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Abstract

Fibroblast Growth Factor 19 (FGF19) is an intestinally derived member of the Fibroblast Growth Factor (FGF)
family that governs embryonic development, tissue morphogenesis, tumor growth and invasion and nutrient
metabolism. The most important function of FGF19 is to negatively regulate the first and rate-limiting enzyme
Cholesterol 7 alpha-hydroxylase (CYP7A1) in bile acid synthesis acting by means of its highly specific receptor,
Fibroblast Growth Factor 4 (FGFR4). It also stimulates gall bladder refilling thus serving as a feed forward signal for
bile acid excretion and storage. Furthermore, FGF19 has been shown to participate in glucose and lipid metabolism
via mechanisms that are comparable to insulin signaling. Currently, there is no detailed theory to explain the
multifaceted nature of FGF19 but future studies might shed light on this important phenomenon. FGF19 is also
highly expressed in Hepatocellular Carcinoma (HCC) and is responsible for growth and invasion of tumors through
its interactions with FGFR4. Consequently, researchers are exploiting this ligand-receptor interaction to target
cancer treatments. This review will highlight the current state of knowledge about the roles of FGF19 and its

potential implications in clinical research and therapeutics.
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Introduction

Fibroblast growth factor (FGF) are a family of growth factors,
involved in variety of biological processes such as embryonic
development, cell growth, morphogenesis, tissue repair, tumor growth
and invasion. They possess metabolic, mitogenic, cell survival and
angiogenic activities. FGFs typically bind to cell surface receptors,
Fibroblast Growth Factor Receptors (FGFRs). Additionally, to bolster
their interactions with FGFRs, FGFs show high affinity for cell surface
polysaccharides-glycosaminoglycan ~ heparan  sulphate. ~ The
interactions of FGF with FGFR and heparan sulphate proteoglycans
are essential for receptor dimerization, phosphorylation and
subsequent signal transduction [1,2]. FGF19, (mouse ortholog-FGF15)
an atypical member of the FGF family was initially characterized by its
reduced affinity towards heparan sulphate mediated binding and
unique and exclusive specificity towards FGFR4 and the trans-
membrane receptor, b-klotho. To compensate for the loss of heparan
sulfate-mediated high-affinity interactions observed with the receptors
of other FGFs, the FGF19 subfamily members instead use single-
transmembrane-containing Klotho proteins to facilitate their
interactions with and activations of FGFR4. Reduced affinity of FGF19
towards heparin sulphate allows it to be poorly tethered to the
pericellular proteoglycan and ultimately makes it free to diffuse from
the extracellular matrix (ECM). This diffusion and escape from the
ECM helps to explain why FGF19 functions as an endocrine hormone
in addition to performing paracrine or autocrine functions. As an
endocrine hormone, FGF19 play regulatory roles in bile acid synthesis
and homeostasis and also in glucose and lipid metabolism [3,4]. As a
paracrine effector, FGF19 is involved in embryogenesis, growth,
differentiation and angiogenesis [5] while as a mediator of autocrine

functions it promotes invasion and proliferation of metastatic tissues
[6]. Although FGF19 transcripts are found in brain, cartilage, skin,
kidney, gall bladder and intestine, its expression is primarily found in
ileum. FGF19 is secreted into the circulation and transported back to
the liver to repress the bile acid biosynthetic pathway. The endocrine
regulation of hepatic bile acid metabolism by intestinal FGF19 is based
on the fact that even though FGF19 is expressed in the ileum, its
receptor FGFR4 is highly expressed in the liver. Interest into FGF19 as
a metabolic regulator sparked from the observation that transgenic
mice expressing FGF19 showed reduced adiposity, liver triglycerides
and glucose levels and increased fatty acid oxidation and improved
insulin profile [4]. In the light of the roles played by FGF19 in various
physiological events, this review aims to present an insight of the
recent developments taking place in the field of FGF19 biology.

Metabolic Roles of FGF19

FGF19 in Bile acid metabolism

The synthesis of bile acids is a major pathway of cholesterol
catabolism in mammals. Bile acid synthesis is initiated via
hydroxylation of the cholesterol molecule at the 7th position, by the
action of cholesterol 7a-hydroxylase (CYP7AIl), which is an
Endoplasmic Reticulum (ER) localized enzyme. As in a typical
feedback mediated regulation, bile acids repress their own synthesis
and CYP7AL is the enzyme in the bile acid metabolic pathway that is
repressed to prevent a potentially harmful expansion of the bile acid
pool. Bile acids activate the nuclear receptor, Farnesoid X Receptor
(FXR). Upon activation, FXR initiates transcription of a cohort of
genes that function to decrease the concentration of bile acids within
the liver, where bile acids are produced. In liver or ileum FXR also
induces expression of Small Heterodimer Partner-1 (SHP-1), an
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atypical member of the nuclear receptor family that lacks a DNA-
binding domain [7,8]. SHP-1 in turn inhibits expression of Cyp7al by
reducing the activity of Liver Receptor Homolog 1 (LRH-1), an orphan
nuclear receptor that is known to regulate CYP7AI and the
consequent bile acid biosynthetic pathway positively. Targeted
disruption of the fxr gene in mice impaired bile acid and lipid
homeostasis indicating the critical role of FXR in bile acid metabolism
[9]. However, deletion of the SHP gene in mice reduced but did not
completely eliminate the feedback repression of bile acid synthesis.
This observation suggested existence of a SHP independent
mechanism of bile acid regulation by FXR [10]. For years, there had
been discrepancy as to why CypZal expression in the liver was
inhibited in response to enteral but not intravenously administered
bile acids. The puzzle was solved by the discovery of the FGF15/19
[11], when it was realized that in response to enteral bile acids, the
ileum secretes FGF15/19 that binds to FGFR4 in the liver and mediates
repression of bile acid synthesis in liver via inhibition of Cyp7al gene
transcription. Evidence supporting the role of FGF15/19 in
maintaining proper bile acid homeostasis came from analysis of mice
models harboring deletions on the FGF15 signaling axis. Studies of
these mice having deletion in the FGFR4 receptor gene (Fgfr4-/-), or
B-Klotho gene (Kib-/-) or FGF 15 (Fgfl15-/-) showed increased levels of
Cyp7al expression in the liver, increased excretion of bile acids and an
elevated bile acid pool size compared to wild type littermates [12-14].
In contrast, transgenic mice overexpressing a constitutively active
FGFR4 receptor, showed repressed levels of CYP7A1 and decreased
expression of bile acids. Moreover, administration of FXR agonists,
GW4064 or cholic acid failed to repress Cyp~al in Fgfr4-/- or Fgfl5-/-
mice. Taken together, these findings confirm that FXR-mediated
negative feedback repression of bile acids is not only dependent on
FXR-SHP pathway but also on a novel enterohepatic signaling
pathway mediated by FGF15/19.

The importance of the role of FGF19 in maintaining proper bile
acid homeostasis has been highlighted further by clinical studies. In
humans, serum FGF19 levels and bile acid synthesis is diurnally
regulated [15]. After a meal, bile acids released into the intestine bind
to and activate FXR, which then induces the expression of FGF19. The
postprandial rise in serum bile acids is followed by a synchronous
serum FGF19 peak that occurs at a delay of 90-180 minutes after a
meal. The study supports the view that FGF19 is secreted in the ileum
in response to postprandial increase in bile acid flux. In addition,
patients with primary bile acid malabsorption syndrome have reduced
FGF19 production by the ileum, which is associated with increased
bile acid synthesis that spills into the colon to stimulate electrolyte and
water secretion. The typical symptom of bile acid malabsorption is
therefore chronic watery diarrhea, also known as Bile Acid Diarrhea
(BAD) [16]. In response to bile acids FXR induces the expression of
the apical sodium dependent bile acid transporter (ASBT) in the
ileum, which is involved in reclamation of bile salts during the
enterohepatic circulation of bile acids. In Crohn’s disease and in other
intestinal bowel disease (IBD), bile acid malabsorption occurs via
FGF19 mediated repression of ASBT [17]. The mechanism by which
FGF19 represses ASBT is not known in details. In our recent study
[18], we have shown that FGF19 mediated repression of ASBT occurs
via activation of the MEK-ERK pathway which in turn phosphorylates
and activates the AP-1 complex proteins, C-Jun and C-Fos. The ASBT
promoter in rats, mice and human contains two distinct AP-1 binding
sites. The upstream element, uAP1 binds a C-Jun homodimer and
mediates transcriptional activation, while the downstream dAP-1 site
binds a C-Jun/C-Fos heterodimer and mediates transcriptional

repression. Binding of FGF19 to its receptor complex, FGFR4/b-klotho
is associated with up-regulation and phosphorylation of C-Fos, which
then represses ASBT promoter via binding of the dAP-1 element by a
C-Jun/C-Fos heterodimer.

Patients with bile acid malabsorption are usually treated with bile
acid sequestrants such as colestyramine, colestipol or colesevalam. As
an alternative treatment measure, stimulation of FGF19 by FXR
agonists can be used to reverse FGF19 deficiency, which is considered
one of the factors of bile acid malabsorption and the resulting BAD
[19]. However, treatment methods involving supraphysiological levels
of FGF19 has always been held with skepticism because of FGF19’s
reputation of promoting tumors. A recent study [20] has described an
engineered non-tumorigenic variant of FGF19, M70 that has lost the
tumor inducing property of FGF19 while has fully retained the
physiological bile acid regulatory activity; spurring hopes of potent
therapeutic applications in bile acid malabsorption.

FGF19 in glucose and lipid metabolism

In addition to its role in hepatic and ileal bile acid homeostasis,
FGF19 has been suggested to be useful in lowering serum glucose and
triglyceride levels in diabetic mice. Type 2 Diabetes mellitus occurs
when the pancreas produces insufficient amount of the hormone
insulin or the body’s tissues and organs (such as liver) become
resistant to high or normal levels of insulin. One of the key problems
in insulin signaling pathway is insufficient drug target owing to either
lack of suitable ligand binding domains in the target or shared partners
in other signaling pathways that regulate cell growth and
differentiation. Studies undertaken to circumvent this problem led
researchers to propose alternative pathways to insulin signaling for
glucose metabolism. Kir er a/ demonstrated that FGF19 (in an
alternative but overlapping signaling pathway from Insulin) could
govern postprandial glucose metabolism in liver, raising interest and
hopes about possible therapies involving this molecule [21]. Apart
from human subjects, FGF19 can also improve glucose tolerance when
expressed in mice with diabetes. Transgenic mice expressing fgf19
under the control of the myosin light-chain promoter have been
reported to have increased metabolic rate, decreased adiposity, and
increased insulin sensitivity compared to control littermates [4].

So how does the function of FGF19 in regulating glucose levels in
the body compare to that of Insulin? Similar to Insulin, FGF19 can
promote protein and glycogen synthesis in liver. Gingras et al showed
that FGF19 increased phosphorylation of eukaryotic Initiation Factor
4B (elF4B) and eIF4E proteins, which are components of the eIF4F
complex [22]. The eIF4F complex mediates binding of mRNA to the
ribosome and phosphorylation of these proteins (eIF4B and eIF4E)
promotes initiation of translation. FGF19 also increased
phosphorylation of ribosomal subunit protein S6 (rpSé6).
Phosphorylation of rpS6 enhances global protein synthesis [23]. In
addition, as measured by in vivo 2H20 labeling, FGF19 stimulated
total protein synthesis as well as albumin synthesis in mouse liver [21].
Thus, by inducing phosphorylation of eIF4B, eIF4E and rpS6, FGF19
stimulated hepatic protein synthesis. Kir et al further showed that
insulin also functions in a similar manner as FGF19 in
phosphorylating eukaryotic initiation factors or ribosomal protein S6
kinase. While insulin increased phosphorylation of further
downstream protein kinases AKT and p70 S6 kinase, which are known
to stimulate the mTOR pathway, FGF19 increased phosphorylation of
P90 ribosomal S6 kinase via activation of ERK1 and ERK2. Hence they
concluded that FGF19 signaling pathway acts in parallel but
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independent of the insulin pathway to govern glucose metabolism in
liver.

One of the important effects of insulin on intracellular metabolism
is its ability to stimulate the synthesis of glycogen in muscle and liver.
It does this by negatively regulating glycogen synthase kinase 3a
(GSK3a) and GSK3p, which phosphorylate and inhibit the enzyme
glycogen synthase (GS), the rate-limiting enzyme in the pathway of
glycogen synthesis. In a fashion similar to that of insulin, FGF19
induced phosphorylation of GSK3a and GSK3p and increased
glycogen synthase activity [21].

In the diabetic liver, there is a overproduction of glucose and
atherogenic lipoproteins such as very-low-density lipoproteins
(VLDLs) and small dense LDLs probably from impaired secretion of
insulin, which promotes fatty acid synthesis (lipogenesis) [24].
However, unlike insulin, recombinant FGF19 suppressed the ability of
insulin to stimulate fatty acid synthesis [25] Not only that, it also
suppressed the insulin induced expression of Sterol Regulatory
Element Binding Protein-lc (SREBP-1c), a key transcriptional
activator of lipogenic genes-the suppression being brought about
without any alterations in the insulin signaling pathway.

The effect of FGF19 on lipid metabolism is somewhat controversial.
Wu et al. [26] showed that treatment with FGF19 for 7 days in obese
(ob/ob-mutant for leptin ) mouse models caused a reduction in the
bile acid and plasma glucose levels but an increase in triglyceride and
total cholesterol levels. This is in contrast to many literature reports
that supported the hypothesis that FGF19 led to significant
improvements in hyperglycemia and hyperlipidemia with increased
fatty acid oxidation in models of genetic and acquired insulin
resistance. The study by Fu et al. [27] showed that transgenic mice
expressing FGF19 have increased metabolic rate and are resistant to
diet induced obesity and diabetes. Furthermore, Wu et al. [28]
mentioned that the FGF receptor, FGFR4 is required for bile acid
regulation but not for improvement of glucose tolerance by FGF19 at a
pharmacological dose. In Fgfr4 knock out mice FGF19 improved
glucose tolerance in high fat fed diet. Similarly, FGF19v, a protein
specifically impaired of FGFR4 binding and activation, ameliorated
hyperglycemia in ob/ob mice indicating the dispensability of FGFR4 in
regulating glucose metabolism. The role of FGFI19 in improving
insulin resistance and hyperglycemia in obese and diabetic mice is
shared by a related endocrine hormone FGF21 [29-31].

Pharmacologically, FGF19 might be an attractive candidate in the
management of diabetes; its future as a drug is currently ridden with
holes. First of all, peptide-based diabetic medication was never popular
owing to the complexity of measuring the correct dose as well as
patient aversion to needles based approach to deliver the protein
therapeutic. It was with the discovery of the incretin peptide hormone-
an intestinal factor that stimulates insulin secretion in response to
glucose that a renewed interest has born for injectable peptide based
drugs. Secondly, FGF19 production is normal in diabetics, raising
doubts about the benefits of boosting its actions. This stems from the
concern that overexpression of FGF19 in transgenic mice correlate
well with development of hepatocellular carcinoma in these models.
Finally, FGF19 production falls in response to administration of bile
acid absorption inhibitors like colesevelam, which increases circulating
incretins and improves tissue glucose metabolism in both the fasting
and postprandial states in a manner different from other approved
agents [32]. Nevertheless, it might still be useful to find a therapeutic
dose of FGF19, which is effective for treating metabolic disorders but
is not in the tumorigenic range.

Mitogenic Roles of FGF19

FGF19 in tumor and cancer induction

FGF19 share some of its ability to regulate glucose, lipid, and energy
homeostasis, with another related fibroblast growth factor, FGF 21;
however it is only FGF19 that has potential mitogenic and proliferative
activity. The FGFR4-FGF19 signaling axis is important in the
development and progression of hepatocellular carcinoma (HCC) in
mice and humans [33]. An oncogenomic cDNA screen developed by
Sawey et al to identify oncogenes that drive HCC led them to identify
FGF19 as a major driver gene along with the widely known gene
cyclinD1 (CCND1). This group also showed that FGF19 co-amplified
with CCND1 at 15% frequency specifically in HCCs harboring the
highly amplified 11q13.3 gene locus [34]. Clonal growth and
tumorigenicity of HCC cells harboring the 11q13.3 amplicon could be
inhibited by RNAi-mediated knockdown of FGF19. FGF19 is
significantly overexpressed in HCCs compared to non-cancerous liver
tissue. In addition, administration of recombinant FGF19 protein
increased the proliferation and invasion of HCC cell lines and
inhibited the natural tendency of the cells to follow a programmed
death pattern or apoptosis [35]. Knocking down FGF19 or FGFR4 via
si-RNA in these cell lines evoked a reverse effect on HCC cellular
proliferation and invasion. Examining the role of endogenous FGF15
(the mouse homolog of FGF19) in mouse models of
hepatocarcinogenesis also showed that FGF15 knock out mice
(Fgfl5-/-) showed less tumors and histological neoplastic lesions
compared to Fgfl5+/+ mouse. Moreover, hepatocellular proliferation
was reduced in Fgfl5-/- mice, which also expressed lower levels of the
HCC marker alpha-fetoprotein (AFP) [36].

Nicholes et al observed increased hepatocyte proliferation in
normal mice injected with recombinant FGF19 in skeletal tissue for 6
days. Increased proliferation was observed as early as 2-4 months of
age, and the mice finally developed HCC within 12 months [37]. It is
believed that the highly specific interaction of FGFR4 with FGF19 and
not other FGFs (such as FGF21) is responsible for its proliferative
effects. Investigating the structural differences between FGF19 and
FGF21 showed that abolishing a N-terminal five-amino acid region
(residues 38-42) in FGF19 that is important for FGFR4 activation and
heparan binding completely prevented FGF19 mediated hepatocyte
proliferation [38]. Desnoyers group developed an anti-FGF19
monoclonal antibody (IA6) that selectively blocked the interaction of
FGF19 with FGFR4. The blocked interaction effectively prevented
HCC in FGF19 transgenic mice. This antibody has also been proven to
be effective in all models of cancer, where FGF19 was overexpressed
along with FGFR4. For example, the antibody was effective in
preventing tumor formation in colon cancer xenografts models in vivo
[39]. FGF19 is over expressed in prostrate cancer [6] or breast cancer
[40] and treatment with the antibody suppressed tumorigenesis and
cancer progression in these cancer types. The efficacy of the antibody
was linked to inhibition of FGF19-dependent activation of FGFR4 and
downstream targets Fibroblast Growth factor Receptor Substrate 2
(FRS2), Extracellular Signal Regulated Kinase (ERK), and B-catenin
[41]. Several studies have shown that it is not FGF19 but the
overexpression of FGFR4 that is associated with poor clinical
prognosis in HCC [42] and in prostrate cancer [43-45]. When Ho et al
[46] performed a comprehensive sequencing of the full length FGFR4
transcript and quantified their mRNA expressions they identified a
highly frequent, G338R single nucleotide polymorphisms in FGFR4.
The arginine substitution increases receptor stability and induces a
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migratory phenotype resulting in a more aggressive behavior and
reduced survival in multiple cancer types, including breast cancer,
head and neck carcinoma, colon cancer, and lung adenocarcinoma.

Angiogenic Roles of FGF19

FGF19 is a major growth factor expressed during retinal
development and lens differentiation. FGF19 expressed in lens cells is
necessary for lens fiber differentiation and survival. Knockdown of
FGF19 in zebrafish embryos affects lens growth and differentiation of
primary fiber cells thus reducing cell viability and increasing
degeneration of lens [47]. In addition, FGFI9 is implicated in the
nasal-temporal patterning of the retina and guidance of retinal
ganglion cell axons but not neuronal differentiation and lamination in
the retina. The mouse homolog of FGF19, FGF15 is expressed in the
early stage of the neural epithelium development and in later stages in
specific groups of neural cells.

The role of FGF19 in retinal development stems from the fact that it
plays a role in forebrain development. Human Fgf19 is expressed
preferentially in fetal brain [48,49]. Chick Fgf19 is expressed in the
embryonic brain, optic vesicles, lens primordial cells, and retinal
horizontal cells [5] while in zebrafish it is expressed in the forebrain,
midbrain and hindbrain. Expression of FGF19/15 in various species
and in various stages of the developing nervous system suggests that it
plays important roles in regulating cell division and patterning of the
embryonic brain, spinal cord and the sensory organs. FGF19 is also
critical for the development of the ventral region of the telencephalon
and diencephalon and is involved in the specification of Gamma-
Amino Butyric Acid-GABA ergic interneurons and oligodendrocytes
generated in the ventral telencephalon and diencephalon. It is believed
that FGF19 doesnot function alone in this process. A signaling cross
talk exists between FGF19 pathway and the Hedgehog (Hh) signaling
pathway, which is critical for the specification of the ventral neurons
in the forebrain [50]. Inhibition of FGF19 functions affected cell
proliferation and cell survival in the brain during mid-segmentation
stages and led to a reduction in the size of the forebrain, midbrain and
cerebellum at 24 hours post fertilization. FGF19 has also been
implicated in inner ear development, acting in part by patterning the
neuroectoderm. The inner ear develops from the otic placode, which is
a patch of thickened cranial ectoderm next to the hindbrain. Lateral
expression of FGF19 in the mesoderm and neural tube with the
presumptive otic placode indicates the direct involvement of FGF19 in
otic development. An initiating neural signal activates the otic
signaling cascade that finally leads to complex synergistic interactions
between FGF19 and wnt-8c [51].

Conclusion

Although essentially an endocrine hormone, FGF19 also exerts its
autocrine and paracrine capabilities to act as a multifunctional
regulator in a wide variety of physiological events. FGF19 runs almost
a ‘one man show’ (Figure 1) and therefore befitting any such show an
intact FGF19 signaling pathway is essential for maintaining bile acid
synthesis and feedback regulation or glucose and lipid metabolism,
tumor and cancer biology or even the neural developmental process. It
is still not clear how and to which extent FGF19 mediates such diverse
effects. Developing therapies with FGF19 is still in stages of infancy,
owing to its involvement in various types of cancer. There is still much
to be achieved before FGF19 can be used to treat diabetes or bile acid
metabolic disorders. We will have to wait for future research to

understand more about FGF19 and answer questions about its biology,
pathophysiology and therapeutic applications.
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Figure 1: Effect of FGF19 in the bile acid, glucose and lipid
metabolism.
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