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Abstract
Fibroblast growth factor (FGF) family signaling mediates cell-to-cell communication in
development and organ homeostasis in adults. Of the FGF receptor (FGFR) isotypes, FGFR4 is
the sole resident isotype present in mature parenchymal hepatocytes. FGFR1 that is normally
associated with activated nonparenchymal cells appears ectopically in hepatoma cells. Ectopic
expression and chronic activity of FGFR1 in hepatocytes accelerates diethylnitrosamine (DEN)-
initiated hepatocarcinogenesis by driving unrestrained cell proliferation and tumor angiogenesis.
Hepatocyte FGFR4 mediates liver’s role in systemic cholesterol/bile acid and lipid metabolism
and affects proper hepatolobular restoration after damage without effect on cell proliferation. Here
we ask whether FGFR4 plays a role in progression of hepatocellular carcinoma (HCC). We report
that although spontaneous HCC was not detected in livers of FGFR4-deficient mice, the ablation
of FGFR4 accelerated DEN-induced hepatocarcinogenesis. In contrast to FGFR1 that induced a
strong mitogenic response and depressed rate of cell death in hepatoma cells, FGFR4 failed to
induce a mitogenic response and increased the rate of cell death. FGFR1 but not FGFR4 induced
cyclin D1 and repressed p27 expression. Analysis of activation of Erk, JNK and PI3K-related
AKT signaling pathways indicated that in contrast to FGFR1, FGFR4 failed to sustain Erk
activation and did not activate AKT. These differences may underlie the opposing effects of
FGFR1 and FGFR4. These results suggest that in contrast to ectopic FGFR1 that is a strong
promoter of hepatoma, resident FGFR4 that mediates differentiated hepatocyte metabolic
functions also serves to suppress hepatoma progression.
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INTRODUCTION
The tripartite fibroblast growth factor (FGF) signaling system comprised of oligomeric
combinations of variants of four transmembrane tyrosine kinases (FGFR), diverse
oligosaccharides within heparan sulfate and 18 transmembrane receptor-activating FGFs is a
ubiquitous mediator of tissue homeostasis through sensing perturbation and mediating cell-
to-cell communication [1]. Cell specific expression of FGFR isotype, heparin sulfate
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oligosaccharide motifs and other co-factors combine to confer cell and tissue specificity of
FGF signaling both in respect to activating FGF [2,3] and activation of downstream
intracellular pathways [4,5]. Dependent on cellular context, specific FGF, FGFR and
heparan sulfate combinations may have opposite endpoints even within the same tissue
[6,7]. In addition to cell proliferation which has been most widely studied, FGF signaling
impacts a wide variety of phenotypic responses related to tissue homeostasis that include
cell migration, adhesion, death, differentiation and specialized functions [4,5]. Most recently
FGF signaling has been implicated in organism metabolic homeostasis that includes
cholesterol/bile acid, lipid, glucose and phosphate homeostasis [3,8–11].

FGFR4 is the single FGFR isotype present in mature resting hepatocytes [2]. Expression of
other FGFR isotypes in liver appears to be limited to nonparenchymal cells, hepatocyte
progenitors and associated with liver perturbations or abnormalities [2,12,13]. Studies using
FGFR4−/− mice and mice overexpressing constitutively active FGFR4 in hepatocytes have
revealed that hepatocyte FGFR4 has no impact on cellularity of normal or regenerating liver
or cell proliferation rate during response to liver injury [8,14]. However, studies using the
same mouse models revealed a major role of hepatocyte FGFR4 in systemic control of
cholesterol/bile acid metabolism and lipid metabolism through metabolite-controlled
transcription networks in the hepatocyte [8,11,15]. Exaggerated carbon tetrachloride (CCl4)-
induced liver injury and fibrosis in FGFR4−/− mice also suggested a metabolic role of
hepatocyte FGFR4 in limitation of internal liver injury by toxic products of liver metabolism
[14]. In marked contrast to FGFR4, FGFR1 in hepatocytes has high impact on cellular
homeostasis. Ectopic expression of FGFR1 and its activating FGFs is a commonly observed
property of differentiated hepatoma cells [13,16,17]. Forced ectopic expression of
constitutively active FGFR1 (caFGFR1) in hepatocytes increased the number of normal
hepatocytes undergoing DNA synthesis in response to partial hepatectomy and accelerated
diethylnitrosamine (DEN)-initiated hepatocarcinogenesis through driving cell cycling and
VEGF-induced angiogenesis [18].

The role of resident hepatocyte FGFR4 in development and progression of hepatoma
remains to be clarified. In addition to the lack of effect of ablation of FGFR4 on hepatocyte
proliferation relative to ectopic FGFR1, other lines of evidence suggest that the resident
hepatocyte FGFR4 is a candidate for limiting hepatoma progression rather than promoting it.
FGF1 which binds to all four FGFR isotypes present on the differentiated hepatoma cell line
HepG2 at low doses exhibits a positive and at higher doses a net negative effect on HepG2
cell growth [19]. In contrast, FGF2 that is limited from binding to FGFR4 by hepatocyte
heparan sulfate [2] exhibits only the low dose positive mitogenic effect. The overexpression
of FGF21 in hepatocytes delayed onset of DEN-initiated tumors, but failed to further delay
rate of progression to HCC once tumors were established [20]. This switch from repressor to
promoter correlated with alterations in FGFR4 and the ectopic expression of FGFR1 during
progression of hepatomas. FGF21, a relatively hepatocyte-specific FGF, is a candidate
autocrine ligand for FGFR4 [3]. In parenchymal cells of the prostate [6], bladder [21],
salivary gland [22] and colon [23,24], the resident FGFR isotype promotes tissue
homeostasis and suppresses tumor progression. This is in dramatic contrast to normally non-
parenchymal FGFR1 that drives malignant progression when it appears in the parenchymal
cells of these tissues. However, there are suggestions in other tissue contexts that FGFR4
may be tumor-promoting [25–28] Although it remains to be determined whether the putative
mouse ortholog, FGF15, acts similarly, chronic administration of human FGF19, a candidate
ligand for hepatocyte FGFR4 [29,30], has been reported to cause hepatomas in mice.

In this study, we show that similar to mice expressing ectopic hepatocyte FGFR1 [18] DEN-
initiated hepatocarcinogenesis is accelerated in mice devoid of resident hepatocyte FGFR4.
When restored in mouse hepatoma cells devoid of FGFR4 and FGFR1, FGFR4 had no
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mitogenic effect, but increased the rate of apoptosis while FGFR1 was strongly mitogenic
with an opposite effect on apoptosis. The opposite endpoints of the two FGFR isotypes
correlated with specific differences in elicited downstream signaling pathways. These results
indicate that in contrast to ectopic FGFR1 that is a strong tumor promoter, the resident
hepatocyte FGFR4 that normally mediates multiple functional roles of differentiated
hepatocytes is a hepatoma suppressor.

MATERIALS AND METHODS
Mouse Models

FGFR4−/− mice were as previously[31]. FGFR4−/− and WT control mice used in this study
were produced from the mating of FGFR4+/− mice. Only male mice were used due to the
higher incidence of DEN-induced HCC in males. All mouse work was performed in
accordance with the Institutional Animal Care and Use Committee at the Institute of
Biosciences and Technology, Texas A&M Health Science Center.

Analysis of Liver Phenotype
Analysis of livers from DEN-treated mice was described previously [18]. Briefly, cohorts of
FGFR4−/− and WT littermates were subjected to a single intraperitoneal injection of 10 µg/g
body weight of DEN (Sigma, St. Louis, MO) 15 days after birth. Mice were sacrificed at 4,
6, 8, 10 and 12 months after birth. The body and liver weights, the number of visible tumor
and the size of maximum visible tumor were recorded. Representative liver samples were
taken from each lobe, excised and fixed overnight in Histochoice Tissue Fixative MB
(Amresco, Solon, OH). They were then dehydrated through a series of ethanol treatments,
embedded in paraffin, sectioned serially at 5 µm and stained with hematoxylin/eosin (H&E)
for histopathological analysis according to standard methods.

Hepatoma Cell Culture and Forced Expression by Transfection
Human hepatoma cell lines were maintained and primary mouse hepatoma cell cultures
were established and maintained as described previously [18]. Individual colonies of cells in
primary culture were isolated and expanded to establish clonal secondary cultures. The
clonal cultures were continuously cultured over a period of 3 months until they stabilized in
respect to rate of expansion to confluence at which time they were utilized for stable
transfections. Stock cultures were banked at every fifth passage.

Plasmids containing the full length cDNA coding for the human FGFR1 and FGFR4 have
been described [2,6]. Expression vectors were prepared by excision of FGFR1 and FGFR4
cDNAs from the plasmids by treatment with BamH I, and Hind III and Xho I, respectively.
Excised cDNAs were then inserted into eukaryotic expression vector pcDNA3.1/zeo using
the same restriction sites used in excision of each construct. For stable transfections, 2 × 105

hepatoma cells were seeded in a 6-well tissue culture plate and transfected the next day with
2 µg pcDNA3.1/zeo-hFGFR1, pcDNA3.1/zeo-hFGFR4 or vector only with lipofecAMINE
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Two days after
transfection, cells were transferred to 100 mm dishes and selected in medium containing
zeocin (Invitrogen, Carlsbad, CA) at a final concentration of 750 µg/ml. Two weeks later,
individual zeocin-resistant colonies were isolated, expanded and screened for FGFR1 and
FGFR4 expression by RNA protection assays (RPA) and Western blot.

Gene Expression Analyses
For immunochemical analyses, hepatoma cell lysates were prepared as described previously
[18]. Protein concentrations were determined using the BCA Protein Assay reagent (Pierce,
Rockford, IL). For immunoblots, 30 µg protein was applied to 8% SDS-PAGE, transferred
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to Hybond-P membrane (Amersham, Piscataway, NJ) which was incubated with the primary
antibody, washed 3 times and then incubated with the second anti-mouse or rabbit IgG
conjugated to horseradish peroxidase (Bio-Rad, Hercules, CA). Bands were visualized by
development with the ECL-Plus detection reagents (Amersham, Piscataway, NJ). Antibodies
used for Western blot were as follows: Antibodies against FGFR1, FGFR4, p21, p27 and
cyclin D1 were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against
Erk1/2, phospho-Erk1/2, JNK, phospho-JNK, AKT and phospho-AKT were from Cell
Signaling Technology (Danvers, MA).

For analysis of expression at the mRNA level, total RNA was isolated from cells with
Ultraspec RNA isolation system (Biotecx Laboratories, Houston, TX). Specific mRNAs
were measured by RPA using the HybSpeed RPA kit (Ambion, Austin, TX). For RPA about
40 µg of total RNA was hybridized with 1 × 105 cpm of [P32]–labeled specific and β-actin
antisense riboprobes in the same reaction mixture. After treatment with ribonuclease,
protected products were analyzed on 5% polyacrylamide sequencing gels, followed by
autoradiography. Reverse transcription was carried out with Superscript II (Life
Technologies, Grand Island, NY) and random primers according to protocols provided by
the manufacture. The PCR was carried out for 40 cycles at 94°C for 1 minute, 55 or 60°C
for 1 minute, and 72°C for 1 minute using TaqDNA Polymerase (Promega, Madison, WI)
and specific primers. Murine connexin 32 was amplified by RT-PCR from mouse liver using
sense primer 5’-ACATCTCAGGGACACTGTGGTGGA and antisense primer 5’-
AGCATAAAGACAGTGAAGACGGTT. Murine transferrin was amplified by RT-PCR
from mouse liver using sense primer 5’-AAGCTCCAAACCATGTTGTGGTCTC and
antisense primer 5’- TTTCAGGTGTGGTACCCTCTGGAAG. Murine FGFR2 was
amplified by RT-PCR from mouse liver using sense primer 5’-
ATCCTTTCACTCTGCATGGTT and antisense primer 5’-
GCGCTTGGTCAGCTTGTGCAC. Murine FGFR3 was amplified by RT-PCR from mouse
liver using sense primer 5’-CTGCAAGTGCTAAATGCCTCCCACG and antisense primer
5’- TGCCCTCGGAATTCTTTGCCATTCT. Murine β-actin, albumin, FGFR1 and FGFR4
cDNAs were described previously [8,15,18]. The products of RT-PCR were verified by
sequencing. Riboprobes complementary to part of the cDNAs described above which had
been subcloned into pBluescript-SK and were transcribed into [P32]–labeled antisense
riboprobes by T3 or T7 RNA polymerase using the MAXiscript kit (Ambion, Austin, TX).
The size of probes and the predicted protected fragments were as follows: murine albumin,
365 and 287 nucleotides; murine connexin 32, 274 and 208; murine transferrin, 251 and
185; murine FGFR1, 315 and 239 nucleotides; murine FGFR2, 279 and 213 nucleotides;
murine FGFR3, 377 and 301 nucleotides; murine FGFR4, 267 and 198 nucleotides; β-actin,
197 and 139 nucleotides.

Assessment of DNA Synthesis and Cell Death
The growth properties of FGFR4−/−/hFGFR1 and FGFR4−/−/hFGFR4 hepatoma cells were
assessed by [3H]thymidine incorporation in 3 × 104 cells/well in 24-well plates as follows.
Cells were allowed to attach overnight in 0.5 ml RD medium (1:1 RPMI and DMEM)
containing 10% fetal bovine serum (FBS). After starved for 24 hr, cells were incubated for
an additional 24 hr in serum-free medium with or without 20 ng/ml FGF1. For the last 6 hr
of incubation, 0.25 µCi/well [3H]thymidine was added. Cells were then washed with PBS,
fixed in cold 10% trichloracetic acid and lysed in 0.4 N NaOH. Thymidine incorporation
was determined using a scintillation counter. For apoptosis assays, 2 × 104 cells per well
were seeded in 96-well plates. The next day, cells were incubated in a serum-free medium
with or without 20 ng/ml FGF1 for 72 hr. For the last 30 mins of incubation, RD medium
containing APOPercentage Dye Label (Biocolor Ltd., Belfast) was added. After 3 washes
with PBS to remove unbound dye, cell bound dye was released into solution by adding 100
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µl/well APOPercentage Dye release reagent. Data from plates were collected using a
VERSAmax microplate reader at 550 nm. Three independent experiments of four wells each
were done for each variable with two independent cell lines.

Statistical Analysis
Values were expressed as the mean ± standard deviation (SD) from the numbers of
replicates described in legends to figures. Statistical significance was determined by
Student’s t-test or Fisher’s exact test with a significance threshold of P<0.05.

RESULTS
Ablation of FGFR4 Accelerates DEN-induced Hepatocarcinogenesis

FGFR4−/− mice exhibit no signs of neoplasia, preneoplasia or other abnormalities in liver
[8,31] coincident with the otherwise dramatic effects on metabolic homeostasis [8,9,11]. To
test for a potential role of FGFR4 in hepatocarcinogenesis, mice were subjected to a single
exposure of 10 µg DEN per g body weight at 15 days of age to initiate hepatoma as
described previously [18,20]. Strain-specific effects were minimized by use of littermates
from heterozygous breeding. Livers of both wild-type (WT) and FGFR4−/− mice were
examined at 4, 6, 8, 10 and 12 months after birth. Visible surface tumor nodules appeared in
the FGFR4−/− mouse livers as early as 4 months (Figure 1,Table 1) with 60% of ten animals
exhibiting tumors. This was in marked contrast to the WT mice where only 11% (1 of 9
animals) showed a tumor in the same 4 month period. Only adenomas were observed in the
DEN-treated WT livers at a frequency of 71 and 100 percent, respectively, at 8 and 10
months (Table 1). No overt HCC was apparent in this period. In contrast, lesions
characteristic of HCC were apparent in 22 and 50 percent of the FGFR4−/− livers,
respectively, at 8 and 10 months (Figure 1,Table 1). The accelerated liver tumor
development in FGFR4−/− mice was further reflected by increased tumor burden, tumor
multiplicity and maximum tumor size compared with age-matched WT mice (Table 1). The
tumor burden indicated by both ratio of liver weight to body weight and maximum tumor
size was over 2-fold greater at 12 months and tumor multiplicity was 3-fold higher at 10
months in FGFR4−/− mice compared to WT controls. Thus, in striking contrast to FGFR1
that is a strong promoter of carcinogenesis in the hepatocyte context [18], the resident
hepatocyte FGFR4 plays an opposing tumor suppressive role in both initiation and
progression of HCC induced by carcinogen.

Aberrant Expression of FGFR4 in Hepatoma Cell Lines
Aberrant isoforms of FGFR4 have been reported in several types of tumors, but not
hepatomas [32,33]. We examined the profiles of FGFR4 transcripts and antigens in several
human hepatoma cell lines by Northern blot mRNA analysis and immunochemical analysis
with an antibody against the C-terminal domain. Although no truncation of FGFR4 mRNAs
was observed in all four human hepatoma cell lines (data not shown), two of them exhibited
abnormal species of FGFR4 in addition to the expected 110 KDa full-length species (Figure
2). One of three hepatoma cell lines derived from DEN-induced hepatomas in FGFR4−/−

mice produced an abnormal 56 KDa species from transfected human FGFR4 (Figure 3C).
The 56 KDa species was observed for native FGFR4 in human hepatoma HepG2 cells
(Figure 2). These results suggest that FGFR4 is altered in hepatoma cells although it remains
to be determined whether the alteration has functional impact on hepatocarcinogenesis.
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FGFR1 and FGFR4 Have Opposing Effects on Differentiated Hepatoma Cell Proliferation
and Death

Stable clonal lines of cells were derived from DEN-induced hepatomas in FGFR4-deficient
mice after 4 month by methods described previously [18]. Clonal lines expressed sustained
levels of mouse albumin, connexin32 and transferrin mRNA, suggesting that they were well
differentiated hepatoma cells (Figure 3A). Several clonal lines exhibited no or very low
levels of FGFR isoypes in addition to FGFR4 (Figure 3B) and were used to compare the
activities of FGFR1 and FGFR4 in the same cell type. Cells were transfected with
mammalian expression vectors containing full length human FGFR1 and FGFR4 cDNA
driven by the cytomegalovirus (CMV) promoter. Vector without insert was used as control.
Positively expressing clones of FGFR1 and FGFR4 were screened by ribonuclease
protection assay (RPA) (Figure 3C, upper panel) and Western blot (Figure 3C, lower panel).
Two clones exhibiting similar expression levels of mRNA and intact protein were picked for
further analysis.

The effects of FGFR1 and FGFR4 on cell proliferation were assessed by [3H]-thymidine
incorporation. In the absence of FGF1 which was used as the common FGF agonist among
all FGFR isotypes, no difference in basal level of DNA synthesis was observed between
controls, FGFR1- or FGFR4-expressing cells. FGF1 stimulated DNA synthesis in the
FGFR1-expressing hepatoma cells 2.5 times the basal levels observed in control cells. FGF1
failed to increase basal levels of DNA synthesis in FGFR4-expressing cells (Figure 4A).

We then investigated potential differential effects of the two FGFR isotypes on cell death
assessed with the APOPercentage Dye Label. Little apoptosis was observed in FGFR1 or
FGFR4 expressing cells in standard growth medium (data not shown). In the absence of
FGF1, serum deprivation induced a similar rate of apoptosis in cells devoid of FGFR and
those expressing FGFR1 or FGFR4 (Figure 4B). Addition of FGF1 induced a 30% decrease
in apoptosis (p<0.05) in cells expressing FGFR1, but a 1.9-fold increase (p<0.005) in
hepatoma cells expressing FGFR4 (Figure 4B). These results indicate that FGFR1 drives
hepatoma cell proliferation and contributes to inhibition of stress-induced apoptosis.
Conversely, FGFR4 has no effect on hepatoma cell proliferation, but protects against stress-
induced apoptosis.

Differential Impact of FGFR1 and FGFR4 on Signaling Pathways
To test for a differential effect of FGFR1 and FGFR4 on downstream signaling in the
differentiated hepatoma cells, we compared effect on activation of Erk, JNK and PI3K-
related AKT that are affected by FGF signaling in diverse contexts. Addition of FGF1 to
both FGFR1- and FGFR4-expressing cells increased phosphorylation of Erk about equally
in 15 min (Figure 5A). However, FGFR4 failed to sustain the activation which dropped
markedly by 30 min relative to Erk in FGFR1-expressing cells which lasted for 1 hr. In
contrast to Erk, both cells expressing FGFR1 and FGFR4 sustained the activation of JNK.
Relative to FGFR1, FGFR4 failed to increase phosphorylation of AKT (Figure 5A).

Ectopic FGFR1 in hepatocytes and hepatoma cells in vivo and in vitro [18] strongly
correlates with and drives increased rates of cell cycling in contrast to FGFR4. This predicts
that FGFR1 might selectively downregulate cell cycle inhibitors and upregulate cell cycle
promoters relative to FGFR4. We examined the consequences of FGFR1 and FGFR4
activation on expression of G1/S cell cycle regulators, p21, p27 and cyclin D1 in the mouse
hepatoma cells. FGF1 caused downregulation of CDK inhibitor p27 in FGFR1-expressing
cells, but had no effect in FGFR4-expressing cells (Figure 5b). A comparable difference of
the two FGFR on p21 was not apparent. FGFR1 caused an upregulation of cyclin D1
expression in FGFR1-expressing cells with no comparable effect in FGFR4-expresssing
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cells. Taken together, these results are consistent with the idea that resident hepatocyte
FGFR4 and ectopic FGFR1 have opposing effects on cell population growth rates in
differentiated hepatoma cells and hepatocytes due to differential impact on downstream cell
signaling pathways.

DISCUSSION
FGFR4 is the resident FGFR isotype in mature hepatocytes. It plays key roles in hepatocyte
functions that includes cholesterol to bile acid synthesis, lipid and xenobiotic metabolism
{Yu, 2000 #32; Yu, 2002 #53; Huang, 2007 #279}. It plays no direct role in hepatocyte
proliferation in response to loss of liver mass or injury although it plays a role in restoration
of overall hepatolobular architecture [14]. In contrast to FGFR4, the homologous FGFR
family member, FGFR1 that is most widely associated with nonparenchymal or
mesenchymal cells only appears ectopically in differentiated hepatoma cells where it drives
abnormal rates of cell cycling and in later stages angiogenesis [18]. Unlike resident FGFR4,
ectopic FGFR1 in normal hepatocytes accelerates rate of hepatocyte division in response to
injury. The role of resident hepatocyte FGFR4 in liver tumorigenesis is unclear.

Several studies have triggered suggestions that FGFR4 may be a positive contributor to
tumorigenesis. An FGFR4 germline polymorphism with a substitution of glycine by arginine
at codon 388 in the transmembrane domain correlates with advanced progression of tumors
of breast, colon and prostate [25,26]. Overexpression of FGFR4 has been observed in breast,
gynecological and thyroid cancers [27,28]. Variants of FGFR4 that have been observed in
pituitary [33,34] and lung [35] tumors have been proposed to be tumor-promoting. Forced
expression or systemic administration of FGF19 that is a candidate activating FGF for the
metabolic functions of hepatocyte FGFR4 [9] has been reported to cause hepatoma-like liver
lesions [29]. We show that some human hepatoma cells exhibit variants in FGFR4 that most
likely occur by posttranslation proteolytic modification. The appearance of a 56 kDa
truncate of FGFR4 expressed from an external transfection and detected by antibody against
a C-terminal epitope indicates a posttranslational truncation somewhere near the
transmembrane domain. However, the impact of the truncation on net FGFR4 activity
remains to be established.

In this study we show that although a germline deficiency in FGFR4 alone has no apparent
effect on liver neoplasia, DEN-initiated hepatocarcinogenesis is dramatically accelerated in
the absence of FGFR4. This suggests that the resident hepatocyte FGFR4 acts as a
suppressor of hepatoma progression. This is in marked contrast to FGFR1 that is a strong
promoter of hepatoma progression in the same context. The concurrent evolution of a tumor
suppressive effect of the resident FGFR in mature parenchymal cells along with a role in
maintenance of tissue homeostasis and specialized organ function may represent a general
protective mechanism against development of parenchymal cell tumors. Similar differences
in the resident mature parenchymal cell FGFR and ectopic FGFR1 have been observed in
prostate [6], bladder [21], salivary gland [22] and colorectal tissue [23,24]. Although our
results indicate a tumor suppressive effect of FGFR4 within hepatocytes in vivo, we cannot
eliminate additional contributions to promotion of hepatomas due to systemic metabolic
alterations caused by the FGFR4 deficiency that include hyperlipidemia, insulin resistance,
hypercholesterolemia and elevated bile acids [8,11]. Recently spontaneous hepatomas have
been reported in mice deficient in the Farnesoid X receptor (FXR, NR1H4) coincident with
elevated systemic bile acids similar to that observed in FGFR4−/− mice [36]. However, no
spontaneous liver lesions have been observed to date in FGFR4-deficient mice. Lesions
require a strong tumor initiator as DEN. FGFR1 expression was neither upregulated in
normal livers nor in DEN-induced hepatomas in FGFR4−/− mice compared to WT mice
(data not shown). This indicated that FGFR4 was not a suppressor of expression of tumor-
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promoting ectopic FGFR1 in hepatocytes or hepatoma cells. We cannot eliminate a
contribution to suppression of the tumor promoting activity of ectopic FGFR1 by resident
FGFR4 through a “dominant negative” mechanism as a result of heterodimerization in cells
co-expressing the two FGFR isotypes. However, there is currently no evidence to suggest
that FGFR4 and FGFR1 heterodimerize in the hepatocyte or hepatoma cell context.

To further clarify these issues and provide direct evidence that resident FGFR4 itself delays
hepatocarcinogenesis, we determined how FGFR4 impacts growth rates of hepatoma cells in
vitro. By screening multiple primary culture clones, we established hepatoma cell lines with
little or no expression of any FGFR isotypes derived from DEN-induced tumors from
FGFR4−/− mice. Indeed, reinstatement of FGFR4 in these FGFR-deficient cells exhibited no
positive effect on rate of proliferation. Instead the presence of FGFR4 under conditions of
environmental stress mimicked by deficient culture medium promoted a high rate of
apoptotic cell death. This was in marked contrast to cells expressing FGFR1 that exhibited
accelerated cell growth and reduced rates of apoptosis under similar conditions. This
confirmed that FGFR4 and FGFR1 when acting alone in isolated hepatoma cells have
opposing endpoints at the cellular level that are consistent with their opposing tumor
suppression and tumor promotion effects, respectively, observed in animals. These results
from isolated hepatoma cells argue that in addition to its role in the hepatocyte’s
contribution to metabolic homeostasis, FGFR4 guards against hepatoma development by
supporting phenotypic parameters associated with tumor suppression.

Although it has not been confirmed in intact tissue context, it has been proposed that FGF19
is a preferred activating FGF for FGFR4 and thus responsible for its metabolic activities in
liver [37]. Liver neoplasias as a result of systemic elevation of FGF19 [29] and reduction of
experimental tumors by an immunoblockade of FGF19 has been reported in mice [30].
However, systemic FGF19 exerts a tumor suppressive effect on xenografts of human and
mouse tumors in immunosuppressed mice [38]. Our results showing that FGFR4 appears to
exert a hepatoma-suppressive effect suggest that FGFR4 unlikely mediates the tumor-
promoting effects of FGF19. We failed to observe a single spontaneous hepatoma in
transgenic mice expressing FGF-independent, hyperactive FGFR4 in hepatocytes [15] for up
to two years (unpublished observation). This indicates that chronic systemic levels of FGF19
may act on other targets than hepatocyte FGFR4 to result in induction of hepatomas. This is
consistent with the report that mice with an FGFR4 gene deletion are still responsive to
systemic FGF19 in respect to some metabolic monitors [39]. It should be noted that putative
orthologs human FGF19 and mouse FGF15 are as divergent in sequence from each other as
they are to other members of the FGF family within the same species. FGF19 particularly at
high levels may activate ectopic tumor-promoting signaling pathways in mice that are not
associated with activities of endogenous mouse FGF15.

Numerous studies indicate that FGFR4 and FGFR1 exhibit context-dependent qualitative
and quantitative differences in tyrosine kinase activity, tyrosine phosphorylation and impact
on downstream signaling mediators [40–44]. FGFR4 exhibited tyrosine phosphorylation, but
was non-mitogenic and failed to exhibit responses typical of FGFR1 except for weak
tyrosine phosphorylation of phospholipase C gamma in BAF3 murine lymphoid cells. Rat
L6 myoblasts and mouse 3T3 fibroblasts exhibited DNA synthesis in response to both
FGFR1 and FGFR4, but FGFR4 failed to activate a variety of downstream phosphoproteins
characteristic of FGFR1 [41]. FGFR4-stimulated phosphorylation of mitogen activated
kinases (MAPKs) was detected in L6E9 myoblasts at a fraction of that elicited by FGFR1
coincident with little effect on growth, survival and morphology relative to FGFR1 [42].
Using artificial constructs of FGFR1 and FGFR4 with the same ectodomain, the intracellular
kinase domains of the two FGFR activated overlapping pathways [43]. In comparisons of
drug-induced forced dimerization of the FGFR1 and FGFR4 intracellular domains in

Huang et al. Page 8

Mol Carcinog. Author manuscript; available in PMC 2009 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



embryonic skeletal muscle cell lines, no phosphorylation of FGFR4 relative to FGFR1 was
detectable [44].

Here we show that in a mouse hepatoma cell context both FGFR1 and FGFR4 initially
activate the Erk pathway in similar fashion, but only FGFR1 can sustain the activation. Both
FGFR1 and FGFR4 sustain the activation of JNK to about equal extent. Only FGFR1, not
FGFR4, was capable of activating AKT in the hepatoma cell context. The FGFR1-
associated sustained Erk and AKT activation might explain the increased rate of cell
proliferation and modest rate of stress-induced apoptosis. The elevated rate of stress-induced
apoptosis observed specifically in FGFR4-expressing cells is likely mediated by JNK
signaling in absence of sustained Erk and AKT pathway activation. JNK signaling mediates
in part the metabolic activities of FGFR4 in normal hepatocytes [15]. The depression of bile
acid metabolism by ectopic FGFR1 in hepatocytes without the accompanying cell death may
be due to its strong effects on JNK signaling concurrent with sustained Erk signaling [18].
The depression of p27 and stimulation of cyclin D1 by specifically FGFR1 in hepatoma
cells further support the observation. Consistent with the absence of a direct role of resident
hepatocyte FGFR4 on hepatocyte cell cycling in vivo [8] or in vitro (this report Fig. 4), our
results indicated a complete absence of effect of FGFR4 signaling on these two regulators of
cell cycling at the G1 to S boundary [45,46].

In summary, our study reveals that resident hepatocyte FGFR4 plays an additional role as a
tumor suppressor in addition to mediating liver’s contribution to systemic lipid and glucose
metabolism. This is the opposite of normally non-parenchymal FGFR1 that is a strong
promoter of hepatic carcinogenesis when it appears in hepatocytes. The tumor suppressive
effects of a parenchymal cell FGFR isotype that promotes tissue cellular homeostasis or
specialized parenchymal cell function relative to an ectopic FGFR isotype may be a general
paradigm within the FGF signaling family [6,21,22,24,47]. In numerous adenocarcinomas,
the ectopic expression of normally mesenchymal- or stromal-derived FGFR1 in the
adenocarcinoma cells seems most common and has been suggested as a marker of tumor-
associated epithelial to mesenchymal cell transition (EMT) [48,49].

Hepatocyte FGFR4 is a potential target for intervention in systemic cholesterol/bile acid
[8,50], lipid [11] and xenobiotic metabolism related to liver fibrosis [14]. Effects of FGFR4
at a yet to be identified non-hepatic site is also a target for intervention in glucose
metabolism and diabetes [11]. The specific activating FGF ligands, control of their access to
FGFR4 and mechanism of assembly and activation of the FGFR signaling complex for both
its tumor suppression and metabolic activities remains to be determined. Whether the
downstream pathways that target the two domains are similar or convergent is also of
interest. Our results indicate that agonists applied to hepatocyte FGFR4 to modulate its
metabolic functions will have an added benefit in suppression of hepatomas.
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Figure 1.
Ablation of FGFR4 accelerates DEN-induced liver tumors. Representative livers from WT
and FGFR4−/− mice exposed to DEN and harvested as described in Materials and Methods.
(A,B) Representative livers from WT (left) and FGFR4−/− (right) mice at 4 and 10 months
after birth are shown. (C,D), Normal morphology in WT liver (C) and adenoma in a
FGFR4−/− liver (D) at 4 months after birth. (E, F) Adenoma in a WT liver (E) and HCC in a
FGFR4−/− liver (F) at 10 months after birth (100X magnification).
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Figure 2.
Aberrant expression of FGFR4 in hepatoma cells. The expression of pattern of FGFR4
protein was analyzed by immunoblot (Materials and Methods) in the indicated human
hepatoma cell lines.
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Figure 3.
Establishment of stable FGFR1 and FGFR4 expressing cell lines in FGFR4−/− hepatoma
cells. FGFR4−/− hepatoma cells were established from liver tumors in FGFR4−/− mice at 4
month. (A) Expression of albumin, connexin32 and transferrin mRNA. Three independent
clonal lines 28, 38, and 50 out of 60 clonal cultures are shown. (B) Expression of FGFR1-4
mRNA. Representative clonal lines 38 and 50 exhibiting low or absent level of all four
FGFR (38,50) are shown. (C) Expression of transfected human (h) FGFR1 and FGFR4 in
clone 50. Expression of mRNA and protein assessed by RPA and immunoblot in three
independent stably transfected clones selected for analysis are shown. FGFR4−/−/hFGFR1
clone A4 and A28 and FGFR4−/−/hFGFR4 clone B1 and C8 that expressed comparable
levels of each receptor were used in subsequent analyses.
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Figure 4.
Differential effects of FGFR1 and FGFR4 on DNA synthesis and cell death of hepatoma
cells. (A) DNA synthesis. Cells were cultured in serum-free medium with and without FGF1
(20 ng/ml) for 24 hr prior to addition of [3H]thymidine. (B) Cell death. Cells were cultured
in serum-free medium with and without FGF1 (20 ng/ml) for 72 hr prior to addition of
APOPercentage Dye. The two bars represents an independent transfected cell line described
in Figure 4. The data is the mean ± SD of 12 wells from three independent experiments of
four wells each for both DNA synthesis and cell death assays. * P<0.05, ** P<0.01, ***
P<0.001 (paired tests with no FGFR transfected).
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Figure 5.
Differential activation of signaling pathways and G1/S control factors by FGFR1 and
FGFR4 in hepatoma cells. Hepatoma cells were maintained in serum-free medium overnight
and then treated with 20 ng/ml FGF1 for the indicated times prior to preparation of cell
lysates. (A) Effect on phosphorylated Erk, JNK and AKT. Cell lysates were analyzed by
immunoblotting with antibodies against phospho-Erk, phospho-JNK and phospho-AKT. The
membranes were reprobed with antibodies detecting total Erk, JNK and AKT as indicated.
(B) Analysis of G1/S regulators. Cell lysates were analyzed by immunoblotting with
antibodies against p21, p27 and cyclin D1.
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