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Fibroblast Growth Factor (FGF) 19 is a postprandial enterokine up-regulated by 

bile acid receptor FXR upon bile acid uptake into the ileum. FGF19 inhibits hepatic bile 

acid synthesis through transcriptional repression of cholesterol 7α-hydroxylase 

(CYP7A1) via a mechanism involving nuclear receptor Small Heterodimer Partner 

(SHP). Here, I show that two other nuclear receptors, Hepatocyte Nuclear Factor 4α 

(HNF4α) and Liver Receptor Homolog-1 (LRH-1), enable SHP binding to the Cyp7a1 

promoter and therefore are important for negative feedback regulation of Cyp7a1. 

HNF4α and LRH-1 are also crucial activators of Cyp7a1 transcription. They maintain 
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active transcription histone marks on the Cyp7a1 promoter, whereas FGF19 down-

regulates these marks in a SHP-dependent way.  

Secondly, I show that the MEK/ERK signaling pathway is an integral regulator 

of bile acid metabolism. ERK activity is necessary to maintain hepatic Shp and Cyp7a1 

transcription at their physiologic levels. Inhibition of this pathway causes loss of Shp 

transcription by disrupting HNF4α and LRH-1 binding to the Shp promoter. Independent 

from the effects on Shp, MEK/ERK inhibition induces Cyp7a1 transcription. 

Unexpectedly, the MEK/ERK pathway is not required for repression of Cyp7a1 by 

FGF19. Although this pathway is activated by FGF19 in livers of Fgf receptor 4 (Fgfr4)-

deficient mice probably via other FGFRs, Cyp7a1 repression is largely impaired. Thus, I 

propose that a signaling mechanism uniquely regulated by FGFR4 must be responsible 

for FGF19-dependent repression of bile acid synthesis.  

In addition to its roles in bile acid metabolism, I also show that FGF19 stimulates 

hepatic protein and glycogen synthesis, but does not induce lipogenesis. The effects of 

FGF19 are independent of the activity of either insulin or the protein kinase Akt, and 

instead are mediated through a mitogen-activated protein kinase signaling pathway that 

activates components of the protein translation machinery and stimulates glycogen 

synthase activity. Mice lacking FGF15 (the mouse FGF19 ortholog) fail to properly 

regulate blood glucose and fail to maintain normal postprandial amounts of liver 

glycogen. FGF19 treatment restored the loss of glycogen in diabetic animals lacking 

insulin. Thus, FGF19 activates a physiologically important, insulin-independent 

endocrine pathway that regulates hepatic protein and glycogen metabolism. 
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CHAPTER 1 

General Introduction 

 

1.1 NUCLEAR RECEPTORS 

 

Nuclear Receptors (NRs) form a large family of transcription factors that are 

regulated by ligands. Ligand binding activates NRs and induces expression of their target 

genes. Ligand-dependent activation of NRs let them act as transcriptional switches in 

response to their ligands which include lipophilic hormones, vitamins and dietary lipids 

(Sonoda et al. 2008). First NRs discovered more than two decades ago were endocrine 

NRs, such as Glucocorticoid Receptor (GR) and Estrogen Receptor α (ERα) which bind 

to their lipophilic hormones with high affinity (Kd = nM range). Sequence comparisons 

among first discovered NRs led to the understanding that NRs share common domain 

structure. Search for other proteins sharing similar sequence homology led to the 

discovery of other NRs, some of which were not shown to have physiologic ligands and 

so named as orphan NRs (Fig. 1.1).  

In the last two decades, some of the orphan NRs were de-orphanized by the 

discovery of their physiologic ligands, forming the group of so-called adopted orphan 

NRs. This group of NRs responds to endogenous and dietary lipids with low binding 

affinity (Kd = µM range). Examples include Liver X Receptor (LXR), which is 

characterized as an oxysterol receptor, and Farnesoid X Receptor (FXR) that is regulated 

by bile acids. Some orphan NRs were shown to interact with lipid molecules, however, 

physiologic regulation of these NRs by the interacting ligands has not been established 
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(Sonoda et al. 2008). Hepatocyte Nuclear Factor 4α (HNF4α) and Liver Receptor 

Homolog 1 (LRH-1) are examples shown to bind to fatty acids and phospholipids, 

respectively (Fayard et al. 2004; Forman 2005; Bolotin et al. 2010). However, a number 

of orphan NRs have not been shown to interact with any ligands and, based on the size of 

their ligand binding pocket, some of them are unlikely to be regulated by ligands. Nerve 

Growth Factor IB (NGFI-B) NRs well exemplify this group (Fig. 1.1). 

 

 

Figure 1.1 Nuclear receptors and their ligands. 48 human nuclear receptors are 
grouped and their known ligands are shown on the right. General nuclear receptor domain 
structure is also depicted.  
 
 
 NR common structural motifs include an Activation Fuction 1 (AF-1) motif, a 

DNA binding domain at the N-terminus, a ligand binding domain, and an Activation 

Fuction 2 (AF-2) motif at the C-terminus. AF-1 motif is a ligand-independent activation 

domain, whereas AF-2 motif is regulated by ligands. Ligand binding causes 

conformational changes on AF-2 and induces release of co-repressors and recruitment of 
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co-activators. The DNA binding domain consists of two highly conserved zinc finger 

motifs unique to NRs. Most NRs form dimers and bind to two hexanucleotide sequences 

of AGGTCA or its variants separated by a gap of a certain number of nucleotides. NR 

binding specificity is determined by the number of nucleotides in the gap and the 

orientation of the hexonucleotide binding sites (direct, inverted or everted). The ligand 

binding domain is unique to NRs and is required for receptor dimerization, ligand binding 

and co-activator interaction (Sonoda et al. 2008).  

 In the following sections, NRs that were studied in this dissertation will be 

discussed briefly. 

 

1.1.1 Farnesoid X Receptor (FXR, NR1H4) 

 

 FXR was named on the basis of its weak interaction with farnesol. Later, FXR 

was identified as the bile acid nuclear receptor as certain bile acids were shown to bind to 

and potently activate it. FXR (also called FXRα) is predominantly expressed in liver, 

intestine, kidney and adrenal glands. A second FXR gene, Fxrβ, is also present in rodents, 

rabbits and dogs; however, it is a pseudogene in primates and human. FXR 

heterodimerizes with Retinoid X Receptor (RXR) and binds to inverted repeat NR 

binding sites separated by a gap of 1 nucleotide (IR-1) (Lee et al. 2006a).  

FXR has been shown to play a central role in regulation of bile acid metabolism 

in liver and intestine. Bile acids produced in liver are conjugated with taurine or glycine 

and secreted across the bile canalicular membrane for storage in the gallbladder. 

Activated by bile acids, FXR induces expression of bile acid conjugation enzymes Bile 
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Acid CoA:Amino Acid N-Acyltransferase (BAT) and Bile Acid-CoA Synthetase 

(BACS). FXR also induces expression of bile acid transporters Bile Salt Export Pump 

(BSEP) and Multidrug Resistance-Associated Protein 2 (MRP2) (Lee et al. 2006a). After 

each meal, bile acids stored in the gallbladder are released into the intestine where 95% 

of them are re-absorbed. In the intestine, bile acids activate FXR which then induces 

expression of Intestinal Bile Acid-Binding Protein (IBABP) and bile acid transporters 

Organic Solute Transporter α (OSTα) and OSTβ to facilitate bile acid transport into the 

portal circulation. In the ileum, FXR also up-regulates expression of FGF19 (or FGF15 in 

rodents) which acts as an endocrine hormone and suppresses bile acid synthesis in liver 

through transcriptional repression of bile acid synthetic enzymes Cholesterol 7α-

Hydroxylase (CYP7A1) and Sterol 12α-Hydroxylase (CYP8B1). In liver, FXR also 

induces expression of nuclear receptor SHP which plays an important role in negative 

feedback regulation of CYP7A1 and CYP8B1 in response to both bile acids and 

FGF15/19 (Lee et al. 2006a).   

 

1.1.2 Hepatocyte Nuclear Factor 4 alpha (HNF4α, NR2A1) 

 

 HNF4α is predominantly expressed in adult liver, kidney, pancreas, intestine and 

colon as well as visceral endoderm. It is an important transcriptional regulator in both 

early embryogenesis and adulthood. HNF4α binds to direct repeat (DR-1) NR binding 

sites exclusively as homodimers, unlike most NRs that heterodimerize with RXR. HNF4α 

activates expression of many genes involved in glucose, fatty acid, cholesterol, bile acid, 

xenobiotic and drug metabolism. Fatty acids were proposed to be ligands for HNF4α, 
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however, this is highly debatable since physiologic regulation of HNF4α by ligands has 

not been shown (Bolotin et al. 2010). Mutations in human HNF4A gene are directly 

linked to maturity onset diabetes of the young 1 (MODY1), a form of type II diabetes. In 

addition, mutations in HNF4α binding sites in promoters of blood coagulation factors 

lead to certain types of hemophilia (Bolotin et al. 2010). 

  Mice lacking hepatic Hnf4α were shown to accumulate lipids in liver and exhibit 

greatly reduced serum cholesterol and triglyceride levels. These mice also exhibited 

elevated serum bile acid levels although expression of bile acid synthetic enzymes 

Cyp7a1, Cyp8b1 and Cyp27a1 were reduced. Increased serum bile acid levels in Hnf4α 

deficient mice were linked to impaired bile acid uptake into liver since expression of 

hepatic bile acid transporters were down-regulated. These defects caused by loss of 

hepatic Hnf4α indicate that HNF4α is a prominent regulator of bile acid and lipid 

metabolism in liver (Hayhurst et al. 2001; Inoue et al. 2006b). 

 

1.1.3 Liver Receptor Homolog 1 (LRH-1, NR5A1) 

 

 LRH-1 expression is largely confined to liver, pancreas and intestine. As 

germline knockout of Lrh-1 in mice causes embryonic lethality, LRH-1 is also considered 

as an important regulator of development. Unlike most NRs which form either 

homodimers or heterodimers with RXR, LRH-1 binds to DNA as a monomer. The LRH-

1 DNA binding sequence also differs from other NR binding sites. The LRH-1 consensus 

binding sequence is YCAAGGYCR, where Y is a pyrimidine and R is a purine. LRH-1 

has been shown to regulate cholesterol and bile acid metabolism as well as exocrine 
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pancreas secretion (Fayard et al. 2004). Phospholipids have been proposed as LRH-1 

ligands; however, physiologic regulation of LRH-1 by ligands has not been established 

(Forman 2005; Sonoda et al. 2008). 

 Mice lacking hepatic Lrh-1 were shown to have altered bile acid composition due 

to significantly reduced Cyp8b1 expression levels. Although LRH-1 was implicated to be 

a positive regulator of CYP7A1 transcription in vitro, liver Lrh-1 knockout mice did not 

display altered Cyp7a1 expression possibly because of compensatory responses mediated 

by HNF4α (Mataki et al. 2007; Lee et al. 2008). In addition, bile acid negative feedback 

regulation by FXR was not compromised in Lrh-1-deficient mice, indicating that LRH-1 

is not essential for this process. Lrh-1 depletion also caused striking decreases in Shp 

mRNA levels showing that LRH-1 is necessary for transcription of this gene (Mataki et 

al. 2007; Lee et al. 2008).  

 

1.1.4 Small Heterodimer Partner (SHP, NR0B2) 

 

 SHP is predominantly expressed in liver. Lower levels of SHP mRNA were also 

detected in other tissues including heart, pancreas and intestine. SHP is an exceptional 

NR that lacks a DNA binding domain. The presence of a ligand binding domain classifies 

SHP as a NR; however, no ligands have been described for SHP so far and whether SHP 

ligand binding pocket can accommodate a ligand is unknown due to the lack of three 

dimensional structure analysis. SHP acts as a negative regulator of transcription and 

associates with transcriptional co-repressors. SHP has been proposed to regulate gene 

expression through its interactions with other NRs, including LXR, LRH-1, HNF4α, ERs 
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and ERRs (Bavner et al. 2005). SHP is a crucial regulator of bile acid metabolism as bile 

acid negative feedback regulation by FXR or FGF15/19 is abolished in Shp-deficient 

mice (Inagaki et al. 2005). 

 

1.2 FIBROBLAST GROWTH FACTORS AND METABOLISM 

 

Fibroblast Growth Factor (FGF) family contains important regulators of a variety 

of developmental processes such as brain and limb development. These growth factors 

act as paracrine cytokines that regulate tissue patterning and organogenesis during 

embryogenesis. FGF19, FGF21 and FGF23 differ from the rest of the FGF family and 

form the FGF19 subfamily (Fig. 1.2). Unlike other FGFs that have paracrine functions, 

FGF19 subfamily members have reduced affinity for heparin that permits them to escape 

the extracellular matrix and circulate as endocrine hormones. Thus, FGF19 subfamily 

proteins are also referred to as endocrine FGFs (Beenken et al. 2009).  

The primary source of endocrine FGF19 is the ileum where FGF19 expression is 

controlled by the bile acid nuclear receptor FXR (Holt et al. 2003; Inagaki et al. 2005). 

Bile acids released into the intestine after a meal bind to and activate FXR and thereby 

induce expression of FGF19. In humans, the postparandial rise in serum bile acids is 

followed by a synchronous serum FGF19 peak that takes place around 3 hours after a 

meal (Lundasen et al. 2006). This close relationship between FGF19 and bile acids 

renders FGF19 a postparandial hormone (Fig. 1.3 and 1.4).   
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Figure 1.2 FGF family. The FGF19 subfamily contains the endocrine FGFs: FGF19, 
FGF21 and FGF23. 
 

On its own, FGF19 fails to activate FGF receptors (FGFRs) as a result of its 

reduced affinity towards extracellular matrix glucosaminoglycans that promote the 

interaction between FGFs and their receptors. Recent studies have shown that FGF19 

requires another transmembrane protein, β-Klotho, which enables FGF19 binding to 

FGFR4 (its preferred receptor) and acts as the obligatory co-receptor that permits FGF19-

FGFR4 signaling (Kurosu et al. 2007; Lin et al. 2007). Thus, to be a target of FGF19, a 

tissue must express both FGFR4 and β-Klotho. This requirement makes liver the main 

target of endocrine FGF19 as both FGFR4 and β-Klotho are highly expressed in this 
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organ. In liver, FGF19 has been shown to regulate bile acid metabolism (Inagaki et al. 

2005). 

Just like FGF19, FGF21 and FGF23 are also regulated by nuclear receptors. 

FGF21 expression in liver is controlled by the nuclear receptor PPARα that is activated 

by fatty acid metabolites. FGF23 is produced in bones where its expression is regulated 

by the Vitamin D Receptor (VDR). Like FGF19, FGF21 and FGF23 also fail to activate 

FGFRs as a result of their reduced affinity for the extracellular matrix. Both FGF21 and 

FGF23 signal through FGFR1c. FGF21 requires β-Klotho as the co-receptor, whereas 

FGF23 requires Klotho protein. Restricted expression of Klotho and β-Klotho along with 

FGFR1c determines primary target tissues. FGF21 regulates carbohydrate and lipid 

metabolism in the adipose tissue, whereas FGF23 is involved in phosphate and vitamin D 

metabolism in the kidney (Fig. 1.3).  
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Figure 1.3 Nuclear receptor-FGF signaling. Nuclear receptors regulate expression of 
the endocrine FGFs in the source tissues. Target tissues of the endocrine FGFs are 
determined by spatial co-expression of their FGFRs and Klotho/β-Klotho co-receptors.  
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1.3 FGF19 AND LIVER METABOLISM 

 

1.3.1 FGF19 Regulates Bile Acid Metabolism 

 

 Bile acids are strong detergents produced by catabolism of cholesterol in liver. 

After a meal, bile acids stored in gallbladder are released into the intestine to facilitate 

solubilization and absorption of lipids and lipid soluble vitamins. Because of their toxic 

nature, synthesis of bile acids must be tightly regulated. This regulation takes place at the 

level of gene expression through a bile acid-dependent negative feedback mechanism. 

Cholesterol 7α-hydroxylase (CYP7A1) is the enzyme that catalyzes the first and the rate 

limiting step in the major bile acid synthesis pathway and it is the main target of the 

feedback regulation. Bile acids repress transcription of the CYP7A1 gene and thereby 

downregulate their own synthesis.  

 The nuclear receptor FXR has been shown to play a crucial role in regulation of 

bile acid homeostasis. The negative feedback regulation of bile acid synthesis is 

abolished in Fxr-deficient mice and, thus, Cyp7a1 expression levels are elevated in these 

animals (Sinal et al. 2000). Initially, it was assumed that FXR function in liver was solely 

responsible for Cyp7a1 repression. However, studies have shown that the negative 

feedback regulation also requires FXR-dependent synthesis of FGF19 in intestine. As 

first described by Holt et al. (2003), FGF19 is a direct bile acid-dependent target gene of 

FXR. The FGF19 promoter contains a single FXR-response element that is conserved in 

rodents and human. FGF19 alone is able to repress CYP7A1 mRNA levels in human 

primary hepatocytes (Holt et al. 2003). In vivo administration of bile acids or an FXR 
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agonist (GW4064) in mice induces Fgf15 expression in epithelial cells of the ileum and 

both FGF15 and FGF19 can completely suppress Cyp7a1 expression in liver (Inagaki et 

al. 2005). FGF15/19 fails to repress Cyp7a1 in Fgfr4–/– mice demonstrating the specificity 

of FGF15’s action.  

Further evidence for the requirement of FGF15/19 in maintaining proper bile 

acid homeostasis has come from analysis of various animal models harboring deletions 

on the FGF15 signaling axis. Fgfr4–/–, Klb–/– (i.e., β-Klotho-null), and Fgf15–/– mice all 

have increased levels of Cyp7a1 expression as well as an elevated bile acid pool size (Yu 

et al. 2000; Inagaki et al. 2005; Ito et al. 2005). Moreover, administration of GW4064 or 

the endogenous FXR agonist, cholic acid, fails to repress Cyp7a1 in Fgfr4–/– or Fgf15–/– 

mice. In addition, GW4064 was shown to repress Cyp7a1 in liver-specific Fxr–/– mice; 

however, this effect was completely abolished in ileum-specific Fxr–/– mice (Kim et al. 

2007). These findings confirmed that FXR-mediated negative feedback regulation is 

dependent on entero-hepatic signaling mediated by FGF15/19. 

 Results complementary to the above mouse studies have come from clinical 

studies. In humans, serum FGF19 levels peak after a postprandial rise in serum bile acid 

levels and this peak is followed by a declining phase of bile acid synthesis (Lundasen et 

al. 2006). In addition, patients with primary bile acid malabsoption syndrome have 

reduced FGF19 production by the ileum, which is associated with increased bile acid 

synthesis and bile acid diarrhea (Walters et al. 2009). Moreover, inflammatory bowel 

disease patients with resected distal ileum exhibit dysregulated bile acid metabolism with 

reduced serum FGF19 and elevated serum bile acid levels (Lenicek et al. 2011).   
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 Although there has been considerable progress in the field of bile acid regulation, 

the exact mechanism of Cyp7a1 repression remains elusive. In addition to the FGF15/19 

signaling pathway, it has been shown that orphan nuclear receptor small heterodimer 

partner (SHP) is required for repression of Cyp7a1, since administration of FXR agonist 

or FGF15/19 fails to repress Cyp7a1 transcription in Shp-deficient mice (Kerr et al. 2002; 

Wang et al. 2002; Inagaki et al. 2005). However, the mechanism by which the FGF15/19-

FGFR4-β-Klotho signaling pathway intersects with the SHP repression pathway to 

mediate repression Cyp7a1 transcription remains the focus of current research.         
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Figure 1.4 Regulation of bile acid metabolism by CCK and FGF19. Cholecystokinin 
(CCK) stimulates contraction of the gallbladder and release of bile acids into the 
intestine. As detergents, bile acids facilitate solubilization and absorption of lipids in the 
intestine. In addition, bile acids also act as messenger molecules. They inhibit CCK 
secretion from the duodenum in a negative feedback loop to block further gallbladder 
contraction. In the ileum, bile acids bind to and activate FXR and induce FGF19 
expression. In contrast to CCK, FGF19 stimulates gallbladder relaxation and filling. 
Around 95% of bile acids released into the intestine are re-absorbed and recycled back to 
liver. By inducing gallbladder relaxation, FGF19 facilitates this recycling process. In 
addition, FGF19 suppresses bile acid synthesis in liver during this bile acid peak time in 
the portal circulation.  
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 A second role for FGF15/19 in bile acid regulation has been described in 

gallbladder. Fgf15–/– mice have virtually empty gallbladders and restoring back FGF15 to 

these mice restores the gallbladder back to its normal volume, implicating an essential 

role for FGF15/19 in gallbladder filling (Choi et al. 2006). Cholecystokinin (CCK), 

another intestine-derived postprandial hormone, is a well-known inducer of gallbladder 

emptying. FGF15/19 administration was shown to oppose the action of CCK directly by 

relaxing gallbladder smooth muscle and inducing gallbladder filling in CCK-treated mice 

(Choi et al. 2006). These findings defined the hormonal basis for gallbladder filling and 

suggested that bile acids traversing the intestine act as a reset switch for postprandial 

gallbladder emptying first by repressing CCK secretion in the duodenum, and secondly 

by inducing gallbladder filling by activating FGF19 expression in the ileum (Fig. 1.4).  

 

1.3.2 FGF19 Improves Glucose Metabolism in Diabetic Mice  

 

 Effects of FGF19 on glucose metabolism were first described in FGF19 

transgenic mice. These animals displayed increased metabolic rate, decreased adiposity, 

reduced liver triglycerides, increased fatty acid oxidation, reduced serum glucose and 

improved insulin sensitivity. Furthermore, FGF19 transgenic mice did not become obese 

or diabetic on a high fat diet (Tomlinson et al. 2002). FGF19 treatment of obese, diabetic 

mice led to similar improvements in metabolism. These striking effects of FGF19 on 

metabolic rate and glucose metabolism lead to the possibility that FGF19 might have 

therapeutic potential for the treatment of Type II diabetes. However, unfortunately, 

FGF19 transgenic mice were shown to develop liver tumors as they aged (Nicholes et al. 
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2002). Serum FGF19 levels in these mice are much higher than physiologic levels and 

are in a pharmacologic range. Currently, it is not known whether repeated FGF19 

treatment can cause similar complications in humans. Repeated FGF19 treatment was 

shown to induce cell proliferation in liver but it did not induce tumors (Nicholes et al. 

2002). Further studies need to be performed to understand the nature and cause of this 

adverse effect of FGF19. It is also possible that FGF19 variants which lack the mitogenic 

effect but retain the glucose lowering effects can be engineered (Wu et al. 2010; Wu et al. 

2011). 
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CHAPTER 2 

Nuclear Receptors HNF4α and LRH-1 Are Essential Regulators of Cyp7a1 

Transcription  

 

2.1 INTRODUCTION 

 

Bile acids are natural detergents that facilitate solubilization and absorption of 

lipid molecules in the intestine. Due to their toxic nature, metabolism of bile acids is 

tightly regulated. Bile acid nuclear receptor FXR plays a central role in this regulation. 

Bile acids produced in liver bind to and activate FXR which up-regulates expression of 

bile acid conjugation enzymes and transporters to induce bile acid storage in the 

gallbladder. After each meal, bile acids are released into the intestine for their role as 

biologic detergents and around 95% of them are reabsorbed by the intestine where they 

again activate FXR, which then up-regulates expression of bile acid binding and 

transporter proteins to facilitate transfer of bile acids into the portal circulation (Lee et al. 

2006a). 

In the ileum, FXR also induces expression of Fibroblast Growth Factor 19 

(FGF19; or FGF15 in rodents), which is an endocrine FGF and an important hormonal 

regulator of bile acid synthesis. First, FGF15/19 stimulates gallbladder relaxation to 

facilitate gallbladder filling by the bile acids being recycled back to liver. Secondly, 

FGF15/19 represses further bile acid synthesis in liver during this bile acid peak time in 

the portal circulation. FGF15/19 is crucial for both processes as Fgf15-deficient mice 
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display defects in gallbladder filling and repression of bile acid synthesis in response to 

FXR activation (Inagaki et al. 2005; Choi et al. 2006).    

Negative feedback regulation of bile acid synthesis by the FXR-FGF15/19 axis is 

achieved via transcriptional repression of Cholesterol 7α-hydroxylase (CYP7A1) that 

catalyzes the first and the rate limiting step in the major bile acid synthesis pathway in 

liver. Repression of Cyp7a1 expression by FXR or FGF15/19 requires Small Heterodimer 

Partner (SHP), which is an atypical nuclear receptor that lacks a DNA binding domain 

(Kerr et al. 2002; Wang et al. 2002; Inagaki et al. 2005). SHP has been considered to 

interact with the nuclear receptor Liver Receptor Homolog-1 (LRH-1) for binding to the 

Cyp7a1 promoter (Goodwin et al. 2000; Lu et al. 2000). However, Lrh-1-deficient mice 

did not display severe defects in negative feedback regulation of Cyp7a1 (Lee et al. 

2008). Here, I tested roles of LRH-1 and Hepatocyte Nuclear Factor 4α (HNF4α), another 

nuclear receptor implicated in bile acid regulation (De Fabiani et al. 2001; Inoue et al. 

2006b), for SHP binding to the Cyp7a1 promoter and repression of Cyp7a1 expression by 

FGF19. I show that both LRH-1 and HNF4α are crucial transcriptional activators of the 

Cyp7a1 promoter and are required for SHP binding and FGF19-dependent repression of 

Cyp7a1.    

2.2 RESULTS 

 

2.2.1 SHP Interacts with Both HNF4α and LRH-1 

 

 It was previously shown that FGF15 overexpression fails to repress Cyp7a1 

transcription in Shp–/– mice (Inagaki et al. 2005; Choi et al. 2006)). Because recombinant 
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mouse FGF15 is unstable with variable bioactivity but shows strongly overlapping effects 

with human FGF19 (Potthoff et al. 2011), I used FGF19 protein in mouse studies. FGF19 

treatment also failed to inhibit Cyp7a1 transcription in Shp–/– mice, demonstrating that 

SHP protein is crucial for Cyp7a1 repression (Fig. 2.1A). SHP is an unusual nuclear 

receptor that does not bind to DNA but interacts with other nuclear receptors and acts as a 

co-repressor. The Cyp7a1 promoter contains conserved putative DNA binding sites for 

two nuclear receptors; HNF4α and LRH-1. Therefore, I tested interaction of SHP with 

these two proteins in cell culture. FLAG-HA tagged SHP co-immunoprecipitated FLAG-

tagged HNF4α and LRH-1 (Fig. 2.1B). Furthermore, SHP overexpression repressed 

HNF4α or LRH-1-induced transcriptional activity in luciferase reporter assays, 

demonstrating functional interactions between these proteins (Fig. 2.1, C and D). 
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Figure 2.1 SHP interactions with HNF4α and LRH-1. (A) Overnight-fasted mice (n = 
6) were injected i.p. with vehicle or FGF19 protein (1mg/kg; 1 mg per kg body weight). 
Mice were sacrificed 6 hours after the injections and hepatic Cyp7a1 mRNA levels were 
measured by RT-qPCR. (B) Tagged proteins were overexpressed in HEK293 cells and 
immunoprecipitated with HA antibody beads. (C) HEK293 cells were transfected with a 
luciferase reporter under the control of the human SHP promoter and with expression 
plasmids for indicated proteins (n = 4). (D) HepG2 cells were transfected with a 
luciferase reporter under the control of rat Cyp7a1 promoter and with expression 
plasmids for indicated proteins (n = 4). Values are means ± SEM. Statistics by two-tailed 
t test. (*) refer to differences between control and HNF4α or LRH-1 groups. (#) refer to 
differences between no SHP and plus SHP groups. ***P<0.0005, ##P<0.005, 
###P<0.0005. 
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2.2.2 SHP, HNF4α and LRH-1 Bind to the Same Location on the Cyp7a1 Promoter 

 

 Next, I tested binding of SHP, HNF4α and LRH-1 to the Cyp7a1 promoter in 

mouse liver. Lacking a SHP antibody that detects endogenous SHP protein, I 

overexpressed FLAG-tagged SHP in liver via adenoviral expression. Chromatin 

immunoprecipitation (IP) experiments were performed with anti-FLAG beads. Specific 

FLAG-SHP binding was detected at around 150 nucleotides upstream of the transcription 

start site, where putative HNF4α and LRH-1 binding sites are located. In fact, HNF4α 

and LRH-1 binding on the Cyp7a1 promoter was shown at the same location, implicating 

that SHP interacts with HNF4α and LRH-1 in vivo as well (Fig. 2.2). 

 HNF4α and LRH-1 binding sites on the Cyp7a1 promoter partially overlap (Fig. 

2.3A). Binding of HNF4α and LRH-1 to the same location on the Cyp7a1 promoter also 

implicated that they should occupy this location simultaneously. I tested this hypothesis 

by electrophoretic mobility shift assay (EMSA) and re-chromatin IP (re-ChIP) 

experiments. Incubation of HNF4α protein with Cyp7a1 promoter DNA probe led to a 

slower moving shift since HNF4α binds to DNA as homodimers whereas LRH-1 binds as 

monomers. When both proteins were mixed, a third even slower moving shift appeared 

(Fig. 2.3B). The third shift disappeared if either HNF4α or LRH-1 binding sites was 

mutated, ruling out the possibility that the third shift is due to a protein-protein 

interaction between the two proteins (Fig. 2.4). Based on this in vitro assay, HNF4α and 

LRH-1 appear to bind simultaneously to the Cyp7a1 promoter. Further conformation of 

this simultaneous binding was obtained from re-ChIP. Liver chromatin was first 

immunoprecipitated with LRH-1 antibody, eluted and used in a second round of 



22 

 

chromatin IP with LRH-1 or HNF4α antibodies. Comparable results from LRH-1 and 

HNF4α re-ChIPs suggest that both proteins interact with Cyp7a1 chromatin 

simultaneously (Fig. 2.3C).    

 

 

Figure 2.2 SHP, HNF4α and LRH-1 binding to the Cyp7a1 promoter. (A) FLAG-
SHP was overexpressed in mouse liver via adenoviral expression. Chromatin IP was 
performed with FLAG antibody beads. Binding to different locations on the Cyp7a1 
promoter and proximal gene body was tested. (B and C) HNF4α and LRH-1 antibodies 
were used for chromatin IP (n = 3). Values are means ± SEM. Statistics by two-tailed t 
test. *P<0.05, ***P<0.0005. 
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Figure 2.3 HNF4α and LRH-1 co-occupy the Cyp7a1 promoter. (A) Putative HNF4α 
and LRH-1 binding sites on the Cyp7a1 promoter are shown. (B) EMSA experiment was 
performed with in vitro translated proteins and a probe with the sequence shown in A. 
(C) LRH-1 bound chromatin was immunoprecipitated and used for a second round of 
chromatin IP with indicated antibodies (n = 3). Values are means ± SEM. Statistics by 
two-tailed t test. *P<0.05, **P<0.005 relative to IgG group. 
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Figure 2.4 Mutagenesis of HNF4α and LRH-1 binding sites on the Cyp7a1 promoter. 
(A) Putative HNF4α and LRH-1 binding sites on the Cyp7a1 promoter were mutated as 
shown. (B) EMSA experiment was performed with in vitro translated proteins and 
indicated wild type or mutant probes. 
 

 

2.2.3 SHP Interacts with Both HNF4α and LRH-1 on the Cyp7a1 Promoter 

 

 To demonstrate roles of HNF4α and LRH-1 in SHP binding to the Cyp7a1 

promoter, I used conditional knockout models for Hnf4α and Lrh-1. Cre and/or FLAG-

SHP were overexpressed in liver via adenoviral expression and FLAG-SHP binding was 

tested by chromatin IP.  
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Figure 2.5 SHP requires HNF4α or LRH-1 for binding to the Cyp7a1 promoter. 
Hnf4αfl/fl (A), Lrh-1fl/fl (B) and Hnf4αfl/fl:Lrh-1fl/fl (C) mice (n = 3-6) were infected with 
control, Cre and/or FLAG-SHP adenoviruses. Hepatic Shp, Hnf4α and Lrh-1 mRNA 
levels were tested by RT-qPCR. FLAG-SHP binding to the Cyp7a1 promoter was tested 
by chromatin IP (n = 3). Values are means ± SEM. Statistics by two-tailed t test. (*) refer 
to differences compared to Ad-Con group. (#) refer to differences between Ad-SHP and 
Ad-SHP/Ad-Cre groups. *P<0.05, **P<0.005, ***P<0.0005, ##P<0.005. 
 
 
 
 While knockout of hepatic Hnf4α in Hnf4αfl/fl mice or knockout of hepatic Lrh-1 

in Lrh-1fl/fl mice did not change FLAG-SHP binding to the Cyp7a1 promoter in liver, 

knockout of both genes in Hnf4αfl/fl:Lrh-1fl/fl mice completely blocked FLAG-SHP 
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binding (Fig. 2.5). These results show that SHP can utilize both HNF4α and LRH-1 as its 

binding partners on the Cyp7a1 promoter. 

 

2.2.4 HNF4α and LRH-1 Are Essential Regulators of the Cyp7a1 Promoter In Vivo 

 

 I next examined FGF19-dependent repression of Cyp7a1 transcription in the 

conditional knockout mice. In Albumin-Cre liver specific Hnf4α-knockout mice, hepatic 

Cyp7a1 basal mRNA levels were reduced, however, FGF19 treatment further reduced 

Cyp7a1 expression (Fig. 2.6A). As described previously (Lee et al. 2008), Lrh-1 

deficiency in livers of Albumin-Cre mice did not significantly disturb Cyp7a1 mRNA 

levels. Just like FXR agonist GW4064 treatment (Lee et al. 2008), FGF19 treatment also 

repressed Cyp7a1 transcription in Lrh-1 liver knockout mice (Fig. 2.6B).  

To avoid any compensatory mechanisms that might occur after Albumin-Cre 

expression starts in embryonic liver, I acutely knocked out Hnf4α and/or Lrh-1 via 

adenoviral Cre expression in liver. Acute knockout of hepatic Hnf4α in Hnf4αfl/fl mice 

gave results similar to Albumin-Cre knockout; Cyp7a1 basal mRNA levels were reduced 

and FGF19-induced Cyp7a1 repression was intact (Fig. 2.6C). Surprisingly, acute 

knockout of hepatic Lrh-1 in Lrh-1fl/fl mice differed from the Albumin-Cre knockout of 

Lrh-1. When LRH-1 was knocked out acutely, Cyp7a1 basal mRNA levels were 

significantly decreased. However, FGF19 treatment still further repressed Cyp7a1 

transcription (Fig. 2.6D). Finally, I knocked out both Hnf4α and Lrh-1 in livers of 

Hnf4αfl/fl:Lrh-1fl/fl mice. This time Cyp7a1 basal mRNA levels were severely reduced and 

FGF19 treatment did not further repress Cyp7a1 transcription (Fig. 2.6E). These results 
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demonstrate that both HNF4α and LRH-1 are transcriptional activators of the Cyp7a1 

promoter with complementary effects. These results are also consistent with my previous 

finding that SHP interacts with both HNF4α and LRH-1 and thus the presence of either 

protein is sufficient for FGF19-induced Cyp7a1 repression.    

 
 
Figure 2.6 HNF4α and LRH-1 maintain Cyp7a1 expression and regulate FGF19-
dependent repression. Overnight-fasted Hnf4αfl/fl mice or their Albumin-Cre littermates 
(A) and Lrh-1fl/fl mice or their Albumin-Cre littermates (B) were treated with vehicle or 
FGF19 (1mg/kg; i.p.) for 6 hours (n = 6). Hnf4αfl/fl (C), Lrh-1fl/fl (D), Hnf4αfl/fl:Lrh-1fl/fl 
(E) mice were infected with control or Cre adenoviruses. Overnight-fasted mice (n = 4-6) 
were treated with vehicle or FGF19 (1mg/kg; i.p.) for 6 hours. Hepatic Hnf4α, Lrh-1 and 
Cyp7a1 mRNA levels were tested by RT-qPCR. Values are means ± SEM. Statistics by 
two-tailed t test. (*) refer to differences between Veh and F19 groups. (#) refer to 
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differences between two Veh groups. *P<0.05, **P<0.005, ***P<0.0005, #P<0.05, 
##P<0.005, ###P<0.0005. n.s. not significant. 
  
 
 
2.2.5 FGF19 Does Not Regulate Nuclear Receptor Binding to the Cyp7a1 Promoter 

 

 To test whether SHP binding to the Cyp7a1 promoter is regulated by FGF19, 

FLAG-SHP protein was overexpressed in liver via adenoviral expression and SHP 

protein and mRNA levels were determined (Fig. 2.7, A and B). FGF19 treatment did not 

change nuclear FLAG-SHP protein levels, arguing against the previous suggested notion 

that FGF19 increases SHP protein stability by preventing degradation (Miao et al. 2009). 

SHP overexpression mildly decreased Cyp7a1 expression while FGF19 treatment further 

repressed Cyp7a1 levels, demonstrating that the FGF19-dependent repression mechanism 

is functional in this SHP-overexpression system. Surprisingly, FGF19 treatment did not 

change FLAG-SHP binding to the Cyp7a1 promoter (Fig. 2.7, C and D). Similarly, 

FGF19 failed to alter neither HNF4α/LRH-1 binding to the Cyp7a1 promoter nor their 

nuclear protein levels (Fig. 2.8). These results indicate that FGF19 does not regulate 

SHP, HNF4α and LRH-1 binding to the Cyp7a1 promoter. 
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Figure 2.7 FGF19 does not change SHP binding to the Cyp7a1 promoter. FLAG-SHP 
was overexpressed in mouse liver via adenoviral expression. Mice (n = 5-8) were treated 
with vehicle or FGF19 (1mg/kg; i.p.) for 6 hours. Shp mRNA levels (A), SHP protein 
levels (B), and Cyp7a1 mRNA levels (C) are shown. FLAG-SHP binding to the Cyp7a1 
promoter was tested by chromatin IP (n = 3) (D). Values are means ± SEM. Statistics by 
two-tailed t test. (*) refer to differences between Veh and F19 groups. (#) refer to 
differences relative to Ad-Con groups.*P<0.05, **P<0.005, ###P<0.0005. 
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Figure 2.8 FGF19 does not change HNF4α and LRH-1 binding to the Cyp7a1 
promoter. HNF4α (A) and LRH-1 (B) binding to the Cyp7a1 promoter was tested by 
chromatin IP on liver samples (n = 3) from the experiments shown in Fig. 2.6, A and B. 
Albumin-Cre samples were included to show the specificity of the antibodies. Nuclear 
HNF4α (C) and LRH-1 (D) protein levels are shown in triplicates. Values are means ± 
SEM. Statistics by two-tailed t test. *P<0.05, relative to Cre groups. 

 
 

2.2.6 FGF19 Causes Histone Deacetylation and Demethylaton on the Cyp7a1 

Promoter 

 

 To understand how the repressed state on the Cyp7a1 promoter is achieved in 

response to FGF19, histone modifications on the promoter were examined. FGF19 

treatment significantly reduced active transcription marks on the Cyp7a1 promoter. 

Histone H3 acetylation was repressed by FGF19 in wild-type but not Shp–/– mice (Fig. 

2.9A). Knockout of Hnf4α or Lrh-1 led to depletion of histone H3 acetylation, which is in 

agreement with decreased Cyp7a1 mRNA levels. FGF19 treatment also further reduced 

acetylation in these knockout mice (Fig. 2.9, B and C).   
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Figure 2.9 FGF19 reduces histone H3 acetylation on the Cyp7a1 promoter. Histone 
H3 acetylation on the Cyp7a1 promoter was tested by chromatin IP on liver samples (n = 
3) from the experiments shown in Fig. 2.1A (A) or Fig. 2.6, C and D (B and C). Values 
are means ± SEM. Statistics by two-tailed t test. (*) refer to differences between Wild-
type or Ad-Con Vehicle and FGF19 groups. (#) refer to differences between Ad-Cre 
Vehicle and FGF19 groups.*P<0.05, **P<0.005, ***P<0.0005, #P<0.05, ###P<0.0005. 
 
 
 
 Similar results were obtained for two other active transcription marks; 

histone H4 acetylation (data not shown) and histone H3 lysine 4 trimethylation 

(Fig. 2.10). The decreases in active transcription marks completely correlate with 
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FGF19-induced repressed state in the Cyp7a1 promoter. It appears that HNF4α and 

LRH-1 maintain active transcriptional state in the promoter whereas SHP is absolutely 

required for repression.   

 

 
 

Figure 2.10 FGF19 reduces histone H3K4 trimethylation on the Cyp7a1 promoter. 
Histone H3K4 trimethylation on the Cyp7a1 promoter was tested by chromatin IP on 
liver samples (n = 3) from the experiments shown in Fig. 2.1A (A) or Fig. 2.6, C and D 
(B and C). Values are means ± SEM. Statistics by two-tailed t test. (*) refer to 
differences between Wild-type or Ad-Con Vehicle and FGF19 groups. (#) refer to 
differences between Ad-Cre Vehicle and FGF19 groups.*P<0.05, **P<0.005, 
*** P<0.0005, #P<0.05, ##P<0.005, ###P<0.0005. 
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2.3 DISCUSSION 

 

 Here, I show that both HNF4α and LRH-1 are essential regulators of Cyp7a1 

expression. HNF4α and LRH-1 co-occupy the Cyp7a1 promoter and maintain appropriate 

mRNA transcription from this promoter. They also interact with and recruit SHP to the 

Cyp7a1 promoter. SHP is clearly required for the repression of Cyp7a1 transcription by 

FGF19. Interestingly, FGF19 does not alter binding of any of these three nuclear 

receptors to the Cyp7a1 promoter. Therefore, regulation of Cyp7a1 promoter is not 

mediated by changes in promoter occupancy of these proteins. Instead, transcriptional co-

regulators seem to be controlled as implicated by changes in histone acetylation and 

methylation in response to FGF19. 

 Unlike previous studies which did not describe altered Cyp7a1 transcription in 

Albumin-Cre Lrh-1 liver knockout mice (Mataki et al. 2007; Lee et al. 2008), we show 

that Cyp7a1 mRNA levels are significantly reduced when Lrh-1 is knocked out acutely. It 

is possible that Albumin-Cre driven loss of Lrh-1 during liver development induces 

compensatory mechanisms that maintain Cyp7a1 transcription and that are not gained 

acutely.  

Reduced Cyp7a1 transcription in response to loss of Hnf4α or Lrh-1 well 

correlates with reduced active transcription histone marks on the promoter. FGF19 also 

down-regulates these histone modifications in a SHP-dependent manner. I have observed 

the most dramatic changes in histone H3 and H4 acetylation as well as histone H3K4 

trimethylation. However, I do not rule out the possibility that other histone modifications 

or chromatin remodeling mechanisms might contribute too. I also observed that inhibition 
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of any single modification process (e.g. inhibition of histone deacetylases by trichostatin 

A) fails to block Cyp7a1 repression by FGF19 (data not shown). At this level of 

regulation, there seems to be many chromatin regulatory pathways involved and there is 

inevitable redundancy. 

 The key to understand Cyp7a1 regulation by FGF19 probably lies in upstream 

regulatory pathways involved. The Ras/MEK/ERK pathway is activated by FGF19 and 

has been shown to mediate some of FGF19’s effects in liver (Kurosu et al. 2007; Lin et 

al. 2007; Kir et al. 2011). However, our preliminary results (discussed in the next section) 

suggest that FGF19-dependent activation of the ERK pathway is neither required nor 

sufficient to mediate Cyp7a1 repression. I also want to note that previously described 

observations on FGF19-induced increases in SHP stability and SHP binding to the 

Cyp7a1 promoter are not reproducible in our hands (Miao et al. 2009). I have found that 

FGF19 does not change binding of nuclear receptors HNF4α, LRH-1 and SHP to this 

promoter. These findings, in fact, resemble ligand-dependent regulation of most nuclear 

receptors, where ligand binding does not change nuclear receptor occupancy on the DNA 

but rather alters interactions with co-regulators. Although FGF19 is not a ligand for any 

of these nuclear receptors, its action seems to mimic ligand-dependent regulation. Thus, it 

will be intriguing to ask whether FGF19 controls abundance of potential physiologic 

ligands of any of these nuclear receptors, especially SHP.    

According to our current understanding of Cyp7a1 regulation, SHP acts as a co-

repressor of both HNF4α and LRH-1. However, as a small protein, SHP lacks any 

enzymatic repressor activity. Therefore, it should function as a crucial adaptor protein 

between HNF4α/LRH-1 and other transcriptional regulator that alter chromatin structure 
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on the Cyp7a1 promoter. However, the exact nature and mechanism of how SHP-

dependent repression of Cyp7a1 is triggered by FGF19 remains elusive.    

Understanding FGF19-dependent bile acid repression pathway represents 

therapeutic potential for the treatment of chronic diarrhea syndromes, such as bile acid 

malabsorption syndrome and inflammatory bowel diseases, where impaired bile acid 

absorption in the intestine leads to diarrhea. Repression of bile acid synthesis might help 

reducing the complications. In fact, reduced FGF19 function has been associated with 

some of these diseases (Walters et al. 2009; Lenicek et al. 2011). FGF19, itself, can be 

considered as therapeutic tool. However, there are concerns for the potential of FGF19 as 

a chronic drug since FGF19 transgenic mice were shown to form liver tumors (Nicholes 

et al. 2002). It is of great interest if any FGF19 pathway components can be targeted to 

induce Cyp7a1 repression. 

 

2.4 SUMMARY 

 

 Fibroblast Growth Factor (FGF) 19 is a postprandial enterokine up-regulated by 

bile acid receptor FXR upon bile acid uptake into the ileum. FGF19 inhibits bile acid 

synthesis in liver through transcriptional repression of Cholesterol 7α-hydroxylase 

(CYP7A1) via a mechanism involving nuclear receptor SHP. Here, I show that nuclear 

receptors HNF4α and LRH-1 enable SHP binding to the Cyp7a1 promoter and therefore 

are important for negative feedback regulation of Cyp7a1. HNF4α and LRH-1 are also 

crucial transcriptional activators of the Cyp7a1 promoter. Loss of either protein in liver 

leads to reduced Cyp7a1 expression. HNF4α and LRH-1 maintain active transcription 
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histone marks on the Cyp7a1 promoter whereas FGF19 down-regulates these marks in a 

SHP-dependent way. 
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CHAPTER 3 

The MEK-ERK Pathway Is Integral for Regulation of Bile Acid Synthesis But Not 

Crucial for Regulation by FGF19  

 

3.1 INTRODUCTION 

 

 FGF15/19 is a crucial hormonal factor that is required to maintain proper bile 

acid homeostasis as evidenced by elevated bile acid pool size and Cyp7a1 expression 

levels seen in various animal models harboring deletions on the FGF15/19 signaling axis. 

e.g., Fgfr4–/–, Klb–/– (i.e., β-Klotho-null), and Fgf15–/– mice (Yu et al. 2000; Inagaki et al. 

2005; Ito et al. 2005). Administration of FXR agonist GW4064 fails to repress Cyp7a1 in 

Fgfr4–/– or Fgf15–/– mice demonstrating the requirement of this pathway for FXR-

dependent regulation of bile acid synthesis (Inagaki et al. 2005).  

On its own, FGF19 fails to activate its preferred receptor FGFR4 due to its 

reduced affinity towards heparin that promotes the interaction between FGFs and their 

receptors. As the obligatory co-receptor, β-Klotho enables FGF19 binding to FGFR4 and 

permits FGF19-FGFR4 signaling (Kurosu et al. 2007; Lin et al. 2007). FGFR4 is a 

receptor tyrosine kinase that activates intracellular signaling pathways. To fully 

understand how FGF19 binding to FGFR4/β-Klotho on the plasma membrane leads to 

transcriptional repression of Cyp7a1 in the nucleus, it is imperative to know signaling 

pathways that are induced by FGFR4 in response to FGF19 binding and are required for 

Cyp7a1 regulation. Here, I investigated activation of kinase signaling pathways by 

FGF19 and tested their requirement for Cyp7a1 repression.     
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3.2 RESULTS 

 

3.2.1 MEK Inhibition Has Profound Effects on SHP and CYP7A1 mRNA Levels 

 

 I used kinase inhibitors in HepG2 cell culture to test roles of various signaling 

pathways in regulation of human CYP7A1 gene expression and observed dramatic effects 

of MEK inhibitors. The Ras/MEK/ERK pathway is known to be activated by many 

growth factors and particularly by FGFs. MEK kinase inhibitors block MEK-dependent 

ERK phosphorylation which induces ERK kinase activity. PD-0325901 treatment of 

HepG2 cells completely blocked ERK phosphorylation in a dose-dependent manner and 

severely reduced SHP mRNA levels with an accompanying increase in CYP7A1 

expression (Fig. 3.1).  Similar results were obtained with another MEK inhibitor, U0126 

(Fig. 3.2). Among the other kinase inhibitors tested, only PD98059, also a MEK 

inhibitor, displayed similar effects (Fig. 3.3). These MEK inhibitors were also tested on 

other hepatic cell lines and similar effects on SHP and CYP7A1 mRNA levels were 

observed (data not shown). 
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Figure 3.1 PD-0325901 treatment of HepG2 cells. Cells were treated with indicated 
concentrations of PD-0325901 for 6 hours. (A) ERK phosphorylation was determined by 
Western blotting. (B and C) SHP and CYP7A1 mRNA levels were tested by RT-qPCR (n 
= 3). Values are means ± SEM. Statistics by two-tailed t test. *P<0.05, **P<0.005, 
*** P<0.0005 relative to the Vehicle group. 
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Figure 3.2 U0126 treatment of HepG2 cells. Cells were treated with indicated 
concentrations of U0125 for 6 hours. (A) ERK phosphorylation was determined by 
Western blotting. (B and C) SHP and CYP7A1 mRNA levels were tested by RT-qPCR (n 
= 3). Values are means ± SEM. Statistics by two-tailed t test. *P<0.05, **P<0.005, 
*** P<0.0005 relative to the Vehicle group. 
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Figure 3.3 Treatment of HepG2 cells with various kinase inhibitors. Cells were 
treated with various kinase inhibitors at indicated concentrations for 6 hours. SHP (A) 
and CYP7A1 (B) mRNA levels were tested by RT-qPCR (n = 3). Values are means ± 
SEM. 
 
 
 
 To obtain more physiologic evidence and to rule out the possibility that the 

effects seen in cultured cells are due to some artifacts arising from culture conditions, I 

investigated MEK inhibition in mouse liver. PD-0325901 is a very potent MEK inhibitor 

that is in clinical trials for cancer treatment and is orally administrable (Brown et al. 

2007; Barrett et al. 2008). Mice were gavaged with increasing amounts of this compound 

and ERK phosphorylation in liver was tested. PD-0325901 blocked ERK activation in a 

dose-dependent manner without causing any toxic symptoms (Fig. 3.4A). Inhibition of 

ERK activation severely reduced Shp mRNA levels with a concomitant increase in 
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Cyp7a1 transcription (Fig. 3.4, B and C). Since SHP is considered as the repressor of the 

Cyp7a1 promoter, the negative correlation between Shp and Cyp7a1 expression levels 

implicates a causal relationship in which decreased Shp expression leads to the increase 

in Cyp7a1 mRNA levels. However, MEK inhibitor-dependent increase in Cyp7a1 

expression was also present in Shp–/– mice, suggesting that the effects of the MEK/ERK 

pathway on Shp and Cyp7a1 transcription levels are independent (Fig. 3.4D). 
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Figure 3.4 Dose response analysis of PD-0325901 treatment in mice. Overnight-fasted 
mice (n = 4) were treated with indicated amounts of PD-0325901 by oral gavage and 
sacrificed 3 hours later. (A) ERK phosphorylation was determined by Western blotting. 
(B and C) Shp and Cyp7a1 mRNA levels were tested by RT-qPCR. (D) Wild-type and 
Shp–/– mice (n = 4) were treated similarly and Cyp7a1 mRNA levels were compared. 
Values are means ± SEM. Statistics by two-tailed t test. *P<0.05, **P<0.005, 
*** P<0.0005 relative to Vehicle groups. 
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3.2.2 MEK Inhibition Disrupts Shp and Cyp7a1 Promoter Activity 

 

 MEK inhibition changes Shp and Cyp7a1 expression levels very quickly. In a 

time course experiment, dramatic effects were observed as early as 1 hour of treatment 

(Fig. 3.5). To understand the mechanism behind these changes, I investigated Shp and 

Cyp7a1 promoter activity 1 hour after drug treatment. On the Shp promoter, MEK 

inhibition reduced histone H3 acetylation and RNA polymerase II binding, suggesting 

reduced transcriptional activity at this promoter. Furthermore, LRH-1 and HNF4α 

occupancy on the Shp promoter was decreased, which might explain the reduced 

transcriptional activity (Fig. 3.6). On the contrary, MEK inhibition increased histone H3 

acetylation and RNA polymerase binding to the Cyp7a1 promoter, suggesting elevated 

transcriptional activity at this promoter. However, LRH-1 and HNF4α binding to the 

Cyp7a1 promoter were unchanged (Fig. 3.7).  
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Figure 3.5 Time course analysis of PD-0325901 treatment in mice. Overnight-fasted 
mice (n = 4) were treated with 10 mg/kg PD-0325901 by oral gavage and sacrificed after 
indicated durations. Shp (A) and Cyp7a1 (B) mRNA levels were tested by RT-qPCR. 
Values are means ± SEM. Statistics by two-tailed t test. **P<0.005, ***P<0.0005 
relative to the 0 min group. 
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Figure 3.6 Effects of PD-0325901 on the Shp promoter activity. Overnight-fasted mice 
were treated with 10 mg/kg PD-0325901 by oral gavage and sacrificed 1 hour later. 
Histone H3 acetylation (A) and RNA Polymerase II (B), LRH-1 (C) and HNF4α (D) 
binding on the Shp promoter were measured by chromatin IP (n = 3). LRH-1 has three 
binding sites on the Shp promoter. Two of them are close to the -500 location and another 
one is near the TATA box at the -30 location. Values are means ± SEM. Statistics by 
two-tailed t test. *P<0.05, **P<0.005, ***P<0.0005. 
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Figure 3.7 Effects of PD-0325901 on the Cyp7a1 promoter activity. Overnight-fasted 
mice were treated with 10 mg/kg PD-0325901 by oral gavage and sacrificed 1 hour later. 
Histone H3 acetylation (A)and RNA Polymerase II (B), LRH-1 (C) and HNF4α (D) 
binding on the Cyp7a1 promoter were measured by chromatin IP (n = 3). Values are 
means ± SEM. Statistics by two-tailed t test. *P<0.05, **P<0.005. 
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3.2.3 HNF4α and LRH-1 Are Important for Regulation of Shp Transcription 

 

 MEK inhibitor-induced loss of HNF4α and LRH-1 from the Shp promoter 

suggests that the MEK/ERK pathway regulates binding of these proteins to the promoter. 

To determine roles of HNF4α and LRH-1 in repression of Shp by MEK inhibition, Hnf4α 

or Lrh-1 Albumin-Cre liver specific knockout mice were treated with PD-0325901. As 

described previously (Lee et al. 2008), LRH-1 is an important activator of the Shp 

promoter and its deletion causes suppression of Shp expression (Fig. 3.8A). Thus, MEK 

inhibition-induced loss of LRH-1 from the Shp promoter must contribute to the reduced 

transcriptional activity at this promoter. Interestingly, in response to MEK inhibition, Shp 

expression was still further reduced in Lrh-1 liver knockout mice, possibly due to loss of 

HNF4α from the promoter (Fig. 3.8A). Hnf4α depletion in liver slightly reduced basal 

Shp mRNA levels. However, MEK inhibition further suppressed Shp transcription in 

Hnf4α liver knockout mice, possibly by down-regulating LRH-1 binding to the promoter 

(Fig. 3.8B). Consistent with unchanged HNF4α and LRH-1 binding to the Cyp7a1 

promoter, MEK inhibitor-dependent increase in Cyp7a1 expression was intact in both 

knockout models (Fig. 3.8, C and D). Based on these results, I propose that Shp 

repression by MEK inhibition is caused by loss of HNF4α and LRH-1 from the Shp 

promoter and thus the MEK/ERK pathway must regulate HNF4α and LRH-1 binding to 

this promoter. These effects seem to be promoter specific as MEK inhibition did not 

change HNF4α and LRH-1 binding to the Cyp7a1 promoter and thus, the mechanism for 

the elevated Cyp7a1 expression must be different.      
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Figure 3.8 PD-0325901 treatment of HNF4α or LRH-1 liver specific knockout mice. 
Overnight-fasted mice (n = 5) were treated with 10 mg/kg PD-0325901 by oral gavage 
and sacrificed 3 hours later. Shp (A and B) and Cyp7a1 (C and D) mRNA levels were 
determined by RT-qPCR. Values are means ± SEM. Statistics by two-tailed t test. (*) 
refer to differences between Veh and PD groups. (#) refer to differences between Veh 
groups. *P<0.05, **P<0.005, ***P<0.0005, #P<0.05, ##P<0.005. 

 

3.2.4 The MEK/ERK Pathway Is Dispensable for Regulation of Shp and Cyp7a1 by 

FGF19 

 

 The profound effects of MEK inhibition on Shp and Cyp7a1 expression urged me 

to ask if the MEK/ERK pathway is involved in FGF19-dependent regulation of Shp and 

Cyp7a1 transcription. In contrast to MEK inhibition, FGF19 treatment slightly increases 

Shp mRNA levels and potently represses Cyp7a1 expression. In fact, FGF19 activated the 
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MEK/ERK pathway as shown by increased ERK phosphorylation in response to FGF19 

(Fig. 3.9A). Thus, it is possible that FGF19’s effects on Shp and Cyp7a1 might be 

mediated by the MEK/ERK pathway. To test this hypothesis, mice were treated with PD-

0325901 and/or FGF19. While the PD compound entirely blocked FGF19-induced ERK 

phosphorylation, it failed to completely inhibit Cyp7a1 repression by FGF19 (Fig. 3.9). 

In this experiment, FGF19-induced Cyp7a1 repression was suboptimal as the treatment 

duration was 3 hours instead of 6 hours in which much better Cyp7a1 repression results 

are observed. The reason why I preferred a 3-hour-treatment was because MEK inhibitor 

treatment failed to block FGF19-induced ERK phosphorylation at later time points 

probably due to quick clearance of the drug from the circulation (Brown et al. 2007).   

 
 

Figure 3.9 FGF19 and PD-0325901 co-treatment in mice. Overnight-fasted mice (n = 
5) were treated with 100 mg/kg PD-0325901 by oral gavage and/or FGF19 (1mg/kg; i.p.) 
and sacrificed 3 hours later. (A) ERK phosphorylation was determined by Western 
blotting. (B and C) Shp and Cyp7a1 mRNA levels were tested by RT-qPCR.  Values are 
means ± SEM. Statistics by two-tailed t test. (*) refer to differences between Control and 
FGF19 groups. (#) refer to differences between Vehicle and PD-0325901 groups. 
*P<0.05, **P<0.005, ###P<0.0005. 
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 To study the combination of MEK inhibition and FGF19 treatment in a more 

steady system, I isolated mouse primary hepatocytes to recapitulate the above results. 

Here, MEK inhibitors U0126 and PD-0325901 blocked ERK phosphorylation for 

extended periods of time. Interestingly, FGF19 completely failed to induce ERK 

phosphorylation in primary hepatocytes (Fig. 3.10A). MEK inhibition led to a relatively 

less dramatic decrease in Shp mRNA levels but markedly induced Cyp7a1 expression. In 

the presence of either MEK inhibitors, FGF19 rescued Shp mRNA levels and repressed 

Cyp7a1 transcription without changing ERK phosphorylation (Fig. 3.10, B and C). These 

findings unequivocally demonstrate that FGF19 does not require the MEK/ERK pathway 

to elicit its effects on Shp and Cyp7a1 transcription.  
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Figure 3.10 FGF19 and PD-0325901 co-treatment in mouse primary hepatocytes. 
Cells were treated with 2.5 µM U0126 or 25 nM PD-0325901 and 250 ng/ml FGF19 for 
6 hours. (A) ERK phosphorylation was determined by Western blotting. (B and C) Shp 
and Cyp7a1 mRNA levels were tested by RT-qPCR (n = 3). Values are means ± SEM. 
Statistics by two-tailed t test. (*) refer to differences between Control and FGF19 groups. 
(#) refer to differences compared to the Vehicle group. *P<0.05, **P<0.005, 
*** P<0.0005, #P<0.05, ##P<0.005, ###P<0.0005. 
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3.2.5 FGF19-dependent ERK Activation Is Not Sufficient for Cyp7a1 Repression 

 

 FGF19 receptors FGFR4 and β-Klotho (Klb) are required for Cyp7a1 regulation 

by FGF19 (Inagaki et al. 2005; Ito et al. 2005). In Fgfr4–/– or Klb–/– mice, FGF19-induced 

Cyp7a1 repression was impaired (Fig. 3.11, A and B). However, interestingly, FGF19 

induced ERK phosphorylation in Fgfr4–/– but not Klb–/– mice (Fig. 3.11, C and D). This is 

probably because other FGFRs are also expressed in liver and in the presence of β-

Klotho, they substitute for FGFR4 to activate the ERK pathway; however, they are 

unable to mediate Cyp7a1 repression. These findings implicate that there should be 

something unique about FGFR4 that enables proper Cyp7a1 regulation in an ERK-

independent fashion. FGFR4 might activate a unique signaling pathway that other FGFRs 

are unable to regulate. Thus, I looked for signaling pathways differentially regulated by 

FGF19 in wild-type and Fgfr4–/– mice. In a candidate-based approach, I failed to identify 

any signaling pathways uniquely activated by FGFR4. FGF19 stimulated phosphorylation 

of RSK, JNK, Stat1, Stat3, GSK3α/β in both wild-type and Fgfr4–/– mice (data not 

shown). Therefore, phosphorylation of these proteins is not sufficient for Cyp7a1 

repression as well. A proteomics-based, unbiased approach would likely to resolve the 

identity of the exact signaling process required for Cyp7a1 repression by FGF19.     
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Figure 3.11 FGF19 signaling is intact in Fgfr4–/– mice but Cyp7a1 repression is 
impaired. (A and B) Overnight-fasted mice (n = 4-5) were treated with vehicle or FGF19 
(1mg/kg; i.p.) and sacrificed 6 hours later. Cyp7a1 mRNA levels were determined by RT-
qPCR. (C and B) Overnight-fasted mice were treated with vehicle or FGF19 (1mg/kg; 
i.p.) and sacrificed 1 hour later. Total and phospho protein levels were determined by 
Western blotting with indicated antibodies. The results are shown in triplicates. Klb–/– 
mice were generated by Xunshan Ding. Values are means ± SEM. Statistics by two-tailed 
t test. (*) refer to differences between Veh and F19 groups. (#) refer to differences 
between Veh groups. **P<0.005, #P<0.05, n.s. not significant. 
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3.3 DISCUSSION 

 

I have shown that the MEK/ERK pathway is an integral regulator of bile acid 

metabolism. ERK activity is required to maintain normal transcription of Shp. 

Furthermore, independent from its role in Shp transcription, ERK activity down-regulates 

Cyp7a1 expression. In response to MEK inhibition, nuclear receptors HNF4α and LRH-1 

dissociate from the Shp promoter without changing their binding to the Cyp7a1 promoter. 

Thus, the MEK/ERK pathway enables HNF4α and LRH-1 binding specifically to the Shp 

promoter, however, the regulation of HNF4α and LRH-1 by the MEK/ERK pathway 

must be promoter-specific. Direct phosphorylation of these proteins by ERK is a 

possibility but both HNF4α and LRH-1 lack conserved MAP kinase substrate motifs 

PXpS/pTP. These proteins contain pS/pTP sites which can be phosphorylated by ERK in 

vitro; however, the physiologic relevance of these phosphorylations requires needs 

further investigation (Lee et al. 2006b and data not shown). 

Although the MEK/ERK pathway is involved in regulation of both Shp and 

Cyp7a1 transcription, it is not crucial for FGF19-dependent regulation of these genes. 

FGF19 induces Shp transcription and represses Cyp7a1 transcription in the absence of 

ERK activation. Furthermore, FGF19 is unable to efficiently repress Cyp7a1 in livers of 

Fgfr4–/– mice, but is still able to induce ERK phosphorylation probably via other FGFRs. 

Therefore, FGFR4 must have a unique function that is not shared by other FGFRs and is 

required for Cyp7a1 regulation. It is possible that there exists a signaling pathway that is 

solely activated by FGFR4. In fact, there has been evidence for such signaling 

mechanisms. FGFR4 was shown to associate with and induce phosphorylation of 
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uncharacterized substrates that were not regulated by FGFR1 (Vainikka et al. 1994; 

Vainikka et al. 1996). 

In a recent study, it was shown that FGFR4 is required for regulation of bile acid 

metabolism by FGF19 but not for regulation of glucose metabolism (Wu et al. 2011). In 

agreement with these findings, I have found that FGF19 activated signaling pathways that 

regulate glucose metabolism in Fgfr4–/– mice (data not shown). FGF19-induced Cyp7a1 

repression is largely impaired in Fgfr4–/– mice; however, it is possible to observe a small 

degree of Cyp7a1 repression (Wu et al. 2011). Since the MEK/ERK pathway is activated 

by FGF19 in these knockout mice, it might be true that this pathway contributes to 

Cyp7a1 regulation by FGF19 but it is clearly a minor player. I believe that the major 

regulatory signaling mechanism awaits discovery. 

 

3.4 SUMMARY 

 

 The MEK/ERK pathway is an integral regulator of bile acid metabolism. ERK 

activity is necessary to maintain hepatic Shp and Cyp7a1 transcription at their 

physiologic levels. Inhibition of this pathway causes loss of Shp transcription by 

disrupting HNF4α and LRH-1 binding to the Shp promoter. Independent from the effects 

on Shp, MEK/ERK inhibition increases transcription from the Cyp7a1 promoter without 

changing HNF4α and LRH-1 binding. Unexpectedly, the MEK/ERK pathway is not 

crucial for FGF19-dependent repression of bile acid synthesis as FGF19 represses 

Cyp7a1 transcription in the absence of ERK activation. Although this pathway is 

activated by FGF19 in livers of Fgfr4-deficient mice probably via other FGFRs, Cyp7a1 
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repression is largely impaired. Thus, I propose that a signaling mechanism uniquely 

regulated by FGFR4 must be responsible for FGF19-dependent repression of bile acid 

synthesis.     
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CHAPTER 4 

FGF19 Regulates Hepatic Protein and Glycogen Synthesis 

 

4.1 INTRODUCTION 

 

Several pharmacologic studies in hyperglycemic, obese animal models have 

shown that FGF19 can improve metabolic rate and reduce weight gain. FGF19 treatment 

lowers serum glucose, triglyceride and cholesterol levels as well as hepatic triglyceride 

and cholesterol levels (Tomlinson 2002; Fu et al. 2004). However, the mechanism by 

which FGF19 leads to these improved metabolic changes has remained unclear. While 

investigating FGF19-dependent regulation of bile acid metabolism, I also studied 

FGF19’s other effects on liver metabolism in an effort to shed light on potential roles of 

FGF19 on glucose metabolism.  

 

4.2 RESULTS 

 

4.2.1 FGF19 Induces Phosphorylation of Translation Machinery Components 

 

 To elucidate effects of FGF19 on metabolism, I investigated FGF19-induced 

signaling in liver in normoglycemic wild-type animals. FGF19 increased phosphorylation 

of liver ERK1 and ERK2 of overnight-fasted mice. In contrast, insulin, but not FGF19, 

induced phosphorylation of the protein kinase Akt, demonstrating that FGF19 and insulin 

likely work through independent kinase signaling pathways (Fig. 4.1). However, both 
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FGF19 and insulin stimulated the phosphorylation of the eukaryotic initiation factors 

eIF4B on Ser422 and eIF4E on Ser209 in liver (Fig. 4.1). These proteins are components of 

the eIF4F complex that mediates binding of mRNA to the ribosome and their 

phosphorylation promotes the initiation of translation (Gingras et al. 1999).  Treatment of 

animals with insulin or FGF19 also produced similar increases in phosphorylation of 

Ser235 and Ser236 of ribosomal protein S6 (rpS6) (Fig. 4.1). Phosphorylation of rpS6 

enhances global protein synthesis (Fumagalli et al. 2000).    

 
 

Figure 4.1 Stimulation by FGF19 of the signaling pathways that regulate protein 
synthesis in liver. (A) Overnight-fasted mice were injected i.v. with vehicle or 1 mg/kg 
FGF19 protein. The animals were sacrificed 1 hour after the injection. Liver homogenates 
were separated by SDS-PAGE and proteins were identified by Western blotting with the 
indicated antibodies. The results are shown in triplicates. * represents non-specific band. 
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(B) Overnight-fasted mice were injected i.p. with PBS or 1 U/kg insulin or i.v. with 
vehicle or 1 mg/kg FGF19. Animals in the insulin treatment group were sacrificed 15 
minutes after the injection whereas those in the FGF19 treatment group were sacrificed 1 
hour after the injection. Protein samples were prepared from livers. Western blotting was 
performed with the indicated antibodies.  
 
 
 
4.2.2 FGF19 Activates the Ras/ERK/RSK Signaling Pathway 

 

 I investigated the kinases that might mediate phosphorylation of eIF4 or rpS6 in 

response to FGF19. Ser209 of eIF4E is a target for the protein kinase Mnk1, which can be 

activated by phosphorylation at Thr197 and Thr202 by ERK (Ueda et al. 2004). FGF19 

induced phosphorylation of Mnk1, implicating FGF19 as the upstream stimulus of a 

Ras/ERK/Mnk1 signaling cascade that activates eIF4E (Fig. 4.1). rpS6 and eIF4B are 

well-known targets of p70 ribosomal S6 kinase (p70S6K), which is activated by insulin. 

However, FGF19 treatment did not induce the phosphorylation of p70S6K or Akt, which 

is known to activate mammalian target of rapamycin (mTOR) to stimulate p70S6K (Fig. 

4.1). Instead, FGF19 induced the phosphorylation of p90 ribosomal S6 kinase (p90RSK), 

which also is known to phosphorylate rpS6 and eIF4B (Shahbazian et al. 2006; Roux et 

al. 2007). 

 

4.2.3 FGF19-dependent Phosphorylation of rpS6 and eIF4B Depends on ERK/RSK 

Activity 

 

Because p90RSK is a downstream target of ERK, the above results indicate that 

FGF19 utilizes a Ras/ERK/p90RSK pathway to induce phosphorylation of rpS6 and 
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eIF4B. In human hepatocarcinoma HepG2 cells that express FGFR4 and β-Klotho, 

FGF19 treatment increased the phosphorylation of rpS6 and eIF4B in HepG2 (Fig. 4.2). 

However, this effect was not inhibited by wortmannin, a potent phosphoinositide 3-

kinase (PI3K) inhibitor, or rapamycin, an mTOR inhibitor, suggesting that FGF19 does 

not act through the Akt/mTOR/S6K pathway. In contrast, the ERK pathway inhibitor 

U0126 and p90RSK inhibitor BI-D1870 (Sapkota et al. 2007) completely inhibited both 

basal and FGF19-dependent phosphorylation of rpS6 and eIF4B (Fig. 4.2), as well as 

ERK and p90RSK. In HepG2 cells, FGF19 treatment also failed to induce the 

phosphorylation of Akt or p70S6K (data not shown).  

 

 
 

Figure 4.2 FGF19-induced signaling depends on ERK and RSK kinase activity. 
Overnight serum-starved HepG2 cells were starved for amino acids in HBSS media for 1 
hour. DMSO, wortmannin (200 nM), rapamycin (20 nM), U0126 (10 µM) or BI-D1870 
(10 µM) was added for a further 1 hour treatment. The cells were treated with vehicle or 
250 ng/ml FGF19 and harvested after 30 minutes. Proteins were identified by Western 
blotting with the indicated antibodies. BI-D1870 treatment blocks the negative feedback 
effect of p90RSK on ERK, which results in increased basal phosphorylation of ERK and 
p90RSK. Numbers below blots represent fold change relative to the vehicle group. 



62 

 

4.2.4 FGF19 Promotes Protein Synthesis in Liver 

 

 The above findings link FGF19 to stimulation of protein synthesis in liver. Rate 

of protein synthesis in mouse liver was analyzed by using 2H2O labeling (Dufner et al. 

2005; Rachdaoui et al. 2009). When injected into animals, 2H2O equilibrates with body 

water within 90 minutes and 2H incorporates into amino acids.  To determine the normal 

rate of protein synthesis after fasting and re-feeding, mice were fasted overnight and then 

re-fed or continually fasted for another 6 hours. In response to re-feeding, a 25% increase 

in the rate of global liver protein synthesis was observed (Fig. 4.3A) consistent with 

previous studies (Anderson et al. 2008). In comparison, injection of FGF19 significantly 

increased total protein synthesis by 18% (Fig. 4.3B). The de novo synthesis rate of 

albumin, the major protein product of liver, was increased 40% by FGF19 (Fig. 4.3C). 

Moreover, continuous treatment with FGF19 significantly increased plasma albumin 

levels by 10% (Fig. 4.3D). Thus FGF19 is a positive regulator of hepatic protein 

synthesis. 
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Figure 4.3 Increased rates of protein synthesis in mice liver after FGF19 treatment.  
(A) Overnight-fasted mice received 0.5 ml 2H2O i.p. 90 minutes later, the animals were 
refed or kept fasted for 6 hours and sacrificed (n=10). Protein samples were hydrolyzed 
and 2H labeling of alanine was determined via mass spectrometry. (B and C) Mice fed ad 
libitum received 0.5 ml 2H2O. 90 minutes later (at 6 pm), vehicle or 1 mg/kg FGF19 was 
injected subcutaneously. The next morning (8 am), animals were injected again with the 
same dose, and 6 hours later sacrificed (n=10). Protein samples were hydrolyzed and 2H 
labeling of alanine was determined via mass spectrometry. For albumin synthesis, 2H 
incorporation into plasma albumin was measured in the same way. Protein synthesis 
measurements were done in collaboration with the Stephen Previs lab. (D) Over a 3-day-
period, mice (n=6) received vehicle or 1 mg/kg FGF19 subcutaneously 3 times at 6 pm 
and once on the day of sacrifice at 8 am. 6 hours after the last injection, the livers were 
harvested. Plasma albumin levels were determined with a Vitros 250 instrument. Values 
are means ± SEM. Statistics by two-tailed t test. *P<0.05, **P<0.005. 
 
 
4.2.5 FGF19 Inhibits GSK3 Kinases and Activates Glycogen Synthase 

 

 The effects FGF19 on protein synthesis prompted me to investigate glycogen 

synthesis, another target of insulin action. Glycogen synthesis in liver is negatively 
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regulated by glycogen synthase kinase (GSK) 3α and GSK3β, which phosphorylate and 

inhibit the enzyme glycogen synthase (GS). Phosphorylation also inactivates GSK3 

kinases, which prevents inhibition of GS and thus increases glycogen synthesis (Cohen et 

al. 2001). In animals fasted overnight, FGF19 induced phosphorylation of both GSK3α 

(Ser21) and GSK3β (Ser9), which correlated with decreased phosphorylation of Ser641 and 

Ser645 on GS and increased GS activity (Fig. 4.4).  

 
Figure 4.4 FGF19 inhibits GSK3 signaling to induce liver glycogen synthase in mice.  
(A) Overnight-fasted mice were treated i.v. with vehicle or 1 mg/kg FGF19 and 
sacrificed 10 minutes later. Liver homogenates were separated by SDS-PAGE and 
proteins identified by Western blotting with the indicated antibodies. Results represent 
triplicate experiments. (B) The ability of glycogen synthase in the homogenates of the 
same livers to incorporate radiolabeled UDP-glucose into glycogen in the absence and 
presence of glucose-6-phosphate was measured and the ratio shown as glycogen synthase 
activity (n=3). Values are means ±SEM. Statistics by two-tailed t test. **P<0.005. 

 
 

4.2.6 FGF19 Promotes Glycogen Synthesis in Liver 

 

Concomitant to the above results, FGF19 treatment caused a 30% increase in 

liver glycogen content that led to a small but significant increase in liver weight in 

FGF19-treated mice compared to that of control animals (Fig. 4.5, A and B). FGF19 

treatment had no effect on liver cholesterol or triglycerides (data not shown), nor did it 
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change plasma insulin or glucagon concentrations, strengthening the idea that it acts 

directly on liver (data not shown). I also analyzed the hepatic glycogen concentration in 

mice lacking Fgf15 (the mouse ortholog of FGF19). Fed Fgf15-null mice had >50% less 

hepatic glycogen than did wild-type animals (Fig. 4.5C), demonstrating the physiologic 

requirement for FGF15 in maintaining normal glycogen metabolism. Moreover, Fgf15-

null mice showed impaired glucose uptake from the circulation. FGF19 administration 

completely rescued this phenotype (Fig. 4.5D). 

 
Figure 4.5 Liver glycogen synthesis is regulated by FGF15/19. (A and B) Mice fed ad 
libitum were injected subcutaneously with vehicle or 1 mg/kg FGF19 at 6 pm and the 
next morning at 8 am. 6 hours after the last injection, the animals were sacrificed, liver 
weight and glycogen content were determined (n=6). (C) Liver glycogen content was 
determined in wild-type and Fgf15–/– mice fed ad libitum. (n=5) (D) Oral glucose 
tolerance test in wild-type and Fgf15–/– mice. Values are means ±SEM (n=6). Statistics 
by two-tailed t test. *P<0.05, **P<0.005. 
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4.2.7 FGF19-dependent Phosphorylation of GSK3 and GS Depends on ERK/RSK 

Activity 

 

 Akt and p90RSK phosphorylate the same residues of GSK3α/β (Sutherland et al. 

1993; Stambolic et al. 1994; Cohen et al. 2001; Ding et al. 2005). To test whether 

p90RSK might mediate phosphorylation of GSK3 kinases for FGF19, I treated HepG2 

cells with FGF19 and either the PI3-kinase or p90RSK inhibitor. FGF19-induced 

phosphorylation of GSK3 kinases in HepG2 cells was compromised in BI-D1870 treated 

cells, but not in wortmannin treated cells (Fig. 4.6). These data further support the idea 

that FGF19 acts through an insulin-independent Ras/ERK/p90RSK pathway to regulate 

glycogen synthesis. 

 
 

Figure 4.6 FGF19-induced signaling depends on RSK kinase activity. Overnight 
serum-starved HepG2 cells were pre-treated with DMSO, wortmannin (200 nM) 
or BI-D1870 (10 µM) for 1 hour. The cells were lysed 30 minutes after vehicle or 
FGF19 (250 ng/ml) treatment. Proteins were identified by Western blotting with 
the indicated antibodies. Numbers below blots represent fold change relative to 
the vehicle group.   
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4.2.8 FGF19 Promotes Glycogen Synthesis in Diabetic Animals Lacking Insulin 

 

 To rule out the possibility that FGF19 promoted glycogen synthesis by 

modulating insulin activity, diabetic animals lacking insulin were used. Streptozotocin is 

a toxic chemical that particularly causes death of insulin-producing pancreatic beta cells. 

Streptozotocin (STZ)-treated mice are severely diabetic and have almost no detectable 

insulin in the blood (Fig. 4.7A). STZ treatment reduced liver glycogen content to 50% of 

that of control animals. Notably, FGF19 treatment restored hepatic glycogen amounts 

(Fig. 4.7A). Insulin-independent effects of FGF19 on the rate of net hepatic glycogen 

synthesis were also investigated in rats fasted overnight. A hyperglycemic clamp was 

used in combination with somatostatin to inhibit endogenous insulin and glucagon 

secretion. Under matched conditions of plasma glucose, insulin, and glucagon 

concentrations, FGF19 increased net hepatic glycogen synthesis by 70% compared to that 

in control rats (Fig. 4.7B). Thus FGF19 appears to act in parallel to and independent from 

insulin to promote liver glycogen synthesis. 
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Figure 4.7 FGF19-induced glycogen synthesis is independent of insulin. (A) Mice 
were treated i.p. with STZ (175 mg/kg). 8 days later, diabetic animals were chosen and 
treated with vehicle or 1 mg/kg FGF19 i.p. at 6 pm for 7 consecutive days and sacrificed 
6 hours after the last injection at 8 am (n=5-9). Liver glycogen content and plasma insulin 
levels were determined. *, P<0.05 is between control and STZ-vehicle groups; #, P<0.05 
is between STZ-vehicle and STZ-FGF19 groups. (B) Three-hour-hyperglycemic clamp 
study was performed on overnight-fasted rats. Animals were continuously infused with 
insulin and somatostatin to maintain low levels of insulin and glucagon and variably 
infused with glucose to maintain hyperglycemia. Net glycogen synthesis was determined 
by assessing the glycogen content in the clamped animals subtracted by the glycogen 
content of unclamped animals that were euthanized after the same duration of fasting. 
This clamp experiment was done in collaboration with the Gerald Shulman lab. Values 
are means ± SEM. Statistics by two-tailed t test. *P<0.05, ***P<0.0005.  
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4.3 DISCUSSION 

 

4.3.1 FGF19 and Insulin Work in a Coordinated Temporal Fashion  

 

Taken together, these studies suggest FGF19 functions in a bile acid-induced 

endocrine signaling pathway. Like insulin, pharmacologic administration of FGF19 can 

induce protein and glycogen synthesis in liver, whereas loss of the physiologic hormone 

in Fgf15–/–  mice results in glucose intolerance and reduced hepatic glycogen. However, 

whereas insulin reaches its maximum serum concentration within 1 hour of a meal in 

humans, peak FGF19 levels are achieved ~3 hours after a meal (Lundasen et al. 2006) 

just before glycogen accumulation peaks in the liver (Taylor et al. 1996; Krssak et al. 

2004). Thus, I propose insulin and FGF19 work in a coordinated temporal fashion to 

facilitate the proper postprandial storage of nutrients. Of the anabolic enterokines (e.g., 

the incretins, GLP-1 and GIP), FGF19 is unusual in that it mimics insulin action rather 

than stimulating its release. 

 

4.3.2 FGF19 and Insulin Activate Different Signaling Pathways and Have Both 

Overlapping and Separate Effects on Liver Metabolism   

 

 The different signaling pathways used by FGF19 and insulin permit overlapping 

but distinct biological effects for the two hormones (Fig. 4.8). For example, unlike 

insulin, FGF19 did not increase hepatic triglycerides or induce SREBP-1c-dependent 

lipogenic gene expression (data not shown), which requires the PI3K/Akt/mTOR 
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signaling pathway (Porstmann et al. 2008; Li et al. 2010). Indeed, FGF19 appears to be 

unique in its ability to differentially govern glycogen synthesis and lipogenesis. The 

requirement of FGF15/19 to maintain normal glycogen levels in fed mice and its ability 

to use the alternative Ras/ERK/p90RSK pathway may explain the puzzling observation 

that liver-specific loss of insulin signaling in IRS1-IRS2 null mice does not fully block 

glycogen storage in response to feeding (Dong et al. 2006; Kubota et al. 2008). Our 

findings may also help explain the glucose- and insulin-lowering actions of FGF19 in 

diabetic rodents (Tomlinson et al. 2002; Fu et al. 2004). Thus, pharmacologically 

targeting the FGF19 pathway might be an attractive alternative to using insulin to 

increase glycogen storage without affecting lipogenesis. 

Recently, another insulin-like effect of FGF19 on liver metabolism was described 

(Potthoff et al. 2011). In these studies, administration of FGF19 reduced hepatic 

gluconeogenesis by repressing expression of the transcription co-factor PGC1α, and the 

PGC1α target genes, glucose-6-phosphatase (G6pase) and phosphoenolpyruvate 

carboxykinase (Pepck). Insulin represses gluconeogenic genes by promoting Akt-

dependent phosphorylation and subsequent degradation of FOXO1, a transcription factor 

involved in fasting-mediated induction of gluconeogenic gene expression. Unlike insulin, 

FGF19 was shown to regulate gluconeogenic gene expression via inhibition of cAMP 

regulatory element binding protein (CREB) phosphorylation and CREB binding to the 

Pgc1α promoter (Potthoff et al. 2011). 

After a meal, endogenous glucose production falls as exogenous glucose appears 

in the circulation. Gluconeogenesis approximately accounts for half of endogenous 

glucose production and rate of gluconeogenesis stays low up to ~4 hours after a meal 
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(Woerle et al. 2003). Again, when the timing of postprandial insulin and FGF19 levels 

are considered, the delayed repression of gluconeogenesis implicates a coordinated 

temporal response in which insulin and FGF19 work to repress hepatic gluconeogenesis. 

 
 
Figure 4.8. Insulin and FGF19 act through different signaling pathways to 
coordinate overlapping but distinct postprandial responses in liver.  

 
 
 

FGF19 functions as a postprandial hormone to govern hepatic protein synthesis, 

glycogen synthesis and gluconeogenesis, making it remarkably similar to insulin in many 

ways. However, unlike insulin, FGF19 does not stimulate lipogenesis. In fact, FGF19 has 

been shown to reduce hepatic triglycerides and cholesterol through an unknown 

mechanism (Tomlinson et al. 2002; Fu et al. 2004). Another major difference is the 

regulation of bile acid homeostasis, which is a hallmark role of FGF19 in liver 

metabolism. In contrast, insulin is not considered as a primary regulator of bile acid 

biology (Fig. 4.8 and Table 4.1). 
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Table 4.1 Metabolic effects of FGF19 and insulin in liver. 

 
 
 

 To gain more insights into how FGF19 might be regulating gluconeogenesis and 

hepatic lipid metabolism, I asked whether any other signaling pathways are regulated by 

FGF19. As discussed so far, FGF19 induced the phosphorylation of ERK in liver but not 

in muscle and failed to induce the phosphorylation of Akt that is very potently activated 

by insulin. Unexpectedly, I discovered that FGF19 stimulated phosphorylation of STAT1 

and STAT3 transcription factors in liver (Fig. 4.9). The STAT family of transcription 

factors is involved in a variety of biological processes. Phosphorylation of these proteins 

is known to induce their dimerization, nuclear localization and transcriptional activation 

(Darnell 1997).  

While STATs 2, 4 and 6 exclusively regulate inflammation and interferon 

response, STATs 1, 3 and 5 can be activated by receptor tyrosine kinases and are 

involved in various physiologic regulations. For instance, growth hormone activates 

STAT5, whereas STAT3 is an integral component of Leptin-dependent regulation of 

satiety (Darnell 1997). Interestingly, STAT3 has also been described as a negative 

regulator of hepatic gluconeogenesis and is activated postprandially through an unclear 

mechanism (Inoue et al. 2004; Inoue et al. 2006a). Thus, it will be interesting to test 
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whether FGF19-dependent STAT3 and perhaps STAT1 activation has any roles in 

regulation of liver metabolism by FGF19.  

 

 
 

Figure 4.9 FGF19 activates STAT1 and STAT3 in liver. This experiment is the same 
as the one in Fig. 4.1B. Phospho and total protein levels were detected by indicated 
antibodies. 

 
 

4.3.3 FGF19 as a Therapeutic Agent in the Treatment of Diabetes 

 

 The overlapping but distinct functions of FGF19 versus insulin raise the 

possibility of using FGF19 as a therapeutic agent in the treatment of both Type I and 

Type II diabetes. The non-lipogenic, triglyceride/cholesterol lowering and insulin 

sensitivity increasing effects of FGF19 make this notion even more appealing. 

Nevertheless, there are concerns for the potential of FGF19 as a chronic therapeutic. 
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Transgenic mice that continually overexpress FGF19 eventually form liver tumors 

(Nicholes et al. 2002) and FGF19 has been implicated as an associated factor with 

hepatocellular carcinoma (Ho et al. 2009). However, whether exogenous administration 

of FGF19 can cause similar effects is not clear. There is also the possibility of separating 

mitogenic and metabolic effects of FGF19 by generating synthetic FGF19 variants that 

does not stimulate cell proliferation (Wu et al. 2010; Wu et al. 2011). A closely related 

member of the FGF19 subfamily, FGF21, has also been shown to have profound effects 

on metabolism. FGF21 reduces plasma glucose, triglyceride and insulin parameters and 

improves insulin sensitivity in diabetic animal models. Unlike FGF19, FGF21 does not 

show significant mitogenic effects and thus may have a greater therapeutic promise 

(Kharitonenkov et al. 2005). Thus, engineering of easily administrable, modified peptide 

variants of these hormones has the potential to define the future of metabolic syndrome 

treatment. 

  

4.4 SUMMARY 

 

FGF19 stimulates hepatic protein and glycogen synthesis, but does not induce 

lipogenesis. The effects of FGF19 are independent of the activity of either insulin or the 

protein kinase Akt, and instead are mediated through a mitogen-activated protein kinase 

signaling pathway that activates components of the protein translation machinery and 

stimulates glycogen synthase activity. Mice lacking FGF15 (the mouse FGF19 ortholog) 

fail to properly regulate blood glucose and fail to maintain normal postprandial amounts 

of liver glycogen. FGF19 treatment restored the loss of glycogen in diabetic animals 
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lacking insulin. Thus, FGF19 activates a physiologically important, insulin-independent 

endocrine pathway that regulates hepatic protein and glycogen metabolism. 
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CHAPTER 5 

Materials and Methods 

 

5.1 Cell Culture and Reagents 

 

HEK293 and HepG2 cells were maintained in DMEM (Invitrogen) and MEM 

(Sigma), respectively. The media also contained 10% FBS and 1 × 

penicillin/streptomycin. In experiments where cells were starved of amino acids, they 

were plated on collagen-coated plates to prevent detachment. Transfection experiments 

were performed by using LipofectamineTM 2000 (Invitrogen) on HEK293 cells and 

Fugene® HD (Roche) on HepG2 cells according to manufacturer’s instructions. p650-

rCyp7a1 and p569-hSHP promoter-luciferase reporters were described before (Lu et al. 

2000). Luciferase data were normalized to an internal β-galactosidase control.  

All antibodies used in Western blotting were purchased from Cell Signaling, 

except phospho-Ser380-p90RSK, HNF4α and LRH-1 (Perseus proteomics), total GSK3α/β 

and phospho-GS Ser641/Ser645 (Invitrogen) and TBP (Santa Cruz). HA and FLAG 

antibody beads as well as FLAG antibody were purchased from Sigma. Wortmannin, 

rapamycin and U0126 were purchased from Cell Signaling. BI-D1870 was purchased 

from the University of Dundee, Division of Signal Transduction Therapy. PD-0325901 

was purchased from Selleck Chemicals. Recombinant FGF19 was prepared as described 

(Inagaki et al. 2005). 
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5.2 Mouse Animal Experiments 

 

All animal experiments were approved by the Institutional Animal Care and 

Research Advisory Committee of the University of Texas Southwestern Medical Center 

and Yale University. Unless otherwise noted, mice were 6-8 weeks old, wild-type pure 

C57BL6 and were housed in a pathogen-free and a temperature-controlled environment 

with 12-hour light/dark cycles (6 am-6 pm) and fed standard irradiated rodent chow. All 

conditional and germ-line knockout mice and their matched wild-type controls were 

maintained in the C57BL6/129 mixed strain background (except for Shp–/– which is pure 

C57BL6) and used at 8-12 weeks of age. Hnf4fl/fl  (Hayhurst et al. 2001), Lrh-1fl/fl  (Lee et 

al. 2008), Shp–/– (Kerr et al. 2002), Ffgr4–/– (Weinstein et al. 1998) and Ffg15–/– (Wright 

et al. 2004) mice were described before. Klb–/– mice were generated by mating Klbfl/fl  mice 

with Meox-Cre mice (Xunshan Ding, unpublished data). Since the use of recombinant 

FGF15 is limited by its decreased stability and bioactivity, the human ortholog, FGF19, 

was used for these studies. FGF19 protein was administered in a buffer (i.e., vehicle) 

containing PBS and up to 4% glycerol.  Details of each experiment are described in 

figure legends. Vena cava and tail blood were collected and transferred into EDTA-

dipotassium tubes (Sarstedt) and centrifuged at 3,000 rpm at 4 °C for 30 minutes and 

total plasma albumin levels were measured using a Vitros 250 automated analyzer. 

Adenoviruses were prepared as described before (Inagaki et al. 2005). Mice were 

infected with adenovirus by injection into the jugular vein. Each mouse received 1 × 1010 

particles/g body weight FLAG-SHP adenovirus and/or 3 × 1010 particles/g body weight 

Cre adenovirus in 0.15 ml of saline. Mice were killed 3-5 days after injection. 
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PD-0325901 compound was prepared as a suspension in aqueous 0.5% 

hydroxypropyl methylcellulose and 0.2% Tween 80 and administered by oral gavage. 

 For oral glucose tolerance tests, overnight-fasted mice were injected i.p. with 

vehicle or 1 mg/kg FGF19. Five minutes later, mice were gavaged with 2 g glucose/kg 

body weight. Tail blood was taken at t = 0, 15, 30, 60, 90, 120 and 180 minutes and 

plasma glucose levels were measured and expressed as % basal (t=0) level.  

 Plasma glucose and glucagon, and insulin levels were measured with kits from 

Wako and Crystal Chem Inc. respectively. Hepatic cholesterol and triglyceride 

concentrations were measured using kits from Roche as previously described (Kalaany et 

al. 2005) except that Triton X-100 was used in place of Triton X-114. 

 

5.3 RT-qPCR 
 
 
 

RNA was extracted from frozen liver samples using RNA-STAT60™ (Isotex 

diagnostics), DNase treated, and reverse transcribed using random hexamers. Resulting 

cDNA was analyzed by RT-qPCR. Briefly, 25 ng of cDNA and 150 nmol of each primer 

were mixed with SYBR® GreenER™ PCR Master Mix (Invitrogen). Reactions were 

performed in triplicates in 384-well format using an ABI PRISM® 7900HT instrument 

(Applied Biosystems). Relative mRNA levels were calculated using the comparative CT 

method normalized to cyclophilin. The following primers were designed using Primer 

Express® Software (Applied Biosystems): CYP7A1: 5'-catgctgttgtctatggcttattct-3', 

5'acagcccaggtatggaattaatc3'; SHP: 5'-cctgcctgaaagggaccat-3', 5'-ctgcaggtgcccaatgtg-3'; 

Cyp7a1: 5’-agcaactaaacaacctgccagtacta-3’; 5’-gtccggatattcaaggatgca-3’; Shp: 5'-
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cgatcctcttcaacccagatg-3', 5'-agggctccaagacttcacaca-3'; Hnf4α (for knockout detection): 5'-

agcctgccctccatcaac-3', 5'-ccagagatgggagaggtgatc-3; Lrh-1 (for knockout detection): 5'-

gaactgtccaaaaccaaaaaagg-3' 5'-cttccagcttcatcccaac-3. 

 

5.4 Chromatin Immunoprecipitation 

 

Frozen and crushed liver samples were crosslinked with 1% formaldehyde for 15 

minutes in PBS at room temperature. Crosslinking was stopped by addition of glycine 

After two washes with PBS, samples were homogenized with glass homogenizers in a 

hypotonic buffer containing 10 mM HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 0.2% 

NP40, 0.15 mM spermine, 0.5 mM spermidine, 1 mM EDTA, 1 mM DTT, 5% sucrose 

and protease inhibitors. The homogenate was laid on a cushion buffer containing 10 mM 

Tris-HCl (pH 7.5), 15 mM NaCl, 60 mM KCl, 0.15 mM spermine, 0.5 mM spermidine, 1 

mM EDTA, 10% sucrose and spun down to obtain nuclear pellets. The pellet was washed 

once with PBS and lysed in SDS lysis buffer containing 0.5% SDS, 0.5% Triton X-100, 5 

mM EDTA, 33 mM Tris (pH 8.1), 84 mM NaCl and then sonicated. After centrifugation, 

the supernatant (chromatin) was aliquoted and used for immunoprecipitations performed 

with the Millipore chromatin IP kit by following manufacturer’s protocols. Antibodies for 

the following proteins were purchased from indicated suppliers: HNF4α and LRH-1 

(Persues Proteomics), Histone H3K4 trimethyl and RNA Polymerase II-CTD (Abcam) 

and Acety histone H3 (Millipore). The PCR purification kit from Qiagen was used to 

purify final DNA products. 
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For re-ChIP experiments, the above protocol was used. In the first round of ChIP, 

antibody-bound chromatin on protein A beads was eluted with an elution buffer 

containing 1% SDS, 0.1 M NaHCO3 and 5 mM DTT and diluted 10 times with dilution 

buffer and used in the second round of chromatin IP by again following the Millipore 

protocol.  

For FLAG-SHP chromatin IP experiments, a dual crosslinking protocol was 

followed as SHP protein loosely interacts with chromatin. Liver samples were first 

crosslinked with 2 mM di(N-succinimidyl) glutarate (Sigma) in PBS at room temperature 

for 45 minutes. After two washes with PBS, the samples were crosslinked with 

formaldehyde and processed as described above. FLAG antibody-conjugated beads were 

purchased from Sigma. 

The following primer sets were designed using Primer Express® Software 

(Applied Biosystems) for qPCR analysis of chromatin IP products: Cyp7a1: +1250: 5'-

gttgaggatcaaagggaaggtt-3', 5'-actggaggtgtggctcaatg-3'; +500: 5'-tgcagtcatctgggttttctg-3', 

5'-aaactcaggctctgtgctctca-3'; +250: 5'-ccttcatgattacacagcatgaaa-3',  5'-

ccagtggtgaatgtgaatatgcta-3'; -150: 5'-gcttatcgactattgcagctctct-3', 5'-

ctggccttgaactaagtccatct-3'; -550: 5'-tgagtgctgggaggttttctatt-3', 5'-aaagccacaggtgcttcatg-3';  

-800: 5'-gggccattggttcaatcttc-3', 5'-ctggtatacaactttcccaactttactc-3'; -1500: 5'-

ctctggcctagtgtcatactctacct-3', 5'-gccaagcgaccctctca-3'. Shp: +1200: 5'-

tcatagctttgaggaagacaagaga-3', 5'-gggactgctactgctatgtgaca-3'; +600: 5'-

aagggcacgatcctcttca-3', 5'-gaccaccatccaggagtgtct-3'; +250: 5'-ccttggatgtcctagccaaga-3', 5'-

gccgccgctgatcct-3'; -30: 5'-ttctggagtcaaggttgtttgg-3', 5'-actgtgagtgctatttatatccttgatg-3';       

-250: 5'-accttggtgccctggtaca-3', 5'-tcggatgactcaagtgcataaac-3'; -500: 5'-
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gccccaaggttaggcaaa-3', 5'-catgacccagcctggaagt-3'; -1250: 5'-gacaagctgacagtcacacactaga-

3', 5'-gccctggcacctggttta-3'; -1700: 5'-gcaaaaagcatcatccttcct-3', 5'-tcagtgggctgcttgca-3'. 

  

5.5 Electrophoretic Mobility Shift Assay (EMSA) 

 

HNF4α and LRH-1 were in vitro translated with the TNT Quick Coupled 

Transcription/Translation System (Promega). Double-stranded oligonucleotides with 

GCTA overhangs were generated and labeled with 32P-CTP by end filling. Binding 

reactions were performed in a total volume of 20 µl containing 75 mM KCl, 20 mM 

HEPES (pH 7.4), 2 mM DTT, 7.5% glycerol, 0.1% NP-40, 2 µg of poly[d(I-C)] (Sigma), 

40 pmol of a nonspecific single-stranded  oligonucleotide (to remove nonspecific 

binding), and 1 µl of each in vitro translation protein lysates. Later, 40 fmol of 32P-labeled 

probe was added and further incubated at room temperature for 20 minutes. Samples 

were then analyzed on 5% polyacrylamide gels run in 0.25 x TBE and were visualized by 

autoradiography. 

 

5.6 Nuclear Lysate Preparation 

 

Frozen and crushed liver samples were homogenized by using glass 

homogenizers in a hypotonic buffer containing 20 mM Tris (pH 7.4), 2 mM MgCl2, 0.25 

M Sucrose, 10 mM EDTA, 10 mM EGTA, 1 mM DTT and protease inhibitors. After 

centrifugation, the precipitated nuclear pellet was washed once with homogenization 

buffer and incubated with hypertonic Buffer C containing 20 mM HEPES (pH 7.9), 2.5% 
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glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA and protease 

inhibitors for 45 minutes at 4°C with agitation. After centrifugation at 70000 rpm for 20 

minutes, the supernatant was used as the nuclear extract. 

 

5.7 Western Blotting 

 

Frozen and crushed liver samples were homogenized in liver lysis buffer 

containing 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% NP40, 10% glycerol, 5 mM 

EDTA, 50 mM NaF, 10 mM β-glycerol phosphate, 1 mM Na3VO4 1 mM PMSF and 

complete protease inhibitor cocktail. The homogenates were centrifuged at 13,000 rpm 

for 10 minutes and the supernatants were used as whole cell lysates. Cultured cells were 

lyzed in cell lysis buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton 

X-100, 5 mM EDTA, 50 mM NaF, 10 mM β-glycerol phosphate, 1 mM Na3VO4 1 mM 

PMSF and complete protease inhibitor cocktail. Protein concentrations were determined 

by Bio-Rad Bradford assay and 30 µg of proteins were used in each SDS-PAGE run. 

Nitrocellulose membrane was used for blotting. Primary antibody incubation was 

performed in TBS containing 0.05% Tween and 5% BSA. For secondary antibody 

incubation, TBS-T containing 5% milk was used. For visualization of the results, either 

SuperSignal West Pico or ECL Western blotting substrates from Pierce were used. 

Quantification of the blots was performed by using ImageJ software. For each sample, 

the integrated density of phospho-antibody band was divided by that of total antibody 

band and the values were normalized relative to the vehicle group.  
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5.8 Mouse Primary Hepatocyte Isolation  

 

By inserting a catheter into the portal vein and maintaining continuous flow using 

a peristaltic pump, liver was perfused and digested with liver perfusion buffer and liver 

digestion medium from Invitrogen (30 ml each per mouse). Liver was cut out from the 

mouse and washed once with DMEM low glucose (Invitrogen) and transferred into 10 ml 

of digestion medium. The liver surface was peeled off and cells were shed off and filtered 

through a 100 µm cell strainer. Viable cells were counted by the trypan blue exclusion 

test and plated into collagen-coated plates in an attachment medium containing William's 

E medium (Invitrogen) 5% charcoal stripped FBS, 10 nM insulin, 10 nM Dexamethasone 

and 1 × penicillin/streptomycin. 2 hours later, attached cells were washed with PBS and 

then maintained in an experiment medium containing DMEM high glucose (Invitrogen), 

100 nM Dexamethasone, 100 nM T3, 1 × insulin-Transferrin-Selenium (Invitrogen) and 

1 × penicillin/streptomycin. Inhibitor and FGF19 treatment was done 48 hours post 

hepatocyte isolation. 

 

5.9 2H -Labeling of Protein-bound Alanine 

 

The fractional rates of protein synthesis in liver and plasma albumin were 

determined from the incorporation of [2H]alanine using a precursor:product relationship 

(Previs et al. 2004; Anderson et al. 2008). Briefly, liver samples were homogenized in 

trichloroacetic acid (TCA, 0.1 g of tissue in 1 ml of 10% TCA, w/v) and centrifuged for 

10 min at 4,000 rpm. The protein pellet was washed twice with 5% TCA and then 
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hydrolyzed for 20 h in 1 ml of 6N HCl at 100°C. To determine rates of plasma albumin 

synthesis, ~ 200 µl of plasma was treated with 1 ml of 10% TCA (Debro et al. 1956). The 

protein pellet was washed twice with 5% TCA, albumin was then extracted from the 

pellet into 100% ethanol. Following the evaporation of ethanol, samples were hydrolyzed 

in 1 ml of 6N HCl at 100°C. An aliquot of a hydrolyzed protein sample was evaporated 

to dryness. The samples were then reacted to form the “methyl-8” derivative of alanine, 

made by mixing acetonitrile, methanol and “Methyl-8” reagent (Pierce, Rockford, IL; 

1:2:3, v:v:v) and heating the sample at 75°C for 30 min (Thenot et al. 1972). The sample 

was transferred to a GC-MS vial and analyzed using an Agilent 5973N-MSD equipped 

with an Agilent 6890 GC system. A DB17-MS capillary column (30 m x 0.25 mm x 0.25 

µm) was used in all assays. The initial temperature program was set at 90ºC and hold for 

5 min, increased by 5ºC per min to 130ºC, increased by 40ºC per min to 240ºC and hold 

for 5 min, with a helium flow of 1 ml per min. Alanine elutes at ~ 12 min. The mass 

spectrometer was operated in the electron impact mode. Selective ion monitoring of m/z 

99 and 100 (total 2H-labeling of alanine) was performed using a dwell time of 10 ms per 

ion. 

 

5.10 Protein Synthesis Rate Calculations 

 

The rate of protein synthesis was calculated using the equation:  2H-labeling 

protein-derived alanine (%) / [2H-labeling body water (%) x 3.7 x time (h)], where the 

factor 3.7 represents an incomplete exchange of 2H between body water and alanine, i.e. 

3.7 of the 4 carbon-bound hydrogens of alanine exchange with water (Previs et al. 2004; 
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Anderson et al. 2008). This equation assumes that the 2H-labeling in body water 

equilibrates with free alanine more rapidly than alanine is incorporated into newly made 

protein and that protein synthesis is linear over the study (Wolfe et al. 2004). In cases 

where the mice were exposed to tracer for ~6 h, we assumed a steady-state labeling of 

body water at a value equal to that measured at the end of the study. In cases where the 

mice were exposed to tracer for longer periods of time (e.g., overnight), we calculated the 

average water labeling determined using samples collected ~90 min post-injection and at 

the end of the study. 

 

5.11 Glycogen Synthase Activity Assay 

 

Frozen and crushed liver samples were homogenized in lysis buffer containing 

50 mM Tris-HCl (pH 7.5), 1% Triton X-100, 5 mM EDTA, 0.27 M Sucrose, 50 mM 

NaF, 10 mM β-glycerol phosphate, and 1 mM Na3VO4. The homogenates were 

centrifuged at 13,000 rpm for 10 min. Protein concentration was determined by Bio-Rad 

Bradford assay. 300 µg of protein was used in each reaction and diluted with the lysis 

buffer to 50 µl volume. A reaction buffer which contains all the ingredients in the lysis 

buffer and 17.8 mM UDP-glucose (Sigma), 13.4 mg/ml rabbit liver glycogen (Sigma) 

and 0.07 µCi of 14C-UDP-glucose (Perkin Elmer) per reaction was prepared and split into 

two tubes one of which is supplemented with 10mM glucose-6-phosphate (G6P) (Sigma). 

For each sample, two reactions (– and + G6P) in duplicate were set by adding 50 µl of 

reaction buffer into the diluted protein lysate making a final volume of 100 µl. Each 

sample was incubated at 30°C for 20 min. After the incubation, the samples were spotted 
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onto Whatman Grade 3 circle filters and washed twice with 66% ethanol for 20 min at 

room temperature and once in acetone for 5 min. After drying, filters were put into 

scintillation vials with 10 ml of scintillation liquid and 14C-glucose incorporation into 

glycogen was quantified. The glycogen synthase activity is defined as the activity 

measured in the absence of G6P divided by the activity measured in the presence of G6P.  

 

5.12 Glycogen Content Determination 

 

Liver samples were weighed and homogenized in 1 ml of 30% KOH and boiled 

for 15 min. After centrifugation at 3,000 rpm, 75 µl of homogenates were spotted on 

Whatman Grade 3 circle filters. Filters were washed once in 70% Ethanol at 4°C for 30 

min and twice at room temperature for 15 min each. The filters were briefly rinsed with 

acetone. After drying, filters were placed in Fisher glass tubes and 1 ml of 

amyloglucosidase reaction mix which contains 2 mg of amyloglucosidase enzyme 

(Sigma) per 5 ml of 50 mM NaOAc was added. After incubation at 37°C for 90 min with 

periodic mixing, samples were used in Wako Autokit glucose assay to determine the 

glucose concentration. Glycogen content results were calculated as mg glucose over 100 

mg liver. 

 

5.13 Hyperglycemic-Basal Insulin Clamp Study 

 

           Harlan male Sprague-Dawley rats (350 g) underwent placement of chronic jugular 

vein and carotid artery catheters. After recovery from surgery (5-7 days), rats were fasted 
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overnight prior to experiments. Continuous infusions of insulin [1 mU/(kg-min)] and 

somatostatin [4 mcg/(kg-min)] were started at T=0 min. Animals were continuously 

infused with insulin and somatostatin to maintain low levels of insulin and glucagon and 

variably infused with glucose to maintain hyperglycemia. Animals were given either 

vehicle or FGF19. A second group of animals were not clamped and were kept fasted 

throughout the experiment. The FGF19 group received 540 µg/kg total recombinant 

FGF19 administered i.v. in two divided doses (at T=0 and 90 min). A variable infusion 

of 20% glucose enriched with 20% [U-13C] glucose was started at 5 min and adjusted to 

maintain a plasma glucose concentration of ~250 mg/dL for a total of 180 min. Under 

these conditions, glycogen phosphorylase activity is inhibited. At 180 min, rats were 

euthanized with an i.v. bolus of pentobarbital and livers were freeze-clamped in situ 

using brass plated tongs pre-cooled in liquid nitrogen.  Liver samples were stored at -

80°C until further analysis. 

Net glycogen synthesis was determined by assessing the glycogen content in the 

clamped animals subtracted by the glycogen content of similar unclamped rats euthanized 

with the same duration of fasting, using methods previously described (McNulty et al. 

1996). Incorporation of glucoseM+6 into glycogen to determine the percent of glycogen 

synthesized by the direct pathway was assessed by GC/MS, as previously described 

(Samuel et al. 2004). Insulin and glucagon were assayed by R.I.A. (Bio-Rad). 

 

5.14 Statistical Analysis 

Values are expressed as mean ± SEM. Significant differences between two 

groups were evaluated using two-tailed, unpaired t test. 
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