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FGF signaling, an important component of intercellular communication, is required in many tissues throughout development to promote
diverse cellular processes. Whether FGF receptors (FGFRs) accomplish such varied tasks in part by activating different intracellular transducers
in different contexts remains unclear. Here, we used the developing mouse telencephalon as an example to study the role of the FRS adapters
FRS2 and FRS3 in mediating the functions of FGFRs. Using tissue-specific and germline mutants, we examined the requirement of Frs genes in
two FGFR-dependent processes. We found that Frs2 and Frs3 are together required for the differentiation of a subset of medial ganglionic
eminence (MGE)-derived neurons, but are dispensable for the survival of early telencephalic precursor cells, in which any one of three FGFRs
(FGFR1, FGFR2, or FGFR3) is sufficient for survival. Although FRS adapters are dispensable for ERK-1/2 activation, they are required for AKT
activation within the subventricular zone of the developing MGE. Using an FRS2,3-binding site mutant of Fgfr1, we established that FRS adapters
are necessary for mediating most or all FGFR1 signaling, not only in MGE differentiation, but also in cell survival, implying that other adapters
mediate at least in part the signaling from FGFR2 and FGFR3. Our study provides an example of a contextual role for an intracellular transducer
and contributes to our understanding of how FGF signaling plays diverse developmental roles.
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Introduction
A central question in biology that remains poorly addressed is
how do so few families of extracellular signals such as FGFs me-

diate so many functions throughout development and in adult-
hood? One reason for this lack of understanding is that few
studies have examined various intracellular signal transduction
modules in specific contexts in vivo, relying instead on cell culture
and biochemical analyses.

The FGF signaling system has undergone enormous expan-
sion in mammals compared with invertebrates. Twenty-two FGF
ligands and cell-adhesion molecules acting as ligands, can signal via
four cell-surface FGF receptors (FGFRs) (Williams et al.,
1994a; Mason, 2007). Tissue-specific alternative splicing of Fgfr
genes confers differential ligand-binding properties (Johnson et
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Significance Statement

FGFs promote a range of developmental processes in many developing tissues and at multiple developmental stages. The mech-
anisms underlying this multifunctionality remain poorly defined in vivo. Using telencephalon development as an example, we
show here that FRS adapters exhibit some selectivity in their requirement for mediating FGF receptor (FGFR) signaling and
activating downstream mediators that depend on the developmental process, with a requirement in neuronal differentiation but
not cell survival. Differential engagement of FRS and non-FRS intracellular adapters downstream of FGFRs could therefore in
principle explain how FGFs play several distinct roles in other developing tissues and developmental stages.
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al., 1991; Miki et al., 1992). This alone, however, cannot explain
the pleiotropic roles played by FGFs in so many different contexts
from development to physiology (Basson et al., 2008; Guillemot
and Zimmer, 2011; Hébert, 2011). As an example, mutations in
Fgfr1 result in diverse skeletal, hematopoietic, and nervous sys-
tem diseases (Muenke et al., 1994; Xiao et al., 1998; Dode et al.,
2003). Here, we address how specificity is governed in the FGF
signaling pathway. Namely, can the choice of intracellular medi-
ators by FGFRs govern functional specificity within a given
context?

FGFRs can activate canonical intracellular transducers such as
FRS and PLC� directly, as well as other transducers such as Crk/
Crkl and Grb14, thereby initiating multiple downstream signal-
ing cascades (Williams et al., 1994b; Partanen et al., 1998; Turner
and Grose, 2010; Goetz and Mohammadi, 2013; Brewer et al.,
2015). The FRS family of docking proteins has two members,
FRS2 (also called FRS2�) and FRS3 (also called FRS2�), which
constitutively interact with the juxtamembrane region of FGFRs
(Xu et al., 1998; Gotoh et al., 2004; Hoch and Soriano, 2006).
After receptor activation induced by ligand binding, FRS proteins
can become tyrosine phosphorylated and recruit Grb2, Gab1,
and SHP2, leading to the activation of the MAPK and PI3K path-
ways (Hadari et al., 2001; Gotoh et al., 2005; Gotoh, 2008; Goetz
and Mohammadi, 2013; Brewer et al., 2015).

Previously, we used telencephalon development as a model to
study FGF signaling (Gutin et al., 2006; Storm et al., 2006; Tole et
al., 2006; Hébert and Fishell, 2008; Paek et al., 2009; Paek et al.,
2011). Fgfr1, Fgfr2, and Fgfr3 are expressed in precursor cells
throughout telencenpalon development (Hébert et al., 2003; Tole
et al., 2006) and deletion in mice of all three genes at once in early
telencephalic precursors resulted in ablation of the telencephalon
due to precursor cell death (Paek et al., 2009; Paek et al., 2011),
whereas simultaneous deletion of two receptor genes revealed
specific requirements of FGFRs in patterning the ventral telen-
cephalon at later time points during development (Gutin et al.,
2006). Although all FGFRs are likely capable of signaling through
FRS proteins (Gotoh et al., 2005; Eswarakumar et al., 2006;
Gotoh, 2008; Goetz and Mohammadi, 2013), in this study, we
address using genetic approaches in mice to determine whether
the dependence of FGFR function on FRS proteins varies in dif-
ferent processes of telencephalon development.

Materials and Methods
Mice. The experiments described in this study were approved by the
Institutional Animal Care and Use Committee of the Albert Einstein
College of Medicine. Foxg1 Cre (Hébert and McConnell, 2000), Frs2 Flox

(Zhang et al., 2008), Fgfr1 Flox, Fgfr2 Flox, Fgfr3 Flox (Kang et al., 2014),
Fgfr1 � FRS (Hoch and Soriano, 2006), and Fgfr1 Y776F (Partanen et al.,
1998) alleles were maintained and genotyped as described previously.
Frs3 � / � mice were generated by replacing exon 3 with an IRES-LacZ/

PGK-neo cassette in R1 embryonic stem cells (Fig. 1A). Homologous
recombination was confirmed by Southern blot using a 3� external probe
(Fig. 1 B, C). After blastocyst injections, chimeric males were mated to
Swiss Webster mice and the offspring were identified by Southern blot
analysis and PCR genotyped with: P1, 5�ATTAAGGGCCAGCTCATT;
P2, 5�TTCAAGTGTTCGAGGGCA; and P3, 5�CAGGACTGATCCATC
CTCAG, with P1 and P3 amplifying an �350 bp mutant product and P2
and P3 an �500 bp wild-type product (Fig. 1D and data not shown).

IHC analyses. Whole embryonic day 9.0 (E9.0) to E13.5 embryos were
fixed with 4% paraformaldehyde in PBS, incubated in 10% (4 h) and 20%
(overnight) sucrose in PBS (4°C), and embedded in optimal cutting tem-
perature medium. Cryosections (14 �m) were immunostained with the
following antibodies: FRS3, goat polyclonal, 1:100 (Santa Cruz Biotech-
nology); DLX2, mouse monoclonal, 1:75 (Santa Cruz Biotechnology);
NKX2.1, rabbit monoclonal, 1:300 (Abcam); PAX6, rabbit polyclonal,
1:250 (Invitrogen); LHX8, rabbit monoclonal, 1:300 (Abcam); LHX6,
rabbit polyclonal, 1:200 (Abcam); p-HH3, rabbit monoclonal, 1:200
(Cell Signaling Technology); GSH2, rabbit polyclonal, 1:800 (Millipore);
p-ERK-1/2, rabbit monoclonal, 1:150 (Cell Signaling Technology); and
p-AKT, rabbit monoclonal, 1:100 (Cell Signaling Technology). Sections
were mounted with Prolong Diamond Antifade Mounting Medium with
DAPI (Invitrogen) and imaged using a Zeiss fluorescent microscope with
Axiovision software.

RNA in situ hybridization. 35S in situ hybridizations were performed as
described previously on fresh frozen sections (14 �m) with a cresyl violet
counterstain (Frantz et al., 1994).

TUNEL assay. TUNEL reactions were performed on 16 �m fresh-
frozen sections following the manufacturer’s protocol (Roche In situ Cell
Death Kit).

Statistical analyses. Quantitation was with ImageJ unless otherwise
mentioned and data are presented as the average � SEM. Significance
was determined using Student’s t test.

Results
FRS adapters are nonessential for FGF-dependent survival of
early telencephalic precursor cells
Loss of three Fgfr genes from telencephalic precursor cells leads to
a complete loss of the telencephalon due to precursor cell death at
E8.75 (Paek et al., 2009). We therefore investigated whether FRS
adapters were required first for telencephalon development and
second for mediating FGFR1 signaling. The Frs gene family con-
sists of Frs2 and Frs3 (Gotoh, 2008). Frs2 germline knock-out
mice die by E7.5 due to extraembryonic deficits (Hadari et al.,
2001; Gotoh et al., 2005). To assess the role of Frs2 in the telen-
cephalon, a conditional Frs2 Flox allele (Lin et al., 2007) was re-
combined using a Foxg1 Cre allele, which recombines floxed alleles
in telencephalic precursor cells by E9.0 (Hébert and McConnell,
2000; Paek et al., 2009). Because no knock-out or conditional
allele of Frs3 had been reported, we generated an Frs3 knock-
out allele by substituting exon 3, which encodes the essential
phosphotyrosine-binding domain, with an IRES-LacZ/PGK-neo

Figure 1. Construction of Frs3 knock-out mice. A, Frs3 � / � mice were generated by replacing exon 3 with an Ires-LacZ/PGK-neo cassette. Restriction enzyme sites: A, AscI; E, EcoRI; N, NheI; Sa,
SacI; Sp, SpeI. Insertion of the cassette introduces a SpeI site. B, C, Southern blot analysis of genomic DNA from ES cell clones (B) and mice (C); DNA was digested with NheI and SpeI and blots are
probed with an EcoRI-NheI fragment flanking the targeting construct (wild-type allele: 12.5 Kb band; mutant allele: 7.5Kb band). D, Phospho-FRS3 protein is undetectable in Frs3 � / � cortical
neurons stimulated with 50 ng/ml BDNF for 10 min, lysed, and immunoprecipitated using either FRS2 or FRS3 antibodies.
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Figure 2. FRS adapters largely compensate for each other, but are dispensable for initial formation of the telencephalon. A, In situ hybridization revealed Frs2 mRNA in coronal sections of E12.5
control but not Frs2-cKO mutant telencephalons (Frs2 labeling, yellow; cresyl violet counterstain, red). B, Detection of FRS3 protein in coronal sections of E13.5 control but not Frs3 � / � mutant
telencephalons (anti-FRS3 staining, green; DAPI counterstain, blue). FRS2 and FRS3 expression overlap in the ventral telencephalon. C, Mating scheme and mutant nomenclature. D, Compared with
controls, Frs2,3-dKO and, to a lesser extent, Frs2-cKO mutants had smaller telencephalons (white arrows), eyes, and frontonasal processes (yellow arrowheads) at E13.5. Quantitation of maximal
telencephalic A/P and D/V lengths normalized to whole body length and compared with controls. *p � 0.05; **p � 0.001; n � 5. E, Unlike mutants in which FGFR function is abolished (Paek et
al., 2009), Frs2,3-dKO mice still form a telencephalon defined by Foxg1 mRNA (white) on E12.5 coronal sections (counterstain, red). Scale bar, 500 �m.

Figure 3. FRS adapters are required in ventral telencephalon development with a dominant role for FRS2. A, Immunohistochemical analysis of E13.5 coronal sections for PAX6 (dorsal), DLX2
(ventral), NKX2.1 (MGE precursors and preoptic area), and LHX8 (differentiating MGE field) revealed ventral deficits (arrowheads) in Frs2-cKO and Frs2,3-dKO mutants. Counterstain, DAPI (blue).
B, Quantitation; Frs2,3-dKO and, to a lesser extent, Frs2-cKO mice had significantly reduced DLX2 �, NKX2.1 �, and LHX8 � fields (normalized to total telencephalic area), consistent with MGE
deficits. In these mutants, a reduction in the LHX8 �/NKX2.1 � ratio further indicated a deficit in precursor differentiation. C, Enlarged images from A of PAX6 � areas in the dorsal LGE in control and
Frs2,3-dKO mice. D, Quantitation revealed a significant reduction in the PAX6 � dLGE domain in mutants. dLGE, Dorsal LGE. *p � 0.05; **p � 0.01; ***p � 0.001; n � 3. Scale bar, 500 �m.
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Figure 4. FRS adapters are required for AKT activation and the differentiation of neurons within the MGE. A, B, Frs2,3-dKO mice at E13.5 displayed attenuated p-HH3 � (but not TUNEL �) cell
numbers in the SVZ of the MGE. C, D, Frs2,3-dKO mice at E13.5 displayed reduced p-AKT (but not p-ERK-1/2) immunofluoresence (IF) intensity in the SVZ. Counterstain, DAPI (blue). No differences
in p-HH3 and p-AKT staining were observed in the mutant VZ. E13.5 VZ and SVZ areas are defined as areas up to 20 �m from the ventricular surface and up to 30 �m from the VZ, respectively, as
defined previously by Gutin et al. (2006). Insets, Enlargement of the boxed areas. E–H, Quantitation of the number of p-HH3 � (E) and TUNEL � (F ) cells and of p-ERK-1/2 (G) and p-AKT (H ) relative
fluoresence intensity (rFI) over their respective NKX2.1 � VZ or SVZ fields. *p � 0.05. n � 3. Scale bar, 250 �m.

Figure 5. Normal MGE induction in Frs2,3-dKO mice. A, Frs2,3-dKO mutants at E10.5 had a slightly smaller telencephalon (yellow arrow), eyes, and frontonasal process (black arrow). B, MGE
precursor fields, identified by immunostaining with NKX2.1 at E10.5, were similar in controls and mutants. Counterstain, DAPI (blue). Scale bar, 500 �m. C, Frs2,3-dKO mice at E10.5 exhibited normal
levels of p-HH3 (mitotic marker) and TUNEL (apoptotic marker) staining in MGE precursors. Insets, Enlargements of areas indicated by arrowheads. Counterstain, DAPI (blue). Adjacent sections were stained with
NKX2.1 (data not shown). D, Quantitation of the number of p-HH3 � and TUNEL � cells over their respective NKX2.1 � fields. Cells were counted from the ventricular surface to the pia. n 	 2.
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cassette (Fig. 1A–D). Adult Frs3� / � mice appeared normal and
were fertile.

Frs2 mRNA was broadly detected in tissues including the tel-
encephalon from E9.0 to E13.5 (Fig. 2A and data not shown;
Gotoh et al., 2004), whereas FRS3 protein was restricted to ven-
tral areas (Fig. 2B), consistent with its mRNA pattern (Gotoh et
al., 2004). Despite mixed reports of compensatory and distinct
functions for Frs2 and Frs3 (Gotoh et al., 2004; Huang et al., 2006;
Minegishi et al., 2009; Hryciw et al., 2010), the overlap in their
ventral telencephalic expression suggested a potential compensa-
tory role for FRS2 and FRS3 in this region. Therefore, we exam-
ined several Frs2 and Frs3 compound mutant genotypes (Fig.
2C). Mutant embryos of all genotypes were obtained at the ages
indicated in the expected Mendelian ratios with no signs of ne-
crosis. Controls were littermates that did not carry Cre and/or
were heterozygous for Frs2, Frs3, or both and, in none of these
cases could a phenotype be detected. Whole E13.5 Frs3� / � and

Frs2-cKO embryos appeared grossly normal (Fig. 2D). Although
Frs3� / � mice with either one or two functional copies of Frs2
had a normal telencephalon at E13.5, Frs2-cKO mice had slightly
smaller telencephalons along the A/P axis (by �13%) and slightly
smaller eyes and frontonasal prominences (Fig. 2D). Consis-
tent with compensatory roles for Frs2 and Frs3, Frs2,3-dKO
mice, compared with either Frs2-cKO or Frs3 � / � mutants,
showed a more severe reduction in telencephalic size along the
A/P (�24%) and D/V axes (�16%), along with smaller eyes
and frontonasal prominences (Fig. 2D). These results suggest
that the in vivo roles of FRS proteins are compensatory in
nature.

Interestingly, in contrast to Fgfr triple-null mice, Frs2,3-dKO
mice formed a telencephalon (Fig. 2E), suggesting that FRS pro-
teins are not individually or combinatorially required for the
early FGF-dependent survival of telencephalic precursor cells and
that other FGFR adapters play roles in this process. Therefore,

Figure 6. LGE and the differentiating field of cortical GABAergic interneurons in the MGE are grossly normal in Frs2,3-dKO mice. A, B, RNA in situ hybridization for Ebf1 (a marker of differentiating
LGE neurons, white) and Shh (a marker primarily of differentiating GABAergic MGE neurons, white) at E12.5. C, D, Immunohistochemical analysis for GSH2 (a marker for LGE progenitors) and LHX6
(a marker of differentiating GABAergic precursors in the MGE, red) at E13.5 (counterstain, DAPI, blue). E–H, Quantitation revealed no significant differences in the domains of expression between
controls and Frs2,3-dKO embryos. n 	 2. Scale bars: A, B, 500 �m; C, D, 250 �m.
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FRS proteins are not required for all FGF-dependent processes
within the context of telencephalon development.

FRS2 and FRS3 are together required for phosphorylation of
AKT and differentiation of a subset of neurons
General dorsoventral telencephalic patterning in Frs2 and Frs3
mutants was assessed with PAX6 (dorsal marker) and DLX2
(ventral marker). Although all mutants had normal dorsoventral
boundaries marked by PAX6 and DLX2 immunoreactivity and
normal sized PAX6� domains, the ventral DLX2� VZ was re-
duced in both Frs2-cKO and Frs2,3-dKO mice at E13.5 (Fig.
3A,B). Furthermore, Frs2-cKO and Frs2,3-dKO mice exhibited a
reduction of the NKX2.1-labeled medial ganglionic eminence
(MGE) and preoptic area and LHX8-labeled differentiating do-
main compared with control or Frs3� / � mice, even when these
also lacked one copy of Frs2 (Fig. 3A,B). A greater reduction of
the LHX8� area relative to the NKX2.1� area in both mutants
suggests that FRS2 and FRS3 are together required for MGE dif-
ferentiation, with FRS2 playing a dominant role.

Consistent with a role for FRS proteins in MGE differentia-
tion, precursor cell division assessed by p-HH3 immunoreactiv-
ity within the SVZ, but not within the VZ, of the MGE was
reduced in E13.5 Frs2,3-dKO mice (Fig. 4A,E). Precursor cell
division at E10.5 before the onset of neurogenesis was unaffected
(Fig. 5C,D), consistent with an initially normal NKX2.1� field
(Fig. 5A,B). Cell survival in the MGE measured by TUNEL stain-

ing was not detectably affected in Frs2,3-dKO mutants at either
stage (Figs. 4B,F, 5C,D). Collectively, these results are consistent
with FRS2 and FRS3 playing an important role in differentiation
of NKX2.1� precursor cells.

Because precursor cells in the ventral telencephalon give rise
to several neuron populations, we investigated the contribution
of FRS proteins in this process by examining subpopulations of
neuron precursors in E13.5 control and mutant mice. Our results
revealed that the domains of Shh and LHX6 expression, which
mark predominantly the differentiating field of cortical GABAe-
rgic interneurons (Liodis et al., 2007; Xu et al., 2010), were com-
parable between control and mutant mice (Fig. 6B,D,F,H). This
is in contrast to what we observed with reduced cells expressing
LHX8 (Fig. 3), a marker of basal forebrain cholinergic neuron
precursors induced by FGF8 (Zhao et al., 2003; Hoch et al., 2015).
The lateral ganglionic eminence (LGE), although morphologi-
cally flatter, had approximately normal sized differentiating and
progenitor fields marked by Ebf1 and GSH2 expression, respec-
tively (Fig. 6A,C,E,G) (Corbin et al., 2000). However, PAX6�

cells in the dorsal LGE, which mark a subset of dopaminergic
olfactory interneuron progenitors (Kohwi et al., 2005), were signifi-
cantly reduced in Frs2,3-dKO mice when compared with control
mice (Fig. 3C,D). Therefore, FRS adapters selectively regulate the
differentiation of a subset of ventral telencephalic neurons. Their
roles in the developing telencephalon are consistent with previously

Figure 7. FRS adapters are essential for mediating FGFR1 function in ventral telencephalic patterning. A, Compared with controls, Fgfr1 � / �;Fgfr2 � / � and Fgfr1 � FRS/ �;Fgfr2 � / � double
mutants had smaller telencephalons (white arrows), eyes, and frontonasal processes (yellow arrowheads) at E12.5. Note that the size of the telencephalon in these double mutants was smaller than
in the Frs2,3-dKO mutants (Fig. 2D). B, Immunohistochemical analysis for NKX2.1 and LHX8 of E13.5 coronal telencephalic sections from Foxg1 Cre-driven single (Fgfr1 � / � and Fgfr2 � / �) and
double (Fgfr1 � / �;Fgfr2 � / � and Fgfr1 � FRS/ �;Fgfr2 � / �) mutants revealed that both FGFR1 and FGFR2 are required for MGE development and most or all signaling from FGFR1 requires an
FRS-binding site. A more severe deficit in Frs2;Frs3 mutants (Fig. 2) compared with either Fgfr1 or Fgfr2 single mutants further suggested that both receptors use FRS adapters. C, Immunohisto-
chemical quantitation. Comparisons were made with controls (Fgfr1 �/ �;Fgfr2 �/ �). *p � 0.01; n � 3. Scale bar, 500 �m.
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described roles for FGFRs (Hébert et al., 2003; Gutin et al., 2006;
Hébert and Fishell, 2008).

To identify downstream targets of FRS proteins in the devel-
oping MGE, we stained control and double mutant sections with
anti-p-ERK-1/2 and p-AKT antibodies (Fig. 4C,D). Although
p-ERK-1/2 levels were comparable between control and mutant
mice, p-AKT levels were reduced in SVZ, but not VZ, of mutant
MGEs compared with control SVZ and VZ (Fig. 4G,H). These
results show that FRS adapters are critical for AKT/PI3K activa-
tion, but are dispensable for the activation of ERK-1/2/MAPK
pathway within MGE progenitors. Collectively, our results sug-
gest that FRS adapters, via activation of the AKT/PI3K pathway,
play a role in differentiation of a subset of MGE-derived neurons.

FRS adapters are required to transmit most or all
FGFR1 activity
The Frs2-cKO and Frs2,3-dKO phenotypes are consistent with a
role for FRS adapters in transmitting FGFR activity in the MGE.
Although Foxg1 Cre-driven Fgfr1 and Fgfr2 single mutants ap-
peared largely normal (Fig. 7A,B) and Fgfr3 was previously
suggested not to contribute significantly to MGE development
(Gutin et al., 2006), Foxg1 Cre-driven Fgfr1;Fgfr2 double mutants
exhibit a smaller telencephalon and a severe ventral telencepha-
lon deficit (Fig. 7A,B; Gutin et al., 2006). Notably, the Fgfr1;Fgfr2
double-mutant phenotype has a more severe loss of ventral tissue
than the Frs2,3-dKO phenotype, suggesting that FRS transduces
some but not all FGFR signaling.

Because a single wild-type allele of Fgfr1 in Foxg1 Cre-driven
mutant Fgfr2 and Fgfr2;Fgfr3-deficient backgrounds (Fgfr1�/ �;

Fgfr2� / � and Fgfr1�/ �;Fgfr2� / �;Fgfr3� / �, respectively) is suf-
ficient for grossly normal telencephalon and MGE development
(Gutin et al., 2006; Paek et al., 2009; Fig. 8A), we tested directly
the contribution of FRS proteins in transducing signal from
FGFR1 by replacing the single wild-type Fgfr1 allele in these mice
with an Fgfr1 allele that is deleted for the FRS-binding-site codons
(Fgfr1� FRS; Hoch and Soriano, 2006). Fgfr1� FRS / � FRS mutants
exhibit a specific deficit in FRS signaling with normal activation
of FRS-independent signaling pathways downstream of FGFR1
(Xu et al., 1998; Hoch and Soriano, 2006). We found that the
Fgfr1� FRS / �;Fgfr2� / � phenotype (with a loss of both LGE and
MGE) and the Fgfr1� FRS / �;Fgfr2� / �;Fgfr3� / � phenotype (with
early E8.75 telencephalic precursor cell death) were as severe as
the Fgfr1� / �;Fgfr2� / � and Fgfr1� / �;Fgfr2� / �;Fgfr3� / � phe-
notypes, respectively (Figs. 7A–C, 8A,B), indicating that FRS
proteins are required to mediate most or all of FGFR1 activity in
the early telencephalon. Consistent with this finding, we did not
detect telencephalic deficits in mutants in which the wild-type
Fgfr1 allele was replaced with an allele that lacks the binding site
for another classically defined FGFR signaling mediator, PLC�
(Fgfr1 Y766F, Partanen et al., 1998), in an Fgfr2;Fgfr3 mutant back-
ground, Fgfr1 Y766F / �;Fgfr2� / �;Fgfr3� / � (Fig. 8A and data not
shown).

Discussion
With this work, we show a context-dependent requirement for
the FRS2 and FRS3 adapters in the developing telencephalon.
First, FRS2 and FRS3 are together required for neuronal differ-
entiation of NKX2.1� precursors, but not for early precursor cell

Figure 8. FRS adapters, but not PLC�, are essential for FGFR1 function in precursor cell survival. A, Although mutants with loss of all three Fgfr genes (yellow arrow; Paek et al., 2009) or with one
Fgfr1 � FRS allele in the absence of Fgfr2 and Fgfr3 (white arrow) lacked a telencephalon, mutants with either one wild-type allele of Fgfr1 (left) or one Fgfr1 allele harboring a point mutation in the
PLC�-binding site (Y776F) (right) in the absence of Fgfr2 and Fgfr3 maintained grossly normal telencephalon development at E12.5, suggesting that FGFR1 signaling through FRS (but not through
PLC�) is required. B, One wild-type allele of Fgfr1 in the absence of Fgfr2 and Fgfr3 maintained precursor cell survival (left) at E8.75, whereas replacing this one wild-type allele of Fgfr1 with the
Fgfr1 � FRS allele failed to maintain precursor cell survival, leading to 25% TUNEL � cells at E8.75 without affecting cell division (p-HH3 � cells), a phenotype as severe as Fgfr1 � / �;Fgfr2 � / �;
Fgfr3 � / � mutants (A) (Paek et al., 2009). Counterstain, Hoechst (blue). Scale bar, 500 �m. C, FRS adapters play a nonessential role during early telencephalic precursor cell survival despite
mediating most or all of FGFR1 activity, suggesting that FGFR2 and FGFR3 signal via other adapters to maintain this process. For ventral patterning, Frs2,3-dKO mice exhibited deficits that were
intermediate between Fgfr1 � / � or Fgfr2 � / � single mutant mice, which were largely normal, and Fgfr1 � / �;Fgfr2 � / � and Fgfr1 � FRS/ �;Fgfr2 � / � double-mutant mice, which lack most
ventral cells, indicating an essential but partial role for FRS-mediated FGF signaling in this process.
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survival (Figs. 2, 3, 4). Second, FRS adapters are required for
differentiation of a subset of neurons in the NKX2.1� domain
(Figs. 3, 6). Third, within the differentiating cells, FRS is required
for activation of the AKT pathway (Fig. 4). In contrast, FGFR1
signaling via FRS adapters is not required for AKT activation in
the context of gross whole embryo development (Hoch and So-
riano, 2006; Brewer et al., 2015). Finally, we find that in the tel-
encephalon FRS adapters are required for mediating most or all
of FGFR1’s activity (Figs. 7A–C, 8A,B). The finding that FRS
adapters are required to mediate FGFR1 signaling not only in MGE
differentiation (Fig. 7), where FRS proteins are themselves required
(Fig. 3), but also in early precursor cell survival (Fig. 8A,B), where, in
contrast, FRS proteins are dispensable (Fig. 2E), suggests that medi-
ators other than FRS proteins participate in transmitting FGFR2 and
FGFR3 signaling in early precursors (Fig. 8C). Moreover, the less
severe phenotype of Frs2;Frs3 double mutants compared with Fgfr1;
Fgfr2 mutants (e.g., c.f. DLX2, NKX2.1, and LHX8 staining of Frs2;
Frs3 mutants in Fig. 3 with staining of Fgfr1;Fgfr2 mutants in Fig. 7B
and in Gutin et al., 2006) also suggests that, at least for FGFR2,
adapters other than FRS proteins mediate some signaling in ventral
patterning (Fig. 8C).

The finding that FRS adapters are required for mediating most
or all of FGFR1’s activity in the telencephalon was unexpected.
First, FGFR1 has the ability to activate multiple mediators such
as Crk/Crkl, PLC�, and Grb14 in other contexts (Williams et al.,
1994b; Partanen et al., 1998; Turner and Grose, 2010; Goetz and
Mohammadi, 2013). Second, a previous study showed that, un-
like in the telencephalon, in whole embryos, loss of the FRS2-
binding site in FGFR1 does not recapitulate the severity of the
complete loss of Fgfr1 function and that Fgfr1 mutants lacking the
combined binding sites for FRS2, Crkl, PLC�, and Grb14 exhibit
a phenotype more severe than loss of the FRS2-binding site alone,
indicating that FGFR1 uses transducers other than FRS in other
tissues (Brewer et al., 2015).

Our findings are consistent with FRS2 playing a dominant role
over FRS3 as a mediator of FGF signaling (Figs. 2D, 3). The phe-
notype of Frs2-cKO mice observed here is reminiscent of the eye
and other CNS deficits of Frs2 2F/2F mutant mice in which the
residuesencodingthebindingsites forShp2aremutated(Yamamotoet
al., 2005), consistent with FRS2 playing a dominant role over FRS3
in these tissues as well, given the lack of phenotype in Frs3 mu-
tants (Fig. 2D). Likewise, whereas germline deletion of Frs2 is
embryonically lethal (Hadari et al., 2001; Gotoh et al., 2005), Frs3
germline knock-out mice develop normally into adulthood (Fig.
2 and data not shown). Despite similarities in the structures of
FRS2 and FRS3 and their mechanism of activation, in vitro exper-
iments had implicated FRS2 as the primary mediator of FGF
signaling (Gotoh et al., 2005; Gotoh, 2008). Our results confirm a
dominant role for FRS2, but also indicate a compensatory role for
FRS2 and FRS3 in telencephalon development (Figs. 2, 3).

FRS adapters, in addition to transmitting FGFR signaling, can
also transmit signaling from the Ntrk1-, Ntrk2-, and Ntrk3-
encoded neurotrophin receptors (Ong et al., 2000), making it
theoretically possible that part of the Frs2 and Frs3 mutant phe-
notypes observed here are the result of reduced neurotrophin
signaling. However, the neurotrophin receptors are either not
significantly or not detectably expressed until after neurogenesis
has begun between E11.5 and E13.5 and their loss-of-function
phenotypes, even when combined, do not include early pattern-
ing defects such as those observed here (Minichiello et al., 1995;
Minichiello and Klein, 1996). Therefore, it is unlikely that the
Frs2 and Frs3 phenotypes described here are the result of reduced
signaling though neurotrophin receptors. Moreover, the pheno-

types described using the Fgfr1� FRS allele confirm a role for FRS
in mediating FGFR1 signaling in the early telencephalon.

In sum, our observations provide an example of how one
intracellular transducer can mediate receptor function within
given contexts and, in more general terms, provide a partial ex-
planation for how FGF signaling can promote diverse cellular
responses in development and disease.
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Hébert JM (2011) FGFs: neurodevelopment’s jack-of-all-trades– how do
they do it? Front Neurosci 5:133. CrossRef Medline
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activation is suppressed in both normal and injured brain by FGF signal-
ing. Proc Natl Acad Sci U S A 111:E2987–E2995. CrossRef Medline

Kohwi M, Osumi N, Rubenstein JL, Alvarez-Buylla A (2005) Pax6 is required
formakingspecificsubpopulationsofgranuleandperiglomerularneurons inthe
olfactory bulb. J Neurosci 25:6997–7003. CrossRef Medline

Lin Y, Zhang J, Zhang Y, Wang F (2007) Generation of an Frs2alpha condi-
tional null allele. Genesis 45:554 –559. CrossRef Medline

Liodis P, Denaxa M, Grigoriou M, Akufo-Addo C, Yanagawa Y, Pachnis V
(2007) Lhx6 activity is required for the normal migration and specifica-
tion of cortical interneuron subtypes. J Neurosci 27:3078 –3089. CrossRef
Medline

Mason I (2007) Initiation to end point: the multiple roles of fibroblast
growth factors in neural development. Nat Rev Neurosci 8:583–596.
CrossRef Medline

Miki T, Bottaro DP, Fleming TP, Smith CL, Burgess WH, Chan AM, Aaron-
son SA (1992) Determination of ligand-binding specificity by alterna-
tive splicing: two distinct growth factor receptors encoded by a single
gene. Proc Natl Acad Sci U S A 89:246 –250. CrossRef Medline

Minegishi Y, Iwanari H, Mochizuki Y, Horii T, Hoshino T, Kodama T, Ha-
makubo T, Gotoh N (2009) Prominent expression of FRS2b protein in
neural cells and its association with intracellular vesicles. FEBS Lett 583:
807– 814. CrossRef

Minichiello L, Klein R (1996) TrkB and TrkC neurotrophin receptors coop-
erate in promoting survival of hippocampal and cerebellar granule neu-
rons. Genes Dev 10:2849 –2858. CrossRef Medline

Minichiello L, Piehl F, Vazquez E, Schimmang T, Hökfelt T, Represa J, Klein
R (1995) Differential effects of combined trk receptor mutations on
dorsal root ganglion and inner ear sensory neurons. Development 121:
4067– 4075. Medline

Muenke M, Schell U, Hehr A, Robin NH, Losken HW, Schinzel A, Pulleyn LJ,
Rutland P, Reardon W, Malcolm S (1994) A common mutation in the
fibroblast growth factor receptor 1 gene in Pfeiffer syndrome. Nat Genet
8:269 –274. CrossRef Medline

Ong SH, Guy GR, Hadari YR, Laks S, Gotoh N, Schlessinger J, Lax I (2000)
FRS2 proteins recruit intracellular signaling pathways by binding to di-

verse targets on fibroblast growth factor and nerve growth factor recep-
tors. Mol Cell Biol 20:979 –989. CrossRef Medline
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of midline cell types and commissural axon tracts requires Fgfr1 in the
cerebrum. Dev Biol 289:141–151. CrossRef Medline

Turner N, Grose R (2010) Fibroblast growth factor signalling: from devel-
opment to cancer. Nat Rev Cancer 10:116 –129. CrossRef Medline

Williams EJ, Furness J, Walsh FS, Doherty P (1994a) Activation of the FGF
receptor underlies neurite outgrowth stimulated by L1, N-CAM, and
N-cadherin. Neuron 13:583–594. CrossRef Medline

Williams EJ, Furness J, Walsh FS, Doherty P (1994b) Characterisation of the
second messenger pathway underlying neurite outgrowth stimulated by
FGF. Development 120:1685–1693. Medline

Xiao S, Nalabolu SR, Aster JC, Ma J, Abruzzo L, Jaffe ES, Stone R, Weissman
SM, Hudson TJ, Fletcher JA (1998) FGFR1 is fused with a novel zinc-
finger gene, ZNF198, in the t(8;13) leukaemia/lymphoma syndrome. Nat
Genet 18:84 – 87. CrossRef Medline

Xu H, Lee KW, Goldfarb M (1998) Novel recognition motif on fibroblast
growth factor receptor mediates direct association and activation of SNT
adapter proteins. J Biol Chem 273:17987–17990. CrossRef Medline

Xu Q, Guo L, Moore H, Waclaw RR, Campbell K, Anderson SA (2010) Sonic
hedgehog signaling confers ventral telencephalic progenitors with distinct
cortical interneuron fates. Neuron 65:328–340. CrossRef Medline

Yamamoto S, Yoshino I, Shimazaki T, Murohashi M, Hevner RF, Lax I,
Okano H, Shibuya M, Schlessinger J, Gotoh N (2005) Essential role of
Shp2-binding sites on FRS2alpha for corticogenesis and for FGF2-
dependent proliferation of neural progenitor cells. Proc Natl Acad Sci
U S A 102:15983–15988. CrossRef Medline

Zhang Y, McKeehan K, Lin Y, Zhang J, Wang F (2008) Fibroblast growth
factor receptor 1 (FGFR1) tyrosine phosphorylation regulates binding of
FGFR substrate 2alpha (FRS2alpha) but not FRS2 to the receptor. Mol
Endocrinol 22:167–175. CrossRef Medline

Zhao Y, Marín O, Hermesz E, Powell A, Flames N, Palkovits M, Rubenstein
JL, Westphal H (2003) The LIM-homeobox gene Lhx8 is required for
the development of many cholinergic neurons in the mouse forebrain.
Proc Natl Acad Sci U S A 100:9005–9010. CrossRef Medline

5698 • J. Neurosci., June 7, 2017 • 37(23):5690 –5698 Nandi et al. • Role for FRS in the Early Telencephalon

http://dx.doi.org/10.1111/j.1471-4159.2009.06503.x
http://www.ncbi.nlm.nih.gov/pubmed/19943849
http://dx.doi.org/10.1038/sj.onc.1209656
http://dx.doi.org/10.1128/MCB.11.9.4627
http://www.ncbi.nlm.nih.gov/pubmed/1652059
http://dx.doi.org/10.1073/pnas.1320401111
http://www.ncbi.nlm.nih.gov/pubmed/25002516
http://dx.doi.org/10.1523/JNEUROSCI.1435-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16049175
http://dx.doi.org/10.1002/dvg.20327
http://www.ncbi.nlm.nih.gov/pubmed/17868091
http://dx.doi.org/10.1523/JNEUROSCI.3055-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17376969
http://dx.doi.org/10.1038/nrn2189
http://www.ncbi.nlm.nih.gov/pubmed/17637802
http://dx.doi.org/10.1073/pnas.89.1.246
http://www.ncbi.nlm.nih.gov/pubmed/1309608
http://dx.doi.org/10.1016/j.febslet.2009.01.042
http://dx.doi.org/10.1101/gad.10.22.2849
http://www.ncbi.nlm.nih.gov/pubmed/8918886
http://www.ncbi.nlm.nih.gov/pubmed/8575307
http://dx.doi.org/10.1038/ng1194-269
http://www.ncbi.nlm.nih.gov/pubmed/7874169
http://dx.doi.org/10.1128/MCB.20.3.979-989.2000
http://www.ncbi.nlm.nih.gov/pubmed/10629055
http://dx.doi.org/10.1242/dev.032656
http://www.ncbi.nlm.nih.gov/pubmed/19542358
http://dx.doi.org/10.1016/j.devcel.2011.04.010
http://www.ncbi.nlm.nih.gov/pubmed/21571225
http://dx.doi.org/10.1101/gad.12.15.2332
http://www.ncbi.nlm.nih.gov/pubmed/9694798
http://dx.doi.org/10.1242/dev.02324
http://www.ncbi.nlm.nih.gov/pubmed/16613831
http://dx.doi.org/10.1016/j.ydbio.2005.10.020
http://www.ncbi.nlm.nih.gov/pubmed/16309667
http://dx.doi.org/10.1038/nrc2780
http://www.ncbi.nlm.nih.gov/pubmed/20094046
http://dx.doi.org/10.1016/0896-6273(94)90027-2
http://www.ncbi.nlm.nih.gov/pubmed/7917292
http://www.ncbi.nlm.nih.gov/pubmed/8050374
http://dx.doi.org/10.1038/ng0198-84
http://www.ncbi.nlm.nih.gov/pubmed/9425908
http://dx.doi.org/10.1074/jbc.273.29.17987
http://www.ncbi.nlm.nih.gov/pubmed/9660748
http://dx.doi.org/10.1016/j.neuron.2010.01.004
http://www.ncbi.nlm.nih.gov/pubmed/20159447
http://dx.doi.org/10.1073/pnas.0507961102
http://www.ncbi.nlm.nih.gov/pubmed/16239343
http://dx.doi.org/10.1210/me.2007-0140
http://www.ncbi.nlm.nih.gov/pubmed/17901128
http://dx.doi.org/10.1073/pnas.1537759100
http://www.ncbi.nlm.nih.gov/pubmed/12855770

	FGF-Dependent, Context-Driven Role for FRS Adapters in the Early Telencephalon
	Introduction
	Materials and Methods
	Results
	Discussion
	References


