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Number and brightness analysis reveals that NCAM and FGF2
elicit different assembly and dynamics of FGFR1 in live cells
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Ugo Cavallaro3,*,§ and Valeria R. Caiolfa1,2,*,§

ABSTRACT
Both fibroblast growth factor-2 (FGF2) and neural cell adhesion
molecule (NCAM) trigger FGF receptor 1 (FGFR1) signaling;
however, they induce remarkably distinct receptor trafficking and
cellular responses. The molecular basis of such a dichotomy and the
role of distinct types of ligand-receptor interaction remain elusive.
Number of molecules and brightness (N&B) analysis revealed that
FGF2 and NCAM promote different FGFR1 assembly and dynamics
at the plasma membrane. NCAM stimulation elicits long-lasting
cycles of short-lived FGFR1 monomers and multimers, a behavior
that might reflect a rapid FGFR1 internalization and recycling. FGF2,
instead, induces stable dimerization at the dose that stimulates
cell proliferation. Reducing the occupancy of FGFR1 in response to
low FGF2 doses causes a switch towards cyclically exposed and
unstable receptor dimers, consistently with previously reported
biphasic response to FGF2 and with the divergent signaling elicited
by different ligand concentrations. Similar instability was observed
upon altering the endocytic pathway. Thus, FGF2 and NCAM induce
differential FGFR1 clustering at the cell surface, which might account
for the distinct intracellular fate of the receptor and, hence, for the
different signaling cascades and cellular responses.
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INTRODUCTION
Fibroblast growth factor receptors (FGFRs) form a highly conserved
receptor tyrosine kinase (RTK) subfamily (FGFR1, FGFR2,
FGFR3 and FGFR4) that regulates essential cellular processes,
including proliferation, survival, migration and differentiation
during development and adult life. The deregulation of FGFR
activity plays a pathogenic role in various diseases, which include
skeletal and metabolic disorders. In addition, uncontrolled FGFR
signaling has been implicated in several tumor types and represents
a viable target for anticancer treatments (Babina and Turner, 2017).
FGFRs signaling is initiated by the binding of canonical

growth factors, the FGFs, that induces FGFR dimerization and

autophosphorylation of up to seven tyrosine residues in the
intracellular catalytic domain (Beenken and Mohammadi, 2009).
The stimulation of the receptors generates multiple docking sites for
several adaptor and effector proteins (Eswarakumar et al., 2005),
resulting in the activation of various downstream signaling cascades
that have been extensively described (Belov and Mohammadi,
2013; Furdui et al., 2006)

FGFRs can also be activated by cell adhesion molecules,
including neural cell adhesion molecule (NCAM) (Hansen et al.,
2008; Sanchez-Heras et al., 2006; Williams et al., 1994). The latter
belongs to the immunoglobulin (Ig) superfamily and has a structure
consisting of five Ig-like and two fibronectin type III extracellular
modules and a cytoplasmic part of variable length. The direct
binding of NCAM to FGFR1 has been demonstrated in cell-free
systems (Kiselyov et al., 2003) and in several cell types (Cavallaro
et al., 2001; Francavilla et al., 2007; Kos and Chin, 2002; Sanchez-
Heras et al., 2006). We have previously reported that the interaction
between NCAM and FGFR1 enhances tumor progression
and represents a therapeutic target (Zecchini et al., 2011), thus
underscoring its biological and clinical relevance in molecular
oncology.

NCAM, on one hand, inhibits the binding of FGF to its receptor
(Francavilla et al., 2007) and, on the other hand, acts itself as a
nonconventional ligand for FGFR1, as supported by the evidence of
direct physical interaction between the two molecules (Christensen
et al., 2006; Francavilla et al., 2009; Kiselyov et al., 2003; Kos and
Chin, 2002). The ectodomain of NCAM and fragments thereof can
be released from the cell surface, implying the possibility that they
act as soluble FGFR ligands. Accordingly, soluble NCAM-Fc and
the NCAM-derived dendrimeric peptide FGL have been employed
to trigger FGFR activation (Francavilla et al., 2009; Kiselyov et al.,
2003). In particular, we have shown that NCAM-Fc-mediated
activation of FGFR1 elicits a cellular response distinct from that
stimulated by FGF2. As for most RTKs, canonical ligand binding
induces the formation of a dimeric FGFR2–ligand2 complex that
internalizes and undergoes Cbl-mediated ubiquitylation followed
by lysosomal degradation (Wong et al., 2002). In contrast to
degradation of endocytic FGFR1, soluble NCAM-Fc promotes
the recycling of the receptor to the cell surface in a Rab11- and
Src-dependent manner (Francavilla et al., 2009). We have also
demonstrated that soluble NCAM-Fc induces a specific set of
FGFR1-dependent biochemical events that i) require recycling
of the receptor, ii) occur in the absence of cell surface NCAM, iii)
result in sustained signaling and iv) lead to cell migration
(Francavilla et al., 2009). Importantly, soluble NCAM-Fc and the
FGL peptide fully recapitulate the physiological activities of
membrane-associated NCAM (Cavallaro et al., 2001; Christensen
et al., 2006; Francavilla et al., 2009; Kiselyov et al., 2003; Thomaidou
et al., 2001), inducing FGFR1-dependent matrix adhesion in different
cell types (Cavallaro et al., 2001; Francavilla et al., 2009), promotingReceived 22 May 2018; Accepted 15 November 2018
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neurite outgrowth (Kiselyov et al., 2003), and exerting a pro-migratory
activity during epithelial–mesenchymal transition (Lehembre
et al., 2008).
Up to date, the molecular basis of the dichotomy between NCAM

and FGF-induced FGFR1 signaling is unclear. The different affinity
for FGFR1 between FGF and NCAM-derived ligands (Kiselyov
et al., 2003) could imply the formation of distinct stoichiometric
complexes on the cell membrane. These, in turn, would elicit
different internalization pathways and signaling mechanisms.
We tested this hypothesis by exploring the spatio-temporal

dynamics of FGFR1 molecules at the cell membrane following the
activation with either FGF2 or the NCAM-derived ligands NCAM-
Fc and FGL. Our approach relied on the number of molecules and
brightness (N&B) technique, a pixel-by-pixel moment-analysis that
allows to investigate protein association and clustering in different
biological contexts (Digman et al., 2008; Hellriegel et al., 2011;
Nagy et al., 2010; Olivera-Couto et al., 2015; Perumal et al., 2015;
Plotegher et al., 2014; Trullo et al., 2013). Our data show, for
the first time, that – in contrast to FGF2-induced dimerization of
FGFR1 – NCAM triggers the formation of unstable FGFR1
homomultimers. Furthermore, NCAM-induced FGFR1 complexes
cycle rapidly and repeatedly at the cell surface. Of note, such
dynamics of the FGFR1 complexes were also observed in FGF2-
stimulated cells upon interference with internalization and the
intracellular degradation of the FGFR12–FGF22 complex or by
using low concentrations of FGF2.

Our study, therefore, highlights a dichotomy in the assembly of
FGFR1 upon stimulation with NCAM or FGF2 that may contribute
to explain the divergent responses of the receptor to the two ligands.

RESULTS
NCAM and FGF2 induce the formation of FGFR1 complexes
with different molecular organization and kinetics
For N&B analysis, we forced the ectopic expression of FGFR1
fused at the C-terminus to monomeric EGFP (mEGFP) (Fig. 1A) in
HeLa cells. This cell line has negligible levels of endogenous
FGFR1 (Fig. 1B). Thus, the brightness measured can be ascribed to
ligand-induced oligomerization of FGFR1-mEGFP, assuming no
contribution from endogenous, unlabeled receptor molecules. In
addition, we have selected mEGFP as the fluorophore because,
unlike wild-type EGFP, it does not self-aggregate (Caiolfa et al.,
2007) thus reducing the risk of GFP-induced clustering of the
tagged receptor. FGFR1-mEGFP transiently transfected in HeLa
cells localized abundantly on the plasma membrane and was also
present in the Golgi and intracellular vesicular structures (Fig. 1C
and Fig. S1). Moreover, FGF2 stimulation induced a 15-fold
increase in FGFR1 phosphorylation (Fig. 1D). The low amount of
constitutively activated FGFR1 detected in unstimulated cells was
likely due to the high overexpression of FGFR1-mEGFP in a small
fraction of cells (not shown). We also verified that FGF2 treatment
promoted the activation of classical FGFR1 effectors such as FRS2a
and Erk1/2 (data not shown). Overall, these observations indicate

Fig. 1. Functional FGFR1-mEGFP fusion protein in HeLa cells. (A) Schematic representation of FGFR1 fused with C-terminal mEGFP (green box). The
tyrosine (Y) autophosphorylation sites in the cytoplasmic tail are shown. (B) FGFR1 immunoblotting analysis in HeLa cells transiently transfected either with GPI-
mEGFP (left lane) or FGFR1-mEGFP (right lane). A blot with long exposure time is shown to reveal the very low levels of endogenous FGFR1 (middle panel).
Immunoblotting for ERK 1/2 served as loading control (lower panel). (C) Representative bright field (a, c) and epifluorescence images (b, d) of live HeLa cells
transiently transfected with FGFR1-mEGFP (a, b) or GPI-mEGFP (c, d). Arrows indicate membrane localization. Scale bar: 20 μm. No fluorescence signal was
detected in non-transfected cells. (D) FGFR1-mEGFPactivation by FGF2. HeLa cells transfected with either FGFR1-mEGFPorGPI-mEGFPwere serum-starved
overnight and then left untreated or stimulated for 10 min with 20 ng/ml FGF2. Lysates were immunoprecipitated with an anti-FGFR1 antibody, followed by
immunoblotting for phosphotyrosine (p-Tyr; upper panel) or GFP-tagged mEGFP (mEGFP, lower panel).
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that FGFR1-mEGFP recapitulates the subcellular distribution and
the biochemical functionality of wild-type FGFR1.
The brightness of membrane-associated FGFR1-mEGFP was

measured by imaging the cells by total internal fluorescence
reflection (TIRF) microscopy. Based on the intrinsic features of
evanescent illumination, the TIRF image depicts the ventral side of
the plasmamembranewithout interference coming from intracellular
fluorescence signals (Fig. S1C) (Poulter et al., 2015). The brightness
of the monomeric and dimeric mEGFP tags was calibrated using two
control constructs encoding glycosylphosphatidylinositol (GPI)-
anchored mEGFP and mEGFP-mEGFP, that served as reliable
standards in previous studies on cell surface receptors (Hellriegel
et al., 2011). As shown in Fig. 2, which illustrates the calibration
assay, the average brightness of GPI-mEGFP-mEGFP from replicate
experiments <ε>dimer=0.205±0.006 ((counts/molecule)×dwell
time) was reproducibly equal to the double of the GPI-mEGFP
brightness <ε>monomer=0.103±0.004 ((counts/molecule)×dwell
time) (P<0.0001). Of note, we did not detect fluorescent clusters,
confirming the lack of spontaneous clustering of ectopic mEGFP at
the cell membrane.
To determine the effects of the different stimuli on FGFR1

clustering, HeLa cells expressing FGFR1-mEGFP were treated with
either FGF2 or NCAM-derived ligands. We used concentrations
known to induce FGFR1 autophosphorylation and activation, thus
eliciting signaling cascades and cell proliferation or migration
(Francavilla et al., 2009). In unstimulated cells, the average
brightness of FGFR1-mEGFP averaged over the entire image
(Fig. 3A,C; B-maps at t=0) was equivalent to the brightness of GPI-
mEGFP (B-map in Fig. 2A, top panel), indicating the predominance
of monomeric receptors. After FGF2 addition, the average
brightness increased sharply during the first 5-15 min (B-maps in
Fig. 3A, top panel), reaching a plateau at values similar to those
measured in GPI-mEGFP-mEGFP cells (B-map in Fig. 2A, bottom
panel), thus indicating the formation of FGFR1-mEGFP
homodimers. The average brightness dynamics of FGFR1-

mEGFP as a function of time from replicate experiments is
summarized in Fig. 3B. Between 5 and 15 min after ligand
stimulation, the average brightness increased sharply up to two-fold
the baseline value, consistent with the recruitment and dimerization
of FGFR1-mEGFP molecules at the cell membrane, and remained
at plateau for ∼10 min (Fig. 3B). The average fluorescence intensity
of the imaged cells varied from one to another (not shown), yet
the maximum of intensity was reproducibly reached in the same
interval of time (5–15 min of stimulation). Overall, these results
demonstrated the formation of stable receptor homodimers at the
cell membrane. Of note, the heteroassociation of FGFR1 with other
FGFR family members has never been reported. Thus, N&B
analysis reflected the dimerization of FGFR1 induced by its
canonical ligand in our cellular model. In addition, the negligible
levels of endogenous FGFR1 in HeLa cells (Fig. 1B) ruled out the
formation of larger complexes containing non-fluorescent, endogenous
FGFR1. In summary, our results indicated the predominance of
monomeric FGFR1-mEGFP at the cell membrane of unstimulated
HeLa cells, and its sustained dimerization upon activation with
20 ng/ml FGF2. We also monitored the localization of endogenous
FGFR1 by immunofluorescence and confocal microscopy in
the OVCAR3 cell line upon FGF2 stimulation. FGFR1 was
expressed at the cell surface in unstimulated cells and, to a greater
extent, after a 10-min incubation with FGF2, while at longer time
points we observed intracellular accumulation and decreased
immunoreactivity (Fig. S2), suggestive of internalization and
degradation. Similar results were obtained with the cell line OV90
(not shown).

As exemplified in Fig. 3C, the self-association of FGFR1-
mEGFP stimulated with NCAM-Fc was dramatically different from
that induced by FGF2. Indeed, we observed fast and cyclic
transitions of the average brightness that rose from the basal value,
corresponding to monomeric state, to three-fold higher values
(Fig. 3C–B-maps and Frequency Histograms). Such association/
dissociation cycles of FGFR1-mEGFP persisted for over an hour

Fig. 2. Brightness calibration by GPI-mEGFP and GPI-mEGFP-mEGFP control constructs expressed in HeLa cells. The experimental procedure (STEP
1–4) is shown for two representative HeLa cells expressing themonomeric GPI-mEGFP (top) or the dimeric GPI-mEGFP-mEGFP (bottom) control constructs. For
each control construct, the average intensity is obtained from a time series acquired on a single cell according to (Digman 2008) and Eqn 1 (STEP1), and
processed in the B-histogram according to Eqn 2 (STEP 2). The blue rectangle in the B-histograms shows the region of interest (ROI) that was chosen to construct
the B-maps (STEP3) and normalized frequency histograms (Norm. Freq. Histogram; STEP4) above the background threshold; in the latter red lines mark the
central values for the two representative examples of the monomer (M) and the dimer (D) distribution. (B) Plot of the averaged B-values (<B>) as obtained in A
from three independent experiments performed for each control construct (5–7 cells/experiment). Data are provided as average B-value/cell (left y-axis) and as
<ε> in [(counts/molecule) x dwell time] (right y-axis) according to Eqn 2. <ε> proportionally increases with the increase of mEGFP molecules in the control
constructs: <ε>monomer=0.103±0.004 s.d. and <ε>dimer=0.205±0.006 s.d. [(counts/molecule) x dwell time]; (P<0.0001).
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Fig. 3. Ligand-induced time-dependent assembly of FGFR1-mEGFP expressed in HeLa cells. Representative examples of time-dependent brightness
of FGFR1-mEGFP expressed in HeLa cell upon treatment with 20 ng/ml FGF2 (A) or 50 μg/ml NCAM-Fc (C). TIRF sequences were acquired at 0, 13, 17
and 22 minutes after FGF2 stimulation (A) and at 0, 14, 16, 21, 25, and 32 minutes after NCAM stimulation (C). For each time point, the N&B analysis was
performed starting from the average intensity (1st column) as described for Fig. 2 and in Materials and Methods. The blue rectangle in the B-histograms
(2nd column) shows the region of interest (ROI) that was chosen to construct the B-maps (3rd column) and normalized frequency histograms (Norm. Freq.
Histogram; 4th column) above the background threshold; in the latter red lines mark the B-central values (average brightness) associated to mEGFP monomers
(M), mEGFP dimers (D) and putative mEGFP trimers (T) distribution, as an indication of the shift observed during the kinetic runs. (B,D) Plots of normalized
average brightness as a function of time. Each value was obtained from the analysis of at least 6000 pixels/image x time point as <ɛ>= B−1 (Eqn. 2), normalized
to the basal value at t=0 min, before ligand addition and reported as brightness ratio according to Eqn 3. Data (±s.e.m.) in panels B and D refer to two and
three independent kinetic runs, with 37 (blue line) and 19 (black line) cells in (B), and 64 (black line), 40 (blue line) and 43 (red line) cells in D. Scales and axis
labels are shown at time = 0 in A and C and apply to all time points of each kinetic run.
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after NCAM-Fc stimulation (Fig. 3D). Moreover, as illustrated in
Fig. 3D, the receptors transited through diverse and unstable
multimeric mixtures that did not form upon stimulation with FGF2.
To confirm and extend the observations on NCAM-stimulated

FGFR1, HeLa cells expressing FGFR1-mEGFP were also
stimulated with the NCAM-derived peptide FGL, which
recapitulates the binding to and the activation of FGFR1
(Francavilla et al., 2009; Kiselyov et al., 2003). We recorded
brightness kinetics substantially similar to that observed in the
presence of NCAM-Fc, with FGFR1-mEGFP state transitions of
comparable magnitude and persistence (Fig. S3), and in both cases
we never observed a normalized <ε> value above 3. Thus, in
contrast to FGF2, neither NCAM-Fc nor the FGL peptide induced
stable dimerization of FGFR1. Rather, both NCAM-derived ligands
promoted the formation of unstable and heterogeneous FGFR1
multimers. It is noteworthy that, although a different cell was
imaged at each time point for a total of 40–60 cells analyzed in
each experiment, the average brightness never went above three
times that of the monomeric receptor. This raised the intriguing
hypothesis that NCAM-derived ligands induce a population of
receptor trimers that predominate on the cell surface in a transient
and cyclic fashion. In order to test the trimerization hypothesis
biochemically, we attempted to crosslink the complexes between
FGFR1-mEGFP and ligand (FGFR1-mEGFP–ligand). Upon cell
stimulation with FGF2 and crosslinking, we could promptly detect
dimeric FGFR1-mEGFP (Fig. S4). However, we did not succeed in
detecting species larger than the monomer when cells were treated
with NCAM-Fc or FGL, possibly due to the very transient nature of
NCAM-induced FGFR1-mEGFP complexes on the cell membrane.
Taken together, these results demonstrate for the first time that, in

contrast to the well-established receptor dimerization induced by
FGF2, the non-canonical soluble NCAM ligands elicit transient and
cyclic multimerization of FGFR1. While the N&B data would be
consistent with the hypothesis of NCAM-induced trimerization of
the receptor, this remains to be formally proven.

Low FGF2 concentrations mimic the NCAM-induced cyclic
dynamics but do not alter the dimeric stoichiometry of
FGFR1 complexes
The cyclic behavior and the instability of the NCAM–FGFR1
complexes might depend on the non-saturated binding sites due to
the low affinity of NCAM-derived ligands as opposed to the high
affinity of FGF2. If this were the case, it is conceivable that low
concentrations of FGF2, being unable to saturate the ligand-binding
sites in FGFR1-mEGFP-transfected cells, produce a similar instability.
Thus, we determined the average brightness obtained in cells treated
with decreasing concentrations of FGF2. At 10 ng/ml, FGF2 evoked a
relatively stable dimerization of the receptor (Fig. 4A), with a very
similar pattern to that observed with the full dose of 20 ng/ml (see
Fig. 3B). However, when the FGF2 concentration was decreased to
2 ng/ml, the average brightness kinetics changed radically and showed
cyclic transitions similar to those induced byNCAM-Fc (Fig. 4B). The
concentration of the receptors exposed at the cell surface did not
change significantly with time since the average fluorescence intensity
was stable during the entire assay. Dimers were generated, as indicated
by the average brightness ratio approaching a value of 2, but they did
not reached a stable plateau as those induced by higher FGF2 doses. At
such a low concentration as 1 ng/ml, the rate of FGF2-induced
dimerization of FGFR1 was quite inefficient. Indeed, we observed the
formation of mixtures of dimers and monomers yielding always an
average brightness ratio of a value below 2 and a persistent surface
exposure of the receptors (Fig. 4C).

Taken together, these findings support the hypothesis that non-
saturating concentrations of FGF2 result in unstable FGFR1–ligand
complexes, thus recapitulating the cyclic pattern of mixed receptor
complex species induced by NCAM-derived ligands. However, in
striking contrast to NCAM, the highest average brightness induced
by FGF2 was never above the value corresponding to dimers. This
implies that the stoichiometry of FGFR1 complexes is ligand-
specific.

The kinetics of FGFR1–FGF2 complexes at the cell surface is
regulated by receptor ubiquitylation but not recycling
Following the binding of FGF2, FGFR1 signaling is attenuated
by receptor internalization and Cbl-mediated ubiquitylation, which
targets it to lysosomal degradation (Wong et al., 2002). We
hypothesized that the intracellular fate of FGFR1 influences the
dynamics and the stoichiometry of receptor complexes at the cell
surface. To test this hypothesis, the endocytic pathway of FGFR1-
mEGFP in HeLa cells was manipulated through the ectopic
expression of either a dominant-negative variant or the wild-type
form of Cbl (Germano et al., 2006). Indeed, we have previously

Fig. 4. Assembly and dynamics of the FGFR1 complexes are dependent
on FGF2 concentration. (A,B) FGFR1-mEGFP-transfected HeLa cells were
stimulated with FGF2 at 10 ng/ml (A), 2 ng/ml (B) or 1 ng/ml (C), followed by
measurement of brightness as a function of time. Data (±s.e.m.) were obtained
as described for Fig. 3 and refer to independent kinetic runs. Analyzed were 38
cells in A; 50 (dotted lines) and 46 (solid lines) cells in B; 46 (dotted lines) and
38 (solid lines) cells in C.
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shown that dominant-negative Cbl impairs FGF2-induced
internalization and degradation of FGFR1, leading instead to
receptor recycling (Francavilla et al., 2009). Thus, we stimulated
HeLa cells expressing dominant-negative Cbl with 20 ng/ml FGF2,
i.e. the dose that induces the formation of stable FGFR1 dimers.
As shown in Fig. 5A (top panel), preventing Cbl-mediated
ubiquitylation of FGFR1 affected dramatically its response to
FGF2. In particular, the receptor dimers were highly unstable, and
the average brightness ratio showed long-lasting transitions between
predominantly dimeric and monomeric states, with the presence of
intermediate mixtures of the two receptor species. This cyclic
behavior started ∼10 min after the ligand addition, with a marked
delay when compared to the receptor dimerization starting at∼5 min
in parental HeLa cells (see Fig. 3B). The expression of wild-type
Cbl, instead, resulted in rapid and stable dimerization of FGFR1-
mEGFP, followed by the decline to the initial monomeric baseline
(Fig. 5A, bottom panel), thus recapitulating the response elicited by
20 ng/ml FGF2 in parental cells. These findings indicated that an
intact Cbl-dependent endocytic pathway is required for the formation
and persistence of FGFR1 dimers at the cell surface upon FGF2
stimulation, while perturbing the pathway destabilizes the dimers
and triggers rapid and cyclic monomer/dimer transitions.
Several lines of evidence implicate membrane microdomains,

such as lipid rafts and caveolae, in FGFR activity and trafficking
(Asimaki et al., 2011; Fecchi et al., 2012; Gleizes et al., 1996;
Irschick et al., 2013; Ridyard and Robbins, 2003; Wiedlocha and
Sorensen, 2004). To investigate whether such microdomains are
also involved in the assembly of FGFR1 complexes, HeLa cells
expressing FGFR1-mEGFP were pre-treated with filipin, a drug that
depletes cholesterol, and disrupts lipid rafts and caveolae (Lajoie
and Nabi, 2007) prior to FGF2 stimulation. As illustrated in Fig. 5B,
filipin pre-treatment evoked a response to FGF2 that is highly
reminiscent of that observed with dominant-negative Cbl, with
destabilization of functional FGFR1 dimers and repeated transitions
between monomeric, dimeric and intermediate states. Thus, lipid
rafts and/or caveolae microdomains play an important role in the
dynamics and stoichiometry of FGFR1 complexes in response to
FGF2.
We have previously reported that NCAM-derived ligands, but not

FGF2, promote recycling of FGFR1 following internalization
(Francavilla et al., 2009). Consistent with that observation, the
inhibition of receptor recycling with the drug monensin (Basu et al.,
1981; Felder et al., 1990) did not significantly alter the brightness
kinetics of the FGFR1-mEGFP stimulated with 20 ng/ml FGF2.
Indeed, dimers represented the predominant receptor species at the
cell surface for ∼10 min (Fig. S5A). Rather, monensin affected
the response to NCAM-Fc stimulation (Fig. S5B). In this case,
the receptor complex with a brightness ratio of three times the
monomeric value was detected only in one short cycle of ∼2–3 min
after stimulation. In the subsequent cycles, the average brightness
was at best twice the monomer baseline. Thus, the N&B analysis
confirmed and extended our previous observations on the key role
of FGFR1 recycling in the specific response of the receptor to
NCAM-induced stimulation (Francavilla et al., 2009).

DISCUSSION
NCAM acts as a non-canonical ligand for FGFR1 and induces an
FGFR1-mediated cellular response that is remarkably distinct from
that elicited by FGF2 (Francavilla et al., 2009). However, the
molecular basis of such a dichotomy and the role of distinct types of
ligand-receptor interaction remain elusive. To address these issues,
we applied the N&B analysis to time-lapse TIRF imaging and

revealed that FGF2 and NCAM induce distinct assembly and
dynamics of FGFR1 molecules at the surface of HeLa cells.

On the basis of our previous work (Francavilla et al., 2009) and in
order to perform a direct comparison with exogenously added FGF2,
we have used soluble NCAM-derived ligands, i.e. NCAM-Fc, the
ectodomain of NCAM that occurs as a dimer because of the
spontaneous Fc dimerization, and the NCAM-derived peptide FGL,
which has a dendrimeric configuration with four peptides attached to
a three-lysine backbone (Kiselyov et al., 2003). In contrast with the
FGFR1 stable dimers induced by FGF2, the stimulation with
NCAM-Fc or FGL resulted in apparently unstable and heterogeneous
homoassociation of the FGFR1 molecules. It should be noticed that,
due to photobleaching and photodamaging caused by repeated
illumination, N&B analysis is intrinsically incompatible with
imaging the same cell for prolonged time intervals. Therefore, the

Fig. 5. The endocytic pathway influences the assembly of FGFR1
complexes. FGFR1-mEGFP was expressed in dominant-negative Cbl-Hela
(dnCbl; A top panel), wild-type Cbl-Hela (WtCbl; A bottom panel) or in wild-type
Hela cells pre-treated with 5 µg/ml filipin for 30 minutes (B). After stimulation
with 20 ng/ml FGF2, the brightness as a function of time was obtained and
normalized to the basal value, as described for Fig. 3, to follow the
stoichiometric changes of FGFR1 clusters in A,B. Data (±s.e.m) were obtained
as described for Fig. 3 and refer to independent kinetic runs. Analyzedwere: 34
(solid line) and 27 (dotted line) cells in A (top); 24 (dashed line), 54 (solid line)
and 16 (dotted line) cells in A (bottom); 34 (solid line) and 35 (dotted line) cells
in B.
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stable or unstable nature of FGFR1-mEGFP complexes in FGF2 or
NCAM-stimulated cells, respectively, can only be deduced from the
average brightness values that are recorded in the different cells
imaged at different time points and, therefore, remains to be formally
proven. We observed long-lasting cycles during which the receptor
shifted from the monomeric form to a state or a mixture of states
consistent with an average brightness of three monomeric units, with
intermediate combinations occurring between the two predominant
conditions. The N&B analysis could not find regions of the cell
membrane associated to an average brightness larger than three
monomeric FGFR1 units. Additionally, our biochemical approach
(crosslinking and immunoblotting) failed to detect FGFR1-mEGFP
trimers in cells that were exposed to NCAM-derived ligands. A likely
explanation for this is the very transient nature of NCAM-induced
FGFR1-mEGFP complexes on the cell membrane, as indicated by
the N&B analysis (see Fig. 3D and Fig. S1B). We have previously
reported that, upon NCAM stimulation, FGFR1 undergoes rapid
endocytosis and recycling at the cell surface (Francavilla et al., 2009).
On the basis of those findings, one can speculate that the fast
transitions of NCAM-stimulated FGFR1 into different stoichiometric
states reflect rapid internalization and recycling of receptor molecules
assembled in heterogeneous and unstable multimers that cannot be
captured and visualized in end-point batch biochemical analysis.
Obviously, our inability to detect FGFR1 trimers biochemically
might also depend on other factors, either technical or biological. In
this context, we cannot resolve the cluster composition associated to
the average brightness of 3-fold the monomeric unit. Thus, the
possibility remains that the average brightness of 3-fold the monomer
value reflects random mixtures of large FGFR1-mEGFP oligomers
and monomers. Nevertheless, not only did we systematically and
reproducibly measure an average brightness corresponding to a
trimer, but the pattern was quantitatively and qualitatively similar
with both NCAM-Fc and the FGL peptide. In this context, although
our study provides the first observation of trimerization of a growth
factor receptor, other types of receptor have been reported to form
biologically active trimers at the cell surface, including members of
the tumor necrosis factor receptor (TNFR) and of the plexin families
(Anastasia et al., 2015; Balasubramanian and Zhang, 2015; Sedger
andMcDermott, 2014). Incidentally, TNFR trimers appear to be only
transiently expressed on the cell surface (Sedger and McDermott,
2014), which combined with our data on NCAM-induced FGFR1
complexes, implies that a trimeric conformation of cell-surface
receptors might confer instability.
The instability of NCAM–FGFR1 complexes might depend on

the ligand affinity. Indeed, the low (micromolar) affinity of soluble
NCAM ligands for FGFR1 (Kiselyov et al., 2003), as compared
with the high (picomolar) affinity of FGF2 (Mohammadi et al.,
2005), might result in binding sites not being saturated. This would
make the NCAM-receptor complexes unstable. In support of this
hypothesis, the decrease in the concentration of FGF2 also resulted
in unstable and cyclic FGFR1 homoassociation, thus mimicking to
some extent the effect of NCAM stimulation.
To gain insights into the stoichiometry of the FGFR1 complexes

upon NCAM-mediated stimulation, other approaches, such as single-
point photon-counting histograms (Chen et al., 2002) or cumulant
analysis (M; ler, 2004), could resolve heterogeneous receptor
populations better than N&B. Yet, these approaches require a large
number of observations at each pixel, are computationally slow and
not applicable to the analysis of all pixels in an image (Digman and
Gratton, 2011). Additional methods with the capability of resolving
mixtures, such as stepwise photobleaching (Coffman and Wu, 2012),
cannot be applied to fast dynamics in live cells. Rather, recent studies

based on N&B analysis (Digman et al., 2008; Hellriegel et al., 2011;
Nagy et al., 2010; Olivera-Couto et al., 2015; Perumal et al., 2015;
Plotegher et al., 2014; Trullo et al., 2013), and our present results point
to this approach as a valuable tool to study the fast and dynamic
organization of cell surface molecules, thus complementing and
extending the information provided by other imaging and biochemical
approaches. In light of these considerations, the interpretation of our
N&B data should take into account that the individual species of
FGFR1-mEGFP in multimeric mixtures cannot be resolved under our
experimental conditions. Hence, the stoichiometry of FGFR1
complexes upon NCAM stimulation, although clearly different than
that induced by FGF2, remains an open question.

Our previous work has revealed that, unlike FGF2, NCAM
induces the recycling of FGFR1 at the cell surface which, in turn,
accounts for NCAM-induced sustained signaling and cell
migration, as opposed to the transient activation of FGFR1 and
the proliferative effect induced by FGF2 (Francavilla et al., 2009).
In light of the results presented here, it is possible that the different
clustering and dynamics of the receptor complexes elicited by
NCAM and FGF2 contribute to the previously reported dichotomy
in the response of FGFR1 to the two ligands (Francavilla et al.,
2009). It is conceivable, indeed, that the ligand-specific modes of
FGFR1 assembly determine different internalization mechanisms,
different intracellular fate of the FGFR1–ligand complexes and,
hence, distinct signaling cascades.

The investigation of the internalization mechanisms is beyond the
scope of this work, yet we have explored the assembling dynamics
of the receptor at low FGF2 concentrations, asking whether the
reduction of the occupancy of FGFR1 by its classic ligand causes a
switch towards unconventional FGFR1 dynamics, such as that
induced by NCAM. Previous reports have described a biphasic
response to FGF2 stimulation in cell models. In vitro studies showed
that the intracellular effectors, the signaling duration and the cellular
response are strictly dependent on the concentration of FGF2 (in a
range between 0.01 and 100 ng/ml), with different FGF2 doses
evoking opposite responses (Garcia-Maya et al., 2006). By using
a combined approach of computational modeling and experiments,
Kanodia and colleagues found that the competition of FGF2
binding to either cell surface heparan sulfate glycosaminoglycans
(HSGAGs) or FGF receptor leads to the biphasic response observed
in several in vitro systems (Kanodia et al., 2014). In our cell model,
at low FGF2 doses the N&B analysis shows that stability of the
membrane-exposed FGFR1 dimers is reduced, resulting in a fast and
cyclic dynamics of monomers and dimers with predominance of
intermediate mixtures. Thus, we provide the first spatio-temporal
visualization of the FGFR1 engagement by FGF2, which is
consistent with and complements previous observations that have
highlighted the influence of ligand gradients in fundamental
processes, such as cell proliferation, survival and differentiation
(Garcia-Maya et al., 2006).

We have previously shown that Cbl inactivation results in FGFR1
recycling to the cell surface – even upon stimulation with 20 ng/ml
FGF2 – as opposed to the receptor internalization and degradation
observed in Cbl-proficient cells. As a consequence, FGF2 becomes
able to elicit a receptor response that is very similar to that of
NCAM, with sustained signaling and cell migration (Francavilla
et al., 2009). By applying N&B analysis to Cbl-inactivated HeLa
cells, we now show that inhibition of FGFR1 degradation in
FGF2-stimulated cells modifies the dynamics of FGFR1-mEGFP,
resulting in the exposure of a long-lasting, promiscuous population
of monomers and dimers at the cell surface. This behavior is highly
reminiscent of the receptor transitions induced by NCAM.
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However, we have never observed the formation of larger FGFR1
clusters either after stimulation by low FGF2 concentrations or in
dominant-negative Cbl cells that were stimulated with 20 ng/ml
FGF2. We detected only oscillations between monomers and
dimers. Given the profound difference between an Ig-like adhesion
molecule, such as NCAM, and a polypeptide growth factor, such as
FGF2, this might imply that the degree of FGFR1 clustering is not
guided by the fate of the receptor itself but rather by the molecular
nature of the stimulating ligand. Overall, our observations are
consistent with the possibility that the different FGFR1-dependent
cellular responses to FGF2 or NCAM depend, at least to some
extent, on the mode of assembly and the dynamics of the receptor at
the cell surface. Further investigation will be needed to identify the
biological basis of the similar pattern of FGFR1 clustering and
trafficking that is evoked by FGF2 in Cbl-inactivated cells, by low
FGF2 concentrations and by NCAM.
We show here that the destabilization of FGFR1 dimers that are

formed upon exposure to 20 ng/ml FGF2 occurred also after pre-
treating the cells with filipin, which inhibits both raft- and caveolae-
mediated endocytosis (Schnitzer et al., 1994). Also in this case, the
cyclic dynamics and heterogeneity of receptor species at the cell
surface might be ascribed to alterations of the endocytic trafficking
of FGR1–FGF2 complexes. This result is consistent with the
previous observations that disruption of lipid rafts causes reduced
binding and increased dissociation rates of FGF2 from the cell
surface, and decreased FGF2-mediated PKCα activation (Chu et al.,
2004). By contrast, the inhibition of recycling by monensin altered
the dynamics of FGFR1 only when the receptor was stimulated
by NCAM-Fc, but had a negligible effect on FGFR1−FGF2
complexes. Thus, NCAM-dependent FGFR1 recycling is required
for the correct assembly of NCAM–FGFR1 complexes at the cell
surface.
Our observations are consistent with a model in which the

clustering of FGFR1 complexes is orchestrated through the molecular
nature of the ligand, while the stability of the complexes themselves
depends on different factors – possibly including ligand affinity.
Combining this paradigm with our previous results of the differential
FGFR1 signaling elicited by NCAM and FGF2 (Francavilla et al.,
2009), it is possible that differential clustering induced by different
ligands accounts for distinct biochemical and cellular responses. Such
a possibility points to the assembly and dynamics of the receptor
complexes as a further level of intricacy in the regulation of FGFR1
function.

MATERIALS AND METHODS
Antibodies and reagents
The following antibodies were used: rabbit anti-GFP (1 μg/ml) produced by
the Biochemistry Unit of the Consortium for Genomic Technologies
(Cogentech; Milan, Italy); mouse anti-phosphotyrosine (1:200; BD
Biosciences); rabbit anti-FGFR1 (C15; 1:200) and goat anti-actin (1:200;
Santa Cruz Biotechnology, Inc); mouse anti-FGFR1 (M2F12; 1:200; Santa
Cruz Biotechnology, Inc); mouse anti-phosphorylated-FGFR (55H2;
1:1000; Cell Signaling Technology). Secondary antibodies anti-rabbit,
anti-mouse and anti-goat HRP linked were from Bio-Rad. The following
reagents were used: recombinant FGF2 (Pepro Tech), recombinant NCAM-
Fc produced as previously described (Francavilla et al., 2009), dendrimeric
FGL peptide from the second FNIII module of NCAM (Kiselyov et al.,
2003) (ENKAM Pharmaceuticals), monensin and filipin (Sigma-Aldrich).

Vectors
The cDNA encoding FGFR1 was provided by Jennifer Stow (Institute for
Molecular Bioscience, University of Queensland, St. Lucia, Australia)
(Bryant et al., 2005) and was subcloned into the expression vector for

monomeric EGFP (pN1-mEGFP) generating FGFR1-mEGFP (Hellriegel
et al., 2011).

Cell lines and transfection
HeLa cells were maintained in DMEM high-glucose GlutaMAX I medium
(GIBCO) supplemented with 10% fetal bovine serum. Transfections were
carried out using TransIt-LT1 reagent (MirusBio LLC) according to the
manufacturer’s instructions. HeLa cells stably transfected with dominant-
negative Cbl (Penengo et al., 2006) were provided by Simona Polo (Milan,
Italy). For microscopy, cells were plated and transfected in glass-bottom
(glass thickness 0.16–0.19 mm) 35-mm dishes (MatTek). Cells were
maintained in serum-free DMEM (0.1% BSA and 25 mM HEPES
without Phenol Red) overnight before stimulation with 20, 10, 2 or 1 ng/ml
FGF2, 50 µg/ml NCAM-Fc or 40 µg/ml FGL peptide. All ligands were
diluted in PBS supplemented with 0.01%BSA, and the latter was used as
vehicle control. All cell lines were regularly tested for mycoplasma
contamination

Immunoblotting and immunoprecipitation
Cells were cultured in 6-well plates and transfected with FGFR1-mEGFP in
complete medium. Twenty-four hours after transfection, cells were serum-
starved overnight and then stimulated for the indicated time points with
50 μg/ml NCAM-Fc or 20 ng/ml FGF2. Cells were lysed in buffer
containing 1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl (pH 7,6),
1 mM CaCl2, 10 mM NaF, 1 mM sodium orthovanadate and protease
inhibitors mix. Cell lysates were cleared by centrifugation at 14,000 g for
30 min. Proteins (25 µg/lane) were resolved by SDS-PAGE and transferred
to nitrocellulose membranes (Protran, Whatman). Proteins of interest were
visualized by using specific antibodies, followed by peroxidase-conjugated
secondary antibodies. Chemiluminescent signals were detected using
Clarity Western ECL Substrate (Bio-Rad). For immunoprecipitation, cell
lysates were pre-cleared with non-immune IgG (Sigma-Aldrich) before
incubation with anti-FGFR1 (C15), followed by addition of Protein A-
Sepharose (Amersham-GE Healthcare). Immunoprecipitates were resolved
by SDS–PAGE and analyzed by immunoblotting.

TIRF microscopy
FGFR1-mEGFP population on the ventral cell membrane was imaged by
TIRF microscopy, taking advantage of the short penetration of evanescent
illumination (Poulter et al., 2015) HeLa cells were serum-starved overnight
and imaging started immediately after adding the ligands. Cells with
exceedingly high fluorescence (i.e. overexpression of the ectopic construct)
were excluded from the analysis. Cells were imaged by using a TIRF
microscope (Leica AM, Wetzlar, Germany) equipped with an iXon897
EMCCD camera (Andor TM Technology, Belfast, North Ireland) and a
thermostatic chamber to provide 5% CO2 atmosphere and temperature at
37±0.5°C (Meyer Instruments, Houston, TX). For N&B, the camera was
calibrated using the procedure previously described (Unruh and Gratton,
2008). Time stacks of images (700– 1000 frames, 256×256 pixels, 124 nm/
pixels) were collected with a TIRF field of 110 nm, at 488 nm excitation and
1 ms/frame (22 ms accumulate cycle time). For N&B analysis, at least 500
frames were analyzed for each time stack using a customizedMatLab routine
(The MathWorks, Inc. Natick, MA) developed in house (Unit of
Microscopy and Dynamic Imaging, CNIC, Madrid, Spain) and SimFCS
software (Laboratory for Fluorescence Dynamics, Irvine, CA) after
removing out-of focus frames.

N&B analysis
N&B is a pixel-by-pixel moment-analysis for measuring the average
number of molecules (n) and brightness (ε) in each pixel, which are related
to the average fluorescence intensity (<I>) as (Digman et al., 2008):

, I. ¼ en ð1Þ
When the fluorophores in the sample are not too crowded (that is at low-
moderate expression levels of fluorescence) the brightness (ε) of the
fluorophore can be derived from the fluorescence fluctuation amplitudes
caused by the fluorescent molecules diffusing in and out of the observation
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volume by computing the ratio of the variance to the average intensity at
each pixel (Dalal et al., 2008; Digman et al., 2008; Ossato et al., 2010;
Unruh and Gratton, 2008). Thus, if a protein labeled with a fluorescent dye
of brightness 1xε associates as a homodimer, the complex will carry 2
fluorescent labels, and the N&B analysis will yield a molecular brightness
of 2xε. Mixed oligomer populations yield a mean brightness <ε> weighted
by the fractional intensity (fi=Ii/ΣnIn) of the individual ‘n’ components:
<ε>=Σn fn εn (Hellriegel et al., 2011).

After acquiring TIRF frames, images were averaged over time to compute
the pixel-by-pixel averaged intensity (<I>) (Step 1 in Fig. 2). In step 2
(Fig. 2) the apparent pixel brightness (B) was obtained from the ratio
between the variance and the average intensity at each pixel as B=σ2/<I>.
B versus values are illustrated by contour plots as B-histograms. The image
above background that is selected for the analysis is indicated as Region of
Interest (ROI). The brightness of each selected pixel of the ROI is computed
as B-value and shown in the B-map (step 3 in Fig. 2). As described in (Ross
et al., 2011) the analysis of the B-values distributions was used to determine
the central value (±s.e.m.), representing the average apparent B-value of the
image (step 4 in Fig. 2). The s.e.m. was calculated as the standard deviation
among the brightness values of the independent pixels divided by the square
root of the number of pixels. To construct a kinetic run, at least 6000 pixels
(i.e. 6000 values of brightness) were analyzed in each single cell image per
time point using GraphPad (GraphPad Software Inc., San Diego, CA). The
average brightness, <ε>, expressed in [(counts/molecule)×dwell time], was
then obtained from the equation:

hBi ¼ 1þ h1i ð2Þ
and data were normalized as:

average brightness ratio ¼ hBti � 1

hB0i � 1
¼ h1ti

h10i ð3Þ

Where 〈Bt〉− is the average B-value measured at time t after ligand addition,
〈B0〉is the average B-value measured at the time t=0 (5–10 s after ligand
addition), which in all cases was in agreement with the value of the
monomeric GPI-mEGFP control.

To build the kinetic run, a different cell was imaged in a different field of
view at each time point to avoid photobleaching and photo-damaging due to
repeated illumination. To avoid distortion of the brightness by intensity
changes during acquisition, the total acquisition time was within 11–22 s
and time series showing fluorescence intensity changes >5%were discarded
(Fukushima et al., 2018; Hur et al., 2014; Trullo et al., 2013). Control time
stacks were acquired in parallel for HeLa cells expressing GPI-mEGFP or
GPI-mEGFP-mEGFP to account for the intrinsic variability of the laser
power during each run.

A receptor state was arbitrarily defined as ‘stable’ when in the timeframe
of three consecutive acquisition cycles (∼4 min) the difference in average
brightness between the three consecutive measurements remained within the
standard deviation calculated on unstimulated cells [i.e. s.d.=±0.13 (counts/
molecule)×dwell time)]. Otherwise, the receptor state was defined as
‘unstable’.
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Figure S1 - Cellular distribution and 
localization of FGFR1-mEGFP 
transfected in HeLa cells grown to 
sub-confluence as it can be 
visualized by epifluorescence, 
confocal and TIRF microscopy. 
 
Representative samples were imaged by: 
(A) Epifluorescence microscopy. Cells were 
fixed and stained post-fixation with DAPI to 
mark the nuclei. Scale bar 20 µm. 
(B) Confocal microscopy. Live cells were 
maintained in the culture medium, at 37 °C 
and 5%CO2. The intracellular distribution of 
the receptor is visualized with a single 
optical section within a z-depth resolution of 
1 µm at excitation of 488 nm. Scale bar 10 
µm. 
(C) TIRF microscopy. Live cells were 
maintained in the culture medium, at 37 °C 
and 5%CO2.  The distribution of the receptor 
is visualized under an evanescent field 
depth of <110 nm from the cover slide 
support. The image reproduces the 
acquisition conditions used for the N&B 
analysis. Scale bar 20 µm. 
 
 
 
The receptor is found in the Golgi 
membranes (asterisks) and in the plasma 
membrane and filopodia (arrows). FGFR1-
mEGFP is also recognized in vesicular 
structures.  Based on the intrinsic features of 
evanescent illumination, the TIRF image 
depicts the ventral side of the plasma 
membrane, without interference coming 
from intracellular fluorescence signals. 
Under these conditions, FGFR1-mEGFP is 
clearly and abundantly localized on the 
ventral cell surface. 
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Figure S2 - Immunostaining of endogenous FGFR1 in OVCAR3 cells. 
 
The human ovarian cancer cell line OVCAR3 was serum-starved over-night and treated for the 
indicated time with 20 ng/ml of FGF2. Cells were then fixed in 4% paraformaldehyde and 
permeabilized with ice-cold PBS and 0.5% Triton X-100 for 3 minutes on ice. Endogenous FGFR1 
was predominantly localized at the plasma membrane in untreated cells and in cells stimulated with 
FGF2 (20 ng/ml) for 10 minutes (arrows), although some cytoplasmic localization could also be 
detected (asterisks). At longer incubation times, cells exhibited intracellular localization of the 
receptor, consistent with FGF2-induced internalization of FGFR1. The decreased intensity of the 
staining at 2 hours is likely due to the degradation of internalized receptor. Nuclei are stained with 
DAPI, FGFR1 visualized with FGFR1 antibody (clone M2F12) followed by a Donkey anti-mouse Cy-3 
secondary antibody. Scale bar 20 µm. 
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Figure S3. N&B analysis on cells stimulated with the FGL peptide.  
 
(A) Representative example of a N&B kinetic of FGFR1-mEGFP expressed in Hela cells upon 
stimulation with FGL dendrimer peptide at 40 µg/ml. TIRF images series were collected and analyzed 
as described for Figure 2. The red lines in the Frequency Histograms  (Norm. Freq. Histogram) mark 
the B-central values (average brightness) associated to mEGFP single unit (M = 1 unit) and mEGFP 
putative trimers (T= 3 units), as an indication of the shift observed during the kinetic runs. (B) Plot of 
average brightness as a function of time. Each value (+ s.e.m.) was obtained as described in figure 3 
(n=53 cells).  
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Figure S4 Cross-linking of stimulated FGFR1-mEGFP.  
 
HeLa cells transfected with FGFR1-mEGFP were incubated at 4°C with NCAM-Fc or FGF2 at the 
indicated concentrations and time lengths. Cell-surface proteins were then cross-linked with 2 mM 
BS3. Cells were lysed and proteins were resolved by SDS-PAGE and transferred to nitrocellulose 
membranes; equal loading was confirmed by Ponceau S staining (right panel). FGFR1-mEGFP was 
visualized using rabbit anti-GFP (left panel). The arrow indicates the band corresponding to the 
FGFR1-mEGFP dimer. 
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Figure S5. Inhibition of recycling alters the FGFR1 complex assembly in response to 
NCAM.  
 
HeLa cells transfected with FGFR1-mEGFP were pre-treated with 50 mM monensin and stimulated 
with 20 ng/ml FGF2 (A) or 50 mg/ml NCAM-Fc (B). N&B kinetics were acquired as described in Figure 
2 and 3. Cells: 23 (…..), 24 (____) in panel A, 38 (…..), 38 (____) in panel B. Data are provided as 
normalized brightness ratio (+ s.e.m.) according to eq. (3) as described in figure 3. 
 
 
 

J. Cell Sci.: doi:10.1242/jcs.220624: Supplementary information

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n


