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The fibroblast growth factor (FGF) pathway is a conserved signaling pathway required for embryonic development.
Activated FGF receptor 1 (FGFR1) drives multiple intracellular signaling cascade pathways, including ERK/MAPK
and PI3K/AKT, collectively termed canonical signaling. However, unlike Fgfr1-null embryos, embryos containing
hypomorphic mutations in Fgfr1 lacking the ability to activate canonical downstream signals are still able to
develop to birth but exhibit severe defects in all mesodermal-derived tissues. The introduction of an additional
signaling mutation further reduces the activity of Fgfr1, leading to earlier lethality, reduced somitogenesis, and more
severe changes in transcriptional outputs. Genes involved in migration, ECM interaction, and phosphoinositol
signaling were significantly downregulated, proteomic analysis identified changes in interactions with endocytic
pathway components, and cells expressing mutant receptors show changes in endocytic trafficking. Together, we
identified processes regulating early mesoderm development by mechanisms involving both canonical and nonca-
nonical Fgfr1 pathways, including direct interaction with cell adhesion components and endocytic regulation.
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Fibroblast growth factor (FGF) signaling plays an integral
role in development, driving numerous cellular processes
including proliferation, differentiation, and cellular adhe-
sion (Clark and Soriano 2022; Ornitz and Itoh 2022). FGFs
are a family of secreted proteins that bind to and activate
their cognate FGF receptors (FGFRs), which are receptor
tyrosine kinases (RTKs). Binding of an FGF to its receptor
results in the dimerization of FGFRs and subsequent
transphosphorylation of multiple tyrosine residues of
the FGFRs. Upon activation, FGFRs recruit multiple ef-
fectors to these modified residues to engage downstream
intracellular signaling pathways, including ERK/MAPK
and PI3K/AKT (Fig. 1A; Brewer et al. 2016). The mamma-
lian FGF signaling family consists of 15 canonical FGF li-
gands and four canonical FGFRs (Ornitz and Itoh 2015,
2022).

Both Fgfr1 and Fgfr2 are necessary for early mouse de-
velopment (Deng et al. 1994; Yamaguchi et al. 1994; Xu
etal. 1998; Yu et al. 2003). Deletion of Fgfr1 on a 12954 ge-
netic background results in embryonic lethality at peri-
implantation, while deletion of Fgfr2 results in lethality
at mid-gestation (Brewer et al. 2015; Molotkov et al.
2017; Kurowski et al. 2019). Modulation of the FGF signal-

Corresponding author: philippe.soriano@mssm.edu
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.351593.124.

ing pathway during embryonic development has identi-
fied multiple roles in various stages of the somitic,
intermediate, and lateral plate mesoderm. In the growing
embryo, the neuromesodermal progenitors (NMPs) in the
tailbud serve as the progenitor pool for the posterior exten-
sion of the neural tube and mesoderm. FGF, Notch, and
WNT signals overlap and integrate to maintain pluripo-
tency in the tailbud (Wahl et al. 2007). As the body axis
elongates, the balance of signals is shifted, resulting in
subsequent specification of the neural and mesodermal
lineages (Déqueant et al. 2006; Déqueant and Pourquié
2008; Mongera et al. 2019).

Chemical perturbation of FGFRs in the chick tailbud re-
sults in arrested expansion of the somitic mesoderm (Del-
fini et al. 2005). Additionally, previous data have shown
that deletion of some FGF ligands results in vertebral phe-
notypes. Loss of Fgf4 or Fgf8 in the presomitic mesoderm
resulted in multiple defects in the axial skeleton, with
loss of Fgf4 presenting a greater degree of disruption (An-
derson et al. 2020). Fgf3-null mice also exhibit truncated
tails with reduced caudal vertebrae (Anderson et al.
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Figure 1. A portion of homozygous Fgfr17°"® mutant mice survives perinatally while exhibiting severe axial truncation. (A) Activated
FGFRs engage multiple downstream intracellular signaling pathways through the recruitment of various effector proteins to their intra-
cellular domains. (B) DAPI staining of E10.5 embryos. Fgfr1¢P“/FEPE mutants display reduced size and craniofacial, somite, and neural
tube defects, as reported previously. However, variance in the severity of the phenotypes ranges between individuals. Scale bar, 1 mm. (C)
AtE10.5, Fgfr1FCPE/FCPG embryos display disrupted somite patterning and early truncation based on Meox1 expression. The neural tube is
formed, as highlighted with Sox2 expression, but does not close in all mutant embryos. Scale bar, 50 um. n =3 embryos per genotype. (D)
Fgfr1FCPG/FCPE pg pups display several phenotypes, including axial truncation, spina bifida, hindlimb malformation, and lack of a tail.
Scale bar, 5 mm. n=6. (E) Fgfr17'¢/FCPE embryos collected at E14.5 exhibit spina bifida, hindlimb malformation, body wall closure de-
fects, and axial truncation. Scale bar, 2 mm. n=4. (F) Skeletal staining of E14.5 wild-type and Fgfr17¢"/F€PS embryos. Mutant embryos

exhibit multiple severe skeletal defects, including vertebral truncation, rib fusions, abnormal digit patterning, pelvic bone agenesis, and
reduced ossification. Scale bar, 2 mm. n=4.

2016). In addition, previous analysis of hypomorphic Fgfr1 Both Fgfr1 and Fgfr2 have known roles in renal morpho-
alleles identified homeotic transformations in thoracic genesis. Conditional deletion of either Fgfrl or Fgfr2 in
vertebrae (Partanen et al. 1998; Brewer et al. 2015). the metanephric mesenchyme using Pax3Cre yielded nor-

Alongside the somitic mesoderm, FGF signaling plays a mal kidneys; however, combined deletion of both recep-
role in intermediate mesoderm development, giving rise tors resulted in rudimentary ureteric bud formation at
to both renal and gonadal tissues (Davidson et al. 2019). E11.5 (Poladia et al. 2006). Hoxb7Cre deletion of Fgfrl in
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the ureteric bud resulted in no phenotype, while deletion
of Fgfr2 resulted in disrupted branching (Zhao et al. 2004).
Similarly, embryos that lack Fgf9 and Fgf20 form ureteric
buds that begin to grow into the metanephric mesen-
chyme but fail to branch, and embryos that lack Fgf8 ex-
hibit deficiencies in nephron development (Perantoni
et al. 2005; Barak et al. 2012).

FGF signaling also contributes to the development of
the lateral plate mesoderm, which flanks the intermediate
mesoderm and gives rise to parts of the viscera, body wall,
and limb buds (Prummel et al. 2020). During limb bud
growth, reciprocal FGF signaling between the limb mes-
enchyme and apical ectodermal ridge (AER) regulates out-
growth (Ornitz and Marie 2019). Both Fgf8-null and Fgf10-
null mice exhibit severe limb truncations (Sekine et al.
1999; Lewandoski et al. 2000; Moon and Capecchi
2000). Fgfr2-null mice display a complete lack of limb
bud formation at E10.5 (Xu et al. 1998; Molotkov et al.
2017). Conversely, conditional Fgfri-null mice develop
limb buds but exhibit reduced limb growth and digit pat-
terning defects (Li et al. 2005; Verheyden et al. 2005).

We have been dissecting how these FGFRs engage sig-
naling to drive developmental processes by introducing
point mutations that ablate the recruitment of specific ef-
fectors to the receptor. This allows us to isolate the role of
individual or groups of downstream signals important for
developmental processes. The most severe combinatorial
Fgfrl and Fgfr2 alleles to date, Fgfr"“’“ (which eliminates
binding of FRS2, CRKL/II, SHB/PLCy, and GRB14), result-
ed in the loss of all FGF-induced ERK1/2, AKT, PLCy, and
STAT and a significant reduction of p38 and JNK activa-
tion (Brewer et al. 2015; Ray et al. 2020). We collectively
refer to these signal transduction cascades as canonical
FGF signaling, given their well-established functions
downstream from FGFRs. Embryos expressing the FCPG
alleles of either Fgfr1 or Fgfr2 survived well beyond the
peri-implantation lethality seen in FgfrI-null animals
(Brewer et al. 2015; Kurowski et al. 2019) or the mid-gesta-
tion lethality seen in Fgfr2-null animals (Molotkov et al.
2017).

This raises the question of what functionality remains
in the FCPG alleles and how these functions are engaged
outside of canonical FGF signaling. Our previous results
indicated that while FGFR1/2 regulate cell-matrix and
cell-cell adhesion, these processes were not affected in
Fgfr1TCPC or Fgfro“PS homozygous embryos (Ray et al.
2020; Ray and Soriano 2023). Evidence suggests that
both FGFR1 and FGFR2 can recruit SRC family kinases
(SFKs). SFKs are known to function downstream from
multiple receptor tyrosine kinases, are involved in the
promotion of cell proliferation and differentiation, and
are critical for integrin signaling (Klinghoffer et al. 1999;
Li et al. 2004; Sandilands et al. 2007). Previous evidence
suggests that FGFR1 can directly recruit SFKs in part
through the phosphorylation of Y730 (Dudka et al.
2010). FGFR2 also interacts with SFKs, although a direct
binding site has not been identified (Schiller et al.
2008). However, phosphorylation of the equivalent site
in FGFR2 (Y734) was instead shown to recruit PIK3R2,
the p85 regulatory subunit of PI3K (Salazar et al. 2009).

FGF signaling and endocytic trafficking in mesoderm

FGFR1 and FGFR2 are known to activate PI3K; however,
the recruitment of PIK3R2 to FGFR2 is involved in endo-
cytic recycling of the receptor independent of PI3K/AKT
activation (Francavilla et al. 2013). These results suggest
that Y730/Y734 may be a multifunctional site linking
FGFR1/2 to SFKs and endocytic trafficking. Together,
these data indicate that various effectors may still be bind-
ing to FGFR1/2FFC to provide functionality beyond ca-
nonical signaling, which we refer to as noncanonical
FGF activity.

To investigate which developmental processes depend
on canonical FGFR1 signaling, we first examined the
developmental defects present in Fgfr17¢’¢/FCPG embry-
0s. One-third of these embryos survive perinatally, albeit
with severe developmental defects. Using RN A-seq anal-
ysis, we found significant changes in genes involved in
ECM interactions and WNT signaling. Fgfr1F¢Fe/FCre
embryos also exhibit defects in all mesodermal lineages,
with disruption of intermediate mesoderm formation, in-
cluding complete kidney agenesis, during late gastrula-
tion and early embryogenesis. To address the question of
residual function, we next produced a novel Fgfr1 allele,
Fgfr1T¢SPEMye containing an additional mutation to elim-
inate proposed interactions with SFKs and endocytic recy-
cling. Homozygous Fgfr1F¢SPMy¢ embryos display more
severe phenotypes than Fgfr17¢P¢M¢ mutants but still
do not phenocopy the null allele. Using additional RNA-
seq analysis, we identified two key pathways—ECM-re-
ceptor interactions and phosphatidylinositol signaling—
that may account for the phenotypic differences seen be-
tween the two signaling mutant embryos. Proteomic anal-
ysis and proximity ligation assays further reveal that
FGFRI1 is able to complex with FAK and SFKs, indicating
possible recruitment to focal adhesions. Additionally,
multiple proteins involved in endocytic recycling were
identified as potential FGFR1 interactors, including
PIK3R2. Colocalization of FGFRI1 to either early or late
endosomes highlighted differences in endocytic
trafficking between FGFR1WTMY¢ EGFR1FPSMye and
FGFR1FCSPEMye Together, these data indicate that Fgfrl
maintains considerable functionality when lacking ca-
nonical signaling, at least in part through recruitment to
focal adhesions and endocytic trafficking.

Results

Fgfr1 FCPS/FCPG myutants survive past E10.5 and display

severe mesodermal defects

As shown previously, the Fgfr17¢F allele prevents all ca-
nonical downstream signal activation through multiple
pathways, including MAPK/ERK and PI3K/AKT (Brewer
et al. 2015; Ray et al. 2020). To investigate what develop-
mental functions can proceed in the absence of canonical
signaling and to facilitate these studies, we generated two
lines containing a Fgfr1FPEM® gllele that contained the
previous FCPG mutations along with a 2xMyc tag at the
C terminus: Fgfr1TPEMe4 gnd Fgfr1FCPEMyes  Similarly,
we generated an Fgfr1*7° allele to determine the effects
of the 2xMyc tag on wild-type Fgfrl function.
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Fgfr1M¢/My¢ mice are viable and fertile, with no apparent
phenotypes (data not shown), demonstrating that the
peptide tags appended to the C terminus do not compro-
mise the activity of the receptors. Comparisons between
the original Fgfr17°"“ and both Fgfr1FPeMye? and
Fgfr1FCPEMeS revealed highly similar phenotypes across
all three strains (Supplemental Fig. S1A,B), and we there-
fore elected to perform subsequent analyses on
Fgfr1FCPeMyed embryos.

During the exportation process to the Jackson Laborato-
ry and while this article was in revision, we discovered
that V429A and Y463F in exon 9 had reverted to wild
type in the Fgfr17¢PeMre4 yllele, which we subsequently
traced to a double-crossover event in a single heterozy-
gous male. However, analysis of the FRS2 docking site
on FGFRI1 indicates that the L423 residue is responsible
for the bulk of FRS2 binding affinity, with V429 playing
a lesser role (Ong et al. 2000). Previous data also indicate
that a mutation in the Crk binding site does not lead to
any discernable Fgfr1 phenotype (Brewer et al. 2015).
These considerations explain how loss of the V429A and
Y463F mutations have no discernable impact on the
Fgfr1TCPCG/FCPG phenotype. RNA-seq analysis performed
on Fgfr]FCPGMycd/FCPGMycd ombyryos with or without the
V429A and Y463F mutations revealed identical trends in
altered genetic pathways (see the Materials and Methods).

As previously observed, homozygous Fgfr17°F¢ embry-
os exhibited multiple defects, including reduced size, loss
of the second pharyngeal arch, improper somite pattern-
ing, and a kinked neural tube (Fig. 1B). At EI0.5,
Fgfr1FCPC/FCPE embryos exhibited disruption to both neu-
ral tube closure and somite patterning, as marked by Sox2
and Meox1, respectively, via in situ hybridization chain
reaction (HCR). Proper morphology was maintained until
about the level of the first limb bud. Posterior to the first
limb bud, somites were hypomorphic and unevenly
spaced, and the overlying neural tube was buckled, a phe-
notype often associated with mesodermal extension de-
fects (Fig. 1C). We did not observe the presence of any
ectopic neural tube tissue or excess neural epithelium
through whole-mount in situ or histological sections.

Analysis of the original Fgfr1F¢FC strain (Brewer et al.
2015) indicated that homozygous embryos were not re-
coverable past E11.5. However, during our investigations,
we recovered some dead Fgfr17CP¢/FCPE mutants at birth
and verified this result across three independent lines—
the original Fgfr1f¢FC line and the two Fgfr1fCreMe
lines—to rule out any background effects of a single
line. Upon further investigation, we found that one-third
of homozygous Fgfr17CP¢/FCPG embryos survive past gas-
trulation (Supplemental Table S1).

Embryos that continue developing past E10.5 have beat-
ing hearts with normal vascularization of the amniotic
sac. These data suggest that a threshold level of canonical
FGF signaling is required for development at or around
E10.5; sufficient signaling allows the embryo to continue
developing, while insufficient signaling results in arrested
development and necrosis of the embryo. PO homozygous
mutant pups recovered at birth exhibited severe axial
truncations, with complete lack of a tail, hindlimb malfor-
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mations, digit patterning defects on both forelimbs and
hindlimbs, closed spina bifida, and dorsal blood clots
(Fig. 1D). Phenotypes consistent with those seen at
E10.5 were observed in E14.5 embryos, and skeletal stain-
ing revealed reduced ossification and multiple skeletal ab-
normalities (Fig. 1EF). Multiple vertebrae along the
posterior were malformed or missing, digit patterning de-
fects were observed in the forelimbs and hindlimbs, the
pelvic bones were hypomorphic, and the cranial vault
was underdeveloped.

To determine which tissues require Fgfr1 signaling, we
used published single-cell RNA-seq data to look for tissues
with high expression of Fgfrl before and after E10.5 (Cao
et al. 2019; Pijuan-Sala et al. 2019). We used these data
sets to identify cell populations with high Fgfr expression
and at what time points the Fgfrl signaling mutations
might have the greatest effect. We found that Fgfr1 showed
high expression from E9.5 to E11.5. The expression of Fgfr1
from E9.5 to E11.5 aligned with the phenotypes that we ob-
served in our Fgfr1¥¢F¢ embryos, indicating that there
might be an integral requirement for Fgfrl function at
this time, with expression highest in mesodermal tissues
(Fig. 2A; Supplemental Fig. S2A B).

Fgfr2 was also highly expressed at E9.5 and E10.5, while
Fgfr3 and Fgfrd were expressed in very few cells at all stag-
es (Fig. 2A). The high expression of Fgfr2 suggests that it
might potentially compensate for impaired Fgfr17°F< sig-
naling by the formation of heterodimers, which have been
seen when mutant or truncated receptor forms are overex-
pressed (Bellot et al. 1991; Ueno et al. 1992). Because
FGFR heterodimers have never been observed endoge-
nously, we created a line carrying a 3xFLAG tag at the C
terminus of the wild-type Fgfr2 (Fgfr2*4€) to use in con-
junction with the Fgfr1™° allele. Fgfr2ftAG/FLAG and
Fgfr1Mye/Mye, pofrpFLAG/FLAG mice are viable and fertile,
with no apparent phenotypes (data not shown), demon-
strating that as for FGFR1, the peptide tag appended to
the C terminus does not compromise the activity of
FGFR2. We then used the Fgfr1™¢ and Fgfr2™t4€ alleles
in a proximity ligation assay (PLA) to indeed detect the
presence of FGFR1:FGFR2 heterodimers in the somitic
mesoderm in vivo (Supplemental Fig. S3A,C). However,
we were unable to detect FGFR2 by coimmunoprecipita-
tion (co-IP), whereas we observed association of FGFR1
with the constitutively bound FRS2, suggesting that
only a small fraction of FGFR1 heterodimerizes (Supple-
mental Fig. S3B). In addition, previous data indicate that
heterodimers are not responsible for the continued devel-
opment of the FCPG alleles compared with the null, as
Fgfr1FCPC/FCPG, pafrpFCPGIFCPG o mbryos survive to E8.5,
exhibit normal expression of mesodermal markers, and
form somites, while Fgfr1~/~;Fgfr2~/~ embryos die at im-
plantation (Kurowski et al. 2019; Ray et al. 2020). Addi-
tionally, both Fgfr1"¢P¢/FCPC Eofro=/= neural crest-
derived tissues and cells exhibit significant differences
in cell-cell adhesion and ECM adhesion compared with
Fgfr1~/=;Fgfr2~/~, indicating a lack of compensation
from Fgfr2 (Ray et al. 2020; Ray and Soriano 2023). The
discrepancy between the FCPG and null alleles is there-
fore due to inherent function in the hypomorphic allele,
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Figure 2. RNA-seq analysis of Fgfr17¢7C tailbud tissue reveals downregulation of genes involved in mesodermal patterning, WNT sig-
naling, and cell adhesion. (A) Analysis of a whole-embryo scRNA-seq organogenesis data set (Cao et al. 2019; Pijuan-Sala et al. 2019) re-
veals high expression of both Fgfr1 and Fgfr2 from E9.5 to E11.5. (B) Bulk RN A-seq analysis was performed using tailbud tissue dissected
from E10.5 embryos. Tailbud tissue was cut at the posterior-most definitive somite boundary (dashed lines). n=3 for each genotype. (C)
Volcano plots displaying differential gene expression between Fgfr17°P¢/FCPG mutants and wild type at E10.5. Green dots indicate upre-

gulated genes and red dots indicate downregulated genes in Fgfr

1FCPG/FCPG

embryos compared with control. Horizontal dashed line sig-

nifies significance cutoff of P=0.05. (D) GO term GSEA of downregulated genes in Fgfr1¢PS/FCPC tailbuds at E10.5. The most significant
terms involve skeletal morphogenesis, anterior—posterior patterning, and regionalization. (E) KEGG pathway GSEA of downregulated
genes in Fgfr1CPS/FCPE tailbuds at E10.5. Mutants exhibit changes in ECM-receptor interaction and focal adhesion genes as well as mul-

tiple signaling pathways, including WNT and JAK-STAT.

beyond canonical signaling, and not through dimerization

with other FGFRs.

Fgfrl FCPG/FCPG

mutants have changes in somitic

and intermediate mesoderm gene expression

As FGF signaling has known roles in NMP maintenance
and somitogenesis, we next examined developmental pro-
gression of the tailbud (Delfini et al. 2005; Déqueant et al.

2006; Wahl et al. 2007; Déqueant and Pourquié 2008;
Mongera et al. 2019). To determine what transcriptional
changes were being induced by the loss of canonical FGF
signaling in the NMP and somitic mesoderm, we per-
formed bulk RNA-seq on tailbuds of wild-type and
Fgfr1FCPG/FCPG embryos at E10.5. Tailbud tissue was ex-
cised just caudal to the youngest definitive somite to cap-
ture the pool of NMPs alongside differentiating
populations proximal to the tailbud (Fig. 2B). RNA-seq
identified a number significantly differentially expressed
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genes (DEGs) (Fig. 2C; Supplemental Table S2). Gene on-
tology (GO) term biological process (BP) gene set enrich-
ment analysis (GSEA) identified several processes
involved in patterning of the embryo, mainly pertaining
to anterior-posterior patterning and skeletal system de-
velopment (Fig. 2D).

Many of the most significantly downregulated genes
were Hox family members (Wellik 2007), as well as
Meox1, a key regulator of the somitic mesoderm (Mankoo
et al. 2003), and Pax2, an important regulator of interme-
diate mesoderm development (Supplemental Table S2;
Torres et al. 1995). As expression of these regulators of pat-
terning and specification was reduced, it appears that the
Fgfr1F°PC mutation functions upstream to regulate these
processes, consistent with both previously published data
and the phenotypes observed in the mutant embryos
(Déqueant and Pourquié 2008; Mongera et al. 2019). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
GSEA identified focal adhesion, WNT, and JAK-STAT
signaling pathways as the most significantly altered in
Fgfr1PCPG/FCPG mutants (Fig. 2F; Supplemental Table
S3). These data indicate that loss of canonical FGF activity
alters regulation of WNT signaling, cell proliferation, and
cell adhesion, all of which have documented interactions
with Fgfrs (Ohkubo et al. 2004; Wahl et al. 2007; Goto
et al. 2017; Ray et al. 2020; Ray and Soriano 2023).

Fgfr1 FSPS/FCPS embryos exhibit defects in vertebrae and

digit patterning

To determine how these expression changes manifest in
the observed phenotypes, we examined later stage
Fgfr1PCPG/FCPG  embryos.  Initial — observation  of
Fgfr1FCPG/FCPG phenotypes revealed truncated axis,
hindlimb malformations, and digit patterning at PO (Fig.
1D). RNA-seq analysis revealed significant disruption to
genes involved in skeletal development (Fig. 3A). Previous
studies found that perturbation of FGF activity in somitic
tissues resulted in vertebral defects (Partanen et al. 1998;
Brewer et al. 2015; Anderson et al. 2016, 2020). According-
ly, we observed multiple skeletal defects in
Fgfr1FCPG/FCPG mutants. Axial truncation in the skeleton
was detected from E14.5 onward, with multiple missing
vertebrae in the lumbar and sacral regions. Malformation
of the pelvic bones was also observed, with some mutants
showing almost complete agenesis of the pelvis, which al-
tered the formation of the hindlimbs (Fig. 3B; Supplemen-
tal Fig. S4A). As the pelvic bones are part of the
appendicular skeleton derived from the lateral plate meso-
derm, disrupted pelvic morphology indicates that loss of
canonical FGF activity also impacts lateral plate meso-
derm development in addition to the somitic and interme-
diate mesoderm.

Skeletal staining also revealed multiple fusions of the
digits in both the forelimbs and hindlimbs (Fig. 3C; Sup-
plemental Fig. S4B). The number of digits formed in the
Fgfr1TCPG/FCPG mutants ranged from three to four on
each limb, with disrupted patterning of the carpals and
metacarpals. Interestingly, this indicates a major function
for both canonical and noncanonical Fgfrl signaling in
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limb formation and digit patterning. Loss of FGF signaling
has known defects in proximal distal patterning of the de-
veloping limb (Mariani et al. 2008). Canonical signaling is
required for proper patterning of the digits. Previous studies
have focused predominantly on the roles of Shh and BMP
signaling in digit patterning, with FGF signaling acting
downstream from these pathways during digit tip forma-
tion (Sanz-Ezquerro and Tickle 2003; Tickle 2006). Addi-
tionally, the digits showed a severe lack of or delay in
ossification. However, our data indicate that noncanonical
signaling is sufficient for patterning and formation of the
limb (Fig. 1F). Ossification delay was observed as well in
the skull, with multiple bones showing reduced minerali-
zation (Fig. 3D). Fgfr17¢P“/FCPC mutants also consistently
lack proper formation of the occipital bone and exhibit cleft
palate, with some embryos (one out of 13) having a more
severe cleft face. The craniofacial defects are more severe
than shown in previously published data using an
Fgfr1FCPC allele over a conditional Fgfrl knockout in the
neural crest (Brewer et al. 2015). Together, these data reveal
that loss of canonical signaling downstream from Fgfrl
does not recapitulate many of the skeletal defects associat-
ed with conditional knockout of Fgfr1, highlighting a great-
er role for noncanonical signaling.

Fgfr1 FCPS/FCPG ombryos exhibit intermediate mesoderm

defects and kidney agenesis

Because we observed disruption to genes relating to inter-
mediate mesoderm development via RNA-seq (Fig. 4A;
Supplemental Table S2), we next wanted to determine
how the intermediate mesoderm-derived tissues were af-
fected in Fgfr1F°PC mutants. Strikingly, we observed
complete and Dbilateral kidney agenesis in E18.5
Fgfr1FCPG/FCPG embryos during dissections for skeletal
preparations. This was consistent across the Fgfr17¢T¢
Fgfr1FCPeMyed and Fgfr1FCPEMyeS lines. As both Fgfrl
and Fgfr2 have known roles in renal morphogenesis, we
opted to examine ureteric bud formation (Zhao et al.
2004; Poladia et al. 2006; Sims-Lucas et al. 2011; Barak
et al. 2012). Renal morphogenesis begins at E8.5 with
the formation of the intermediate mesoderm and the ap-
pearance of the nephric duct and the nephrogenic chord.
By E9.5, epithelialization of the nephric duct occurs, and
the metanephric mesenchyme starts to condense. At
E10.5, the nephric duct buds into the metanephric mesen-
chyme with full ureteric bud formation by E11.0, which
begins branching at E11.5 (Costantini and Kopan 2010).
To identify how the intermediate mesoderm was being
affected during early development, we used in situ analy-
sis to observe key gene expression during development. In
addition to Pax2, we probed two genes involved in the ear-
liest stages of kidney development: Osr1 and Wt1. While
Pax?2 was expressed in Fgfr17°"¢ embryos, its expression
pattern was restricted, and overall expression level was re-
duced (Fig. 4B; Supplemental Fig. S5A). In addition, we
saw a reduction in expression levels of both Osrl and
Wtl across both anteriorly and posteriorly in
Fgfr1TCPG/FCPG embryos at E9.5 (Fig. 4B; Supplemental
Fig. S5A). Together, these data implicate Fgfrl at the
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Figure 3. Fgfr17°T€ allele reveals extensive skeletal morphology and ossification defects up to perinatal development. (A) RNA-seq of

Fgfr1FCPE/FCPG embryos indicates a large downregulation of genes involved in somite and skeletal development compared with wild

type. Key genes, such as multiple Hox genes and Meox1, are downregulated, while certain extracellular matrix genes are slightly upregu-
lated. (B, left) A wild-type PO spinal column with vertebral groupings labeled (number of vertebrae per group listed). (Right) Fgfr1"CP/FCre
embryos exhibit a range of axial truncation severity, as depicted by two PO spinal columns. Red arrows denote examples of rib fusions,
green arrows depict regions of spina bifida, and the white arrow depicts the complete lack of sacral vertebrae and pelvic bones. Scale
bar, 5 mm. n=6. (C) Digit patterning defects are seen in both the forelimbs and hindlimbs, as well as delayed ossification of the digits.
Fusion of limbs was observed rarely (n=1 out of 14). Scale bar, 5 mm. (D) Craniofacial skeletal defects include reduced ossification
throughout the cranial vault, loss of the occipital bone (red arrow), and cleft palate (green arrow) (n =13 out of 14 or face (white arrow)
(n=1 out of 14). Scale bar, 5 mm.

+/FCPG

earliest stages of renal development, playing an earlier kidney formation. At E11.5, heterozygous Fgfr1 em-
role in patterning the intermediate mesoderm and initiat- bryos showed formation of the ureteric bud, the structure
ing nephric duct formation than previously reported. that will give rise to the kidney, while Fgfr17¢P¢/FCPG em.

Sectioning through the posterior truncation in homozy- bryos exhibited a complete lack of ureteric bud formation,
gous Fgfr1FCPE/FCPG embryos revealed severe defects in did not show signs of metanephric mesenchyme
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Figure 4. Fgfr17°"“ mutant embryos exhibit delayed intermediate mesoderm development, resulting in kidney agenesis. (A] RNA-seq
analysis of Fgfr1FCPS/FCPE embryos shows an alteration in expression of renal development genes, including Pax2 and Ret, compared
with heterozygotes. (B) The expression domain of key intermediate mesoderm markers Pax2, Osr1, and Wt1 is altered and overall expres-
sion levels are reduced in Fgfr1/“P¢/FCPC embryos compared with controls at E9.5. Dashed white line indicates the regions of expression in
the embryo. Scale bar, 200 um. n = 4 embryos per genotype. (C) At E11.5, Fgfr17¢P/FCPE embryos lack a ureteric bud, and the mesonephric
mesenchyme does not appear to be condensing, a key process for the early formation of the kidney. Dashed lines encompass the devel-
oping intermediate mesoderm. White arrows indicate ureteric buds, blue arrows indicate the nephrogenic duct, and green arrows indicate
the urogenital ridge. Scale bar, 10 um. n = 3 embryos per genotype. (D) At E14.5, Fgfr1F¢P¢/FCPG embryos lack a recognizable kidney. Wild-
type embryos exhibit a distinctive kidney (K) proximal to the caudal body wall below the liver (L). The bladder (B) and intestine (I) are also
labeled. Scale bar, 500 um. n = 2 embryos per genotype. (E) Cadherin localization is disrupted in Fgfr17¢P/FCFS embryos at both E9.5 and
E10.5 during early mesonephric mesenchyme condensation and ureteric bud formation. ECAD is greatly reduced in the mutants, while
NCAD is more broadly localized to the gonadal ridge rather than restricted to the condensing mesonephric mesenchyme. Localization of
RET, a key driver of early kidney development, appears to be unaffected in Fgfr17¢"/F€PS mutants, although expression is slightly higher,
as also seen in the RNA-seq. White arrows indicate the nephrogenic duct. Dashed red line encompasses the condensing mesonephric mes-
enchyme. Scale bar, 50 um. n=3 embryos per genotype.
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condensation, and exhibited hypoplasia of the gonadal
ridge (Fig. 4C). By E14.5, wild-type embryos developed a
kidney adjacent to the rostral body wall below the liver.
In contrast, at E14.5, Fgfr1TPS/FCPC embryos displayed
complete agenesis of the kidney (Fig. 4D). These pheno-
types reveal a more severe effect on kidney development
due to loss of canonical Fgfr1 signaling than previously ob-
served in isoform or conditional mutants (Sims-Lucas
et al. 2011). Previously, we had observed defects in bifur-
cation of the kidneys in Fgfr1*¥/F mutants, which
lack the ability to recruit FRS2/3 to FGFR1. In these hypo-
morphic mutants, a single kidney was formed with
branched nephrons (Hoch and Soriano 2006). The more
severe kidney agenesis found in Fgfr17°P“/F¢PS mutants
indicates a sufficiency for FRS2/3-independent signaling
at the earliest stages of kidney development but a necessi-
ty for FRS2/3-dependent signaling during bifurcation.
Interestingly, Fgfr1¢P“/FCPC mutant embryos still devel-
oped gonads, which are also derived from the intermediate
mesoderm. This indicates that the pronephros and meso-
nephros are potentially unaffected, but metanephros de-
velopment is impaired.

During early renal morphogenesis, a mesenchymal-to-
epithelial transition is required to properly form the ure-
teric bud. This event requires a coordinated transition
from the expression of Cdh2 (N-cadherin) to Cdh1 (E-cad-
herin). To determine whether this process is disrupted, we
examined NCAD and ECAD protein expression and local-
ization, as well as expression of RET, a key regulator of
early kidney development. At E9.5, NCAD was the pre-
dominantly expressed cadherin in the intermediate meso-
derm, with ECAD being mostly restricted to the Wolffian/
Mullerian duct in wild-type embryos (Fig. 4E, white ar-
row). Fgfr1FCPE/FEPE embryos expressed NCAD in the in-
termediate mesoderm but lacked ECAD expression in the
Wolffian/Mullerian duct. RET expression was low in both
genotypes at this stage. By E10.5, the differences between
Fgfr1PCPG/FCPG mutant and wild-type embryos were
starker. The wild-type metanephric mesenchyme began
to express ECAD at the center of the condensing mesen-
chyme alongside higher levels of NCAD, while
Fgfr1FCPG/FCPG mutants exhibited very little ECAD and
high levels of NCAD across the entire region rather than
localized to the metanephric mesenchyme. RET expres-
sion was increased in both genotypes at this stage and
did not appear to be perturbed in the Fgfr17¢P¢/FCPE my.-
tants (Fig. 4E). We did not observe any significant changes
in cell death or proliferation in the metanephric mesen-
chyme via Ki-67 or EdU staining, respectively (data not
shown). Together, these data indicate that Fgfr1 plays a
major role in early intermediate mesoderm formation at
the earliest stages of kidney development.

A novel Fgfr1¥°SYC allele further reduces Fgfr1 activity in
the absence of canonical FGF signaling

Because Fgfr17CPG/FCPG mutants survive much later than

Fgfr1~/~-null mutants on the same genetic background,
despite eliminating all known canonical signaling (Brewer
et al. 2015, Ray et al. 2020), we introduced a tyrosine-to-

FGF signaling and endocytic trafficking in mesoderm

phenylalanine conversion at Y730, which we refer to as
S because Y730 has been found to interact with Src family
kinases (SFKs), as well as PIK3R2, the p85 regulatory sub-
unit of PI3K (Fig. 5A; Dudka et al. 2010; Francavilla et al.
2013). Using gene targeting, we constructed two lines,
Fgfr15™° carrying the Y730F mutation on its own and
Fgfr1F¢SPEMye carrying Y730F in conjunction with our
previous signaling FCPG mutations, both with a 2xMyc
tag at the C terminus (Fig. 5A, Supplemental Fig. S6A,B).
These lines are referred to here as Fgfr1S and Fgfr1FCSP<
respectively, for simplicity.

Fgfr1S mice did not exhibit apparent phenotypes and
could be maintained as homozygous breeding stocks.
We next shifted our attention to the expectedly more
severe combinatorial signaling allele, Fgfr17C5C. As the
majority of Fgfr17CP/FCPE embryos arrest at E10.5, we de-
cided to examine whether the Fgfr17¢SP¢/FCSPG embryos
exhibited a similar lethality. Fgfr17¢SP</FESPE embryos
were recoverable up to E10.5 (Supplemental Table S1).
There was a large degree of variation in the severity of
the phenotypes observed despite the fact that the muta-
tion was analyzed on a coisogenic genetic background.
Mutant embryos exhibited multiple phenotypes, includ-
ing defects in axial extension, neural tube closure, somite
patterning, cardiac development, and limb bud develop-
ment, with the majority appearing to have arrested during
turning prior to E9.5 (Fig. 5B). Additionally, while 13 out
of 16 Fgfr1FCSPG/FCSPG embryos had beating hearts at
E9.5, only two out of nine did so at E10.5, suggesting
that the mutants were necrotic by that stage. Using a qual-
itative scale based on observed phenotypes (Supplemental
Table S4), we graded the severity of mutants observed for
both alleles and found that Fgfr17SP¢/FESPE embryos
trended more severe than Fgfr17C"“/FCPS embryos when
collected at E10.5 (Supplemental Fig. S6C).

7

Fgfr] FOSPS/FCSPG mutants display more severe

changes in expression of genes involved in migration,
inositol signaling, and cell polarity compared with
Fgfr1 FPS/FCPS mutants

Due to the earlier lethality of the Fgfr1F¢SPS/FCSPC embry-
os, we reanalyzed the scRNA-seq data set examining gas-
trulation and early organogenesis, revealing peak Fgfrl
expression at E8.5 (Supplemental Fig. S6D; Pijuan-Sala
et al. 2019). The peak of Fgfrl expression at E8.5 aligned
with the onset of phenotypes that we observed in both
Fgfr1FCPG/FCPG and Fgfr1FCSPC/FCSPS embryos, indicating
a potential necessity for Fgfrl activity at this stage. To
determine how Fgfr1 is impacting the earliest stages of in-
termediate mesoderm development and the increased
severity of Fgfr17¢SPG/FCSPG mutant phenotypes, we per-
formed RNA-seq on E8.5 tailbud tissue. Tailbuds were ex-
cised just after the last definitive somite, and the allantois
was removed to isolate the NMPs (Fig. 5C). Both homozy-
gous Fgfr1FCPC/FCPG  and  Fgfr1PCSPE/FCSPG  tailbuds
showed a large number of significantly altered genes,
with 2191 and 1641 uniquely significant DEGs, respec-
tively, and 1532 common DEGs, compared with wild-
type samples (Fig. 5D). We found many common GO BP
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Figure 5. RNA-seq analysis of Fgfr17°"< and Fgfr17¢5P¢ E8.5 tailbud tissue reveals downregulation of genes involved in ECM interaction
and PIP signaling pathways. (A) Schematic of signaling mutant alleles constructed in the Fgfr1 gene. The most severe allele, Fgfr1 FeSPGMre,
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canonical signaling. (B) Both Fgfr17CPG/FCPG gnd Fefy1FCSPEFCSPG embryos show severe defects at E10.5. Phenotypes are variable, but most
Fgfr1FCPE/FCPG embryos fail between E9.5 and E10.5, while all Fgfr1F¢SP¢/FCSPC embryos fail at or before E9.5. Phenotypes include axial trun-
cations, neural tube closure defects, somitogenesis defects, and cardiac defects. Scale bar, I mm. n > 7 embryos per genotype. (C) Tailbud tis-
sue was dissected from wild-type and homozygous Fgfr17"“ and Fgfr1F°5P embryos at E8.5 to examine the onset of the observed phenotypic
changes. Allantois tissue was removed from the tailbud tissue (dashed lines). n =3 for each genotype. (D) Venn diagram depicting significant
differentially expressed genes in homozygous Fgfr17°FC or Fgfr17¢SP¢ mutant tailbud tissue compared with wild-type tissue at E8.5. (E) Vol-
cano plots displaying differential gene expression between Fgfr17¢P“/FCPG mutants and wild type, Fgfr1¢SPS/FESPE mutants and wild type,
and Fgfr1FCSPG/FESPG mutants and Fgfr17°P¢/FCPE mutants, respectively, at E8.5. Green dots indicate upregulated genes and red dots indicat-
ed downregulated genes in Fgfr1FeSP¢/FESPE embryos compared with Fgfr1FPS/FEPE embryos. Horizontal dashed line signifies significance
cutoff of P=0.05. (F) KEGG pathway GSEA of genes downregulated in Fgfr17°7¢ tissue compared with Fgfr17°FC tissue. The most signifi-
cantly downregulated BP terms revolve around tissue migration, indicating that the S mutation may differentially affect Fgfr1’s role in cell
migration. Additionally, KEGG pathway GSEA identified ECM-receptor interaction, inositol signaling, and pathways related to calcium reg-
ulation. (G) At E8.5, Fgfr1FCSPG/FCSPG embryos display a significant reduction in somitogenesis, as seen by Meox1 and Hes7 expression. In
contrast, Fgfr17°P¢/FCPC embryos exhibit normal somitogenesis at this stage. Scale bar, 200 um. n=3 embryos per genotype. (H) At E9.5,
both Fgfr1FCPG/FCPG gnd Fgfr1FCSPG/FCSPG embryos exhibit defective patterning in the intermediate mesoderm and somitic mesoderm, as
marked by Pax2 and Uncx4.1, respectively. Scale bar, 200 ym. n=3 embryos per genotype.
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terms altered in both Fgfr1FCPS/FCPC gnd Fgfy1 FESPC/ECSPG

embryos, involving pattern specification and skeletal,
limb, and renal development.

As Fgfr1FCSPCIFCSPG mytants presented more severe
phenotypes than Fgfr17°PS/FCPS mutants, we next fo-
cused on the differential gene expression between the
two to identify which pathways were more severely affect-
ed. Compared with wild-type embryos, Fgfr1fCre/Fere
embryos exhibited 2142 upregulated and 1581 downregu-
lated DEGs. Meanwhile, Fgfr17¢SP¢/FESPE embryos had
1820 upregulated and 1353 downregulated DEGs com-
pared with wild type (Supplemental Fig. S6E). Comparing
Fgfr1FCSPGIFCSPG mytants with Fgfr1PCPG/FCPE mutants,
there were 932 upregulated and 550 downregulated
DEGs (Fig. 5E; Supplemental Table S5). GO term GSEA
identified downregulation of two groups of BP terms in-
volving cell migration and cell junction assembly, as
well as CC terms involving the apical cell membrane
(Supplemental Fig. S7A,B). While we did observe changes
in cell migration genes in Fgfr17¢’¢/FCPC embryos, these
data suggest that the changes in Fgfr17¢SPG/FCSPG mutants
were more severe. GO terms involving both cell migration
and cell junctions were more significantly impacted
in Fgfr1FCSPG/FCSPG  yersus  Fgfr1** compared with
Fgfr1FCPG/IFCPG yersus Fgfr1*/*. Changes in genes localized
to the apical membrane could indicate defects in cell po-
larity. KEGG pathway GSEA identified phosphatidylino-
sitol signaling (fivefold enrichment, P<0.0001) and
ECM-receptor interactions (2.9-fold enrichment, P=
0.001) as two of the most significantly altered pathways
in Fgfr1FCSPG/FCSPG mutants (Fig. 5F; Supplemental Table
S6). Phosphatidylinositol signaling is a multifunctional
pathway that impacts a wide array of cellular functions,
ranging from cell membrane structure to signal transduc-
tion, vesicle trafficking, cytoskeletal dynamics, growth,
and survival (Anderson et al. 1999; Marat and Haucke
2016; Wen et al. 2023). DEGs identified include PI4P mod-
ifiers as well as genes involved in endocytosis and mem-
brane trafficking. ECM-receptor interaction was
identified with significant changes in multiple integrins
and ECM components. We queried many of the affected
genes found under these KEGG pathway terms against
the scRNA-seq databases (Cao et al. 2019; Pijuan-Sala
et al. 2019) and found that many showed overlapping ex-
pression with Fgfrl at E8.5 (Supplemental Figs. S8, S10)
and from E9.5 to E11.5 (Supplemental Figs. S9, S11).

Fgfr] FOSPG/FCSPG ombryos show earlier onset of

disruptions to the somitic mesoderm compared with
Fgfr1 FPS/FCPS ombryos

RNA-seq analysis of Fgfr1FCPG/FCPG and Fgfr1FCSPG/FCSPG

mutants indicates that both MeoxI and Pax2, key
markers of the somitic and intermediated mesoderm,
respectively, are downregulated at E8.5. As the most
severe Fgfr1FCSPE/FCSPE embryos collected at E10.5 appear
to have arrested between E8.5 and E9.5 (Fig. 5B), we opted
to examine the somitic and intermediate mesoderm
through in situ analysis at both stages. The somitic meso-
derm appeared to be disrupted as early as E8.5 in

FGF signaling and endocytic trafficking in mesoderm

Fgfr1FCSPE/FCSPE embryos, which exhibited a lack of de-

fined somites, as evidenced by the loss of Meox1, and dis-
ruption to the somitogenesis clock, as evidenced by the
absence of Hes7 in the tailbud (Fig. 5G; Supplemental
Fig. S6F). Similar to Fgfr17¢P“/FCPS mutants, homozygous
Fgfr1FCSPG/FCSPG embryos displayed altered intermediate
and somitic mesoderm patterning at E9.5, as marked by
Pax?2 and Uncx4.1, respectively (Fig. 5H; Supplemental
Fig. S6G).

FGF signaling is a key regulator of the somitogenesis
clock, along with Wnt and Notch (Wahl et al. 2007). To
determine whether the three pathways were further dis-
rupted, we dissected the tailbuds of E9.5 embryos, extract-
ed mRNA, and analyzed gene expression via qRT-PCR.
Interestingly we did not see a change in downstream
FGF targets; however, we did see downregulation of
Dkk1, a Wnt-negative regulator, as well as Hes7 and
Nrarp, two Notch targets (Supplemental Fig. S6H). There
is known cross-talk between FGF, Wnt, and Notch signal-
ing during somitogenesis, with each pathway engaging
feedback loops that regulate both themselves and the oth-
er two pathways (Déqueant and Pourquié 2008). The in
situ data indicate that the Fgfr17°ST< allele has a greater
impact on somitogenesis than the Fgfr1f¢FC allele, as
Hes7 expression is absent in Fgfr17CSP¢/FCSPG embryos.
As the Fgfr17¢F€ allele eliminates all canonical FGF sig-
naling, this suggests the presence of additional mecha-
nisms beyond canonical signaling that regulate
mesodermal development and somitogenesis.

FGFRI1 alleles exhibit differing endocytic trafficking
patterns

As Fgfr17CSPG/FCSPG mytants exhibited a more severe re-
duction in mesodermal development compared with
Fgfr17CPG/FCPG mutants, we next wanted to identify
what proteins might be recruited to the binding site of
Y730 to provide additional function beyond canonical
FGF signaling. To determine what proteins were binding
to FGFR1, we performed co-IP using FGFR1WT3xFLAG
FGFR1FCPG3xFLAG ynd FGFR1FCSPE3ILAG proteins ex-
pressed in NIH3T3 fibroblasts. Using label-free quantifi-
cation mass spectroscopy (MS), we identified proteins
that were present in two different scenarios. First, we
identified proteins that would still bind to all three
FGFR1 forms to reveal interactions that might provide in-
sight into what function FGFR1 maintains, even in the
most severe FGFR1FSPS mutant protein. Second, we
identified proteins that are bound to both Fgfr1WT and
FGFR1“PS but not FGFR1FCSPS, These proteins would
potentially indicate what function Y730 was providing
to FGFR1, and what could account for the difference in
phenotypes observed during development.

Across  all  six  samples  (Fgfr1WTSXfLAG
Fgfr1FCPG-3xFLAG 4 Fgfr1FCSPG8XFLAG with or without
FGF1 treatment), 1418 proteins were identified after re-
moving background signal. GO term analysis classified
549 of these proteins (31.4%) as involved in cellular pro-
cesses, followed by metabolic processes (17.3%), biologi-
cal regulation (13.1%), and localization (7.6%) (Fig. 6A,
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left panel). We focused on the proteins involved in cellular
processes, as defined by any process that acts at the cellu-
lar level, including cell communication, cell growth, cell
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Figure 6. Protein analysis of FGFR1F<P¢

and FGFR1FSPC reveals FGF receptor inter-
action with focal adhesion complexes and
intracellular trafficking. (A) GO term analy-
sis of proteins identified from coimmuno-
precipitation/mass  spectroscopy. (Left
panel) Top-level primary term distribution
from 1418 proteins identified across all
FGFR1 mutants and control. (Right panel)
Fold enrichment of secondary and tertiary
terms involved in endocytosis and ECM in-
teractions. (B) Images of proximity ligation
assay in E9.5 Fgfr1Mye/Mye  pafr1FCPGIFCPG
and Fgfr1FCSPE/FCSPG embryos. An anti-
Myec antibody was paired with an antibody
against the indicated protein to identify
proximity of the two proteins within 40
nm. FAK, Src, PIK3R2, and EPS15 were cho-
sen due to potential interactions with
Fgfr1Mye/Mye 4t E8.5. Background fluores-
cence was filtered, and threshold values
were standardized across all images. Non-
specific rabbit and mouse IgG primary anti-
bodies were paired as a negative control.
Scale bar, 100 pm. Black-and-white images
depict 3x digital magnification of the boxed
areas in the fluorescent images to show
greater detail. (C) Quantification of PLA
puncta in focal adhesion-related genes (left
graph) and endocytosis-related genes (right
graph). FAK, PIK3R2, and EPS15 all exhibit-
ed a significant increase in puncta com-
pared with control samples in Fgr1™ve/Mve
embryos, consistent with data from E8.5
(Supplemental Fig. S7A,B). Fgfr1FCPG/FCPG
embryos exhibit a significant decrease in
puncta formed with FAK compared with
both wild type and Fgfr1FCSPG/FCSPG empry.
0s. Both Fgfr1Fere/rerc and
Fgfr1FCSPCG/FESPE embryos exhibit a signifi-
cant reduction in puncta formed with
PIK3R2 compared with wild type. Signifi-
cance was determined using one-way
ANOVA with Bonferroni correction for
multiple comparisons. n = 3 biological repli-
cates per genotype, with five sections im-
aged per embryo.

division, and signal transduction, and further divided
them into secondary and tertiary terms. As both ECM-re-
ceptor interactions and PIP signaling were identified in
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the RNA-seq, we focused on GO BP terms involving ei-
ther of these processes. We additionally highlighted sever-
al terms involving endocytosis, as PIP signaling plays a
role in regulating endosomal trafficking. Of those GO BP
terms, some of the most enriched terms were clathrin-de-
pendent endocytosis (5.8-fold enrichment, P <0.0001) and
regulation of focal adhesion assembly (fourfold enrich-
ment, P<0.0001) (Fig. 6A, right panel; Supplemental Ta-
ble S7).

From the co-IP MS, we found that SFK FYN associated
Wlth FGFR1 WT-SXFLAG’ FGFR1 FCPG-SXFLAG, and
FGFR1FCSPG8XELAG peceptors, indicating that it was still
recruited even with the S mutation, possibly through a
mechanism not involving the conserved SFK SH2 domain,
since other SFKs did not associate with FGFR1. Alongside
FYN was Cortactin (CTTN), Catenin-a (CTNNA1), and
Talin-1 (TLN1), all components of focal adhesion com-
plexes involved in integrin-mediated cell adhesion and
regulatory targets of SFKs (Mitra and Schlaepfer 2006;
Ortiz et al. 2021). To examine the validity of these interac-
tions in vivo, we performed PLA in E8.5 Fgfr1™M¢/Mv¢ em.
bryos. Using available antibodies, we probed endocytic
FGFRI1 interactions with SRC, TLNI1, focal adhesion ki-
nase (FAK), CTTN, CTNNALI, and integrin p1 (ITGB1).
Quantification revealed significant interactions with
FAK and CTNNA1l (P<0.001), indicating proximity
with FGFR1. SRC and CTTN exhibited increased puncta
compared with controls but did not reach statistical sig-
nificance (P=0.09); the SRC antibody cross-reacts with
FYN and YES, indicating potential interaction with any
of these three broadly expressed SFKs. TLN1 and ITGB1
showed little to no interaction with FGFR1 (Supplemental
Fig. S12A,B). The interaction with both FAK and
CTNNALI indicates that FGFR1 interacts closely with
proteins involved in focal adhesion assembly and may
play a role in these structures. We next examined FAK
and SRC interactions with FGFR1 across Fgfr1™e/Mye
Fafr1FCPGMyC/ECPGMye  yn - Fofy ] FOSPGMyc/FCSPGMye o
bryos at E9.5 via PLA (Fig. 6B). While the Fgfr1FCrG/Fere
mutants displayed altered association with both FAK
and SRC in opposite directions, Fgfr17¢SP¢/FCSPC mutants
displayed no changes compared with controls (Fig. 6C).

Interestingly, multiple proteins involved in intracellu-
lar trafficking were found in the FGF-stimulated
FGFR1VYT and FGFR1FCTC, but not the FGFR1F<SPS, co-
IP MS samples. Vesicle-associated membrane protein B
(VAPB) and epidermal growth factor receptor substrate-
15 (EPS15) are two proteins involved in intracellular mem-
brane trafficking and endocytic recycling. Kinesin family
member-2a (KIF2A), microtubule-associated protein-6
(MAPG), and cytoskeleton-associated protein-5 (CKAP5)
are proteins involved with microtubule-mediated trans-
port. Together, these interactions indicate that Y730
may be playing a role in mediating the endocytic traffick-
ing of FGFR1, much like the congruent Y734 residue in
FGFR2.

We again used PLA to examine interactions with pro-
teins involved in endocytic trafficking: EPS15, PIK3C2A,
and PIK3R2 (p85). Both EPS15 and PIK3R2 displayed sig-
nificantly increased puncta compared with controls (P <

FGF signaling and endocytic trafficking in mesoderm

0.0001 and P=0.0031, respectively), while PIK3C2A
showed no significant difference (Supplemental Fig.
S12A,B). PIK3R2 interaction with FGFR1 had previously
been shown during induced endocytic recycling of the re-
ceptor (Francavilla et al. 2013). Additionally, EPS15 is a
known component of clathrin-coated pits and plays a
role in the endocytic regulation of EGFR and potentially
other RTKs (Salcini et al. 1999; Haugen et al. 2017). The
combined co-IP MS and PLA data suggest that the S muta-
tion (Y730F) inhibits association with endocytic regu-
latory proteins. We next examined PIK3R2 and EPS15
interactions  with FGFR1  across  Fgfr1™Ve/Mye
Fafr1FCPOMYC/ECPGMye  yn 4 Fofy ] FOSPGMyc/ECSPGMye o
bryos at E9.5 via PLA (Fig. 6B). Interestingly, we found
that both Fgfr17CPC/FCPG and Fgfr1FCSPE/FESPE embryos
displayed a significant reduction in puncta formed with
PIK3R2 (Fig. 6C), highlighting a possible disruption to
endocytic trafficking of the mutant receptors.

To determine whether endocytic trafficking was sub-
stantially affected in vivo, we examined FGFR1 colocali-
zation with EEAl (Fig. 7A), a marker of early
endosomes, and RAB7 (Fig. 7B), a marker for mid to late
endosomes. Using superresolution stimulated emission
depletion (STED) microscopy, we observed colocalization
in wild-type, Fgfr17CPG/FCPG and Fgfr1PCSPE/FCSPG embry-
os in the E9.5 somitic mesoderm (Fig. 7C). FGFR1FCPC ex-
hibited an increase in association with early endosomes
compared with FGFR1¥“SPC with both showing signifi-
cant increases over FGFR1WT (Fig. 7A,D). When looking
at later stage endosomes, FGFR15?S again displayed the
greatest association compared with both FGFR1WYT and
FGFR1FCSPS which exhibited similar association rates
compared with each other (Fig. 7B,D). These data indicate
that the mutant FGFR1 proteins are trafficked differently
than wild-type FGFR1. Interestingly, the data also suggest
that FGFR1¥°PS and FGFRIFCSPS are trafficked differ-
ently compared with each other (Fig. 7E). Together, the
co-IP, PLA, and STED microscopy data support previous
data suggesting that FGFR1 Y730 may be involved in reg-
ulating endocytosis of the receptor. These changes in
endocytic sorting may account for the reduced functional-
ity of the Fgfr1F¢SPC allele, resulting in the more severe
phenotypes observed in Fgfr1FCSPG/FCSPG embryos com-
pared with Fgfr1FCPe/FePG,

Discussion

Previous studies of both Fgfr1 and Fgfr2 allelic series of
mutants have shown that both receptors exhibit activity
outside of canonical FGF signaling pathways (Brewer
et al. 2015; Ray et al. 2020; Ray and Soriano 2023). We ob-
served that some Fgfr17°"S/FCPS embryos, devoid of ca-
nonical signaling, die perinatally. Further analysis
revealed severe defects in the somitic, intermediate, and
lateral plate mesoderm. Surviving embryos had severe ax-
ial truncations, with somitic mesoderm defects beginning
at E8.5. We observed complete kidney agenesis with de-
fects in intermediate mesoderm organization at E9.5. Ad-
ditionally, digit patterning defects were observed, and

GENES & DEVELOPMENT 405


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351593.124/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351593.124/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351593.124/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351593.124/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351593.124/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.351593.124/-/DC1

Clark and Soriano

A

s
3
=
=
5
iy

Fgfr1Myeiye

Fgfr1 FCPG/FCPG

©
a
S
PN
I
S
g
~
5
w

Fgfr 1 FCSPG/FCSPG
Fgfr1 FCSPG/FCSPG

EEA1 Rab7

Fgfr1""; } Fgfr1"; !

Ffr1FoPe
Somitic
Mesoderm -
Intermediate I
Mesoderm Fofr1FOSPe]  feas: 3 P — FgirtFosPe. |

Fofr1FoPe

m
su

Lateral Plate
Mesoderm

6 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000
# of Colocalized Pixels # of Colocalized Pixels
FGFR1T FGFR1Fere FGFR1Fesee
ECM ECM

? B

g
Cytoplasm % %} Cﬁoplasm%)&k//%g g%
60 V/ﬁ\ %} %/ 7 -
Y @ @@ 2
\ @ N\ —
SN \u TN \ﬁ7x
() N L)

Cytoplasm

Figure 7. FGFR1FCPS and FGFR1FCSPC exhibit alterations in endocytic trafficking and recycling. (A) Colocalization of FGFR1 with EEA1,
a marker of early endosomes. (B) Colocalization of FGFR1 with RAB7, a marker of mid to late endosomes. (C) Schematic depicting the
region imaged in each embryo (blue square). Cross-sections were taken of posterior somites. (D) Both FGFR1¥°YS and FGFR1FCSPG
show increased colocalization with EEA1, with FGFR1F“FS exhibiting significantly more colocalization than either FGFR1¥“SPS or
FGFR1MY°, FGFR1FCPS exhibits a significant increase in colocalization with RAB7 compared with either FGFR1™Y° or FGFR1FSPC, Gig.
nificance was determined using one-way ANOVA with Bonferroni correction for multiple comparisons. Scale bar, 3 um. n =3 biological
replicates per genotype, with 20 fields of view imaged per embryo. (E) Proper endocytic recycling of FGFRI1 is required to maintain full
functionality of FGFR1 signaling. FGFR1F“"S accumulates in EEA1- and Rab7-positive endosomes, indicating a reduction in recycling
to the membrane. FGFR1¥SPS also exhibits changes in trafficking with accumulation in EEA1-positive endosomes, indicating a failure
to proceed through endocytic and/or recycling pathways.
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bone mineralization was delayed throughout later devel-
opment. To further dissect the remaining function in
Fgfrl, we introduced an additional point mutation at
Y730 and generated Fgfr17°5P mutants. Using a combi-
nation of RNA-seq and protein interaction analyses, we
found that FGFRI1 interacts with proteins involved in fo-
cal adhesions and endocytic trafficking. Accordingly, us-
ing superresolution microscopy, we identified
alterations in endocytic trafficking between wild-type
and mutant FGFR1. Through this work, we established
the importance of noncanonical FGF signaling in meso-
derm development and highlight the role of endocytic
trafficking in FGF receptor signaling.

Recovery of Fgfr1TCPG/FCPE embryos at PO highlights
the surprising observation that canonical Fgfrl signaling
is dispensable for many developmental processes. We be-
lieve that the differences between our current data and the
previous, smaller-scale Fgfr1°’“ recovery data (Brewer
et al. 2015) could be due to two possibilities. First, we
maintained the new Fgfr17°PS™7¢ line by crossing hetero-
zygous males and females, allowing us to potentially re-
cover homozygous animals that survive until birth, even
at low frequencies. During the initial analysis of the orig-
inal Fgfr1¥€?¢ allele, the colony was maintained as het-
erozygous males crossed to wild-type females, so large
numbers of homozygous animals would never have been
generated in the first place to detect rare embryos that sur-
vived until birth. Alternatively, there may have been ge-
netic drift in the 12954 background over the years,
resulting in reduced sensitivity to partial loss of Fgfrl
function.

While the posterior skeletal anatomy is affected in
Fgfr1Fc? GIFCPG embryos, anterior anatomy is compara-
tively normal. Gross observations of the heart, lungs,
and digestive system revealed no apparent phenotypes.
The most severely affected processes observed in these
mutants were ossification, digit patterning, posterior axial
extension, and kidney development. Since both posterior
axis formation and early kidney development occur con-
currently, these data highlight a major role for Fgfr1 sig-
naling around E8.5. As only one-third of Fgfr1F¢r¢/FCre
embryos and no Fgfr1F¢SPE/FESPE embryos develop past
E10.5, we hypothesize that a minimal level of Fgfr1 activ-
ity is required during early mesoderm differentiation to
continue development. The signaling mutant alleles
that do not provide sufficient activity result in halted de-
velopment, most likely due to insufficient mesoderm ex-
pansion. However, the Fgfr17“FC allele may be straddling
that threshold. Minor changes in cellular environments or
stochastic events may allow some Fgfr17C¢/FCPG embry-
0s to breach that minimal level of activity, providing just
enough mesoderm to continue development but not to
produce all mesoderm-derived structures.

Both Fgfr1FCPE/FCPG and Fgfr1FCSPE/FESPE mutants dis-
play deficiencies in the somitic, intermediate, and lateral
plate mesoderm. Surprisingly, both mutants form anterior
somites, indicating that canonical FGFR1 signaling is not
required for initial somite formation. However, somite
morphology is affected in both Fgfr1"¢P¢/FCPG and
Fgfr1FCSPG/FCSPG embryos, indicating that canonical

FGF signaling and endocytic trafficking in mesoderm

FGFR1 signaling is necessary for proper pacing of the
wavefront during somitogenesis. The changes in Hes7 ex-
pression in Fgfr17CSPE/FCSPG mutants indicates that this
may be the case. Epithelialization of somites during com-
paction requires the induction of apical basal polarity,
which would influence changes in ECM interactions
and cell-cell adhesion, as observed through RNA-seq
analysis. Alterations to how Fgfr1 functions in these pro-
cesses could result in delayed induction, producing im-
properly spaced and sized somites, as seen in both
Fgfr1FCPGIFCPG and Fefr1FCSPG/FCSPEG muytants. Alongside
the depleted somitic mesoderm, a lack of intermediate
mesoderm development also led to defects in renal devel-
opment in Fgfr1¢P/FCPE mutants. Previous studies have
identified Fgfr2 as a major factor in kidney development,
with Fgfr1 playing a more minor role (Zhao et al. 2004;
Poladia et al. 2006; Sims-Lucas et al. 2011). Here we
show that canonical signaling from FGFR1 is key to early
kidney development, as Fgfr1F°’® mutants display de-
layed intermediate mesoderm formation and complete
kidney agenesis. However, this defect in the intermediate
mesoderm is specific to the development of the ureteric
bud, as embryos still produce gonads, indicating a specific
impairment of the metanephros. We also did not observe
defects in the anterior formation of the mesonephros
(data not shown), highlighting the specificity of the de-
fects to the most posterior structures of the intermediate
mesoderm. Similarly, posterior lateral plate mesoderm
(LPM) development was disrupted in Fgfr17¢P¢/FCPG em.-
bryos. Mutant embryos that survived past E10.5 exhibited
hypomorphic pelvic bones and both forelimb and hin-
dlimb defects, all of which develop from the LPM. Togeth-
er, these data indicate that noncanonical FGFR1 signaling
is sufficient to initiate NMP differentiation into the
somitic mesoderm and LPM. However, canonical signal-
ing is required for maintenance of the posterior mesoderm
and initiation of kidney development.

In situ imaging indicates that cadherin switching is al-
tered in mutants, and RNA-seq analysis identified a sig-
nificant change in ECM-integrin interactions. FGF is a
known regulator of cadherin switching by regulating
Snail expression (Ciruna and Rossant 2001) during the
process of EMT (Gonzalez and Medici 2014). For the prop-
er formation of the ureteric bud, a MET is required when
the intermediate mesoderm begins to epithelialize to
form the metanephric duct, which then branches into
the surrounding metanephric mesenchyme, thus forming
the ureteric bud. This process also requires a remodeling
of the ECM as the branching occurs. Our previous and cur-
rent data suggest that FGF signaling is playing a role in
both mechanisms. Previous data on salivary gland branch-
ing showed that loss of Fgfr1 and Fgfr2 resulted in adhe-
sion defects and ruptures to the basement membrane,
indicating a role in maintaining ECM interactions (Ray
and Soriano 2023). Our newest data further substantiate
this role.

Recent data have suggested that Fgfr1 may help stabi-
lize cadherins at the cell membrane in conjunction with
Src activation (Nguyen et al. 2019). Additionally, the
loss of SFKs Src, Fyn, and Yes results in changes in
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localization of FGFR1, indicating an ability for SFKs to
regulate the distribution of FGFR1 (Sandilands et al.
2007). Proteomic analysis identified FYN and multiple
components of focal adhesions as being able to bind to
all FGFR1 variants. These interactions suggest that
FGFR1 may play a role in regulating focal adhesion forma-
tion through direct association. As the S mutation has not
eliminated ECM-adhesion interactions, as observed from
the co-IP analysis, these data together further identify po-
tential interaction with focal adhesion components as an
additional means by which FGFRI is able to function out-
side of canonical signal transduction. However, there are
two possible mechanisms by which FGFR1 may be inter-
acting with focal adhesion components. One mechanism
would be through the direct recruitment of FGFR1 to focal
adhesions. FGFR1 may bind to both regulatory and struc-
tural components of focal adhesions to regulate their turn-
over, maturity, or longevity to modulate cell migration.
Previous evidence identified both FGFR1 and FGFR2 as
regulators of focal adhesion turnover during keratinocyte
wound repair and in primary neural crest cells (Meyer
et al. 2012; Ray et al. 2020). Alternatively, FGFR1 may
bind to focal adhesion components outside of focal adhe-
sions. FGFR1 could regulate focal adhesion formation or
turnover through association with focal adhesion compo-
nents in other compartments of the cell, such as endo-
somes. Lack of proper turnover and recycling of FGFR1
and other focal adhesion components may result in the in-
ability to maintain proper cell migration processes.

One of the key pathways identified in our RNA-seq
analysis as being differentially altered between Fgfr1f¢F¢
and the novel Fgfr17°5P¢ mutants was phosphatidylinosi-
tol (PI) signaling. The most prominent connection be-
tween FGF signaling and phosphatidylinositol signaling
is through PI3K-mediated conversion of PIP, to PIP; and
the resulting activation of AKT; however, there are a mul-
titude of processes that involve the various products of
inositol signaling. Multiple PI species play varied roles
in intracellular trafficking, including endocytosis, recep-
tor recycling, multivesicular body sorting, and autophagy.
Previous evidence suggested that FGFR2 may engage al-
ternate routes of endocytic processing based on the re-
cruitment of PIK3R2 (Francavilla et al. 2013).
Additionally, FGFR2 internalization and trafficking is ki-
nase-dependent (Auciello et al. 2013), indicating that
transphosphorylation and recruitment of adaptors are in-
tegral to internalization and endocytic trafficking. Our
data point to a similar mechanism occurring with
FGFR1 activity. While canonical PI3K/AKT signaling is
disrupted in Fgfr17°FC mutants, as evidenced by a lack
of AKT phosphorylation (Ray et al. 2020), RNA-seq anal-
ysis of Fgfr17¢SP¢ mutants identified a significant reduc-
tion in enzymes involved in the production of PI(4,5)P
and PI(3,5)P, which play roles in endocytic recycling.

EEA1, a key regulator of early endosome trafficking,
directly binds to PI3P, tethering it in the endosomal mem-
brane to aid in regulating early endosome fusion and sort-
ing (Simonsen et al. 1998). We observed increased
colocalization of both FGFR1¥“P< and FGFR1F5TC with
EEA1 compared with wild-type FGFR1 in the somitic me-
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soderm. Additionally, we observed an increase in colocal-
ization between FGFR1F"¢ and RAB7, a regulator of
endosome maturation. These data indicate that all three
FGFRI1 proteins are behaving differently during endoso-
mal trafficking. During normal somitic development, it
appears that wild-type FGFR1 is broadly localized across
the cell membrane, with less localization to either early
or late endosomes. This indicates that FGFR1 is predom-
inantly recycled to the cell membrane, enabling the meso-
dermal cells to readily respond to incoming FGFs.
However, both FGFR1FPS and FGFR1F“SPS appear to
behave differently. Overall, FGFR1FCYS localization ap-
pears to be mainly in internal puncta, unlike wild-type
FGFR1. Changes in FGFR1F°PC ]ocalization were expect-
ed, as interaction with canonical effectors, such as PLCy,
are known to impact receptor internalization (Sorokin
et al. 1994). While loss of PLCy interaction alone results
in reduced internalization, loss of interaction with other
canonical effectors in the Fgfr17¢P¢/FCPG mutants may
further alter the internalization and localization of
FGFR1F°PS. Consequently, FGFR1FCYC heavily localizes
to both early and late endosomes, indicating that the re-
ceptor may be predominantly internalized and main-
tained within the endocytic network, rather than being
recycled to the cell membrane. While FGFR1FCSPS also
appears to be mainly localized to internal puncta, the dis-
tribution is different from either wild-type FGFR1 or
FGFRI1FCPS, FGFR1FCSPS appears to predominantly local-
ize to early endosomes, with little localization to late en-
dosomes. This observation indicates that FGFR1FCSPG
may be unable to progress to mature endosomes for proper
sorting or recycling. Additionally, the different localiza-
tion patterns of FGFR1F“TS and FGFRIFCSPS indicate
that the S mutation may indeed contribute to the regula-
tion of its internalization and trafficking. As interaction
between FGFR2 and PIK3R2 promotes recycling of
FGFR2 to the cell membrane, loss of this interaction in
FGFR1Y“PS may promote the accumulation of FGFR1
in early endosomes.

Proper trafficking of receptors is key to maintaining suf-
ficient signal response to extracellular stimuli. Previous
studies profiling phosphotyrosine activation downstream
from FGFRs have identified numerous proteins involved
in endocytic trafficking (Cunningham et al. 2010;
Auciello et al. 2013; Francavilla et al. 2013; Watson
et al. 2022). Multiple trafficking proteins were also identi-
fied via a BioID biotinylation assay using Fgfr1-BirA*, fur-
ther supporting a direct interaction between FGFR1 and
key endocytic regulatory proteins (Kostas et al. 2018).
The increased severity seen in the Fgfr17CSPG/FCSPG my.
tant embryos may indicate that FGFR1F<SYC is unable to
be properly transported to the cell membrane when neces-
sary or may not be recycled properly, reducing the overall
ability of the pathway to be engaged. In Fgfr17CPe/FCre
embryos, while the receptor is operating without canoni-
cal signaling, its endocytic localization is altered from ei-
ther wild type or Fgfr1FCSPE/FCSPG mutants, possibly
allowing for the maintenance of selective function
through noncanonical activity and providing enough ac-
tivity to allow development to continue. As the



Fgfr1FCSPE/FCSPE mutants also display more severe defects

in tissue migration and morphology, this disruption to
endocytic trafficking may also influence cell adhesion
through integrin or cadherin turnover.

Taken together, these data establish the importance of
noncanonical FGF signaling in mesoderm development.
Fgfr1FCPC alleles devoid of canonical downstream signals
provide sufficient activity to progress through develop-
ment beyond what was previously expected. Additionally,
genetic dissection using the Fgfr17°5P< allele highlights a
connection between Fgfr1 and cell adhesion through re-
cruitment to focal adhesions, which may then be modu-
lated through intracellular trafficking and endocytic
recycling by PIP, signaling. Further investigations will ex-
amine how alterations to these cellular processes result in
disruptions to developmental processes during early me-
soderm specification and differentiation.

Materials and methods

Animal husbandry

All animal experimentation was conducted according to
protocols approved by the Institutional Animal Care and
Use Committee of the Icahn School of Medicine at Mount
Sinai (LA11-00243). Mice were kept in a dedicated animal
vivarium with veterinarian support. They were housed on
a13h/11 hlight/dark cycle and had access to food and wa-
ter ad libitum.

Mouse models

Fgfr1tmSori0l (referred to here as FEgfr17°PC) and
Meox2tm1(cre)Sor (yeferred to here as Meox2-Cre) were pre-
viously described (Tallquist et al. 2000; Brewer et al.
2015). Fgfr1™13159r (referred to here as Fgfr1™°),
Fgfr1tm16150r (referred to here as Fgfr1SM¥°), Fgfr1tm15-15or
(referred to here as Fgfr1FCPEMe) Rgfr1tmi415or (referred
to here as Fgfr1FCSPEMre) and Fgfr2™%15°7 (referred to
here as Fgfr2f14%) were generated by gene targeting. Line-
arized targeting vectors were electroporated into 12954
AK7 ES cells. Targeting events were screened by PCR
and subsequent restriction digest to detect incorporation
of nucleotide substitutions. Proper targeting was verified
via Southern blotting using 5’ external, 3’ external, inter-
nal, and neo probes. ES cell chimeras were bred to Meox2-
Cre deleter mice to remove the neomycin selection cas-
sette, and the Meox2-Cre allele was subsequently crossed
out. All mice were maintained on a 129S4 coisogenic
background.

During exportation of the mice to the Jackson Laborato-
ry repository, it was discovered via sequencing that the
Fgfr1TePEMred gllele was missing the second F (V429A)
and the C (Y463F) mutations within exon 9. Using pedi-
gree records, we identified a reversion event in exon 9 in
one male that created a branch at the second generation
from the founding chimera, with one branch inheriting
the correct Fgfr17¢P¢M7 31lele and one branch inheriting
the altered Fgfr177¢Mv°? g]lele. We consistently genotyped
from the 5’ end showing the remaining LoxP site and from
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the 3’ end using the Myc tag throughout our studies, with
the assumption that all the mutations within the short 6
kb intervening sequences would cosegregate. As a double-
crossover event within such a short region would be a very
rare event, we did not anticipate this to occur (Supplemen-
tal Fig. S6A). Phenotypic comparisons at both E10.5 and
PO indicated that the biological impact of the
Fgfr1FCPEMyed gllele is comparable with both the original
Fgfr1TCPC allele and the Fgfr17CPEMes gllele (Supplemen-
tal Fig. SLA,B.

The Fgfr1'™13150r and Fgfr2'™®15°" mice are available
from the Jackson Laboratory Repository with stock num-
bers 039109 and 039110, respectively. The Fgfr1tmi41Sor
mice are available from the Mutant Mouse Regional Re-
sources Center [MMRRC) at the Jackson Laboratory as
stock number 071669.

Embryological grading

Embryos were dissected at E10.5, fixed, and stained with
DAPI overnight. Morphological defects were graded based
on the presence of phenotypes listed in Supplemental Ta-
ble S4. Embryos were given one point for each phenotype
and one to three points based on overall size of the embryo
(indicated as an X). As the scale was qualitative, we could
not perform statistical analysis on the phenotypic scores.
Images were taken on a Zeiss Axio Observer microscope
fitted with a Hamamatsu Orca-Flash 4.0 LT Plus camera.

Skeletal preparations

E14.5,E16.5,E17.5, E18.5, and PO embryos were skinned,
eviscerated, and fixed in 95% ethanol overnight. Staining
was performed with Alcian blue/Alizarin red (0.015%
Alcian blue, 0.005% Alizarin red, 5% glacial acetic acid,
70% ethanol) overnight at 37°C. Skeletons were subse-
quently cleared in 1% KOH for 24 h and then transferred
through a glycerol:KOH series of increasing glycerol con-
centration and decreasing KOH concentration. Skeletons
were photographed in 80% glycerol using a Nikon SMZ-
U dissecting scope fitted with a Jenoptik ProgRes C5 cam-
era. Images of full PO skeletons were merged using the
Adobe Photoshop Photomerge function.

Histology

E10.5, E11.5, and E14.5 embryos were fixed in 4% PFA in
PBS at 4°C, rinsed in PBS, dehydrated through an ethanol
series, and then embedded in paraffin. Sections (6 um)
were cut using a Leica microtome, mounted on slides,
and stained with Harris modified hematoxylin and eosin
Y using a standard protocol. Images were taken using a
Zeiss Axioplan microscope fitted with a Jenoptik ProgRes
C5 camera. If needed, images were merged using the Ado-
be Photoshop Photomerge function.

Immunohistochemistry and immunofluorescence

FFPE tissue sections were deparaffinized and rehydrated
through a series of decreasing ethanol washes. Heat-
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induced epitope retrieval was performed using a 20 mM
sodium citrate (pH 6.0) solution in a pressure cooker for
30 min followed by pressure release and gradual cooling
to 45°C. Sections were washed in PBS, blocked in PBS con-
taining 10% goat serum, and incubated with primary
antibody overnight at 4°C and then with secondary
antibody for 1 h at room temperature. For IHC, signal
was developed using the InmPACT DAB substrate kit
(Vector Laboratories SK-4105). Images were taken using
a Zeiss Axioplan microscope fitted with a Jenoptik Pro-
gRes C5 camera. For immunofluorescence, images were
taken using a Zeiss LSM780 confocal microscope. For
superresolution STED microscopy, images were taken us-
ing a Leica TCS SP8 confocal microscope. Colocalization
was determined using Fiji Image]. Threshold values for
each channel were calculated for each set of images.
Colocalization values were determined using the Colocal-
ization Threshold plug-in of Image]. One-way ANOVA
with Bonferroni correction for multiple comparisons
was used to determine statistical significance.

In situ hybridization

Whole-mount embryos were fixed in 4% PFA in PBS at
4°C, rinsed in PBS, dehydrated through a series of methanol
washes, and stored in 100% methanol at —20°C. FFPE tis-
sue sections were rehydrated through a series of decreasing
ethanol washes. Hybridization chain reaction (HCR) probes
were purchased from Molecular Instruments, Inc. Standard
protocols for whole-mount mouse embryos and FFPE tissue
sections were followed as described by the manufacturer
(Molecular Instruments, Inc.). The following probes were
used on whole-mount embryos: DII1, Sox2, Six2, Meox1,
Pax2, Hes7, Tbx18, Osrl, Snail, Uncx4.1, and Wt1. The
following probes were used on FFPE tissue sections: Fgfr1,
Fgfr2, Uncx4.1, Pax2, Cdh1, Cdh2, Osr1, and Wt1. Samples
were imaged using a Zeiss LSM780 confocal microscope.
When needed, multiple fields of view were taken using
the tiling function in Zeiss ZEN Blue software. Quantifica-
tion of HCR images was calculated using Fiji Image]. Z-
stacks were taken of each sample. Stacks were split and an-
alyzed as individual slices. Threshold values were deter-
mined for each channel to remove background signal,
followed by the use of the “analyze particles” function to
create a mask. The mask was applied to the original chan-
nel image to calculate fluorescent pixel area and intensity.
Individual slices for each sample were then recompiled into
z-stacks, and overall fluorescence was calculated. Either
Student’s t-test or one-way ANOVA with Bonferroni cor-
rection for multiple comparisons was used to determine
statistical significance, as appropriate.

Proximity ligation assay

FFPE tissue sections were deparaffinized and rehydrated
through a series of decreasing ethanol washes. Heat-in-
duced epitope retrieval was performed using a 20 mM
sodium citrate (pH 6.0) solution in a pressure cooker for
30 min followed by pressure release and gradual cooling
to 45°C. Sections were washed in PBS with 0.1%
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Tween-20 prior to following the manufacturer’s protocol.
Duolink proximity ligation assay in situ detection re-
agents (Sigma-Aldrich DUQ092002, DUQ092004, and
DUO92008) were used according to the manufacturer’s
protocol. In brief, sections were blocked, followed by over-
night incubation with primary antibodies at 4°C. Sections
were washed and then treated with antimouse Minus and
antirabbit Plus probes for 1 h at 37°C. Washes were repeat-
ed, followed by incubation with ligase for 30 min at 37°C.
Slides were washed again and then treated with polymer-
ase for signal amplification for 100 min at 37°C. Samples
were stained with DAPI and then washed, and coverslips
were mounted. Images were taken using a Zeiss LSM780
confocal microscope. Quantification of puncta was per-
formed in Fiji ImageJ. Confocal images were converted
to 8 bit grayscale, and thresholding values were calculated
for each set of images, followed by use of the “analyze par-
ticles” function. One-way ANOVA with Bonferroni cor-
rection for multiple comparisons was used to determine
statistical significance.

RT-qPCR

The caudal portion of the embryonic tail was dissected
from E9.5 embryos just past the last somite. Samples
were lysed and mRNA was extracted according to the Qia-
gen RNeasy kit standard protocol. cDNA was synthesized
using 50 ng/uL random primers and 50 uM oligo(dT) with
SuperScript IV reverse transcriptase (Invitrogen). qPCR
was performed using Luna Universal gPCR master mix
(NEB) with the Bio-Rad iQ5 multicolor real-time PCR
detection system. Cycling conditions were as follows:
step 1: 3 min at 95°C, step 2: 10 sec at 95°C, step 3: 30
sec at 60°C, and repeat steps 2 and 3 for 40 cycles. Proper
amplification was confirmed using a melting curve. Both
Gapdh and Actb were used as positive controls; Actb
was found to produce the least amount of variance and
was subsequently used for normalization. Two-way
ANOVA with Bonferroni correction for multiple compar-
isons was used to determine statistical significance.

Coimmunoprecipitation and Western blot analysis

NIH3T3 fibroblasts were transfected with either
pcDNA3.1-Fgfric-Wt-3xFLAG, pcDNA3.1-Fgfr1c-FCPG-
3xFLAG, or pcDNA3.1-Fgfr1c-FCSPG-3XxFLAG via elec-
troporation, and stable lines were selected using the
neomycin resistance cassette coexpressed in the vector.
Individual colonies were picked and cultured, and overex-
pression was verified by RT-qPCR and Western blot anal-
ysis. Cells were maintained in DMEM (Gibco 11965118)
supplemented with 10% HyClone FetalClone III (FCIII)
serum (Cytivia SH30109), 0.5x penicillin/streptomycin
(Gibco 15140122), 1x glutamine (Gibco 25030081), and
500 pg/mL G418 (Gold Biotechnology G-418). Prior to col-
lection, cells were starved overnight for 18 h in DMEM
containing 0.1% FCIII and then treated with 50 ng/mL
FGF1 for 5 min. Cells were collected and lysed in NP-
40/digitonin lysis buffer containing protease and phospha-
tase inhibitors (Pierce A32961) for 30 min at 4°C. Lysate



(300 pg) was incubated with either anti-FLAG M2 antibod-
ies conjugated to magnetic beads (Millipore Sigma
M8823) or Pierce Protein A/G magnetic beads (Pierce
88802) coupled with mouse anti-IgG (Cell Signaling Tech-
nologies 33469) overnight for 18 h at 4°C. Beads were col-
lected and washed six times at 4°C. The remaining
supernatant was removed and beads were frozen at
—20°C and transported on dry ice to the Rockefeller Univer-
sity’s Proteomics Resource Center (RRID: SCR_017797)
for label-free quantitative mass spectroscopy. Magnetic
beads were dissolved in 40 uL of 10 ng/uL trypsin, and
proteins were eluted from antibody using partial diges-
tion for 4 h. The supernatant was removed and subjected
to reduction (10 mM DTT) and alkylation (30 mM IAM)
followed by an overnight digestion (trypsin + LysC). Di-
gestions were halted by acidifying (TFA). Peptides were
solid-phase-extracted and analyzed by LC-MS/MS with
the following parameters: 60 min gradient (2%-38%) at
900 nL/min, 100 pm/12 cm built-in emitter column,
and high-resolution/high-mass accuracy (Q-Exactive
mass spectrometer). The data were processed using Pro-
teomeDiscoverer 1.4 and searched (Mascot) against Uni-
Prot’s mouse database concatenated with common
contaminants, which included FBS-related proteins.
Data were also analyzed using MaxQuant (version
2.4.2.0). Proteins quantified at 10-fold greater levels
than bait were removed as background. Proteins
present in two out of three replicates were counted as
positive hits.

RNA sequencing analysis

Seurat v4 was used for single-cell data analysis (Satija et al.
2015; Hao et al. 2021). Data sets were normalized via log
fold transformation, followed by variable feature selection
and linear scaling based on the top 2000 variable features
identified. Linear dimensional reduction was performed
using principal component analysis (PCA), and elbow
plots were used to identify the number of relevant dimen-
sions. Cells were then clustered using a K-nearest neigh-
bor graph and the Louvain algorithm using the first 12
PCA dimensions and a resolution of 1.0. Nonlinear di-
mensional reduction was then performed using uniform
manifold approximation and projection with the first 12
PCA dimensions. Seurat and ggplot2 were used to con-
struct feature plots, dot plots, and violin plots.

For RNA-seq, tailbuds from three embryos per genotype
per developmental time point were isolated, followed by
total RNA extraction. As both Fgfr1FCPG/FCPG and
Fgfr1FCSPE/FCSPG embryos display variable phenotypic
severity, we collected tissue within each genotype that
displayed similar severities to alleviate variance. mRNA
was purified from total RNA using poly-T oligo-attached
magnetic beads. After fragmentation, the first strand
cDNA was synthesized using random hexamer primers,
followed by second strand cDNA synthesis. The library
was checked with Qubit and RT-PCR for quantification
and with Bioanalyzer for size distribution detection.
Quantified libraries were pooled and sequenced on Illu-
mina platforms. Reference genome and gene model anno-
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tation files were downloaded from the genome website
directly. An index of the reference genome was built using
Hisat2 (v2.0.5), and paired-end clean reads were aligned to
the reference genome using Hisat2. The mapped reads of
each sample were assembled by StringTie (v1.3.3b) in a
reference-based approach. FeatureCounts (v1.5.0-p3) was
used to count the read numbers mapped to each gene.
Next, the FPKM of each gene was calculated based on
the length of the gene and read counts mapped to the
gene. Differential expression analysis was performed us-
ing the DESeq2R package (1.20.0). The resulting P-values
were adjusted using the Benjamini and Hochberg ap-
proach for controlling the false discovery rate. Genes
with an adjusted P-value of <0.05 found by DESeq2 were
assigned as differentially expressed. Gene ontology (GO)
enrichment analysis of differentially expressed genes
was implemented by the clusterProfiler R package, in
which gene length bias was corrected. GO terms with a
corrected P-value of <0.05 were considered significantly
enriched by differentially expressed genes. We used the
clusterProfiler R package to test the statistical enrich-
ment of differentially expression genes in KEGG path-
ways. Ggplot2 was used to construct plots.

Using reads from exon 9 of Fgfr1, we found that the E8.5
mutant embryos were Fgfr]PCMye4/FPGMycd (e out of
three) and Fgfr1FCPGMyed/FCPGMyed 1y out of three).
However, we compared all 2191 DEGs identified via
DESeq2 between the three mutants and found that all
our pathways of interest were consistent between the
Fgfr1FCPGMyed gnd Fgfr1FPEMred glleles, providing further
evidence that the two alleles are biologically similar. Sim-
ilarly, we used reads from exon 9 of Fgfrl to identify the
genotype of embryos from the E10.5 RNA-seq data. All
mutant embryos were Fgfr1TGMye#/FCPGMycd,

Statistical analysis

All statistical analyses were performed and graphs were
made using GraphPad (Prism) or RStudio.

Antibodies

The following antibodies were used for immunohisto-
chemistry: rabbit anti-Fgfrl (1:100; Cell Signaling Tech-
nologies [CST] 9740), rabbit anti-Fgfr2 (1:100; CST
23328), rabbit anti-Myc (1:100; CST 2276}, mouse anti-
Myc (1:100; Santa Cruz Biotechnology sc-40), mouse
anti-FLAG M2 (1:100; Millipore Sigma F1804), rabbit
anti-DYKDDDDK (1:100; CST 14793), goat antimouse
HRP (1:10,000; Jackson ImmunoResearch 115-035-003),
and goat antirabbit HRP (1:10,000; Jackson ImmunoRe-
search 111-035-003). The following antibodies were used
for immunofluorescence: rabbit anti-E-Cadherin (1:100;
CST 3195); mouse anti-N-Cadherin (1:100; BDBioscien-
ces 610920); mouse anti-Ret (1:100; Santa Cruz Biotech-
nology sc-365943); rabbit anti-Ki-67 (1:100; CST 12202);
rabbit anti-Myc (1:100; CST 2276); mouse anti-Myc
(1:100; Santa Cruz Biotechnology sc-40); mouse anti-
FLAG M2 (1:100; Millipore Sigma F1804); rabbit anti-
DYKDDDDK (1:100; CST 14793); rabbit anti-EEAL
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(1:100; CST 3288); rabbit anti-Rab7 (1:100; CST 9367);
goat antimouse Alexa fluor Plus 555, 594, and 647
(1:1000; Thermo Fisher A32727, A32742, and A32728);
and goat antirabbit Alexa fluor Plus 555, 594, and 647
(1:1000; Thermo Fisher A32732, A32740, and A32733).
The following antibodies were used for proximity ligation
assay: rabbit anti-Myc (1:100; CST 2276), mouse anti-Myc
(1:100; Santa Cruz Biotechnology sc-40), mouse anti-
FLAG M2 (1:100; Millipore Sigma F1804), rabbit anti-Src
(1:100; CST 2109), mouse anti-Talin (1:100; Sigma
T3287), rabbit anti-FAK (1:100; Abcam), mouse anti-Cor-
tactin (1:100; Sigma 05-180), rabbit anti-aCatenin (1:100;
Sigma C2081), mouse anti-Integrin B1 (1:100; Transduc-
tion Laboratories 610468), rabbit anti-Eps15 (1:100; CST
12460), rabbit anti-Pik3c2a (1:100; CST 12402), rabbit
anti-Pik3r2 (1:100; CST 4292), mouse IgG1 isotype con-
trol (1:100; CST 5415), and rabbit IgG isotype control
(1:100; CST 3900). The following antibodies were used
for Western blot analysis: rabbit anti-Fgfrl (1:1000; CST
9740), rabbit anti-Fgfr2 (1:1000; CST 23328), rabbit anti-
Myec (1:1000; CST 2276), mouse anti-FLAG M2 (1:1000;
Millipore Sigma F1804), goat antimouse HRP (1:10,000;
Jackson ImmunoResearch 115-035-003), and goat anti-
rabbit HRP (1:10,000; Jackson ImmunoResearch 111-
035-003).

Data availability

All relevant data are available here and in the Supplemen-
tal Material. Raw RNA-seq data sets can be found at the
Gene Expression Omnibus (GEO) under accession num-
bers GSE2605114 and GSE260515. Raw proteomics data
set are available at the Proteomics Identification database
(PRIDE) under accession number PXD050632.
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