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Περίληψη 
 

 

Διάφορες μελέτες στο παρελθόν έχουν δείξει ότι υπάρχει αντίστροφη σχέση μεταξύ 

των επιπέδων της HDL χοληστερόλης στο πλάσμα και τον κίνδυνο ανάπτυξης στεφανιαίας 

νόσου. Η HDL χοληστερόλη έχει την ικανότητα να μειώνει τον κίνδυνο ανάπτυξης 

καρδιαγγειακών νοσημάτων αλλά και την έκβαση τους μέσω της συμμετοχής της στο 

μονοπάτι της αντίστροφης μεταφοράς χοληστερόλης (RCT) από το πλάσμα στα κύτταρα 

καθώς και μέσω της άμεσης ή/και έμμεσης δράσης της στα ενδοθηλιακά κύτταρα και σε 

άλλους τύπους κυττάρων που εμπλέκονται στο μεταβολισμό. Κλινικές και παρεμβατικές 

μελέτες έχουν δείξει στο παρελθόν τον ευεργετικό ρόλο της αύξησης των επιπέδων της HDL 

χοληστερόλης ως προς την ανάπτυξη και την εξέλιξη της αθηροματικής νόσου. Από τα 

διαθέσιμα φάρμακα  οι στατίνες, οι νιασίνες και οι φιμπράτες έχουν χρησιμοποιηθεί εκτενώς 

για την αύξηση των επιπέδων της HDL χοληστερόλης. Ωστόσο, λόγω του μεγάλου αριθμού 

των παρενεργειών που έχουν παρατηρηθεί, υπολειπόμενος κίνδυνος παραμένει, καθιστώντας 

αναγκαία την έρευνα για επιπλέον θεραπείες για τη διαχείριση της αθηροσκλήρωσης. Οι νέες 

θεραπευτικές προσεγγίσεις στοχεύουν όχι μόνο στην αύξηση των επιπέδων της HDL 

χοληστερόλης αλλά και στην βελτίωση της λειτουργικότητας της. Επιπλέον, διάφορες 

μελέτες στο παρελθόν έχουν δείξει ότι η επαγωγή ενζύμων κλειδιά που εμπλέκονται στο 

μεταβολισμό της HDL μπορεί να έχει σημαντικές εφαρμογές στην αντιμετώπιση της 

στεφανιαίας νόσου.  

Δεδομένου ότι η έκφραση των γονιδίων των λιποπρωτεϊνών ρυθμίζεται κυρίως στο 

επίπεδο της μεταγραφής, στόχος της παρούσας εργασίας  ήταν ο προσδιορισμός νέων 

μεταγραφικών παραγόντων που εμπλέκονται στη ρύθμιση των γονιδίων της HDL στα 

ηπατικά κύτταρα. Συγκεκριμένα, μελετήσαμε το ρόλο του μεταγραφικού παράγοντα FoxO1. 

Ο FoxO1 αποτελεί μέλος της υπερ-οικογένειας των Forkhead μεταγραφικών παραγόντων και 

έχει ρόλο κλειδί στη λειτουργία του ήπατος ρυθμίζοντας πολλά από τα  γονίδια που 

εμπλέκονται στο μεταβολισμό της γλυκόζης και των λιπιδίων. Χρησιμοποιώντας πειράματα 

υπερ-έκφρασης και γονιδιακής σίγησης του FoxO1 σε ηπατικά κύτταρα διαπιστώσαμε ότι ο 

μεταγραφικός παράγοντας FoxO1 είχε την ικανότητα να μειώνει την ενεργότητα των 

υποκινητών των ABCA1, ABCG5, CETP και PLTP γονιδίων ενώ δεν επηρέαζε την 

ενεργότητα των υποκινητών των ABCG1, ABCG8, LPL και LIPC γονιδίων. 

Χρησιμοποιώντας τις παραπάνω τεχνικές ελπίζουμε να βρούμε στο μέλλον νέα γονίδια 

στόχους του FoxO1, τα οποία εμπλέκονται στο μεταβολισμό της HDL.  

Οι πρωτεΐνες FoxO έχουν δειχθεί στο παρελθόν να αλληλεπιδρούν με πολλά μέλη 

από την υπερ-οικογένεια των πυρηνικών ορμονικών υποδοχέων οδηγώντας σε αλλαγές στη 

μεταγραφική ικανότητα και των δύο πρωτεϊνών. Για το σκοπό αυτό, μελετήσαμε την 
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επίδραση της πρωτεΐνης FoxO1 στη μεταγραφική ενεργότητα του HNF-4α. Συγκεκριμένα, 

προσπαθήσαμε να ταυτοποιήσουμε νέα γονίδια στόχους τα οποία ρυθμίζονται από την 

αλληλεπίδραση των FoxO1 και HNF-4α μεταγραφικών παραγόντων. Αρχικά βρήκαμε ότι οι 

FoxO1 και HNF-4α μεταγραφικοί παράγοντες εντοπίζονται στο διαγονιδιακό υποκινητή των 

ABCG5/G8 γονιδίων. Στη συνέχεια, χρησιμοποιώντας πειράματα υπερέκφρασης και 

γονιδιακής σίγησης του καθενός από τα δύο γονίδια (FoxO1 και HNF-4α), διαπιστώσαμε ότι 

ο μεταγραφικός παράγοντας HNF-4α είχε την ικανότητα να αυξάνει την έκφραση του 

ABCG5 αλλά όχι του ABCG8 γονιδίου στα ηπατικά κύτταρα. Επιπλέον, ο μεταγραφικός 

παράγοντας FoxO1 κατέστειλε έμμεσα την έκφραση του ABCG5 γονίδιου μειώνοντας την 

μεταγραφική ενεργότητα του HNF-4α. Στο μέλλον θα προσπαθήσουμε να διαλευκάνουμε το 

μηχανισμό μέσω του οποίου ο FoxO1 καταστέλλει την ενεργότητα του HNF-4α.  
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Summary 

 

 

Several studies have shown an inverse correlation between HDL cholesterol levels 

and the risk of developing coronary artery disease. HDL is capable of modifying 

cardiovascular disease risk or outcome not only by its participation in RCT but also by direct 

and indirect actions on endothelial cells and other cell types that influence cardiovascular and 

metabolic health. Large clinical and intervention studies have shown the beneficial effects of 

raising HDL cholesterol levels. Among the currently available drugs, statins, niacin and 

fibrates have been used extensively for raising HDL levels. However, due to the large number 

of side-effects, a residual risk remains, promoting the search for additional therapies for 

atherosclerosis management. The new therapies aim not only in increased HDL levels but 

also in improved HDL functionality. The studies of Attie et al in 2001 and Koukos et al in 

2007 demonstrated also that the induction of key enzymes implicated in HDL metabolism 

could have important consequences for the therapy of patients with CAD. 

Since the expression of lipoprotein-related genes is regulated mainly at the 

transcriptional level, our aim was to identify novel transcription factors that are implicated in 

the expression of HDL genes in hepatic cells. Specifically, we studied the role of FoxO1 

transcription factor a member of the Forkhead superfamily and a key transcription factor in 

the liver. We found that FoxO1 overexpression in HepG2 cells decreased the activity of 

ABCA1, ABCG5, CETP and PLTP promoters while it did not affect significantly the activity 

of ABCG1, ABCG8, LPL and LIPC promoters. By utilizing overexpression and gene 

silencing techniques we expect to find in the future new FoxO1 target genes that involved in 

HDL metabolic pathway. 

FoxO proteins have been shown to interact in a DNA-binding independent manner 

with multiple members of the nuclear hormone receptor superfamily (NR) leading in changes 

in the transcriptional activity of both proteins. For this purpose, we studied the effect of 

FoxO1 protein on HNF-4α transcriptional activity. Specifically, we attempted to identify 

novel genes that are regulated by the interplay between FoxO1 and HNF-4α. We found that 

FoxO1 and HNF-4α transcription factors are associated with the human ABCG5/8 intergenic 

promote. In addition, we demonstrated that HNF-4α regulated ABCG5 but not ABCG8 gene 

expression in hepatic cells and FoxO1 was capable of suppressing ABCG5 gene expression 

indirectly by inhibiting HNF-4α transcriptional activity. In the future we attempt to elucidate 

the mechanism by which FoxO1 inhibits the activity of HNF-4α transcription factor. 
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Cholesterol biology 
 

 Cholesterol homeostasis is among the most strictly regulated processes in biology. 

Since its isolation from gallstones at 1815 by the French chemist, M.E. Chevreul it has been 

extensively studied with its structure, its biosynthetic pathway and the feedback mechanisms 

that regulate cholesterol metabolism to be elucidated (1). Cholesterol is an essential molecule 

for eukaryotic life and an important precursor for a wide range of physiological processes. 

Specifically, cholesterol is a constituent of mammalian cell membranes and serves to 

modulate membrane fluidity and permeability. It is also the precursor of all steroid hormones 

and bile acids and plays a key role in membrane trafficking and trans-membrane signaling 

processes, as well as cell proliferation (2). As a result, abnormal levels of cholesterol result in 

many cellular consequences and may lead to diseases such as atherosclerosis and metabolic 

syndrome (3,4). Thus, cells have developed complex mechanisms to regulate the abundance 

and distribution of sterols within cells. 

 Mammalian cells acquire cholesterol mainly from the diet and endogenous 

biosynthesis. Because the dietary intake of cholesterol is limited, the physiological 

requirements for cholesterol are supplied mostly through de novo synthesis. Almost all cells 

are involved in the synthesis of cholesterol, with the liver accounting for as much cholesterol 

as the extrahepatic tissues combined (5). Cholesterol is synthesized in the endoplasmic 

reticulum (ER) and cytoplasm from acetyl-CoA through the mevalonic acid (MVA) pathway. 

The rate-limiting enzyme of this process is 3-hydroxy-3-methyl-glutaryl CoA reductase 

(HMG-CoAR), which catalyzes the conversion of HMG-CoA to mevalonic acid and is a 

common target for cholesterol lowering drugs, such as statins (6). 

 Following synthesis, cholesterol and some of its precursors leave the ER in order to 

maintain low sterol levels. The newly synthesized cholesterol is targeted to the plasma 

membrane via non-vesicular mechanisms and may access other sites, such as the endosomes 

(7). In order to prevent overaccumulation of free cholesterol in the plasma and intracellular 

membranes, cholesterol is converted to cholesterol esters that stored as cytosolic lipid 

droplets. This cholesterol/cholesterol ester cycle occurs rapidly, and releases free cholesterol 

to be trafficked to other intracellular compartments (8,9). 

 Cholesterol obtained from food is initially transported from the small intestine to the 

liver from which it is delivered to the rest of the body through the LDL receptor pathway. For 

long-distance transfer between cells in the circulatory system, enterocytes and hepatocytes 

package cholesterol and cholesterol esters into lipoproteins, complex spherical particles that 

range in size and composition and described below.  
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Lipoproteins 
 

The transport of free cholesterol (FC) and cholesterol esters (CE) as well as of other 

lipids (triglycerides (TG) and phospholipids (PL)) in the circulation is achieved by their 

packaging into water-soluble complexes called lipoproteins (Figure 1). Lipoproteins are 

either spherical particles, consisting of a core of non-polar neutral lipids (mainly CE and TG) 

coated by relatively polar materials such as PL, FC and proteins or discoidal particles, 

consisting of polar lipids and proteins in a bilayer conformation (10). The main protein 

constituents of lipoproteins are called apolipoproteins. Some members of the apolipoprotein 

family are: apoA-I, apoA-II, apoB, apoC-II, apoC-III, apoE and apoM. Apolipoproteins 

provide structural stability and functional specificity to the lipoprotein particle, playing an 

essential role in the control of plasma and tissue lipid homeostasis. They are involved in 

specific binding to cellular receptors, the regulation of lipolytic enzymes and the process of 

lipid exchange and transfer (11). 

 

 

Figure 1: Structure of spherical lipoproteins. See text for details. (12) 

 

Based on their density, plasma lipoproteins are grouped into five major classes and 

various subclasses (Figure 2): chylomicrons, very low-density lipoproteins (VLDL), 

intermediate-density lipoproteins (IDL), low-density lipoproteins (LDL), and high density 

lipoproteins (HDL). HDL and LDL are rich in cholesterol, whereas TGs constitute the major 

lipid in the remaining subclasses. ApoB-48, apoB-100 and apoA-I are the major protein 

components of chylomicrons, VLDL/ IDL/ LDL and HDL, respectively (11,13). Table 1 

shows the differences in composition and ratio of protein to lipids among the lipoprotein 

subclasses. 
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Figure 2: Classification of plasma lipoproteins on the basis of their density and size. 

 

 

Table 1: The lipoprotein subclasses differ in composition and ratio of protein to lipids. 

 

 Lipoproteins are synthesized and catabolized in three distinct but metabolically 

interrelated pathways:  the chylomicron pathway, the VLDL/IDL/LDL pathway and the HDL 

pathway (Figure 3). Briefly, dietary cholesterol is absorbed by enterocytes of the small 

intestine where it is packaged with triglycerides and ApoB-48 by the action of microsomal 

triglyceride transfer protein (MTTP) to form chylomicrons. As the chylomicrons reach the 

circulation via the lymph some of the triglycerides are hydrolyzed by lipoprotein lipase (LPL) 

and the chylomicron remnants are taken up by hepatocytes (11,14). In turn, hepatocytes 

secrete lipids, along with ApoB-100, in VLDL particles. These particles are gradually 

processed in the circulation by lipoprotein lipase (LPL) and hepatic lipase (HL) to form firstly 

IDL particles and later LDL particles. LDL is the main lipoprotein that delivers cholesterol to 

the peripheral cells. The uptake of LDL and other ApoE/ApoB containing lipoproteins occurs 

through the LDL receptor (15,16).  



9 
 

In the HDL pathway, biogenesis of HDL involves the interaction of apoA-I which is 

synthesized and secreted by the liver and the intestine, with the cholesterol and phospholipid 

membrane transporter ATP Binding Cassette Transporter A1 (ABCA1). The premature HDL 

particles thus formed are subsequently remodeled by various plasma enzymes such as 

Lecithin-Cholesterol Acyl Transferase (LCAT) to form the mature spherical HDL particles 

which are catabolized by membrane receptors such as Scavenger Receptor Class B Type I 

(SR-BI) (17). This process also known as reverse cholesterol transport (RCT), is described in 

more detail below. 

 

 

Figure 3: Lipoprotein metabolism. See text for details. (18) 

 

 

High Density Lipoprotein (HDL) Cholesterol 
  

Numerous population studies have established that the concentration of high density 

lipoprotein (HDL) cholesterol in human plasma is inversely correlated with cardiovascular 

risk. The underlying mechanisms of this cardioprotective effect are not well understood, 

mainly because HDL consists of numerous subpopulations of particles that are highly diverse 

in terms of shape (discoidal or spherical), density, protein composition, molecular size, and 

electrophoretic migration (Figure 4). Overall the studies characterizing HDL clearly 

demonstrate that it is a complex and heterogeneous population of particles.  
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Figure 4: Classification of HDL on the basis of density, size, apolipoprotein composition and 

surface charge. (19) 

 

 

HDL biogenesis and metabolism 
 

 HDL biogenesis begins with  the association of liver- or intestinal- derived lipid-free 

or lipid-poor apolipoproteins (mainly ApoA-I and ApoE) with phospholipids and unesterified 

cholesterol that are exported from cell membranes via the ATP-binding cassette transporter, 

ABCA1 (Figure 5) (20,21). Lipid-free apoA-I migrates to a pre-β-1 position when subjected 

to agarose gel electrophoresis, which separates lipoproteins on the basis of surface charge. As 

the lipid-free apoA-I progressively acquires phospholipids and unesterified cholesterol from 

cells expressing ABCA1, discoidal HDL particles, which are larger than lipid-free apoA-I, are 

generated. Because of their larger size, these particles migrate to a pre-β-2 position during 

agarose gel electrophoresis (Fig. 4) (22). Discoidal particles consist of a phospholipid bilayer 

with a small amount of unesterified cholesterol surrounded by two or more apolipoproteins. 

ApoA-I-containing discoidal HDL particles are rapidly converted by lecithin:cholesterol 
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acyltransferase (LCAT) into the α-migrating spherical particles that predominate in normal 

human plasma (Fig. 4). Spherical HDL consists of a central core of neutral lipids (cholesterol 

esters and a minor amount of triglyceride) surrounded by a monolayer of phospholipids, 

unesterified cholesterol and apolipoproteins.  

 

 

Figure 5: HDL biogenesis and metabolism. See text for details. 

 

The heterogeneity of spherical HDL particles is a consequence of continuous 

remodeling by plasma factors. Remodeling is sufficient to change the size, surface charge and 

composition of HDL, and cause lipid-free/lipid-poor apoA-I to dissociate from the particles. It 

has been also suggested that remodeling has the capacity to alter HDL functionality (19). The 

cholesterol esters are transferred from HDL to VLDL/IDL/LDL by the cholesterol ester  

transfer protein (CETP) in exchange of triglycerides, while phospholipids are transferred  

from  VLDL/LDL  to  HDL  by  the  phospholipid  transfer  protein   (PLTP). Furthermore, 

cholesterol efflux from cells to preβ-HDL and delivery of cholesterol esters to cells from 

HDL is mediated by the ABCA1 transporter and the scavenger receptor class B type-I (SR-

BI) respectively. In the liver, cholesterol esters are secreted into the bile through the ATP 

binding cassette half-transporters G5/8 (ABCG5/8) while in the adrenal cells they participate 

in steroid hormone synthesis. Cholesterol efflux from macrophages to α-HDL particles is 

mediated by the cell membrane transporter ATP binding cassette transporter G1 (ABCG1).  
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Finally, hydrolysis of HDL lipids is mediated by various lipases including lipoprotein lipase 

(LPL), hepatic lipase (HL) and endothelial lipase (EL). HDL remodeling by plasma factors 

results in the formation of smaller α-HDL particles and pre-β HDL particles, which in turn 

promote more cholesterol efflux. The removal of excess cholesterol from the peripheral 

tissues, including macrophages and foam cells of the arterial wall, back to the liver for 

excretion into the bile is traditionally called ‘reverse cholesterol transport’ (RCT) pathway 

(23,24). 

 

 

HDL functions 
 

 Studies of the relationship between circulating HDL cholesterol levels and 

atherosclerosis have suggested that disease risk is inversely related to HDL level (25) and that 

this association is independent of LDL cholesterol (26,27). HDL is capable of modifying 

cardiovascular disease risk or outcome not only by its participation in RCT but also by direct 

and indirect actions on endothelial cells and other cell types that influence cardiovascular and 

metabolic health (28) (Figure 6).  

Cellular responses to HDL involve its capacity to promote cholesterol efflux that 

causes signal initiation via scavenger receptor class B, type I (SR-BI). In addition to lipids, 

HDL cargo molecules can also activate plasma membrane receptors (29). In endothelial cells 

and their progenitors, HDL decreases apoptosis (30-32) and stimulates proliferation (33) and 

migration (34,35). HDL also has various anti-inflammatory actions in both endothelial cells 

(36-38) and leukocytes (39,40). In vascular smooth muscles, HDL has pro-inflammatory (41), 

pro-migratory (42,43) and degradative functions, and through actions on endothelium and 

platelets, HDL is anti-thrombotic (44).  

There are additional HDL actions with potential cardiovascular importance that are 

indirect, including the capacities to promote pancreatic β-cell insulin secretion (45), to protect 

pancreatic β-cells from apoptosis (46), and to enhance glucose uptake by skeletal muscle 

myocytes (47). Furthermore, HDL decreases white adipose tissue mass (48), increases energy 

expenditure (49), and promotes the production of adipose-derived cytokine adiponectin that 

has its own vascular-protective properties (50).  
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Figure 6: Cell targets of high-density lipoprotein (HDL) action. ROS indicates reactive 

oxygen species. (51) 

 

 

Atherosclerosis 
 

 Atherosclerosis is a pathological condition characterized by artery wall thickening, as 

a result of lipid accumulation. It is considered as a multifactorial, multiphase chronic 

inflammatory disease and is the underlying cause of most cardiovascular diseases (CVD), 

including hypertension, coronary artery disease and peripheral vascular disease (52). The 

rupture of atherosclerotic plaque walls can cause sudden death by blocking blood supply to 

the heart or the brain. Atherosclerosis occurs at sites in the arterial tree where laminar flow is 

disrupted. A lesion begins as a fatty streak and can develop into an intermediate lesion and 

then into a plaque that is vulnerable to rupture. Finally, an advanced obstructive lesion is 

formed. 

In more detail, atherogenic lipoproteins such as LDLs enter the intima, where they are 

modified by oxidation or enzymatic activity and aggregate within the extracellular intimal 

space (53,54). In this way, they increase their phagocytosis by attracted monocytes that 

differentiate into macrophages (52,55). Unregulated uptake of atherogenic lipoproteins by 

macrophages leads to the generation of foam cells which are laden with lipids (56) (Figure 7, 

a).  
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Vascular smooth muscle cells -either recruited into the intima or proliferating within 

the intima- contribute to this process by secreting large amounts of extracellular-matrix 

components, such as collagen (57). The presence of these molecules increases the retention 

and aggregation of atherogenic lipoproteins. In addition to monocytes, other types of 

leukocytes, particularly T cells, are recruited to atherosclerotic lesions and help to maintain a 

state of chronic inflammation. As the plaque grows, compensatory remodelling takes place, 

such that the size of the lumen is preserved while its overall diameter increases (Figure 7, b).  

Foam cells eventually die, resulting in the release of cellular debris and crystalline 

cholesterol (11,18,57). In addition, smooth muscle cells form a fibrous cap under the 

endothelium which separates the plaque from the blood. This process contributes to the 

formation of a necrotic core within the plaque and further promotes the recruitment of 

inflammatory cells. This non-obstructive plaque can rupture or the endothelium can erode, 

resulting in the exposure of thrombogenic material and the formation of a thrombus in the 

lumen. If the thrombus is large enough, it blocks the artery, which causes an acute coronary 

syndrome or myocardial infarction (heart attack) (Figure 7, c).  

Finally, if the plaque does not rupture and the lesion continues to grow, the lesion can 

invade in the lumen and result in clinically obstructive disease (58,59) (Fig.7, d). Figure 7 

depicts the whole process of initiation and progression of atherosclerotic disease. 

 

 

Figure 7: Initiation and progression of atherosclerosis. For details see text. (18) 

 

 

HDL-based therapies 
 

 As mentioned above, several studies have shown an inverse correlation between HDL 

cholesterol levels and the risk of developing coronary artery disease (60). These studies 

showed that low HDL levels in plasma are an independent risk factor for CAD, independent 

of LDL cholesterol, triglycerides, body weight or the presence of diabetes. Large clinical and 

intervention studies such as the HATS (HDL Atherosclerosis Treatment Study) and the HHS 

(Helsinki Heart Study) have shown the beneficial effects of raising HDL cholesterol levels 
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(61). HDL levels tend to go up with adoption of a therapeutic lifestyle, such as loss of excess 

weight, regular exercise, modest alcohol consumption, and smoking cessation. In addition, 

among the currently available drugs, statins increase HDL cholesterol levels by about 5% to 

15%, niacin by about 15% to 35%, and fibrates by about 10% to 15% (62,63). 

 However, due to the large number of side-effects a residual risk remains. For this 

reason research for additional therapies for atherosclerosis management is needed. The new 

therapies aim not only at increased HDL levels but also at improved HDL functionality. For 

this reason, several HDL-based therapeutic strategies are currently being tested in clinical 

trials including new CETP inhibitors, recombinant phospholipids/apoA-I complexes (rHDLs), 

apoA-I mimetic peptides, synthetic phospholipids and new PPARα agonists. Other 

intervention studies involve intravenous infusion of apoA-I Milano or wild-type apoA-I 

(synthetic HDL), intravenous infusion of human plasma–derived wild-type apoA-I, gene 

transfer of HDL-associated proteins (apoA-I, apoA-I Milano, paraoxonase, and PAF-AH) and 

endothelial lipase inhibition (61,64). 

 

 

New therapies targeting HDL metabolism related genes 
 

 Previous studies have shown that the non-canonical HDL profile in mice expressing 

mutant forms of apoA-I could be rescued by overexpressing the enzymes LCAT or LPL in the 

liver (65). Furthermore, mice overexpressing apoA-I or ABCA-1in the liver have high plasma 

HDL levels and are protected from dietary induced atherosclerosis (24). The above 

observations indicate that finding new ways of inducing the expression of key enzymes of 

HDL metabolism could have important consequences for the therapy of patient with CAD. 

 The expression of lipoprotein genes is regulated by multiple ways, but the most 

important is transcriptional regulation. Many transcription factors can control the expression 

of HDL metabolism-related genes by acting on regulatory sites in their promoters. However, 

our understanding about the mechanisms that are involved in the regulation of HDL 

biogenesis in the liver and its maturation in the plasma is really poor. Thus, our aim is to 

identify novel transcription factors that are implicated in the regulation of HDL gene 

expression in hepatic cells in a positive or negative manner, depending on whether they are 

transcriptional activators or repressors. For this reason, we studied the role of FoxO1 

transcription factor and the role of the interplay between FoxO1 and HNF-4α in the regulation 

of HDL metabolism related genes.  
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FoxO proteins 
 

 Forkhead transcription factors are a superfamily of proteins. Since the identification 

of the fork head gene in Drosophila melanogaster, the founding member of this family whose 

mutations result in the development of a forkhead like appearance, more than 100 structurally 

related forkhead factors have been identified (66). Proteins in this family share a conserved 

100-residue DNA-binding domain, the so called forkhead (FKH) domain. Crystal structure 

analysis of several family members indicates that this domain contains three major a-helices 

and two large wing-like loops. An additional a-helix (H4) is sometimes found between H2 

and H3 in some forkheads such as FoxO1 (67) (Figure 8, A). Mammalian FoxO (Forkhead 

box) proteins belong to the O (‘other’) class of the Fox superfamily, which reflects the fact 

that FoxOs have the most sequence differences within their DNA-binding domain compared 

to other Fox subfamilies (Figure 8, B) (68,69).  

 

 

Figure 8: A) Domain structure of the FoxO1 protein (70). FKH: Forkhead domain, NLS: Nuclear 

Localization Signal, NES: Nuclear Export Signal, TA: Transactivation domain. B) The forkhead 

domain is the only consistently conserved portion of the protein across all members of the family, 

whereas there are limited similarities in other regions among Fox subfamilies. The color coding 

of the amino acids is based on the physicochemical properties provided by the alignment editor 

Jalview. CE, Caenorhabditis elegans; DM, Drosophila melanogaster; HS, human (71). 

 

In mammalian species, FoxO family includes FoxO1, FoxO3, FoxO4 and FoxO6. 

FoxO proteins are expressed throughout the body and are found in the ovary, prostate, 

skeletal muscle, brain, heart, lung, liver, pancreas, spleen, thymus, testis and cardiovascular 

system. FoxO expression occurs in both cardiac and vascular tissue, and studies in mice have 

shown that the mRNA distribution of FoxO1, FoxO3 and FoxO4 is similar in embryo and 

adult (72). Studies in mice have shown that FoxO1 is highly expressed in insulin-responsive 

tissues such as liver, adipose tissue, pancreas and skeletal muscle. FoxO3 is found to be 

expressed in all tissues, while FoxO4 and FoxO6 expression is considered to be more tissue 

specific and to be restricted to skeletal muscle and brain, respectively (73,74). 
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Post-translational modifications of FoxOs 
 

 

 FoxO transcription factors are subjects to many post-translational modifications that 

affect their abundance, localization and transcriptional activity or their interactions with other 

proteins. Together these modifications have been described as a ‘FOXO code’ and have been 

found in various cell types (75). 

In addition to the conserved Forkhead DNA-binding domain, the other distinguishing 

characteristic of FoxO proteins is the presence of highly conserved phosphorylation sites 

within and nearby their forkhead domain that serve as targets of the kinase Akt, a downstream 

target of PI3-Kinase signaling,. Genetic studies in Caenorhabditis elegans and other models 

have demonstrated that activation of the PI3K/Akt pathway by insulin or insulin-like growth 

factor 1 (IGF-1) suppresses activity of DAF-16 forkhead transcription factor, the nematode 

ortholog of mammalian FoxO proteins (76). Three of the FoxOs (1, -3, and -4) are substrates 

of the Akt kinase, while FoxO6 lacks some phosphorylation sites and exhibits a unique 

pattern of subcellular localization (77,78).  

As far as the human FoxO1 is concerned, it contains three consensus Akt 

phosphorylation sites: Thr-24, Ser-256 and Ser-319 (69). Phosphorylation of Ser-256 is 

required for subsequent phosphorylation of Thr-24 and Ser-319. Phosphorylation of Ser-319 

in turn is followed by phosphorylation of Ser-322 and Ser-325 by casein kinase 1 and Ser-329 

by the dual-specificity kinase 1 (DYRK1) (79). The sequential phosphorylation of FoxO1 

leads to enhanced formation of a complex with the nuclear export proteins Ran and Crm-1 

thereby promoting nuclear exclusion of FoxO1 (80). Furthermore, phosphorylation of Thr-24 

is required for interaction with 14-3-3 proteins that promote cytoplasmic sequestration of 

FoxO proteins (81). In the cytoplasm, FoxO1 is polyubiquitinated resulting in proteasome 

dependent degradation (82) (Figure 9). Thus, upon insulin or other growth factors 

stimulation, Akt-mediated phosphorylation of FoxO1 causes inhibition of its activity, leads to 

its exclusion from the nucleus and its subsequent degradation.  

 Other inhibitory modifications of FoxOs involve phosphorylation and cytoplasm 

sequestration by the kinases ERK and IKK (83,84) while acetylation by the histone acetyl-

transferase CBP/P300 (85,86) and lysine methylation by the methyl-transferase Set9 (87) lead 

to inhibition of FoxO DNA-binding and transactivation.  

On the contrary, during oxidative stress or starvation FoxOs are activated through 

other post translational modifications. These include alternative phosphorylations by c-Jun N-

terminal kinase (JNK), mammalian sterile 20-like kinase 1 (MST1) or cyclin-dependent 

kinase 1 (Cdk1), which prevent 14-3-3 scaffold proteins-FoxO interaction, promoting FoxO 

nuclear localization (88). AMP-activated protein kinase (AMPK) also has been reported to 
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phosphorylate and activate FoxOs, playing important role in regulation of cellular energy 

homeostasis (89). In addition, arginine methylation of FoxO transcription factors by protein 

arginine N-methyltransferase 1 (PRMT1) inhibits Akt mediated phosphorylation at Ser-256, 

preventing Akt-mediated nuclear exclusion (90). Oxidative stress can also affect p300-

mediated acetylation and sirtuin 1 (SIRT1)-mediated deacetylation of FoxO transcription 

factors (91,92). In contrast to poly-ubiquitination, mono-ubiquitination of FoxOs induces their 

nuclear localization and enhances FoxO-dependent transcriptional activity (93). Last but not 

least, glycosylation of FoxOs has been found to enhance their transcriptional activity (94). 

 

 

Figure 9: A model for FoxO1 regulation through insulin or growth factor-induced and 

phosphorylation-dependent degradation (95). 

 

 

Function of FoxO transcription factors 
 

FoxO proteins function primarily as transcription factors in the nucleus. When FoxOs 

bound directly to DNA at FoxO Recognizing Elements (FREs) (5’-(T/C)(G/A)AAACAA-3’) 

or with lower affinity at Insulin Response Elements (IREs) (5’-[C/A][A/C)]AAA[C/T]AA-

3’), they function as independent transcriptional activators playing important roles in the 

pathogenesis of diseases such as cancer (96,97). Specific acetylation or phosphorylation of 

FoxO1 was shown to inhibit or preclude DNA binding, demonstrating that post-translational 

modifications affect the transcriptional function of FoxOs in addition to their intracellular 

localization (97). FoxO1, FoxO3 and FoxO4 bind to the same DNA target sequence and are 

capable of regulating the same target genes. However, the consequences of knock outs in 

mice are very different with FoxO1 knock out being embryonic lethal due to failure of 
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angiogenesis, FoxO3 knock out producing premature ovarian failure, and FoxO4 knock out 

having no obvious phenotype (98). Some specificity, however, exists as FoxO1 plays the 

major role in regulation of insulin sensitivity and FoxO3 is associated with anti-oxidant stress 

response and tumor suppressor activity (99,100). Co-crystal structures of FoxOs with DNA 

show that there are fourteen protein-DNA interaction surfaces distributed throughout the 

forkhead domain but the primary DNA-recognition site is at α-helix H3. Both winged loops 

also make important interactions with DNA (101).  

In addition, studies with FoxO variants with inactivated DNA-binding domains have 

shown that FoxOs can regulate transcription in a DNA-binding-independent manner (102). 

FoxOs have also chromatin binding and remodelling functions, and thus have the ability to 

modulate active chromatin states (103). In this regard, the transcriptional activity of FoxOs is 

achieved by interactions with other transcriptional activators or repressors. FoxO transcription 

factors have been found to associate with SMAD proteins, histone deacetylases and acetyl-

transferases, many nuclear hormone receptors, β-catenin and other transcriptional regulators 

(104). In this way, FoxO transcription factors appear to be involved in multiple signaling 

pathways and to control a wide range of biochemical processes. In Figure 10 the mechanisms 

by which FoxO proteins can alter the transcriptional regulation through their interactions with 

other transcription factors or co-factors are summarized.  

FoxO proteins have been found to regulate cell-cycle progression, DNA repair and 

apoptosis and for this reason are considered to be tumor suppressor proteins (98,105). They 

also respond to oxidative stress and regulate ageing, in part through the detoxification of 

reactive oxygen species and the control of DNA repair pathways (78). In the pancreas, FoxO1 

regulates β-cell formation and function by suppressing β-cell proliferation and promoting 

survival. Under insulin resistance which is associated with hyperglycemia and dyslipidemia, 

FoxO1 contributes to increased hepatic glucose production and abnormal lipid metabolism. In 

skeletal muscle FoxO1 maintains energy homeostasis during fasting. In adipocytes, FoxO1 

regulates energy and nutrients homeostasis through energy storage in white adipose tissue and 

energy expenditure in brown adipose tissue (106). More recently, FoxO1 was shown to 

control a program of pluripotency in human and mouse embryonic stem cells, by regulating 

the transcriptional activity of OCT4 and SOX2 (107). Last but not least, FoxO1 transcription 

factor participates in inflammatory responses by controlling the number of circulating 

myeloid cells, the expression of pro-inflammatory cytokine genes and Tlr-4 gene as well as 

the maturation and the function of Treg cells (108-110). 
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Figure10: Mechanisms of altered transcriptional regulation through FoxO-interactions.  

(a) Fusion proteins. Chromosomal translocations in mixed lineage leukaemia or alveolar 

rhabdomyosarcoma result in the generation of FoxO fusion proteins. These are thought to have both 

more robust and altered transcriptional responses resulting in oncogenesis. (b) Transcriptional 

synergy. Often FoxO -binding elements are found adjoining or overlapping with other transcription 

factors. Association between these proteins can often result in enhanced transcriptional responses. (c) 

Recruitment of conventional cofactors. The recruitment of histone acetylase transferases (HATs) or 

histone deacetylases (HDACs) to promoters through association with FoxOs can lead to activation or 

suppression of transcription. (d) Proteolytic degradation. Association of FoxO proteins may lead to 

increased proteolytic degradation of FoxOs or associating transcription factors. (e) Transcription 

factor sequestration. Transcription factors often form heterodimeric complexes when binding DNA. 

When one of these components is a limiting factor and also binds FoxOs, it may result in inhibition of 

transcription. (f) Displacement of regulatory cofactors. Association of transcription factors with co-

activators or co-repressors modulates transcription. Displacement of these complexes by FoxO 

binding will result in altered transcriptional responses (104). 

 

 

FoxO proteins in liver function 
 

The liver utilizes several FoxO-dependent pathways to adapt to its custom cycles of 

feeding and fasting and to respond to stresses induced by starvation or disease (111).  

In glucose homeostasis, the role of FoxO1 in the fasting and feeding state has been 

explored by animal studies where FoxO1 expression was increased or decreased through 

overexpression and heterozygous null expression, respectively. In mice expressing a 

constitutively active form of FoxO1 in the liver, the fasting blood glucose rises (112). On the 

contrary, liver specific FoxO1 knock-out mice develop fasting hypoglycemia (113). The 
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mechanism which could account for these observations is the following: FoxO1 is activated in 

the fasted state by dephosphorylation at the Akt sites and is localized in the nucleus. This 

results in the transcriptional induction of two gluconeogenic enzymes, glucose-6-phosphatase 

catalytic subunit (G-6-Pase), and phosphor-enol-pyruvate carboxykinase (PEPCK) and 

increased hepatic glucose production (114). In the fed state, insulin signaling activates PI3-

kinase and the subsequent production of phosphatidyl-inositol (3,4,5)-trisphosphate (PIP3) 

activates Akt. Akt phosphorylates FoxO1 at Thr-24, Ser-253, and Ser-316 leading to its 

nuclear exclusion and inactivation with subsequent suppression of gluconeogenesis (115). In 

parallel, insulin increases glucose uptake into hepatocytes, suppresses glycogenolysis and 

upregulates glycogen synthesis by Akt-mediated inhibition of glycogen synthase kinase 3 

(GSK-3). 

The importance of FoxO1-Akt interplay in the glycogen synthesis-gluconeogenesis 

balance has been recently demonstrated using liver specific knock-out mice for both Akt and 

FoxO1 (115). Hepatic deletion of Akt results in constitutive hyperglycemia that is completely 

corrected by simultaneous hepatic deletion of FoxO1. In the absence of both Akt and FoxO1, 

the mice are able to maintain glucose homeostasis through fasting and feeding. This 

demonstrates that FoxO1 is normally glucogenic and in its absence, glucose homeostasis can 

be maintained without Akt activation. Thus, the primary function of insulin-induced Akt 

activation is to counteract FoxO1 and reduce glucose production during the fed state (115).  

The second area of liver metabolic function regulated by FoxOs is lipid metabolism. 

FoxO1 has an important role in the insulin-dependent regulation of hepatic very low density 

lipoprotein (VLDL) production and its persistence in the circulation. This is achieved via 

transcriptional upregulation of ApoC-III and microsomal triglyceride transfer protein (MTTP) 

that play a major role in the regulation of circulating triglycerides during fasting (116). As 

mentioned, in the absence of insulin, Akt activity is suppressed and FoxO1 is transcriptionally 

active. This leads to an increase in MTTP, the rate-limiting enzyme in hepatic VLDL 

production, increasing VLDL secretion. In addition, FoxO1 increases the transcriptional 

activity and hepatic secretion of apoC-III. The latter has been suggested to act both 

intracellularly to promote apoB secretion and in the circulation to inhibit the activity of 

lipoprotein lipase (LPL) which is responsible for hydrolysis and uptake of the triglyceride 

component of VLDL and chylomicrons, thus prolonging the persistence of VLDL (117,118). 

In response to feeding, FoxO1 is inactivated, shutting down both these mechanisms and 

preventing post-prandial hyperglycemia. However, in states of insulin resistance, this 

suppression of FoxO1 activity fails to occur resulting in both hyperglycemia and 

hypertriglyceridemia as described later (119). 

Furthermore, expression studies with constitutively active forms of FoxO1 showed 

that increased FoxO1 activity was associated with decreased expression of the enzymes sterol 
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regulatory element binding protein (SREBP)-1c, acetyl-coA carboxylase-α (ACC), and fatty 

acid synthase (FAS), all required for lipid synthesis (114). Until now, the best system to study 

the effect of FoxO proteins on hepatic and serum lipid homeostasis are liver specific multiple 

FoxO knock outs. In 2012, Zhang et al. showed that liver specific deletion of FoxO1 caused a 

decrease in plasma glucose without a significant effect on lipid metabolism. However, 

simultaneous knock out of FoxO1 and FoxO3 caused hepatic steatosis, increased hepatic lipid 

secretion, and increased serum triglycerides (120). In this paper showed a negative 

transcriptional effect of FoxO1/FoxO3 combination on two important genes of lipid synthesis, 

FAS and HMG-CoA reductase. Thus, FoxO1 activity by itself promotes hypertriglyceridemia, 

and FoxO3, in sunergy with FoxO1, is able to suppress hepatic lipid accumulation. 

The same results were also observed by Tao et al who produced a hepatic-specific 

knock out of the combination of FoxO1, FoxO3, and FoxO4 in mice. This also resulted in 

lipid accumulation in the liver and an increase in expression of FAS (121). The mechanism of 

the lipid accumulation in this model, however, appeared to be mainly a result of the decreased 

FoxO-dependent expression of the enzyme nicotinamide phosphoribosyl transferase (Nampt) 

which is the rate limiting enzyme in the recover pathway for NAD+. 

  

 

FoxO function in disease 
 

 As mentioned before, insulin has an important role in the regulation of lipoprotein 

metabolism. After feeding, when triglycerides and other nutrients are available from the gut, 

high insulin levels act on adipocytes to promote triglyceride uptake and inhibit free fatty acid 

release. In fasting, this process is reversed. Insulin levels fall and free fatty acids are released 

from adipocytes and delivered to the liver. The liver re-esterifies the fatty acids to 

triglycerides and secretes them as VLDL (122). Insulin is capable of decreasing lipidation of 

apoB and secretion of apoB-containing lipoprotein particles (VLDL, IDL, LDL and 

chylomicrons) which are essential for the development of atherosclerosis. This is achieved by 

insulin-induced apoB degradation in the hepatocytes (123,124) and by increased clearance of 

circulating apoB particles by the liver via the low-density lipoprotein receptor (LDLR) (125), 

LDL receptor-related protein 1 (LRP-1) (126), and heparin sulfate proteoglycans (HSPGs) 

(127).  Thus, it is not surprising that changes in insulin signaling produce dyslipidemia. 

Indeed, liver specific knock out of the insulin receptor increases secretion of ApoB, decreases 

LDL clearance, and markedly increases susceptibility to atherosclerosis in mice (128). 

Type II diabetes (T2D) is the most common form of diabetes and is associated with 

obesity. It is primarily due to insulin resistance -failure of insulin to maintain glucose 

homeostasis- resulting in hyperglycemia and a compensatory hyperinsulinemia. However, not 
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all components of the insulin signaling cascade become impaired, a phenomenon known as 

‘selective insulin resistance’ (129). Although diabetes is not usually associated with 

hypercholesterolemia, there are important changes in lipoprotein kinetics which lead to 

cardiovascular disease, the leading cause of death in diabetic patients (Figure 11). In more 

detail, in T2D insulin fails to suppress lipolysis in the adipose tissue and FoxO1 in the liver, 

but is still able to activate mTORC1. This loss of inhibition of FoxO1 by insulin leads to 

increased expression of MTTP and apoC-III, promoting apoB lipidation and secretion. At the 

same time, the stimulation of mTORC1 in the liver leads to activation of SREBP-1c 

transcription factor, thereby increasing lipogenesis, and to suppression of sortilin (130). 

Because sortilin drives apoB degradation into the lysosomes, its suppression further promotes 

apoB secretion (131). Finally, the increase in lipogenesis, coupled with the increased flux of 

fatty acids to the liver, enlarges the pool of triglycerides available to lipidate apoB, driving the 

formation of lipid rich VLDL1 particles (132,133). 

 

 

Figure 12: Type II diabetes promotes VLDL secretion through multiple pathways. See text 

for details. (130) 

 

Hypertriglyceridemia is therefore common in T2D and promotes the development of 

small, dense LDL, and decreased levels of HDL via the enzyme cholesterol ester transfer 

protein (CETP) (134). CETP, which is not present in mice and rats, catalyzes the transfer of 

triglycerides from VLDL to LDL and HDL, resulting in triglyceride-rich LDL and HDL 

particles. Triglyceride-rich LDL particles can be lipolyzed to small, dense LDL, which are 

thought to be highly atherogenic because of their greater susceptibility to oxidation, reduced 

affinity for the LDL receptor, and increased uptake by arterial tissue (135). Triglyceride-rich 
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HDL particles are more susceptible to degradation, leading to lower HDL cholesterol levels. 

Thus, increased VLDL1 secretion is central to the pathogenesis of all of the features of the 

dyslipidemia of T2D which are hypertriglyceridemia, decreased HDL-cholesterol, and 

increased small dense LDL-cholesterol (134). 

 

 

Nuclear Hormone Receptors (NRs) 
 

 The human superfamily of  nuclear receptors (NRs) consists of 48 sequence-specific 

and ligand-activated transcription factors that regulate a wide range of biological processes 

including development, homeostasis, metabolism, circadian rhythms, endocrine function, 

reproduction, inflammation, and immunity (136). As a result, disregulated NR signaling can 

lead to various reproductive, proliferative, and metabolic diseases such as cancer, infertility, 

obesity, type II diabetes and dislipidemia. NRs are activated by small lipophilic ligands such 

as steroids (estrogen, progesterone, glucocorticoids), retinoids (9-cis and all-trans-retinoic 

acid), thryroid hormone, peroxisome proliferators, and vitamin D but there are also numerous 

orphan receptors with yet unidentified ligand (137). 

 Based on their ligand binding, NR members are classified into three subfamilies: a) 

the steroid hormone receptors that mediate most of the biological actions of steroid hormones 

(e.g. estrogen receptor (ER) and glucocorticoid receptor (GR)), b) the “orphan” receptors, 

whose endogenous ligands are still not identified and it remains unclear if these NRs require 

ligand binding to activate transcription (e.g. nerve growth factor IB (NGFIB) and the neuron-

derived orphan receptor 1 (NOR1)), and c) the “adopted” orphan receptors, that were 

identified prior to the discovery of their regulatory ligands and now have been deorphanized 

with the aid of chemical, structural and genomic technologies (e.g. Liver-X-receptors (LXRs) 

and the peroxisome proliferator-activated receptor gamma (PPARγ)) (138). 

 All NRs are evolutionarily related and have a common structure consisting of four 

domains (Figure 13) (139). Among these domains, the DNA binding domain (region C) and 

the ligand binding domain (region E) are the most conserved, whereas the N-terminal A/B 

domain and the D region are comparatively less well conserved. The A/B domain contains an 

activation domain that stimulates transcription in a ligand-independent manner. In different 

NRs both the length and the sequence of the A/B region are variable. The central C-domain of 

NRs is the evolutionarily conserved DNA-binding domain. NRs bind DNA at highly specific 

nucleotide sequence motifs of 5-10 base pairs known as hormone response elements (HREs) 

(140). The DNA binding domain consists of two cysteine-rich zinc finger motifs, two α-

helices and a C-terminal extension, and plays important roles in both nuclear localization and 

in the interaction with other transcription factors (139). The D region serves as a linker 
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between the DNA-binding domain and the ligand-binding domain and contains a nuclear 

localization signal. The ligand binding domain is contained in the C-terminal E region and 

has four functionally interconnected regions including the ligand binding pocket, a 

dimerization surface and a transcriptional co-regulator binding surface which participates in 

protein-protein interactions with other transcription factors, and an activation helix known as 

AF-2, which mediates ligand dependent transactivation (141). 

 

 

Figure 13: Schematic representation of the domain structure of a typical nuclear 

receptor. Nuclear receptors consist of four domains (A-F): The N-terminal ligand-

independent transactivation domain (A/B), the DNA binding domain (C), hinge region (D), 

and C-terminal E/F domain including ligand-binding domain and ligand dependent 

transactivation domain (142). 

 

NRs bind to HREs in their target promoters through their DBD. HREs contain direct 

repeats (DRs), inverted repeats (IRs) or palindromic repeats (PRs) of the sequence 5’-

AG(G/T)TCA-3’. These repeats are separated by one, two, three, four, or five nucleotides and 

are designated DR1, DR2, etc. (for direct repeats), IR1, IR2, etc. (for the inverted repeats), 

and PR1, PR2, etc. (for the palindromic repeats) (143). The exact binding sequence of 

different nuclear receptors defines their specificity. Furthermore, NRs are able to regulate the 

expression of genes lacking canonical HREs through physical and functional interactions with 

other promoter-bound transcription factors acting as super-activators or trans-repressors 

(144). 
 

NRs that are activated by steroids form homodimers and bind to HREs on the 

promoters of their target genes in a ligand-dependent manner while NRs that are regulated by 

other ligands form heterodimers with Retinoid X Receptor (RXR) and bind to HREs in the 

presence or absence of ligands, activating or repressing transcription, respectively. Upon 

ligand binding heterodimeric nuclear receptors undergo conformational changes that lead to 
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the dissociation of co-repressor complexes and the subsequent recruitment of co-activators 

resulting in a switch from repression to gene activation (145). 

 

 

Hepatic Nuclear Factor 4α (HNF4α) 
 

HNF-4α is a liver-enriched transcription factor that plays significant role in the 

development and maintenance of the hepatic phenotype and it is also expressed in intestine, 

kidney and pancreatic beta-islet cells at lower levels (146).  The pivotal role of HNF-4α in the 

maintenance of the hepatic phenotype is highlighted by the severe metabolic defects in mice 

where HNF-4α was inactivated in the adult liver (147) and by the high number of potential 

target genes revealed by genome-scale target search studies (148). HNF-4α is the most 

abundant DNA-binding protein in the adult human liver, with 40% of the actively transcribed 

genes to have a HNF-4α response element (149). In the pancreas HNF-4a is also a master 

regulator, controlling an estimated 11% of islet genes (150).  

HNF-4α belongs to nuclear receptors and was initially believed to be an orphan 

receptor. However, crystallographic studies showed that fatty acids, and specifically linoleic 

acid, may be endogenous ligands of this factor (151). HNF4-α binds to DNA as a homodimer 

to DR1 motifs and activates target gene transcription. In addition, Fang et al identified 

recently an HNF4-specific binding motif (5’-xxxxCAAAGTCCA-3’) (152).  

HNF-4α controls many liver specific functions including lipid and glucose 

metabolism, bile acid synthesis, serum protein production and drug-xenobiotic metabolism, 

by regulating the expression of specific genes, such as apoB, MTTP, apoA-II, apoA-IV, 

apoC-II, apoC-III, PXR, CYP450, HNF-1α, and ΗΝF-4α itself (149,152-154). HNF-4α plays 

also a role in the liver's response to systemic injury and the development of the hepatic acute 

phase response phenotype (155). In addition, it has been demonstrated recently that HNF-4α 

and FoxA2 interplay is capable of driving embryonic stem cells differentiation into 

hepatocytes (156). Furthermore, heterozygous mutations in the HNF-4α  gene  are  associated  

with  an  early  onset  form  of  type  II  diabetes  called maturity  onset  diabetes  of  the  

young  1  (MODY1)  characterized  by  impaired triglyceride  metabolism  and  insulin  

secretion  (157). HNF4α is linked also to several other human diseases including hemophilia, 

hepatitis, atherosclerosis and inflammatory bowel disease (149). 

In terms of animal models, disruption of HNF-4α gene leads to embryonic lethality 

due to a visceral endoderm defect that prevents gastrulation (158). Conditional liver-specific 

inactivation of the HNF-4α gene in mice caused weight loss, increased mortality and lipid 

abnormalities (accumulation of lipid in the liver, greatly reduced plasma total and HDL 

cholesterol levels, and increased serum bile acids) due to impaired expression of genes 
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involved in lipid metabolism, including apolipoproteins, cholesterol synthesis enzymes and 

bile acid transporters (147).  

The HNF-4α gene is regulated mainly at the level of transcription. Two main 

regulatory regions have been identified: the proximal promoter and a distant enhancer are 

located upstream of the transcription start site. It has been shown that activation of the HNF-

4A gene requires the action of HNF-1α and HNF-6 on the proximal promoter, which 

communicates via a looping mechanism with a distant enhancer bound by HNF-1α, HNF-3β 

and C/EBPα (159). In addition, previous studies have shown that HNF-4α activity is also 

modified by post-transcriptional mechanisms, such as, phosphorylation (by PKA, MAPK and 

JAKs) (160,161) and acetylation (by CBP) (162,163), and protein–protein interactions with 

other factors or co-regulators such as steroid receptor coactivator 1 (Src-1), glucocorticoid 

receptor interacting protein-1/transcriptional intermediary factor 2 (GRIP1/TIF2) and 

peroxisome proliferator  activated receptor  γ coactivator 1 (PGC-1) (160).  Interestingly, 

protein-protein interactions with other transcription factors such as Smads, NF-κΒ or SH 

affect its transcription activity (164-166).  Last but not least, miRNAs (such as miR-34a, miR-

34c-5p and miR-449a) have been found to affect not only the levels of HNF-4α protein, but 

also HNF-4α binding and transactivation of its target genes by a mechanism of selectively 

targeting of the HNF-4α-3′-UTR (167). 

 

 

Physical and functional interactions between FoxO1 and HNF-4α   
 

As described above, FoxO proteins have been shown to interact with multiple 

members of the nuclear hormone receptor superfamily (NR), including estrogen, retinoid, and 

thyroid hormone receptors, leading in changes in the transcriptional activity of both proteins 

(104). These interactions are achieved through a LxxLL motif located at the C-terminal of the 

Forkhead DNA-binding domain which is also present in critical co-activators and co-

repressors that interact with NRs (168,169). Regions flanking the LxxLL motif differ between 

FoxOs and might play a role in NR selectivity. 

Of particular interest, in 2003, Hirota et al described for first time the interaction of 

FoxO1 protein with HNF-4α transcription factor. Hirota et al demonstrated that FoxO1 

interacted with the DNA binding domain of HNF-4α and inhibited HNF-4α binding to the 

cognate DNA sequence. Because the binding affinity of HNF-4α with phosphorylated FoxO1 

was significantly decreased in comparison to that with unphosphorylated FoxO1, insulin 

stimulation reversed the repression of HNF-4α transcriptional activity by phosphorylation of 

FoxO1(170). Given that the interaction of FoxO1 with NRs such as PPARγ and HNF-4α is of 

great interest in the context of insulin-regulated gene expression, these results suggest that 
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insulin controls the transcriptional activity of HNF-4a via FoxO1 as a signal-regulated 

transcriptional inhibitor.  

Five years later, in 2008, the same research team described another mechanism of 

transcriptional regulation by HNF-4α and FoxO1 interplay. As it is known, glucokinase (GK) 

and glucose-6-phosphatase (G6Pase) regulate the rate-limiting reactions in the physiologically 

opposed metabolic cascades, glycolysis and gluconeogenesis, respectively. Expression of 

these genes is conversely regulated in the liver in response to fasting and feeding (171,172). 

Hirota et al explored the mechanism of transcriptional regulation of these genes by nutritional 

status and found that reciprocal functions of HNF-4α and FoxO1 play an important role in 

this process. In the GK gene regulation, FoxO1 represses HNF-4α-mediated transcription of 

the gene, whereas it synergizes with HNF-4α in activating the G6Pase gene transcription, and 

this gene-specific action was promoter context-dependent. Genes that contain both HNF-4α 

and FoxO1 binding sites in their promoters are activated while genes with only HNF-4α 

binding sites are suppressed in the presence of HNF-4α and FoxO1 transcription factors. 

Thus, in the physiological response to fasting and feeding conditions, FoxO1 specifically 

decodes the promoter context of the regulated genes and differentially modulates the function 

of HNF-4α in gene transcription (173). 

Last but not least, in 2012, Shin et al performed genome-wide analysis of FoxO1 

binding in hepatic chromatin and investigated whether there are any binding sites for co-

regulatory transcription factors near the FoxO1 peaks. The motif search revealed that in 77% 

of the identified FoxO1 binding sites, there was also an HNF-4α binding motif (174).  

Motivated by the above observations in the third chapter of this thesis we investigated 

the role of the interplay between FoxO1 and HNF-4α in the regulation of HDL metabolism 

related genes.  
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Purpose of study and significance 

 

 

Several studies have shown an inverse correlation between HDL cholesterol levels 

and the risk of developing coronary artery disease (25). HDL is capable of modifying 

cardiovascular disease risk or outcome not only by its participation in RCT but also by direct 

and indirect actions on endothelial cells and other cell types that influence cardiovascular and 

metabolic health (51). Large clinical and intervention studies have shown the beneficial 

effects of raising HDL cholesterol levels (61). Among the currently available drugs, statins, 

niacin and fibrates have been used extensively for raising HDL levels (62,63). However, due 

to the large number of side-effects, a residual risk remains, promoting the search for 

additional therapies for atherosclerosis management. The new therapies aim not only in 

increased HDL levels but also in improved HDL functionality (61,64). The studies of Attie et 

al in 2001 and Koukos et al in 2007 demonstrated also that the induction of key enzymes 

implicated in HDL metabolism could have important consequences for the therapy of patients 

with CAD (65,175). 

 Since the expression of lipoprotein-related genes is regulated mainly at the 

transcriptional level, our aim was to identify novel transcription factors that are implicated in 

the expression of HDL genes in hepatic cells. Specifically, in the first Chapter of this thesis 

we utilized transient transfections techniques and luciferase reporter assays to study the role 

of FoxO1 transcription factor in the regulation of HDL metabolism related genes. FoxO1 is a 

member of the Forkhead superfamily and a key transcription factor in the liver, regulating 

numerous target genes involved in glucose and lipid metabolism  

To further evaluate the role of FoxO1 in HDL metabolism-related genes regulation in 

the liver, RNA interference by short hairpin RNAs (shRNAs) was employed. For this 

purpose, in the second Chapter of this thesis a FoxO1 shRNA (shFoxO1) expressing vector 

was constructed along with a scrambled shRNA (sh-control) expressing vector. In addition we 

constructed shFoxO1 expressing AAVs plasmid vectors which upon AAV production will be 

used in whole animal experiments to achieve liver-specific silencing of FoxO1 gene. By 

utilizing overexpression and gene silencing techniques we expect to find new FoxO1 target 

genes that involved in HDL metabolic pathway. 

FoxO proteins have been shown to interact in a DNA-binding independent manner 

with multiple members of the nuclear hormone receptor superfamily (NR) leading in changes 

in the transcriptional activity of both proteins (104). In the third Chapter of this thesis we 

studied the effect of FoxO1 protein on HNF-4α transcriptional activity. Specifically, we 
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attempted to identify novel genes that are regulated by FoxO1 and HNF-4α interplay. We 

found that FoxO1 suppressed ABCG5 gene expression through an HNF-4α dependent manner 

and then we attempted to elucidate the mechanism by which FoxO1 inhibits the activity of 

HNF-4α transcription factor. 
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1. Materials 

 
Dulbecco’s modified Eagle’s medium (DMEM), penicillin/streptomycin and 

trypsin/EDTA for cell culture were purchased from Invitrogen/Life Technologies 

(Carlsbad, CA). Fetal bovine serum (FBS) was purchased from BioChrom Labs (Terre 

Haute, IN). Restriction enzymes and T4 DNA ligase were purchased from Minotech 

(Heraklion, Greece) or New England Biolabs (Beverly, MA). Go Taq DNA polymerase, 

dNTPs, the luciferase assay system, and the Wizard SV gel and PCR cleanup system 

were purchased from Promega Corp.  (Madison, WI). ONPG (o- nitrophenyl β-D-

galactopyranoside), PMSF, aprotinin, and benzamidine were purchased from Sigma-

Aldrich (St.Louis, MI). Protein G sepharose were purchased from GE healthcare 

(Waukesha, WI). OPTIMEM and Lipofectamine 2000 were purchased from 

Invitrogen/Life Technologies (Carlsbad, CA). All oligonucleotides were synthesized at 

the microchemical facility of the Institute of Molecular Biology and Biotechnology 

(Heraklion, Greece). LY294002 PI3K inhibitor and Insulin were kindly provided by Dr. 

Ch. Strournaras (Medical School, University of Crete, Greece). 

 

 

Antibodies 

 

Anti-HNF-4α (C-19) antibody was purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA). Anti-Flag M2 (F-3165) and the anti-goat peroxidase-conjugated secondary 

antibody were purchased from Sigma-Aldrich (St.Louis, MO, USA). Anti-actin and anti-

mouse or anti-rabbit peroxidase-conjugated secondary antibodies were purchased from 

Chemicon International Inc. (Temecula, CA). Anti- FoxO1 (C29H4) antibody was purchased 

from Cell Signalling (Beverly, MA). The antibodies and the dilutions they were used are 

shown on Table 1. 

 

Table 1: Antibodies 

1st Antibody Dilution Company 

a‐flag M2 (F‐3165) (mouse) 1:1000 in 5% milk-TBS-T 0.05%-.02% ΝaΝ3 Sigma‐Aldrich 

a‐HNF4a (C‐19) (goat) 1:500 in 5% milk-TBS-T 0.05%-0.02% ΝaΝ3 
Santa Cruz 

Biotechnology 

a-FoxO1 (C29H4) (rabbit) 
1:1000 in 5% BSA-TBS-T 0.05%-

0.02%NaN3 
Cell Signalling 

a‐actin (mouse) 1:5000 in 5% milk-TBS-T 0.05-0.02% ΝaΝ3 
Chemicon 

(Millipore) 

2nd  Antibody Dilution Company 

a-rabbit HRP 1:10000 in 5% milk-TBS-T 0.05% 
Jackson  

Immunoresearch 
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a-mouse HRP 1:10000 in 5% milk-TBS-T 0.05% Sigma‐Aldrich 

a-goat HRP 1:10000 in 5% milk-TBS-T 0.05% Sigma‐Aldrich 

 

 

2. Methods 

 

 

Cloning 

 

 For the purpose of this study, plasmid vectors containing the ideal DNA sequence 

were amplified and purified from bacteria. To do so, we utilized techniques of molecular 

cloning. 

 

DNA isolation and purification from agarose gel 

 

PCR products and digestion reactions, run on agarose gels, are purified with the 

use of Wizard SV Gel and PCR Clean-Up System according to the manufacturer’s 

instructions (Promega). In cases a single enzyme is used for vector digestion, 1μl shrimp 

alkaline phosphatase (SAP) is added to the digestion reaction followed by incubation at 

37οC for 30min to 1h to catalyze the dephosphorylation of 5’ phosphates from DNA and 

prevent re-circularization. 

 

 

Ligation reaction 

 

Combine plasmid DNA and DNA to be inserted in a total volume of 15μl containing 

1x T4 DNA ligation buffer (New England BioLabs) supplemented with ATP and 1μl T4 

DNA ligase. Adjust volume with ddH2O and incubate at room temperature for 3h or at 4οC 

O/N. 

 

 

Transformation 

 

1. Add 100μl DH10β competent cells to the ligation reaction 

2. Incubate on ice for 30 min 

3. Transfer at 42oC for 45sec 

4. Cool on ice for 2min 

5. Add 900μl growth medium (LB) without any antibiotic 
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6. Incubate at 37οC for 1h 

7. Centrifuge at 3000rpm for 5min 

8. Remove supernatant and resuspend pellet 

9. Spread cells on an LB agar plate with the appropriate antibiotic 

10. Incubate 37oC o/n 

 

 

Purification of plasmid DNA (miniprep) 
 

 

For the preparation of up to 20-40μg of plasmid DNA 

 
 
1. Pick a single colony from a selective plate and inoculate 2 ml LB medium containing the 

appropriate selective antibiotic. Incubate at 37oC for 16h with vigorous shaking 

 

2. Harvest cells by centrifugation at 13000 rpm for 1min 

 

3. Resuspend the bacterial pellet in 300μl P1 buffer supplemented with RNase A 

(100μg/ml) 

 

4. Add 300μl P2 buffer and mix gently by inverting 4-6 times. Incubate at RT for 5min. 

 

5. Add 300μl of chilled P3 buffer and mix immediately by inverting 4-6 times. Incubate on 

ice for 10min. 

 

6. Centrifuge at 13000rpm for 15min at 4oC. Remove supernatant containing plasmid DNA 

and carefully transfer it to a new eppendorf tube. 

 

7. Precipitate DNA by adding 800μl RT isopropanol. Mix and centrifuge at 13000rpm for 

15min at 4oC. Carefully decant the supernatant 

 

8. Wash DNA pellet with  500 μl RT 70% EtOH, and centrifuge at 13000 rpm for 5min 

 

9. Air dry pellet 

 

10. Redissolve DNA in 30μl H2O 

 

 

Purification of plasmid DNA (midiprep/ maxiprep) 
 

For the preparation of up to 300 μg of plasmid DNA, QIAGEN-tips-100 were used 

according to the protocol provided by QIAGEN (QIAGEN Plasmid Midi and Maxi 

Protocol). 
 

1. Pick a single colony from a freshly streaked selective plate and inoculate a starter 

culture of 2ml LB medium containing the appropriate selective antibiotic. Incubate at 

37οC for 6h with vigorous shaking 

 

2. Dilute the starter culture and inoculate 200ml selective LB medium. Grow at 37οC for 

16h with vigorous shaking. 
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3. Harvest the bacterial cells by centrifugation at 4500 rpm for 10min at 4οC 

 

 

For 100ml culture: 

 
 

4. Resuspend the bacterial pellet in 4ml buffer P1 supplemented with RNase A 

(100μg/ml) 

 

5. Add 4ml buffer P2, mix gently but thoroughly by inverting 4-6 times and incubate 

at RT for 5min 

 

6. Add 4ml of chilled buffer P3, mix immediately but gently by inverting 4-6 times 

and incubate on ice for 15minCentrifuge at 4500rpm for 30min at 4οC. Remove 

supernatant containing plasmid DNA. 

 

7. Equilibrate a QIAGEN-tip 100 by applying 4ml buffer QBT, and allow the column 

to empty by gravity flow 

 

8. Apply the supernatant from step 7 to the QIAGEN-tip and allow it to enter the resin 

by gravity flow 

 

9. Wash the QIAGEN-tip with 2 x 10 ml buffer  QC 

 

10. Elute DNA with  5ml buffer QF 

 

11. Precipitate DNA by adding 3.5ml RT isopropanol to the eluted DNA. Mix and 

centrifuge immediately at 13000rpm for 30min at 4οC. Carefully decant the 

supernatant. 

 

12. Repeat steps 8–12 for the rest 100ml culture using the same QIAGEN-tip and 

tubes to precipate DNA 

 

13. Wash DNA pellet with  500μl RT 70% EtOH, and centrifuge at 13000rpm for 10min 

 

14. Air dry pellet and redissolve the DNA in 200 μl TE buffer or H2O 

 

15. Determine DNA concentration from the absorbance at 260nm 

 

 

 

Plasmid Constructions 

 

 

Promoter Constructs 
 

The human ABCA1, ABCG1, ABCG5, ABCG8, LPL, CETP, PLTP and LIPC 

promoter constructs were available in the lab [(-668/+33)ABCA1-luc, (-1080/+14) 

ABCG1-luc, (-972/+72)ABCG5-luc, (-939/+12)ABCG8-luc, (-876/+4)LPL-luc, (-956 

/+89)CETP-luc, (-974/+87)PLTP-luc, (-831/+28)LIPC-luc]. More specifically, they were 

generated by PCR amplification of the corresponding fragments using human genomic 
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DNA as template and subsequent cloning into the KpnI-HindIII sites of the pGL3basic 

vector (Promega Corp.). The human ABCG5-luc, ABCG8-luc, ABCG5-luc (mutated DR1 

site 1) and ABCG8-luc (mutated DR1 site) were kindly provided by Dr. Sakai (University 

of Tokio). 

 

 

shRNA producing vectors 

 
The shFoxO1, shHNF4 and shscrambled producing vectors were generated by 

ligation of a double-stranded oligonucleotide that contained the shRNA-expressing 

sequence targeting FoxO1, HNF-4a or a scrambled sequence, respectively, into the 

BglII-HindIII sites of the pSuper.GFP/neo vector (Oligoengine,Seattle). Afterwards, 

the shFoxO1 and shscrambled producing adeno-associated vectors were generated 

by ligation of a double-stranded oligonucleotide that contained the shRNA-expressing 

sequence targeting FoxO1 or a scrambled sequence,  respectively, into the BbsI-BbsI 

sites of the dsAAV H1and dsAAV U6 vectors. These vectors were kindly provided 

by Dr. Kuivenhoven (University of Groningen). The sequence of all oligonucleotides 

is shown in Table 2. 

 

Table 2: Oligonucleotides used for shRNA 

Name Sequence 
HNF4a  

shRNA sense 
5’‐GATCCCCGGCAGTGCGTGGTGGACAATTCAAGAGATTGTCCACCACGCACTGCCTTTTTA‐ 3’ 

HNF4a 

 shRNA anti-

sense 

5’‐AGCTTAAAAAGGCAGTGCGTGGTGGACAATCTCTTGAATTGTCCACCACGCACTGCCGGG‐ 3’ 

FoxO1  

shRNA sense 5’-GATCCCCGAGCGTGCCCTACTTCAAGGTTCAAGAGACCTTGAAGTAGGGCACGCTCTTTTTA-3’ 

FoxO1  

shRNA anti-sense 
5’-AGCTTAAAAAGAGCGTGCCCTACTTCAAGGTCTCTTGAACCTTGAAGTAGGGCACGCTCGGG-3’ 

FoxO1 

 shRNA sense 

(BbsI site) 
5’- CACCGAGCGTGCCCTACTTCAAGGTCAAGAGCCTTGAAGTAGGGCACGCTC-3’ 

FoxO1  

shRNA anti-sense 

(BbsI site) 

5’- AAAAGAGCGTGCCCTACTTCAAGGCTCTTGACCTTGAAGTAGGGCACGCTC-3’ 

scrambled  

shRNA sense 
5’‐GATCCCCTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAATTTTTA‐ 3’ 

scrambled  

shRNA antisense 
5’‐AGCTTAAAAATTCTCCGAACGTGTCACGTTCTCTTGAAACGTGACACGTTCGGAGAAGGG‐ 3’ 

scrambled 

 shRNA sense 

 (BbsI site) 

5’-CACCTTCTCCGAACGTGTCACGTTCAAGAGACGTGACACGTTCGGAGAA-3’ 

scrambled  

shRNA antisense 

(BbsI site) 

5’-AAAATTCTCCGAACGTGTCACGTCTCTTGAACGTGACACGTTCGGAGAA-3’ 

shRNA sequence targeting HNF‐4α,FoxO1 or sh‐control (scrambled) sequence is in italic and underlined 
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Expression vectors 

 

The expression vector flag-pcDNA3-FoxO1 was kindly provided by Dr. Konstantin 

Kandror (Boston University). The N-flag-pcDNA3 vector was kindly provided by Dr. 

Aristeides Moustakas (Uppsala University). The expression vectors pMT2 and pMT2-

HNF-4α were available in the lab. 

 

 

Cell culture and transient transfections 

 

 

Cell culture 
 

Human hepatoma HepG2 cells and human embryonic kidney cells (HEK293T), were   

cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS), L-glutamine, and penicillin/streptomycin (P/S) at 37οC in a 5% CO2 

atmosphere. For the treatment of cells with Insulin and LY29004, cells were starved for 8h 

(DMEM 0.5% FBS, 2% P/S). 

 

 

Transient Transfections 
 
 

Transient transfections were performed using the calcium phosphate [Ca3(PO4)2] 

co-precipitation method. B riefly, one day before transfection, cells were plated in the 

appropriate amount of growth medium such that they will be 60% confluent at the time of 

transfection.  

 

For each transfection sample, prepare complexes as follows: 

1. Dilute CaCl2 (2M) and DNA in dH2O 

2. Add equal volume of 2x Hepes Buffered Saline (HBS) while vortexing 

3. Incubate for 20min at RT 

4. Add transfection complexes to cells. Mix gently by rocking the plate back and forth 

5. Incubate the cells at 37οC in a CO2  incubator for 8-18h 

6. Replace medium with fresh medium 

7. Incubate the cells at 37οC in a CO2 incubator for 24h 

8. Harvest cells 

 

Transient transfections followed by Insulin treatment were performed with the 

Lipofectamine
TM 

2000 reagent (Invitrogen) according to the manufacturer’s instructions. 
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Reporter assays 
 
 

For reporter assays, cells were plated in 6-well plates and were subsequently 

transfected with the calcium phosphate method. Luciferase assays were performed using 

the Luciferase Assay Kit from Promega Corp according to the manufacturer’ instructions. 

Normalization for transfection efficiency was performed by β-galactosidase assays. 

 

 

Cell lysis: 
 
 
1. Aspirate medium 

2. Wash cells with 1ml ice-cold PBS 

3. Cell lysis with 200μl Promega Lysis Buffer 1X 

4. Shaking for 5min 

5. Scrape cells and transfer in a clean 1.5ml eppendorf tube 

6. Place the samples at -80οC for 15-20min 

7. Thaw on ice (or in water bath for 1-2min) 

8. Centrifuge for 5min at 13000 rpm at 4οC 

 
 

Measurement of luciferase activity: 
 

Mix 60μl of cell extract with 60μl luciferase substrate (Promega) and measure 

relative light units (RLU) in the luminometer. 

 
 
Measurement of β-galactosidase activity: 
 
 

1. In a microplate, add to 5 μl of cell extract 195 μl of the following mix (per well): 

 

 

 

 

 

2. incubate at 37οC until the samples are colored yellow  

3. measure OD at 410nm  

 

Sodium phosphate buffer (P buffer) consists of Na2HPO4 0.1M (adjusting the pH of 

Na2HPO4 to 7.3 with NaH2PO4 0.1M). The appropriate amount of ONPG is resuspended in P 

buffer to a final concentration of 8 mg/ml. 100X Salt buffer consists of: 1M KCl, 0.1M MgCl2 

and 5M β-mercaptoethanol. Finally, for this process, we utilized a plate reader from TECAN, 

 

Reaction Buffer 

149μl P-Buffer 

44μl ONPG 

2μl 100x Salt 

Vf = 195μl 
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which can incubate the samples and in parallel can measure OD at different time points. The 

optimal OD is among 0.2 to 0.9. 

 

 

Purification and analysis of protein extracts 

 

 

Isolation of cytoplasmic and nuclear protein extracts 

 
For cultured cells grown in 100 mm dishes: 

1. Wash cells twice with ice cold PBS1X.  

2. Add 500μl of Buffer A.  

3. Incubate for 10min (shaking) at RT and then scrape cells. Break cells accumulation by 

pipeting up and down. 

4. Transfer in a clean 1.5mL eppendorf tube.  

5. Centrifuge at 13000rpm for 4min at 4oC.  

6. Transfer the supernatant (contains the cytosolic proteins) in a clean eppendorf tube. Store 

in aliquots at -80oC. 

7. Add 100μl of Buffer A in the eppendorf with the cells fractions. Dissolve the pellet by 

pipeting up and down.  

8. Centrifuge at 13000rpm for 4min at 4oC.  

9. Discard the supernatant (contains cytosolic residues). 

10. Add 150μl of Buffer B and dissolve the pellet by pipeting several times up and down.  

11. Incubate on ice for 20-25min. Vortex every 5min. 

12. Centrifuge at 13000rpm for 4min at 4oC.  

13. Transfer the supernatant (contains the nuclear extract) in a clean eppendorf tube. Store in 

aliquots at -80oC. 

 

Buffer A 10mL Buffer A Buffer B 10mL Buffer B 

10mM HEPES, pH 7.9 200μl from a 0,5M stock 20mM HEPES, pH 7.9 400μl from a 0,5M stock 

10mM KCL 33μl from a 3M stock 0.4M NaCL 800μl from a 5M stock 

0.1mM EDTA 2μl from a 0,5M stock 0.1mM EDTA 2μl from a 0,5M stock 

10% NP-40 400μl 10% Glycerol 1mL from a 100% stock 

Sterilized water 9.365μl Sterilized water 7.798μl 
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Inhibitors 

100X DTT 1μl/mL from a 1M stock 

100X Aprotinin 2μl/mL from a 1mg/mL stock 

1000X PMSF 10μl/mL from a 0.1M stock 

100X NaF 1mL from a 100% stock 

 

 

Calculation of protein concentration (Lawry) 
 
 

Protein concentration in cell extracts is calculated from the absorbance at 750 nm using 

the Biorad DC protein Assay kit 

 

1. Prepare reaction: 
 

5μl protein extract 

25μl reagent A΄ (Α΄=1mL reagent A+ 20μl reagent S) 

200μl reagent B 
 
 
2. Mix and incubate for 15min at RT 
 
3.  Measure OD at 750nm 

 

 

Immunoblot analysis 
 
 

After protein concentration measurement, equal amounts of protein are loaded on 

SDS- polyarylamide gels followed by electrotransfer onto nitrocellulose membranes. 

 

Sample preparation: Boil samples at 100οC for 5-10min in 4X Sample Buffer 

 

SDS-PAGE 

 

Based on the protein size samples are run on 10.5 or 12.5% polyacrylamide gels 

consisting of the separating and stacking gel. For the electrophoresis 1X  TGS buffer is 

used. 

 

Separating Gel Stacking Gel 

 10.5% 12.5%  

ddH2Ο 3.9ml 3.2ml ddH2Ο 3.6ml 

30% acrylamide 3.5ml 4.2ml 30% acrylamide 900μl 

Separating Buffer 2.5ml 2.5ml Stacking Buffer 1.5ml 

10% APS 160μl 160μl 10% APS 60μl 

TEMED 8μl 8μl TEMED 6μl 

Volume 10 ml 10 ml Volume 6 ml 
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 Separating Buffer Stacking Buffer 

 18.165g 1.5M 6.05g 0.5M 

SDS 0.4g 0.4% w/v 0.4g 0.4 % w/v 

Volume 100ml 100ml 

pH (with HCl) 8.8 6.8 
 
 

10X TGS 

Tris 30.3g 

Glycine 144.2g 

SDS 10g 

Volume 1lt 
 
 
 

Western Blot 
 
 

Following SDS-PAGE, proteins are transferred onto nitrocellulose membranes 

using transfer buffer. Proteins are then visualized by probing the membrane with 

appropriate monoclonal or polyclonal antibodies and subsequent incubation with 

horseradish-peroxidase-conjugated secondary antibodies, as follows: 

 

1. Wash membrane for  5min with TBS-T 0.05 % 

2. Incubate for  1h at RT in 5 % w/v non-fat milk in TBS-T 0.05 % 

3. Incubate with the primary antibody overnight at 4οC (dilution  in 5 % w/v non-fat 

milk in TBS- T 0.05 %, 0.02 % NaN3) 

4. Wash 3 times for 10min with TBS-T 0.05 % 

5. Incubate with the secondary antibody for 1h at RT (a-mouse, a-goat, a-rabbit IgG 

HRP 1:10000 in 5 % w/v non-fat milk in TBS-T 0.05 %) 

6. wash 3 times for 10min with TBS-T 0.05 % 

7. wash once for 5min with TBS 

8. detect signals by enhanced chemiluminescence (ECL solution) 

9. to normalize the variations for proteins amounts, membranes are stripped  

 Incubate with stripping buffer for 30min at 50οC, wash 2 times for 10min with  

TBS-T at RT, blocking for 1h at RT in 5 % w/v non-fat milk in TBS-T 0.05 % 

and re- probed with an antibody to β-actin (1: 5000 in TBS-T 0.05%, 0.02% NaN3) 

 

Transfer Buffer 10X TBS 

10X TGS 100ml NaCl 180g 

Methanol 200ml Tris 121.14g 

ddH2O 700ml pH 7.3 (with HCl) 

Volume 1lt Volume 1lt 
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Stripping Buffer 

SDS 2% 

Tris-HCl pH 6.8 62.5mM 

b-mercaptoethanol 100mM 

 

Chromatin Immunoprecipitation 

Day 1: Preparation of chromatin 

1. Grow or harvest 10x106 cells in a 100mm dish. 

2. Remove medium and wash with 7ml DMEM. 

3. Add 9ml DMEM (pre-warmed at 37οC). 

4. Add 1ml formaldehyde (from 10% stock solution) drop wise and mix immediately. 

5. Incubate for 10min at RT (or 37οC). 

6. Add 1ml glycine (from 1.375M stock solution) drop wise, mix immediately with gentle 

agitation. 

7. Place the plate on ice and wash 3 times with 10 ml 1xPBS/0.5mM PMSF (ice cold). 

8. Add 7 ml 1xPBS/0.5% NP-40/0.5mM PMSF. 

9. Scape cells and transfer to a 15ml falcon tube. 

10. Centrifuge at 1000rpm, 5min, 4οC. 

11. Resuspend the cell pellet in 2-5ml Swelling buffer. 

12. Incubate on ice for 10 min, flickering the tube occasionally. 

13. Homogenize cells using the Dounce machine (speed 4-5), 50-60 times for each sample. 

- Check the efficiency of the process: 

i. mix on a slide 5μl Trypan Blue (0.4% in PBS) and 5μl from the sample 

ii. check under the microscope – the more blue cells the more efficient the 

process. Repeat the homogenization if not enough cells are stained. 

14. Centrifuge at 2000 rpm, 5 min, 4οC. 

15. Remove supernatant. 

16. Resuspend pellet (nuclei) in 1ml Sonication buffer. 

17. If there are too many cells, dilute them in Sonication buffer and perform the sonication to 

aliquots of 1ml. 

18. Fragment chromatin by sonication (the number of sonications depends on the cell type): 

12-14timesx30 sec at 50% amplitude (cool the sample between sonications by leaving it 

on ice for 4-5min) 

19. Centrifuge at 13000rpm, 15min, 4οC. 
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20. Transfer supernatant to 1.5 ml eppendorf. 

21. Centrifuge at 13000rpm, 15min, 4οC. 

22. Transfer supernatant to a 2ml eppendorf and add 1ml Sonication Buffer. 

23. 50μl are kept to check the quality of the chromatin and the rest is stored at -80οC. 

Day 2: Clean-up of the test sample 

1. Add 150μl Η2Ο and 10.5μl NaCl 4M to the 50μl of chromatin. 

2. Incubated Ο/Ν at 65οC. 

3. Add 2μl RNAse A (10mg/ml, DNase-free). 

4. Incubate for 1h at 37οC. 

5. Add 2μl EDTA (0.5M). 

6. Add equal volume of Phenol:Chloroform:Isoamyl 25:24:1. 

7. Mix by vortexing until the sample is homogeneous. 

8. Centrifuge at 13000rpm, 5min, RT. 

9. Transfer upper phase to 1.5ml eppendorf. 

10. Add equal volume of Chloroform and 4μl glycogen (5μg/μl). 

11. Transfer upper phase to 1.5ml eppendorf. 

12. Add 1/10V CH3COONa 3M and 21/2V EtOH absolute. 

13. Mix well and place at -80οC for 30min. 

14. Centrifuge at 13000rpm, 10min, RT. 

15. Remove supernatant. 

16. Add 500μl 75% EtOH. 

17. Centrifuge at 13000rpm, 10min, RT. 

18. Remove supernatant. 

19. Air-dry the pellet and resuspend DNA in 20μl Η2Ο. 

20. Check the quality of the fragmented chromatin (10μl) on a 2% agarose gel. 

If chromatin fragments are less than 1000bp proceed to the next step: 

Day 3: Equilibration/Blocking/Preclearing/IP 

Take the chromatin out of -80οC and thaw on ice (it takes a long time). 

Equilibration and blocking of beads 

1. For each sample use 160 μl protein G sepharose beads (50% slurry): 

- 40μl protein G sepharose beads for control reaction (IgG or w/o ab) 
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- 40μl protein G sepharose beads for IP 

- 80μl protein G sepharose beads for preclearing. 

2. Centrifuge the protein G sepharose beads at 3000rpm, 3min, 4οC and remove supernatant. 

3. Add 1.5ml Sonication Buffer. 

4. Rotate 10min at 4οC. 

5. Centrifuge at 3000rpm, 3min, 4οC. 

6. Remove supernatant. 

7. Repeat the wash 2 more times. 

8. Add 494μl Sonication Buffer + 5μl BSA (100mg/ml) + 1μl sonicated λDNA (0.5μg/μl). 

9. Rotate for 2h at 4οC. 

10. Transfer 160μl beads in 2x1.5ml eppendorf tubes and store at 4οC (they are going to be 

used later for the IP and control reactions). 

Preclearing of chromatin 

1. Centrifuge the rest of the beads at 3000rpm, 3min, 4οC. 

2. Remove supernatant. 

3. Measure OD at 260nm and 280nm (5μl). 

4. Add 1500μl of chromatin to the beads. 

- When there are more than one sample, divide each measurement (OD260) with the 

smallest one to produce a factor. 

- Add to the beads 1500 μl of the sample with the smallest OD260 and 

(1500/factor)μl of the rest of the samples (add sonication buffer up to 1500μl). 

5. Add 15μl BSA (100mg/ml) and 3μl λ DNA (0.5μg/μl). 

6. Rotation for 2h at 4οC. 

7. Centrifuge at 3000rpm, 3min, 4οC. 

8. Transfer supernatant to a new tube and estimate the volume. 

9. Keep 1/10 V of the amount that will be used in each IP and store it at -20οC (input). 

Immunoprecipitation 

1. Chromatin is split in 2x1.5ml tubes: 

- Control – add IgG or nothing 

- IP – add 5μg of antibody 

2. Rotation for O/N at 4οC. 
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Day 4: Beads/Washes/Elution/De-crosslinking 

1. Centrifuge the beads stored at 4οC (after equilibration/blocking), at 3000rpm, 3min, 4οC. 

2. Remove supernatant. 

3. Add the IP samples (-ab, +ab) to the beads. 

4. Rotation 2h at 4οC. 

5. Centrifuge the samples at 3000rpm, 3min, 4οC and remove supernatant. 

6. Wash 2 times with Wash Buffer A: 

- Add 1 ml Wash Buffer A. 

- Rotate for 10min at 4οC. 

- Centrifuge at 3000rpm, 3min, 4οC. 

7. Wash 2 times with 1 ml Wash Buffer B. 

8. Wash 2 times with 1 ml Wash Buffer C. 

9. Wash 2 times with 1 ml TE buffer. 

10. Add 150μl Elution Buffer (freshly prepared and prewarmed at 65οC). 

11. Vortex. 

12. Incubate at 65οC for 10min. Flick the tube frequently. 

13. Vortex. 

14. Centrifuge at 13000rpm, 1min, RT. 

15. Transfer supernatant (150μl) to a new 1.5 ml tube. 

16. Add 150μl Elution Buffer to the beads. 

17. Vortex. 

18. Incubate at 65οC for 10min. Flick the tube frequently. 

19. Vortex. 

20. Centrifuge at 13000 rpm, 1min, RT. 

21. Transfer supernatant (150μl) to the tube containing the first eluate (final volume 300μl). 

22. Add 100μl Η2Ο and 21μl NaCl 4M. 

23. To the input add Elution Buffer up to 300μl, 100μl Η2Ο and 21μl NaCl 4M. 

24. Mix and incubate Ο/Ν at 65οC. 

Day 5: DNA clean-up 

1. Add 2μl RNAse A (10mg/ml, DNase-free). 

2. Incubate for 1h at 37οC. 

3. Add 2μl EDTA (0.5M) and 2μl Proteinase K (10mg/ml). 

4. Incubate for 2 h at 42οC. 
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5. Add 200μl Η2Ο. 

6. Add 1/10 V CH3COONa 3M. 

7. Add equal volume of Phenol:Chloroform:Isoamylalchohol 25:24:1. 

8. Vortex (the mix should be homogeneous). 

9. Centrifuge at 13000rpm, 5min, RT. 

10. Transfer upper phase to a new 1.5ml tube. 

11. Add equal volume of Chloroform. 

12. Vortex. 

13. Centrifuge at 13000rpm, 5min, RT. 

14. Transfer upper phase to a 2ml tube. 

15. Add 4μl glycogen (5μg/μl) and 21/2 V EtOH absolute. 

16. Mix and incubate O/N at -20οC. 

17. Day 6: DNA clean-up/Electrophoresis 

18. Centrifuge at 13000rpm, 30min, 4οC. 

19. Remove supernatant. 

20. Add 1ml 75% EtOH. 

21. Centrifuge at 13000rpm, 10min, RT. 

22. Remove supernatant. 

23. Airdry the pellet. 

24. Resuspend input in 100μl 10mM Tris (pH 7.5) and the control/IP samples in 50μl 10mM 

Tris (pH 7.5). 

 

 

Buffers 

 

Swelling buffer Sonication buffer 

Hepes pH 7.9 25mM Hepes pH 7.9 50mM 

MgCl2 1.5mM NaCl 140mM 

KCl 10mM EDTA 1mM 

NP‐40 0.5% Triton X‐100 1% 

DTT 1mM Na‐deoxycholate 0.1% 

PMSF 0.5mM SDS 0.1% 

aprotinin 2μg/ml PMSF 0.5mM 
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Wash Buffer A Wash Buffer B Wash Buffer C 

Hepes pH 7.9 50mM Hepes pH 7.9 50mM Τris‐Cl pH 8.0 20mM 

NaCl 140mM NaCl 500mM EDTA 1mM 

EDTA 1mM EDTA 1mM LiCl 250mM 

Triton X‐100 1% Triton X‐100 1% Na‐deoxycholate 0.5% 

Na‐deoxycholate 0.1% Na‐deoxycholate 0.1% NP‐40 0.5% 

SDS 0.1% SDS 0.1% PMSF 0.5mM 

Aprotinin 2μg/ml Aprotinin 2μg/ml Aprotinin 2μg/ml 

PMSF 0.5mM PMSF 0.5mM PMSF 0.5mM 

 

TE Elution Buffer 

Tris‐Cl  pH 8.0 10mM Tris‐Cl  pH 8.0 50mM 

EDTA 1mM EDTA 1mM 

PMSF 0.5mM SDS 1% 

aprotinin 2μg/ml NaHCO3 50mM 
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Chapter I: Regulation of HDL metabolism related genes by the 

transcription factor FoxO1. 
 

 

 Previous studies from our group have shown that the non-canonical HDL profile of 

mice expressing mutant forms of apoA-I could be rescued by overexpressing the enzymes 

LCAT or LPL in the liver (65). Furthermore, mice overexpressing apoA-I or ABCA-1in the 

liver have high plasma HDL levels and are protected from diet-induced atherosclerosis (24). 

The above observations indicate that finding new ways of inducing the expression of key 

enzymes of HDL metabolism could have important consequences for the therapy of patients 

with CAD. 

 Since the expression of lipoprotein-related genes is regulated mainly at the 

transcriptional level, our aim was to identify novel transcription factors that are implicated in 

the expression of HDL genes in hepatic cells. Specifically, we studied the role of FoxO1 

transcription factor, a member of the Forkhead superfamily and a key transcription factor in 

the liver, regulating numerous target genes involved in glucose and lipid metabolism. In order 

to elucidate the role of FoxO1 in the regulation of HDL genes we utilized the human (-668 

/+33) ABCA1, (-1080/+14) ABCG1, (-972/+72) ABCG5, (-939/+12) ABCG8, (-876/+4) 

LPL, (-956/+89) CETP, (-974/+87) PLTP and (-831/+28) LIPC promoters, that were fused 

with the luciferase gene and were available in the lab. Specifically, we performed transient 

transfection assays utilizing the above luciferase reporter plasmids and the pcDNA3 plasmid 

vector expressing either FoxO1 or empty vector in the human hepatoblastoma-derived cell 

line HepG2. As shown in Figure 1, FoxO1 overexpression in HepG2 cells was associated 

with an approximately 50% decrease of the activity of the (-668/+33)ABCA1, (-972/+72) 

ABCG5, (-956/+89)CETP and (-974/+87)PLTP promoters. In contrast, FOXO1 

overexpression had a minor effect on the activity of the (-939/+12)ABCG8, (-

1080/+14)ABCG1, (-876/+4)LPL and (-831/+28)LIPC promoters. 

 FoxO1 sub-cellular localization and transcriptional activity are affected by many 

post-translational modifications such as phosphorylation, acetylation and ubiquitinilation. Akt 

kinase is the most important regulator of FoxOs, with all of them having highly conserved 

Akt-phosphorylation sites. At high glucose and insulin levels, the activated Akt kinase 

phosphorylates FoxO1 at residues Thr-24, Ser-256 and Ser-319. The sequential 

phosphorylation of FoxO1 leads to enhanced formation of a complex with nuclear export 

proteins thereby promoting its nuclear exclusion (80).  
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Figure 1: Regulation of HDL metabolism-related genes by the transcription factor 

FoxO1. HepG2 cells were transiently co-transfected with the luciferase reporter plasmids 

indicated at the bottom of the graph (250ng) along with a FoxO1 expressing vector (0.5μg) 

and a β-galactosidase expression vector (1.0μg). 

 

 In order to monitor the trafficking of FoxO1 protein in response to insulin from the 

nucleus to the cytoplasm and vice versa we pre-treated or not serum starved HepG2 cells with 

the PI3K-specific inhibitor LY294002 for 1h and then stimulated them with insulin. We 

found that even in the fasted cells a significant portion of the FoxO1 protein remained in the 

cytoplasm (Figure 2a). This might be due to other post-translational modifications that retain 

FoxO1 in the cytoplasm during fasting. On the contrary, FoxO1 was located exclusively in 

the nucleus upon pre-treatment of HepG2 cells with the LY294002 inhibitor either in the 

presence or in the absence of insulin. As far as the Akt protein is concerned, insulin treatment 

led to Akt phosphorylation at Thr 308. However, the insulin-mediated phosphorylation of Akt 

was not lost in LY294002 treated cells. Since our antibody detects the phosphorylated residue 

by the mTORC2 and not by the PI3K-PDK1 branch we are tempted to speculate that the 

observed phosphorylation of Akt upon LY294002 treatment was due to indirect activation of 

mTORC2 (Figure 2a). 
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Figure 2a: Localization of FoxO1 protein in response to insulin. Serum starved HepG2 

cells pre-treated with the PI3K-specific inhibitor LY294002 (50μM) for one hour and then 

stimulated with insulin for 1h and 2h period. The intracellular protein levels of FoxO1, p-

AKT (Ser473) and actin (loading control) were determined by immunoblotting using the 

corresponding antibodies. 

 

 Since insulin affects the expression of many genes involved in lipid metabolism and 

FoxO1 is a major target of insulin action (69) we next examined the effect of endogenous 

FoxO1 on the response of the HDL-related gene promoters to insulin. For this purpose, 

serum-starved HepG2 cells were transfected with the above luciferase reporter plasmids and 

then incubated in the absence or in the presence of insulin (100nm) for 24h prior to analysis 

of luciferase activity. As shown in Figure 2b, insulin treatment only slightly increased the 

promoters’ activity of ABCA1, ABCG1, ABCG5 and LIPC genes, while the other genes 

remained unaffected. 

 

 

Figure 2b: Regulation of HDL metabolism-related genes by the transcription factor 

FoxO1 in response to insulin. Serum-starved HepG2 cells were transiently transfected with 

the luciferase reporter plasmids indicated at the bottom of the graph (250ng) along with a β-

galactosidase expression vector (1.0μg). Afterwards, cells treated with 100nM Insulin or not. 
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 Next we wanted to confirm that the observed effect upon insulin treatment was Akt-

dependent. For this reason, we transfected serum-starved HepG2 cells with the (-

668/+33)ABCA1-luc reporter plasmid, pre-treated them with the PI3K-specific inhibitor 

LY294002 (50μM) for one hour and then stimulated them with insulin for an additional 24h 

period. It was shown that when LY294002 is used at a concentration of 50 μM, it specifically 

abolishes PI3 kinase activity but doesn’t inhibit other lipid and protein kinases such as PI4 

kinase, PKC, MAP kinase or c-Src (176). As shown in Figure 3, pre-treatment of HepG2 

cells with the LY294002 PI3K inhibitor abolished the effect of insulin on ABCA1 gene 

promoter activity, indicating that the effect of insulin on the regulation of HDL genes is 

PI3K-Akt mediated. 

 

 

Figure 3: Treatment of HepG2 cells with the PI3K inhibitor LY294002 abolishes the 

effect of insulin on ABCA1 gene promoter activity. Serum-starved HepG2 cells were 

transiently transfected with the (-668/+33)ABCA1-luc reporter plasmid (250ng) along with a 

β-galactosidase expression vector (1.0μg). Subsequently, the cells were pre-treated with 

LY294002 (50μΜ) for 1h prior to the addition of insulin (100nM) for 24h. 
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Discussion 

 

 

 Several studies have shown an inverse correlation between HDL plasma cholesterol 

levels and the risk of developing coronary artery disease (25). HDL is capable of modifying 

cardiovascular disease risk or outcome not only by its participation in RCT but also by direct 

and indirect actions on endothelial cells and other cell types that influence cardiovascular and 

metabolic health (51). Large clinical and intervention studies such as the HATS (HDL 

Atherosclerosis Treatment Study) and the HHS (Helsinki Heart Study) have shown the 

beneficial effects of raising HDL cholesterol levels (61). Among the currently available 

drugs, statins, niacin and fibrates have been used extensively for raising HDL levels (62,63). 

However, due to the large number of side-effects, a residual risk remains, promoting the 

search for additional therapies for atherosclerosis management. The new therapies aim not 

only at increasing plasma HDL levels but also at improving HDL functionality (61,64). The 

studies of Attie et al in 2001 and Koukos et al in 2007 demonstrated also that the induction of 

enzymes implicated in HDL metabolism could have important consequences for the therapy 

of patients with low HDL syndromes and premature CAD (65,175). 

Since the expression of lipoprotein-related genes is regulated mainly at the 

transcriptional level in the liver, our aim was to identify novel transcription factors that are 

implicated in the expression of HDL genes in hepatic cells. Specifically, we studied the role 

of FoxO1 transcription factor, a member of the Forkhead superfamily and a key transcription 

factor in the liver, regulating numerous target genes involved in glucose (e.g. G-6-Pase and 

PEPCK) and lipid metabolism (e.g. FAS and SREBP-1c) (114). In particular, mouse hepatic 

chromatin exhibited 401 FoxO1 binding sites, regulating metabolic processing of carboxylic 

acids, fatty acids, steroids and retinoids (174). Liver specific deletion of FoxO1 causes a 

decrease in plasma glucose without a significant effect on lipid metabolism while 

simultaneous knock out of FoxO1, FoxO3 and FoxO4 causes hepatic steatosis, increased 

hepatic lipid secretion, and increased serum triglycerides (120,121). 

In order to elucidate the role of FoxO1 in the regulation of HDL metabolism-related 

genes we used the human promoter sequences of ABCA1, ABCG1, ABCG5, ABCG8, LPL, 

CETP, PLTP and LIPC genes fused with the luciferase gene. Overexpression of the above 

plasmids along with an expression vector for FoxO1 in HepG2 cells caused a 50% decrease in 

the activity of ABCA1, ABCG5, CETP and PLTP promoters while it did not affect 

significantly the activity of the other promoters (Figure 1). Since FoxO1 does not have a 

suppressor domain in its structure, it is possible that the observed decrease in promoters’ 

activity is achieved indirectly through interactions with other transcription factors or co-

factors (104). In accordance with our data, a recent microarray analysis of a FoxO1 knock-out 
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model revealed that the promoter regions of most genes regulated by FoxO1 did not contain a 

FoxO recognition site supporting the idea that their regulation by FoxO1 is achieved 

indirectly through interactions with other factors (activators or suppressors) (177). 

Unpublished results from our laboratory have shown that FoxO1 does not bind directly to the 

human ABCA1 promoter. However, it is able to reduce ABCA1 promoter activity by 

interacting with and suppressing the LXR transcription factor, a member of the nuclear 

hormone receptors. A similar mechanism has been described previously for the SREBP-1c 

gene expression (178). In 2012, Deng et al showed that FoxO1 can associate with the 

proximal promoter region of the SREBP-1 gene and disrupt the assembly of key components 

of the transcriptional complex of the SREBP-1c promoter (179). Moreover, in contrast to our 

results, FoxO1 was found to enhance the expression of LPL in a myocyte cell line but this 

could be due to differences in experimental models or to the duration and the level of FoxO1 

overexpression in those studies (180,181). 

FoxO transcription factors are subjects to many post-translational modifications that 

affect their abundance, localization and transcriptional activity or their interactions with other 

proteins. Together these modifications have been described as a ‘FOXO code’ and have been 

found in various cell types (75).  Blood glucose and lipid homeostasis is tightly regulated by 

insulin and FoxO1 is among the main mediators of insulin signaling in hepatic cells. In the 

absence of insulin, FoxO1 resides in the nucleus, exerting its transcriptional activity while in 

response to insulin, FoxO1 is phoshorylated in a PI3K-Akt dependent manner at residues Thr-

24, Ser-256 and Ser-319, resulting in its nuclear exclusion and transcriptional suppression 

(82).  

In order to assess the effect of endogenous FoxO1 on the response of the HDL-related 

genes to insulin, HepG2 cells were transfected with the luciferase reporter plasmids and then 

incubated with insulin. Insulin treatment only mildly increased the activity of the                                                              

ABCA1, ABCG1, ABCG5 and LIPC genes while the activity of the ABCG8, LPL, CETP and 

PLTP promoters remained unaffected by insulin (Figure 2b). However, these findings were 

not in accordance with the proposed model of FoxO1 regulation by insulin via nuclear 

exclusion. Our data could possibly be explained by the presence of other post-translation 

modifications on FoxO1 in HepG2 cells, resulting in FoxO1 inhibition even in the fasted state 

(Figure 2a).  

Moreover, in order to confirm that the observed effect on promoters’ activity upon 

insulin treatment was Akt-mediated we pre-treated HepG2 cells with the PI3K specific 

inhibitor LY294002 prior to insulin stimulation. As far as the ABCA1 gene is concerned, we 

found that selective inhibition of PI3K abolished the positive effect of insulin on ABCA1 

promoter activity, indicating a PI3K-AKT dependent mechanism of regulation (Figure 3). 
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However, more experiments are needed in order to draw conclusions about the role of 

FoxO1 in HDL gene regulation. For instance, fasting-refeeding experiments in mice (shown 

previously to affect FoXO1 nuclear localization) coupled with qRT-PCR could reveal those 

HDL genes that respond to insulin/AKT/FoxO1 pathway in the liver at the transcription level. 

In addition, FoxO1 overexpression studies and specific silencing of FoxO1 gene using siRNA 

technology could identify new FoxO1 target genes involved in HDL metabolism. This latter 

approach is described in the following Chapter. 
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Chapter II: Construction of plasmid vectors expressing shRNAs specific 

for the FoxO1 gene. 
 

 

 To investigate the role of FoxO1 in the regulation of genes involved in HDL 

metabolism in the liver, RNA interference by short hairpin RNAs (shRNAs) was employed. 

For this purpose, a FoxO1 shRNA (shFoxO1) expressing vector was constructed along with a 

scrambled shRNA (sh-control) expressing vector.  

 For the construction of the shRNA expressing plasmid vectors we used the 

pSuper-gfp/neo vector digested with the BglII and HindIII restriction enzymes. Afterwards, 

we designed four different shRNAs for FoxO1 gene based on previously published data 

(107,112,182,183). The sequences of the four different oligonucleotides are shown in Table 1. 

The double-stranded oligonucleotides with the BglII and HindIII protruding ends were cloned 

into the corresponding sites of the pSuper-gfp/neo vector. The insertion of the shRNA 

sequences at the BglII-HindIII positions was confirmed by diagnostic digestions with the 

restriction enzymes BglII (this position is destroyed after insertion) and EcoRI-HindIII. 

Figure 4 shows the cloning strategy and the FoxO1 mRNA sequences that are targeted by the 

designed shRNAs. 

 

Table 1: Oligonucleotides used for shRNA production 

Name Sequence 
FoxO1 (1)  

shRNA sense 5’- gatcCCCGCGCCGACTTCATGAGCAACCTTCAAGAGAGGTTGCTCATGAAGTCGGCGCTTTTTA-3’ 

FoxO1 (1)  

shRNA antisense 5’- agcttAAAAAGCGCCGACTTCATGAGCAACCTCTCTTGAAGGTTGCTCATGAAGTCGGCGCGGG-3’ 

FoxO1 (2)  

shRNA sense 
5’- gatcCCCAAGCCCTGGCTCTCACAGCAATTTCAAGAGAATTGCTGTGAGAGCCAGGGCTTTTTTTA-3’ 

FoxO1 (2)  

shRNA antisense 
5’-agcttAAAAAAAGCCCTGGCTCTCACAGCAATTCTCTTGAAATTGCTGTGAGAGCCAGGGCTTGGG -3’ 

FoxO1 (3)  

shRNA sense 5’- gatcCCCACACTTCAGGACAATAAGTTCAAGAGACTTATTGTCCTGAAGTGTTTTTTA-3’ 

FoxO1 (3)  

shRNA antisense 5’- agcttAAAAAACACTTCAGGACAATAAGTCTCTTGAACTTATTGTCCTGAAGTGTGGG-3’ 

FoxO1 (4) 

shRNA sense 5’-gatcCCCGAGCGTGCCCTACTTCAAGGTTCAAGAGACCTTGAAGTAGGGCACGCTCTTTTTA-3’ 

FoxO1 (4) 

shRNA anti-sense 
5’-agcttAAAAAGAGCGTGCCCTACTTCAAGGTCTCTTGAACCTTGAAGTAGGGCACGCTCGGG-3’ 

scrambled  

shRNA sense 
5’‐gatcCCCTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAATTTTTA‐ 3’ 

scrambled  

shRNA antisense 
5’‐agcttAAAAATTCTCCGAACGTGTCACGTTCTCTTGAAACGTGACACGTTCGGAGAAGGG‐ 3’ 

shRNA sequence targeting FoxO1 or sh‐control (scrambled) sequence is in italic and underlined. Lowercases depict the 

BglII and HindIII restictrion sites. 
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Figure 4: Schematic representation of the cloning strategy and the FoxO1 mRNA with marked 

the shRNA targeting sequences. 

 

 After production, the above shFoxO1 expressing vectors were used in transient 

transfection experiments in the human embryonic kidney 293 (HEK293) cell line in order to 

test their efficacy. Upon western blot analysis we found that only the shFoxO1 (4) was able to 

decrease FoxO1 protein levels (Figure 5). 
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Figure 5: Silencing of FoxO1 by shRNA interference. HEK293 cells were transiently 

transfected with 1.0, 2.0, 3.0 or 4.0 μg of the four different shRNAs for FoxO1 or sh-control 

producing vector along with a Flag-tagged FoxO1 expression plasmid (100ng). The 

intracellular protein levels of FoxO1 and actin (loading control) were determined by 

immunoblotting using the corresponding antibodies. 

 

 

 We next studied the effect of shFoxO1 (4) on ABCA1 promoter activity. For this 

purpose, HepG2 cells were transiently transfected with the (-668/+33)ABCA1 reporter 

plasmid along with the sh-control vector or the shFoxO1 (4) expressing vector. As shown in 

Figure 6, shFoxO1 (4)-mediated suppression of FoxO1 gene led to a 50% increase in ABCA1 

promoter activity, indicating that FoxO1 is a negative regulator of ABCA1 gene. 
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Figure 6: shRNA-mediated FoxO1 gene silencing leads to increased ABCA1 promoter 

activity. HepG2 cells were transiently transfected with the (-668/+33)ABCA1-luc reporter 

plasmid (250ng) along with a sh-control or a shFoxO1 (4) (4.0μg) and a β-galactosidase 

expression vector (1.0μg).  

 

 

 Our next goal was to generate Adeno-Associated Virus (AAV) vectors for 

expressing shRNAs. In cultured mammalian cells and in whole animals, infection with these 

vectors was shown to result in specific, efficient, and stable knockdown of various targeted 

endo- or exogenous genes (184). The generation of AAV particles expressing shRNAs 

follows the basic rules and protocols that have been established for conventional transgenes, 

using typical vector and helper plasmids.  

 For the construction of the shRNA expressing AAV vectors we used the dsAAV-

U6-RSV-eGFP and dsAAV-H1-RSV-eGFP vectors kindly provided to us by Dr Jean Albert 

Kuivenhoven (University Medical Center Groningen, European Research Institute for the 

Biology of Ageing, Groningen, The Netherlands). Both vectors were digested with the BbsI 

restriction enzyme. The sequences of the oligonucleotides used for the construction of the 

shRNAs for FoxO1 gene in the AAV vectors are shown in Table 2. The double-stranded 

oligonucleotides with the BbsI protruding ends were cloned in the corresponding sites of the 

dsAAV-U6-RSV-eGFP and dsAAV-H1-RSV-eGFP vectors. The insertion of the shRNA 

sequences at the BbsI-BbsI positions was confirmed by fast screening PCR (the forward 

primer recognized the shRNA and the reverse the vector sequence), followed by sequencing. 

As control in our AAV experiments, we are going to use short-hairpin vectors targeting LacZ 

(H1-shLacZ and U6-shLacZ). Figure 7 shows the AAV plasmid vector maps while Figure 8 

shows in more detail the cloning strategy for the production of shRNA expressing AAV 

plasmid vectors.  
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Table 2: Oligonucleotides used for shRNA 

Name Sequence 
FoxO1 

shRNA sense 

(BbsI site) 
5’- caccGAGCGTGCCCTACTTCAAGGTCAAGAGCCTTGAAGTAGGGCACGCTC-3’ 

FoxO1  

shRNA anti-sense 

(BbsI site) 

5’- aaaaGAGCGTGCCCTACTTCAAGGCTCTTGACCTTGAAGTAGGGCACGCTC-3’ 

shRNA sequence targeting FoxO1 is in italic and underlined. Lowercases depict the BbsI 

restictrion sites. 

 

 

 

 

 

Figure 7: Maps of the dsAAV-U6-RSV-eGFP and dsAAV-H1-RSV-eGFP vectors used for 

AAV production in our studies. 
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Figure 8: AAV vector plasmids for short hairpin RNA (shRNA) expression. (A) 

Schematic representation of a general vector plasmid. Depicted is the AAV vector construct 

with the AAV-2 ITRs at both ends (hatched boxes), an RSV (Rous sarcoma virus) promoter-

driven gfp gene (including polyadenylation site; pA), a 2.2-kb stuffer fragment from the 

E.coli lacZ gene, and an RNA polymerase III promoter at the left end (Px). The two closely 

spaced BbsI sites (indicated as one) located downstream of the polymerase III promoter serve 

to insert shRNA sequences in the form of annealed oligonucleotides. (B) Strategy for cloning 

shRNAs. Shown is a magnified view of the left end of the AAV vector plasmid depicted in 

(A). As evident, the polymerase III promoter (U6 or H1) is followed by two mirrored BbsI 

sites (the actual recognition sequence is underlined), which are separated by a short spacer 

region (depicted as a dotted line), and followed by a T5 terminator sequence (marked by 

dashed line). Cutting of the plasmid with BbsI leaves two 5’ overhangs, which are highlighted 

by grey boxes. To clone a shRNA into the BbsI-linearized construct, two complementary 

oligonucleotides are annealed, comprising a sense and antisense strand separated by a short 

hairpin spacer. The oligonucleotides must be designed to display BbsI-compatible overhangs 

following their annealing, also depicted by grey boxes. Following cloning of the annealed 

oligonucleotides into the AAV vector plasmid, the shRNA transcription start will be located 

immediately downstream of the 5’BbsI overhang (indicated by +1) (184). 
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Discussion 

 

 

 To functionally establish the role of FoxO1 in regulating HDL genes, our next goal 

was to generate shRNA expressing vectors for specific silencing of FoxO1 gene. After 

production, we examined the efficacy of these vectors in HEK293 cells. Among the four 

produced shFoxO1 expressing vectors, we found that only shFoxO1 (4) was capable of 

suppressing FoxO1 gene expression (Figure 5). We showed that upon shRNA-mediated 

FoxO1 gene silencing in HepG2 cells the activity of the human ABCA1 promoter was 

increased 1.5-fold indicating a negative role of FoxO1 in ABCA1 gene expression (Figure 6).  

 Various groups in the past have established the great potential of RNAi as a 

revolutionary method for studying gene functions in whole animals. The advantage of RNAi 

technology over conventional knock-out models is that more target genes can be assessed in 

less time, thus saving efforts and resources. Although the currently available technologies for 

expression of shRNAs from plasmid DNAs or from any other form of non-viral vector are 

easy and useful for studies in isolated cultured cells, there is no methodology on hand to 

efficiently deliver non-viral vectors to the entire cell mass within an intact organ in vivo. For 

this reason, more researchers have recently developed virus-derived shRNA expression 

vectors, which will provide a significantly higher efficiency for shRNA delivery in whole 

organisms and will permit better control over tissue specificity of shRNA expression (185). 

 Several publications in the past have documented the successful development and use 

of gene transfer vectors based on adeno-associated virus (AAV) for expressing shRNA. 

AAVs represent an optimal system for delivery of shRNA expression cassettes, as they fulfill 

all the theoretical requirements of an ideal shRNA transfer system: a) they are generally very 

effective as a vehicle for transgene delivery in vitro and in vivo; b) they are regarded as the 

safest of all known viral vector systems, with wild-type and recombinant AAV believed to be 

non-pathogenic; c) they have a very broad host range, including quiescent and dividing cells; 

d) they typically result in strong and persistent transgene expression in the infected cell, with 

a much lower risk of insertional mutagenesis than retroviral vectors; and e) they can be 

manufactured easily and efficiently. Importantly, in cultured mammalian cells and in whole 

animals, infection with these vectors was shown to result in specific, efficient, and stable 

knockdown of various targeted endo- or exogenous genes (184).  

 In order to use the produced shRNA for FoxO1 silencing in whole organism 

experiments, we generated shRNA expressing AAV plasmid vectors (H1-shFoxO1 (4) and 

U6-shFoxO1 (4)). Our aim is to use the above vectors along with helper vectors in order to 

produce AAVs. These AAVs are going to be used for mice infection in order to achieve liver 

specific suppression of the FoxO1 gene. Afterwards, we will examine the changes in the 
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expression of HDL related genes in order to identify new FoxO1 target genes and study the 

mechanisms of their regulation by FoxO1. 
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Chapter III: Regulation of ABCG5/G8 genes by the interplay 

between FoxO1 and HNF-4α transcription factors. 

 

 

As mentioned above, FoxO proteins have been shown to interact in a DNA-binding 

independent manner with multiple members of the nuclear hormone receptor superfamily 

(NR), including estrogen, retinoid, and thyroid hormone receptors, leading to changes in the 

transcriptional activity of both proteins (104). These interactions are achieved through a 

LxxLL motif located at the C-terminal end of the Forkhead DNA-binding domain which is 

also present in critical co-activators and co-repressors that interact with NRs (168,169).  

 In 2003, Hirota et al described for first time the interaction of FoxO1 protein with 

HNF-4α transcription factor (170). HNF-4α is another key transcription factor in the liver 

belonging to the nuclear hormone receptor superfamily and regulating numerous target genes 

involved in lipoprotein metabolism, including apolipoproteins, cholesterol synthesis enzymes 

and bile acid transporters (186,187). Mice lacking HNF-4α expression in the liver have 

altered lipid metabolism exhibiting lipid accumulation in the liver and greatly reduced plasma 

total and HDL cholesterol levels (147). Hirota et al demonstrated that FoxO1 interacts with 

the DNA binding domain of HNF-4α and inhibits HNF-4α binding to its cognate DNA 

sequence, thereby suppressing its transcriptional activity (170). Motivated by the above 

observations, our next aim was to study how FoxO1 and HNF-4α protein-protein interactions 

affect the expression of HDL metabolism related genes. 

 Firstly, in order to elucidate the role of HNF-4α in the regulation of HDL genes we 

utilized the human (-668 /+33)ABCA1, (-1080/+14)ABCG1, (-972/+72)ABCG5, (-939/+12) 

ABCG8, (-876/+4)LPL, (-956/+89)CETP, (-974/+87)PLTP and (-831/+28)LIPC promoters, 

that were fused with the luciferase gene. Afterwards, we performed transient transfection 

assays utilizing the above luciferase reporter plasmids and the pMT2 plasmid vector 

expressing either HNF-4α or empty vector in the HEK293 cells which don’t express 

endogenously HNF-4α. As shown in Figure 9, HNF-4α overexpression in HΕΚ293 cells was 

associated with an approximately 50% decrease on the activity of (-1080/+14)ABCG1, (-

956/+89)CETP and (-974/+87)PLTP promoters, an approximately 50% increase on (-

668/+33)ABCA1 promoter activity while it had no effect on (-876/+4)LPL promoter activity. 

Moreover, HNF-4α overexpression caused a 4-, 5- and 11-fold induction on the activity of (-

972/+72)ABCG5, (-831/+28)LIPC and (-939/+12)ABCG8 promoters, respectively. 
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Figure 9: Regulation of HDL metabolism-related genes by the transcription factor HNF-

4α. HΕΚ293 cells were transiently co-transfected with the luciferase reporter plasmids 

indicated at the bottom of the graph (250ng) along with an HNF-4α expressing vector (2.0μg) 

and a β-galactosidase expression vector (1.0μg). 

 

 

 Having identified HDL genes that are positively regulated by HNF-4α in HEK293 

cells, we investigated whether FoxO1 transcription factor affects the transactivation of these 

HNF-4α-induced genes. For this purpose, HEK293 cells were co-transfected with the (-

972/+72)ABCG5, (-939/+12)ABCG8 or (-831/+28)LIPC reporter vectors and the pMT2 

plasmid vector expressing either HNF-4α or empty vector in the presence or in the absence of 

a FoxO1 expressing vector. Surprisingly, FoxO1 overexpression led to a 42% reduction in 

HNF-4α-induced ABCG5 promoter activity while HNF-4α-induced ABCG8 and LIPC 

promoters’ activity remained unaffected by FoxO1 overexpression (Figure 10).   

 

 

Figure 10: Regulation of HDL metabolism-related genes by the interplay between HNF-

4α and FoxO1 transcription factors. HΕΚ293 cells were transiently co-transfected with the 

luciferase reporter plasmids indicated at the bottom of the graph (250ng) along with an HNF-

4α expressing vector (2.0μg), a FoxO1 expressing vector (0.5μg) and a β-galactosidase 

expressing vector (1.0μg). 
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 To further evaluate the role of HNF-4a in the expression of HDL related genes in 

hepatic cells, we repeated the same experiment in HepG2 cells that endogenously express 

HNF-4α. For this purpose, HepG2 cells were transiently transfected with the reporter vectors 

carrying the promoter sequences in the presence or in the absence of an HNF-4α expressing 

plasmid. As a control, we used the promoter of the human apoC-III gene shown previously to 

be strongly responsive to HNF-4α (166). Following luciferase analysis we found significant 

differences in HNF-4α-mediated regulation of gene expression in HepG2 cells, compared to 

the findings in HEK293 cells (Figure 9). Surprisingly, although HNF-4α is a transcriptional 

activator, we found that it suppressed gene expression in most cases. Specifically, HNF-4α 

decreased the activity of ABCA1, ABCG1, LPL, CETP and PLTP promoters and only 

slightly increased the activity of ABCG8 and LIPC promoters in hepatic cells (Figure 11). 

Moreover, the positive effect of HNF-4α on ABCG5 promoter that was observed in HEK293 

cells was lost in HepG2 cells. However, when we repeated the same experiment utilizing a 

small promoter fragment containing the intergenic region of ABCG5 and ABCG8 genes in 

the same orientation as the transcription of the ABCG5 gene [(-156/+72)ABCG5] we found 

that HNF-4α caused a 4-fold induction in luciferase activity (Figure 12), indicating possibly 

that the recruitment of additional factors to the (-972/+72)ABCG5 promoter represses the 

transcriptional activity of HNF-4α. 

  

 

Figure 11: Regulation of HDL metabolism-related genes by the transcription factor HNF-4α 

in hepatic cells. HepG2 cells were transiently co-transfected with the luciferase reporter plasmids 

indicated at the bottom of the graph (250ng) along with a HNF-4α expressing vector (2.0μg) and a 

β-galactosidase expression vector (1.0μg). 
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Figure 12: HNF-4α activates the promoter activity of (-156/+72)ABCG5 but not (-

972/+72)ABCG5 promoter in HepG2 cells. HepG2 cells were transiently co-transfected 

with the luciferase reporter plasmids indicated at the bottom of the graph (250ng) along with a 

HNF-4α expressing vector (2.0μg) and a β-galactosidase expression vector (1.0μg). 

 

  

ABCG5 and ABCG8 are ATP-binding cassette half-transporters and regulate the 

excretion of sterols from the liver and intestine. Mutations in either of these transporters leads 

to β-sitosterolemia, an autosomal recessive disease characterized by premature coronary 

atherosclerosis and elevated levels of phytosterols in plasma (188). These defects were 

attributed to enhanced intestinal absorption and decreased biliary excretion of sterols (189). 

Mice lacking ABCG5 and ABCG8 proteins have markedly reduced capacities to secrete 

sterols into bile (190), whereas overexpression of ABCG5 and ABCG8 in the liver 

dramatically increases biliary cholesterol secretion and decreases dietary cholesterol 

absorption (191).  

The human ABCG5 and ABCG8 genes are oriented in a head-to-head configuration, 

and both genes are transcribed in opposite directions from independent transcription start sites 

that are separated by only 144bp of intergenic sequence, which acts as a bidirectional 

promoter (192). The genes are predominantly and coordinately expressed in liver and small 

intestine (193). The intergenic promoter harbors a number of potential transcription factor 

binding sites, including two GATA boxes and an LRH-1 element (194) (Figure 13). Their 

expression is regulated also by the oxysterol-sensing LXR nuclear receptor (195). In 2007, 

Sumi et al found that the HNF-4α transcription factor in synergy with GATA transcription 

factors regulate the expression of ABCG5 and ABCG8 genes in hepatic cells. Specifically, 

they characterized an HNF-4α binding site at position -24/-36 relative to the ABCG5 gene 

transcription start site (196). Taking into consideration that the co-expression and the 

coordinated regulation of these genes are required for either protein to accumulate to normal 
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levels and be properly transported to the cell surface, we were interested in investigating why 

the two genes are differentially regulated by HNF-4α and FoxO1 in hepatic cells. 

 

 

 

 

Figure 13: Schematic representation of regulatory elements in the intergenic region of 

ABCG5 and ABCG8 genes. DR1 denotes a Hormone Response Element of the DR1 type 

(direct repeat with 1 nucleotide spacing) that serves as a binding site for HNF-4a. Additional 

binding sites for hormone nuclear receptors exist in ABCG8 intron sequences. 

 

 

 To further evaluate the effect of FoxO1 on HNF-4α induced (-972/+72)ABCG5 

promoter activity, we transfected HEK293 cells with the ABCG5 reporter vector and the 

HNF-4α expressing plasmid, but now in the presence of increased concentrations of a FoxO1 

expressing vector. As shown in Figure 14, low concentrations of FoxO1 suppressed the HNF-

4α-mediated transactivation of the ABCG5 promoter. However, the FoxO1-mediated 

suppression of ABCG5 promoter activity was found to be reversed in high FoxO1 

concentrations but this was possibly due to non-specific binding of FoxO1 to the pGL3 

plasmid vector (Figure 15). 

 

 

 

Figure 14: FoxO1 suppressed the HNF-4α-induced transactivation of the ABCG5 

promoter. HΕΚ293 cells were transiently co-transfected with the (-972/+72)ABCG5 reporter 

plasmid (250ng) along with an HNF-4α expressing vector (2.0μg), increased concentrations 

of  a FoxO1 expressing vector (0.25-2.0μg) and a β-galactosidase expressing vector (1.0μg). 
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Figure 15: Activation of pGL3 reporter vector by FoxO1. HΕΚ293 cells were transiently 

co-transfected with the pGL3 basic reporter plasmid (250ng) along with increasing 

concentrations of FoxO1 expressing vector (0.25-2.5μg) and a β-galactosidase expressing 

vector (1.0μg). 

 

 

 In order to confirm that the inhibitory effect of FoxO1 on ABCG5 promoter activity 

was HNF-4α dependent we utilized a shHNF4α expressing vector that was available in the 

lab. HepG2 cells were co-transfected with the (-972/+72)ABCG5 reporter vector in the 

presence of a sh-control or a shHNF4α expressing vector and a FoxO1 expressing vector. 

Luciferase analysis revealed that in HepG2 cells that were transfected with the sh-control 

vector, FoxO1 was able to suppress ABCG5 promoter activity. On the contrary, specific 

silencing of HNF-4α gene abolished the inhibitory effect of FoxO1, indicating that FoxO1 

action on ABCG5 promoter is HNF-4α mediated (Figure 16). 

 

 

 

Figure 16: Specific silencing of HNF-4α in HepG2 cells abolishes the inhibitory effect of 

FoxO1 on ABCG5 promoter activity. HepG2 cells were transiently co-transfected with the 

(-972/+72)ABCG5 reporter plasmid (250ng) along with a sh-control or a shHNF-4α 

expressing vector (4.0μg) and a β-galactosidase expressing vector (1.0μg). 
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 In agreement with our previous results, co-transfection of HepG2 cells with the 

shHNF4α and FoxO1 expression plasmids had no effect on (-939/+12)ABCG8 promoter 

activity, supporting further that diverse regulatory mechanisms exist for ABCG5 and ABCG8 

gene expression (Figure 17). 

 

 

 

Figure 17: ABCG8 gene is not regulated by the interplay between HNF-4α and FoxO1 in 

hepatic cells. HepG2 cells were transiently co-transfected with the (-939/+12)ABCG8 

reporter plasmid (250ng) along with a sh-control or a shHNF-4α expressing vector (4.0μg) 

and a β-galactosidase expressing vector (1.0μg) 

 

 

 HNF-4α preferentially binds as a homodimer to the HNF-4α responsive element 

(HNF4α-RE), which is composed of two nuclear receptor consensus half sites of 

AG(G/T)TCA organized as a direct repeat and separated by a single nucleotide (DR-1). The 

ABCG5/8 promoter has a highly conserved DR-1-like element flanked by two conserved 

GATA boxes (Figure 13). This region is located 24 nucleotides upstream of the transcription 

start site of the ABCG5 gene (196). To further investigate whether HNF-4α binds and 

transcriptionally activates the ABCG5 and ABCG8 promoters and the role of FoxO1 on 

ABCG5/8 gene expression we utilized four additional promoter constructs. Two of them 

carried the wild type ABCG5 and G8 promoters limited to the corresponding intergenic 

sequences only (called ABCG5wt-luc and ABCG8wt-luc) while the other two carried mutant 

intergenic promoters with mutated the HNF-4α binding element (called ABCG5-mutDR1-luc 

and ABCG8-mutDR1-luc respectively). These promoter plasmids were kindly provided to us 

by Dr Juro Sakai (Laboratory of Systems Biology and Medicine, Research Center for 

Advanced Science and Technology, University of Tokyo, Japan). The wild type reporter 

vectors were transiently transfected into HEK293 cells along with an HNF-4α and a FoxO1 

expression plasmid. The expression levels of luciferase from both reporter vectors were 
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significantly increased in the presence of HNF-4α (57- and 10-fold for ABCG5 and ABCG8 

gene respectively) while FoxO1 suppressed the HNF-4α-mediated effect on both genes in 

contrast to our previous results (Figure 18).  

 

 

 

Figure 18: Regulation of ABCG5 and ABCG8 genes by the interplay between HNF-4α 

and FoxO1 transcription factors. HΕΚ293 cells were transiently co-transfected with the 

luciferase reporter plasmids indicated at the bottom of the graph (250ng) along with an HNF-

4α expressing vector (2.0μg), a FoxO1 expressing vector (0.5μg) and a β-galactosidase 

expressing vector (1.0μg). 

   

 

  However, when we repeated the same experiment in HepG2 cells, a more relevant 

system to study HNF-4α-mediated regulation of gene expression, we obtained the same 

results for the ABCG5 gene but we did not observe HNF-4α-mediated activation or a FoxO1 

effect on ABCG8 promoter activity (Figure 19 and 20). Importantly, transfection of HepG2 

cells with the ABCG5-mutDR1 reporter vector, which is not activated by HNF-4α, along with 

HNF-4α and FoxO1 expression plasmids totally abolished the inhibitory effect of FoxO1 on 

ABCG5 gene, supporting our hypothesis for indirect FoxO1-mediated suppression of ABCG5 

gene expression, through inhibition of HNF-4α transcriptional activity (Figure 19). As 

expected, the same experiment with the ABCG8-mutDR1 reporter vector in the presence or in 

the absence of HNF-4α and FoxO1 had no effect on ABCG8 gene expression (Figure 20). 

Taking all the results together we conclude that HNF-4α regulates ABCG5 but not 

ABCG8 gene expression in hepatic cells and FoxO1 is capable of suppressing ABCG5 gene 

expression indirectly by inhibiting HNF-4α transcriptional activity.  

 

 

100 100

5667

1005

119 175

2675

451

0

1000

2000

3000

4000

5000

6000

7000

ABCG5wt-luc ABCG8wt-luc

R
e

la
ti

ve
 L

u
ci

fe
ra

se
 A

ct
iv

it
y 

(%
)

HEK293 cells

pMT2 + pcDNA3

HNF4 + pcDNA3

pMT2 + FoxO1

HNF4 + FoxO1



73 
 

 

Figure 19: FoxO1 suppresses ABCG5 gene expression by inhibiting HNF-4α function. 

HepG2 cells were transiently co-transfected with the ABCG5wt-luc and ABCG5-mutDR1-luc 

reporter plasmids (250ng) along with an HNF-4α (2.0μg), a FoxO1 (0.5μg) and a β-

galactosidase expressing vector (1.0μg). 

 

 

 

 

Figure 20: ABCG8 gene expression is not regulated by HNF-4α and FoxO1 interplay. 

HepG2 cells were transiently co-transfected with the ABCG8wt-luc and ABCG8-mutDR1-luc 

reporter plasmids (250ng) along with an HNF-4α (2.0μg), a FoxO1 (0.5μg) and a β-

galactosidase expressing vector (1.0μg). 

 

 

 Supporting our previous results, shRNA-mediated specific silencing of FoxO1 gene 

in hepatic cells further increased the HNF-4α induced ABCG5 promoter activity (Figure 21).  
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Figure 21: Specific silencing of FoxO1 gene increases the HNF-4α-mediated 

transactivation of the ABCG5 gene. HepG2 cells were transiently co-transfected with the 

ABCG5wt-luc reporter plasmid (250ng) along with an HNF-4α (2.0μg), a shFoxO1 (3.0μg) 

and a β-galactosidase expressing vector (1.0μg). 

 

 

 The association of HNF-4α and FoxO1 transcription factors with the human 

ABCG5/8 intergenic promoter was determined by chromatin immunoprecipitation assays 

(ChIP). Fragmented chromatin from formaldehyde cross-linked HepG2 cells was subjected to 

immunoprecipitation with HNF-4α or FoxO1 antibodies or without antibody as a control, and 

the presence of the ABCG5/8 promoter in the immunoprecipitates was then analyzed by 

conventional PCR (Figure 22). The result from ChIP analysis revealed that HNF-4α 

associates with the HNF4α-RE in the ABCG5/8 intergenic promoter region in vivo and that 

the FoxO1 is also present on this promoter exerting its regulatory effect.  

 

                        

Figure 22: HNF-4α and FoxO1 transcription factor bind to the ABCG5/8 intergenic 

region in vivo. Fragmented chromatin from formaldehyde cross-linked HepG2 cells was 

subjected to immunoprecipitation with HNF-4α or FoxO1 antibodies or without antibody as a 

control, and the presence of the ABCG5/8 promoter in the immunoprecipitates was then 

analyzed by conventional PCR. The presence of the RhoB promoter was used as an internal 

control to exclude non-specific binding of antibodies to the beads.  
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 Interaction of FoxO proteins with diverse transcription factor families or co-factors 

can lead to altered transcriptional responses through a variety of mechanisms (104). In 

particular, association of FoxO proteins with other transcription factors may lead to increased 

proteolytic degradation of FoxOs or associating transcription factors (197). To investigate 

whether proteolytic degradation of HNF-4α was responsible for its altered transcriptional 

activity on ABCG5 promoter, we transfected HEK293 cells with an HNF-4α expression 

vector in the presence or in the absence of a FoxO1 expressing plasmid. Western blot analysis 

revealed that FoxO1 overexpression did not affect HNF-4α protein levels, indicating that 

another mechanism for altered transcriptional regulation take place (Figure 23). More 

experiments are needed in order to elucidate the underlying mechanism for FoxO1-mediated 

HNF-4α transcriptional repression.  

 

 

 

Figure 23: HNF-4α protein levels are not affected by the FoxO1 transcription factor. 

HEK293 cells were transiently transfected with  an HNF-4α expressing vector (2.0μg) along 

with a FoxO1 expression plasmid (0.5μg). The intracellular protein levels of HNF-4α, FoxO1 

and actin (loading control) were determined by immunoblotting using the corresponding 

antibodies. 
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Discussion 

 

 

In addition to their direct function as DNA-binding transcription factors, FoxO 

proteins can also regulate transcription in a DNA-binding-independent manner (102). In this 

regard, the transcriptional activity of FoxOs is achieved by interactions with other 

transcription factors or co-factors. FoxOs possess chromatin binding and remodelling 

functions, and thus have the ability to modulate active chromatin states (103). In this way, 

FoxO transcription factors appear to be involved in multiple signaling pathways and control a 

wide range of biochemical processes.  

 Motivated by previous results in our laboratory which showed that FoxO1 and 

another forkhead transcription factor, FoxA2, interact and alter the transcriptional activity of 

members of the nuclear hormone receptor family, we studied the effect of FoxO1 on HNF-4α 

transcriptional activity. HNF-4α is the most abundant orphan nuclear receptor expressed in 

the liver (158). Disruption of the HNF-4α gene results in defects in early liver development 

while liver-specific inactivation of HNF-4α gene resulted in the accumulation of hepatic 

lipids, markedly reduced serum levels of cholesterol and triglycerides, and increased serum 

bile acids (147,158). These results indicate that HNF-4α is a key regulator of the bile acid and 

lipoprotein metabolism and plays a central role in lipid homeostasis (198).  

 First we sought to identify the HDL metabolism related genes that are regulated by 

the HNF-4α transcription factor utilizing transient transfection techniques and luciferase 

reporter assays. We found that HNF-4α overexpression significantly increased the promoter 

activity of ABCG5, ABCG8 and LIPC genes in HEK293 cells which do not express HNF-4α 

endogenously (Figure 9). Indeed, Rufibach et al had shown previously that the human 

promoter of the hepatic lipase gene (LIPC) is regulated by HNF-4α, PGC-1α, HNF1α, and 

ARP-1 via the DR1, DR4, and HNF1 binding sites. The DR1 element is located between -226 

and -238 relative to HL transcription start site (199). HL gene must be strictly regulated since 

either low or high levels of HL activity appear to be associated with dyslipidemia. Similarly, 

Sumi et al had shown that the ABCG5 and ABCG8 genes are regulated by HNF-4α 

transcription factor via its binding to α DR1 element located between -26 and -34 nucleotides 

from the ABCG5 transcription start site in their common intergenic promoter (196). 

ABCG5/8 gene expression is regulated also by GATA factors, LRH-1 and LXRs (194,195). 

 FoxOs have been shown to interact with a large array of nuclear hormone receptors 

through a LxxLL motif located at the C-terminal end of their DNA-binding domain, resulting 

in changes in the transcriptional activity of the target proteins as well as of FoxOs themselves 

(104). Thus, our next aim was to study the effect of FoxO1 on HNF-4α mediated 

transactivation. Following HNF-4α and FoxO1 overexpression in HEK293 cells we found 
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that FoxO1 was able to suppress the effect of HNF-4α on ABCG5 promoter activity but did 

not affect the activity of ABCG8 and LIPC promoters (Figure 10). Regarding the LIPC 

promoter, it is possible that FoxO1 exerts its inhibitory effect via interaction with the PGC-1a, 

another regulator of LIPC gene. Previous studies have shown that FoxO1 physically interacts 

with PGC-1a factor, but more experiments are needed to answer whether this interaction 

suppress PGC-1a function or not (200). The combined data of this Chapter and Chapter I 

suggest that FoxO1 does not play a significant role in ABCG8 gene regulation (Figures 1, 2 

and 10). 

 Furthermore, in order to evaluate the role of HNF-4α in the regulation of HDL genes 

in a more relevant system, we performed experiments in HepG2 cells which express HNF-4α 

endogenously. Surprisingly, although HNF-4α is a transcriptional activator, we found that it 

suppressed the expression of most of the examined genes in hepatic cells (Figure 11). The 

only gene that was significantly induced in HepG2 cells by HNF-4α overexpression was 

ABCG5 (Figure 12) while ABCG8 and LIPC genes were only mildly induced (Figure 11). 

The inhibitory role of HNF-4α on gene expression in vivo was established previously 

in mice with liver specific silencing of HNF-4α gene in which genes related to metabolism 

such as the gene encoding the HDL receptor SR-BI was drastically induced  (147). However, 

more experiments are needed in order to determine whether HNF-4α itself acts as a 

transcriptional suppressor or the observed increased expression of genes in liver-specific 

HNF-4α knock-out mice is a secondary event caused by an altered lipid homeostasis. In order 

to address the role of HNF-4α in hepatic gene expression we obtained flox-HNF-4α mice 

which will be crossed with Alb-Cre expressing mice. Our aim is to generate liver-specific 

HNF-4α knock-out mice and study the alterations in the expression of genes of interest.   

ABCG5/ABCG8 heterodimers represent the major route for cholesterol and plant 

sterol secretion into bile, and from ileal enterocytes back into the intestinal lumen (188). 

ABCG5 and ABCG8 are adjacently spaced but oppositely orientated genes encoded by a 

locus on human chromosome 2. Mutations that inactivate either half-transporter result in 

sitosterolemia, a disease characterized by the accumulation of plant sterols and cholesterol in 

numerous tissues and the blood, eventually leading to premature development of 

atherosclerosis (193). On the other hand, overexpression of ABCG5 and ABCG8 in mice 

attenuates diet-induced atherosclerosis in association with reduced circulating and liver 

cholesterol (191). The beneficial effects on cholesterol homeostasis have made the 

ABCG5/ABCG8 genes important therapeutic target for preventing and reversing CVD. Both 

proteins reside on the apical plasma membrane of polarized hepatocyte WifB cells and also 

localize to intestinal microvilli in the gut lumen.  Since the co-expression and the coordinated 

regulation are required for either protein to accumulate to normal levels and be properly 
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transported to the cell surface we were surprised by the differential effect of HNF-4α and 

FoxO1 on their expression (201). 

In our attempt to further evaluate the effect of FoxO1 on HNF-4α-mediated 

transactivation of the ABCG5 promoter we found that FoxO1 suppressed HNF-4α function in 

a dose-dependent manner (Figure 14). Moreover, specific shRNA-mediated silencing of 

HNF-4α gene totally abolished the effect of FoxO1 on ABCG5 promoter activity, indicating 

that this effect is strictly HNF-4α dependent (Figure 16). On the contrary, we did not observe 

HNF-4α-mediated alterations nor a FoxO1 effect on ABCG8 promoter activity upon silencing 

of HNF-4α gene in HepG2 cells (Figure 17). Taking together, these results indicate that 

different regulatory mechanisms take place for the coordinated expression of ABCG5/8 

genes.  

 Furthermore, utilizing the small intergenic promoters in both orientations we found 

again that FoxO1 was able to suppress the HNF-4α-mediated transactivation of only the 

ABCG5 promoter  in HepG2 cells while neither of them have any effect on ABCG8 promoter 

activity (Figures 19 and 20). Specifically HNF-4α caused a 5-fold induction in ABCG5 gene 

expression while FoxO1 totally abolished this effect (Figure 19). Importantly, the effect of 

FoxO1 on ABCG5 promoter activity was totally lost in HepG2 cells expressing the DR1-

mutated ABCG5 promoter which is not activated by HNF-4α (Figure 19). Last but not least, 

specific shRNA mediated silencing of FoxO1 gene resulted in enhanced HNF-4α-mediated 

transactivation of the ABCG5 promoter activity (Figure 21). Taking under consideration all 

the results we concluded that HNF-4α regulates ABCG5 but not ABCG8 gene expression in 

hepatic cells and FoxO1 is capable of suppressing ABCG5 gene expression indirectly by 

inhibiting HNF-4α transcriptional activity. 

 The association of HNF-4α and FoxO1 transcription factors with the human 

ABCG5/8 intergenic promoter was also determined by chromatin immunoprecipitation assays 

(ChIP). We found that both proteins are present on ABCG5 promoter in HepG2 nuclei 

(Figure 22). However, additional experiments are needed in order to show whether FoxO1 

recruitment on ABCG5 promoter is achieved specifically through its interaction with the 

HNF-4α transcription factor or whether other factors participate as well. For this purpose we 

plan to perform ChIP assays in HepG2 cells with silenced HNF-4α gene or transfected with 

the ABCG5-mutDR1-vector. If HNF-4α is necessary for the recruitment of FoxO1 protein on 

ABCG5 promoter we expect that the FoxO1 presence on ABCG5 promoter will be lost in 

both cases.  

 Our next aim was to identify the underlying molecular mechanism of FoxO1-

mediated suppression of HNF-4α transcriptional activity. FoxO proteins have been found to 

alter the regulation of gene expression through several mechanisms including the generation 

of fusion proteins with altered functions, transcriptional synergy, recruitment of conventional 
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factors, sequestration of transcription factors, proteolytic degradation of FoxO associating 

factors and displacement of regulatory co-factors (104). Early experiments in our laboratory 

have shown that FoxO1 overexpression did not affect HNF-4α protein levels, indicating that 

proteolytic degradation of HNF-4α is not the mechanism of FoxO1-mediated suppression 

(Figure 23). However, additional experiments are needed to determine the responsible 

mechanism for HNF-4α inhibition.  
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Conclusions 

 

Chapter I 

 FoxO1 overexpression in HepG2 cells decreased the activity of ABCA1, ABCG5, CETP 

and PLTP promoters while it did not affect significantly the activity of ABCG1, ABCG8, 

LPL and LIPC promoters. 

 Insulin treatment of HepG2 cells failed to totally exclude FoxO1 transcription factor from 

the nucleus. This was possibly due to the presence of additional post-translational 

modifications that retained FoxO1 in the nucleus even in the presence of insulin. 

 Insulin treatment of HepG2 cells only mildly increased the activity of the                                               

ABCA1, ABCG1, ABCG5 and LIPC genes while the activity of the ABCG8, LPL, CETP 

and PLTP promoters remained unaffected by insulin.  

 Selective inhibition of PI3K abolished the positive effect of insulin on ABCA1 promoter 

activity, indicating a PI3K-AKT dependent mechanism of regulation. 

 Our findings indicate that FoxO1 transcription factor is implicated in the regulation of 

HDL metabolism related genes in hepatic cells.  

 

Chapter II 

 shFoxO1 (4) was capable of suppressing FoxO1 gene expression.  

 Specific silencing of FoxO1 gene in HepG2 cells increased the activity of the human 

ABCA1 promoter indicating a negative role of FoxO1 in ABCA1 gene expression. 

 The production of shRNA expressing AAV plasmid vectors (H1-shFoxO1 (4) and U6-

shFoxO1 (4)) will be useful in the future for liver-specific silencing of FoxO1 gene in 

whole organism experiments. 

 

Chapter III 

 HNF-4α overexpression in HEK293 cells increased the promoter activity of ABCG5, 

ABCG8 and LIPC genes. 

 FoxO1 overexpression in HEK293 cells was able to suppress the effect of HNF-4α on 

ABCG5 promoter activity but did not affect the activity of ABCG8 and LIPC promoters. 

 HNF4α overexpression in HepG2 cells suppressed the activity of ABCA1, ABCG1, 

CETP, LPL and PLTP promoters. The only gene that was significantly induced in HepG2 

cells by HNF-4α overexpression was ABCG5 while ABCG8 and LIPC genes were only 

mildly induced. 
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 FoxO1 overexpression in HepG2 cells was able to suppress the HNF-4α-mediated 

transactivation of the ABCG5 promoter in a dose-dependent manner while neither of 

them had any effect on ABCG8 promoter activity. 

 Specific silencing of HNF-4α in HepG2 cells abolished the inhibitory effect of FoxO1 on 

ABCG5 promoter activity while ABCG8 promoter activity remained unaffected. 

 Specific silencing of FoxO1 gene in HepG2 cells resulted in enhanced HNF-4α-mediated 

transactivation of the ABCG5 promoter activity. 

 The effect of FoxO1 overexpression on ABCG5 promoter activity was totally lost in 

HepG2 cells expressing the DR1-mutated ABCG5 promoter which is not activated by 

HNF-4α. 

 HNF-4α and FoxO1 transcription factors are associated with the human ABCG5/8 

intergenic promoter, as showed by ChIP. 

 FoxO1 overexpression did not affect HNF-4α protein levels, indicating that proteolytic 

degradation of HNF-4α is not the mechanism of FoxO1-mediated suppression. 

 Our findings indicate that HNF-4α regulates ABCG5 but not ABCG8 gene expression in 

hepatic cells and FoxO1 is capable of suppressing ABCG5 gene expression indirectly by 

inhibiting HNF-4α transcriptional activity. 
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