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In organs involved inmetabolic homeostasis, transmembrane
� and �klothos direct FGFR signaling to control of metabolic
pathways. Coordinate expression of �klotho and FGFR4 is a
property of mature hepatocytes. Genetic deletion of FGFR4 or
�klotho in mice disrupts hepatic cholesterol/bile acid and lipid
metabolism. The deletion of FGFR4 has no effect on the prolif-
erative response of hepatocytes after liver injury. However, its
absence results in accelerated progression of dimethynitro-
samine-initiated hepatocellular carcinomas, indicating that
FGFR4 suppresses hepatoma proliferation. The mechanism
underlying the FGFR4-mediated hepatoma suppression has not
been addressed. Here we show that �klotho expression is more
consistently down-regulated in human and mouse hepatomas
than FGFR4. Co-expression and activation by either endocrine
FGF19 or cellular FGF1 of the FGFR4 kinase in a complex with
�klotho restricts cell population growth through induction of
apoptotic cell death in both hepatic and nonhepatic cells. The
�klotho-FGFR4 partnership caused a depression of activated
AKT and mammalian target of rapamycin while activating
ERK1/2 that may underlie the pro-apoptotic effect. Our results
show that �klotho not only interacts with heparan sulfate-
FGFR4 to form a complex with high affinity for endocrine
FGF19 but also impacts the quality of downstream signaling and
biological end points activated by either FGF19 or canonical
FGF1. Thus the same �klotho-heparan sulfate-FGFR4 partner-
ship that mediates endocrine control of hepatic metabolism
plays a role in cellular homeostasis and hepatoma suppression
through negative control of cell population growthmediated by
pro-apoptotic signaling.

Canonical short range paracrine FGF signaling controls cel-
lular processes associated with tissue remodeling and homeo-

stasis during development and in adult organs (1, 2). These
include cell division, motility, death, and differentiation. Tissue
matrix heparan sulfate (HS)3 plays a role in sequestration, sta-
bility, and release of canonical FGFs prior to reaching cell-as-
sociated HS-FGFR complexes (3). Dysfunction in canonical
FGF signaling underlies a wide range of pathologies including
birth defects in development, repair and response to injury in
the adult, and cancer (4).
In contrast to local acting canonical FGFs, FGF19, 21, and 23

have endocrine roles in bile acid, lipid, glucose, and mineral
metabolism (5–9). The endocrine FGF subfamily is controlled
by metabolite-activated nuclear receptors at sites distal to tar-
get cells and tissues (10). Via the farnesoidX receptor, bile acids
and other metabolites stimulate FGF19 (FGF15 in mice) in the
ileum that regulates bile acid (7) and lipid metabolism in the
liver (11). By activation of peroxisome proliferator-activated
receptor �, fatty acids and other metabolites stimulate liver
FGF21 that impacts metabolism in adipose tissue and liver (12,
13). Vitamin D and the vitamin D receptor regulate mineral
balance between the bone and kidney that is mediated through
FGF23 (14, 15). Unlike canonical FGFs, the endocrine FGFs
have little or no affinity for HS (16). This permits their endo-
crine circulation and access through tissue to target cells
involved in organism level metabolic homeostasis. The impact
of FGF signaling on metabolic functions at the cellular level is
directed by transmembrane�klotho or�klotho (KLB).�Klotho
is involved in the action of FGF23 and the control of mineral
metabolism in the kidney (17), whereas KLB is involved in the
control of bile acid and lipid and glucose metabolism by FGF19
and FGF21 in liver and adipocytes (18). HS-FGFR complexes
have very low affinity for endocrine FGFs in the absence of
�klotho or KLB. Amajor role of�klotho andKLB is to facilitate
high affinity binding and activation of FGFR signaling com-
plexes by endocrine FGFs (18, 19).
Of the four FGFR tyrosine kinases, FGFR4 is dominant in

mature hepatocytes (20). Genetic deletion and overexpression
experiments inmice show that hepatocyte FGFR4 is involved in
the control of hepatic bile acid (7, 21) and lipidmetabolism (11),
restoration of hepatolobular architecture, and the prevention
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of fibrosis upon liver insult (22). Hepatocytes are the sole site
whereKLB and FGFR4 are coordinately expressed at high levels
(23, 24) (SIB-CleanEx and GeneSapiens databases), and KLB is
essential for regulation of hepaticmetabolic activities by FGFR4
and endocrine FGF19 (7, 21, 25).
Germ line deletion, knock-in of a common polymorphic var-

iant (26), or targeted overexpression of a hyperactive mutant of
FGFR4 in hepatocytes (27–29) indicates that FGFR4 plays no
direct role expected of a canonical FGFR in driving cell prolif-
eration in either development (30), liver regeneration (21), or
tumors (26, 28, 29, 31). However, the genetic deletion of FGFR4
markedly accelerated hepatocarcinogenesis initiated by a single
neonatal exposure to the hepatocyte-activated pro-carcinogen
DEN (29). These genetic studies in mice suggested that rather
than contribution to the proliferative response of normal
hepatocytes to partial hepatectomy, liver injury, or hepatocar-
cinogenic initiators and promoters, FGFR4 exerts a negative
influence onhepatocarcinogenesis concurrentwith itsKLB-de-
pendent role in endocrine control of hepatic metabolism. The
underlying mechanism of this and the role of KLB in cell pop-
ulation dynamics and tumor suppression has not been
addressed. Here we report that expression of neither KLB nor
FGFR4 alone affected cell population dynamics in KLB- and
FGFR4-deficient hepatic or nonhepatic cells. Co-expression of
KLB and FGFR4 induced an FGFR4 kinase-dependent restric-
tion on cell population growth via apoptosis that was stimu-
lated by either endocrine FGF19 or canonical FGF1. This con-
firms that in addition to its role in mediating endocrine control
of hepatic metabolism, the KLB-FGFR4 partnership is a nega-
tive regulator of hepatocyte proliferation and hepatoma pro-
gression through pro-apoptotic mechanisms.

EXPERIMENTAL PROCEDURES

Tissues, Cells, Transfection, and Expression—Normal and
FGFR4�/� mouse liver tissue, DEN-initiated hepatomas, and
derived hepatoma cell lines were prepared as described (29).
Full-length murine KLB (NM_031180) between EcoR1 and
Not1 sites in mammalian expression vector pEF1a, a gift
from Dr. M. Kuro-o (32), was used in both transient and
stable transfections. Tet-on cell lines bearing inducible
FGFR4-pcDNA4/TO were prepared by Lipofectamine-medi-
ated transfection of Tet-off T-REx-293 and T-REx-HeLa cells
(Invitrogen) as described (33). KLB-expressing AT3 cells (34)
bearing inducible FGFR4 cDNAwere established with reagents
and protocols from Invitrogen. FGFR4 cDNA (AAM13666)
(21) was inserted into pcDNA4/TO (Invitrogen) between
HindIII and Xho1 sites. Clones stably expressing KLB were
transfected and selected with 400 �g/ml neomycin.
FGFR4-pcDNA4/TO was transfected into clones stably
expressing KLB and selected with 300 �g/ml zeocin. The
expression levels were assessed by RT-PCR analysis of mRNA
and by immunoblot.
Cell Population Growth—Replicate cultures in each well of

24-well plates were established with 2 � 104 cells for 24 h fol-
lowed by replacement every other day withmedium containing
7% FBS, Tet, and FGF19 or FGF1 at the concentrations indi-
cated in the text. FGF1 was prepared as described (35). Prepa-
ration of FGF19 is described in the supplemental materials.

Heparin at 1 �g/ml was added with FGF19 or FGF1 in all of the
experiments. The cell number was determined daily for 5 days
by harvesting with 0.0075% Pronase and 0.02% EDTA followed
by direct count using a Coulter Counter (Beckman Coulter,
Brea, CA).
Apoptosis and Cell Death—Cell death in hepatoma cultures

was assessed by the loss ofmembrane permeability indicated by
import of APOPercentageTM dye after transient expression of
KLB. Approximately 6 � 104 cells/well in 24-well plates were
transiently transfected with KLB-pEF1a in serum-free DMEM
for 6 h followed by incubation in DMEM containing 10% FBS
overnight. The cells were then exposed to 100 ng/ml FGF19 for
6 h followedbynewmediumcontainingAPOPercentageTMdye
(Biocolor Ltd., Belfast, Ireland). After 30 min, the cells were
washed three times with PBS to remove unbound dye. Imported
dye was released by the addition of APOPercentageTM release
reagent at 100 �l/well. Dye was measured at 550 nm using a
VERSAmax microplate reader.
Apoptosis frommembrane inversion to nuclear permeability

was assessed by two-channel flow cytometry using anti-an-
nexin V-FITC and propidium iodide. Approximately 3 � 105
cells were cultured for 2 days in each well of 12-well plates
(Greiner Bio-one, Monroe, NC) and then subjected to treat-
ment with Tet and FGF19 or FGF1 at the concentrations and
times indicated. Unattached cells were combinedwith attached
cells harvested by Pronase/EDTA treatment. Cell number was
determined, and samples of 2 � 105 cells were collected by low
speed centrifugation. The pellets werewashed twicewith 0.5ml
of reaction buffer (10 mM Hepes/NaOH, pH 7.4, 0.14 M NaCl,
and 2.5 mM CaCl2) and resuspended in 0.1 ml of buffer. Ten �l
of anti-annexin V-FITC solution (BD Biosciences, San Jose,
CA) (0.5 mg/ml) was mixed with the cell suspension and incu-
bated on ice for 15 min followed by the addition of 10 �l of a
solution containing 50 �g/ml propidium iodide and further
incubation for 5 min. The apoptotic fractions of the cell popu-
lation displaying fluorescence for FITC, propidium iodide, and
bothwere determined by sorting in a FACSCalibur flow cytom-
eter (BD Biosciences) and analysis with CellQuest Pro software
following the manufacturer’s protocols.
The change in mitochondrial membrane potential ��m was

assessed by uptake and retention of the cationic voltage-sensi-
tive lipophilic dye Rhodamine 123 (Sigma-Aldrich). The cells
expressing the indicated combinations of KLB and FGFR4 after
treatment with 1 �g/ml Tet and 1 �g/ml FGF19 for 36 h were
labeled with 1 �M Rhodamine 123 at 37 °C for 30 min in the
dark. After washing with PBS, the cells were harvested by Pro-
nase/EDTA, which was then neutralized by 10% FBS. Approx-
imately 2 � 105 cells were suspended in 1 ml of cold PBS and
analyzed by the FACSCalibur flow cytometer at FI-2 channel.
Cleavage of caspase 3 was assessed by immunoblot analysis.
Approximately 6� 105 cells expressing cKLB bearing inducible
FGFR4 cDNA were treated with 1 �g/ml Tet and 1 �g/ml
FGF19 for 36 h, lysed in 150 �l of SDS sample buffer. The
cleavage of pro-caspase 3 into active fragments was then
assessed by antibody for caspase 3 (Cell Signaling Technology,
Danvers, MA).
Tests for Activity of Soluble KLB—cDNA coding for the sol-

uble form of KLBmissing the transmembrane and intracellular

�Klotho and FGFR4 Inhibit Cell Proliferation

30070 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 39 • SEPTEMBER 24, 2010

http://www.jbc.org/cgi/content/full/M110.148288/DC1


domainwas constructed by replacing the sequence coding from
993KPLIFFGC to the C terminus of the full-length KLB with a
coding sequence for a His6 tag and cloned into vectors pEF1a
and tetracycline-on pcDNA4/TO. Clones of HEK293 cells
expressing inducible soluble KLB-His6 were established by
transfection and selection as described for FGFR4. The secre-
tion of soluble KLB-His6 into the medium or diffusion through
semi-permeable membranes upon the addition of 300 ng/ml
Tet was assessed by His probe antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA). Approximately 4.5 � 104 cells were
seeded onto a Transwell insert (Corning Inc., Lowell, MA) with
a polycarbonate membrane of 3-�m pores sufficient to allow
secreted KLB to pass through into the bottom well. Bottom
wells contained 3� 104 cells expressing FGFR4 alone or control
cells co-expressing full-length KLB and FGFR4. Tet and FGF19
treatment was applied, and apoptotic cell death was monitored
by flow cytometry after 2 days.
Quantitative PCR—Total RNAwas extracted from tissues or

cells after treatment with Tet, FGF19, and heparin using the
Ultraspec RNA isolation kit (Biotecx Laboratories). The first
strand cDNAs were transcribed from the RNA template by the
SuperScript II reverse transcriptase (Invitrogen) and random
primers according to themanufacturer’s protocol. Quantitative
PCR analyses were carried out based on the SYBR Green
JumpStart Taq Ready Mix protocol (Sigma-Aldrich) by
MX3000p (Strategene/Agilent Technologies, Santa Clara, CA).
The relative abundances of mRNAwere calculated by the com-
parative threshold cycle method and normalized to the �-actin
level as an internal control.
Radiolabeled FGF Binding and Affinity Cross-linking—Hu-

man FGF19 cDNA was cloned from colon SW480 cell cDNA,
fused with a coding sequence for a His6 tag at the N terminus,
and cloned into the bacterial expression vector pET28. FGF19
was then expressed in Escherichia coli BL21DE3, extracted and
refolded from inclusion bodies, and purified on nickel-chelat-
ing Sepharose chromatography using an AKTApurifier (GE
HealthCare). The purified material exhibited an ED50 of 30
ng/ml in a KLB/FGFR4 ERK1/2 activation assay. The method-
ological details of preparation and quality and quantitative
analysis will be described elsewhere. FGF1 and purified His-
tagged FGF19were iodinated as described previously (36). Iodi-
nated FGF19 was purified by nickel-chelating Sepharose chro-
matography and eluted by 0.25 M imidazole in PBS instead of
heparin-agarose chromatography. The cells expressing cKLB,
inducible FGFR4 (iFGFR4), or both cKLB and iFGFR4 after 300
ng/ml Tet induction for 24 h were incubated with 2 ng/ml
labeled FGF1 or FGF19 for 30 min at 4 °C as indicated.
Unbound or nonspecific binding was eliminated by wash with
PBS. Cell surface bound radioactivity was then determined by
�-counter. After binding with 10 ng/ml labeled FGF, the cova-
lent cross-linker disuccinimidyl suberate was added and incu-
bated for 10 min at room temperature. The resultant cross-
linked complexes were separated by SDS-PAGE and revealed
by autoradiography as described (37).
Immunoblot Analysis—The cells were lysed in SDS or mod-

ified cold radioimmune precipitation assay buffer (20 mM Tris-
HCl, pH 7.2), 50 mM NaCl, 1% Nonidet P-40, 0.1% sodium
deoxycholate, 2 mM sodium orthovanadate, and 2 mM NaF).

One tablet (Roche Applied Science) of protease inhibitors/10
ml and one tablet of phosphatase inhibitors/10 ml were added
prior to lysis. The lysates were clarified by centrifugation, and
supernatants reacted with the indicated antibodies and immu-
noprecipitates collected with protein A/G-agarose beads.
Whole cell lysate supernatants or immunoprecipitates were
separated by 10% SDS-PAGE and transferred onto nitrocellu-
lose membranes. Themembranes were probed with antibodies
against FGFR4, KLB, AKT (AK mouse transforming, v-akt
murine thymoma viral oncogene homolog 1, protein kinase B),
ERK, and phospho-ERK1/2 (Santa Cruz Biotechnology), and
phospho-AKTser473, phospho-mTOR2481, caspase 3, and
phosphotyrosine (Cell Signaling Technology) as indicated. The
bound primary antibodies were then probed with respective
secondary antibodies labeled with horseradish peroxidase.
Immunolabeled proteins were detected by using the ECL Plus
detection kit (GE HealthCare).
Reproducibility and Statistical Analysis—Six independent

cell lines bearing the described expression vectors were
selected. The cells stably expressing KLB and bearing inducible
FGFR4 cDNAwere screened for graded response of expression
of FGFR4 to Tet concentrations and negligible expression in
the absence of Tet. One of three independent clonal cultures
was randomly employed for specific experiments. Unless oth-
erwise indicated, each experiment was reproduced at least
three times independently in triplicate within each experiment.
A representative of three or more experiments is shown in
micrographs. Where indicated, the mean and S.D. was deter-
mined by Student’s t test.

RESULTS

A KLB and FGFR4 Partnership Restricts Cell Population
Growth via Apoptosis—Comparative mRNA expression analy-
ses between normal human liver tissues and hepatomas indi-
cate that KLB is more consistently and significantly reduced in
hepatomas than FGFR4 (Fig. 1, A and B) (SIB-CleanEx data-
base: human body index, data set GSE7307; Expression Project
forOncology, data set GSE2109). The expression of KLB in 84%
of hepatomas was lower than the lowest level observed in nor-
mal samples, whereas only 54% of hepatomas exhibited a simi-
lar depression in FGFR4. Analysis by real time PCR revealed
that KLB expressionwas on average 33% of normal liver in both
wild type and FGFR4-deficient DEN-induced mouse hepato-
mas (Fig. 1C), whereas no consistent differences in FGFR4
mRNA levels were observed (29).4 Transient expression of KLB
in hepatoma cells from DEN-induced FGFR4-deficient mouse
tumors in which FGFR4 had been restored by stable transfec-
tion caused a 4-fold increase of cells in the population exhibit-
ing a loss of membrane potential suggestive of apoptotic cell
death (Fig. 1D). Basal levels were similar in untransfected cell
populations and those expressing either KLB or FGFR4 alone.
Together these results suggest that restriction of hepatoma cell
population growth by both KLB and FGFR4 together may
underlie the observed acceleration ofDEN-initiated hepatomas
in the absence of FGFR4 (29). They suggest that hepatic KLB
may play an essential role in the FGFR4-dependent delay in

4 Y. Luo, C. Yang, and W. L. McKeehan, unpublished results.
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hepatoma progression and that delay may occur through
restraints on cell population growth through induction of
apoptosis.
To test the general nature of the negative impact of the KLB-

FGFR4 combination on cell population dynamics, we em-
ployed the generic nonhepatic nontumorigenic cultured
human embryonic kidney cell transfection host (HEK293)
whose parent tissue has no documented history of KLB or
FGFR4 expression in regard to physiological function.
Attempts to select for cell populations stably expressing both
KLB and FGFR4 concurrently was severely hampered because
of the long time required and the overall low frequency of emer-
gence of co-expressing populations. Concluding that thismight
reflect restrictions of the KLB-FGFR4 partnership on cell pro-
liferation and gradual selection of highly proliferative clones
that become resistant to growth inhibitory signals, we
employed an inducible expression system (33). An overnight
induction of iFGFR4 in T-REx 293 constitutively expressing
KLB (cKLB) caused a dramaticmorphological change in the cell
population, detachment of anchored cells, and reduction in cell
number (Fig. 2, A and B). The effect of expression of KLB or
FGFR4 alone was minimal. The FGFR4-KLB partnership
resulted in reduction of cell populations to 37% of that of
untreated parental 293 cells. FGF19 caused a further reduction
to 10% of controls. The inhibitory activity in the absence of

added FGFmay reflect a level of FGFR4 expression sufficient to
overcome membrane context and HS-imposed negative
restrictions on transactivation (derepression) of kinase activity
within unliganded dimeric FGFR complexes (38). Alternatively,
it may reflect the presence of serum FGF19 that can be as high
as 600 pg/ml (39) or endogenous cellular FGF1. Similar to
FGF19, canonical FGF1, even though its high affinity interac-
tion with HS-FGFR4 is independent on the presence of KLB,
also caused a KLB-dependent decrease in cell number to 22% of
that in parental cultures (Fig. 2B). This suggests that KLB
directs signaling of the HS-FGFR4 complex in addition to sim-
ply conferring high affinity for FGF19.
Induced expression of FGFR4 in a highly malignant prostate

tumor cell line (AT3) constitutively expressing KLB also simi-
larly inhibited cell population growth (Fig. 2, C and D). Unlike
293 cells, FGF19 caused a notable decrease in KLB-expressing
cells in the absence of FGFR4. This may be due to the high level
of FGFR1 in the AT3 tumor cells (34). Separate experiments
indicate that KLB similarly causes inhibition of cell population
growth via apoptosis in partnershipwith FGFR1. The induction
of FGFR4 in KLB-expressing cells also inhibited the anchorage-
independent growth of the 293 cells and cervical cancer-de-
rived HeLa cells (supplemental Fig. S1).
The morphological changes that occurred concurrent with

the inhibition of cell population growth in the presence of both
KLB and FGFR4 suggested a rate of cell death sufficient to offset
the intrinsically high rate of cell division characteristic of cell
lines that have been highly selected for proliferation in culture.
To determine whether the cell population loss in 293 cells
occurred by stepwise progression through the apoptotic cell

FIGURE 1. Reduced KLB expression in hepatomas and FGFR4-dependent
effect of KLB expression in hepatoma cells. A and B, KLB and FGFR4 expres-
sion in human liver and hepatomas. Data from Affymetrix mRNA expression
analyses of KLB and FGFR4 in human liver and clinically annotated hepatomas
was extracted from the SIB-CleanEx Database and plotted numerically. Closed
squares, human hepatoma samples; open squares, normal liver samples.
C, reduced KLB expression in mouse hepatomas. The samples were taken
from DEN-initiated hepatomas from normal and FGFR4-deficient (FGFR4�/�)
mice as described (29). The relative expression of KLB mRNA was determined
by quantitative PCR. The indicated data are the means � S.D. from triplicate
analyses of 10 normal liver and 12 hepatoma samples. D, FGFR4-dependent
increase in cell death induced by expression of KLB in mouse hepatoma cells.
KLB was transiently expressed by the addition of the indicated amounts of
the KLB-pEF1a construct to hepatoma cells from FGFR4-deficient mice
(FGFR4�/�) or cells (FGFR4�/�/FGFR4ecto) in which FGFR4 had been restored
by stable transfection (29). Cell death was assessed by the uptake and release
of APOPercentageTM dye. The indicated data are the means � S.D. of three
independent experiments with replicate analyses. FGFR4 expression levels
(29) and the indicated KLB expression levels were assessed by immunoblot-
ting of whole cell lysates using �-actin as the loading control.

FIGURE 2. Co-expression of KLB and FGFR4 also restricts nonhepatic cell
population growth. A, cell morphology. Untransfected T-Rex-293 cells (293),
cells stably transfected with KLB (cKLB), cells transfected with inducible FGFR4
cDNA (iFGFR4), and cKLB cells bearing inducible FGFR4 cDNA were examined
by light microscopy after exposure overnight to 1 �g/ml Tet and 300 ng/ml of
FGF19. B, population growth rates. The data are cell numbers after 5 days of
culture. FGF19 or FGF1 was present at 300 ng/ml where indicated. The data
are the means � S.D. from three independent experiments. (R4), cells bearing
inducible FGFR4 cDNA in Tet-free medium. C and D, co-expression of KLB and
FGFR4 inhibits malignant prostate tumor cell growth. The induction of FGFR4
and effect on population dynamics of AT3 cells was determined as described
for 293 cells. Expression of KLB and FGFR4 were measured by immunoblot-
ting of whole cell lysates. �-Actin was used as the loading control.
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death pathway, we tracked early perturbation of the cell mem-
brane indicated by exposure of phospholipids to a late loss of
nuclear envelope permeability. The results indicated that apo-
ptosis in cell populations constitutively expressing KLB was
proportional to expression of FGFR4 in respect to both level
and time of induction (Fig. 3). Increasing levels of FGFR4
induced for 24 h resulted in a 9-fold increase in the apoptotic
fraction at the plateau of induction (Fig. 3A). Induction of
FGFR4 alone at the Tet levels shown in Fig. 3A resulted in only
2.5, 3.0, 3.8, 4.6, 5.8, and 8.7% apoptotic cells, respectively
(supplemental Fig. S2). Extending the period of induction of

FGFR4 at 1 �g/ml Tet to 3 days
resulted in 66% of the population in
apoptosis, an increase in apoptotic
cells 20-fold that of cells expressing
KLB alone (Fig. 3B). Six days of
FGFR4 induction at 1 �g/ml Tet in
cells expressing KLB resulted in the
death of nearly 100% of cells (Fig.
2B). Basal levels of apoptosis in
untransfected 293 populations and
those expressing KLB alone were
2–5% and independent of Tet at the
dose and times indicated in Fig. 3.
The loss of mitochondrial mem-
brane permeability indicated by the
loss of retention of Rhodamine 123
(40) (Fig. 4A) and the cleavage of
30-kDa proenzyme caspase-3 into
active 12- and 17-kDa fragments, a
marker of the execution phase of
apoptosis (Fig. 4B), were observed
only in cell populations expressing
both KLB and FGFR4. This further

confirmed that the KLB and FGF4 partnership restricts cell
population growth rates via the apoptotic pathway from initia-
tion through loss of membrane permeability.
FGFR4-mediated Apoptotic Cell Death Is Dependent on Full-

length KLB and Stimulated by Either FGF19 or FGF1—To fur-
ther confirm that FGFR4-dependent increases in the rates of
apoptosis were dependent on KLB, increasing amounts of KLB
were expressed by transient transfection of cells expressing a
constant amount of FGFR4 induced at 10 ng/ml Tet. The rates
of apoptosis in the co-expressing 293 cell populations increased
with increasing levels of KLB expression (Fig. 5A). This recapit-
ulates the effect of transiently expressed KLB in FGFR4�/�/
FGFR4ecto hepatoma cells (Fig. 1D).
Substitution of the vector for full-length KLB with one cod-

ing for a truncated KLB missing the transmembrane and intra-
cellular domains failed to similarly increase apoptosis and cell
death when it was stably co-expressed with induced FGFR4
(“Experimental Procedures”). Co-culture between cells ex-
pressing the induced soluble ectodomain of KLB and cells
expressing FGFR4 separated by semi-permeable membranes (3
�m) also failed to induce apoptosis-associated changes in mor-
phology and inhibition of cell population growth comparable
with cells co-expressing full-length KLB and inducible FGFR4
(Fig. 2). We conclude that intact membrane-anchored KLB
containing both extracellular and intracellular domains is
required to support the pro-apoptotic KLB-FGFR partnership.
Apoptosis initiated by the FGFR4 and KLB partnership was

responsive to FGF19 in a dose-dependent mode over a range of
1–1000 ng/ml (Fig. 5B). FGF1 similarly enhanced the rates of
KLB-dependent apoptosis in the same concentration range as
FGF19 (Fig. 5C). This confirms that KLB directs signaling of the
activated FGFR4kinase complex that is in addition to the role of
KLB in facilitating high affinity binding and activation by
FGF19.

FIGURE 3. KLB-dependent apoptosis is proportional to FGFR4 expression. A, apoptotic cell death after
induction of FGFR4 for 24 h in 293 cells. FGFR4 was induced in KLB-expressing cells by the indicated concen-
trations of Tet. Apoptosis was monitored by flow cytometric analysis of membrane phospholipid exposure and
propidium iodide uptake. Expression of FGFR4 and KLB were assessed by immunoblotting. B, rates of apoptosis
in KLB-expressing 293 cells after induction of FGFR4 for 3 days.

FIGURE 4. Loss of mitochondrial transmembrane potential and induction
of caspase cleavage by co-expression of KLB and FGFR4. A, mitochondrial
membrane potential. Uptake and retention of the cationic voltage-sensitive
lipophilic dye Rhodamine 123 in 293 cells expressing the indicated combina-
tions of KLB and FGFR4 and treated with Tet and FGF19 were assessed by flow
cytometry. B, cleavage of caspase 3. The lysates from 293 cells co-expressing
KLB and FGFR4 after treatment with Tet and FGF19 were separated by SDS-
PAGE, and the cleavage of caspase 3 into active fragments was then assessed
by immunoblot analysis. The levels of FGFR4 and KLB were shown by immu-
noblotting of whole cell lysates as in Fig. 2.
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Direct Participation of KLB in the FGFR4 Signaling Complex
and Dependence of KLB-induced Apoptosis on the FGFR Tyro-
sine Kinase—Protein bands at 130 and 90 kDa from immuno-
precipitates of 293 cells co-expressing mouse KLB and human

FGFR4 harvested with anti-FGFR4
antibody that specifically targets
the C-terminal of FGFR4 were
identified as mouse KLB (supple-
mental Fig. S3A) and human FGFR4
(supplemental Fig. S3B) by nano-
flowHPLC coupled with nano-elec-
trospray tandem MS analysis (33).
No KLB was detected in the pull-
down with control mouse IgG or
beads alone (not shown). This was
direct evidence of the presence of
KLB-FGFR4 complexes in co-ex-
pressing cells under conditions that
induce apoptosis.
To further understand how KLB

forms a functional partner with
FGFR4, we performed ligand bind-
ing analysis on the surface of 293
cells expressing KLB, FGFR4, and
their combination. As expected
(20), FGF1 binds to cells expressing
FGFR4 independent of KLB (Fig.
6A). In contrast, the binding of
FGF19 to cells was largely KLB-de-
pendent. The cells expressing KLB
alone bound radiolabeled FGF19 at
60% that of cells expressing the KLB
and FGFR4 combination. Covalent
affinity cross-linking analysis with

radiolabeled FGF1 indicated a single band consistent with a
complex of FGF1 and FGFR4 without direct interaction with
KLB (Fig. 6B). The same analysis with radiolabeled FGF19
revealed additional radiolabeled bands indicative of interac-
tions with KLB. Bands were present that correlated with the
estimated apparent molecular masses of cross-linked com-
plexes of KLB-FGF19 and FGFR4-KLB-FGF19 in addition to
FGF19-FGFR4. The results indicate that KLB bound FGF19
with sufficient affinity to be covalently cross-linked in absence
of FGFR4 and also concurrently to FGFR4. A complete bio-
chemical and kinetic analysis of the interaction of FGF1 and
FGF19 to KLB-HS-FGFR complexes, competition binding, and
the resultant covalent affinity cross-linked species will be the
subject of a subsequent report.
KLB enhanced FGF19-stimulated tyrosine phosphorylation

of FGFR4 (Fig. 7A). An FGFR tyrosine kinase inhibitor (Calbio-
chem 341608) rescued cells from the KLB-FGF19-FGFR4-in-
duced restrictions on the population expansion of 293 cells (Fig.
7B) and apoptosis (Fig. 7C). Separate experiments indicated
that a depression of tyrosine phosphorylation of FGFR4 was
coincident with the decreased rates of cell death in presence of
the inhibitor. Taken together, these experiments indicate that
KLB participates directly in the HS-FGFR signaling complex to
facilitate activating autophosphorylation of the FGFR4 tyrosine
kinase. The apoptosis and cell death-promoting effect of the
KLB-FGFR4 partnership is proportional to FGFR4 kinase
activity.

FIGURE 5. FGFR4-dependent apoptotic cell death increases with increasing KLB expression and is stimu-
lated by either FGF19 or FGF1. A, transient expression of KLB in FGFR4-expressing cells. 293 cells harboring induc-
ible FGFR4 cDNA were transiently transfected (tKLB) overnight by the amount of KLB-pEF1a in �g/ml indicated in
parentheses. FGFR4 was then induced by the addition of 10 ng/ml of Tet for 24 h followed by analysis of apoptosis
and expression. B and C, stimulation of KLB-FGFR4-induced apoptosis by either FGF19 or FGF1. FGF19 (B) or FGF1 (C)
was added at the concentrations in ng/ml indicated in parentheses to cells co-expressing constitutive KLB and FGFR4
induced by 10 ng/ml Tet.

FIGURE 6. Binding and complex formation among KLB, FGFR4, FGF19, and
FGF1. A, differential binding of 125I-labeled FGF1 and FGF19. 293 cells expressing
cKLB, iFGFR4, or their combination after Tet induction for 24 h were incubated
with labeled FGF1 (white bar) or FGF19 (black bar). Cell surface bound radioactiv-
ity was determined by �-counter. The data are the means � S.D. of three inde-
pendent experiments. B, covalent affinity cross-linked complexes. After binding
with 10 ng/ml labeled FGF, the covalent affinity cross-linker disuccinimidyl suber-
ate was used to cross-link the formed complex as described (37).
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Suppression of Activated AKT andmTOR by the KLB-FGFR4
Partnership—Activation of the Ras/MAPK pathway indicated
by phosphorylation of ERK1/2 and the PI3K/AKT pathway
indicated by phosphorylation of AKT is a response associated
with canonical FGF signaling (2). Both are generally associated
with a positive influence on cell population growth rates. Acti-
vation of AKT and mTOR that can be but is not solely a down-
stream target of AKT activation (41–43) elicits pro-survival
and anti-apoptotic activities (44, 45).
Activation of AKT occurs by phosphorylation of Thr308 and

Ser473 (46). Activation of mTOR is associated with phosphory-
lation of Ser1261, Thr2446, Ser2448, and Ser2481 (47). Using
phosphorylation site-specific antibodies, we compared the
impact of the FGF19-stimulated KLB-FGFR partnership on
activated AKT and mTOR to ERK1/2 in 293 cells. Under
conditions that induced �20% apoptotic cells in the popula-
tion, the KLB-FGFR4 partnership reduced pAKT473 to less
than 5% of that in cells expressing only FGFR4, KLB, or
parental untransfected cells (Fig. 8). The KLB-FGFR4 part-
nership reduced pmTOR2481 to �15% of that of control
cells. Inhibition of PI3K activity further increased the rate of
apoptosis by �40%, but the percentage of increase above
controls caused by the inhibitor appeared independent on the
FGF19-KLB-FGFR4 combination (supplemental Fig. S4). This
indicates that PI3K has effects on apoptotic rate that are inde-
pendent of the KLB-FGFR4 partnership and suggests the cor-
ollary. The partnership may have specific effects on AKT and
mTOR that are not strictly mediated by PI3K. The depression
of AKT and mTOR was in marked contrast to pERK1/2 that
was elevated under the same conditions. Notably the depres-
sion inAKTandmTORwas completely dependent on theKLB-
FGFR4 partnership compared with the elevation of pERK1/2,
which was significant in the presence of KLB and iFGFR4
alone.

DISCUSSION

Although genetic deletion of FGFR4 and the targeted over-
expression of hyperactive FGFR4 in mice indicate a role of
FGFR4 in hepatic metabolism (7, 21, 25), they fail to indicate a
direct role for FGFR4 expected for canonical FGFRs in driving
cell division. This includes development (30), liver regeneration
(21), and tumors (26, 28, 29, 31). Genetic ablation of FGFR4
accelerates progression of carcinogen-initiated hepatomas,
suggesting a negative controlling role for FGFR4 in cell prolif-
eration (29). Here we investigated for the first time the mecha-
nism of this tumor suppressive effect of FGFR4 in partnership
with KLB that has been implicated in control of hepatic meta-
bolic pathways. Consistent with a negative influence on prolif-
eration of hepatic cell populations and hepatoma progression,
we showed that KLB is more consistently depressed than
FGFR4 in both human and mouse hepatomas. Restoration of
KLB by transient expression that does not select for expressing
cells increased the rate of cell death within mouse hepatoma
cell populations but only in cells expressing FGFR4. We
observed no stimulatory effects of FGFR4 when it was intro-
duced into cultured hepatic cells and a variety of nonhepatic
cells. This is consistent with reports that relative to other FGFR
isotypes, FGFR4 introduced into a variety of nonhepatic cells
exhibits little or no activity in response to canonical FGF1 and
FGF2 in respect to autophosphorylation, tyrosine phosphory-
lation of downstream signal mediators, and stimulation of the
cell cycle and mitogenesis (48–51). Similarly we observed no
positive effects on cell population dynamics when FGFR4 and
KLBwere co-expressed. Transient expression of FGFR4 orKLB
in the presence of the other revealed that the partnership has a
negative influence on cell population growth.

FIGURE 7. Activation and dependence of apoptotic cell death on activity
of the FGFR4 tyrosine kinase. A, activation of the FGFR4 kinase by KLB. 293
cells co-expressing constitutive KLB and FGFR4 induced by 300 ng/ml Tet
overnight were maintained in serum-free medium for 6 h (33) and then
exposed to 300 ng/ml of FGF19 for 10 min followed by immunoblot analysis
of lysates with anti-phosphotyrosine (pTyr) and anti-FGFR4 antibodies. B and
C, rescue of KLB-FGFR4-induced apoptosis and cell death by inhibition of
tyrosine kinase activity. The FGFR kinase inhibitor 1-(2-amino-6-(3,5-dime-
thoxyphenyl) pyrido [2,3-d] pyrimidin-7-yl)-3-tert-butyl urea (341608; Calbio-
chem, San Diego, CA) at 1 �M was added during the 24-h induction of FGFR4
by 300 ng/ml Tet in cells expressing KLB followed by analysis of cell morphol-
ogy (B) and apoptosis and cell death (C). FGF19 was present at 1 �g/ml. FIGURE 8. Selective depression of AKT and mTOR activity by the KLB-

FGFR4 partnership. A, 293 cells were treated with 300 ng/ml Tet overnight
followed by addition of 1 �g/ml FGF19 for 6 h and analysis of lysates by
immunoblot with the indicated antibodies. B, quantification of pAKT, pmTOR,
and pERK. The relative levels of pAKT to total AKT, pmTOR to �-actin, and
pERK to total ERK were calculated from a densitometric scan of band intensi-
ties in A. 100% was the most intense band from each protein among samples.
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Therefore to study the effects of the transmembrane KLB-
FGFR4 partnership in negative control of cell population
growth, we necessarily employed an inducible gene expression
system. This prevented selection for proliferative cell popula-
tions that bypass KLB-FGFR4-induced growth restrictive path-
ways or possibly become dependent on one or both for survival
and growth in culture. This revealed that restriction of cell pop-
ulation growth rates by the co-expression of the activated KLB-
FGFR4 partnership is a general phenomena extending across
both hepatic and nonhepatic cell lines of both nonmalignant
and highly tumorigenic character. We show here that the
restriction on cell population growth caused by the KLB-
FGFR4 partnership occurs by induction of apoptosis resulting
in cell death.NeitherKLBnor FGFR4 alone had the effect. Thus
our results are consistent with the genetic experiments indicat-
ing a suppressive role for FGFR4 in hepatoma progression.
They are inconsistent with reports suggesting that FGFR4 is a
direct hepatocyte proliferation and hepatoma promoter
throughmediation of effects of chronic or pharmacological lev-
els of FGF19 administered in vivo (52, 53). Conceivably, chronic
stimulation of the hepatic KLB-FGFR4 partnership results in
damaging cholesterol/bile acid and lipid metabolism and hep-
atocyte death that triggers foci of regenerating hepatocytes.
Genetic screens otherwise indicate that both endogenous
FGFR4 (54) and FGF19 (55) genes have properties of tumor
suppressors. Our results suggest that similar to its essential role
in partnership with FGFR4 in regulating hepatic metabolic
pathways (7, 21, 25), KLB is essential in FGFR4-dependent neg-
ative control of hepatic cell proliferation and hepatocarcino-
genesis (29) and therefore qualifies as a hepatoma suppressor.

�Klotho, the homolog of KLB, which partners with FGFR1 to
mediate endocrine FGF23 control of mineral metabolism in
kidney cells, also exhibits context-dependent properties of a
tumor suppressor (56, 57). Inconsistent with this, it has been
reported that soluble �klotho together with FGF23 elicits DNA
synthesis in both renal and nonrenal cells in culture (58),
although it was not demonstrated that FGFR mediates the
effect. Because soluble �klotho confers high affinity on FGFR1
for FGF23 (17, 59), it may promote activation of the canonical
growth-promoting signaling profile expected of FGFR1 with-
out redirection of downstream signaling caused by membrane
�klotho. Coincidental with expected effects on mineral metab-
olism, chronic systemic expression of FGF23 in mice failed to
elicit DNA synthesis in kidney where the �klotho-FGFR1 part-
nership elicits its metabolic effects (58). The relative role of
soluble and membrane-bound �klotho in directing metabolic
and cell population growth end points both in vitro and in vivo
remains to be established.
In contrast to �klotho, full-lengthmembrane-anchored KLB

with FGFR4 is required to form an FGF-independent complex
competent for high affinity binding and activation by endocrine
FGF19 (24). In linewith this, we found that full-lengthKLBwith
an intact transmembrane domain is required for apoptosis and
resultant cell population growth restrictions elicited by the
KLB-FGFR4 partnership. In addition, we show that FGF1 is
equally as effective as FGF19 in directing the KLB-dependent
apoptotic effect of FGFR4. This is despite the fact that KLB
neither binds FGF1 nor is required for high affinity binding of

FGF1 to the HS-FGFR4 complex. This suggests that KLB forms
a composite signaling complex with HS-FGFR4 that affects the
quality of downstream signaling of the FGFR4 kinase in addi-
tion to facilitating high affinity binding of FGF19. In contrast to
endocrine FGF19, the access of tissue matrix FGF1 to the HS-
FGFR4 complex and the specificity of FGF1 for hepatic HS-
FGFR4 is set by hepatocyte-specific HS (3, 20). The release of
FGF1 from tissuematrix depots that occur in response to injury
may serve tomaintain hepatocytemetabolic functions. In addi-
tion FGF1 may contribute to feedback control via the resident
hepatocyte KLB-HS-FGFR4 complex on the extent of the nor-
mal hepatocyte proliferative response or chronic proliferative
stimuli that can lead to hepatocarcinogenesis.
Our results show that, similar to HS, KLB is a direct partici-

pant in oligomeric FGFR kinase signaling complexes. Similar to
HS, KLB participates in FGFR signaling by interaction with
both FGF and FGFR. Tissue-specific motifs within HS set affin-
ity and specificity for locally acting paracrine FGFs that have
diverse roles in cellular homeostasis (3, 20, 60–64). In addition,
the interaction of HS with self-associated unliganded trans-
membrane FGFR kinase oligomers prevents FGF-independent
activation of HS-FGFR complexes (3, 20, 38, 64). The require-
ment of HS in KLB-directed FGFR signaling (65) indicates that
KLB interacts with and modifies the HS-FGFR signaling com-
plex rather than replacing HS and its role in the complex. Sim-
ilar to the role of specific oligosaccharidemotifs ofHS in canon-
ical FGFR signaling (3, 20), �klotho and KLB interact directly
with FGFR to enable high affinity binding and activation of the
FGFR complex by specific endocrine FGFs.Our results indicate
that similar to HS, the interaction of membrane KLB with the
HS-FGFR complex impacts the structure of the signaling com-
plex sufficiently to alter the qualitative nature of downstream
signaling from it. This has not yet been demonstrated for HS.
The current models of control and activation of the oligo-

meric FGF-HS-FGFR signaling complex are in contention with
respect to the stoichiometry and order of assembly of subunits
as well as the mode of activation (3, 38, 64, 66, 67). Collectively
static structural studies and dynamic structure-function and
biochemical analyses point to a symmetrical two-FGFR and
two-HS chain complex where conformational restriction
imposed by unliganded membrane-anchored self-associated
FGFR dimers, HS and divalent cations limit a transphosphory-
lating kinase-substrate relationship between intracellular
domains (3, 38, 64). Conformational restrictions are overcome
by changes caused by the entry of two FGFs either free or bound
to an oligosaccharide that are then transmitted to the intracel-
lular domain of the complex (68). The requirement for full-
lengthmembrane-anchoredKLB for high affinity association of
KLB with HS-FGFR4, activation, and the qualitative nature of
FGFR4 signaling is consistent with the notion that KLB is an
integral component of the inactive unliganded membrane-an-
chored HS-FGFR4 signaling complex that is poised for activa-
tion by endocrine FGF19 or tissue matrix FGF1.
In this study, we showed that the KLB-directed proliferation

and tumor suppressive effects are dependent on the FGFR4
kinase activity, and this correlates with depression of the AKT
and mTOR pathways. AKT and mTOR pathways have major
impact on net expansion of cell populations through their well
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characterized pro-survival and anti-apoptotic effects. The
observed depression of activated AKT and mTOR occurs con-
currently with activation of ERK1/2. Activation of ERK1/2 is
themost commonly observed indicator of canonical FGF-stim-
ulated HS-FGFR (2) as well as klotho-dependent endocrine
FGF signaling (19, 32, 69). It is unclear whether the concurrent
activation of ERK1/2 cooperates with the depression of pAKT
and pmTOR to elicit the pro-apoptotic effects of the KLB-
FGFR4 partnership. Although it is most commonly associated
with growth stimulation, activation of ERK1/2 has been impli-
cated in growth suppression, cell death, and other biological
functions (70, 71). The specific inhibition of anti-apoptotic and
cell growth-stimulatingAKTandmTORwithout effect on acti-
vation of ERK1/2 is consistent with the idea that membrane
KLB specifically modifies the overall quality of signals elicited
from the HS-FGFR complex at the intracellular membrane
interface. Activation of the three pathways is thought to diverge
from the same single FGFR-associated adapter and signalmedi-
ator FRS2� (2). Recently, mTOR has been shown to form a
complex with activated FGFR1-FRS2� apparently independ-
ently and upstream of AKT (43).
In conclusion, our results show that the same KLB-FGFR4

partnership that mediates endocrine control of hepatic metab-
olism plays a role in cellular homeostasis and hepatoma sup-
pression through negative control of cell population growth
mediated by pro-apoptotic signaling. This insures that a major
transiently activated endocrine metabolic circuit that is of ben-
efit to the organism does not contribute to a proliferative stim-
ulus in the liver or to promotion of hepatocarcinogenesis after it
is initiated. Given the strong inhibitory effect of the KLB-
FGFR4 partnership relative to FGFR4 alone on cell population
growth, it is predicted that reduction and restoration of hepa-
tocyte KLB levels may play a role in normal compensatory
regeneration of liver. The coordinate expression of KLB and
FGFR4 appears limited to hepatocytes in vivo. However, the
KLB-FGFR4 partnership elicits controlling effects on cell pop-
ulation growth via pro-apoptotic signaling in diverse nonhe-
patic cell types including highly malignant tumor cells. Thus
ectopic expression of the partnership in tumor cells in general
in addition to restoration in deficient hepatomasmay have pos-
sibilities for limiting diverse types of malignancies. It will be of
interest to determine whether the cell growth controlling
effects of the KLB-FGFR4 partnership demonstrated here
extend to the�klotho-FGFR1 partnership in kidney and aKLB-
FGFR partnership in adipocytes. Clarification of the mecha-
nism by which membrane KLB participation in the HS-FGFR
complex modifies FGFR-associated intracellular membrane
signal transduction complexes is a subject for future study. To
what extentKLB-dependent FGFR4 signaling pathways overlap
or diverge for regulation of metabolism and control of hepato-
cyte proliferation and hepatoma suppression is also a subject
for future investigation.
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