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The fusion of mammalian cells into syncytia is a developmen-
tal process that is tightly restricted to a limited subset of cells.
Besides gamete and placental trophoblast fusion, only macro-
phages and myogenic stem cells fuse into multinucleated
syncytia. In contrast to viral cell fusion, which is mediated by
fusogenic glycoproteins that actively merge membranes, mam-
malian cell fusion is poorly understood at the molecular level. A
variety of mammalian transmembrane proteins, among them
many of the immunoglobulin superfamily, have been implicated
in cell-cell fusion, but none has been shown to actively fuse cells
in vitro. Here we report that the FGFRL1 receptor, which is up-
regulated during the differentiation of myoblasts into myo-
tubes, fuses cultured cells into large, multinucleated syncytia.
We used luciferase and GFP-based reporter assays to confirm
cytoplasmic mixing and to identify the fusion inducing domain
of FGFRL1. These assays revealed that Ig-like domain IIT and the
transmembrane domain are both necessary and sufficient to
rapidly fuse CHO cells into multinucleated syncytia comprising
several hundred nuclei. Moreover, FGFRL1 also fused HEK293
and HeLa cells with untransfected CHO cells. Our data show
that FGFRL1 is the first mammalian protein that is capable of
inducing syncytium formation of heterologous cells in vitro.

Under non-pathological conditions, the fusion of mamma-
lian cells is a highly regulated process that takes place only in a
small number of well defined tissues. The male gamete fuses
with the female egg, macrophages fuse into multinucleated
osteoclasts, myoblasts differentiate into the syncytial myofibers
and placental cells form the trophoblast layer by cell-cell fusion
(1). When cells fuse with each other, the lipid bilayer of the
plasma membrane has to be actively merged and the energetic
barrier that normally prevents membrane merging has to be
overcome (2). In contrast to intracellular vesicle fusion and
virally induced fusion, the molecular events underlying cell-cell
fusion have remained largely elusive (3). Some progress has
come from the study of developmental cell-cell fusion events in
Caenorhabditis elegans. In worm cells, the membrane proteins
EFF and AFF have been shown to mediate homotypic fusion
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events of a variety of somatic cell types. As genuine fusogens,
both proteins also induce the fusion of heterologous cells upon
ectopic expression (4, 5).

In mammals, the fusion of the gametes, osteoclasts, and myo-
fibers is much less understood despite intensive research
efforts. Although several cell surface and intracellular proteins
have been shown to be essential for syncytium formation, none
of them have been identified as the molecules that directly
mediate the fusion process. The syncytins, which are involved
in human placental trophoblast fusion, represent an exception,
as syncytin-1 and syncytin-2 exhibit direct fusogenic activity in
cell culture assays (6, 7). These two proteins, however, are
believed to be of retroviral origin and can therefore not be con-
sidered as mammalian fusogenic proteins. To date, no mamma-
lian protein has been shown to induce syncytium formation of
heterologous cells in culture (1, 2).

In this context, we investigated a putative role of the fibro-
blast growth factor receptor-like 1 (FGFRL1)? in mammalian
cell fusion. FGFRL1 is the most recently discovered member of
the fibroblast growth factor receptor (FGFR) family. In contrast
to the four conventional FGFREs, it lacks the cytoplasmic tyro-
sine kinase domain that is needed for intracellular signal trans-
duction (8). During mouse embryogenesis it is mainly
expressed in cartilage, cartilaginous primordia of bones, and in
the developing muscles of the diaphragm and the tongue (9).
FGFRL1-deficient mice die immediately after birth because of
severe defects in the diaphragm muscle, which is not strong
enough to properly inflate the lungs (10, 11). In addition, they
completely lack functional kidneys due to a failure to initiate
nephrogenesis (12). In agreement with a possible role in myo-
genesis, FGFRLLI is expressed in the myogenic somites from
E10.5 on (13), and its expression is sharply up-regulated during
the differentiation of C2C12 myogenic cells into multinucle-
ated myotubes (10, 14). With its short intracellular domain of
only 100 amino acids and its extracellular domain that is
homologous to the FGFRSs, it can function as a negative regula-
tor of FGF signaling (14). However, FGFRLI also displays char-
acteristics that point to an additional cellular function, which is
reminiscent of many cell adhesion proteins. Like the nectins
and other cell adhesion proteins it is a member of the Ig-domain
superfamily (IgSF) and, as demonstrated by FRET experiments,
it forms constitutive dimers that promote cell adhesion (15).

2 The abbreviations used are: FGFRL1, fibroblast growth factor receptor-like 1;
LC-MS, liquid chromatography-mass spectrometry; FGF, fibroblast growth
factor; FGFR, fibroblast growth factor receptor; GAG, glycosaminoglycan.
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Moreover, when FGFRLI is overexpressed in cultured cells it is
often enriched at sites of cell-cell contact, indicating a role in
cell-cell signaling or adhesion (15).

In the present study, we demonstrate that FGFRL1 rapidly
induces the formation of large syncytia when it is overexpressed
in heterologous cells. Ig-domain III and the transmembrane
domain of FGFRL1 are sufficient to fuse CHO cells with a
diverse set of other cell lines. FGFRLI is therefore the first
mammalian protein that has been shown to fuse heterologous
cells in culture, indicative of a possible role in myoblast fusion.

EXPERIMENTAL PROCEDURES

Cell Culture—Regular CHO-K1 cells, glycosaminoglycan-
deficient CHO-PgsA-745 cells (ATCC CRL-2242), heparan sul-
fate-deficient CHO-PgsD-677 cells (ATCC CRL-2244), and
HEK293 cells were obtained from the ATCC and kept under
standard conditions in DMEM supplemented with 10% FBS.
HEK-TetOn advanced cells were obtained from Clontech and
cultured under standard conditions.

Stable, Tetracycline-inducible Cell Line—HEK-TetOn cells
were co-transfected with FGFRL1 wild type and FGFRL1AC in
pTRE (Tet Responsive Element plasmid from Clontech) and a
linear hygromycin selection marker (Clontech) and selected
with 150 ug/ml hygromycin for 2 weeks. Healthy colonies were
picked with cloning cylinders and screened for inducible
FGFRL1 expression by Northern blotting. To induce expres-
sion, 1000 ng/ml doxycycline (Clontech) was added to the cul-
ture medium.

Cell-Cell Fusion Assay—CHO cells were grown to 50% con-
fluence in 100 mm dishes and transfected with 2 pg luciferase
(pTRE-Luc) in a tetracycline-inducible expression vector
(pTRE, Clontech) using the Metafectene transfection reagent
(Biontex). HEK-TetOn cells were grown to 50% confluence in
60 mm dishes and transfected with 1 ug of FGFRL1 expression
constructs in pcDNA3.1 (Invitrogen). After 36 h, the two cell
populations were trypsinized and seeded together into 12-well
plates at a slightly overconfluent density. The cells were then
left to fuse overnight in the presence of 1000 ng/ml doxycycline
(Clontech). Luciferase activity was assayed after cell lysis with
the Promega luciferase assay system. The luciferase activity
measured in wells with only CHO cells served as a reference and
was subtracted as background. As a control, the CHO cells were
seeded together with HEK-TetOn wild-type cells. To block the
fusion, 2 ug/ml of a monoclonal, humanized Fab-fragment (16)
against the human FGFRL1 ectodomain was added to the cell
culture medium upon seeding of the cells. 2 ug/ml of an anti-
body against the cytoplasmic domain of FGFRL1 (Santa Cruz
Biotechnology) was used as a control antibody.

To visualize fusion, eGFP (from Clontech living colors
expression plasmid) in pTRE was transfected instead of the
luciferase construct. For the fusion experiments with the
FGFRLI1 wild-type construct (Figs. 1 and 2), 10 ug/ml heparin
sodium (Sigma) was added to the culture medium upon seeding
of the cells.

Latrunculin-B, cytochalasin-D, and nocodazole were pur-
chased from Axxora (Switzerland), diluted in DMSO and added
to the culture medium after seeding of the cells. Heparanase I
was purchased from Sigma. It was added when cells started to
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fuse at 5 units/ml in serum-free DMEM. For the complete list of
FGFRL1 and FGFR constructs that were tested for their fuso-
genic activity please see below.

Exogenous Glycosaminoglycans—To test the effect of exoge-
nous GAGs on the cell-cell fusion, each was added at 0.01-10
pg/ml to the culture medium upon seeding. From Sigma were:
Cell culture grade heparin sodium salt from porcine mucosa
(H3149), dermatan sulfate (C3788), chondroitin sulfate A
(chondroitin-4-sulfate) from bovine trachea (C9819), dextran
sulfate (D7140), chondroitin-6-sulfate from shark cartilage
(C4384), heparan sulfate sodium salt from bovine kidney
(H7640). Hyaluronic acid sodium salt from human umbilical
chord was from Fluka (53740).

Fusion Time Course Experiment—HEK293 cells were trans-
fected with FGFRL1ACA12-eGFP, trypsinized and seeded
together with untransfected, trypsinized CHO-PgsA cells onto
coverslips in 30 mm dishes at a confluent density (ratio of CHO
to HEK cells 5:1). The time point when the cells started to
attach (~6 h after seeding) was taken as the starting point. From
then on, one dish at a time was fixed every 40 min and stained
with DAPL A representative picture from every time point (up
to 160 min) was taken to illustrate the time course of the fusion
process.

GST Pull-down and Mass Spectrometry—Fusion constructs
of FGFRL1AC and FGFRL1IACA12 with glutathione S-transfer-
ase (from pGEX, GE-Healthcare) were generated by overlap
PCR and cloned into pcDNA3.1. HEK293 cells were transfected
with the constructs and stably expressing cells were selected
with 800 wg/ml G418 over 3 weeks. The cells were grown to
confluence in 150 mm dishes, lysed with 1% Triton-X100 in
PBS, supplemented with Roche Complete Mini Protease Inhib-
itor, and centrifuged at 25,000 X g for 30 min at 4 °C. The
supernatant was incubated with glutathione beads for 4 h at
4°C, followed by repeated washing of the beads with PBS.
Bound proteins were eluted with saturated urea (Fluka) in PBS.
To evaluate pull-down efficiency, 50% of the eluate was boiled
in SDS sample buffer, separated by SDS-PAGE and visualized
by silver staining of the gel (silver staining kit from Pierce). To
identify the proteins that co-purified with FGFRL1-GST, pro-
teins in the remaining eluate were digested with trypsin, sepa-
rated by HPLC (Waters Alliance HT2795) and identified with a
Bruker Esquire3000plus Ion Trap Mass spectrometer. As con-
trol samples, HEK293 wild-type cells or cells expressing only
GST were subjected to the same treatment. The proteins
detected in four independent control pull-down experiments
(two wild type and two stably GST transfected) were subtracted
from the proteins detected in four FGFRL1AC-GST and
FGFRLIACA12-GST pull-downs. In addition, contaminant
proteins that commonly bind to Sepharose beads, published by
Trinkle-Mulcahy et al. (17), were subtracted.

FGFRLI and FGFR Expression Constructs—The C-termi-
nally truncated human FGFRL1 constructs were generated as
described by Rieckmann et al. (16). The final expression plas-
mid coded for the following amino acids: RL1AC-(1-416),
RL1AHisATyr-(1-468), RL1AHis-(1-478), and RL1 full-(1-
504). The FGFRLI1 constructs with deletions in the ectodomain
were based upon the C-terminally truncated construct (1-416)
and coded for the following amino acids: FGFRL1IACA1-(1-
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26 + 113-416), FGFRL1ACA23-(1-144 + 361-416),
FGFRL1ACA12-(1-29 + 238-416), FGFRL1ACA3-(1-240 +
357—416), FGFRL1IACA2-(1-144 + 240-416). The soluble
ectodomain (RL1exSol) covered the nucleotide sequence for
amino acids 1-367. The FGFRL1AC and FGFRL1ACA12 fusion
constructs with GST and eGFP were generated by overlap PCR
and encoded the proteins described above with a C-terminal
GST (from pGEX, Invitrogen) or eGFP (from Clontech Living
Colors expression plasmid) moiety. The C-terminally trun-
cated FGER constructs corresponded to the following amino
acids: FGER1AC-(1-415), FGFR2AC-(1-415), FGFR3AC-(1—
415), FGFR4AC-(1-410).

Immunocytochemistry—Cells were fixed with 4% paraform-
aldehyde in PBS, permeabilized and blocked with 0.2% Triton-
X100 and 1% BSA in PBS followed by staining with a mono-
clonal, humanized Fab-fragment antibody against the FGFRL1
ectodomain (1 ug/ml, described in Rieckmann et al. (16)) and
secondary anti-human Fab Cy3- or Cy2-coupled antibodies
(Jackson Laboratories). The actin cytoskeleton was visualized
by staining with TRITC-coupled phalloidin (Sigma). Nuclei
were stained with 4',6-diamidino-2-phenylindol (DAPI, In-
vitrogen). After mounting with Mowiol, the cells were
inspected with a Nikon Eclipse EL000M microscope. The con-
focal images of the C-terminally truncated FGFRL1 proteins
and those of FGFRL1 and the actin cytoskeleton were taken on
a Carl Zeiss LSM510 confocal microscope.

Surface Biotinylation of FGFRL1I—The different FGFRL1
variants were stably transfected into HEK293 cells via puromy-
cin selection. Whole cell extracts were prepared by boiling of
the cells in SDS sample buffer, followed by Western blot anal-
ysis of FGFRL1 expression with a polyclonal antibody against
the ectodomain of human FGFRL1 (R&D Systems). All cell
lines were grown to 80% confluence in 100 mm cell culture
dishes followed by surface biotinylation with the Pierce cell sur-
face isolation kit according to manufacturer’s instructions. The
isolated surface proteins were separated by SDS-PAGE and bio-
tinylated FGFRL1 was detected by Western blotting with the
antibody described above.

Apoptosis Detection—HEK293 cells were transfected with
FGFRL1ACA12-eGFP and co-cultured with CHO-PgsA cells.
The time point of cell attachment was taken as the starting
point. For the caspase 3/7 activity assay, the cells were lysed in
the culture dishes by adding 0.2% Triton-X100 to the culture
medium at the indicated time points. 50 ul of the lysate was
given to 50 ul of luminometric caspase 3/7 detection solution
(Promega), incubated for 15 min at room temperature followed
by measurement of caspase activity in a luminometer. For the
TUNEL staining, the fused cells were fixed after 16 h and
stained with the Roche In Situ Cell Death Detection kit accord-
ing to manufacturer’s instructions.

RESULTS

FGFRL1 Induces Syncytium Formation of CHO Cells—For
our studies of FGFRL1 function in cultured cells we overex-
pressed different FGFRL1 constructs in several cell lines. When
we transfected a C-terminally truncated form of FGFRLI1
(FGFRL1AC) into regular CHO wild-type cells (CHO-K1), we
observed that the cells underwent peculiar morphological
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changes. Specifically, we observed many cellular aggregates
that appeared to be syncytial cells containing a large number of
nuclei. To further investigate this phenomenon, we transfected
human FGFRL1AC into CHO-K1 cells and stained the cells for
FGFRL1 with DAPI as a counterstain. As shown in Fig. 14, large
FGFRL1AC expressing cell clusters with up to 100 aggregated
nuclei formed 24h post-transfection. The aggregates appeared
to be large, syncytial cells with a continuous cytoplasm. No cell
clusters and no nuclear aggregation were observed in control
transfected cells (not shown).

Because FGFRL1 is a heparin-binding receptor (8), we asked
whether heparan sulfate chains are required for the observed
morphological changes. We therefore transfected FGFRL1AC
into glycosaminoglycan-deficient CHO-PgsA-745 (CHO-
PgsA) cells. The CHO-PgsA cells also aggregated and the puta-
tive fusion process took place to an even greater extent than in
the CHO-K1 cells. Because of this, most of the following exper-
iments were performed with both the CHO-PgsA and the reg-
ular CHO-K1 cells. If not otherwise indicated, the figures show
images obtained with the CHO-PgsA cell line.

We next asked whether other cell lines overexpressing
FGFRL1 could “fuse” with the CHO cells. To this end, we gen-
erated tetracycline-inducible, clonal HEK cell lines (HEK-
TetOn-RL1) that express high levels of human FGFRL1 wild
type and FGFRLIAC upon induction with doxycycline. The
representative Northern blot in Fig. 1B demonstrates that
FGFRL1AC expression is tightly suppressed in the absence of
the inducer but strongly activated in the presence of 1000 ng/ml
doxycycline. When the CHO cells were co-cultured with the
HEK-TetOn-RL1 cell lines in the absence of doxycycline, no
“fusion-plaques” formed (Fig. 1C). However, when FGFRL1
expression was induced with 1000 ng/ml doxycycline, large,
syncytia-like cell clusters with aggregated nuclei developed
overnight. Notably, the C-terminally truncated form of
FGFRL1 induced much larger syncytial cells than the wild type
receptor. As expected, doxycycline had no effect on a co-cul-
ture of control HEK-TetOn and CHO cells (Fig. 1C). The fluo-
rescent staining of FGFRLL1 in the doxycycline-treated co-cul-
tures (Fig. 1C, bottom, right) confirmed that the large cell
aggregates uniformly expressed FGFRL1. The DAPI counter-
stain showed that the nuclei aggregated within these large
structures whereas no nuclear aggregation was observed in the
control culture with HEK TetOn cells (Fig. 1C, bottom, left).
When the dosage of doxycycline was lowered to induce mod-
erate (100 ng/ml) to low (10 ng/ml) expression levels of
FGFRL1AC, cell fusion still occurred, albeit to a lesser extent
(supplemental Fig. S1). Because we did not have to use any
transfection reagent for these experiments, we could exclude
that the observed phenomenon was in some way caused by a
cationic-lipid-mediated membrane disruption.

We next investigated whether the cellular aggregates were in
fact of a syncytial nature or merely densely clustered groups of
cells. In syncytial cells, the merging of the cell membranes and
the resulting fusion pores lead to cytoplasmic mixing followed
by the formation of a continuous cytoplasm (1, 2). To confirm
cytoplasmic mixing, we developed a reporter system based
upon the TetOn transactivator protein from the clonal,
FGEFRLL1 expressing HEK-TetOn-RL1 cell lines. Before co-cul-
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FIGURE 1. FGFRL1 expression induces changes in cellular morphology that indicate cell-cell fusion and
syncytium formation. A, CHO-K1 (left) and glycosaminoglycan deficient CHO-PgsA (right) cells were trans-
fected with C-terminally truncated FGFRL1 (FGFRL1AC in pcDNA3.1). One day after transfection, cells were
fixed and stained with a monoclonal antibody against FGFRL1 (Cy3, red) and DAPI. Note that most FGFRL1
positive CHO cells appear to be large, syncytial cell clusters with a continuous cytoplasm. Bar, 100 wm. B, North-
ern blot shows the induction of FGFRL1AC expression in a tetracycline inducible HEK-TetOn-RL1AC cell line
with increasing concentrations of doxycycline. The cell line was derived from a single clone selected for tightly
inducible expression. C, CHO-PgsA cells were seeded together with inducible, FGFRL1 wild type (right) and
FGFRL1AC-expressing cell line (middle), or with regular HEK-TetOn cells (left) as a control. Upon addition of
1000 ng/ml doxycycline to the co-cultures, large “fusion plaques” (indicated by white arrows) appeared in the
dishes with the FGFRL1-expressing HEK cell lines. No fusion was observed in the control dishes and in dishes
without doxycycline. Antibody staining of FGFRL1 (Cy3, red) shows that the large cell aggregates uniformly
expressed FGFRL1. Note that the image showing the fused FGFRL1 wild-type-expressing cells was taken at a
higher magnification. Bar, 200 um.

turing, the CHO cells were transfected with a tetracycline
inducible eGFP construct that is only expressed when the acti-
vated TetOn-transactivator protein is present. When cytoplas-
mic mixing between HEK-TetOn-RL1 and CHO cells occurs in
the presence of doxycycline, the TetOn transactivator should
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diffuse from the HEK cells into the
common cytoplasm and activate the
expression of the eGFP construct.
As a control, we co-cultured eGFP-
transfected CHO cells with non-
transfected HEK-TetOn cells that
did not express FGFRLI1. Fig. 24
shows that the HEK-TetON-RL1
cells indeed fused with the CHO
cells. The large, syncytial cells
expressed FGFRL1 (red) and eGFP
(green), indicating that cytoplasmic
mixing had occurred. The cells
comprised up to several hundred
nuclei that clustered together.
Again, the C-terminally truncated
FGFRLI induced much larger syn-
cytia than the wild-type receptor. In
the control cultures no nuclear clus-
tering and only very little back-
ground eGFP expression was
observed. The higher powered mag-
nification in Fig. 2B shows a syncy-
tial-, FGFRL1AC-, and eGFP-ex-
pressing cell, which is surrounded
by HEK cells that express only
FGFRL1AC. The HEK cells appear
to be attracted by the large cell, to
which they attach before their
fusion.

In addition to the HEK cells, we
tested whether a diverse selection of
cell lines could fuse with the CHO
cells upon transfection of FGFRL1
expression plasmids. C2C12 myo-
genic cells, HeLa, MG63, and COS7
cells all readily fused with the CHO
cells. Moreover, FGFRL1-express-
ing CHO cells also fused with all cell
lines tested so far (data not shown).
However, FGFRL1-mediated fusion
occurred only when at least one of
the cell lines was a CHO cell line.

Identification of the Fusogenic
Domain of FGFRLI—Now that we
had shown that FGFRL1 induces
cell fusion of CHO and other cells,
we set out to identify the domain(s)
of FGFRL1 that mediates the fuso-
genic activity. For this purpose, we
modified the eGFP-based fusion
assay described above with a tetra-
cycline inducible luciferase con-

struct (pTRE-Luc) instead of the eGFP. The CHO cells were
transfected with pTRE-Luc and, separately, Hek-TetOn cells
were transfected with the wild type and mutated FGFRL1
expression constructs. After transfection, the two cell lines
were trypsinized and co-cultured overnight to allow cell fusion
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FIGURE 2. Fusion and cytoplasmic mixing of HEK and CHO cells upon expression of FGFRL1. A, CHO-PgsA
cells were transfected with a tetracycline inducible eGFP expression construct, which is only active in the
presence of the TetOn transactivator protein and doxycycline. The cells were trypsinized and seeded together
with either HEK-TetOn-RL1AC, HEK-TetOn-RL1WT cells (express FGFRL1AC and FGFRL1 wild type, respectively,
in the presence of doxycycline) or with regular HEK-TetOn cells. Doxycycline at 1000 ng/ml was added to all
dishes. Note that both HEK-TetOn-RL1 cell lines fused with the CHO cells, leading to the diffusion of the TetOn
transactivator from the HEK-TetON-RL1 cells into the syncytial cytoplasm. This activated the expression of eGFP
in the large, syncytial cells. No fusion and no activation of eGFP expression was observed with the regular
HEK-TetOn cells that served as controls. The image showing the fused FGFRL1 wild-type-expressing cells was
taken at a higher magnification. Bar, 100 wm. B, higher powered magnification of a large, syncytial cell consist-
ing of eGFP (green)-transfected CHO and FGFRL1AC (red)-expressing HEK-TetOn cells. Note that some FGFRL1-
expressing HEK-TetOn cells (red) appear to be attracted by the syncytial cell. Bar, 20 um.

to occur. The luciferase activity in the fused cells correlated well
with the visible amount of cell fusion between the HEK-TetOn
and the CHO cells. This assay could thus be utilized to quantify
the fusogenic activity of the mutated FGFRL1 constructs.

We first aimed to address the role of the cytoplasmic domain.
The short intracellular part of FGFRL1 comprises two con-
served motifs, one being a histidine-rich domain at the C ter-
minus, the other a double tyrosine motif further N-terminal
(16). To investigate the influence of these motifs and of the
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CHO-eGFP/HEK-TetOn-RL1 WT

entire cytoplasmic domain on
the fusion process, we employed the
fusion assay described above. The
wild-type receptor, the C-termi-
nally truncated receptor (AC) and
constructs with a deletion of the his-
tidine motif (AHis) and an addi-
tional deletion of the double tyro-
motif (AHisATyr) were
transfected to test their fusogenic
activity. In good agreement with our
previous observations (Figs. 1C and
2A), truncations of the C terminus
enhanced the fusogenic activity
when compared with the wild-type
FGFRL1 (Fig. 3A). Although the
wild-type receptor did induce con-
siderable cell-cell fusion and lucifer-
ase activity, the effects were dramat-
ically enhanced with the mutated
constructs. The most pronounced
fusion was observed with the
C-terminally truncated FGFRL1
(RL1AC), indicating that the intra-
cellular domain is not necessary for
the cell fusion process.

We have previously shown that
the histidine-rich region and the
double tyrosine motifs of the cyto-
plasmic domain mediate the rapid
internalization of FGFRL1 from the
cell surface (16). Therefore, we
speculated that truncation of the
cytoplasmic domain would lead to
higher levels of FGFRLLI at the cell
surface, which could in turn result
in enhanced cell fusion. To address
this, HEK293 cells were stably
transfected with the wild type and
the truncated FGFRL1 constructs.
Confocal images of antibody stained
FGFRLLI in these cell lines showed
that the wild-type receptor resided
primarily in intracellular pools,
while the C-terminally truncated
receptors accumulated in the
plasma membrane (Fig. 3B). To
quantify different levels of FGFRL1
at the cell surface, we subjected the
stably transfected cells to surface biotinylation, followed by
neutravidin-based isolation of biotinylated proteins. Western
blot analysis of the amount of biotinylated FGFRL1 revealed
that only a very small amount of wild-type FGFRL1 was present
at the surface of the HEK293 cells (Fig. 3C). The amount of
FGERLL at the cell surface was strongly increased for all of the
truncated versions, with the highest levels being observed for
the fully truncated FGFRL1AC protein. From these experi-
ments we concluded that it is the extracellular domain of

sine
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FIGURE 3. Role of the cytoplasmic domain on the fusion process. A, CHO-K1 cells were transfected with a
tetracycline-inducible luciferase expression construct (pTRE-Luc) and seeded together with HEK-TetOn cells
that had been transfected with different C-terminally truncated FGFRL1 expression constructs (the corre-
sponding proteins are schematically shown below the respective bars). The luciferase activity, measured 14 h
postseeding, correlated well with the visible extent of cell-cell fusion induced by the mutated FGFRL1 con-
structs. The bars represent the average of three experiments. Successive truncation of cytoplasmic internaliza-
tion motifs led to increased fusion, with strongest fusion observed for the completely truncated construct
FGFRL1AC. Note that the wild-type, full-length protein also induces considerable fusion when compared with
nontransfected control cells. Asterisks next to bars indicate statistically significant results (p < 0.05) compared
with the control group. B, confocal images of immunofluorescent stainings of the C-terminally truncated
FGFRL1 proteins. Note that the wild-type protein resided primarily in intracellular compartments, while the
truncated forms accumulated in the plasma membrane. C, surface biotinylation of mutated FGFRL1 proteins.
HEK293 cells stably expressing the indicated FGFRL1 proteins were subjected to surface biotinylation, followed
by isolation with neutravidin agarose and detection of biotinylated FGFRL1 by Western blotting. The upper
panel shows total FGFRL1 in the respective cells, with GAPDH as a loading control. The lower panel shows
biotinylated FGFRL1 from the cell surface. Ponceau staining of a major membrane protein of ~85 kDa served
as a loading control for the neutravidin purification.

FGFRL1 Induces Cell Fusion

Next, we investigated which part
of the FGFRL1 ectodomain is neces-
sary for the fusion process. To this
end we started with the C-termi-
nally truncated RL1AC protein and
systematically deleted each of the
three Ig-like domains (RL1ACA1,
RL1IACA2, RLIACA3) and con-
structed compound deletions of Ig I
and Ig II (RLIACA12) and of Ig II
and Ig IIT (RL1IACA23). In addition,
we generated a soluble ectodomain
to investigate whether the trans-
membrane domain is necessary for
the cell fusion. The fusogenic activ-
ity of the resulting contructs was
tested in the luciferase fusion assay
described above. As shown in Fig.
4B, Ig-domain I and II are dispensa-
ble for the fusion process, as the
RLIACA1, RL1ACA?2, and espe-
cially the RL1ACA12 construct
showed pronounced fusogenic
activity. Because the RL1ACA12
protein comprises only Ig-domain
III and the transmembrane domain,
it is clearly Ig-domain III that medi-
ates the cell fusion. In agreement
with this finding, deletion of Ig-do-
main III in the RL1ACA3 and the
RLIACA23 construct completely
abrogated the fusogenic activity.
The soluble ectodomain did not
induce any cell fusion, indicating
that Ig III needs to be anchored in
the membrane to exert its fusogenic
activity.

We were also interested in the
kinetics of the fusion process and
thus needed a way to better visualize
the fusing cells. For that purpose, we
generated a fusion construct of Ig-
domain III, the transmembrane

FGFRL1 that mediates the fusogenic activity. Whereas the
cytoplasmic domain is not necessary for the fusion process, it
does control the amount of FGFRL1 at the cell surface, thereby
regulating the extent of cell-cell fusion in our fusion assays.

In agreement with the role of the extracellular part of
FGFRLI1 being responsible for the fusion, a monoclonal anti-
body directed against its ectodomain almost completely
blocked the fusogenic activity (Fig. 44), whereas a control anti-
body had no effect. To show that the fusogenic activity is not a
general feature of all FGFRs, C-terminally deleted versions of all
four conventional FGFRs were tested in the same fusion assay.
Asshownin Fig. 44, none of the four FGFRs caused any cell-cell
fusion. We concluded from these experiments that the fuso-
genic activity is a unique feature of FGFRL1 and is mediated by
its extracellular domain.

NOVEMBER 26, 2010+VOLUME 285+-NUMBER 48

domain and an intracellular eGFP moiety (RLIACA12-eGFP).
This protein was highly fusogenic in the CHO cells and readily
fused transiently transfected HEK293 cells with untransfected
CHO cells. For a time course experiment, the HEK cells were
transfected with the RL1IACA12-eGFP construct and seeded
together with the CHO cells. The point of initial attachment of
the cells was taken as the starting point. Fig. 54 shows repre-
sentative snapshots taken every 40 min after the initial attach-
ment. Within 40 min, the first multinucleated, RL1IACA12-
eGFP expressing cells had formed. The syncytia grew rapidly in
size within the next 80 min. After 160 min, the entire field of
vision and in fact almost the entire culture dish was one con-
tinuous syncytial cell. Overnight, the nuclei of the fused cells
had clustered together (see Fig. 2) and after 24 h most multinu-
cleated cells had detached from the dish and seemed to have
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FIGURE 4. Fusogenic activity is specific to FGFRL1 and mediated by Ig-
domain Ill. FGFRLTAC-transfected HEK-TetOn cells were co-cultured with
pTRE-Luc-transfected CHO-K1 cells and allowed to fuse overnight, followed
by measurement of luciferase activity. A, addition of a monoclonal antibody
against the FGFRL1 ectodomain into the culture medium blocked fusion at 2
ng/ml. A control antibody against the intracellular domain of FGFRL1 (not
present anymore in FGFRL1AC) had no effect. C-terminally truncated FGFR1-
FGFR4 did not induce any cell-cell fusion in this cellular system. B, deletion of
extracellular Ilg-domains | and Il leaves fusogenic activity intact. Deletion of
Ig-domain lll completely disrupts fusion. Note that both the RLTACA2 and the
RLTACA12 proteins show increased activity when compared with the RLTAC
construct. The soluble FGFRL1 ectodomain does not induce any cell-cell
fusion. The asterisks indicate statistically significant results (p < 0.05).

died. To verify this, we measured the activity of effector
caspases 3 and 7 in the fusing cells over 24 h. Caspase activity
was increased 2 h after fusion had set in and exponentially
increased from that time point on (Fig. 5B). A co-culture of
HEK293 wild-type cells with the CHO cells did not lead to any
increase of caspase activity (not shown). This pronounced
increase in effector caspase activity suggested that the cells
underwent apoptotic cell death after fusion had begun. TUNEL
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FIGURE 5. FGFRL1ACA12 rapidly fuses HEK293 and CHO-PgsA cells and
induces apoptotic cell death. A, kinetics of the FGFRL1-induced cell-cell
fusion. HEK293 cells were transfected with FGFRL1ACA12-eGFP and seeded
together with CHO-PgsA cells. The time of initial attachment was taken as the
starting point. The figure displays snapshots taken every 40 min after the
initial attachment of the cells. The first syncytial, multinucleated cells
appeared after 40 min and rapidly expanded until, after 160 min, the entire
field of vision was one continuous syncytium. 24 h after the onset of fusion,
cells detached and appeared to be dying. Bar, 100 um. B, activity of caspase
3/7 in the fusing HEK293 and CHO-PgsA cells. A luminometric caspase 3/7
activity kit was used to determine the activity of these effector caspases in the
fusing cells. The asterisks indicate significant (p < 0.05) increases in caspase
activity relative to unfused cells.

staining of the fused cells 16 h after seeding furthermore
revealed that the cells fragmented their DNA when they
detached from the cell culture dish (supplemental Fig. S2).
Whereas the fusion took only a few hours, the cells survived
between 12 and 24 h before they detached and died.

The Actin Cytoskeleton and Surface Glycosaminoglycans Are
Involved in FGFRL1-mediated Fusion—Because most mamma-
lian cell-cell fusion processes previously described are depen-
dent on the activity of the actin cytoskeleton (18, 19), we next
addressed a potential involvement of actin polymerization in
the FGFRL1-mediated fusion of cells. Immunofluorescent
staining of FGFRL1AC and phalloidin-TRITC staining of poly-
merized actin provided first evidence for an influence of
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FIGURE 6. The actin skeleton is involved in FGFRL1-mediated cell-cell fusion. A, stable HEK-TetOn cell line with inducible expression of FGFRL1AC was
cultured with (right) and without (left) doxycyline in the medium. After fixing of the cells, the actin cytoskeleton was stained with phalloidin-TRITC. FGFRL1
expression induces the formation of actin rich protrusions resembling filopodia. We also observed a redistribution of f-actin to the cell periphery. Bar, 8 um.
B, confocal image of antibody stained FGFRL1AC (green) and phalloidin-TRITC stained f-actin (red). The overlay shows that there is substantial overlap between
FGFRL1AC and f-actin. Bar, 20 um. C, luciferase-based cell-cell fusion assay was utilized to test the effect of the f-actin destabilizing compounds latrunculin-B
and cytochalasin-D and of the microtubule disrupting agent nocodazole (all at 1-1000 ng/ml) on FGFRL1AC-induced cell-cell fusion. Either of the actin
affecting drugs was strongly inhibitory on the fusogenic activity of FGFRL1AC and completely blocked fusion at higher concentrations. Nocodazole did not
reduce the fusion at lower concentrations and moderately affected fusion at highly toxic concentrations. The bars represent the average luciferase activity

measured in three wells. Asterisks indicate statistically significant (p < 0.05) differences relative to untreated control.

FGFRLIAC on the actin cytoskeleton. Upon doxycycline-in-
duced expression of the C-terminally truncated FGFRL1 con-
struct in the clonal HEK-TetOn-RL1AC cells, the cells dis-
played a pronounced redistribution of polymerized actin to the
cell periphery and formed actin-positive protrusions resem-
bling filopodia (Fig. 6A4). Moreover FGFRL1AC substantially
co-localized with cortical f-actin (Fig. 6B). To investigate a
potential role of actin polymerization in HEK and CHO cell
fusion we employed our luciferase-based cell fusion assay and
several cytoskeleton disrupting agents. HEK-TetOn cells were
transfected with FGFRL1AC and seeded together with pTRE-
Luc-transfected CHO cells. Upon seeding, the fusing cells were
treated with increasing concentrations of the actin depolymer-
izing agents cytochalasin-D and latrunculin-B as well as with
the microtubule disrupting drug nocodazole. Fourteen hours
after seeding, luciferase activity was assessed in the lysed cells.
As shown in Fig. 6C, both latrunculin and cytochalasin strongly
inhibited syncytium formation at low concentrations and com-
pletely eliminated cell-cell fusion at higher concentrations. It

NOVEMBER 26, 2010+ VOLUME 285+NUMBER 48

should be noted that we observed a pronounced decrease of
fusion before overt signs of toxicity could be detected. In con-
trast, disruption of microtubules with nocodazole barely
affected cell-cell fusion before we observed overall cell toxicity
(rounded cells, detachment from culture dish). Even at very
high, clearly toxic concentrations of nocodazole, cells still fused
to a considerable extent. Although off-target effects of the
inhibitors cannot be ruled out, we concluded that actin, but not
tubulin polymerization was required for FGFRLI1-induced
fusion.

Because the CHO-PgsA cells fused better than the CHO-K1
cells, we had already obtained evidence that cellular surface
glycosaminoglycans (GAG) might have an inhibitory effect on
the FGFRL1 mediated fusion. A recent study also suggested
that GAGs have a general role in many cell-cell fusion events
(20). We therefore aimed to address the potential role of cell
surface GAGs, particularly heparan sulfates, in the FGFRL1-
mediated cell fusion process in more detail. To this end
FGFRL1AC-transfected HEK-TetOn cells were cultured
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FIGURE 7. Cell surface heparan sulfates have an inhibitory effect on FGFRL1-mediated cell fusion. CHO-K1 cells, CHO-677 cells (lack heparan sulfates) and
CHO-PgsA cells (lack all glycosaminoglycans) were seeded together with FGFRL1AC-transfected HEK-TetOn cells and left to fuse overnight. A, representative
pictures of the resulting HEK/CHO syncytia are shown for each CHO cell line. Bar, 100 um. The diagram gives the average number of nuclei per syncytium of the
fusing CHO-K1, CHO-677, and CHO-PgsA cells with FGFRL1-transfected HEK cells. Both CHO-677 and CHO-PgsA cells displayed dramatically increased cell
fusion efficiency when compared with the wild-type CHO-K1 cells, indicating that heparan sulfates have an inhibitory effect on FGFRL1-induced cell-cell fusion.
B, luciferase (pTRE-Luc)-transfected CHO-K1 and FGFRL1 wild-type, FGFRL1AC-, and FGFRL1ACA12-transfected HEK-TetOn cells were co-cultured overnightin
the absence and presence of exogenous heparin or chondroitin-4-sulfate in the culture medium, followed by luciferase measurement.

together with either CHO-K1 cells, CHO-PgsA cells (which
lack all surface glycosaminoglycans) or CHO-PgsD-677 (CHO-
677) cells (which are deficient in heparan sulfates). The cells
were allowed to fuse overnight, FGFRL1 and nuclei were
stained and the number of nuclei per syncytium was deter-
mined to establish a “fusion index” for each of these cell lines.
As shown in Fig. 7A, both CHO-PgsA and CHO-677 cells fused
more efficiently than the CHO-K1 cells, resulting in a higher
number of nuclei per syncytium. The extent of fusion of the
CHO-677 cells was nearly identical to that of the CHO-PgsA
cells, indicating that mainly cell surface heparan sulfates inhib-
ited FGFRL1-induced fusion. Furthermore, treatment of
FGFRL1AC-transfected CHO-K1 cells with heparanase I
increased the size of FGFRL1AC-induced syncytia (supplemen-
tal Fig. S44). These findings are in agreement with our previous
binding studies that showed binding of FGFRL1 to heparin but
not to chondroitin sulfates (8, 15).

In further experiments, we tested the effect of exogenous
GAGs on the fusion of HEK and CHO cells. For this purpose,
wild-type FGFRL1, FGFRLIAC, and FGFRL1ACA12 were
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transfected into the HEK cells, which were subsequently co-
cultured with luciferase-transfected CHO cells in the presence
of increasing concentrations of various GAGs. Interestingly,
exogenous heparin strongly increased the fusogenic activity of
the wild-type FGFRL1 and FGFRL1AC in a dose-dependent
manner, while the FGFRLIACA12 mediated fusion was not
affected. Chondroitin-4-sulfate had no effect in any of these
assays (Fig. 7B). Heparan sulfate and dermatan sulfate exerted
an effect similar to heparin, while hyaluronan, dextran sul-
fate, and chondroitin-6-sulfate did not affect FGFRL1-medi-
ated fusion (supplemental Fig. S3A). Heparin, heparan sulfate,
and dermatan sulfate all increased the fusogenic activity of
FGFRL1 WT and FGFRL1AC but not that of FGFRL1ACA12
(supplemental Fig. S3B). This effect could also be observed
when the fusion assay was performed in CHO cells only (sup-
plemental Fig. S4). Addition of exogenous heparin increased
the fusion of FGFRL1AC transfected CHO-K1 cells, but had no
effect on CHO-K1 cells transfected with FGFRL1ACA12. Obvi-
ously, direct binding of FGFRL1 to cellular heparan sulfates via
its heparin binding site (located on Ig-domain II) is inhibitory

VOLUME 285+-NUMBER 48-NOVEMBER 26, 2010


http://www.jbc.org/cgi/content/full/M110.140517/DC1
http://www.jbc.org/cgi/content/full/M110.140517/DC1

for the fusion process. Given this is the case, exogenous heparin
but not chondroitin sulfates, would competitively displace
FGERLLI from cellular heparan sulfates and result in increased
fusogenic activity. In agreement with this notion, heparin,
heparan sulfate and dermatan sulfate had no effect on the fuso-
genic activity of the FGFRL1IACA12 receptor, which does not
possess the heparin binding site.

To investigate this further, we generated an FGFRL1AC and
an FGFRLIACA12 (only IgIIl and transmembrane domain)
construct with a C-terminal glutathione S-transferase tag
(GST-tag). These fusion constructs were stably transfected into
HEK293 cells and the resulting proteins were precipitated
from Triton X-100-solubilized whole cell extracts with gluta-
thione-Sepharose beads. Proteins bound to FGFRL1AC and
FGFRL1IACA12 were eluted with saturated urea, digested in
solution with trypsin and identified with liquid chromatogra-
phy followed by mass spectrometry (LC-MS). The proteins
detected in GST-only transfected or untransfected HEK293
cells, as well as the published “Sepharose bead proteome” (17)
served as background reference lists and were therefore sub-
tracted from the FGFRL1 pull-down to eliminate unspecific
hits. Fig. 84 shows a silver-stained gel of control and FGFRL1
pull-down eluates, indicating that a number of proteins were
complexed with the overexpressed FGFRL1 proteins. As shown
in Fig. 8B, the addition of a GST moiety did not alter the distri-
bution and membrane localization of the FGFRL1-GST con-
structs, suggesting that the receptor was purified from a mem-
brane environment. The list in Fig. 8C and the supplemental
Table S1 contain the identified proteins for FGFRL1IAC and
FGFRL1ACA12 after the filtering criteria described above
had been applied. Among a number of proteins, the heparan
sulfate proteoglycans glypican-4 and glypican-6 co-purified
with FGFRL1AC but not with FGFRL1A12AC. This indi-
cated that the major heparin-binding site of FGFRL1 on Ig-
domain II (15) indeed binds to heparan sulfate chains of cell
surface proteoglycans.

DISCUSSION

In the present study we showed that ectopic expression of the
human FGFRL1 receptor leads to extensive cell-cell fusion and
syncytium formation of CHO cells and also induces fusion of
diverse other cells with CHO cells. We demonstrated that the
cytoplasmic domain of FGFRLL1 is dispensable for the fusion
process but controls the extent of cell-cell fusion mediated by
the ectodomain. Within the ectodomain, we traced the fuso-
genic activity to the most membrane proximal Ig-domain III,
which, together with the transmembrane domain, was sulffi-
cient for full activity. Furthermore we showed that actin poly-
merization is necessary for the fusion process and that the bind-
ing of FGFRL1 to cellular heparan sulfates negatively regulates
FGFRLI1-mediated fusion.

IgSF Proteins and Cell-Cell Fusion—FGFRL1 is certainly not
the first member of the immunoglobulin superfamily (IgSF) of
transmembrane proteins that has been implicated in cell-cell
fusion. In fact, IgSF proteins have been shown to be involved in
every mammalian cell fusion process investigated to date. In
sperm-egg fusion the Ig-like domain protein Izumo, expressed
in sperm, is essential for the fusion of the gametes. Accordingly,
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FIGURE 8. Mass spectrometric identification of proteins that co-purified
with GST-tagged FGFRL1. A, GST-tagged FGFRL1 proteins were expressed
in HEK293 cells (stable expression) and purified from Triton X-100 lysates with
glutathione beads. Bound proteins were eluted from the beads with satu-
rated urea. The silver-stained gel shows resolved proteins from a control pull-
down (untransfected cells) versus proteins from FGFRL1AC-GST and
FGFRLTACA12-GST pull-downs from the transfected cells. The presence of
additional silver-stained bands indicated that a number of proteins co-puri-
fied with the GST-tagged FGFRL1 proteins (yellow arrows indicate FGFRL1AC-
GST and FGFRLTACA12-GST). B, immunofluorescent staining of FGFRL1AC-
GST and FGFRLTACA12-GST proteins in the stably transfected HEK293 cells.
Both constructs retained a plasma membrane localization. C, eluates were
subjected to LC-MS shotgun sequencing to identify the proteins that were
purified together with the FGFRL1 proteins. The table lists proteins that asso-
ciated with FGFRL1AC-GST and FGFRL1ACA12-GST in HEK293 cells.

Izumo deficient male mice are infertile due to a fusion block of
sperm and egg. Izumo, with its single Ig-domain and its short
intracellular domain (21) is strikingly similar to the minimal
fusogenic part of the FGFRL1 receptor (FGFRL1IACA12)
described in this study.

The fusion of macrophages into osteoclasts and multinucle-
ated giant cells is another, relatively well studied process, which
involves several members of the IgSF. The interaction of SIRP«,
initially termed the macrophage fusion receptor, with CD47 has
been shown to be required for syncytium formation. Accord-
ingly, monoclonal antibodies directed against either SIRP« or
against CD47 block fusion in culture (22, 23). CD44, another
IgSF protein, is transiently expressed prior to multinucleation
and is thought to be involved in the fusion process, as soluble,
recombinant CD44 blocks macrophage fusion in culture (24).
The domain structures of SIRPa and FGFRLI are very similar
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since both proteins have three extracellular Ig-like domains and
a short cytoplasmic tail with poorly defined function (25).

The fusion of myoblasts into multinucleated myofibers has
been an area of intensive research efforts over the past decade.
Although a very large number of surface and intracellular pro-
teins has been implicated in the differentiation and fusion pro-
cess, it is again IgSF proteins that constitute core components
of the essential fusion machinery in insects and in vertebrates
(18). In Drosophila myoblast fusion, the Ig-domain containing
membrane proteins Sticks and Stones (Sns) and Hybris (Hbs),
expressed by fusion competent myoblasts, as well as Rst and
Duf/Kirre in the founder myotube mediate cell-cell attachment
and are required for the fusion of myoblasts with founder myo-
tubes (26-28). Accordingly, compound deletion of both Rst
and Duf/Kirre leads to a complete fusion block of Drosophila
body wall musculature (29). Sns and Hbs also function redun-
dantly on the surface of fusion competent myoblasts by binding
to Duf/Kirre and Rst on the founder cells to direct muscle fiber
fusion (26).

In mammals the situation is more complex and the adhesion/
fusion machinery is less understood than in Drosophila. A
recent study, however, has shown that nephrin, the mammalian
orthologue of Sns and Hybris, is involved in vertebrate myogen-
esis, as nephrin-deficient zebrafish and mice displayed fusion
defects in skeletal muscles and in cultured myoblasts, respec-
tively (30).

FGFRL1 and Mpyogenesis—In mouse embryos FGFRLI is
expressed in the myogenic somites from E10.5on (11, 13) and it
is also sharply up-regulated in differentiating C2C12 myogenic
cells exactly when the cells start to fuse (10, 14). Similar to
nephrin, FGFRLI is also expressed in some developing skeletal
muscles and in cultured primary myoblasts during myotube
formation (9, 10, 14, 30). Moreover, FGFRL1 is often enriched
at sites of cell-cell contacts, for example in cultured A204 myo-
sarcoma cells (15), supporting a role in cell-cell adhesion and
potentially in cell-cell fusion. For these reasons, we feel that the
observed fusion phenomenon is of physiological importance.

To date, however, we have not been able to obtain direct
evidence for a fusion phenotype in our FGFRL1-deficient mice:
Although the homozygous null embryos have a fully penetrant
and lethal diaphragm phenotype (10, 11), we could not detect
obvious fusion defects in the affected diaphragm muscle. The
fibers were normally developed and the reduced thickness of
the diaphragm was rather due to a smaller number of fibers
than to a reduction of nuclei per fiber. Furthermore, RNAi
knockdown of FGFRL1 in C2C12 cells did not result in any
obvious fusion defects and overexpression of the receptor did
not increase the number of nuclei per differentiated myotube.?
Nonetheless, we speculate that it is possible that FGFRLI, like
Duf/Kirre and Rst in Drosophila, contributes redundantly to
myoblast fusion during murine development. In that case other
surface adhesion factors could substitute for its function in the
FGFRL1-deficient mice. It is also conceivable that only a small
subset of fibers needs FGFRL1 for fusion, making a potential
fusion phenotype very hard to detect.

3 B. Trueb, unpublished data.
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Mechanism of FGFRLI-mediated Fusion—Despite years of
intensive research, the precise mechanisms underlying the
fusion processes described above have remained largely elusive.
Whereas intracellular vesicle fusion relies on the fusogenic,
force generating SNARE proteins (3) and virus-cell fusion is
mediated by fusogenic glycoproteins that actively merge mem-
branes (31), no comparable mechanism has been described in
mammalian cell-cell fusion. A common theme, however, is an
active role of the actin cytoskeleton in the merging of the two
opposing cell membranes (18, 19). Several transmembrane pro-
teins, among them Sns, Hbs, Rst, and Duf/Kirre as well as GTP
exchange factors, small GTPases and actin associated proteins
have been shown to be required for the fusion of myoblasts into
myotubes (32-35). These proteins direct intensive actin fila-
ment reorganization at the site of cell-cell attachment, leading
to an electron dense, actin-rich structure, termed “actin focus,”
where eventually fusion pores open and cytoplasmic mixing
occurs (33, 36, 37).

Although FGFRL1 expression rapidly fused cultured cells
similar to viral fusogens, we think that FGFRLI itself does not
actively merge membranes. Unlike the SNARE proteins and
viral glycoproteins, the Ig-domain III of FGFRL1 does not have
obvious helices that could generate force to pull membranes
together (3, 38). It also lacks hydrophobic loop structures that
would serve as membrane inserting fusion peptides, which are
commonly found in viral fusogenic glycoproteins (31). We
therefore propose that FGFRLI1 induces cell-cell fusion by a
more complex, indirect mechanism, which involves binding to
other cell surface proteins and probably requires active force
generation by the actin cytoskeleton. Accordingly, we demon-
strated in the present study that the cell fusion induced by
FGFRL1 expression is dependent on actin polymerization,
placing it in line with other mammalian cell fusion processes.
Because intracellularly truncated FGFRL1 was most active in
the cell fusion assay, it is clearly the ectodomain, more specifi-
cally the IgIII domain, which is responsible for the fusogenic
activity. The fusion and the observed actin reorganization upon
FGFRL1AC expression can therefore only be mediated by bind-
ing to other cell surface proteins, either in cis or in trans. These
binding partners remain to be investigated.

Although our proteomics approach in HEK293 cells did not
reveal any FGFRL1-associated proteins that could explain its
fusogenic activity, the screen identified two members of the
glypican family as binding partners of FGFRL1. This clearly
helped to explain why cell surface heparan sulfates had an
inhibitory effect on the FGFRL1-induced cell-cell fusion. The
heparin binding site of FGFRL1, located at the beginning of
Ig-domain II, most likely binds to heparan sulfate chains of
glypicans (and possibly other proteoglycans), which seems to
reduce the fusogenic activity of the receptor. The addition of
exogenous heparin displaced FGFRLI from this binding, which
increased its fusogenic activity. In further agreement with this
notion, deletion of Ig-domain II as well as compound deletion
of Ig-domains I and II dramatically increased the fusogenic
activity of FGFRLI. In contrast, the deletion of Ig-domain I had
only minimal effect on the fusion efficiency. Finally, addition of
exogenous heparin had no effect on the fusogenic activity of the
FGFRL1ACA12 protein, indicating that heparin was only
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effective when it could antagonize the binding of FGFRLI to
surface heparan sulfates. A possible explanation for the inhibi-
tory effect of heparan sulfate binding could be steric hindrance
of binding to other cell surface proteins or a partial “neutraliza-
tion” of FGFRL1 activity, when the receptor is bound to hepa-
ran sulfate chains.

We do not know why FGFRL1 exerted its fusogenic activity
only in CHO cells and in cell lines co-cultured with CHO cells.
Most plausibly, CHO cells express a “receptor” for FGFRLI,
which, together with FGFRL1, mediates the merging of the
membranes. Interestingly, this fusion machinery works in cis
and in trans: Every cell that was transfected with FGFRL1 could
fuse with CHO cells while FGFRL1-transfected CHO cells also
fused with all cell lines tested. Notably, we did not observe back-
ground fusion of HEK cells with wild-type CHO cells, suggest-
ing that CHO cells do not generally fuse with other cells. This is
supported by the fact that CHO cells are routinely used as com-
ponents in cell-cell fusion assays to assess the fusogenic activity
of viral glycoproteins (39, 40). If CHO cells had a pronounced
propensity to fuse with each other or with other cells, they
would not be suitable for quantitative fusion assays. We there-
fore suggest that the FGFRL1-induced fusion reflects a physio-
logical role of this receptor in cell-cell fusion or a specialized
function in cell-cell adhesion. How this function of FGFRL1 can
be reconciled with a putative role in the FGF signaling system
remains to be investigated. Regardless of the specific role of
FGFRLLI in myoblast fusion, we think that the rapid fusion of
CHO cells with other cell lines represents an exciting model for
mammalian cell-cell fusion that will be of help to understand
this developmentally important process.
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