, or other unknown
factors prompting insulin sensitivity.
Alternative pathways that increase insulin sensitivity without improvements in hepatic lipid
composition exist. For instance, lipid re-routing has been implicated in improved insulin
resistance. Following liver HDAC3 depletion, animals develop hepatic steatosis but gain
insulin hypersensitivity owing to lipid sequestration and re-routing (Zheng Sun et al., 2012).
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Chapter Three. Analysis of Foxa2QQ Liver Knockin
Background
Deregulation of lipid metabolism in metabolic syndrome correlates with exacerbated insulin
resistance (Shaodong Guo, 2014; Deborah Muoio et al., 2008; Alan R. Saltiel et al., 2001).
Foxa2 is constitutively excluded from the nuclei of diabetic and obese animal models
(Ferdinand von Meyenn et al., 2013; Christian Wolfrum et al., 2004) by constant insulin
signaling. Importantly, forced overexpression of T156A mutant, which cannot be excluded
from the nuclei and remains active under hyperinsulinemic conditions, leads to improved
glucose and insulin homeostasis (Jose P. Silva et al., 2009; Christian Wolfrum et al., 2004).
This applies to constitutive active acetylation-mimicking mutant of Foxa2, when expressed
in liver of ob/ob or db/db animals. Based on virus studies, Foxa2 K259Q, which replicates
acetylated form of Foxa2, cannot be inactivated by insulin and remains active on target
genes driving beta-oxidation in fed wild type or genetically obese ob/ob and db/db animals
(Ferdinand von Meyenn et al., 2013). Based on results from Chapter Two of this study,
double acetylation mutant Foxa2QQ improves insulin sensitivity of db/db animals to the
comparable extent as single-site Foxa2 K259Q and Foxa2 K275Q do. Based on other
acetylation in vivo knockin studies (Alexander S. Banks et al., 2011), we concluded
Foxa2QQ double-site knockin to be the best choice for investigation to avoid in vivo
compensation.
Aims of the study
To explore the effects of Foxa2 regulation in diabetes and obesity, I generated two
transgenic animal models, bearing acetylation mimic or deficient Foxa2 mutant. Foxa2
K259 and K275, identified by mass-spectrometry to be regulated by acetylation in vivo,
were exchanged for acetylation mimicking (K259, 275Q) and acetylation deficient (K259,
275R) pair. In this study I tested the hypothesis that liver-specific Foxa2 K259, 275Q
protects animals from high-fat-diet induced insulin resistance and metabolic abnormalities.
Thus, conditional genetic mutants were placed on high-fat diet and subjected to weight and
blood glucose monitoring, insulin and glucose tolerance tests, as well as evaluation of
plasma parameters such as ketone bodies, insulin and non-esterified acids levels.
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3.1. Cloning of Foxa2QQ mutant
First, the targeting construct was designed using CLC Workbench Program. LoxP sites were
placed to mimic Foxa2 T156A site location in order to preserve correct intron splicing. In
addition, Southern Blotting strategy was designed and tested, and ScaI restriction site came
up as the best candidate. Bacterial Artificial Chromosome (BAC) containing the Foxa2
geneomic region of interest (ROI) was propagated on chloramphenicol-containing plates in
E. coli. After BAC with ROI was concentrated, subcloning step was carried out with ColE1
vector. Using ColE1 vector as a template, its ampicillin resistance cassette and bacterial
replication origin was amplified with long primers bearing 50nucleotide homology region to
the ends of ROI from Foxa2 Bac. In brief, single-colony E.coli bearing Foxa2 BAC were
allowed to grow overnight, washed twice with ice-cold MQ H2O and electroporated
pRed/ET with BioRad Gene Pulser. After allowing bacteria to grow at 300C in the medium
without antibiotics (pRedET has a temperature-sensitive origin), the bacteria were plated on
agar plates containing both chloramphenicol and tetracycline again at 300C. Plasmid
pRedET with tetracycline resistance encodes proteins necessary for bacterial homologues
recombination. Following overnight growth, and another overnight expansion of single
colonies in the liquid culture, pRed/ET expression was induced with L-Arabinose and
incubation at 370C for 1hour. After this step bacteria were expressing protein necessary for
homologues recombination. Thereafter, they were electroporated with a 200ng Sub-PCR
fragment. Following 1h incubation at 370C without antibiotics, bacteria were selected on a
ampicillin-containing plates to promote growth of subcloned recombined vector. Correct
recombination was ensured with restriction digest. Average subcloning efficiency ranged
between 5% and 10%. Overall cloning strategy consistent of four distinct steps.
Step one: subcloning of the ROI from BAC onto ColE1-bearing vector, using bacterial
homologues recombination as described above.
Step two: amplifying first coding exon of Foxa2 (E2 in Figure 6, A) and nucleotides 1-861
of the subsequent intron. Subcloned Foxa2 genomic region on ColE1 served as a template.
In the same PCR reaction the 5’-primer introduced AccI restriction site, ATG and HA on the
first coding exon, while the 3’-primer introduced EcoRI restriction site post 861st nucleotide
of the intron. These restriction sites were used for a directional cloning of the digested PCR
fragment into a pL452 plasmid, thereby introducing LoxP – Neo cassette – LoxP
downstream from 861st nucleotide of Foxa2 intron. The piece containing Exon2, Intron 2 1861 nucleotide was amplified out of pL452-E2 simultaneously adding 50 nucleotides
homologues overhang on both 5’ and 3’ ends as well as ScaI restriction by the 3’-primer.
This PCR product, total size of 2,6 kb was used for bacterial homologues recombination
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with piece ColE1-Foxa2 as described in step 1. Kanamycin was used to screen for
homologues recombinants. Clones with correct restriction pattern were electroporated with
pCRE, bearing Cre-recombinase, to eliminate one LoxP site and the Neo cassette.
Subsequent clones were selected with a high ampicillin concentration to ensure successful
deletion of Neomycin cassette.
Step three: Second coding exon of Foxa2 (E3 in Figure 6, A) was amplified containing NotI
restriction site, last 139 nucleotides from Intron 2, the whole E3, 788 nucleotides of Intron 3
and again NotI restriction site. This amplified piece was TOPO-cloned to propagate the PCR
fragment. After this a site-directed mutagenesis was employed to mutate both K259 and
K275 into two arginine resides (RR) or two glutamine residues (QQ). After ensuring
absence of other unwanted mutations, a piece of E3 containing the correct mutation was cut
out using XmnI and BstZ17I enzymes, followed by a directional ligation of this product into
TOPO-Foxa2-E3 plasmid, resulting in a mutated TOPO-Foxa2-E3’. pL451 plasmid was
modified by adding a 50-nucleotide homology region to Intron 3 with a ScaI restriction site
upstream from FRT sites. For this purpose HindIII unique restriction site of pL451 was
used. A long nucleotide was ordered, digested with HindIII and ligated into pL451. After
successful cloning of the homology region (monitored by sequencing), NotI-digested TOPOFoxa2-E3’ was ligated into NotI-digested pL451 and correct orientation was ensured by
restriction digest.
Step Four:
pL451-Foxa2-E3’ from Step3 was linearized and underwent homologues recombination
with the piece from Step 2, namely ColE1-Foxa2-HA. Resulting construct had therefore
12kb genomic environment upstream and downstream of Foxa2 gene; Exon2 was HAtagged, Intron2 bore a LoxP site, followed by Exon3 wild type, followed by Intron3 with
FRT-Neo-FRT-LoxP an a knockin of mutated Exon3, Exon3’ (Figure 6, A).
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Figure 6. Targeting Strategy and selection of ES cell clones of Foxa2 Acetylation
mutants. A) Scheme of the Foxa2 Targeting construct. Targeted locus, targeting construct
and recombinant locus of Foxa2 acetylation knockin mouse. Southern blotting probes are
outside of targeting region, with Probe1 for upstream probe and Probe2 for the downstream
selection. The second coding exon of Foxa2 (Exon2) was flagged with a HA-tag after the
first codon (ATG). LoxP sites are shown in yellow arrowheads, Flippase recombination site
(Flp) are shown in black diamonds and Neomycin resistance cassette (NeoR) in black
rectangles. Restriction sites for the enzyme ScaI used in ES clone selection are also shown.
Mutated sites, lysine 259 or lysine 275 (K259 and K275) were simultaneously mutated to
either glutamine (QQ) or arginine (RR). B) Southern blotting analysis of targeted,
neomycin-selected ES cell clones from a 96-well plate after ScaI-mediated digestion.
Homologues recombination was detected with both upstream (7.8kbp) and downstream
(8.6kbp) probes. Wild type allele was detected at 13.8kbp. C) One forth of a 70%-confluent
10cm ES cell plate with positive clones was digested with ScaI enzyme and used for
reconfirmation. Wild type band was detected at 13.8kbp and upstream recombinant band
was detected at 7.8kbp. D) Southern blotting analysis of genomic DNA of heterozygous
Foxa2QQfl/+ mice was used to reconfirm the strain.
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3.2. ES cell targeting of Foxa2 acetylation mutants
Targeting vector, subcloned onto ColE1 plasmid, was linearized and electroporated into
C57/Bl6 ES cells. ES cell clones with successful recombination were selected using 340
neomycin (G418) antibiotics. Targeted, Neomycin-selected ES cell clones were handpicked
and expanded on feeders-coated 96 wells. They were subsequently expanded on another 96well plate for DNA extraction. Cells from that plate were lysed and DNA was precipitated
with ethanol overnight. Following a ScaI-mediated restriction of genomic ES cell DNA,
southern blotting upstream and subsequently downstream probe were hybridized to the
membrane. Wild type locus was detected in all clones, giving a band at 13.8kbp.
Recombinant allele was visualized with an upstream probe at 7.8kbp and downstream probe
at 8.6kbp. Roughly 12% of ES cell clones exhibited homologues recombination on one
allele (Figure 6, B). ScaI restriction sites were introduced into targeting construct in a way
that allowed screening with both upstream and downstream probe on one membrane due to
size difference of two fragments. This was made to facilitate detection of faulty clones with
correct integration from one side absence of integration from the other side. Nevertheless,
very few clones exhibited correct integration upstream and incorrect recombination
downstream or visa versa (data not shown).
Subsequently, positive clones were expanded to 70% confluency on a 10-cm plate, some
genomic DNA of those clones was used to re-confirm correct picking (Figure 6, A).
Blastocystal injection of recombinant ES cells was carried out through collaboration with
Prof. Ruelicke, University of Veterinary Medicine Vienna, Austria. For the Foxa2QQ
knockin clone A3 was used, whereas for Foxa2RR mutant clone C4 was used. Chimeric
males were bred to to C57/Bl6 females and black offsprings were analysed by PCR for the
presence of LoxP sites.
As Neomycin cassette may interfere with gene expression, Foxa2fl/+ animals were bred to
Flippase-bearing mice, resulting in elimination of Neomycin cassette through Flp sites,
controlled by PCR (data not shown). Following Cre-dependent recombination, presence of
the knockin was reconfirmed by sequencing of Exon3 of HNF3b gene (Figure 7, A).
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A

Foxa2QQd/+

Foxa2QQd/d

B

Figure 7. Deleter-Cre-mediated excision yields a correct mutation in Foxa2QQ mice.
Foxa2QQ mutation does not affect Foxa2 protein levels in the liver. A) Genomic DNA
of Foxa2QQd/+ xDeleter.Cre and Foxa2QQd/d xDeleter.Cre was PCR-amplified on a second
coding exon of Foxa2 gene. PCR fragment spanning the mutation zone was sequenced.
Presence of mutation in the correct position is evident by lysine’s AAG codon mutated to
CAG, encoding glutamine. B) Western blot analysis of liver of the Foxa2QQ mice crossed
to either Alb.Cre or Deleter.Cre.
Foxa2QQd/+ xDeleter.Cre yields a double peak on A/C peak in the first nucleotide of lysine’s
AAG codon (Figure 7, A). This is due to the heterozygosity on the Foxa2QQ allele. A
homozygous Foxa2QQd/d xDeleter.Cre mouse shows fully mutated position, CAG, which
encodes glutamine (Figure 7, A). Hence, both lysine residues K259 and K275 were correctly
mutated. In addition, Foxa2 protein levels in livers were unaffected by the mutation, as
shown in case of Alb.Cre and Deleter.Cre (Figure 7, B). Insertion of LoxP sites into Foxa2
introns therefore have not disturbed, as liver Foxa2 expression levels of wild-type-bearing
Foxa2fl/+ are comparable to those of Foxa2fl/+; Alb.Cre, global heterozygous knockin
Foxa2fl/+; Deleter.Cre and global homozygous knockin Foxafl/fl;Deleter.Cre.
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3.3. Biochemical analysis of Foxa2-acetylation-mimicking knockin mice.
Foxa2	
   is	
   activated	
   upon	
   starvation	
   through	
   glucagon-‐induced	
   p300	
   acetylation	
  
(Ferdinand	
   von	
   Meyenn	
   et	
   al.,	
   2013).	
   Foxa2	
   acetylation	
   seems	
   to	
   be	
   dominant	
   over	
  
phosphorylation	
   in	
   terms	
   of	
   nuclear	
   localization,	
   which	
   indicates	
   that	
   deacetylation	
  
could	
  be	
  a	
  priming	
  signal	
  for	
  phosphorylation	
  and	
  hence	
  nuclear	
  exclusion.	
  Based	
  on	
  
evidence	
   from	
   Chapter	
   2	
   and	
   the	
   fact	
   that	
   viral	
   Foxa2	
   K259Q	
   was	
   active	
   on	
   CPT1a,	
  
VLCAD	
   and	
   ACADM	
   (MCAD)	
   promoters	
   in	
   livers	
   of	
   fed	
   mice	
   as	
   opposed	
   to	
   wild-‐type	
  
controls,	
  I	
  investigated	
  if	
  Foxa2QQ	
  remains	
  active	
  in	
  livers	
  of	
  fed	
  mice	
  in	
  vivo.	
  	
  
3.3.1. Foxa2QQ liver-specific knockin exhibit lower gluconeogenesis program after refeeding with unchanged glucose output.
A	
  comparison	
  between	
  Foxa2QQ	
  liver-‐specific	
  knockin	
  and	
  Foxa2fl/fl	
  littermate	
  controls	
  
revealed	
  no	
  differential	
  gene	
  expression	
  regulation	
  following	
  a	
  16	
  hour	
  fast	
  (Figure	
  8,	
  
A-‐D).	
  In	
  chow	
  as	
  well	
  as	
  in	
  high-‐fed	
  diet-‐fed	
  males	
  Foxa2	
  target	
  genes	
  involved	
  in	
  beta-‐
oxidation	
   (CPT1a,	
   VLCAD,	
   ACADM	
   (MCAD))	
   and	
   ketogenesis	
   (HMGCS2)	
   remained	
  
unchanged.	
  Furthermore,	
  no	
  changes	
  were	
  observed	
  across	
  gluconeogenesis	
  program	
  
(G6Pase,	
   PEPCK,	
   PGC1a)	
   as	
   well	
   as	
   bile-‐acid	
   metabolism	
   (Cyp3a11,	
   Gsta1)	
   and	
   mTORC	
  
inhibitors	
   (Ddit4,	
   Trib3,	
   Tsc1)	
   (Figure	
   8,	
   A-‐D).	
   After	
   re-‐feeding,	
   a	
   surge	
   in	
   insulin	
   is	
  
inactivating	
   liver	
   Foxa2	
   through	
   Akt-‐dependent	
   phosphorylation	
   on	
   T156,	
   leading	
   to	
  
its	
   chromatin	
   dissociation	
   and	
   nuclear	
   exclusion	
   (Christian	
   Wolfrum	
   et	
   al.,	
   2003).	
  
Foxa2	
  acetylation-‐mimicking	
  mutant	
  is	
  not	
  inactivated	
  by	
  insulin	
  when	
  overexpressed	
  
in	
   livers	
   and	
   hepatocytes	
   of	
   mice	
   (Ferdinand	
   von	
   Meyenn	
   et	
   al.,	
   2013).	
   In	
   case	
   of	
  
chronic	
   conditional	
   knockin,	
   however,	
   Foxa2QQ	
   males	
   exhibited	
   reduced	
  
gluconeogenesis	
  program	
  at	
  two	
  time	
  points,	
  namely	
  at	
  2.5	
  hour	
  re-‐feeding	
  and	
  4	
  hour	
  
re-‐feeding	
   (Figure	
   8,	
   A	
   and	
   B).	
   PEPCK,	
   PGC1a,	
   and	
   G6Pase	
   were	
   slightly	
   but	
  
significantly	
   reduced	
   in	
   mouse	
   livers	
   of	
   Foxa2QQ	
   knockin	
   as	
   compared	
   to	
   Foxa2fl/fl	
  
littermate	
  controls.	
  This	
  trend	
  was	
  not	
  observed	
  in	
  females	
  (data	
  not	
  shown)	
  and	
  was	
  
not	
  present	
  on	
  HFD-‐fed	
  males	
  (Figure	
  8,	
  C	
  and	
  D).	
  	
  
As	
   this	
   reduction	
   might	
   result	
   in	
   reduced	
   liver	
   glucose	
   output,	
   I	
   have	
   performed	
   an	
  
intraperitoneal	
   pyruvate-‐tolerance	
   test	
   on	
   males	
   fasted	
   for	
   16	
   hours	
   over	
   the	
   dark	
  
cycle	
   (Figure	
   8,	
   E).	
   Nevertheless,	
   Foxa2QQ	
   liver-‐specific	
   knockin	
   males	
   showed	
   no	
  
difference	
   in	
   glucose	
   output	
   rate	
   over	
   Foxa2fl/fl	
   littermate	
   controls.	
   Induction	
   of	
  
gluconeogenesis	
  by	
  its	
  direct	
  substrate	
  pyruvate	
  was	
  yet	
  visible	
  at	
  20	
  and	
  40minutes	
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post-‐induction	
   with	
   blood	
   glucose	
   picking	
   up	
   from	
   3.5mM	
   to	
   6	
   and	
   8mM	
   range	
   (Figure	
  
8,	
   E).	
   	
   Trying	
   to	
   recreate	
   the	
   observed	
   phenotype	
   in	
   hepatocyte	
   culture,	
   I	
   isolated	
  
hepatocytes	
  of	
  two	
  different	
  genotypes	
  and	
  subjected	
  them	
  to	
  insulin	
  treatment	
  of	
  1h,	
  
2h,	
  4	
  h	
  and	
  6h.	
  Nevertheless,	
  even	
  after	
  minimal	
  time	
  in	
  culture	
  hepatocytes	
  have	
  lost	
  
their	
   PEPCK	
   expression,	
   along	
   with	
   beta-‐oxidation	
   program,	
   probably	
   due	
   to	
  
dedifferentiation	
   (data	
   not	
   shown),	
   making	
   it	
   impossible	
   to	
   investigate	
   effects	
   of	
  
insulin	
   action	
   on	
   those	
   target	
   genes.	
   Therefore,	
   it	
   remains	
   challenging	
   to	
   dissect	
  
metabolic	
   phenotypes	
   ex	
   vivo	
   due	
   to	
   complex	
   physiological	
   network	
   necessary	
   for	
  
proper	
  expression	
  of	
  metabolic	
  genes.	
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Figure 8. Liver-specific Foxa2QQ knockin mice exhibit lower target gene expression
upon re-feeding but no difference in pyruvate tolerance. A) Three to five 8-weeks old
Foxa2QQfl/fl;Alb.Cre (Liver Foxa2QQ), Foxa2fl/fl (Liver Foxa2WT) males were fasted
overnight and re-fed for 2.5h. Gene expression was measured relative to 36B4 ribosomal
protein.

B) Five to eight Foxa2QQfl/fl;Alb.Cre (Liver Foxa2QQ) and Foxa2fl/fl (Liver

Foxa2WT) males were fasted overnight and re-fed for 4h. Foxa2 target gene expression was
assessed relative to 36B4 ribosomal protein. C) Four to six ten-week old HFD-fed females
(C) or males (D) were fasted over the dark cycle for 16h and refed for 4h. Their livers were
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collected and relative expression of Foxa2 targets was measured. E) Ten-week old chow-fed
males were fasted for 24 h and injected intraperitoneally with 2g/kg Pyruvate diluted in
PBS. Their tail vein blood glucose levels were measured at indicated intervals. Values
represent arithmetic mean +/- standard deviation. Statistical analysis was performed using
two-tailed, unpaired Student’s t-test. *P>0.05, **P>0.01, ***P>0.001.
In	
   case	
   of	
   Foxa2QQ	
   mice	
   responding	
   faster	
   to	
   re-‐feeding,	
   liver	
   insulin	
   sensitivity	
   might	
  
be	
  mirrored	
  in	
  kinetics	
  of	
  Akt	
  phosphorylation	
  by	
  the	
  kinase	
  being	
  activated	
  faster	
  in	
  
Foxa2QQ	
  mice.	
  Thus,	
  I	
  have	
  measured	
  Akt	
  activation	
  after	
  insulin	
  stimulation	
  ex	
  vivo	
  in	
  
hepatocytes	
   of	
   two	
   different	
   genotypes	
   and	
   at	
   time	
   points	
   5min,	
   10min,	
   15min	
   and	
  
20min	
   (Figure	
   9).	
   Sequential	
   as	
   well	
   as	
   side-‐by-‐side	
   loading	
   of	
   genotypes	
   and	
   time	
  
points	
   exemplifies	
   no	
   significant	
   difference	
   in	
   Akt	
   phosphorylation	
   on	
   S473	
   as	
  
normalized	
   to	
   total	
   Akt	
   levels	
   (Figure	
   9,	
   E).	
   The	
   phosphorylation	
   of	
   Akt	
   is	
   nevertheless	
  
so	
  potent	
  that	
  it	
  causes	
  size	
  shift	
  in	
  global	
  Akt	
  band	
  as	
  seen	
  on	
  Figure	
  9	
  A,	
  B	
  and	
  C.	
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Figure 9. Phosphorylation of AKT on S473 following 500nM insulin stimulation. A) and
B) Hepatocytes from three male 10-week old mice of each genotype, either Foxa2fl/fl
(Foxa2WT) or Foxa2fl/fl;Alb.Cre+ (Foxa2QQ) were isolated and mixed together.
Hepatocytes were stimulated for a respective amount of time with 500nM Insulin by adding
insulin to the Hepatocyte culture medium. After the incubation time has elapsed,
hepatocytes were lysed with 200ul IP Buffer. C) and D) Western blotting showing Akt
phosphorylation on S473 following insulin stimulation. One-to-one comparison of various
time points between Foxa2fl/fl or Foxa2fl/fl;Alb.Cre+ (signed with QQ). E) Phosphorylation
of AKT on S473 was normalized to AKT and presented as a part of the initial time point, 0
minutes. Values represent arithmetic mean +/- standard deviation.
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3.3.2. Liver insulin sensitivity markers and Foxa2 protein stability are unaffected in
Foxa2QQ knockin livers and hepatocytes.
I tested the hypothesis that Foxa2QQ liver-specific knockin would result in improved insulin
sensitivity on molecular level through unfailing expression of Foxa2 target genes involved
in ketogenesis and beta-oxidation. Importantly, adenovirally delivered liver Foxa2QQ
normalized glucose levels in db/db animals, although gene expression pattern was not
affected at the day of sacrifice, day 5. To test the abovementioned hypothesis, I have
measured liver Akt phosphorylation of Foxa2QQ liver-specific knockin animals as
compared to wild-type Foxa2fl/fl animals following insulin injection on fasting/re-feeding on
chow and high-fat diet (Figure 10). Importantly, insulin injection resulted in similar levels of
Akt phosphorylation in livers of Foxa2QQ-bearing and Foxa2 WT mice on chow diet
(Figure 10, A). Upon 16 hours fasting and 4 hours re-feeding, two different genotypes
exhibited once more no difference in terms of phospho-Akt levels normalized to global Akt
levels (Figure 10, B). In addition, fasting and re-feeding animals of different genotypes
yielded no significant difference in Akt phosphorylation when Foxa2 WT was compared to
Foxa2QQ males (Figure 10, C).
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A

B

C

Figure 10. Liver insulin sensitivity measured by AKT phosphorylation is unaffected in
Foxa2QQ mutant upon insulin stimulation or fasting and re-feeding conditions. A)
Chow-fed 10-week old males of wild-type Foxa2 (fl/fl) or Foxa2 liver knockin (Alb+) were
fasted for 3 hours over the light cycle and injected with 0.75U insulin per kilogram body
weight. Twenty minutes after insulin stimulation, animals were sacrificed and their livers
were collected for whole liver protein lysates. Akt activation was assessed using antibodies
against phosphorylated T308 (pT308) or phosphorylated S473 (pS473) of Akt. Global antiAkt antibodies and anti-b-actin antibodies were used as loading controls. B) Chow-fed
animals were fasted overnight for 16h (Fasted) and some were re-fed for 4 hours over the
light cycle (Refed). Their liver Akt activation was measured by pS473 levels as normalized
to global Akt levels. C) HFD-fed males 26 weeks old, of that 22 weeks on HFD, fasted
either overnight for 16 hours (Fasted) or fasted overnight and subsequently re-fed for 4
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hours (Refed) during the light cycle. Liver Akt phosphorylation was assessed using antipS473 antibodies. One lane corresponds to one animal.
It was suggested that feeding status might influence Foxa2 levels through degradation in a
nutrient-dependent manner (Rogier van Gent et al., 2014). According to this study, Foxa2 is
stabilized by acetylation on twelve lysine residues, including K6, K259, K264, K274, K275,
K149, K226, K229, K253, K256, K365, K399 in response to nutrient deprivation, as
investigated in human embryonic kidney (HEK293T) cell line. Therefore, I investigated
Foxa2 liver levels of Foxa2QQ liver-specific knockin and Foxa2 WT mice as measured by
highly-specific anti-HA antibody upon fasting, re-feeding or insulin injection (Figure 11). In
contrast to the model proposed to van Gent and collegues, Foxa2QQ mutation did not grant
any stabilization effect in vivo. Even more importantly, Foxa2 WT levels did not drop
following 4 hour re-feeding of animals (Figure 11), despite significant increase in blood
glucose and insulin levels in such re-feeding experiments. Therefore, it seems that Foxa2
levels are not regulated by proteasome-mediated degradation in vivo in response to nutrient
status. Same picture was observed following high-fat-diet challenge. Livers of 26-week old
males of both genotypes exhibited similar strong Foxa2 signal irrespective of nutrient
availability, as demonstrated by HA signal in livers of fasted and re-fed animals (Figure 11,
C). Insulin injection, administered by after a short 3 hour fast over the light cycle, did not
influence global liver Foxa2 levels (Figure 11, A). Nevertheless, insulin induced strong Akt
phosphorylation (Figure 10, A) as well as prominent IRS1 phosphorylation (Figure 11, A).
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A

B

C

Figure 11. Liver-specific Foxa2QQ knockin exhibits unchanged levels of HA-tagged
Foxa2

protein

under

various

metabolic

conditions.

A)

Eight-weeks

old

Foxa2QQfl/fl;Alb.Cre (Alb+), Foxa2fl/fl (fl/fl) chow-fed males were fasted for 3 hours over
the light cycle and injected with Insulin at 0.75U/kg body weight. Whole-liver protein
lysates were prepared and analyzed with anti-phospho-IRS1, anti-HA and anti-beta-actin
antibodies. B) Chow-fed animals were fasted overnight for 16h (Fasted) and some were refed for 4 hours over the light cycle (Refed). Their liver Foxa2 levels were measured by HA
signal as normalized to beta-actin signal. C) HFD-fed males 26 weeks old, of those 22
weeks on HFD, were fasted overnight for 16 hours (Fasted) or fasted overnight and
subsequently re-fed for 4 hours (Refed) during the light cycle. Liver Foxa2 levels were
assessed using anti-HA antibodies. One lane corresponds to one animal.
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To further dissect how acetylation influences Foxa2 stability in vivo when the transcription
factor is expressed at physiological levels, I measured Foxa2 degradation using protein
translation inhibitor, cycloheximide. Cycloheximide inhibits translocation step of tRNA and
the mRNA molecule respective to the ribosome, thus abrogating protein translation in
eukaryotes. In isolated hepatocytes, endogenous Foxa2 levels remained unchanged after 1
hour of cycloheximide treatment, but started dropping at 3 and 6 hours, with roughly 50% of
initial levels remaining after 20 hours of treatment (Figure 12, A-C). Importantly,
hepatocytes of Foxa2QQ liver-specific knockin and those of Foxa2fl/fl littermates (Foxa2
WT) showed no significant difference in Foxa2 levels as normalized to initial Foxa2
abundance. This proves that Foxa2 acetylation on K259 and K275 does not grant protection
against degradation as suggested by (Rogier van Gent et al., 2014) but also does not
accelerate degradation as could be inferred from gluconeogenesis target gene expression
(Figure 8, A and B).
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Figure 12. Stability of liver Foxa2 HA-tagged protein is unaffected by QQ mutation in
mouse hepatocytes. A) Hepatocytes from three male 10-week old mice of Foxa2fl/fl
(Foxa2WT) were isolated and mixed together. Once attached, hepatocytes were treated with
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10ug/ml cycloheximide solution for a respective amount of time. After the incubation time
has elapsed, hepatocytes were lysed with 200ul IP Buffer and analyzed via Western
Blotting. HA-tagged endogenous Foxa2 levels were visualized using anti-HA antibody,
whereas loading consistency was ensured with anti-HSP90 antibody. B) Same analysis as in
(A) was performed on three 10-week old males of Foxa2fl/fl;Alb.Cre+ (Foxa2QQ) genotype.
C) Quantification of optical density of HA-tagged endogenous Foxa2 relative to initial (0)
time point. Values represent arithmetic mean +/- standard deviation.
3.4. Cohort analysis of Foxa2QQ liver-specific knockin
Conditional	
   knockin	
   of	
   liver	
   Foxa2	
   T156A	
   granted	
   protection	
   from	
   diet-‐induced	
  
obesity	
   and	
   diabetes	
   (Ozren	
   Stojanovich,	
   unpublished	
   data).	
   	
   Similarly	
   to	
   T156A	
  
mutant,	
   which	
   cannot	
   be	
   inactivated	
   by	
   insulin,	
   overexpression	
   of	
   Foxa2	
   acetylation-‐
mimicking	
   mutant	
   via	
   virus	
   delivery	
   to	
   the	
   liver	
   of	
   db/db	
   animals	
   improved	
   glucose	
  
metabolism	
   of	
   those	
   animals	
   (Chapter	
   2	
   of	
   this	
   study).	
   In	
   addition,	
   Foxa2	
   K259Q	
  
mutant	
   remained	
   nuclear	
   and	
   active	
   on	
   target	
   genes	
   in	
   hyperinsulinemic	
   ob/ob	
  
animals	
   (Ferdinand	
   von	
   Meyenn	
   et	
   al.,	
   2013).	
   Therefore,	
   I	
   have	
   investigated	
   the	
  
hypothesis	
  that	
  conditional	
  knockin	
  of	
  liver-‐specific	
  Foxa2QQ	
  grants	
  protection	
  against	
  
high	
   fat-‐diet	
   induced	
   obesity	
   and	
   steatosis.	
   For	
   this	
   purpose	
   I	
   have	
   analyzed	
   knockin	
  
males	
   and	
   females	
   as	
   compared	
   to	
   their	
   wild	
   type	
   littermate	
   controls	
   on	
   a	
   high	
   fat	
   diet	
  
challenge.	
  
3.4.1. Foxa2QQ liver-specific knockin mice display weight and blood glucose levels
similar to those of controls on chow and high fat diet
Males of Foxa2QQ liver-specific knockin exhibited weight gain in line with that of their
Foxa2fl/fl littermates (Figure 13, A). Animals were put on high-fat diet immediately after
weaning, at 4 weeks of age. Their	
   weight	
   and	
   glucose	
   measurements	
   were	
   take	
   bi-‐
weekly	
   after	
   4-‐5	
   hour	
   fast	
   over	
   the	
   light	
   cycle	
   (Figure	
   13).	
   Weight	
   gain	
   difference	
  
between	
   chow	
   and	
   high-‐fat-‐diet	
   group	
   became	
   apparent	
   and	
   significant	
   at	
   16	
   weeks	
   of	
  
age,	
   that	
   is	
   at	
   12th	
   week	
   of	
   high-‐fat-‐diet	
   feeding	
   (Figure	
   13,	
   A).	
   Over-‐the-‐day	
   fasting	
  
glucose,	
  as	
  opposed	
  to	
  that,	
  remained	
  unchanged	
  between	
  the	
  groups	
  (Figure	
  13,	
  C	
  and	
  
D).	
   However,	
   overnight	
   fasting	
   produced	
   a	
   significant	
   discrepancy	
   in	
   blood	
   glucose	
  
levels	
   of	
   chow	
   versus	
   high-‐fat-‐diet	
   cohort,	
   a	
   sign	
   of	
   the	
   diet	
   challenge	
   disrupting	
  
normal	
   glucose	
   metabolism	
   and	
   insulin	
   sensitivity	
   (Figure	
   13,	
   B).	
   Nevertheless,	
   fasting	
  
blood	
   glucose,	
   weight	
   gain	
   and	
   over	
   the	
   day-‐fasting	
   blood	
   glucose	
   was	
  
indistinguishable	
  between	
  the	
  genotypes	
  (Figure	
  13,	
  A-‐D).	
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Figure 13. Liver-specific Foxa2QQ knockin males exhibit similar weight gain as well as
similar blood glucose levels on chow and high-fat-diet challenge. A) Weight
development of Foxa2QQfl/fl;Alb.Cre (Liver Foxa2QQ) and Foxa2fl/fl (Liver Foxa2WT)
either on high-fat-diet (HFD) or chow diet. B) Overnight fasting glucose (Fasted 16h) of
chow-fed or HFD-fed males. C) Blood glucose of chow-fed 5h-fasted animals was measured
at two-week intervals at 14:00. D) Blood glucose of HFD-fed 5h-fasted animals was
measured at two-week intervals at 14:00. Values represent arithmetic mean +/- 1 SD.
Statistical analysis was performed using two-tailed, unpaired Student’s T-test. *P>0.05,
**P>0.01, ***P>0.001.
Female	
   cohorts	
   exhibited	
   a	
   similar	
   pattern,	
   with	
   no	
   difference	
   between	
   genotypes	
   in	
  
respect	
  to	
  blood	
  glucose	
  or	
  weight	
  gain	
  on	
  both	
  chow	
  and	
  high-‐fat	
  diet	
  (Figure	
  14,	
  A-‐
D).	
  The	
  gain	
  from	
  the	
  high-‐fat	
  diet	
  became	
  significantly	
  different	
  from	
  the	
  chow	
  group	
  
at	
  14	
  weeks	
  of	
  age,	
  that	
  is	
  after	
  10	
  weeks	
  of	
  high-‐fat-‐diet	
  feeding	
  (Figure	
  14,	
  A).	
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Figure 14. Liver-specific Foxa2QQ knockin females exhibit similar weight gain as well
as similar blood glucose levels on chow and HFD challenge. A) Weight development of
Foxa2QQfl/fl;Alb.Cre (Liver Foxa2QQ) and Foxa2fl/fl (Liver Foxa2WT) either on high-fatdiet (HFD) or chow diet. B) Overnight fasting glucose (Fasted 16h) of chow-fed or HFD-fed
females. C) Blood glucose of chow-fed 5h-fasted animals was measured at two-week
intervals at 14:00. D) Blood glucose of HFD-fed 5h-fasted animals was measured at twoweek intervals at 14:00. Values represent arithmetic mean +/- 1 SD. Statistical analysis was
performed using two-tailed, unpaired Student’s T-test. *P>0.05, **P>0.01, ***P>0.001.
3.4.2. Foxa2QQ mice and controls display similar glucose metabolism parameters on
chow and high fat diet
High-fat-diet induces peripheral insulin and glucose intolerance, and the extend of those
changes becomes evident on intraperitoneal insulin and glucose tolerance tests. As evident
from Chapter 2 of this study, Foxa2 acetylation mutants when overexpressed in the livers of
db/db mice improve liver insulin sensitivity (Figure 3, C and D) and lead to normalization of
blood glucose (Figure 3, A). Therefore, I have investigated the hypothesis that chronic liver	
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specific knockin of Foxa2QQ will result in improved insulin and glucose tolerance,
especially evident on HFD due to nuclear exclusion and inactivation of wild-type Foxa2
(Jessica J. Howell et al., 2009).
Peripheral insulin tolerance in males as measured by intraperitoneal insulin tolerance test
revealed no difference between genotypes (Figure 15, A and B). Intraperitoneal glucose
tolerance test followed the suit, showing similar glucose uptake capacity between Foxa2QQ
liver-specific knockin and Foxa2 WT controls (Figure 15, C). On HFD, despite using twice
the insulin dose used for chow cohort, males exhibited similar glucose drop (Figure 15, D
and E), suggesting that insulin tolerance was impaired. Nevertheless, the two genotypes
showed no difference in insulin sensitivity, an indication that Foxa2QQ knockin did not
protect males from HFD-induced impairments in glucose metabolism. Intraperitoneal
glucose tolerance test (Figure 15, F) with lower absolute glucose amount than used for chow
cohorts revealed no difference between genotypes. The HFD efficiency was exemplified by
a plateauing glucose at 20 and 40 minutes, signaling impaired glucose take-up by peripheral
tissues. This aberrance was absent from chow cohort (Figure 15, C).
Females displayed a similar picture. Foxa2QQ liver-specific knockin females showed
similar insulin tolerance on both chow (Figure 16, A and B) and HFD (Figure 16, D and E).
Glucose tolerance of Foxa2QQ female mutants was also comparable to that of control
littermates on chow (Figure 16, C) and high-fat diet (Figure 16, F). In general and as
expected, females were significantly more sensitive to insulin on chow feeding as compared
to males. With same insulin dose their blood glucose dropped more significantly. In light of
their higher sensitivity, I used only 0.54U/kg for the high-fat diet cohort as well.
Interestingly, females retained better glucose sensitivity on high-fat diet as opposed to
males. This fact is exemplified by a drop in glucose at 40 minutes post injection (Figure 16,
F), which is absent from the male cohort (Figure 15, F).
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Figure 15. Glucose homeostasis of Foxa2QQ liver-specific knockin male mice is
comparable to that of control animals on both chow and HFD. A) and B) Insulin
tolerance of 22-week old Foxa2QQfl/fl;Alb.Cre (Liver Foxa2QQ) and Foxa2fl/fl (Liver
Foxa2WT) chow-fed males was assessed using 0.52U/kg body weight insulin
intraperitoneally. Values represent blood glucose levels in mM (A) and a percentage change
of initial time point (B). Animals were fasted over the light cycle for 3h prior to the
experiment, 09:00-12:00. C) Intraperitoneal glucose tolerance was measured using 2g of
glucose/kg body weights of chow-fed, 23-week old males. Animals were fasted over the
dark cycle for 16h prior to the experiment, which was done on the following day at 09:00.
D) and E)

Insulin tolerance of 22-week old Foxa2QQfl/fl;Alb.Cre (Liver Foxa2QQ),

Foxa2fl/fl (Liver Foxa2WT) HFD-fed males was assessed using 1U/kg body weight insulin
intraperitoneally. Values represent blood glucose levels in mM (D) and a percentage change
of initial time point (E). Animals were fasted as in A) and B). F) Intraperitoneal glucose
tolerance was measured using 1g of glucose per kg of body weights of HFD-fed, 23-week
old males. Animals were fasted as in C). G) Blood glucose levels after fasting/re-feeding of
chow and HFD males. Animals were fasted over the dark cycle for 16h, and then re-fed for 4
hours. Values represent arithmetic mean +/- standard deviation. Statistical analysis was
performed using two-tailed, unpaired Student’s t-test. *P>0.05, **P>0.01, ***P>0.001.
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Figure 16. Glucose homeostasis of Foxa2QQ liver-specific knockin female mice is
comparable to that of control females on both chow and HFD. A) and B) Insulin
tolerance of 22-week old Foxa2QQfl/fl;Alb.Cre (Liver Foxa2QQ) and Foxa2fl/fl (Liver
Foxa2WT) chow-fed females was assessed using 0.52U/kg body weight insulin
intraperitoneally. Values represent blood glucose levels in mM (A) and a percentage change
of initial time point (B). Animals were fasted over the light cycle for 3h prior to the
experiment, 09:00-12:00. C) Intraperitoneal glucose tolerance was measured using 2g of
glucose/kg body weights of chow-fed, 23-week old males. Animals were fasted over the
dark cycle for 16h prior to the experiment, which was done on the following day at 09:00.
D) and E)

Insulin tolerance of 22-week old Foxa2QQfl/fl;Alb.Cre (Liver Foxa2QQ),

Foxa2fl/fl (Liver Foxa2WT) HFD-fed males was assessed using 1U/kg body weight insulin
intraperitoneally. Values represent blood glucose levels in mM (D) and a percentage change
of initial time point (E). Animals were fasted as in A) and B). F) Intraperitoneal glucose
tolerance was measured using 1g of glucose per kg of body weights of HFD-fed, 23-week
old females. Animals were fasted as in C). Values represent arithmetic mean +/- standard
deviation. Statistical analysis was performed using two-tailed, unpaired Student’s t-test.
*P>0.05, **P>0.01, ***P>0.001.
Plasma insulin levels of chow-fed fasted males (Figure 17, A) and HFD-fed fasted and refed males (Figure 17, B) remained unchanged. In addition, females exhibited no genotypedependent difference in plasma insulin levels as measured in fasted chow-fed females
(Figure 17, C) and fasted and re-fed HFD-fed females (Figure 17, D). In line with no
difference in fasting blood glucose across genotypes, both females and males of the two
genotypes displayed similar HOMA-IR, a measure of insulin resistance (Figure 17, E). As
expected, the HFD feeding increase HOMA-IR values.
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Figure 17. Insulin resistance of Foxa2QQ liver-specific knockin male and female mice
is comparable to that of control animals on both chow and HFD. A) and B) Plasma
insulin levels were measured using Rat Insulin ELISA in chow- (A) and HFD-fed mice (B)
following either 16h fast or 4h re-feeding. C) and D) Plasma insulin levels of chow-fed (C)
or HFD-fed (D) females. E) and F) Homeostatic model of assessment (HOMA) method was
employed to measure insulin resistance (IR), insulin and glucose values in fasted state were
used. HOMA-IR = (Glucose*Insulin)/22.5. Glucose was expressed in Molar Units, mmol/L
and Insulin in mU/L. Each group contains 7-11 animals. Statistical analysis was performed
using two-tailed, unpaired Student’s t-test. *P>0.05, **P>0.01, ***P>0.001.
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3.4.3. Lipid metabolism is unchanged in Foxa2QQ liver-specific knockin
Foxa2 activates beta-oxidation, ketogenesis and liver lipid secretion, which lead to improved
hepatic steatosis and protection against obesity (Christian Wolfrum et al., 2004; Christian
Wolfrum et al., 2006). In addition, Foxa2 K259Q was shown to induce ketogenesis when
overexpressed in livers of ob/ob animals (Ferdinand von Meyenn et al., 2013)
Despite observed phenotype in case of acute liver overexpression, triglyceride plasma
content in males remained unchanged across genotype on chow and high-fed-diet animals
(Figure 18, A and B). Non-esterified fatty acids, also named free fatty acids (FFA), originate
from fatty tissues under fasting conditions as a result of triglyceride hydrolysis or from food
source. In liver, FFA are packaged into VLDL and are secreted. Inappropriately elevated
FFA levels correlate with advancement of metabolic syndrome and may further damage
peripheral tissues, such as beta-cells and muscle through upregulation of ER stress (Keith N.
Frayn et al., 1997). Importantly, non-esterified fatty acid plasma content remained
comparable between genotypes on both chow and HFD, fasted and re-fed animals (Figure
18, C and D). Ketone bodies, induced upon fasting, were elevated after an overnight fast on
chow and HFD-feeding, and dropped after re-feeding (Figure 18, E and F). Nevertheless,
Foxa2QQ did not lead to increased ketone body production under any metabolic challenge.
Plasma cholesterol on HFD remained comparable across genotypes (Figure 18, G). As
expected, HFD challenge lead to significant increase in liver adiposity, as exemplified by
elevated liver glycerol-blanked triglycerides (Figure 18, H). As a result of high fat intake
liver triglyceride content was more than three times higher as opposed to that of chow-fed
controls.
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Figure 18. Plasma values of Foxa2QQ liver-specific knockin male mice is comparable
to that of control males on both chow and HFD. A) and B) Glycerol-blanked plasma
triglycerides of 25-week old Foxa2QQfl/fl;Alb.Cre (Liver Foxa2QQ) and Foxa2fl/fl (Liver
Foxa2WT) chow-fed males was assessed after 16h overnight fast and following a 4-hour refeeding. C) and D) Plasma ketone bodies were measured in fasted and re-fed males on either
chow (C) or high-fed diet (D). E) and F) Non-esterified fatty acids (NEFA) were measured
in plasma of either chow-fed (E) or high-fat-diet-fed animals. G) Plasma cholesterol values
were measured upon fasting/re-feeding of high-fat-diet males. H) Glycerol-blanked
triglycerides were measured in whole liver of chow- and HFD-fed males. Values represent
arithmetic mean +/- standard deviation. Each group contains 7-15 animals, consistent across
all analysis, with the exception of H), where each group contains 4 animals. Statistical
analysis was performed using two-tailed, unpaired Student’s t-test. *P>0.05, **P>0.01,
***P>0.001.
In line with results from males and overall absence of insulin-sensitivity differentiation,
females exhibited similar lipid metabolic profile when two genotypes were compared.
Namely, their plasma triglyceride levels remained the same across genotypes, under both
fasting and re-fed condition on both chow and high-fat diet (Figure 19, A and B). Ketone
bodies concentration, a major read-out for Foxa2QQ, remained similar between Foxa2QQ
and wild-type littermates, under fasting, re-feeding and both diets (Figure 19, C and D).
Non-esterified fatty acid plasma concentration remained the same compared between
genotypes on both fasting and re-feeding conditions, on chow or high-fat diet (Figure 19, E
and F). Similar to males, plasma cholesterol of females remained unchanged in HFD under
fasting or re-feeding conditions (Figure 19, G).
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triglycerides of 25-week old Foxa2QQfl/fl; Alb.Cre (Liver Foxa2QQ) and Foxa2fl/fl (Liver
Foxa2WT) chow-fed females was assessed after 16h overnight fast and following a 4-hour
re-feeding. C) and D) Plasma ketone bodies were measured in fasted and re-fed males on
either chow (C) or high-fed diet (D). E) and F) Non-esterified fatty acids (NEFA) were
measured in plasma of either chow-fed (E) or high-fat-diet-fed animals. G) Plasma
cholesterol values were measured upon fasting/re-feeding of high-fat-diet females. H)
Glycerol-blanked triglycerides were measured in whole liver of chow- and HFD-fed males.
Values represent arithmetic mean +/- standard deviation. Each group contains 7-15 animals,
consistent across all analysis, with the exception of H), where each group contains 4
animals. Statistical analysis was performed using two-tailed, unpaired Student’s t-test.
*P>0.05, **P>0.01, ***P>0.001.
Discussion
In insulin resistance, insulin effectively suppresses liver lipid catabolism program,
consisting of beta-oxidation, ketogenesis and lipid secretion; however, in this pathologic
state insulin fails to suppress gluconeogenesis. Lack of lipid catabolism, upregulated lipid
synthesis as well as elevated postprandial gluconeogenesis contribute to and further
exacerbate metabolic syndrome (Shaodong Guo, 2014). Foxa2 is downregulated by insulin
action via Akt-mediated phosphorylation on T156 (Christian Wolfrum et al., 2003).
Upregulation of Foxa2, which is achieved either by overexpressing T156A mutant (Jose P.
Silva et al., 2009; Christian Wolfrum et al., 2004) which is irresponsive to insulin or by
p300-mediated glucagon acetylation (Ferdinand von Meyenn et al., 2013). Sirt1 is generally
believed to be activated in starvation, a statement corroborated by metabolic action of
resveratrol, Sirt1 activator. This does not go in line with our research, as Foxa2 is activated
by acetylation in starvation. Sirt1 discrepancy can be addressed with following
considerations: 1) The data that beneficial action of resveratrol is mediated by Sirt1
activation has been challenged, as resveratrol does not necessarily directly upregulate Sirt1
activity in vivo (Michelle Pacholec et al., 2010); 2) Sirt1 has been shown to be upregulated
as well as downregulated in high-fat diet and calorie restriction (Laura Bordone et al., 2007;
Danica Chen et al., 2008); 3) Sirt1 has a broad network of targets, including Foxo1, PGC1a
and SREBP1 (J. K. Dowman et al., 2010; K. Reynolds et al., 2005). In case of acute Sirt1
activation, deacetylation and subsequent activation of PGC1a, driving catabolic program,
might override effects of Sirt1 on other targets such as Foxa2. Additionally, activation of
p300, an acetyltransferase responsible for Foxa2 acetylation, was shown to be mediated by
glucagon (Yi Liu et al., 2008).
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When Foxa2 acetylation-mimicking mutant is overexpressed in mouse livers it proves to be
beneficial for glucose metabolism by enhancing ketogenesis. Therefore, I have investigated
conditional liver knockin of Foxa2QQ mutants.
The targeting construct of total 22kbp (Figure 6, A) was cloned using pRED/ET subcloning
and recombination technique in bacteria. Due to long homology arms of combined over
10kbp homologues recombination was observed in ES cells at a frequency of over 12%
(Figure 6, B). Following re-confirmation of clones, blastocystal injection and breeding with
necessary Cre lines, functionality of Cre sites was reconfirmed by global Deleter.Cre
knockin. Namely, when genomic DNA was sequenced, Foxa2QQd/+ line showed a double
peak on A/C in the first nucleotide of lysine’s AAG codon (Figure 7, A). The homozygous
mouse Foxa2QQd/+ showed a completely mutated position, CAG, encoding glutamine
(Figure 7, A). Protein levels were not changed by the mutation (Figure 7, B). This leads me
to conclude that the mutation and insertion of LoxP sites did not disturb the intron
environment of the Foxa2 gene. In addition, it hints that the stability of Foxa2 was not
perturbed in the random-fed state by the Foxa2QQ mutation.
When active forms of Foxa2 are overexpressed in the liver of diabetic animals, glucose
homeostasis shows reversal to normal through upregulated beta-oxidation and ketogenesis
target genes (Ferdinand von Meyenn et al., 2013; Christian Wolfrum et al., 2003; Christian
Wolfrum et al., 2006). This effect is also observed with T156A conditional knockin mutant
in livers of HFD-fed or even chow animals (Ozren Stojanovich, unpublished data).
However, expression analysis of Foxa2 target genes on chow and high-fat diet revealed no
differential regulation on beta-oxidation program (Figure 8, A-D). Surprisingly, Foxa2QQ
animals showed lower gluconeogenesis target gene program expression, including G6Pase
and PGC1a but exclusively in the re-fed state (Figure 8, A-B). This effect was observed on
two time points post-re-feeding, namely 2.5h and 4h time point. This effect was absent from
female cohort and not reproducible in HFD animals. Importantly, this lower expression of
gluconeogenesis genes does not manifest itself on any physiological readout examined, with
most classical test being pyruvate tolerance test (Figure 8, E). Pyruvate, a direct substrate for
gluconeogenesis, is feeding into the glucose synthesis pathway, leading to increased blood
glucose after injection. Nevertheless, chow-fed Foxa2QQ males, otherwise having reduced
expression of gluconeogenesis program, performed similarly on pyruvate test compared to
Foxa2fl/fl wild-type controls. This hints that Foxa2QQ mutation leads to a slight difference in
the gluconeogenesis gene expression program after re-feeding in chow-fed males, however
has no physiological implications.
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Akt kinetics is an important readout for insulin sensitivity, and with the evidence of blunted
gluconeogenesis program in re-fed Foxa2QQ males I investigated kinetics of Akt
phosphorylation in hepatocytes. However, Foxa2QQ hepatocytes display time frame and
intensity of Akt activation similar to controls, as measured by S473 phosphorylation
normalized to total Akt signal (Figure 9). This goes in line with Foxa2QQ performing
similarly in pyruvate tolerance test as well as further metabolic testing (discussed below)
and indicates that observed drop in gluconeogenesis program in Foxa2QQ males post-refeeding might be too minuscule to affect liver metabolism. Attempts to recreate observed
gluconeogenesis mRNA phenotype in hepatocytes had no success, as PEPCK, G6Pase and
PGC1a expression was nearly extinct from hepatocytes (data not shown). With insulin
addition, hepatocytes stop differentiating, which leads to re-activation of hepatocyte-specific
program such as gluconeogenesis.

Therefore, studying suppression of target genes by

insulin is challenging, as target genes in both control and Foxa2QQ are moving in the
opposite direction. This, complemented by low beta-oxidation gene expression levels, is
indicative of metabolic program being sensitive to even short culturing of hepatocytes. Thus,
this finding highlights the challenges of metabolic mRNA studies in cell culture, even a
primary and relevant cell culture of hepatocytes.
Furthermore, I supplemented hepatocyte analysis with the study of in vivo insulin sensitivity
of Foxa2QQ mice following insulin injection (Figure 10). In line with hepatocyte analysis,
Foxa2QQ and control mice exhibited comparable levels of Akt activation on T308 and S473
as normalized to total Akt levels (Figure 10, A). In addition, Akt was activated to a similar
extent in fast Foxa2QQ and control animals, as well as re-fed Foxa2QQ and control animals
(Figure 10, B). Importantly, re-fed animals from Figure 10, A correspond to re-fed animals
from Figure 8, A. This together with metabolic data again points towards the mRNA
phenotype being too subtle to cause metabolic changes. On HFD, fasted and re-fed
Foxa2QQ mutants had similar levels of pAkt as compared to controls (Figure 10, C).
Activated pAkt is downstream from IRS1, phosphorylation of which was also comparable
between the two genotypes (Figure 11, A).
Recent reports have suggested Foxa2 being upregulated by acetylation in human embryonic
kidney HEK293T cell line (Rogier van Gent et al., 2014). The authors propose that Sirt1mediated deacetylation leads to Foxa2 degradation via proteasome, which takes place in a
state of nutrient abundance. Nevertheless, wild-type Foxa2 is not degraded by re-feeding or
insulin injection in vivo, neither on chow nor high-fat diet (Figure 11). Importantly, Foxa2
wild type and FoxaQQ levels remain unchanged in various metabolic states in livers. The
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discrepancy between study of van Gent and this study might stem from: 1) Overexpression
needed to introduce ectopic Foxa2 into a cell culture; 2) Differential regulation of Foxa2
stability in cell culture versus liver tissue in vivo. Additionally, the study proposes knockin
in all twelve lysine residues in order to see a transcriptional difference on the luciferase
assay. Whereas there might be enhanced effect by knockin of all lysines, this study has
refrained from such extreme modification to retain physiological relevance of Foxa2 and
avoid modifications in the protein’s DNA-binding domain.

Nevertheless, this study

investigated differential stability of endogenous Foxa2QQ and Foxa2 wild-type protein in
hepatocytes. Importantly, Foxa2QQ and Foxa2fl/fl hepatocytes display similar decrease of
Foxa2 protein levels upon cycloheximide treatment, with levels first declining at 3 hours
time point. At the end of the measured time, at 20 hours post treatment, levels of both
Foxa2QQ and Foxa2 wild type protein dropped to 50% of initial concentration (Figure 12).
Therefore, acetylation-mimicking mutation on K259 and K275 does not influence Foxa2
stability, neither under cycloheximide treatment nor in case of fasting, re-feeding and insulin
injection. Moreover, wild type endogenous Foxa2 is not regulated by fasting, re-feeding and
insulin administration (Figure 11).
Due to pronounced improvements in glucose metabolism of db/db and ob/ob mice after
Foxa2 K259Q, Foxa2 K275Q and Foxa2QQ liver overexpression, I have studied Foxa2QQ
liver-specific knockin on high-fat diet. Weight gain and glucose blood glucose of Foxa2QQ
both males (Figure 13) and females (Figure 14) on chow and HFD developed in a manner
indistinguishable from that of controls. The evidence for HFD efficiency include
significantly higher weight gain of the HFD groups of both genders, as well as elevated
blood glucose levels following an overnight fast. Importantly, ITT and IPGTT showed no
difference in glucose and insulin tolerance in males on chow and HFD (Figure 15) as well as
females on chow and HFD (Figure 16). Again, evidence for glucose intolerance in male
HFD group included plateauing glucose at 20 minutes and 40 minutes time, an abnormality
absent from chow male cohort (Figure 15).
In line with unchanged liver insulin sensitivity, plasma and liver triglyceride concentration
has also stayed constant across two genotypes, males (Figure 18) and females (Figure 19) on
both chow and HFD. Foxa2 controls maturation of VLDL particles, main reservoirs of
plasma triglycerides, and their liver secretion in case of starvation when adenoviral Foxa2 is
overexpressed in livers of ob/ob mice (Christian Wolfrum et al., 2006). Liver triglycerides
are elevated in the HFD group, and are a part of pathological elevated liver liposity
(Deborah Muoio et al., 2008). Absence of plasma triglycerides difference further
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corroborates the notion that Foxa2 acetylation is dispensable in diabetes and obesity.
Furthermore, ketone bodies, although highly elevated in fasting state, are unchanged across
the two genotypes in males (Figure 18) and females (Figure 19) on both chow and HFD.
This represents a crucial piece of evidence that in vivo Foxa2 acetylation plays minimal role
in development and progression of metabolic syndrome. In line with abovementioned
studies, Foxa2QQ mice showed no difference in plasma non-esterified fatty acid
concentration as well as cholesterol concentration, both males (Figure 18) and females
(Figure 19) on chow and HFD. Taken together, the study speaks for Foxa2 acetylation on
K259 and K275 being dispensable in the development and progression of diabetes. Possible
explanations for the discrepancy to the virus data (Chapter 2) and virus ob/ob data
(Ferdinand von Meyenn et al., 2013) are:
1) Levels issues arising from Foxa2 overexpression under CMV promoter when
delivered adenovirally. The expression levels of Foxa2 on Day 5 are approximately 5
fold higher than Foxa2 wild type levels in the GFP control (Figure 3, F). With
glucose effect already abiding by Day 5 (Figure 3, A) in line with fast adenovirus
turnover in db/db livers (Kazuhito Fukui et al., 2005), it is save to assume even
higher expression levels prior to Day 5. Therefore, abnormally high Foxa2
overexpression levels might have enhanced beneficial effect of Foxa2 on glucose
metabolism.
2) Acute overexpression has obliterated a possibility of compensatory mechanisms,
which were in place in under physiological chronical knockin of Foxa2QQ.
3) Knockin of all twelve acetylated lysine residues are necessary in order to observe a
phenotype, as proposed for Foxa2 after an in vitro study by (Rogier van Gent et al.,
2014) and an in vivo study for Foxo1 (Alexander S. Banks et al., 2011). If this holds
true, a 12Q mutant of Foxa2 should exhibit beneficial effect on glucose metabolism
in db/db mice in low virus dosages. Thus it should be possible to titrate the virus to
the concentration where incremental increase in acetylation correlates to incremental
decrease in glucose, such as Foxa2QQ having little to know effect but 12Q
displaying blood glucose reduction. This experiment will address the question of
insufficiency of acetylation in this study.
In summary, Foxa2 acetylation on K259 and K275 as mimicked in this study by Foxa2QQ
mouse is dispensable for the development of diabetes and obesity, granting no protection
against symptoms of metabolic syndrome induced by a high-fat-diet. In line with that,
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stability of Foxa2QQ protein as well as molecular markers of liver insulin sensitivity are
unchanged upon Foxa2QQ knockin under various metabolic conditions.
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Chapter Four. Analysis of Foxa2QQ Pancreas Knockin Mutant
Background
Foxa2 has been implicated in multiple pathways governing islet development and function.
Foxa2 knockout mice exhibit lethal hypoglycemic hyperinsulinemia. This effect is
speculated to come from downregulation of Foxa2 targets, Kir6.2 and Sur1 (Newman J.
Sund et al., 2001), (Nan Gao et al., 2007). The two genes encode a pore forming and a
regulatory subunit respectively of inwardly rectifying K+ channel. Once the ATP/ADP ratio
rises on elevated blood glucose, the channel closes, allowing depolarization of the beta-cell
membrane and subsequent insulin exocytosis (Tim J. Craig et al., 2008).
Recently, Foxa2 was shown to be excluded from nucleus in T2D humans and in dispersed
pancreatic islet cells upon palmitate exposure (Kazuaki Ohtsubo et al., 2011). The
abovementioned study also proposes that this aggravates defects in GSIS due to reduced
expression of glycosyltransferase GnT-4a, a Foxa2 target. Reduction in GnT-4a diminishes
surface residency of Glut-2, which is necessary for appropriate glucose uptake. Transgenic
GnT-4a animals, overexpressing the glycosyltransferase, are protected from HFD-induced
hyperglycemia and subsequent hyperinsulinemia, fatty liver, impaired glucose tolerance and
insulin resistance.
Aim of the study
Based on the studies of (Kazuaki Ohtsubo et al., 2011) and (Nan Gao et al., 2010), I tested
the hypothesis that pancreas-specific expression of dominant Foxa2QQ confers protection
against metabolic disease due to unfailing expression of Foxa2 transcriptional targets GnT4a, Glut2, Kir 6.2 and Sur1. Therefore, my first aim was to reproduce Foxa2 nuclear
exclusion findings from (Kazuaki Ohtsubo et al., 2011) by analyzing ob/ob, db/db and HFDfed animals. Second aim was to metabolically assess health benefits of pancreas-specific
knockin of Foxa2QQ on chow and HFD. In case of metabolically relevant phenotype, the
study would have further investigated the putative mechanism.
4.1. Foxa2QQ islet-specific knockin grants no protection against HFD-induced glucose
impairments
In order to establish a system of nuclear exclusion of islet Foxa2, I analyzed HFD,
hyperphagic and diabetic animal models. However, Foxa2 remained nuclear in islets of
metabolically challenged mice. Namely, Foxa2 retained its normal nuclear localization in
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pancreases of male C57/Bl6 mice following 12 weeks of HFD (Figure 20, A). Importantly,
this was observed in both fasted and re-fed state. There were no differences in tissue
appearance or in Foxa2 staining in islet and acinar tissue compared to chow-fed littermates.
In addition, hyperphagic ob/ob males on C57/Bl6 background and diabetic db/db males on
BKS background exhibited similar nuclear localization pattern for Foxa2 (Figure 20, B). In
addition, expression of well-established Foxa2 targets in islets of Foxa2fl/fl; Rip.Cre males
was undistinguishable from that of Foxa2fl/fl littermates (Figure 20, C). PDX1 is a wellestablished target of Foxa2 (Catherine S. Lee et al., 2002), which further downstream
controls expression of Insulin, which is not a direct Foxa2 target. Mgat4a encodes
glycosyltransferase responsible for docking of Glut2-bearing vesicles in vicinity of the
plasma membrane (Kazuaki Ohtsubo et al., 2011). Both Glut2 and Mgat4a are direct
transcriptional targets of Foxa2 and are unaffected by the Foxa2QQ knockin. Kir6.2 and
Sur1, comprising ATP-sensitive K+-channel, are the two primary targets of Foxa2 heralded
as drivers for lethal hyperinsulinemic hypoglycemia of beta-cell-specific Foxa2 KO
(Newman J. Sund et al., 2001). Nevertheless, their expression remains unaffected by
Foxa2QQ knockin.

	
  

74	
  

A

with DAPI

with DAPI

with DAPI

B

with DAPI

with DAPI

C
Relative expression

2.0
Foxa2 WT Islets

1.5

Foxa2 QQ Islets

1.0
0.5

	
  

In
s2
G
lu
ca
go
n

X1

r1

PD

Su

G
lu
t2
M
ga
t4
a
H
N
F1
a
K
ir
6.
2

0.0

75	
  

Figure 20. Cellular Foxa2 localization is unchanged upon HFD and in genetically obese
animal models; Foxa2 target gene expression is unchanged in chow-fed islet-specific
Foxa2QQ knockin. A) C57/Bl6 HFD-fed males were sacrificed at 16 weeks of age,
following 12 week of HFD feeding. Controls were chow-fed littermate males. Pancreases of
either overnight fasted or re-fed animals was paraformaldehyde-fixed, cryo-embedded and
analyzed with immunofluorescence. Foxa2 is visualized through red staining, whereas
nuclei are stained blue with DAPI. Foxa2 displayed nuclear localization in HFD-fed fasted,
HFD-fed re-fed and control animals. Images show a representative field, N=3-4. B)
Pancreases of genetically hyperphagic ob/ob males of 16 weeks of age, as well as
hyperglycemic db/db animals on BKS background of 14 weeks of age were analyzed at
random-fed conditions as described in A), N=3-4. C) Islets of male Foxa2QQ islet-specific
knockin (Foxa2QQ Islets) and Foxa2fl/fl controls were isolated at 10-12 weeks of age, chow
diet. Islets were processed immediately after isolation for RNA extraction. N=3-8. Values
represent arithmetic mean +/- 1 SD. Statistical analysis was performed using two-tailed,
unpaired Student’s T-test. *P>0.05, **P>0.01, ***P>0.001.
To assess health benefits of islet-specific Foxa2QQ knockin, I have analyzed mutant male
mice and their male littermate controls on chow and HFD conditions. I tested the hypothesis
that expression of constitutive active Foxa2QQ would protect mutants against HFD-induced
beta-cell dysfunction, leading to improved performance on IPGTT. On HFD the animals
developed a significantly higher weight as compared to chow-fed littermate controls (Figure
21, A). The discrepancy in weight started being evident at 8 weeks of age (4 weeks HFD).
Nevertheless, both Rip.Cre control, Foxa2QQ islet-specific knockin and Foxa2fl/fl controls
gained weight in a similar manner (Figure 21, B and C). Animals were additionally fasted
biweekly over the day for 5 hours, after which their tail vein blood glucose was measured.
Foxa2QQ islet-specific knockin, Rip.Cre controls and Foxa2fl/fl males exhibited similar
blood glucose, a value seemingly unaffected by the HFD feeding.
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Figure 21. Islet Foxa2QQ and control mice develop similar weight and blood glucose
pattern on HFD. A) Weight development of Foxa2QQfl/fl;Rip.Cre (Islet Foxa2QQ) and
Foxa2fl/fl (Islet Foxa2WT) as well as Rip.Cre controls. B) Blood glucose of chow-fed 5hfasted animals was measured at two-week intervals at 14:00. C) Blood glucose of HFD-fed
5h-fasted animals was measured at two-week intervals at 14:00. Values represent arithmetic
mean +/- 1 SD. Statistical analysis was performed using two-tailed, unpaired Student’s Ttest. *P>0.05, **P>0.01, ***P>0.001.
In line with the aim of the study, I have assessed insulin and glucose sensitivity of isletspecific Foxa2QQ knockin compared to Rip.Cre controls and Foxa2fl/fl controls. Chow-fed
mice displayed no difference in insulin tolerance test (as expressed in absolute glucose
values and a percentage of inititial timetpoint, Figure 22 A and B). Same applied to IPGTT
(Figure 22, C), which showed that glucose sensitivity is unaffected by the Foxa2QQ
mutation. On HFD intraperitoneal insulin tolerance remained comparable between isletspecific Foxa2QQ knockin, Foxa2fl/fl and Rip.Cre controls. This result was mirrored by
IPGTT, which revealed that Foxa2QQ islet-specific knockin does not improve glucose
tolerance in HFD-fed mice (Figure 22, F). Although the glucose content injected per
kilogram of body mass was lowered for HFD-fed animals to avoid glucose reaching levels
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beyond measuring capacity, the mice displayed a characteristic glucose intolerance plateau
at minute 40 as compared to minute 20 post-injection. As evident from Figure 22, C, the
glucose in healthy chow-fed males drops significantly at 40 minutes after initial spike at 20
minutes. The plateauing glucose of HFD animals (Figure 22, F) signals impaired glucose
uptake due to HFD feeding. Interestingly, blood glucose following long 16h fast was
significantly elevated in HFD-fed animals as opposed to chow-fed littermate controls
(Figure 22, G). This effect was not observed following 5h-fast during the day (Figure 21 B
and C). This again points to impaired glucose homeostasis in HFD-fed animals, hinting at
higher liver rate of gluconeogenesis, blunted peripheral insulin sensitivity and glucose
uptake.
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Figure 22. Glucose homeostasis of Foxa2QQ Islet-specific knockin male mice is
comparable to that of control animals on both chow and HFD. A) and B) Insulin
tolerance of 22-week old Foxa2QQfl/fl;Rip.Cre (Islet Foxa2QQ) and Foxa2fl/fl (Islet
Foxa2WT) chow-fed males was assessed using 0.52U/kg body weight insulin
intraperitoneally. Values represent blood glucose levels in mM (A) and a percentage change
of initial time point (B). C) Intraperitoneal glucose tolerance was measured using 2g of
glucose/kg body weights of chow-fed, 23-week old males. Animals were fasted over the
dark cycle for 16h prior to the experiment. D) and E) Insulin tolerance of 22-week old
Foxa2QQfl/fl;Rip.Cre (Islet Foxa2QQ), Foxa2fl/fl (Islet Foxa2WT) and Rip.Cre (Rip.Cre)
HFD-fed males was assessed using 1U/kg body weight insulin intraperitoneally. Values
represent blood glucose levels in mM (D) and a percentage change of initial time point (E).
F) Intraperitoneal glucose tolerance was measured using 1g of glucose per kg of body
weights of HFD-fed, 23-week old males. Animals were fasted over the dark cycle for 16h
prior to the experiment. G) Blood glucose values after fasting for 16h over the dark cycle
and re-feeding for 4h over the light cycle. Values represent arithmetic mean +/- standard
deviation. Statistical analysis was performed using two-tailed, unpaired Student’s t-test.
*P>0.05, **P>0.01, ***P>0.001.
Discussion
The study of beta-cell specific Foxa2QQ knockin on chow and HFD diets tested the
hypothesis that expression of constitutive active Foxa2QQ mutant will protect animals from
HFD-induced impairments in glucose homeostasis, granting improvements in glucose
tolerance tests. First, the study sought a model for nuclear Foxa2 exclusion in pancreas,
based on reports by Ohtsubo and colleagues in 2011 that Foxa2 is excluded from the betacell nuclei of HFD-fed animals (Kazuaki Ohtsubo et al., 2011). Nevertheless, this study
could not reproduce the finding of the abovementioned group (Figure 19, A), despite taking
same C57/Bl6J strain and identical HFD from the same provider. This might be due to
different housing environments or inevitable variations between HFD batches. Therefore,
having analyzed ob/ob, db/db and different feeding statuses of HFD animals, this study
challenges robust nuclear exclusion of Foxa2 in beta-cells as a modus for Foxa2 regulation.
Second, the study discovered no significant effect of Foxa2QQ beta-cell-specific knockin on
target gene expression (Figure 20, C). After testing the hypothesis whether Foxa2QQ
expression would protect mice from HFD-induced impairments in glucose homeostasis, this
study reveled that beta-cell specific Foxa2QQ knockin gained weight and had similar 5hfasting blood glucose levels as controls. In addition, physiological testing unveiled no
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impact of the mutation on glucose or insulin tolerance both on HFD and chow feeding. This
result again disputes the significance of Foxa2QQ knockin in protecting beta cell secretory
function. Again, it might be due to the fact that conditions necessary for Foxa2 exclusion on
HFD as reported by (Kazuaki Ohtsubo et al., 2011) were not achieved in this study. This
would in turn have a negative effect that the wild-type Foxa2 was still active in the nucleus,
therefore Foxa2QQ was not able to provide any additional benefits to the metabolically
challenged animals. The study demonstrates that the HFD challenge does deteriorate glucose
homeostasis, as first highlighted by significant weight gain starting from week 8 of age, or
4th week of HFD feeding (Figure 21, A). Over the day fasted blood glucose remained
unchanged by HFD (Figure 21 B and C), as opposed to 16h fasting blood glucose, which
was highly elevated in HFD-fed but not chow-fed animals (Figure 22, G). Re-fed blood
glucose was again equalized between the two groups (Figure 21, G). Additional evidence for
HFD efficiency comes from plateauing blood glucose at 40min IPGTT (Figure 22,F) in the
HFD group as opposed to sharp drop from 20 to 40min in chow-fed animals (Figure 22, C).
In summary, Foxa2 remains nuclear upon various metabolic stresses, such as in db/db or
ob/ob genetically obese animals and HFD fed and fasted animals. Foxa2QQ beta-cell
specific knockin does not grant protection against metabolic imbalance induced by HFD
feeding.
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Chapter Five. Impact of Acetylation on Protein Functionality
Non-histone protein acetylation field gathered attention once Sir2 was shown to influence
longevity in budding yeasts and nematodes (Heidi A. Tissenbaum et al., 2001). Sir2 was
shown to repress insulin-like signaling pathway upstream of DAF16, a nematode homologue
of Foxo transcription factors. Possible involvement of HDACs and HATs in regulating
protein activity was enticing. Original studies relied heavily on inhibiting or overexpressing
HATs and HDACs, most commonly Sirt1 and p300. However, in search of explanation of
observed phenotypes only several if not one target was singled out. Importantly, these
enzymes target plethora of proteins. And even if presence of acetylation is conclusively
shown on endogenous proteins, its effect on acetylation has to be proven. For instance,
recently Sirt1-/- mouse embryonic fibroblasts (MEFs) were studied using stable isotope
labeling by amino acids in cell culture (SILAC). It was discovered that over 10% of all
theoretically possible acetylation sites were affected (Chunaram Choudhary et al., 2014).
This shows the scope of Sirt1 action. In addition, many inhibitors and activators of HATs
and HDACs were later discovered to have off-target effects (Michelle Pacholec et al., 2010).
Furthermore, early acetylation studies relied heavily on co-overexpression, luciferase
systems and other correlational evidence. Whereas this should be used as a starting point in
investigation, genetic knockin mutant mimicking either acetylated or deacetylated state is
the tool of choice for conclusively proving role of acetylation.

Despite conclusive

preliminary evidence, genetic models failed to reconfirm observed phenotype in vivo, as in
case of p53 (T. Iwakuma et al., 2007) and my study. With other targets, genetic evidence is
still missing.
Acetylation of PGC1a. The story of PGC1a acetylation provides arguably the most
dynamic and entertaining example of how acetylation field evolved, relying initially on
correlative evidence and switching gears on whether acetylation is activatory or inhibitory.
Initial studies were carried out in cell culture systems while overexpressing both factors,
which might enhance their interaction and false positive rate. Originally, it was proposed
that interaction of p300 with PGC1a enhanced the transcriptional factor’s activity. The coexpression of p300 and PGC1a were employed to show activation of PGC1a-Gal4 construct
by p300/CBP on a luciferase system. Not only are these studies detached from in vivo
mechanisms, but also an alternative explanation, such as conformational change due to Gal4
fusion, is possible. Therefore, presence of PGC1a in a complex with p300 has coined in the
notion of possible acetylation of PGC1a and even further, that such acetylation regulates
PGC1a activity (Pere Puigserver et al., 1999). In line with that, some later overexpression
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cell culture studies found that Sirt1 reduces cell oxygen consumption. Namely, ectopic
overexpression of Sirt1 in mammalian cell line PC12 decreased oxygen consumption by
approximately 25% (Shino Nemoto et al., 2005). From the plethora of explanations, the
authors later picked PGC1a as a possible target based on Puigserver work (Pere Puigserver
et al., 1999). To study protein-protein interaction, PGC1a was again fused to Gal4 protein.
This might alter PGC1a structure, leading to artifacts. Furthermore, Sirt1 was cooverexpressed with the PGC1a. As a control, Sirt1 mutant lacking deacetylase activity was
used. The study observed increased overexpression of Sirt1 to decrease Renilla signal. In
addition, the study tried to prove physiological interaction by co-immunoprecipitating two
overexpressed proteins. Although indicative of interactions, such co-immunoprecipitation
still relies on overexpression system and might not stem from physiologically relevant
association. Therefore, neither of experiments conclusively proved acetylation to activate
PGC1a in a physiological chromatin content. Additionally, the study admitted the
relationship between Sirt1 and oxygen consumption is complex. Namely, in the study, both
knockdown and overexpression of Sirt1 reduced oxygen consumption (Shino Nemoto et al.,
2005). Furthermore, effects of Sirt1 overexpression on oxygen consumption do not
necessarily take place through PGC1a. A knockdown or knockout of PGC1a has to be tested
in this context. And finally, mere interaction does not prove 1) presence and 2) relevance of
the acetylation on the effect.
Later, the field switched gears and a novel hypothesis emerged. Namely, that deacetylation
is activatory for PGC1a function. This change took place as in vivo studies have shown
endogenous PGC1a deacetylation after exercise in mice, albeit in only one out of three
muscles tested (Carles Cantó et al.). The study argued that deacetylation contributed to
upregulation of mitochondrial biogenesis and fatty acid breakdown by activated PGC1a. The
rest of the study focused on overexpressed PGC1a in C2C12 muscle cell culture. The
strongest argument of the article comes from the fact that AICAR failed to fully activate
PGC1a as measured by exogenous luciferase reporter in Sirt1-/- fibroblasts. After Sirt1
reintroduction, the full activation took place. However, due to ectopic nature of luciferase
essay, this does not provide insights into mechanics on physiological levels and on
physiological promoters. It can be that such interaction does not enhance or does not even
take place within enhancer complex. Later in vivo studies coined in more correlative
evidence. For instance, in fasting livers PGC1a is induced on mRNA level, whereas Sirt1
protein abundance in increased, without further evidence of Sirt1 activity (Joseph T.
Rodgers et al., 2005). In addition, a proof for Sirt1 and PGC1a hinges on hepatocyte ex vivo
overexpression of PGC1a and concomitant knockdown of Sirt1. In the Sirt1 knockdown,
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glucose output is blunted. The authors pinpoint observed effect on a single putative target of
Sirt1, PGC1a. Other targets and off-target effects are possible in case of overexpression. In
addition, in my study I observed hepatocyte culture to dedifferentiate at an astonishing speed
even in most favorable conditions, leaving little room for physiologically meaningful
experiments. A further study by the same group co-immunoprecipitated GCN5 from a cell
culture overexpressing PGC1a. Direct interaction was confirmed via in vitro binding assay.
Acetylation was proven in cell culture overexpressing both the target, PGC1a, and the
enzyme, GCN5. Although this proves the possibility of acetylation, presence of such
modification and interaction on physiological levels has to be proven. And more, change in
PGC1a activity post acetylation has to be confirmed. Fao hepatic cell culture was later used
for virus overexpression of PGC1a, GCN5 or both. The author saw reduction of
gluconeogenesis target genes of PGC1a when GCN5 was coexpressed (Carles Lerin et al.,
2006). In addition, overexpression of adenoviral GCN5 in mouse livers has led to reduced
pyruvate conversion, as well as reduced PEPCK and G6Pase expression levels. Importantly,
other targets of GCN5 overexpression have to be excluded to show PGC1a involvement.
Furthermore, although a starting point of the research, overexpression might multiply weak
non-significant effects. Furthermore, CMV promoter used by Rodger and colleagues, Lerin
and colleagues and in my study might lead to non-physiological interactions and non-target
site enrichment. Therefore, Rodgers et al. study has to be reconfirmed with acetylationmimicking knockin. To this date, however, there is no genetic model of PGC1a acetylation
showing observed phenotype.
Acetylation of p53. Acetylated p53 was discovered by utilizing HDAC inhibitors and
measuring p53 activity via luciferase assay. Acetylation was claimed to promote p53 proapoptotic activity (Ying Zhao et al., 2006). In addition, it was suggested that acetylation
promotes p53 stability by abolishing its ubiquitination and subsequent proteasomal-mediated
degradation (Muyang Li et al., 2002). However, recent reports called this into question.
Namely, although Sirt1 deacetylates p53, p53 acetylation state has no effect on cell survival
either in cell lines or primary human cells of the mammary gland. In addition, most studies
highlighting the role of p53 acetylation need to concomitantly inhibit Sirt1 – an intervention
that by itself might have broad consequences. Numerous chemical compounds were used to
inhibit Sirt1, such as NAM and EX-527 (Muyang Li et al., 2002). They in turn might have
broad implications and off-target effects apart from Sirt1 inhibition. Acetylation of p53
coincides with transcriptional activation on p53-target genes. Acetylation plays major role in
transcription initiation, therefore, p53 co-acetylation as an off-target effect of transcription
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initiation has to be ruled out. Importantly, mutational studies in mice and SNPs studies in
humans revealed most crucial regulatory residues to be serines as opposed to lysine.
Namely, mutations in amino-terminal serines has broad implications on p53 stability,
examples include S18 and S23 in mouse, S15 and S20 in humans, as well as carboxyterminal serine residues. Various studies failed to conclusively show importance of
acetylation on functionality of p53. When seven carboxy-terminal lysines were mutated to
arginine, mice were born at expected Mendelian ratio and exhibited normal phenotype.
Additionally, there was no disruption on protein stability, cell-cycle progression and
apoptotic function. The only observed difference was ex vivo in gamma-irradiated
thymocytes. There, acetylation-deficient p53 accumulated more efficiently in mutants than
in wild-type, suggesting stronger transcriptional activation on target genes (T. Iwakuma et
al., 2007). Therefore, abovementioned study similar to my study showed relatively small
phenotypic manifestation of activatory mutation. Importantly, evidence from cell culture,
coupled with overexpression and transfection, predicted much stronger effect on stability
and transcriptional activity (Muyang Li et al., 2002). This highlights challenges in
extrapolating data from cell culture onto physiological systems.
Acetylation of Foxo1. Foxo1 acetylation field also went through alternating stages of belief
and skepticism. For long time there existed little unity over whether acetylation is activatory
or inhibitory, hinting at subtle tuning acetylation provides. Nevertheless, the discussion was
recently resolved by Foxo1 acetylation-mimicking and deficient genetic models.

This

genetic study showed deacetylation to be activatory, while acetylation to be an inhibitory
signal (Alexander S. Banks et al., 2011). To this date this is one of few acetylation stories
where a genetic animal model exhibited strong predicted phenotype.
Originally, Foxo family acetylation drew attention after Sir2 homologue in nematodes was
shown to positively regulate lifespan through suppression of insulin-like hormone signaling
cascade (Heidi A. Tissenbaum et al., 2001). Interactions between CBP and Foxo1 were first
identified by a yeast two-hybrid screen (Nargis Nasrin et al., 2000).
Although endogenous CBP and Foxo1 were co-immunoprecipitated from serum-starved
HepG2 cells, acetylation was conclusively shown only after overexpression of both CBP and
Foxo1 in HEK293T. Afterwards, in vitro acetylation was employed to identify acetylation
sites. By incubating HAT (GST-CBP) and GST-Foxo1 WT or acetylation-deficient mutants
incubated together the authors identified the K242 and K245 as acetylation cites (Hiroaki
Daitoku et al., 2004). Using luciferase assay, the authors postulated acetylation being
inactivatory for Foxo1. Importantly, luciferase assay is not subjected to complex chromatin
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dynamics, and therefore, in conjuncture with overexpression levels, might not represent
physiologically relevant finding. Analogues experiments with Gal4-Foxo1, and luciferase
assay with strongly enhanced 5xUAS-MLP promoter, together with overexpressed Sirt1
showed deacetylation to be activatory for Foxo1 (Hiroaki Daitoku et al., 2004). However,
overexpressing two proteins increase likelihood of their interaction, and does not prove this
modification or interaction is relevant in vivo on physiological levels. In addition, strong
reinforcement of promoter multiplies the effects of small transcriptional changes. However,
this does not prove the observed phenomenon holds true on physiological levels,
physiological promoter and naturally occurring Sirt1 abundance (Inna Nusinzon et al.,
2003).
In contrast to abovementioned study, other researchers found acetylation to be activatory,
and deacetylation to be deactivatory for Foxo1 and Foxo3A3. A similar approach of
luciferase assays was employed (Nullin Divecha Maria Carla Motta, Madeleine Lemieux,
Christopher Kamel, Delin Chen, Wei Gu, Yvette Bultsma, Michael McBurne, Leonard
Guarente, 2004). This highlights challenges of ex vivo investigation and possible artifacts
from using slightly different reagents.
However, the discussion was resolved once a genetic knockin model was created. Lysine
residues 219, 242, 245, 259, 262, 271, and 291 were mutated ether to glutamine (Q) or
arginine (R) in the knockin mouse. Lysine 219 is located in DNA-binding domain (156232), and 291 in the nemo-like kinase (NLK)-binding domain (transactivation domain).
Therefore, disruption of DNA binding by acetylation is a possibility. Foxo1Q mutant was
embryonically lethal, reinforcing the notion that acetylation is inhibitory for Foxo1 activity.
Foxo1R mutant showed impaired insulin action on hepatic gluconeogenesis, supporting
deacetylation as activatory signal for Foxo1 (Alexander S. Banks et al., 2011).
To summarize, the field of protein acetylation started with in vitro acetylation assays, as
well as cell culture overexpression studies relying on correlational evidence. For many
proteins, direct evidence of acetylation altering protein activity is still missing. Once animal
models were created, some showed little effect of acetylation on protein functionality. Based
on our current knowledge, observed discrepancies between cell culture and genetic models
might be due to:
1) non-physiological luciferase readouts employed in early studies, which are not
subjected to complex chromatin dynamics;
2) multiplication of small non-significant changes as a result of strong overexpression;
3) binding of transcription factors to weak target sites as a result of overexpression;
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4) concomitant overexpression of both Sirt1 and its target or p300 and its target, which
enhances probability of their interactions and might lead to forced coimmunoprecipitation, although physiological interaction might not take place;
5) inhibition or activation of Sirt1 or p300 either by chemical compounds or by altering
their mRNA levels. First, Sirt1 and p300 have a broad array of targets, including first
and foremost histones. Therefore, pinpointing their effect onto one target is
challenging. Second, chemical compounds not only promote non-physiological
acetylation levels by shifting chemical equilibrium, but also might have off-target
effects (Michelle Pacholec et al., 2010).
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Chapter Six. Materials and Methods
6.1. Mouse work
Mouse housing
Mice (C57Bl6N background) were kept on 12h light, 12h dark cycle, with the dark cycle
starting at 6pm. The use of transgenic animals and all experimental procedures was
approved by the Ethics committee of the Kantonale Veterinäramt Zürich. Mice were kept on
high-fat diet (C1090-60, Altromin) with 60% of calories coming from fat. Chow controls
were kept on chow diet (3437, KLIBA NAFAG), whereas breeding animals were kept on
breeding vitamin-fortified diet (3807, KLIBA NAFAG). Mice were bred in breeding cages
with two females and one male; pups were weaned at 3 to 4 weeks of age. For experiments,
mice were euthanized in a CO2 camera according to EPIC guidelines. Diabetic db/db
littermate males on BKS background were ordered at 9 weeks of age from Harlan
Laboratories (173/174, Harlan Laboratories).
Virus experiments
To generate the viruses Rapid Adenovirus Production System was employed by ViraQuest
Inc. Foxa2 mutants were labeled with hemagglutinin (HA)- and a Flag-tag and expressed
from cytomegalovirus (CMV) promoter. GFP was expressed in both Foxa2-bearing viruses
as well as GFP-only

controls from an independent promoter. Viruses were delivered

through a tailvein injection in a quantity fo 8 x 108 plaque-forming units (PFU) diluted in
200 uL PBS. Day of injection was termed Day 0 in the analysis.
Intraperitoneal glucose, insulin and pyruvate tolerance tests
For glucose tolerance tests animals were fasted over the dark cycle for 16h and 2g of DGlucose (49139-1KG, Sigma) per kilogram weight was injected intraperitoneally. For
pyruvate tolerance test 2g of pyruvate (P5280-25G, Sigma) diluted in PBS was injected
intraperitoneally per kg of body weight. For insulin tolerance test, mice were fasted for 3
hours over the light cycle. 0.54U of insulin (Sigma, I9278-5ml) per kilogram body weight
were injected intraperitoneally for chow animals, 0.75 U per kilogram body weight were
used for HFD animals. Db/db animals were analyzed with 1U per kilogram body weight.
Tail blood glucose and weight were measured right before the experiment (time point 0min),
and following the injection with 15 or 20 min intervals using glucometer and glucose strips
(6708012, Bayer).
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6.2. Plasma Analysis
Insulin Elisa
Tail vein blood was drawn on times indicated, combined with 5mM final EDTA
concentration was spinned at 8,000 g for 8 minutes. The plasma (upper fraction containing
clotting factors and EDTA) was thus separated from cellular blood fraction. Plasma was
subsequently stored at -800C degrees or processed right away. Repeated thawing/freezing
cycles could influence lipid aggregation in the plasma, therefore, the samples were thawed
only once and analyzed consistently across the panel. Five uL of plasma was then analyzed
with enzyme-linked immunosorbent assay (ELISA) method (INSKR020, Crystal Chem Inc).
Db/db plasma was diluted 5x in PBS prior to analysis. The principle behind ELISA is as
follows: an antigen is attached to a solid-phase (the plate) specific against antibody in the
sample. Anti-insulin sera and the plasma are combined in the well and allowed to bind
overnight. This process allows binding of anti-insulin antibodies raised in guinea pig to
insulin in the sample and immobilization of the abovementioned complex on the solid phase.
Afterwards, the plate is washed with a mild detergent to dissolve unspecific binding.
Following this, enzyme-coupled anti-guinea pig secondary antibodies are added to the wells,
binding anti-insulin antibodies raised in guinea pig. After one-hour incubation time and
washing with mild detergent, the enzyme substrate is added to the wells, leading to a color
change upon enzymatic reaction. Afterwards, a colorimetric analysis is carried out using
Infinite M200 reader from Tecan at 450nm and subtracting 630nm absorbance as a
background. GraphPad Prism statistical software was used to determine non-linear fit of the
dilution curve. Afterwards, absorbance values were interpolated onto the exponential fit
curve to determine insulin concentration.
Liver and plasma triglycerides measurements
Glycerol-blanked plasma was analyzed using triglyceride detection assay (11877771216,
Roche). The principle of the method is as follows: first, existing glycerol in the samle is
enzymatically phosphorylated by glycerol kinase, forming glycerol-3-phosphate and ADP.
Next, Glycerol-3-phosphate is oxidized enzymatically to dihydroxyacetone phosphate with
release of H2O2, further used up to oxidize 4-chlorophenol. Afterward existing glycerol is
blanked, triglycerides are hydrolysed by lipase into glycerol and fatty acids. Glycerol is then
detected by a reaction described above, with the exception of the final step, where a different
substrate is oxidized by H2O2 and hence a colored product is formed. Absorbance at 700nm
was used as a background, and absorbance at 505nm was used to measure the triglyceride
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concentration. For liver samples, 50mg of tissue was minced with hexane:isopropanol (3:2)
in a Tissue Lyser. Liver lysate was subsequently spun at full speed in a table top centrifuge
for 3min and supernatant was taken off. The liver pellet was re-extracted with 0.5 mL
hexane:ispropanol (1x 30sec Tissue Lyser), spun again and the supernatants were combined.
0.47 M Na2SO4 was added to the mixture and after spinning full speed for 3min upper
organic phase was transferred into a new eppendorf. Samples were then spun again, upper
organic phase was transferred into a new eppendorf tube and left to evaporate overnight in a
fume hood. Lipids were dissolved in 1 mL TritonX100:methanol:butanol (1:1:3) and
measured with the triglyceride detection kit as described above.
Plasma non-esterified fatty acids measurements
Non-esterified fatty acids (NEFA) are released into the bloodstream as a result of hydrolysis
of triacylglycerols into glycerol and fatty acids. This takes place primarily in fatty tissue but
also

liver

upon

fasting.

NEFA

levels

in

5

uL

of

plasma

were

assessed

spectrophotometrically (434-91795, WAKO) with measurements carried out at 550 nm
using Infinite M200 reader from Tecan. Biochemical principle of this reaction is as follows:
NEFAs are converted to Acyl-CoA, pyrophosphoric acid and AMP by Acyl-CoA synthetase
which requires CoA and ATP. Product of this reaction, Acyl-CoA is oxidized by Acyl-CoA
oxidase into 2,3-trans-Enoyl-CoA and hydrogen peroxide. The latter undergoes quantitative
oxidation condensation giving blue color with 3-Methyl-N-Ethyl-N-(b-Hydroxyethyl)Aniline and 4-amino-antipyrine.
Plasma cholesterol measurements
Cholesterol was measured in 5uL plasma (12016630122, Roche) with Tecan reads at
505nm and subtracted absorbance of 650nm as background. The principle of the method is
as follows: 1) cholesterol esters are hydrolyzed by cholesterol esterase into cholesterol and
free fatty acids; 2) cholesterol oxidase then oxidizes cholesterol with release of H2O2.
Hydrogen peroxide is then used by peroxidase and reacts with 4-aminophenazone and
phenol, forming a compound that can be detected photometrically.
Plasma ketone bodies measurements. Ketone bodies include acetoacetic acid, acetone and
b-hydroxybutyric acid. Levels of ketone bodies were assessed in 5uL plasma using Autokit
Total Ketone (415-73301, Wako) with reads at 405nm and 600nm subtracted as background.
The principle of the method, which assesses only levels of b-hydroxybutyric acid (3-HB)
and not other ketone bodies, is as follows: 1) acetoacetate decarboxylase breaks down
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acetoacetate to acetone and CO2; 2) 3-HB is oxidized by 3-HB dehydrogenase into
acetoacetate and concomitantly reducing thio-NAD to thio-NADH. The built-up of thioNADH is monitored by a spectrophotometer Tecan at 405nm with absorbance at 600nm
subtracted from the measurements as a background.
Plasma alanine transaminase measurements
Alanine transaminase (ALT) is a liver enzyme involved in gluconeogenesis, catalyzing
transamination of alanine and a-ketoglutarate into a pair of pyruvate and glutamate. This
enzyme is released into bloodstream from damaged hepatocytes; ALT plasma levels are
widely used as an indicator for liver damage. The colorimetric assay employed (EALT-100,
BioAssay Systems) is based on an enzymatic reaction of ALT by supplying assay buffer, a
co-substrate and NADH. The assay was measured by Tecan at 370C.
6.3. Tissue and cell analysis
ES cell work
Cloning of the construct for ES cells targeting was performed using Bac Subcloning Red/ET
system (# K003, Gene Bridges) according to the manufacturer’s protocol. Point mutations
on Foxa2 Lys259 and Lys275 were introduced using QuikChange Site-Directed
Mutagenesis Kit (#200518, Agilent). Targeting construct was electroporated into the
C57/Bl6 ES cells using Pulse Controller Plus with following settings: voltage 0.25kV,
capacitance at 500 uF, pulse 8-12 miliseconds.
Subsequently, ES cells from C57/Bl6 blastocyst were cultured on neomycin-resistant feeders
of passage P3- P5 (GSC-6005, GlobalStem). Differentiation of ES cells was prevented with
the use of Leukemia Inhibitory Factor (L5158-5ug, Sigma), GSK3b-inhibitor CHIR99021
(04-0004, Stemgent) and ERK-inhibitor Stemolecule PD0325901 (04-0006, Stemgent) in
concentrations recommended by the manufacturer. Absence of mycoplasma contamination
was established with Mycoplasma PCR ELISA (11663925910, Roche).
Southern Blotting
Southern blotting was performed by a labeled PCR technique. Briefly, 5’-cytosine
radiolabeled phosphorus P32 (NEG513H25OUC, PerkinElmer) was incorporated into a
downstream or an upstream probe First, downstream or upstream probe was synthesized
(Primers see Supplementary Table 2) on a genomic or Bac DNA. After a PCR check to
ensure correct size of 380 nucleotides, PCR product was purified from residual enzymes,
	
  

91	
  

salt and nucleotides using Qiagen PCR Purification kit (28106, Qiagen). 45ng of PCR
product was used for a radioactive PCR labeling using same specific primers and KAPATaq
PCR kit (KK4611, Axonlab). In addition to KAPA Taq Buffer, 0.2mM of dTTP, dATP, and
dGTP nucleotide were used; forward and reverse primers were used in a final concentration
of 0.4uM each, as well as KAPA Taq DNA polymerase in a concentration of 1U in a final
reaction volume of 40uL. Cycling parameters were as follows: 1) 1 minute denaturation at
940C; 2) 30 seconds denaturation at 950C; 3) 30 seconds annealing at 540C; 4) 30 seconds
elongation at 720C. Step 2-4 were repeated 15 times in total, followed by 10 minutes final
elongation at 720C to allow all fragments to complete polymerization. Afterwards, the
product was stored at 40C before use and used within a week.
Genomic DNA was extracted either from ES cells or from tails of knockin mice. After ScaImediated restriction, which was allowed to proceed overnight at 370C, the restriction mix
was separated in 0.8% agarose TAE gel during the day. The gel was afterwards treated with
hydrochloric acid (HCl) 0.74% (v/v) for 10 minutes in order to depurinate the DNA and
facilitate the transfer of larger segments. Membrane was further washed in an alkaline
solution containing sodium hydroxide, allowing DNA denaturation and residual RNA
breakdown. After denaturation, negatively charged thymidine residues bind more efficiently
to a positively charged membrane, Zeta-Probe Genomics Membrane (162-0196, BioRad).
The transfer was allowed to proceed overnight by capillary force from the region of high to
low water potential, created by paper towels on top of the membrane. Saline-sodium citrate
(SSC) buffer was used at 10x concentration with 1.5 M sodium chloride, 150 mM trisodium
citrate and final pH 7.0 adjusted with HCl. The membrane was then washed in 2xSSC to
wash off excessive salt, exposed to UV light for 30 seconds to crosslink the DNA to the
membrane, and baked at 800C for 1h to ensure proper binding of the DNA to the membrane.
Afterwards, the membrane was pre-hybridized for one hour at 570C in the Thermo Fishes
oven with Church buffer containing 7% SDS (APLIA7249.1000, VWR), 1% bovine serum
albumin (BSA, 05479-250G, Sigma), 0.1 M EDTA (ED-500G, Sigma), 0.2 M Na2HPO4
(S5136-100G, Sigma) pH 7.2-7.4. Radioactively labeled PCR product was purified using
MicroSpin G-50 columns (275330-01, VWR) according to manufacturer’s instructions.
Afterwards, the hot purified probe was boiled at 950C for 5 minutes to allow denaturation
and added directly to the Church buffer at 2 Million counts per 1 mL of the buffer. The
hybridization was allowed to proceed for 16h at 570C. Membrane was washed twice for 30
minutes with pre-heated 2xSSC and 0.1% SDS, followed by a last wash for 30 minutes with
1xSSC, 0.1% SDS. Afterwards, the membrane was exposed for 48 to 72 hours and imaged.
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Primary hepatocytes culture
Mice were anaesthetized using 20uL intraperitoneally Esconarkon (CliniPharm) diluted 4x
in PBS. Livers were perfused through portal vein using peristaltic pump and Abb ocath 26G
catheter (0G94401DX, Hospira/Ospedalia) with pre-warmed HBSS (14175053, Invitrogen)
containing 0.5mM EGTA (E3889-25G, Sigma) to prevent blood clotting for 4minutes and
15ml HBSS in total. Afterwards, livers were perfused with digestion media for 4.5min and
15ml liquid in total DMEM (31885049, Invitrogen) containing 1g/L glucose, 1.8mM CaCl2,
additionally

15mM

HEPES,

Antibiotic-Antimycotic

(15240-062,

Invitrogen)

and

GlutaMAX (35050-061, Life Technologies) and Liberase (05401127001, Roche). After
perfusion, liver was transferred to a 10-cm plate containing warm digestion media without
Liberase. The liver was then dissociated and subsequently washed through 70µm cell
strainer (352340, BD) with cold washing media DMEM (31885049, Life Technologies) with
10% FBS (F7524, Sigma), GlutaMAX and Antibiotic-Antimycotic. The cell suspension
was subsequently spinned 2min 50xg, 4°C. Thereafter the pellet was washed three times
with cold wash media. Cells were then plated in washing media with FCS to ensure
attachment to pre-coated plates (353847, 353846, and 353803, BD). After 1h of attachment,
the medium was changed to Williams E Medium (22551-022, Life Technologies) with
GlutaMAX, Antibiotic-Antimycotic and no FBS to prevent differentiation.
Protein Immunoprecipitation and western blotting
Whole cell protein extraction was performed by lysing the sample in the RIPA buffer
(150mM NaCl, 50mM TrisHCl pH 8.0, 5mM EDTA pH 8.0, 5mM EGTA pH 8.0, 1% NP40 (v/v) (I3021-100ml, Sigma), 0.5% Sodium deoxycholate (D6750-100G, Sigma), 0.1%
SDS) containing full inhibitor cocktail, consisting of protein inhibitor cocktail, PIC
(11873580001, Roche), nicotinamide, NAM (N0636-100G, Sigma), Halt Phosphatase
Cocktail, which is a phosphatase inhibitor (78427, Thermo Scientific). The lysis was
allowed to proceed on ice for 10min on ice. For immunoprecipitation the IP buffer was
employed (150mM NaCl, 50mM Tris-HCl (ph7.5), 5mM EDTA, 0.5% (v/v) NP-40, 1%
(v/v) Triton X-100 containing full inhibitor cocktail. For cellular extracts the cells were
instead let to swell on ice for 15min in the Hypotonic Lysis Buffer (10mM HEPES (15630080, Life Sciences), pH 7.9, 1.5mM MgCl2, 10mM KCl, 1mM DTT (43819-25G, Sigma))
supplemented with fresh protease inhibitor cocktail. After adding NP-40 to 1.6% to the
sample, immediately centrifuging at +40C for 30sec at 10,500g and saving the cellular
fraction, the pelleted Nuclei were subsequently lysed in the IP buffer. Proteins were
separated according to their size by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
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The antigens were detected with respective primary antibodies in the concentration specified
(Supplementary Table 1). Species-specific secondary antibodies coupled to horse-reddish
peroxidase (401393, Calbiochem) were employed to visualize the signal. Images were
recorded with LAS-4000 Imager Mini. Images were subsequently processed with Adobe
Photoshop CS6.
Immunofluorescence
Tissues were fixed by a whole-body perfusion with 4% paraformaldehyde (PFA) for 5min
and subsequently separately at RT for another 30min. Thereafter the tissues were dehydrated
in 20% sucrose solution overnight at +40C. Tissues were embedded in the cryomatrix, cut
10µm on a cryostat, permeabilized with ice-cold 95% ethanol, blocked and stained overnight
in the humid chamber at +40C using specific primary antibodies (Supplementary Table 1).
To visualize the signal species-specific Alexa-Fluor-coupled secondary antibodies were
allowed to bind epitopes for 1h at RT. Images were recorded using ApoTome 2 from Zeiss
and further processed using Adobe Photoshop CS6.
Gene expression analysis and real-time PCR
RNA was harvested using TissueLyser and the TRIZOL method (Invitrogen), with 20mg
tissue used per extraction. After quantifying purified RNA with Spectrophotometer ND1000 NanoDrop (Thermo Scientific), one microgram of the RNA was reverse transcribed
with High-Capacity cDNA Reverse Transcription Kit (4368814, Applied Biosystems) using
random octamers primers in accordance with the manufacturer’s instructions. Transcribed
cDNA was subjected to quantitative real-time analysis with a specific primer listed in
Supplementary Table 2 using SYBR-Green mix (KK4601, Kappa Biosystems). Expression
levels were first extrapolated on a dilution curve made from a mix of samples and
subsequently normalized to 36B4 housekeeping gene.

	
  

Gene

Forward primer

Reverse primer

36b4

GCCGTGATGCCCAGGGAAGACA

CATCTGCTTGGAGCCCACGTTG

Acc

TACTGAACTACATCTTCTCCC

ATCAGTAAGTGTAGGGTCCC

Chrebp

GGCCTGGCTGGAACAGTA

CGAAGGGAATTCAGGACAGT

Cpt1a

GCTGCACTCCTGGAAGAAGA

ATAAGCCAGCTGGAGGGACT

Cyp3a11

TGAATATGAAACTTGCTCTCACTAAAA

CCTTGTCTGCTTAATTTCAGAGGT

Ddit4

CCAGAGAAGAGGGCCTTGA

CCATCCAGGTATGAGGAGTCTT

Fasn

CAACATGGGACACCCTGAG

GTTGTGGAAGTGCAGGTTAGG

G6pase

GCACGTGTTCATCTGCGTA

GAATGACTGCACTGGCTTCC

Gdh

GCCAAGGTCTATGAAGGAAGC

GACACTGTTACTCCTCCAGCA

Glut2

ATTCGCCTGGATGAGTTACG

CAGCAACCATGAACCAAGG
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Gsk3b

GCACTCTTCAACTTTACCACTCAAG

CGAGCATGTGGAGGGATAAG

Gsta1

GGCAGAATGGAGTGCATCA

TCCAAATCTTCCGGACTCTG

Gsta2

GAAGAAGCAAGGAAGGTTTTCA

TTGCACAATAGCCAGAATCAA

Hmgcs2

CCTGGCCTCACTTCTCTCTC

CTAAGCCTGAGCCGTAGGAG

Hnf-1a

ACTTGCAGCAGCACAACATC

CTTCTGTGTCTTCATGGGTGTG

Hprt

GGCCATCTGCCTAGTAAAGCT

GCTGGCCTATAGGCTCATAGT

Mcad

AGCAGATCGAGGAGCCATC

ACTCTTTCTGCTGTTCCGTCA

Mgat4a

CTGGCCTGCTGGAAATAATC

CAGGTTTTGCTTGGTTCTCC

Oatp2

GGTGGCGATAGAAACTAACCA

ATAGGAGGGACTTGCATTGG

Pdx1

TGGAGCTGGCAGTGATGTTGA

TCAGAGGCAGATCTGGCCAT

Pepck

GAGGCACAGGTCCTTTTCAG

GTTCCTGGGCCTTTGTGAC

Pgc1a

CCCATACACAACCGCAGTC

GAACCCTTGGGGTCATTTG

Ppara

CACGCATGTGAAGGCTGTAA

CAGCTCCGATCACACTTGTC

Pparg

TGCCGAGTCTGTGGGGATAA

TCGGATGGTTCTTCGGAAAA

Proglucagon

GCACATTCACCAGCGACTACA

CTGGTGGCAAGATTGTCCAG

Proinsulin

CCACCCAGGCTTTTGTCAAAC

AGCACTGATCCACAATGCCAC

Sod1

ACCATCCACTTCGAGCAGAA

TGCTGGCCTTCAGTTAATCC

Stat5b

CTCCAGACACTGGGCGTAG

GCCACAGCACAGACAAGAGT

Vlcad

CCAAACGCACTTCCTAGAGC

AGGCTGGAGATGGGTCTTAAA

Albumin.Cre
(three primers)

CCTGCCAGCGATGGATATAA,
GTTGTCCTTTGTGCTGCTGA

GAAGCAGAAGCTTAGGAAGATG

Deleter.Cre

GAAAGTCGAGTAGGCGTGTACG

CGCATAACCAGTGAAACAGCAT

Foxa2QQ

CGGTGGTCCAGGTCACTG

CACCAGTTGGACCCAGTC

Rip.Cre

CCTGTTTGCACGTTCACCG

ATGCTTCTGTCCGTTTGCCG

Genotyping

Supplementary Table 1. List of primers for real-time PCR and genotyping.
Antigen

Producer

Catalog #

Raised in

Dilution

Akt

Cell Signalling

4691S

Rabbit

1:1000

Beta-actin

Cell Signalling

4970

Rabbit

1:1000

Foxa2

Cell Signalling

31435

Rabbit

1:500

Foxa2

Millipore

07-633

Rabbit

1:500

Foxa2

Covance

3143S

Rabbit

1:500

HA (C29F4)

Cell Signalling

3724

Rabbit

1:500

HA (HA.11)

Covance

mms-101p

Rabbit

1:500

HSP90

Santa Cruz

sc-382636

Rabbit

1:1000

Insulin

Dako

A0564

Guinea pig

1:1000

Insulin

Cell Signalling

3014

Rabbit

1:1000

P-Akt (S473)

Cell Signalling

4060S

Rabbit

1:1000

P-AKT (T308)

Cell Signalling

4056S

Rabbit

1:1000

p-IRS 1 (Tyr 989)

Santa Cruz

sc-17200-R

Rabbit

1:1000

Goat a-Rabbit, Alexa 568

Invitrogen

A-11011

Goat

1:500

Goat a-Guinea Pig, Alexa 488

Invitrogen

A11073

Goat

1:500

Secondary Antibodies

Goat a-Rabbit, HRP

Supplementary

Calbiochem

Table

immunofluorescence.
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List

401393

of

antibodies

Goat

for

western

1:7000

blotting

and
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List of Abbreviations
ACADM

acyl-coaenzyme A dehydrogenase, C-4 to C12 straight chain

ACC2

acetyl CoA carboxylase-2

ADP

adenosine diphosphate

Akt

V-Akt murine thymoma viral oncogene homolog

ALT

alanine transaminase

AMPK

AMP-activated protein kinase

aPKC

atypical protein kinase C

ATP

adenosine triphosphate

BMI

body mass index

cAMP

cyclic adenosine monophosphate

Cdk5

cyclin-dependent kinase 5

CoA

coenzyme A

CPT1

carnitine palmitoyltransferase-1

CR

caloric restriction

CREB

cAMP response element-binding protein

CRM1

chromosome region maintenance 1 protein homologue

CRTC2

cAMP response element binding protein (CREB) – regulated transcription
coactivator-2

DAGs

diacylglycerols

Degs1

dihydroceramide desaturase-1

DGAT2

diacylglycerol O-Acyltransferase Homolog 2

DNA

deoxyribonucleic acid

ELISA

enzyme-linked immunosorbent assay

ER

endoplasmatic reticulum

ES

embryonic stem (cells)

FFA

free-fatty acids

Foxa

Forkhead box transcription factor

Foxa2QQ

Forkhead box transcription factor 2 with lysines 259 and 275 mutated to
glutamines, Q

Foxa2RR

Forkhead box transcription factor 2 with lysines 259 and 275 mutated to
arginines, R

	
  

G6Pase

glucose-6-phosphatase

GLP1

glucagon-like peptide
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GnT-4a

glycosyltransferase 4a

GPAT1

glycerol-3-phosphate acyltransferase-1

GSIS

glucose-stimulated insulin secretion

GSK3

glycogen synthase kinase 3

HA

hemagglutinin

HAT

histone acetyltransferase

HDAC

histone deacetylase

HDL

high density lipoprotein

HFD

high-fat diet

HGF

hepatocyte growth factor

HMGCS2 3-hydroxy-3-methylglutaryl-CoA synthase 2

	
  

HNF4a

hepatocyte nuclear factor-4a

IGF-1

insulin-like growth factor receptor 1

IGF-1

insulin-growth factor 1

IKKB

I-kappaB kinase

IPGTT

intraperitoneal glucose tolerance test

IR

insulin resistance

IRR

insulin receptor-related receptor

IRS

insulin receptor substrate

ITT

insulin tolerance test

JNK

c-jun N-terminal kinase

LC-CoA

long-chain fatty acyl-coenzyme-A

LDL

low-density lipoprotein

M

molar

MAPK

mitogen-activated protein kinases

MCP1

monocyte chemotactic protein-

MetS

metabolic syndrome

MODY

maturity-onset diabetes of the young

mTOR

mammalian target of rapamycin

NADH

nicotinamide adenine dinucleotide reduced form

NAFLD

non-alcoholic fatty liver disease

NEFA

non-esterified fatty acid

NF-kB

nuclear factor kappa-B

PDH

pyruvate dehydrogenase

PDX1

glucokinase or in pancreatic transcriptional factor, pancreatic and duodenal
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homeobox-1

	
  

PEPCK

phosphoenlopyruvate carboxykinase

PFU

plaque-forming units

PGC1a

proliferator-activated receptor-γ coactivator-1 alpha

PI(3)K

phosphatidylinositol-4,5-bisphosphate 3-kinase

PKA

protein kinase A

PKC

protein kinase C

PPARg

peroxisome proliferator-activated receptor-gamma

PTB

phosphotyrosine binding

PTT

pyruvate tolerance test

S6K

ribosomal protein S6 kinase-1

SD

standart deviation

SH2

Src-homology-2

SIK2

salt-inducible kinase 2

Sirt1

sirtuin-1

SPT1

serine palmitoyltransferase-1

SREBP1

sterol regulatory element-binding protein

SUR1

sulfonylurea receptor

T2DM

type-2-diabetes mellitus

Thr

threonine

TNFa

tumor necrosis factor alpha

TSC

tuberous sclerosis protein

Ucp2

uncoupling protein 2

VLCAD

acyl-CoA dehydrogenase, very long chain

WHO

World Health Organization
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