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Fibroblast growth factor 19, a
double-edged sword
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“FXR and FGF19 play a critical role in
protecting the liver against bile salt
toxicity.”
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The liver is specialized in handling bile regulators of organogenesis during fetal
salts. Bile salts are needed for bile for-  development. FGF19, FGF21 and FGF23
mation and the digestion of fats in the aredifferent from the other family members
intestine. It is this digestive function that as they lack the heparin-binding domain
makes bile salts cytotoxic. At concentra-  that tethers FGFs to their cells of origin. In
tions in the millimolar range bile salts act  contrast to the other FGFs, FGF19, FGF21
as detergents and at lower concentrations and FGF23 are produced life-long. FGF19
they are proapoptotic, proinflammatory is produced in the ileum and acts in the
and cause necrosis [1]. Therefore, when liver through its receptor FGFR4 and co-
during evolution changes in nutritional receptor B-klotho. Binding of FGF19 to
habits demanded the digestion of fats asa FGFR4 activates the phosphorylation of
source of calories, bile salts with detergent  ERK1, ERK2 and Stat-3, and this affects
properties were needed and mechanisms downstream target genes with regulatory
evolved to limit the toxicity of bile salts in  roles in gluconeogenesis, lipogenesis, bile
the liver. The farnesoid X-receptor (FXR)  salt synthesis and proliferation. Protection
and FGF19 play a critical role as protectors ~ from bile salt-mediated cytotoxicity
of the liver. largely depends on the FXR- and FGF19-

FXR is expressed in many organs and mediated downregulation of CYP7AI,
cell types, including hepatocytes and the rate-limiting enzyme in de novo bile
ileum [2]. FGF19 is expressed in the ileum,  salt synthesis. For instance, liver regen-
gallbladder epithelium and, under choles-  eration in FXR” mice is hampered by bile
tatic conditions, also in human liver [3.4].  salt toxicity resulting from nonrepressed
FGFI9 expression is controlled by FXR.  bile salt synthesis [5]. Additional cyto-
The FGFI9 gene on chromosome locus  protection during regeneration and chol-
11q13 encodes a 22 kDa protein and mem-  estasis is provided by downregulation of

ber of a family of FGFs that are important  N'TCP (the basolateral sodium-dependent
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“Treatment with
FXR-agonists leads to
prolonged elevations of
serum FGF19 levels.
Whether or not this causes
a cancer risk, needs to be
studied.”

taurocholate cotransporting protein for hepatic
uptake of bile salts) and upregulation of BSEP
(the ATP-dependent canalicular bile salt export
pump). A third line of defense is established
by FXR- and FGF19-mediated upregulation
of the basolateral export pumps MRP3, MRP4
and OSTaf, mediating the efflux of bile salts
from hepatocytes when canalicular secretion is
impaired or halted.

We have reported increased FGF19 serum
levels in patients with extrahepatic obstructive
cholestasis [4]. FGF19 mRNA in the liver of these
patients is increased indicating that FGF19 in
serum in part may be produced in the liver,
and this suggests that cholestasis in the liver
may stimulate FGF19 production by cholestatic
hepatocytes.

The beneficial effects of FXR- and FGF19-
signaling are supported by studies in FXR
" knock out mice. These mice spontaneously
develop liver tumors. This can be prevented by
the expression of an FXR-transgene in the intes-
tine [6-8]. This suggests a protective role of Fgf15
(the mouse homolog of human FGF19) toward
liver cancer. The mechanism behind tumor
development in FXR"" mice most likely results
in part from an unrestricted, unrepressed bile
salt synthesis by upregulated Cyp7ALl. Increased
intracellular bile salts have proinflammatory and
direct or indirect tumor-promoting actions.

However, the story becomes more compli-
cated by considering the following. Transgenic
ectopically FGF19 expressing mice have lasting
high serum levels of FGF19. At an age of 10-12
months, glutamine-synthase, B-catenin positive
hepatocellular carcinomas (HCCs) developed
in 80% of female and 22% of male mice [9].
In line with this, Uriarte et a/. showed that
CCl4-diethylnitrosamine-treated Fgf157 mice
develop fewer tumors than identically treated
Fgf15** mice [10]. This suggests that Fgfl5 in
mice may be involved in HCC development,
either directly or indirectly as a co-factor.
Thus, while Fgf15 prevents spontaneous tumor
growth, Fgf15 stimulates chemically induced
tumor development, seemingly contrasting
observations. These models obviously represent
different oncogenic pathways. From these stud-
ies it is difficult to predict if in humans long-
term elevation of FGF19 will be protective or
represents a cancer risk.

More direct evidence for human FGF19 as a
carcinogenic factor comes from studies in which
the metabolic and procarcinogenic actions of
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FGF19 have been dissected on a molecular level.
A bioengineered FGF19 variant, in which a set
of amino acids has been replaced, has retained
its ERK1,2-dependent metabolic activity but
has lost its STAT3-dependent procarcinogenic
action [11]. Thus while the transgenic expression
of FGF19 ameliorated inflammation and attenu-
ated fibrosis, FGF19 expression was also associ-
ated with development of liver tumors in various
mouse models (mdr2”, db/db, rasH2 mice and
mice on a high fat diet). In contrast, when the
engineered FGF19 variant was expressed in these
mouse models, the same metabolic effects were
seen but no cancer formation was observed [12].

For more direct evidence that FGF19 may be
carcinogenic, one has to consider the molecu-
lar signature of human HCC. In about 14% of
HCCs, the Wnt/B-catenin/FGF19 pathway is
amplified [13.14]. In these tumors FGF19 may
stimulate tumor growth via autocrine or par-
acrine mechanisms. Interestingly the Wnt/B-
catenin pathway is linked to cholestasis. This
is in line with observations that f—catenin KO
mice are cholestatic [15]. Thus, one may speculate
that B—catenin is needed for BSEP expression.
Together these observations indicate that FGF19
in HCC may be increased directly by overexpres-
sion or gene amplification as well as indirectly
by local cholestasis. Figure 1 shows how FGF19
could induce tumor growth.

The pharmaceutical industry has turned the
FGF19 story into a druggable option. Novel
drugs to interfere with this pathway include
FGF-ligand traps, FGFR antagonists like
Brivanib, TSU-68, BIBF 1120 and E7080, the
FGFR4 antagonist BLU 9931, FGFR mAbs and
the tyrosine kinase inhibitors sorafenib and suni-
tinib. Most of these agents (except sorafenib that
is registered for clinical use) are still in clinical
development. Given the physiological role of
FGF19 signaling it is clear that these drugs may
have side effects (liver toxicity and diarrhea) [16].

Additional evidence for the role of FGF19
signaling in HCC tumor development comes
from the tumor-preventing action of the selec-
tive FGFR4 antagonist BLU9931. This agent
reduced tumor development in a mouse HCC
model with implanted FGF19-producing,
FGFR4-expressing liver cells [17].

These findings indicate that FGF19 may be
involved in tumor development, at least in a sub-
set of HCCs, and reveal the dark side of FGF19.
However, this does not necessarily mean that the
natural production of FGF19, or drug-induced
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Figure 1. Wnt/B-catenin HCCs directly express FGF19 by gene amplification and indirectly as a
result of a cholestatic phenotype. One may speculate that the cholestasis results from repression
or inhibition of the canalicular bile salt pump BSEP. FGF19 produced by these HCC cells may have a

proproliferative effect on neighboring hepatocyt

es creating ‘drivers’ and ‘bystanders’.

BSEP: Bile salt export pump; HCC: Hepatocellular carcinoma.

elevations of serum FGF19, presents a cancer risk
but they show that caution is warranted. There
might be carcinogenic effects of FGF19 that are
concentration-dependent and occur after pro-
longed exposure.

Liver cirrhosis is considered as a premalig-
nant condition. FGF19 needs to be studied in
cirrhotic patients to find out if elevated FGF19
may be an HCC risk factor in cirrhotic patients.
This is particularly relevant for patients with
primary sclerosing cholangitis (PSC). This is
a chronic cholestatic liver disease with a 20%
life-time risk for developing bile duct cancer.
Chronically increased bile salts and FGF19 levels
may constitute risk factors that may be present
years before the development of cancer.

In conclusion, these studies indicate that
FGF19 may play a role in human FGF19/FGFR4
expressing HCCs. They do not provide the une-
quivocal proof that FGF19 is indeed involved in
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