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Significance

FGF21 and the two other 
members of the endocrine FGF 
family, FGF19 and FGF23, play 
critical roles in the control of 
important cellular process. Since 
a variety of diseases are caused 
by either enhanced or 
diminished endocrine FGF 
activities, FGF21 agonists may 
provide therapeutic benefits for 
the treatment of metabolic 
diseases, while FGF21 
antagonists may be beneficial for 
the treatment of a subtype of 
liver cancers. Here, we 
demonstrate that heparin 
molecules play an essential role 
in the activation of cellular 
signaling by FGF21 and for the 
control of βKlotho cellular 
stability. These insights into how 
FGF21 and other endocrine FGF 
stimulate Klotho–FGFR activation 
will provide valuable guidance for 
the development of new FGF21 
and other endocrine FGF-based 
therapeutics.
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Heparin is essential for optimal cell signaling by FGF21 and for 
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While important insights were gained about how FGF21 and other endocrine fibroblast 
growth factors (FGFs) bind to Klotho proteins, the exact mechanism of Klotho/FGF 
receptor assembly that drives receptor dimerization and activation has not been eluci-
dated. The prevailing dogma is that Klotho proteins substitute for the loss of heparan 
sulfate proteoglycan (HSPG) binding to endocrine FGFs by high-affinity binding of 
endocrine FGF molecules to Klotho receptors. To explore a potential role of HSPG in 
FGF21 signaling, we have analyzed the dynamic properties of FGF21-induced FGF21–
βKlotho–FGFR1c complexes on the surface of living wild-type (WT) or HSPG-deficient 
Chinese hamster ovary (CHO) cells by employing quantitative single-molecule fluores-
cence imaging analyses. Moreover, detailed analyses of FGF21 and FGF1 stimulation of 
cellular signaling pathways activated in WT or in HSPG-deficient CHO cells are also 
analyzed and compared. These experiments demonstrate that heparin is required for 
the formation of FGF21–βKlotho–FGFR1c complexes on the cell membrane and that 
binding of heparin or HSPG to FGFR1c is essential for optimal FGF21 stimulation of 
FGFR1c activation, mitogen-activated protein kinase responses, and intracellular Ca2+ 
release. It is also shown that FGF1 binding stimulates assembly of βKlotho and FGFR1c 
on cell membranes, resulting in endocytosis and degradation of βKlotho. We conclude 
that heparin or HSPG is essential for FGF21 signaling and for regulation of βKlotho 
cellular stability by acting as a coligand of FGFR1c.

cell signaling | proteoglycans | endocrine FGFs | phosphorylation

The fibroblast growth factor (FGF) family of cytokines regulate a variety of important cellular 
processes during embryonic development and in the homeostasis of many adult issues (1–3). 
The 22 members of the FGF family fall into three categories: canonical FGFs, which signal 
between cells in a paracrine manner; endocrine FGFs, which act like classical circulating 
hormones to regulate metabolic pathways in various tissues; and intracellular FGFs, which 
are not secreted and whose physiological roles in relation to signaling remain unclear (4–6). 
FGFs mediate their cellular responses by binding to and activating FGF receptors (FGFRs), 
which belong to a class of the receptor tyrosine kinase (RTK) family of cell surface receptors 
(7). There are four FGFR genes designated FGFR1, FGFR2, FGFR3, and FGFR4. In 
general, FGFRs have three immunoglobulin (Ig)-like domains in the extracellular region, 
designated D1−3. Ig-like domain D3 has particular importance because it is encoded by 
three exons, which can be alternatively spliced in FGFR1−3, to generate “b” and “c” forms 
that differ in ligand specificity. While paracrine FGFs can bind to both “b” and “c” forms 
of FGFR1–3, endocrine FGFs bind only to the “c” form of these receptors and to FGFR4, 
whose Ig-like domain D3 does not undergo alternative splicing (8).

Compared to other RTK ligands that can bind to and activate their cognate receptors 
with high affinity, canonical FGFs bind to FGFRs relatively weakly, with dissociation 
constants in the sub micromolar range (9–11), and consequently depend on a core-
ceptor—heparan sulfate proteoglycans (HSPGs)—to stabilize FGFR dimerization and 
induce tyrosine kinase activation (12, 13). In the crystal structure of a ternary FGF–
FGFR–heparin complex, heparin is shown to interact not only with FGF to augment 
FGF–FGFR binding but also with adjoining FGFRs to promote FGFR dimerization 
(12). Endocrine FGFs, i.e., FGF19, FGF21, and FGF23, on the contrary interact poorly 
with heparin (14). The weak interaction with heparin is necessary for the endocrine 
functions of FGF19, FGF21, and FGF23, as it enables them to freely circulate throughout 
the body, in contrast to canonical FGFs which become trapped by HSPGs that are asso-
ciated with cells and the extracellular matrix. To compensate for their lack of HSPG 
binding, endocrine FGFs must bind to different coreceptors to be physically near and 
activate FGFR. FGF23 requires binding to the coreceptor αKlotho, while FGF19 and 
FGF21 require binding to the coreceptor βKlotho (15–18). Due to their selective tissue 
expression, αKlotho and βKlotho furthermore act as “zip code”-like receptors to target 
signaling by endocrine FGFs (11).
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Because weakened heparin binding is a requisite property of 
endocrine FGFs, it has long been thought that their signaling does 
not require HSPG. The current prevailing model is that Klotho 
proteins substitute for the loss of HSPG binding to endocrine 
FGFs via Klotho’s high affinity and selective binding to endocrine 
FGF molecules (19). Moreover, direct contacts between Klotho 
proteins with the extracellular domains of FGFRs enable activa-
tion and tyrosine phosphorylation of different tissues in a selective 
manner (20, 21). FGF21, which is predominantly produced in 
the liver and acts on adipose tissues and the hypothalamus to 
regulate energy homeostasis, has received much attention due to 
its beneficial effects in animal models of metabolic syndrome, such 
as obesity and diabetes (22–25). FGF21 is also expressed in the 
exocrine pancreas where it functions in an autocrine fashion as a 
postprandial secretagog to regulate the release of digestive enzymes 
(26). Interestingly, the structure of the FGF21–βKlotho complex 
shows how βKlotho has evolved from glycoside hydrolases, which 
are sugar-cutting enzymes, to serve as a high-affinity receptor for 
FGF21 (11). Once FGF21 binds βKlotho, its core FGF domain 
induces dimerization of FGFR1c to stimulate cell signaling. 
Mechanistically, it is not clear how FGF21 binding to βKlotho 
leads to the formation of ternary FGF21–FGFR1c–βKlotho com-
plexes, which is necessary to stimulate the tyrosine kinase activity 
of FGFR.

In this manuscript, we perform single-molecule fluorescence 
imaging using total internal reflection fluorescence microscopy 
(TIRFM) to analyze FGF21-induced signaling complexes on the 
surface of living cells. By monitoring the lateral mobility and supra-
molecular organization of fluorescently labeled βKlotho in cells 
with and without endogenous HSPG, we demonstrate that heparin 
is required for the formation of FGF21–βKlotho–FGFR1c com-
plexes. Moreover, heparin is necessary for FGF21 signaling, as 
ligand-induced activation of mitogen-activated protein kinase 
(MAPK) and induction of intracellular Ca2+ release are negligible 
in the absence of endogenous HSPG. Providing evidence that 
βKlotho–FGFR1c heterodimers exist in equilibrium with βKlotho 
and FGFR1c monomers, we also show that FGF1 not only causes 
fluorescently labeled βKlotho molecules to become clustered with 
FGFR1c on cell membranes but also down-regulates βKlotho levels 
via degradative trafficking. These actions of FGF1 on βKlotho are 
negated when FGFR1c binding by βKlotho is impaired. Collectively, 
our findings elucidate the precise mechanism by which ternary 
FGF21–βKlotho–FGFR1c complexes form on the cell membrane 
and clarify the role of HSPG in endocrine FGF signaling.

Results

Our goal in this study is to employ biochemical and cellular 
approaches including single-molecule imaging of fluorescently 
conjugated βKlotho molecules expressed in the cell membrane of 
living cells to explore how FGF21 binding to cells harboring 
FGFR1c together with βKlotho stimulates FGFR1c activation 
and cell signaling. We also explore a potential role of cellular 
HSPG and exogenously supplied heparins in FGF21 stimulation 
of cell signaling. As a population of βKlotho–FGFR1c heterodi-
meric complexes may exist in the membrane of cells coexpressing 
these two receptors, we also address the question of whether FGF1, 
a canonical FGFR ligand, may modulate the function, activity, 
and dynamic properties of βKlotho in these cells.

Heparin Reduces the Lateral Mobility of Fluorescently Labeled 
βKlotho Particles in HSPG-Deficient Chinese hamster ovary (CHO) 
Cells. We previously used single-molecule TIRFM imaging to 
monitor dimerization of individual αKlotho molecules by FGF23, 

which is a bivalent ligand of αKlotho (27). There were several 
considerations in the design of the present study. First, to make 
βKlotho fluorescent, we appended HaloTag to the extracellular N 
terminus of βKlotho so that the cell surface pool of βKlotho could be 
selectively labeled by a cell-impermeant fluorescent Alexafluor-488 
HaloTag ligand. Second, since a low surface density is necessary for 
single-molecule imaging, we used transient transfection to control 
the expression level of HaloTag-βKlotho. Third, we used CHO cells 
due to the availability of a well-characterized line of mutant CHO 
cells (pgsD-677 cells; ref. 28) that is deficient in HSPG expression. 
We reasoned it would be necessary to compare wild-type (WT) 
and HSPG-deficient cells because an effect of exogenous heparin 
in FGF21 signaling could be made redundant by endogenous 
HSPG, as previously demonstrated for FGF1 signaling (9). Based 
on signaling experiments (see below), we confirmed that CHO 
cells do not express βKlotho but do express a low level of FGFR1, 
as previously reported (29).

We briefly labeled WT or HSPG-deficient CHO cells trans-
fected with HaloTag-βKlotho with Alexafluor-488 HaloTag ligand 
for 15 min at 37 °C. Fig. 1A shows a representative TIRFM image 
of a cell with a very low expression level of HaloTag-βKlotho 
(Upper) and the trajectories of individual HaloTag-βKlotho par-
ticles within the same region of the cell (Lower). The lateral mobil-
ity of particles on the cell surface was quantified by calculating 
diffusion coefficients from the mean square displacement (MSD) 
of the trajectories. In both WT and mutant CHO cells, the dif-
fusion coefficients of HaloTag-βKlotho expressed alone (black 
bars) or with exogenous FGFR1c coexpression (cyan bars) were 
not significantly different, although they tended to be smaller 
when exogenous FGFR1c was expressed (Fig. 1B). The addition 
of FGF21 alone (10 nM, burgundy bar) in WT CHO cells 
reduced the diffusion coefficient of HaloTag-βKlotho with 
FGFR1c (by 13.1%, P < 0.001), and similar reductions (9.42%, 
P < 0.05 and 14.4%, P < 0.001) were seen when heparin (hatched 
burgundy bars) was included at two different concentrations  
(4 and 40 μg/mL, respectively). However, in mutant CHO cells 
lacking HSPG, FGF21 did not reduce the diffusion coefficient of 
HaloTag-βKlotho by itself and required heparin to do so (by up 
to 14.1%, P < 0.001). Consistent with these data reflecting 
βKlotho–FGFR1c interactions, FGF21-induced changes in the 
diffusion coefficient were generally smaller, especially in mutant 
CHO cells, when exogenous FGFR1c was not coexpressed, i.e., 
when only a low level of endogenous FGFR1c was present  
(SI Appendix, Fig. S1A).

Changes in the diffusion coefficient were associated with 
changes in the intensity distribution of HaloTag-βKlotho particles 
(Fig. 1C). In unstimulated WT and mutant CHO cells coexpress-
ing FGFR1c, the intensity distribution of particles (Left) could be 
fitted with a mixed Gaussian model, consisting of a major peak 
and a minor peak with nearly twice the intensity (44.4 ± 2.5 vs. 
85.2 ± 5.5 a.u., respectively, in mutant CHO cells). The intensity 
of the major peak corresponds to monomeric HaloTag-βKlotho 
because it is similar to the intensity of free dye (55.4 ± 1.6 a.u.) 
absorbed onto glass in our TIRFM setup (27). In WT CHO cells 
coexpressing FGFR1c, the addition of FGF21 alone or with hep-
arin caused the intensity distribution to become shifted to the 
right such that the mixed Gaussian fit now contained several peaks. 
In contrast, in mutant CHO cells lacking HSPG, the addition of 
FGF21 alone did not substantially alter the intensity distribution, 
but the inclusion of heparin yielded a mixed Gaussian fit with 
four peaks that resembled those seen in WT CHO cells.

To determine more conclusively whether FGF21-induced 
changes in the diffusion coefficient of HaloTag-βKlotho require 
FGFR1c, we tested L6 cells which do not express endogenous 
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FGFR1c (30) but do express HSPG. Indeed, FGF21 reduced the 
diffusion coefficient of HaloTag-βKlotho in L6 cells only when 
FGFR1c was coexpressed (SI Appendix, Fig. S2). As with WT 
CHO cells, FGF21-induced changes in the diffusion coefficient 
in L6 cells did not require the addition of heparin. Altogether, 
these results demonstrate that FGF21 promotes clustering of mul-
tiple βKlotho molecules with FGFR1c in a heparin-dependent 
manner.

FGF21 Signaling in HSPG-Deficient CHO Cells Requires Heparin. 
We next examined whether FGF21 signaling requires heparin. 
For this purpose, we stably transfected WT and HSPG-deficient 
CHO cells with βKlotho and FGFR1c. The cells were stimulated 
with increasing concentrations of FGF21 or FGF1, both with 
and without 5 μg/mL heparin, for 10 min at 37 °C. Lysates were 
subjected to SDS/PAGE analysis followed by immunoblotting 
with anti-pFRS2α antibodies to monitor FRS2α phosphorylation, 
anti-pMAPK antibodies to monitor MAPK activation, or anti-
MAPK antibodies and anti-FGFR1 antibodies as controls for 
protein loading. βklotho, which was tagged with a hemagglutinin 
(HA) peptide, was detected using anti-HA antibodies. In WT 
CHO cells, the activation patterns induced by FGF1 and 

FGF21 were unchanged by the addition of exogenous heparin 
(SI Appendix, Fig. S3): with or without heparin, both FGF1 
and FGF21 stimulated tyrosine phosphorylation of FRS2α and 
MAPK activation, although tyrosine phosphorylation of FRS2α 
by FGF21 was much weaker. In contrast, in mutant CHO 
cells, the activation patterns induced by FGF1 and FGF21 were 
different with and without heparin (Fig. 2A). For FGF21-induced 
stimulation, MAPK activation was robust with heparin, reaching 
saturation at 10 nM ligand concentration, but virtually absent 
without heparin. For FGF1-induced stimulation, the heparin 
dependence was more modest, with MAPK activation reaching 
saturation at lower ligand concentrations with heparin than 
without it (0.5 to 1.0 nM vs. 2.5 to 5.0 nM). One explanation 
for the modest heparin dependence for FGF1 is that, in addition 
to binding heparan sulfate, FGF1 binds chondroitin sulfate, albeit 
weakly (31). Since chondroitin sulfate is expressed at elevated levels 
in mutant CHO cells (28), it may possibly substitute for HSPG in 
supporting FGF1 signaling in these experiments. Nonetheless, to 
confirm the well-documented role of HSPG in FGF1 signaling, 
we also tested FGF1 stimulation in WT and mutant CHO cells 
stably expressing FGFR1c alone and observed that while MAPK 
activation is similar in WT CHO cells with or without heparin, it 
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Fig. 1. Single-molecule imaging of HaloTag-βKlotho. (A) Expanded view of HaloTag-βKlotho particles on the surface of a WT CHO cell imaged by TIRFM (Upper). 
The HaloTag on the extracellular portion of βKlotho was labeled with a cell-impermeant Alexa488 HaloTag ligand. A selected frame (100-ms exposure) from 
a 10-Hz recording is shown. (Scale bar, 2 μm.) Automated detection and tracking of moving HaloTag-βKlotho particles during a 10-s recording period (Lower). 
Single-particle tracking was performed as described in Materials and Methods. (B) Diffusion coefficient of HaloTag-βKlotho particles calculated from their MSD 
in WT and mutant (HSPG deficient) CHO cells under the following conditions: no ligands (40 cells each for WT and mutant cells); FGFR1c only (34 and 41 cells, 
respectively); FGFR1c and FGF21 (7 and 26 cells, respectively); FGFR1c, FGF21, and 4 μg/mL heparin (8 and 22 cells, respectively); and FGFR1c, FGF21, and 40 μg/mL  
heparin (7 and 23 cells, respectively). Error bars indicate mean ± SE, **P < 0.01 and ***P < 0.001 by Student’s t test. (C) Representative intensity distributions of 
HaloTag-βKlotho in cells under the indicated conditions of FGF21 (10 nM) and heparin (40 μg/mL). Intensities represent the volume under 2D Gaussian fits of 
the fluorescence of particles. Intensities were taken from the beginning (three frames) of each recording, and their distribution was fitted with a mixed Gaussian 
model. Black dashed lines, mixed fit. Red lines, individual components.
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is barely induced in HSPG-deficient CHO cells by FGF1 without 
heparin (SI Appendix, Fig. S4A). Likewise, we confirmed the role 
of βKlotho in FGF21 signaling by testing FGF21 stimulation in 
WT CHO cells that stably express FGFR1c alone or FGFR1c 
together with βKlotho, which showed that βKlotho is required 
for MAPK activation (SI Appendix, Fig. S5A).

Unlike most signaling pathways (e.g., MAPK) downstream of 
FGFR activation, Ca2+ signaling through activation by phospho-
lipase Cγ is mediated directly by FGFR, not through the docking 
protein FRS2α (1). Among its metabolic roles, FGF21 induces 

intracellular Ca2+ release in the exocrine pancreas to release diges-
tive enzymes (26). For these reasons, we also examined the heparin 
dependence of Ca2+ signaling by FGF1 and FGF21, using ligand 
concentrations that showed strong heparin dependence for MAPK 
activation. In WT CHO cells stably expressing FGFR1c and 
βKlotho, both FGF1 (0.1 nM) and FGF21 (50 nM) induced Ca2+ 
release that was only slightly increased by heparin (Fig. 2 B and C). 
In contrast, in mutant CHO cells, Ca2+ release induced by FGF1 
and FGF21 was robust only when heparin was added. These results 
thus demonstrate that heparin is essential for different signaling 
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Fig. 2. FGF21-induced stimulation of cell signaling requires heparin. (A) Comparison of the effect of heparin on FGF1 and FGF21-induced tyrosine phosphorylation 
of FRS2α and MAPK response. HSPG-deficient CHO cells stably expressing FGFR1c together with βKlotho were left unstimulated or stimulated with either FGF1, 
FGF1 together with heparin (5 μg/mL), FGF21, or FGF21 together with heparin (5 μg/mL) in increasing concentrations (as indicated) for 10 min at 37 °C. The 
cells treated with heparin alone (5 μg/mL) were used as controls. Cell lysates were subjected to SDS/PAGE and analyzed for tyrosine phosphorylation of FRS2α 
and MAPK activation by immunoblotting with anti-pFRS2α and anti-pMAPK antibodies, respectively. Anti-FGFR1, anti-HA, and anti-MAPK antibodies were used 
as loading controls. (B and C) Comparison of the effect of heparin on FGF1 and FGF21-induced Ca2+ release. WT or HSPG-deficient CHO cells stably expressing 
FGFR1c together with βKlotho were loaded with the fluorescent Ca2+ indicator Calbryte 520 AM and stimulated with either FGF1 (0.1 nM), FGF1 (0.1 nM) together 
with heparin (40 μg/mL), FGF21 (50 nM), or FGF21 (50 nM) together with heparin (40 μg/mL). Fluorescence images of HSPG-deficient CHO cells at the indicated 
minutes after stimulation (B). Images are displayed using the “Fire” lookup table in ImageJ. (Scale bar, 100 μm.) Time-course of Ca2+ release in WT or mutant 
(HSPG deficient) CHO cells after the addition (arrow) of the indicated ligands (C). The change in fluorescence (ΔF) was normalized to initial fluorescence (F0) and 
plotted as a function of time. Error bars indicate mean ± SE (n = 30 cells for each condition).
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pathways activated by FGF21. Notably, Ca2+ release was more 
sustained with FGF1 than with FGF21 stimulation. We observed 
a similar difference in the duration of MAPK activation by FGF1 
and FGF21 (see later).

As with the MAPK activation experiments, we corroborated 
that Ca2+ release by FGF1 requires heparin by also testing WT 
and HSPG-deficient CHO cells that stably express FGFR1c only 
(SI Appendix, Fig. S4B) and that Ca2+ release by FGF21 requires 
βKlotho by testing WT CHO cells expressing FGFR1c alone or 
FGFR1c together with βKlotho (SI Appendix, Fig. S5B). Finally, 
in agreement with CHO cells possessing very little endogenous 
FGFR1 (29), we found that FGF21 with or without heparin 
failed to induce Ca2+ release in parental HSPG-deficient CHO 
cells and induced only infrequent Ca2+ oscillations when βKlotho 
was stably expressed without exogenous FGFR1c coexpression 
(SI Appendix, Fig. S6).

FGF1 Reduces the Lateral Mobility of βKlotho on the Cell Surface 
through FGFR1c–βKlotho Interactions. In solution, βKlotho and 
FGFR1c bind weakly to each other with a dissociation constant 
(Kd) value of approximately 1 μM (11). In cells, this weak 
interaction is likely augmented by the reduced dimensionality 
of the membrane. If βKlotho–FGFR1c heterodimers exist in 
equilibrium with βKlotho and FGFR1c monomers, then in the 
process of driving the formation of ternary FGF21–βKlotho–
FGFR1c complexes, FGF21 may initially bind to preexisting 
βKlotho–FGFR1c heterodimers, not just βKlotho monomers. 
For the same reason, it is possible that FGF1 could indirectly 
induce clustering of βKlotho as it drives dimerization of FGFR. 
Thus, to test the idea that βKlotho and FGFR1c interact 
constitutively, we examined the effect of FGF1 on the lateral 
mobility of HaloTag-βKlotho, in the same way that we had 
done for FGF21. In WT CHO cells, the addition of FGF1 
alone (orange bar) caused a robust decrease (27.9%, P < 0.001) 
in the diffusion coefficient of HaloTag-βKlotho with FGFR1c 
compared to the no-ligand condition (cyan bar; Fig. 3A). This 
decrease was greater than that seen with FGF21 alone in WT 
CHO cells (Fig.  1A). Interestingly, the inclusion of soluble 
heparin with FGF1 (hatched orange bars) caused the diffusion 
coefficient to rise again, resulting in coefficients that fell between 
those with FGF1 alone and no ligand. This pattern of heparin 
dependence was not observed in mutant CHO cells because 
FGF1 did not significantly reduce the diffusion coefficient unless 
heparin was included. Because i) FGF1 together with heparin 
produces similar diffusion coefficients in WT and mutant 
CHO cells, and ii) heparin competes with HSPG for binding 
to FGF1 and FGFR1c, the smaller effect of FGF1 when heparin 
is included in WT CHO cells likely reflects the different physical 
properties of HSPGs and soluble heparin.

To confirm that the above results reflect an interaction between 
βKlotho and FGFR1c, we deleted a region in βKlotho (residues 
544 to 572) that corresponds to the so-called receptor binding 
arm (RBA) in αKlotho. The RBA was previously shown to mediate 
αKlotho binding to FGFR1c (21). We imaged HaloTag-βKlotho 
ΔRBA in mutant CHO cells without ligand or with FGF1 and 
FGF21. Both ligands were added at 10 nM and with heparin at 
the higher concentration (40 μg/mL). As shown in Fig. 3B, the 
diffusion coefficient of HaloTag-βKlotho ΔRBA in cells with 
FGFR1c was unchanged by the addition of ligands and heparin, 
indicating an importance for the RBA in the lateral mobility of 
βKlotho. To validate that βKlotho ΔRBA does not bind FGFR1c, 
we stably transfected L6 cells with βKlotho WT or βKlotho 
ΔRBA, both fused to an HA tag, and FGFR1c. The cells were left 
unstimulated or stimulated with FGF1 (10 nM) or FGF21 (10 

nM) with heparin (5 μg/mL) for 10 min at 37 °C. Cell lysates 
were immunoprecipitated with anti-HA antibodies and subjected 
to SDS/PAGE and immunoblotting with anti-FGFR antibodies 
and anti-HA antibodies, to test for βKlotho binding to FGFR1c. 
The lysates were also analyzed for MAPK activation, MAPK phos-
phorylation of the receptor, and tyrosine phosphorylation of 
FRS2α by immunoblotting with antibodies for pMAPK, pSer-
FGFR1, and pFRS2α, respectively. Anti-FGFR1 and anti-MAPK 
antibodies were used as loading controls. The results show that 
βKlotho WT, but not βKlotho ΔRBA, binds FGFR1c (Fig. 3C) 
and mediates FGF21 signaling (Fig. 3D). FGF1, which does not 
require βKlotho for signaling, robustly stimulated FGFR activa-
tion and MAPK response in cells expressing either βKlotho WT 
or βKlotho ΔRBA. These experiments thus demonstrate that 
βKlotho binding to FGFR1c is necessary for ligand-induced 
changes in the diffusion coefficient of HaloTag-βKlotho.

Consistent with indirect clustering of βKlotho by FGF1, the 
intensity distribution of HaloTag-βKlotho particles in CHO cells 
coexpressing FGFR1c could be fitted with mixed Gaussian models 
containing several peaks when FGF1 was added (Fig. 3E). In WT 
CHO cells, this redistribution of intensity did not require the 
addition of soluble heparin. However, in mutant CHO cells lack-
ing HSPG, FGF1 required heparin to produce a similarly large 
change in the intensity distribution of HaloTag-βKlotho particles. 
Altogether, these results demonstrate that a monomer–heterodi-
mer equilibrium of βKlotho and FGFR1c molecules allows 
βKlotho to become clustered with FGFR1c during FGF1-induced 
receptor dimerization.

FGF1 Promotes Degradative Trafficking of βKlotho. Clustering 
of βKlotho by FGF1 raises the possibility that βKlotho could be 
down-regulated by FGF1-stimulated endocytosis and subsequent 
degradation of FGFR1c. To test this, L6 cells stably expressing 
FGFR1c and βKlotho fused to an HA tag were left unstimulated 
or stimulated with either FGF1 (10 nM) together with heparin 
(5 μg/mL) or FGF21 (10 nM) for various time points at 37 
°C. Cell lysates were subjected to SDS/PAGE and analyzed for 
tyrosine phosphorylation of FRS2α, MAPK activation, and 
serine phosphorylation of FGFR1c (by activated MAPK), by 
immunoblotting with antibodies for pFRS2α, pMAPK, and 
pSer-FGFR, respectively. FGFR1c tyrosine phosphorylation was 
analyzed by immunoprecipitation with anti-FGFR1 antibodies 
followed by SDS/PAGE and immunoblotting with anti-pTyr. To 
analyze the level of FGFR1c and βKlotho expression, cell lysates 
were subjected to immunoblotting with anti-FGFR1 antibodies 
or immunoprecipitation with anti-HA antibodies followed by 
immunoblotting with anti-βKlotho antibodies. The data presented 
in Fig. 4A demonstrate that, in response to FGF1, FGFR1c and 
βKlotho are both down-regulated within 1 to 3 h. In contrast, in 
cells stimulated with FGF21, the levels of FGFR1c and βKlotho 
were unchanged for the duration of the experiment. With respect 
to signaling, FGF1 induced much greater activation of FGFR1c 
and its downstream effectors than FGF21 (Fig. 4A). These results 
suggest that downregulation of FGFR1c and βKlotho levels 
depends on the strength of FGFR1c activation.

Because protein levels reflect not only the degradation of protein 
but also its synthesis, we performed cycloheximide chase experi-
ments to monitor βKlotho levels in the absence of de novo protein 
synthesis. L6 cells stably expressing FGFR1c together with βKlotho 
fused to an HA tag were treated overnight with cycloheximide (50 
μg/mL). The treated cells were left unstimulated or stimulated 
with either FGF1 (10 nM) together with heparin (5 μg/mL) or 
FGF21 (10 nM) for various time points at 37 °C. The cell lysates 
were subjected to SDS/PAGE and analyzed for FGFR1c and 

http://www.pnas.org/lookup/doi/10.1073/pnas.2219128120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219128120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219128120#supplementary-materials
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βKlotho expression using anti-FGFR1 and anti-HA antibodies, 
respectively. Anti-MAPK antibodies were used as loading control. 
We also assessed FGFR1c/βKlotho complex formation by immu-
noprecipitating cell lysates with anti-HA antibodies and immu-
noblotting with anti-FGFR1 and anti-HA antibodies. The results 
show that βKlotho and FGFR1c levels are strongly reduced 1 to 
3 h after FGF1 stimulation (Fig. 4 B, Middle). However, in cells 
that were left unstimulated or stimulated with FGF21 (Fig. 4 B, 

Left and Right, respectively), βKlotho and FGFR1c levels were 
reduced after a longer period of time, 9 to 12 h. Thus, the half-life 
of βKlotho with FGF1 but not FGF21 stimulation is shorter than 
the intrinsic rate of protein turnover for βKlotho. Consistent with 
a constitutive interaction, βKlotho and FGFR1c could be coim-
munoprecipitated under all the three conditions, including in 
unstimulated cells (Fig. 4B, bottom pair of blots). Importantly, in 
L6 cells expressing FGFR1c and βKlotho ΔRBA, FGF1 could 
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Fig. 3. FGF1 induces clustering of βKlotho through FGFR1c–βKlotho interactions. (A) Diffusion coefficient of HaloTag-βKlotho WT particles calculated from their 
MSD in WT and mutant (HSPG deficient) CHO cells under the following conditions: no ligands (40 cells each for WT and mutant cells); FGFR1c only (34 and 41 
cells, respectively); FGFR1c and FGF21 (17 and 13 cells, respectively); FGFR1c, FGF21, and 4 μg/mL heparin (7 and 19 cells, respectively); and FGFR1c, FGF21, and 
40 μg/mL heparin (8 and 24 cells, respectively). Error bars indicate mean ± SE, *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t test. (B) Diffusion coefficient 
of HaloTag-βKlotho ΔRBA particles in HSPG-deficient CHO cells under the following conditions: no ligands (9 cells); FGFR1c, FGF21, and 40 μg/mL heparin (9 cells); 
and FGFR1c, FGF1, and 40 μg/mL heparin (8 cells). (C and D) L6 cells stably expressing FGFR1c together with either βKlotho WT or βKlotho ΔRBA (both with an HA 
tag) were left unstimulated or stimulated with FGF1 (10 nM), FGF1 together with heparin (5 μg/mL), FGF21 (10 nM), or FGF21 together with heparin (5 μg/mL) for 10 
min at 37 °C. Cell lysates were subjected to immunoprecipitation with anti-HA antibodies followed by SDS/PAGE and immunoblotting with anti-FGFR and anti-HA 
antibodies (C). Cell lysates were subjected to SDS/PAGE and analyzed for MAPK activation, MAPK phosphorylation of the receptor, and tyrosine phosphorylation 
of FRS2α by immunoblotting with antibodies for pMAPK, pSer-FGFR1c, and pFRS2α respectively (D). Anti-FGFR1c and anti-MAPK antibodies were used as loading 
controls. (E) Representative intensity distributions of HaloTag-βKlotho WT in WT and mutant (HSPG deficient) CHO cells under the indicated conditions of FGF1 (10 
nM) and heparin (40 μg/mL). Intensities represent the volume under 2D Gaussian fits of the fluorescence of particles. Intensities were taken from the beginning 
(three frames) of each recording, and their distribution was fitted with a mixed Gaussian model. Black dashed lines, mixed fit. Red lines, individual components.
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Fig. 4. FGF1 promotes degradative trafficking of βKlotho. (A) L6 cells stably expressing FGFR1c together with βKlotho were left unstimulated or stimulated with 
either FGF1 (10 nM) together with heparin (5 μg/mL) or FGF21 (10 nM) for the indicated time points at 37 °C. Cell lysates were subjected to SDS/PAGE and analyzed 
for tyrosine phosphorylation of FRS2α, MAPK activation, and serine phosphorylation of FGFR1c by activated MAPK, by immunoblotting with antibodies for pFRS2α, 
pMAPK, and pSer-FGFR, respectively. Anti-MAPK antibodies were used as loading control. FGFR1c expression was examined with anti-FGFR1 antibodies. FGFR1c 
tyrosine phosphorylation was examined by subjecting cell lysates to immunoprecipitation (IP) with anti-FGFR1 antibodies followed by immunoblotting with anti-
pTyr antibodies. βKlotho expression levels were determined by subjecting cell lysates to immunoprecipitation with anti-HA antibodies followed by immunoblotting 
with anti-βKlotho antibodies. TCL, total cell lysate. (B) L6 cells stably expressing FGFR1c together with βKlotho were treated overnight with 50 μg/mL cycloheximide. 
Treated cells were left unstimulated or stimulated with either FGF1 (10 nM) together with heparin (5 μg/mL) or FGF21 (10 nM) for the indicated time points at 37 °C.  
Cell lysates were subjected to SDS/PAGE and analyzed for FGFR1c and βKlotho expression using anti-FGFR1 and anti-HA antibodies, respectively. Anti-MAPK 
antibodies were used as loading control. FGFR1c binding to βKlotho was examined by subjecting cell lysates to immunoprecipitation with anti-HA antibodies 
followed by immunoblotting with anti-FGFR1c and anti-HA antibodies. (C) CHO cells stably expressing FGFR1c were transfected with HaloTag-βKlotho WT or 
HaloTag-βKlotho ΔRBA and labeled with Alexafluor-488 HaloTag ligand for 15 min at 37 °C before stimulation with FGF1 (10 nM) together with heparin (40 μg/mL) 
at 37 °C. The cells were fixed, labeled with Hoechst 33342 to visualize nuclei, and immunostained with LAMP1 antibodies to visualize lysosomes. (Scale bar, 25 μm.)
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down-regulate FGFR1c but not βKlotho ΔRBA  
(SI Appendix, Fig. S7), further supporting that βKlotho and 
FGFR1c interact with each other on the cell membrane.

Finally, to test whether downregulation of βKlotho by FGF1 
is due to degradative trafficking, we examined the subcellular 
localization of HaloTag-βKlotho during FGF1 stimulation by 
confocal microscopy. CHO cells stably expressing FGFR1c were 
transiently transfected with HaloTag-βKlotho or, as a negative 
control, HaloTag-βKlotho ΔRBA and labeled with Alexafluor-488 
HaloTag ligand for 15 min at 37 °C. As in the single-molecule 
imaging experiments, this protocol labels the cell surface pool of 
HaloTag-βKlotho. The labeled cells were then stimulated with 
FGF1 (10 nM) together with heparin (40 μg/mL) at 37 °C, fixed 
at various time points, and immunostained with LAMP1 anti-
bodies to visualize lysosomes. Fig. 4C shows that HaloTag-
βKlotho, which initially decorates the plasma membrane, is 
rapidly internalized and appears as numerous intracellular spots 
within 30 min of stimulation. After an additional 120 min, 
HaloTag-βKlotho spots can be seen to colocalize with LAMP1 
(yellow circles, zoomed region), indicative of degradative traffick-
ing. In contrast, consistent with the lack of downregulation of 
βKlotho ΔRBA by FGF1 (SI Appendix, Fig. S7), HaloTag-βKlotho 
ΔRBA internalized much more slowly, remaining on the plasma 
membrane after 30 min and not showing colocalization with 
LAMP1 after an additional 120 min.

Discussion

In canonical FGF signaling, the relatively weak affinity between 
ligand and receptor is compensated by the utilization of HSPGs 
which function as both coreceptors of FGF and coligands of 
FGFR molecules. Because HSPGs are ubiquitously present on cell 
membranes and the extracellular matrix, FGFs cannot diffuse 
freely upon secretion, which naturally confers an aspect of spatial 
regulation to their signaling. Indeed, this limited diffusive property 
is important for canonical FGFs to regulate the highly orchestrated 
process of tissue development (32, 33). Ironically, some FGFs 
require the opposite diffusive property so that they can travel 
between distant tissues to regulate metabolic signaling. In order 
to circulate, endocrine FGFs have lost their affinity for HSPGs 
and gained the ability to bind tightly to αKlotho or βKlotho, 
which are selectively expressed by their target tissues, to activate 
FGFR. The use of different coreceptors—HSPGs or Klotho pro-
teins—by FGFs has thus led to the long-held idea that a dichot-
omy exists between canonical and endocrine FGF signaling with 
respect to heparin dependence. However, what has been less clear 
is how endocrine FGF signaling could be completely independent 
of heparin when heparin binding by FGFRs is an essential com-
ponent of FGF signaling. It is also not clear how FGF19, FGF21, 
and FGF23 stimulate dimerization and activation of Klotho–
FGFR complexes and whether heparin plays a role in endocrine 
FGF stimulation of cell signaling.

In this report, we show that heparin is in fact essential for 
FGF21 signaling. Experiments are presented demonstrating that 
heparin or HSPG function as coligands of FGFRs in FGF21 
signaling. As previously demonstrated, βKlotho functions as a 
coreceptor of FGF21 or more precisely as the high-affinity surface 
FGF21 receptor. We used single-molecule TIRFM of fluorescently 
labeled HaloTag-βKlotho in WT and HSPG-deficient cells to 
demonstrate that multimerization (i.e., activation) of ternary 
FGF21–βKlotho–FGFR1c complexes on the cell surface requires 
heparin. Likewise, we demonstrate in signaling experiments with 
WT and HSPG-deficient cells that FGF21-stimulated activation 
of MAPK and induction of intracellular Ca2+ release depend on 

heparin. FGFR1c binds heparin with submicromolar affinity (63 
to 450 nM; ref. 34), while FGF21 binding to heparin is too weak 
to be reliably determined (35). Thus, our data emphasize the 
importance of heparin binding to FGFR and agree with the role 
of heparin in promoting receptor dimerization through direct 
interactions with adjoining FGFRs (12). This conclusion is con-
sistent with experiments demonstrating that in BaF3 cells deficient 
in HSPG expression, heparin binding to both FGF23 and 
FGFR1c is necessary for FGF23 signaling (21).

However, receptor dimerization is also mediated by the bivalent 
binding of FGF to two FGFR molecules (12). In this regard, it is 
notable that the FGF core of FGF21 binds so weakly to FGFR1c 
that a precise dissociation constant cannot be determined (Kd > 10 
to 100 μM; ref. 11). Our study suggests that FGF21 signaling 
compensates for this by relying on the interaction between 
βKlotho and FGFR1c. In solution, these two proteins bind each 
other with a dissociation constant of ~1 μM (11). The physiolog-
ical relevance of this interaction has heretofore been unclear. We 
now show that βKlotho binding to FGFR1c is necessary to form 
activated ternary FGF21–βKlotho–FGFR1c complexes on the 
cell surface and to induce signaling by FGF21. This implies that 
FGF21 is unable to effectively recruit FGFR1c after binding to 
βKlotho and must bind to βKlotho–FGFR1c heterodimers to 
promote the formation of ternary FGF21–βKlotho–FGFR1c 
complexes. Since FGF21 binds tightly to βKlotho (Kd ~ 20 to 40 nM; 
refs. 11 and 36), the properties of FGF21 signaling are largely 
fine-tuned by the relatively weaker interactions between βKlotho 
and FGFR1c, the FGF core of FGF21 and FGFR1c, and heparin 
and FGFR1c. Thus, FGF21-induced FGFR1c activation can be 
viewed as a coincidence detection event with FGFR1c at the center 
of three weak binary interactions. The intrinsic instability of this 
tetrapartite system may explain the generally weaker, more tran-
sient signaling induced by FGF21 compared to FGF1, which in 
turn is likely related to the absence of mitogenic activity with 
FGF21 signaling (37).

A consequence of the reliance on βKlotho–FGFR1c interac-
tions by FGF21 to stimulate the assembly of signaling complexes 
is that FGF1 and presumably other canonical FGFs (e.g., FGF2, 
FGF4, FGF5, FGF6) that activate FGFR1c can down-regulate 
βKlotho through ligand-induced receptor endocytosis. This is also 
likely the case for αKlotho, which binds to FGFR1c with high 
affinity (Kd ~ 70 nM; ref. 20). Thus, endocrine FGF signaling in 
general may be subject to negative regulation by canonical FGF 
signaling. With respect to FGF21, one scenario in which such 
crosstalk could occur is in adipose tissues, where FGF21 and FGF1 
are both expressed under different nutritional states and known 
to have pleiotropic effects, including on insulin sensitivity and 
adipogenesis (38–40). Interestingly, in obese animals, FGF1 
expression is up-regulated in white adipose tissue (39, 40) while 
βKlotho is down-regulated (41–43). The mechanism underlying 
this βKlotho downregulation is presently unknown. And because 
obesity-related impairment of FGF21 signaling in this tissue  
(41, 42) perplexingly persists in adipose-specific βKlotho trans-
genic mice (43), the physiological ramifications of βKlotho down-
regulation remain unclear. Thus, in light of our findings, it may 
be worthwhile to examine the potential interplay between FGF1 
and FGF21 signaling in white adipose tissue under normal and 
obesogenic conditions.

Our proposed mechanism of formation of activated FGF21 and 
FGF1 signaling complexes in cells that express βKlotho is summa-
rized in Fig. 5. It shows that endocrine FGF signaling not only 
shares a dependence on HSPGs with canonical FGF signaling, 
which is necessary for receptor dimerization, but also may be reg-
ulated by canonical FGFs through downregulation of βKlotho by 

http://www.pnas.org/lookup/doi/10.1073/pnas.2219128120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219128120#supplementary-materials
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ligand-induced receptor endocytosis, due to interactions between 
βKlotho and FGFR1c that are essential for FGF21 signaling.

Materials and Methods

Plasmids, Antibodies, Growth Factors, and Reagents. The retroviral vector for 
C-terminal HA-tagged βKlotho was previously described (11) and made by sub-
cloning full-length βKlotho together with the HA-tag sequence into pBABE-hygro. 
The viral vector for FGFR1c was previously described (44) and made by subcloning 
FGFR1c into pBABE-puro. The mammalian expression vector for HaloTag-βKlotho 
was generated by subcloning βKlotho into a pCMV-N-HaloTag plasmid. The ΔRBA 
mutant of βKlotho, in which the FGFR1c binding site was deleted (aa Q544–R572), 
was generated by assembly PCR, followed by standard PCR cloning. pMAPK, 
MAPK, and HA-tag antibodies were purchased from Cell Signaling Technology. 
pTyr-FRS2α and human βKlotho antibodies were purchased from R&D Systems. 
FGFR1 and pSer-FGFR1 antibodies were generated against the C-terminal tail 
of FGFR1 (last 18 amino acids) and pSer-779 of FGFR1, respectively. Expression 
and purification of FGF1 and FGF21 were previously described (refs. 9 and 11, 
respectively). Heparin (sodium salt from porcine intestinal mucosa) was purchased 
from Sigma-Aldrich. Cycloheximide (used at a concentration of 50 μg/mL) was 
purchased from MilliporeSigma.

Cell Culture. WT CHO cells (CHO-K1) and HSPG-deficient CHO cells (pgsD-677) 
were obtained from ATCC. CHO cells were cultured at 37 °C and 5% CO2 in F-12K 
medium (ATCC) supplemented with 10% FBS (Gibco) and 1% penicillin-strepto-
mycin (Gibco). CHO cells stably expressing FGFR1c and βKlotho were generated 
using the retroviral pBABE vector system and maintained in media with puromy-
cin (10 μg/mL) and hygromycin B (400 μg/mL) for FGFR1c and βKlotho selection, 
respectively. L6 rat myoblasts were obtained from ATCC and cultured at 37 °C and 
5% CO2 in Dulbecco's modified eagle medium (DMEM; Gibco) supplemented 
with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin-streptomycin (Gibco). 
L6 cells stably expressing FGFR1c together with βKlotho WT or ΔRBA were gener-
ated in a similar manner using the retroviral pBABE vector system and maintained 
in media with puromycin (1 μg/mL) and hygromycin B (100 μg/mL).

Immunoprecipitation and Immunoblotting. WT CHO cells, HSPG-deficient 
CHO cells, and L6 cells stably expressing FGFR1c together with βKlotho WT or 
βKlotho ΔRBA were grown in 100-mm plates to >80% confluence. The cells 
were stimulated with either FGF1 or FGF21 (at indicated concentrations) in the 
presence or absence of heparin (5 μg/mL) for various time points (as indicated) at 
37 °C, lysed, and incubated with the appropriate antibodies overnight at 4 °C. The 
immunoprecipitates were then washed and applied to sodium dodecyl-sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) followed by immunoblotting with 
various antibodies as indicated.

Calcium Imaging. WT CHO cells and HSPG-deficient cells stably expressing 
FGFR1c together with βKlotho were plated onto 35-mm glass-bottom dishes 
(MatTek) in phenol-red free DMEM (Gibco) supplemented with 10% FBS (Gibco) 
and grown to ~75% confluence the next day. The cells were starved in serum-
free media for at least 2 h and then incubated with Calbryte 520 AM fluorescent 
calcium indicator (5 μM, AAT Bioquest) for 30 min at 37 °C. The cells were washed 
three times and then imaged at 37 °C on a Nikon Eclipse Ti2 microscope using a 
10× objective and a green fluorescent protein (GFP) excitation/emission filter set. 
Images were acquired every 5 s for 20 min with 200-ms exposure times. Ligands 
were added (at indicated concentrations) after 5 min of recording to obtain a 
baseline signal. Images were analyzed using ImageJ, and intensities of individual 
cells were calculated by taking the average intensity of a cell and subtracting the 
average intensity of a nearby region. Background-subtracted intensities during 
the last 10 baseline frames were averaged and used to normalize the change in 
fluorescence (ΔF/F0) upon ligand addition.

Single-Molecule TIRFM Imaging. WT CHO cells, HSPG-deficient CHO cells, and 
L6 cells were plated on 35-mm glass-bottom dishes (MatTek Corporation) and 
transfected with 0.25 μg HaloTag βKlotho plasmid alone or together with 1 μg 
FGFR1c plasmid the next day using Lipofectamine 3000 reagent (Invitrogen), 
according to the manufacturer’s instructions. The cells were labeled with  
0.25 μM Alexa488 HaloTag ligand (Promega) for 15 min at 37 °C and then 
washed three times with phenol-red–free DMEM. The cells were immediately 
imaged at 37 °C and 5% CO2 in a cage incubator (OkoLab) housing a Nikon 
Eclipse Ti2 microscope (Nikon) equipped with a motorized Ti-LA-HTIRF module 
with a 15-mW LU-N4 488 laser, using a CFI Plan Apochromat λ 100×/1.45 oil TIRF 
objective and a Prime95B complementary metal oxide semiconductor camera 
(Teledyne Photometrics). Images were acquired using a 100-ms exposure time at 
10 Hz with the laser power set at 100%. The penetration depth of the evanescent 
field was ∼118 nm. Particles were localized and tracked using the Matlab soft-
ware GaussStorm (45, 46). Briefly, the particles were automatically detected by 
using a bandpass filter to remove noise, followed by convolution with a Gaussian 
kernel, and then the selection of the above-threshold pixels. The particles were 
then fitted with elliptical two-dimensional (2D) Gaussian functions, which yielded 
their intensities expressed as the volume under the curve. The particles were 
tracked frame to frame using a tracking algorithm with a tracking window of 
seven pixels between consecutive frames. The distribution of the displacements 
of single particles was used to calculate a mean diffusion coefficient in a field of 
view encompassing an entire cell.

Immunofluorescence. WT CHO cells stably expressing FGFR1c were plated onto 
35-mm glass-bottom dishes (MatTek) and transfected with 1 μg HaloTag-βKlotho 
WT or HaloTag-βKlotho ΔRBA plasmid the next day using Lipofectamine 3000 
reagent (Invitrogen), according to the manufacturer’s instructions. The cells were 

�Klotho

FGFR

FGF1

FGF21

HSPG

HSPG

(i)

(ii)

(iii)

Fig. 5. Mechanism of FGF21 and FGF1 signaling in cells with βKlotho. βKlotho–FGFR1c heterodimers in equilibrium with βKlotho and FGFR1c monomers (i) 
mediate the formation of FGF21–βKlotho–FGFR1c ternary complexes which are activated by HSPG-dependent dimerization of FGFR1c, with HSPG serving as 
a coligand for FGFR1c (ii). The same βKlotho–FGFR1c heterodimers cause βKlotho to join FGF1–FGFR1c complexes in canonical FGF1 signaling, resulting in the 
downregulation of βKlotho by HSPG-dependent dimerization and activation of FGFR1c, with HSPG serving as both a coreceptor for FGF1 and coligand for FGFR1c 
(iii). For clarity, only the heparan sulfate chain of HSPGs is depicted.
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labeled with 0.25 μM Alexa488 HaloTag ligand (Promega) for 15 min at 37 °C, 
washed three times, and then stimulated with FGF1 (10 nM) for various time 
points (as indicated). After each time point, the cells were fixed in 4% paraform-
aldehyde for 15 min at room temperature, washed in PBS three times for 5 min, 
incubated for 1 h in blocking buffer (5% normal goat serum, 0.3% Triton X-100), 
and then incubated overnight at 4 °C with primary antibody against LAMP1 
(Cell Signaling Technology). The cells were washed in PBS three times for 5 min, 
incubated for 1 h with Alexa568-conjugated goat anti-rabbit secondary antibody  

(5% normal goat serum, 0.3% Triton X-100), and washed in PBS three times. 
Images were acquired with a Zeiss LSM 880 Airyscan confocal microscope.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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