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Fgf10 Signaling in Lung
Development, Homeostasis, Disease,
and Repair After Injury
Tingting Yuan, Thomas Volckaert, Diptiman Chanda, Victor J. Thannickal and
Stijn P. De Langhe*

Division of Pulmonary, Department of Medicine, Allergy and Critical Care Medicine, University of Alabama at Birmingham,
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The lung is morphologically structured into a complex tree-like network with branched
airways ending distally in a large number of alveoli for efficient oxygen exchange. At
the cellular level, the adult lung consists of at least 40–60 different cell types which
can be broadly classified into epithelial, endothelial, mesenchymal, and immune cells.
Fibroblast growth factor 10 (Fgf10) located in the lung mesenchyme is essential to
regulate epithelial proliferation and lineage commitment during embryonic development
and post-natal life, and to drive epithelial regeneration after injury. The cells that
express Fgf10 in the mesenchyme are progenitors for mesenchymal cell lineages
during embryonic development. During adult lung homeostasis, Fgf10 is expressed in
mesenchymal stromal niches, between cartilage rings in the upper conducting airways
where basal cells normally reside, and in the lipofibroblasts adjacent to alveolar type 2
cells. Fgf10 protects and promotes lung epithelial regeneration after different types of
lung injuries. An Fgf10-Hippo epithelial-mesenchymal crosstalk ensures maintenance of
stemness and quiescence during homeostasis and basal stem cell (BSC) recruitment
to further promote regeneration in response to injury. Fgf10 signaling is dysregulated in
different human lung diseases including bronchopulmonary dysplasia (BPD), idiopathic
pulmonary fibrosis (IPF), and chronic obstructive pulmonary disease (COPD), suggesting
that dysregulation of the FGF10 pathway is critical to the pathogenesis of several human
lung diseases.

Keywords: Fgf10, regeneration, epithelium, fibrosis, injury

EPITHELIAL FGF10 SIGNALING DURING LUNG DEVELOPMENT

Fibroblast growth factor 10 (Fgf10) was first detected using whole-mount in situ hybridization 20
years ago in the splanchnic mesoderm surrounding the foregut around E9.5 when the primary lung
buds start to emerge. Lung primordial mesoderm-specific transcription factor Tbx4 defines the
Fgf10 expression domain, at both the anterior and posterior boundaries (Sakiyama et al., 2003). The
importance of Fgf10 in lung development is well illustrated by the total failure of lung formation
and perinatal lethality of Fgf10 deficient mice (Min et al., 1998; Xu et al., 1998; Sekine et al., 1999).
Even though Fgf10 binds with high affinity to Fgfr2b, it has a weaker affinity for Fgfr1b (Ohuchi
et al., 2000). The Fgf10 knockout phenotype is phenocopied in mice lacking Fgfr2b (Arman et al.,
1999; De Moerlooze et al., 2000), which is highly expressed in respiratory epithelium from the early
embryonic lung bud stages through late fetal lung development (Peters et al., 1992). Intriguingly,
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Fgfr2b has also been detected in the lung mesenchyme (Al
Alam et al., 2015), but its mesenchymal function requires
further investigation. Although Fgfr2b is a receptor for both
Fgf7 and Fgf10 during lung development, Fgf7 knockout
mice do not exhibit an obvious lung defect (Guo et al.,
1996), even though Fgf7 is expressed in the developing lung
mesenchyme starting at E14.5 (Mason et al., 1994). However,
overexpression of Fgf7 in mice using the human Sftpc promoter
results in severe pulmonary malformations, including bronchial
airway enlargement, cystic lung lesions and impaired branching
morphogenesis leading to embryonic lethality (Simonet et al.,
1995).

From E10.5 to E12.5, Fgf10 expression is restricted to the distal
lung mesenchyme at sites where branching occurs (Bellusci et al.,
1997) and the ventral mesenchyme of the trachea (Sala et al.,
2011; Figure 1A). For a long time, the localized pattern of Fgf10
expression in the distal lung was thought to determine where
new lung buds sprout. However, proper epithelial branching
still occurs in developing Fgf10−/− lungs in which Fgf10 is
overexpressed in every cell. This indicates that the precise
spatial organization of Fgf10 expression is not required for
the highly preserved and stereotypic branching morphogenesis.
Hence, other mechanical and/or signaling pathways systems
must be in place to control bud outgrowth. Instead, localized
Fgf10 expression in the distal mesenchyme is required to
regulate epithelial lineage commitment (Volckaert et al., 2013)
by maintaining the undifferentiated status of the distal Sox9-
expressing epithelial progenitors and preventing them from
differentiating into Sox2pos bronchial epithelium (Figure 1A).
Fgf10 achieves this, in part, by activating epithelial β-catenin
signaling through activation of Akt, which negatively regulates
Sox2 expression (Volckaert et al., 2013). Indeed, Wnt/β-catenin
signaling is important for the regulation of proximal-distal
differentiation in the developing airway epithelium (De Langhe
et al., 2005; Hashimoto et al., 2012; Ostrin et al., 2018). As the
epithelium grows out, cells which become further and further
displaced from the source of Fgf10 start to differentiate into
Sox2pos bronchial epithelium (Volckaert et al., 2013; Volckaert
and De Langhe, 2014; Figure 1A). As a corollary, Fgf10
hypomorphs and conditional Fgf10 (Dermo1-cre;Fgf10) and
Fgfr2 (Sftpc-cre;Fgfr2) mutants fail to maintain distal progenitors,
resulting in a proximalized lung with impaired alveolar epithelial
lineage formation and reduced capacity to produce surfactant
proteins (Mailleux et al., 2005; Ramasamy et al., 2007; Abler
et al., 2009). In addition, in lungs overexpressing Fgf10 early
on, distal epithelial progenitors fail to differentiate into bronchial
epithelium (Volckaert et al., 2013). Taken together, these findings
indicate that epithelial-mesenchymal interactions between Fgfr2b
and its ligand Fgf10 is required for lung epithelial lineage
commitment (Xu et al., 1998; Sekine et al., 1999; Ohuchi et al.,
2000).

The localized expression of Fgf10 in the trachea, on the other
hand, drives submucosal gland (SMG) and basal cell development
and their maintenance (Rawlins and Hogan, 2005; Volckaert
et al., 2013; Volckaert et al., 2017). At the onset of lung and
trachea initiation, Fgf10 is detected in the ventral mesenchyme
of the trachea (Sala et al., 2011), and then becomes restricted

to the intercartilage mesenchyme at later stages and into
adulthood (Sala et al., 2011). Interestingly, although Fgf10−/−

and Fgfr2b−/− embryos are born without lungs, they still develop
a trachea (Sekine et al., 1999; De Moerlooze et al., 2000; Sala
et al., 2011). SMGs are severely reduced in number and size in
Fgf10 heterozygotes (Jaskoll et al., 2005; Rawlins and Hogan,
2005). Abnormal function of SMGs of the upper respiratory tract
are associated with severe/fatal asthma and cystic fibrosis later
in life (Benayoun et al., 2003; Salinas et al., 2005). However,
despite the significance of SMGs for human respiratory diseases,
little is known about the mechanisms of Fgf10 signaling that
controls their growth, differentiation, and homeostasis during
early postnatal and adult life.

Overexpression of Fgf10 at later stages of lung development,
post-Sox2pos bronchial epithelial specification, directs the
differentiation of Sox2pos proximal airway epithelium toward the
p63/Krt5pos basal cell lineage while blocking Foxj1pos ciliated cell
fate throughout the conducting airway (Volckaert et al., 2013).
The cells that express Fgf10 in the mesenchyme are themselves
progenitors for airway and vascular smooth muscle cells as
well as lipofibroblasts (LIFs) during embryonic development,
and a subset of lung resident mesenchymal stem cells during
adult life (Mailleux et al., 2005; Taniguchi et al., 2007; El Agha
et al., 2014). Interestingly, Fgf10 also directly and indirectly
orchestrates differentiation of these mesenchymal progenitors (El
Agha and Bellusci, 2014; Chao et al., 2015). Epithelial BMP4, a
target of Fgf10, controls the differentiation of cells arising from
the distal mesenchymal Fgf10-expression domain into the airway
smooth muscle cell (ASMC) lineage (Mailleux et al., 2005). In
addition, Fgf10 hypomorphs demonstrate defective formation
of alveolar myofibroblasts (aMYFs) at different developmental
stages (Mailleux et al., 2005; Ramasamy et al., 2007).

Starting at E16.5, Id2pos Sox9pos Sftpcpos Pdpnpos

alveolar/bipotent epithelial progenitors give rise to alveolar
type I and II (AT1/AT2) cells (Desai et al., 2014; Treutlein
et al., 2014). Alveolar epithelial differentiation is coordinated
by both mechanical forces and growth factors. In this context,
it was recently shown that mechanical forces generated by
fetal breathing movements stimulate AT1 cell differentiation,
whereas Fgf10-mediated ERK1/2 signaling in distal progenitor
cells prevents them from differentiating, thereby ensuring their
AT2 fate (Li et al., 2018). In the mesenchyme, Glipos Pdgfrapos

mesenchymal progenitor cells give rise to aMYFs and LIFs (Li
et al., 2015; Chao et al., 2016). Although aMYFs and LIFs are
both derived from Gli1pos Pdgfrαpos mesenchymal progenitors,
LIFs exhibit lower Pdgfrαpos expression and higher levels of
Fgf10 expression in association with its receptors Fgfr1b and
Fgfr2b. This suggests that different Fgfr and ligand profiles
might mediate the direction of differentiation from Pdgfrαpos

mesenchymal progenitors toward LIF or aMYF (McGowan
and McCoy, 2015). Interestingly, it has been shown that LIFs
consist of both Fgf10pos and Fgf10neg subpopulations (Al Alam
et al., 2015). Fgf10 reduction in Fgf10 hypomorphs as well
as knockdown of Fgfr2b ligand in vivo led to significantly
decreased expression of LIF marker Adrp at E18.5 in global
LIF subpopulations (Fgf10pos and Fgf10neg). This suggests that
Fgf10 signals promote the formation of LIFs in an autocrine
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FIGURE 1 | A Wnt7b-Fgf10 epithelial-mesenchymal crosstalk maintains distal epithelial progenitors during lung development and becomes reactivated in the adult
lung to regenerate injured airway epithelium. (A) During the branching stage of lung development, Fgf10 is expressed by mesenchymal progenitor cells, which
depends on Wnt/β-catenin signaling, and acts on the distal epithelium to induce Bmp4 and Sox9 expression to keep them in an undifferentiated state. As the
epithelial tube grows toward the Fgf10 source, Sox9 + progenitors acquire more proximal positions, switch on Sox2 expression and acquire bronchial epithelial fate.
Simultaneously, distal Fgf10-expressing airway smooth muscle (ASMC) progenitors encounter epithelial Bmp4 and Shh (not shown) causing them to stop expressing
Fgf10 and differentiate into mature ASMCs as they relocate proximally. (B) In the adult, basal stem cells (BSCs) generate their own Fgf10-expressing niche mediated
by Yap-Wnt7b, and their maintenance is critically dependent on Fgf10-Fgfr2b signaling. The non-cartilaginous airway epithelium is kept quiescent during
homeostasis, by active Integrin-linked kinase (Ilk)-Hippo signaling, which prevents Fgf10 expression in ASMCs. In response to injury, surviving epithelial cells spread
out, leading to a destabilization of Merlin and inactivation (dephosphorylation) of Hippo kinases Mst1/2. This increases nuclear Yap in spreading epithelial cells
causing these cells to secrete Wnt7b. Epithelial-derived Wnt7b then acts on ASMCs to induce Fgf10 expression, which is required for epithelial regeneration. Solid
cell borders represent lineage labels to follow the fate of epithelial cells in response to injury.

and/or paracrine fashion (Al Alam et al., 2015). Additionally,
constitutive Fgfr1b knockouts and conditional partial loss of
Fgfr2b in lung mesenchyme revealed that Fgfr1b and Fgfr2b
are likely to play redundant roles in LIF formation (Al Alam
et al., 2015). Finally, Apert syndrome mice, which exhibit
a splicing switch defect resulting in increased mesenchymal
Fgfr2b expression, demonstrate increased Fgf10 expression
and signaling in the mesenchyme. These mice display reduced
epithelial branching, arrested development of terminal airways
and an “emphysema like” phenotype in post-natal lungs resulting
from decreased canonical Wnt signaling (De Langhe et al., 2006),

likely due to sequestering of the Fgf10 ligand by the misexpressed
Fgfr2b receptor.

FGF10 SIGNALING DURING LUNG AND
TRACHEA HOMEOSTASIS

During homeostasis, adult mouse lungs harbor three main
stem cell populations that maintain the lung epithelium: basal
stem/progenitor cells (BSCs) in the cartilaginous airways, club
cells in the conducting airways and subsets of AT2 cells in the
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FIGURE 2 | Fgf10-expressing lipofibroblasts are a source of activated
myofibroblasts, which re-acquire lipogenic fate during fibrosis resolution.
During homeostasis, lipofibroblasts (LIFs) express Fgf10 and are near alveolar
type II (AT2) cells. In response to bleomycin-mediated alveolar epithelial injury,
LIFs undergo a lipogenic to myogenic switch in fibroblastic phenotype and
upregulate Fgf10 expression. Vice versa, during fibrosis resolution,
myofibroblasts re-acquire lipofibroblast fate yet retain high Fgf10 expression.
Solid cell borders represent lineage labels to follow the fate of (lipo)fibroblasts.

alveoli (Rawlins et al., 2009; Rock et al., 2010; Barkauskas et al.,
2013). During homeostasis Fgf10 is expressed in mesenchymal
stromal niches, between cartilage rings in the upper conducting
airway where basal cells normally reside, and in the LIFs adjacent
to AT2 cells in the alveoli (El Agha et al., 2014; Figures 1B, 2).

BSCs are progenitors for club, Tuft1/2, neuroendocrine and
ionocyte cells (Rock et al., 2009, 2010; Montoro et al., 2018).
In the developing trachea, Fgf10 secreted by the inter-cartilage
stromal tissue is involved in the development and maintenance
of BSCs (Figure 1B). Overexpression of Fgf10 in the trachea leads
to BSC amplification whereas overexpressing Fgf10 in adult club
cells extends the BSC niche and induces club and BSC hyperplasia
in conducting airways (Volckaert et al., 2017). Consistently, both
Fgfr2b ligands Fgf7 and Fgf10 can promote basal cell colony
expansion in vitro (Balasooriya et al., 2017). Furthermore, Fgfr2b
signaling in the trachea is required for BSC maintenance during
adult lung homeostasis (Volckaert et al., 2013, 2017). Even loss
of one copy of Fgfr2 in adult mouse airway BSCs is sufficient to
reduce BSC self-renewal with cells quickly becoming senescent
(Balasooriya et al., 2017). Interestingly, conditional deletion of
Fgfr1 or Spry2 specifically in adult mouse tracheal BSCs using
the Krt5 promoter causes increased ERK/AKT signaling and
BSC proliferation and a block in ciliated cell differentiation
(Balasooriya et al., 2016), possibly due to increased Fgfr2b

signaling caused by a lack of Spry2 activation by Fgfr1. This
phenotype resembles that of tracheas overexpressing Fgf10,
suggesting that this Fgfr1-SPRY2 signaling axis might function to
antagonize Fgf10/Fgfr2b/ERK/AKT signaling, which is required
for maintaining quiescence and restricting BSC proliferation in
the steady-state airway epithelium in vivo.

FGF10 SIGNALING IN REPAIR OF THE
INJURED LUNG

Recent studies indicate that Fgf10 prevents lung injury and
promotes lung epithelial regeneration after various stresses,
including bleomycin-induced alveolar epithelial lung injury
(Gupte et al., 2009), influenza-induced acute respiratory distress
syndrome (Quantius et al., 2016), high altitude pulmonary edema
(She et al., 2012), LPS-induced lung injury (Tong et al., 2014),
mechanical ventilation induced lung injury (Bi et al., 2014),
ischemia-reperfusion lung injury (Fang et al., 2014), hyperoxia-
induced neonatal lung injury (Chao et al., 2017), and naphthalene
injury (Volckaert et al., 2011). In a post-pneumonectomy model,
Fgfr2b ligands were shown to be required for aMYF formation
during the regenerative response (Chen et al., 2012).

In the bleomycin model of pulmonary fibrosis, Fgf10
overexpression in the alveolar epithelium of Sftpc-rtTA;Tet-
Fgf10 mice attenuates fibrosis through inhibition of TGF-β
and improved survival of AT2 cells This indicates that
Fgf10 has a protective as well as regenerative effect on
epithelial progenitor cells (Gupte et al., 2009). Similarly,
Fgf10 via the Grb2-SOS/Ras/Raf-1/MAPK pathway attenuates
H2O2-induced alveolar epithelial DNA damage (Upadhyay
et al., 2004). Overexpression of a dominant-negative Fgfr2
receptor (dnFgfr), specifically in the lung epithelium, inhibited
retinoic acid-induced alveolar regeneration in association with
increased PDGFRαpos and reduced expression of SMA in
interstitial myofibroblasts (Perl and Gale, 2009). Intra-tracheal
administration of Fgf10 attenuates lipopolysaccharide (LPS)-
induced acute lung injury with increased AT2 proliferation (Tong
et al., 2014). Lung resident mesenchymal stromal cells (MSCs)
isolated from Fgf10 pretreated rats are protected against LPS-
induced acute lung injury (Tong et al., 2016). However, the
mechanism underlying these protective effects of Fgf10 signaling
during injury and regeneration in adult lung have not yet been
fully elucidated.

Fgf10-expressing cells were identified as a subset of
LIF progenitors during embryonic development (El Agha
et al., 2014). Fgf10-expressing LIFs have been shown to
differentiate into activated MYFs upon bleomycin injury, while
simultaneously upregulating their Fgf10 expression levels (El
Agha et al., 2017). Fgf10-expressing MYFs dedifferentiate back
into LIFs but do not downregulate their Fgf10 expression levels
during the resolution phase of lung fibrosis (El Agha et al., 2017)
suggesting that they retain a memory of the injury which might
protect against further injury. This supports the concept that
LIFs serve as a source of activated MYFs during fibrogenesis
which revert back to LIFs during fibrosis resolution (El Agha
et al., 2017; Figure 2).
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Naphthalene injury is a well-established injury model to
study conducting airway epithelial regeneration by selectively
ablating club cells except for a few naphthalene-resistant club
stem cells located at bronchoalveolar duct junctions (BADJs) and
adjacent to neuroendocrine bodies (NEBs). In the adult lung,
Fgf10 is not expressed in mature ASMCs during homeostasis
(Figure 1B). However, upon conducting airway epithelial injury,
when surviving differentiated epithelial cells spread in an
attempt to maintain barrier function, they downregulate their
Hippo pathway to drive Yap into the nucleus, and induce
the secretion of Wnt7b. Epithelial-derived Wnt7b, in turn,
induces Lgr6pos ASMCs to release Fgf10 (Volckaert et al.,
2011, 2017; Volckaert and De Langhe, 2014; Lee et al., 2017),
which activates Notch and β-catenin signaling in surviving
club cells to drive their amplification to promote regeneration
(Volckaert et al., 2011; Lee et al., 2017; Figure 1B). Together,
these findings provide strong evidence that ASMCs function
as a niche for conducting airway epithelial stem cells. Besides
club cell regeneration, the induction of Fgf10 expression by
the ASMC niche in non-cartilaginous airways extends the
BSC niche, allowing the recruitment of tracheal BSCs and/or
driving the differentiation of Sox2posp63posKrt5neg progenitors
along the BSC lineage (Volckaert et al., 2017; Yang et al.,
2018). In summary, the Fgf10-Hippo epithelial-mesenchymal
crosstalk ensures maintenance of stemness and quiescence
during homeostasis and recruitment of BSCs to promote
regeneration in response to injury (Volckaert et al., 2017;
Figure 1B).

A similar tonic Hedgehog signal maintains lung airway
epithelial and mesenchymal quiescence in the distal mouse
airways (Peng et al., 2015). In this model, loss of Hedgehog
signaling drives regeneration in response to naphthalene-induced
epithelial injury via a mesenchymal feedback mechanism,
and deregulation of hedgehog during naphthalene induced
epithelial lung injury leads to aberrant repair and regeneration
(Peng et al., 2015). These findings imply that the Wnt-
Fgf10 epithelial-mesenchymal cross-talk and Shh pathway may
function as an interactive signaling network in airway and
alveolar remodeling responses to chronic injury in asthma,
chronic obstructive pulmonary disease (COPD) and pulmonary
fibrosis.

FGF10 SIGNALING IN HUMAN LUNG
DISEASES

Several syndromic craniosynostoses have been associated
with dominantly acting mutations of FGFR1, FGFR2, and
FGFR3 (Hajihosseini et al., 2001). FGFR2B is up-regulated in
cultured fibroblasts of some Apert’s and Pfeiffer’s syndrome
patients (Oldridge et al., 1999). Gain-of-Fgfr2b function mice
Fgfr2c+/1 show phenotypic resemblance to Apert’s and Pfeiffer’s
syndromes, including visceral and growth defects, neonatal
growth retardation and death, coronal synostosis, ocular
proptosis, precocious sternal fusion, and abnormalities in
secondary branching in lung and kidney that undergo branching
morphogenesis (Hajihosseini et al., 2001; De Langhe et al., 2006).

In humans, haploinsuffiencies for FGF10 or FGFR2B result in
autosomal dominant aplasia of lacrimal and salivary glands and
lacrimo auriculo-dentodigital syndrome, respectively (Entesarian
et al., 2005; Klar et al., 2011). In the former syndrome, patients
exhibit irreversible airway obstruction, indicating that genetic
variants affecting the FGF10 signaling pathway are important
determinants of lung function which ultimately contribute to
COPD (Klar et al., 2011). Notably, an airway branch variant
with absence of the right medial-basal airway associated with
polymorphisms within the FGF10 gene is associated with COPD
among smokers (Smith et al., 2018). Interestingly, increased
nuclear YAP levels, along with FGFR2B and WNT7b expression,
were observed in squamous metaplastic areas within the airway
epithelium of COPD subjects (Volckaert et al., 2017), suggesting
that the Hippo pathway is inactivated to induce FGF10 expression
and BSC amplification in human COPD.

Bronchopulmonary dysplasia (BPD) is a chronic pulmonary
disease of prematurely born infants characterized by arrested
alveolar development (Chao et al., 2017). BPD biopsy samples
show reduced FGF10 expression (Benjamin et al., 2007),
implicating that FGF10 signaling may be involved in BPD. By
using hyperoxia-induced neonatal lung injury from post-natal
day 0 (P0) to P8 as a mouse model of BPD, Chao et al. (2017) have
shown that Fgf10 deficiency causes lethality from P5 in Fgf10+/−

pups due to impaired AT2 formation after hyperoxic injury.
In this study, overexpression of a secreted dominant negative
Fgfr2b, demonstrated that post-natal deficiency of Fgfr2b ligands
in the context of hyperoxia-exposure causes decreased Sftpc
expression and eventually leads to significant lethality. This
indicates that Fgfr2b ligands are important for repair after
hyperoxia exposure in neonatal lung.

Idiopathic pulmonary fibrosis (IPF) is a chronic interstitial
lung disease characterized by the loss of alveolar epithelial
integrity, progressive invasion of the lung parenchyma by
myofibroblasts and increased extracellular matrix (ECM)
deposition leading to respiratory failure, and death often within 5
years of diagnosis (Thannickal et al., 2004; King et al., 2011; Steele
and Schwartz, 2013; Yang et al., 2013). Gene expression profiles
of MSCs from IPF patient lungs revealed that FGF10 expression
in MSCs is suppressed in IPF subjects with progressive disease,
along with upregulation of both TGF-β1 and SHH signaling.
This suggests that FGF10 deficiency is a potentially critical factor
in disease progression (Chanda et al., 2016). However, recently it
has been shown that FGF10 is significantly upregulated at both
mRNA and protein level in IPF lungs compared to the donor
lungs, especially in dense fibrotic islands where ACTA2pos cells
accumulate (El Agha et al., 2017).

CONCLUSION

Fgf10 signaling is essential for lung development and adult
stem cell maintenance. Important questions remain regarding
the mechanisms that regulate Fgf10 expression in the niche to
unleash the full therapeutic potential of Fgf10. In addition, very
little is known about the importance of FGF10 signaling in
human lung development and homeostasis. During homeostasis,
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BSCs are restricted to the cartilaginous airway in mice as
they require Fgfr2b signaling for their maintenance, whereas in
humans they can be found deep in the lung. However, upon
different types of injury BSCs are deployed throughout the mouse
lung as ASMCs in the non-cartilaginous airways re-express Fgf10
to regenerate the airway epithelium. It is therefore likely that
the apparent restricted BSC pattern in the mouse lung is due
to it being housed in a fairly sterile environment rather than
constantly being exposed to environmental insults as is the case
for humans.
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Fibroblast Growth Factor 10 (FGF10) is a multifunctional mesenchymal-epithelial
signaling growth factor, which is essential for multi-organ development and tissue
homeostasis in adults. Furthermore, FGF10 deregulation has been associated with
human genetic disorders and certain forms of cancer. Upon binding to FGF receptors
with heparan sulfate as co-factor, FGF10 activates several intracellular signaling
cascades, resulting in cell proliferation, differentiation, and invasion. FGF10 activity is
modulated not only by heparan sulfate proteoglycans in the extracellular matrix, but also
by hormones and other soluble factors. Despite more than 20 years of research on
FGF10 functions, context-dependent regulation of FGF10 signaling specificity remains
poorly understood. Emerging modes of FGF10 signaling regulation will be described,
focusing on the role of FGF10 trafficking and sub-cellular localization, heparan sulfate
proteoglycans, and miRNAs. Systems biology approaches based on quantitative
proteomics will be considered for globally investigating FGF10 signaling specificity.
Finally, current gaps in our understanding of FGF10 functions, such as the relative
contribution of receptor isoforms to signaling activation, will be discussed in the context
of genetic disorders and tumorigenesis.

Keywords: fibroblast growth factor 10, FGF receptor, signaling, development, cancer, genetic disorders, mass
spectrometry, quantitative proteomics

INTRODUCTION

The Fibroblast Growth Factor 10 (Fgf10) gene has been identified in all examined vertebrates
(Emoto et al., 1997). It belongs to the FGF7 subfamily of FGFs (Figure 1A) which was generated
from a common ancestral gene during the early evolution of vertebrates and shares amino acids
sequence similarities and biochemical functions (Ornitz and Itoh, 2015; Figure 1B).

Fibroblast Growth Factor 10 is a paracrine signaling growth factor of 215 amino acids with
a typical signal sequence for secretion and plays an essential role during development and
tissue homeostasis in adults (Itoh, 2016). Fgf10 knockout (KO) mice die at birth with defects in
multiple organ development, including the limb, lung, kidney, salivary gland and adipose tissue
(Ohuchi et al., 2000). Fgf10 gene mutations have been associated with diseases, such as aplasia of
lacrimal and salivary glands (ALSG) (Entesarian et al., 2007) and lacrimo-auriculo-dento-digital
(LADD) syndrome (Rohmann et al., 2006); chronic obstructive pulmonary disease (Klar et al.,
2011) and certain cancer types, including breast (Theodorou et al., 2004; Ghoussaini et al., 2016),
pancreatic (Nomura et al., 2008), and gastric (Sun et al., 2015) cancers (Figure 1C).
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Fibroblast Growth Factor 10 activates key intracellular
signaling pathways in several cell types leading to the modulation
of organ branching and cell proliferation, differentiation, and
migration during development; wound healing and tissue
repair; maintenance of stem cells compartment; and cancer cell
invasion and proliferation (Itoh, 2016). Here, we will summarize
known FGF10-dependent intracellular signaling pathways and
cellular responses, before focusing on how Fgf10 expression and
activity are modulated in different cellular contexts. Mechanisms
underlying FGF10-dependent control of signaling specificity will
be discussed and novel technologies to study the multiple roles of
FGF10 will be introduced.

FGF10-DEPENDENT REGULATORS OF
INTRACELLULAR SIGNALING

Early Signaling Players
The paracrine actions of FGF10 secreted by mesenchymal cells
are mediated by the activation of epithelial FGF receptors
with extracellular, transmembrane, and cytoplasmic tyrosine
kinase domains (Ornitz and Itoh, 2015), and by heparan sulfate
proteoglycans (HSPGs) in the extracellular matrix (ECM) (Patel
et al., 2008). There are four Fibroblast Growth Factor receptor
(Fgfr) genes (Fgfr1, 2, 3, 4). Fgfr1–3 are alternatively spliced
into “b” and “c” isoforms, which differ in their extracellular
domain and ligand binding specificity and which are expressed
by epithelial or mesenchymal cells, respectively (Ornitz and Itoh,
2015). FGF10 has been shown to bind and selectively activate
FGFR1b and 2b (Ornitz et al., 1996; Zhang et al., 2006).

Upon FGF10 binding, FGFRs dimerize and several
intracellular tyrosine (Y) residues are trans-autophosphorylated.
The sequential order of tyrosine residue phosphorylation has
been reported for FGFR1 (Furdui et al., 2006). The catalytic
tyrosine Y653 is phosphorylated first, followed by Y583, Y463,
Y585, and Y654 phosphorylation, resulting in full receptor
activation. Finally, Y677 and Y766 are phosphorylated, allowing
the binding of adaptor molecules to the receptor (Furdui
et al., 2006). FGF10-dependent dynamic phosphorylation of
FGFR2b intracellular tyrosine residues has been studied in
epithelial cells using quantitative mass spectrometry (MS)-based
phosphoproteomics (Francavilla et al., 2013; Figure 1D, insert).
This study showed that FGF10-dependent phosphorylation of
Y734 on FGFR2b (or Y730 on FGFR1) specifically induced cell
migration (Francavilla et al., 2013). These findings highlight
the importance of the sequence surrounding phosphorylated
residues on the activated receptor for ligand-dependent
activation of downstream signaling pathways.

Fibroblast Growth Factor receptors engage multiple signaling
pathways via adaptor proteins (Figure 1D). FGF-regulated
substrate 2 (FRS2) binds the juxtamembrane domain of FGFRs
independently of receptor activation, and is phosphorylated
upon ligand binding, enabling the recruitment of other scaffold
proteins, such as tyrosine-protein phosphatase non-receptor type
11 (PTPN11/SHP2) and growth factor receptor-bound protein 2
(GRB2) (Ong et al., 2000). FRS2, SHP2, and GRB2 are necessary
to activate the extracellular regulated kinases (ERK1/2) pathway

upon FGF10 stimulation in several examined cell types (Hadari
et al., 1998; Ong et al., 2000; Upadhyay et al., 2003a) and during
the growth of prostate xenografts in mice (Li et al., 2018a).
Furthermore, FGF10 can induce the direct recruitment of the
negative ERK1/2 signaling regulator Sprouty2 to FRS2 in lung
epithelial cells (Tefft et al., 2002). Sprouty2 negatively regulates
FGF10-dependent trophoblast invasion (Natanson-Yaron et al.,
2007), otic placode size (Mahoney Rogers et al., 2011), and
lung branching (Zhao and O’Brien, 2015). GRB2 has been
shown to control basal FGFR2 activation (Lin et al., 2012)
by competing with the binding of 1-phosphatidylinositol 4,5-
bisphosphate phosphodiesterase gamma-1 (PLCgγ ) to FGFR2
(Timsah et al., 2014). PLCgγ binds to Y769 of FGFR2 (or Y766
on FGFR1) in the presence of FGF10 and is phosphorylated
(Marchese et al., 2001), resulting in activation of protein
kinase C (PKC) and calcium release (Figure 1D). Finally, the
regulatory subunit of phosphatidylinositol 4,5-bisphosphate 3-
kinase (PI3K) p85 which is known to be indirectly recruited
to FGFR via the FRS2/GRB2/GAB1 complex (Ong et al.,
2001), has been shown to bind to phosphorylated Y734 on
FGFR2b upon FGF10 stimulation in epithelial breast cancer cells
(Francavilla et al., 2013).

These results suggest context-dependent and fine-tuned
modulation of downstream signaling pathways upon FGF10
binding to its receptors. FGF10 acts as a canonical FGFR ligand
in recruiting the adaptor proteins FRS2, GRB2, or PLCγ to the
receptor, but it can also induce the formation of cell type-specific
signaling complexes (e.g., centered on p85). Either structural
rearrangements of the receptor or the presence of cell type
specific co-activators may explain these two different modes of
FGF10 signaling initiation.

Kinases: ERK1/2 and PI3K
Fibroblast Growth Factor receptors signal through ERK1/2
during development (Corson et al., 2003). For instance, FGF10
and ERK1/2 signaling is necessary during duct elongation of
submandibular glands (Steinberg et al., 2005), epithelium tooth
growth (Cho et al., 2009), and determination of vaginal epithelial
cell fate in Müllerian duct epithelium (Terakawa et al., 2016). In
human diseases, FGF10 is capable of stimulating the growth of
endometrial carcinoma cells by activating the ERK1/2 pathway
in a paracrine manner (Taniguchi et al., 2003) and is involved
in the growth of ameloblastoma – an epithelial benign tumor of
the odontogenic apparatus – partially signaling through ERK1/2
(Nakao et al., 2013). It has also been suggested that FGF10 has a
potential therapeutic use in lung edema, as FGF10 up-regulates
Na,K-ATPase activity in alveolar epithelial cells via the ERK1/2
pathway (Upadhyay et al., 2003b). Finally, the crosstalk between
FGF10 and the ERK1/2 pathway has been extensively studied
in cell lines, in which either manipulating the Sprouty2/FRS2
complex which controls ERK1/2 activation (Tefft et al., 2002), or
inhibiting upstream activators of ERK1/2, such as MEK, resulted
in decreased FGF10-induced cellular responses (Taniguchi et al.,
2003; Upadhyay et al., 2003b; Francavilla et al., 2013).

The role of FGF10 in signaling regulation through PI3K
and downstream kinases like protein kinase B (AKT) is less
clear (Figure 1D). The PI3K/AKT pathway is important for
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FIGURE 1 | Continued
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FIGURE 1 | Fibroblast of Growth Factor (FGF) signaling activation and regulation. (A) Schematic of FGF subfamilies (see Ornitz and Itoh, 2015). FGF10 belongs to
the FGF7 subfamily and is highlighted in blue. (B) Comparison of FGF10 gene/protein in human and mouse. The human FGF10 gene has an extra exon; and the
protein length in the two species differs by one amino acid. FGF10 is secreted via the canonical ER-Golgi secretory pathway, as demonstrated by the cleavage of the
signal peptide, and have two known glycosylation sites (Source: UniProt). (C) Known disease-causing mutations on Fgf10 and Fgfr2 genes. The rare developmental
disorders Aplasia of Lacrimal and major Salivary Glands (ALSG), Lacrimo-Auricuo-Dentro-Digital (LADD) syndrome, Aperts’ Syndrome and Bent Bone Dysplasia
Syndrome (BBDS) result from either the loss of key receptor-binding sites on FGF10 or mutations in the receptor kinase (TK) domains or IgII linker regions (Wilkie
et al., 1995; Oldridge et al., 1997, 1999; Entesarian et al., 2005, 2007; Milunsky et al., 2006; Rohmann et al., 2006; Merrill et al., 2012). Interestingly, cases of ALSG
caused by the R193X mutation also coincide with Chronic Obstructive Pulmonary Disease (COPD) (Klar et al., 2011). More recently, chromosomal translocation and
duplication events at the loci of the Fgf10 and Fgfr2 genes have been associated with neurological disorders such as developmental delay and autism (Casey et al.,
2012; Wentz et al., 2014). The role of single nucleotide polymorphisms and de novo point mutations causing oncogenic expression of Fgf10 and Fgfr2 are also
becoming clearer, particularly in pancreatic, gastric, and breast cancers (Jang et al., 2001; Theodorou et al., 2004; Nomura et al., 2008; Reintjes et al., 2013; Su
et al., 2014; Sun et al., 2015; Ghoussaini et al., 2016; Coci et al., 2017). (D) FGF10-dependent activation of FGFR intracellular tyrosine residues (Y; insert), adaptor
proteins (gray), protein kinases (red), and transcription factors (blue). Insert on the right: each square represents a phosphorylated tyrosine residue (Y); the numbers
correspond to phosphorylated Y residues on FGFR2b identified by proteomics; the color blue indicates higher phosphorylation at a given time point upon FGF10
stimulation of epithelial cells; modified from Francavilla et al. (2013). Dashed arrows represent FGF10-specific activation or inhibition of signaling. The lightning bolt
represents the activation of signaling cascades. (E) Left, FGF10 bound to heparan sulfate proteoglycans (HSPGs) in the ECM does not activate FGFR and
intracellular signaling. Right, FGF10 bound to HSPGs and FGFR induces the recruitment of protein adaptors to FGFR and signaling activation (represented by
lightning bolts). (F) Schematic representation of FGF10 regulation in response to hormones (orange), miRNAs (dark green), WNT and SHH proteins. (G) FGF10
induces FGFR2b internalization into early endosomes and sorting to recycling endosomes and plasma membrane. FGF10 has also been found in the nucleus of
certain cell types.

FGF10-dependent survival of hepatoblasts during early stages
of hepatogenesis (Mavila et al., 2012) and for lens development
(Chaffee et al., 2016). A role for FGF10/FGFR2/PI3K in
neuroprotection after cerebral ischemia has also recently been
described (Chen et al., 2017).

Even though the role of other kinases in FGF10 signaling
specification remains to be determined, FGF10 is a versatile
growth factor that enables epithelial cell growth and migration via
ERK1/2 and controls cell survival via PI3K/AKT signaling during
development and in several pathological conditions.

Transcription Factors
Fibroblast Growth Factor 10 is known to control cellular outputs
through several transcription factors (Figure 1D). FGF10 plays
crucial roles in adipogenesis by dynamically modulating the
expression of members of the CCAAT/enhancer binding protein
(C/EBP) and peroxisome proliferator activated receptor (PPAR)
families of transcription factors (Sakaue et al., 2002). ELK-1 and
c-MYC, but surprisingly not c-FOS, are regulated by FGF10 in
endometrial carcinoma (Taniguchi et al., 2003). Finally, FGF10
controls the switch between vaginal and uterine epithelial cells
fate via runt-related transcription factor 1 (RUNX1) in Müllerian
duct epithelium (Terakawa et al., 2016).

As FGF10 activates both ERK1/2 and PI3K all the known
transcription factors that depend on these kinases (e.g., ATF2,
ELK1, FOS and FOXO, NFkB, CREB, respectively) (Yang et al.,
2013; Mantamadiotis, 2017) should play a role in FGF10-
dependent responses. However, it is not the case for ERK1/2-
regulated activation of c-FOS (Taniguchi et al., 2003), suggesting
that transcriptional regulation in response to FGF10/ERK1/2
signaling is complex and requires further investigation.

FGF10 Crosstalk With Other Signaling
Pathways
Among several other important players, we will focus on four
families of proteins with a context-specific role in FGF10
signaling (Figure 1D).

Neurogenic locus notch homolog protein 1 (NOTCH1) is
a receptor controlling cell signaling via several ligands and
mechanisms (Bray and Gomez-Lamarca, 2018). FGF10 activates
NOTCH1 signaling during pancreatic development (Hart et al.,
2003; Norgaard et al., 2003) but inhibits NOTCH1-dependent
regulation of the gene Hes1 in the adult small intestine (Al Alam
et al., 2015).

The functions of WNT ligands, which bind to the frizzled
family of seven transmembrane receptors (Zeng et al., 2018), are
modulated by FGF10 signaling during stomach (Nyeng et al.,
2007) and lung (Volckaert and De Langhe, 2015) development.
FGF10 also regulates Bone Morphogenetic Protein 4 (BMP4)
during lung branching (Weaver et al., 2000).

The expression of Sonic hedgehog protein (SHH), which plays
crucial roles during vertebrate development (Fernandes-Silva
et al., 2017), is enhanced by FGF10 during the development of
limb (Yokoyama et al., 2001), prostate gland (Huang et al., 2005),
and stomach (Nyeng et al., 2007).

Thus, FGF10 modulates a great variety of cellular responses
during development and in pathological conditions, through
both conventional and ligand-specific signaling players.

MODULATION OF FGF10 EXPRESSION
AND ACTIVITY

Besides known transcription factors (e.g., Tbx4/5, Isl1,
Etv1/Ewsv1) (Cebra-Thomas et al., 2003; Yamamoto-Shiraishi
et al., 2014; Ching et al., 2018), Fgf10 expression and function
are regulated by other factors, including HSPGs and soluble
molecules (Figure 1E).

Heparan sulfate proteoglycans are a family of glycoproteins
composed of a variety of heparan sulfate moieties (HS) attached
to a core protein which play critical roles during organ branching
and morphogenesis (Patel et al., 2017). Cleavage of HSPGs
during ECM remodeling can release FGF10 from the ECM
affecting epithelial cell proliferation and organ development
(Figure 1E). FGF10 released from HS in the basement membrane
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increases salivary and lacrimal gland branching morphogenesis
(Patel et al., 2008; Qu et al., 2011), whereas FGF10 binding to
FGFR2b regulates the extent of the response to morphogenetics
gradients (Makarenkova et al., 2009). Furthermore, the HSPG
gradient pattern greatly affects FGF10 functions in the developing
lung (Izvolsky et al., 2003) and during stomach morphogenesis
(Huang et al., 2018). At a molecular level, FGF10 has a
higher affinity for heparan compared to other FGFs (Lu et al.,
1999) and it has a preference for certain patterns of sulfation
and oligosaccharide length (Li et al., 2016). These unique
biophysical properties of FGF10 may explain the great variety
of FGF10 roles depending on cellular microenvironment, and
may form the basis for the therapeutic control of FGF10 activities
in vivo.

Fibroblast Growth Factor 10 gene expression is regulated by
several hormones (Figure 1F). In mouse mammary gland 17
beta-estradiol, but not progesterone, increased the expression
of Fgf10, whereas prolactin significantly induced Fgf10 gene
expression during pregnancy (Cui and Li, 2008). In ovine
uterus, progesterone regulates Fgf10 gene expression resulting in
improved endometrial functions (Satterfield et al., 2008). These
findings might be important not only to better refine FGF10 roles
during development, but also to improve hormone-dependent
cancer therapies. The latter possibility requires further studies to
correlate hormones and FGF10 levels in human tumors, such as
prostate or breast cancers.

Other important regulators of Fgf10 gene expression during
organ branching are WNT and SHH (Figure 1F). For instance,
members of the WNT family are crucial for FGF10-dependent
signaling in lung and limb morphogenesis (Kawakami et al., 2001;
Goss et al., 2011; Volckaert et al., 2013, 2017). SHH inhibits
FGF10 localized expression during lung budding (Pepicelli
et al., 1998). It is worth noticing that FGF10, WNT, and
SHH proteins regulate each other through the establishment
of feedback loops in different cells and in a spatio-temporal
regulated manner during the development of branching organs
(see “FGF10 Crosstalk With Other Signaling Pathways” section
above and Figure 1D), thus confirming the importance of growth
factors signaling crosstalk and dynamic regulation in human
development and physiology.

Fibroblast Growth Factor 10 expression can also be
controlled by micro-RNAs (miRNAs), which are crucial
regulators of gene expression (Dragomir and Calin, 2018;
Figure 1F). The mir-17 family of miRNAs is important
for FGF10/FGFR2b downstream signaling during lung bud
morphogenesis (Carraro et al., 2009) and miR-31 negatively
regulates expression of Fgf10 during hair follicle growth and
hair fiber formation (Mardaryev et al., 2010). More recently, it
has been suggested that the miR-327/FGF10/FGFR2 signaling
axis may be a therapeutic target for treatment of obesity
and metabolic diseases (Fischer et al., 2017) and that the
crosstalk between miR-145-5p and FGF10 expression regulates
vascular smooth muscle cells proliferation and migration
(Shi et al., 2018).

Although a comprehensive picture of Fgf10 expression and
activity regulation has clearly emerged, a conundrum in FGF10
signaling still remains: how is FGF10 signaling specificity

controlled in different cellular contexts? The importance of
subcellular localization in modulating specific aspects of FGF10
responses will be discussed in the next section.

Subcellular Localization
The FGF10 receptor FGFR2b is internalized via clathrin-coated
pits into intracellular vesicles (early endosomes) (Figure 1G),
and then sorted to recycling endosomes, rather than to
canonical late endosomes for degradation (Belleudi et al., 2007;
Francavilla et al., 2013). Therefore, once FGFR2b is recycled
back to the plasma membrane it may bind its ligands again
and activate signaling in a sustained manner (Francavilla
et al., 2013). Either the lack of receptor ubiquitination, which
is a signal for degradation (Belleudi et al., 2007), or the
recruitment of the adaptor proteins p85 and SH3BP4/TTP
to phosphorylated FGFR2b (Francavilla et al., 2013) have
been suggested as possible mechanisms underlying FGF10-
dependent FGFR2b recycling to the plasma membrane. In
either case, the sorting route of FGF10-activated receptors
affects downstream signaling activation and cellular outputs,
by inducing mitogenic responses in keratinocytes (Belleudi
et al., 2007) or breast cancer cell migration and mouse
embryonic lung branching (Francavilla et al., 2013). It would
be interesting to study the endocytic route followed by FGF10
receptors in other cell types and how this affects downstream
responses.

As well as in endosomes, FGF10 has been detected in the
cytoplasm of cultured prostate stroma cells (Lu et al., 1999)
and in the nucleus of urothelial cells (Bagai et al., 2002;
Figure 1G). These findings suggest that different subcellular
localization of FGF10 may underlie the specificity of FGF10
signaling in different cell types. The importance of FGF10
intracellular localization has been confirmed in studies about the
molecular mechanisms underlying the LADD and ALSG human
syndromes, which are characterized by mutations in the Fgf10
gene (Rohmann et al., 2006; Entesarian et al., 2007; Figure 1C).
Mutated FGF10 failed to translocate into the nucleus. This might
attenuate FGF10 intracrine functions, possibly explaining the
phenotype observed in LADD or ALSG patients (Mikolajczak
et al., 2016).

Understanding how FGF10 regulates signaling specificity in
different cell types depending on its subcellular localization and
how Fgf10 expression is modulated during organ morphogenesis
and in human physiology may have therapeutic implications for
cell- and growth factor-based personalized medicine.

SYSTEM BIOLOGY APPROACHES TO
STUDY FGF10 SIGNALING SPECIFICITY

To improve our global understanding of FGF10 signaling
specificity, ‘omics approaches might be useful. MS-based
quantitative proteomics has become a powerful technology
for investigating proteome function, composition, and post-
translational modifications (PTMs) (Aebersold and Mann, 2016).
In a typical shotgun proteomic workflow, proteins from tissues
or cells are digested followed by peptide separation using liquid
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FIGURE 2 | MS-based proteomic analysis of FGF10 signaling specificity. (A) Workflow of a typical shotgun proteomic experiment. Samples are lysed and proteins
are digested into peptides. Peptides are then either fractionated to reduce sample complexity for the analysis of the whole cellular proteome or enriched for PTMs
like phosphorylation using specific antibodies and chromatographic-based methods. Peptides are then separated and analyzed in the mass spectrometer. High
resolution full scan and tandem MS/MS spectra are generated. Data are then analyzed by available software and bioinformatics tools before experimental validation
of the most interesting hits. (B) Workflow of a proteomic experiment aiming at comparing FGFR1b and FGFR2b signaling in response to FGF10 stimulation.
Combining phosphorylated peptide enrichment and immunoprecipitation of FGFRs followed by SDS–PAGE separation and protein in-gel digestion may result in the
identification of receptor isoform-specific PTMs, protein interactors, and downstream signaling players. (C) Workflow of a proteomic experiment aiming at comparing
signaling activation in response to different FGFs. Phosphoproteomics followed by mass spectrometry and bioinformatics will allow uncovering ligand-specific
signaling cascades. (D) Workflow of a proteomic experiment aiming at deciphering subcellular compartment-specific signaling activation upon FGF10 stimulation.
Phosphoproteomics is followed by mass spectrometry analysis and bioinformatics.
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chromatography (LC) and peptide identification using tandem
mass spectrometry (LC-MS/MS) (Aebersold and Mann, 2016).
To identify, quantify and localize PTMs an enrichment
step is introduced at the peptide level given the low
stoichiometry of PTMs, such as phosphorylation (Figure 2A).
In combination with functional assays phosphoproteomics has
been successfully employed to study changes in intracellular
signaling in tissues or perturbed cells (von Stechow et al.,
2015) and one “functional proteomics” study has analyzed
global FGF10 signaling in epithelial cells (Francavilla et al.,
2013).

We suggest a few proteomic approaches to study FGF10
signaling specificity in an unbiased manner:

(1) Given the lack of available isoform-specific antibodies,
FGF10 signaling can be compared in cells or organs expressing
exclusively FGFR1b or 2b, using CRISPR-Cas9-based techniques
or transgenic mice, by quantitative interactomics combined with
phosphoproteomics. This will (a) increase our understanding of
the relative contribution of FGFR1b and 2b isoforms to FGF10
response, as the phenotype of the FGFR2b (but not FGFR1b) KO
mice resembles that of FGF10 KO mice (Ornitz and Itoh, 2015);
(b) dissect which signaling players depend of FGFR1-2 activation
in response to FGF10, based on recent data showing receptor-
specific activation of SRC in prostate cancer (Li et al., 2018b);
(c) uncover the potential role of receptor heterodimerization
given the reciprocal auto-phosphorylation of FGFR1 and 2
(Bellot et al., 1991; Brewer et al., 2016); and (d) allow studying
ligand-dependent receptor interactors and PTMs on the receptor
(Figure 2B).

(2) System-level analysis of cellular signaling in response
to different ligands for FGFR1-2b based on quantitative
phosphoproteomics would reveal whether or not cellular
responses are encoded by the identity of the ligand (Figure 2C).
Two of the FGFR2b ligands, FGF7 and FGF10, are known
to induce cell proliferation and lung cyst-like growth or cell
migration and lung cell branching, respectively (Bellusci et al.,
1997; Francavilla et al., 2013). However, the contribution of FGF1,
3 or 22 – which also bind to FGFR2b (Ornitz and Itoh, 2015) – has
never been studied in detail. Quantitative phosphoproteomics
would allow dissecting ligand-specific activation of intracellular
pathways in different cell-types.

(3) MS-based organelles proteomics has been recently used
to map protein subcellular localization (Itzhak et al., 2017).
FGF10 signaling from different sub-cellular compartments might
be dissected using a similar approach at a cellular level

upon organelle enrichment followed by phosphoproteomics
(Figure 2D).

CONCLUSION

Fibroblast Growth Factor 10-dependent responses range from
cell proliferation, migration, and invasion, to multi-organ
development, cancer or genetic disease progression. Despite the
enormous increase in our understanding of FGF10 signaling
and regulation, gaps in our knowledge of FGF10 specificity
depending on cellular and extracellular environment still exist.
Systems biology approaches, including MS-based quantitative
proteomics or high-content microscopy (not discussed here due
to space limitations) will contribute to a full understanding of
FGF10 signaling. Moving toward personalized treatments for
human diseases, this knowledge will be fundamental to develop
novel therapies. For instance, recombinant FGF10 or antibodies
against FGF10 may be developed to modulate FGF10 signaling
depending on cellular context.
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Whilst cross-talk between stroma and epithelium is critical for tissue development and
homeostasis, aberrant paracrine stimulation can result in neoplastic transformation.
Chronic stimulation of epithelial cells with paracrine Fibroblast Growth Factor 10 (FGF10)
has been implicated in multiple cancers, including breast, prostate and pancreatic
ductal adenocarcinoma. Here, we examine the mechanisms underlying FGF10-induced
tumourigenesis and explore novel approaches to target FGF10 signaling in cancer.

Keywords: FGF10, FGFR2, FGFR2b, FGFR1, FGFR1b, cancer

INTRODUCTION

The majority of secreted FGFs signal in an autocrine or paracrine manner, by binding to FGF
receptors (FGFR1-4) on the surface of target cells. Alternative splicing of the immunoglobin-like
domain III in FGFR1-FGFR3 produces two variants, IIIb and IIIc, which confer different ligand
binding specificities. FGF10, a member of the FGF7 subfamily, signals in a paracrine manner
through activation of the IIIb splice variants of FGFR2 (FGFR2b) and FGFR1 (FGFR1b), which
are predominantly expressed on the surface of cells of epithelial origin. Whilst in vitro assays
have shown FGF10 to activate FGFR1b more weakly than FGFR2b, FGFR1b activation in vivo
may be achieved in scenarios where extracellular FGF10 reaches high concentrations (Zhang et al.,
2006; Ornitz and Itoh, 2015). It has been suggested that FGF10 may also perform intracrine roles
within FGF10-producing cells, primarily through trafficking to the nucleus. Whilst the functional
significance of FGF10 nuclear localization remains to be determined, disrupted nuclear localization
of FGF10 has been linked to lacrimo-auriculo-denot-digital syndrome (Mikolajczak et al., 2016).

FGF10 is known to be critical for brain, lung and limb development (Sekine et al., 1999;
Hajihosseini et al., 2008) and contributes to wound healing and tissue repair by promoting cell
migration and proliferation (Werner et al., 1994; Volckaert et al., 2011). Given this role of FGF10
in adult tissues, it is unsurprising that aberrant signaling of FGF10 through FGFR2b, and in some
instances FGFR1b, contributes to the progression of a number of human cancers.

FGF10 IN BREAST CANCER

Studies in Fgf10−/− and Fgfr2b−/− mouse embryos demonstrate that FGF10-FGFR2b
signaling plays a key role in mammary gland development (Mailleux et al., 2002; Veltmaat
et al., 2006). Whilst FGF10 is not expressed in the luminal epithelial cells of the normal
human breast duct (Grigoriadis et al., 2006), transcription of the FGF10 gene is elevated
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10% of breast carcinomas (Theodorou et al., 2004) and genome-
wide association studies have identified variants near the FGF10
locus as a genetic risk factor for breast cancer susceptibility
(Stacey et al., 2008). Similarly, SNPs affecting FGFR2b expression
have been correlated with breast cancer susceptibility (Meyer
et al., 2008; Fachal and Dunning, 2015) and amplification of
FGFR1, occurring in up to 12% of breast cancer cases (Cerami
et al., 2012; Gao et al., 2013; Pereira et al., 2016), is correlated with
poor prognosis (Reis-Filho et al., 2006; Elbauomy Elsheikh et al.,
2007). A number of in vitro studies have shed light on the cellular
roles of FGF10-FGFR2/1 signaling in breast cancer cell behavior
(Figure 1).

FGFR2 activation has been shown to repress the activity of
the estrogen receptor (ER) regulon (Campbell T. M. et al., 2016),
which has been correlated with poor prognosis in a cohort of
ER+ breast cancer patients (Castro et al., 2016). Stimulation of
the ER+ breast cancer cell line MCF-7 with FGF10 enhanced
the interaction of the transcription factors NFIB and YBX1
with the ER, which inhibited its transcriptional activity and
shunted the cells toward a more ER−, basal-like cancer phenotype
with reduced estrogen dependency and lower sensitivity to anti-
estrogen therapy. Treatment of ER+ breast cancer cell lines with
the FGFR inhibitors AZD4547 and PD173074 sensitized the cells
to the anti-estrogen tamoxifen, suggesting that targeting FGF10-
FGFR2 signaling may offer a new approach to overcoming

resistance to hormone-deprivation therapy in ER+ breast cancer
(Campbell et al., 2018).

Nuclear localization of receptor tyrosine kinases (RTKs) has
been documented for 12 RTK families (Chen and Hung, 2015)
and has been correlated with poor prognosis in various cancers
(Aleksic et al., 2010; Hadžisejdić et al., 2010; Traynor et al., 2013;
Coleman et al., 2014). In vitro studies using breast cancer cell lines
showed that FGF10 stimulation lead to the nuclear translocation
of a 55 kDa C-terminal fragment of FGFR1, which in turn
promoted the transcription of genes that stimulate cell migration
and invasion. Cleavage of FGFR1 to yield this C-terminal
fragment was found to be mediated by granzyme B activity,
which was itself positively regulated by FGF10 stimulation. In 3D
organotypic cell culture models, FGFR1 nuclear localization was
most apparent in invading cells. Importantly, increased nuclear
FGFR1 staining was also detected in tissue sections of invasive
breast carcinoma (Chioni and Grose, 2012).

Analysis of FGFR2b signaling networks in vitro revealed
that stimulation of FGFR2b with FGF10 promoted receptor
recycling and led to an increase in breast cancer migration,
whilst stimulation of FGFR2b with FGF7 resulted in receptor
degradation and led to increased cell proliferation. Using
quantitative proteomics to explore the mechanism underlying
this functional dichotomy, it was revealed that FGF10 binding
resulted in the novel phosphorylation of FGFR2b at Y734,

FIGURE 1 | Model depicting molecular mechanisms through which FGF10-FGFR1 and FGF10-FGFR2 signaling may contribute to breast cancer progression.
Binding of FGF10 to FGFR2b leads to phosphorylation of the receptor at Y734 and recruitment of PI3K and SH3BP4, which promote receptor recycling and
increased cell migration. FGF10 binding to FGFR1 leads to cleavage of the receptor by granzyme B and the translocation of a 55 kDa fragment of FGFR1 to the
nucleus, leading to increased cell migration. Stimulation of ER+ breast cancer cells with FGF10 enhances the interaction of NFIB and YBX1 with the ER and inhibits
its transcriptional activity to produce a more ER− phenotype with lower sensitivity to anti-estrogen therapy. PI3K, phosphatidylinositide 3-kinase; SH3BP4,
SH3-binding protein 4; CTSC, cathepsin C; GrB, granzyme B; NFIB, nuclear factor I B; YBX1, Y-Box Binding Protein-1; ERα, estrogen receptor α.

Frontiers in Genetics | www.frontiersin.org 2 October 2018 | Volume 9 | Article 49924

https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-09-00499 October 22, 2018 Time: 14:34 # 3

Clayton and Grose Roles of FGF10 in Cancer

which led to the recruitment of PI3K and SH3BP4 and
targeting of the receptor to recycling endosomes. Whilst the
mechanism through which FGFR2b recycling promotes cell
migration is not fully understood, the role of FGFR2b-PI3K-
SH3BP4 complex formation in this response to FGF10 was
illustrated by experiments showing that FGF10-stimulated cell
migration could be inhibited by depletion of SH3BP4 or
expression of a FGFR2b-Y734F mutant (Francavilla et al.,
2013).

FGF10 IN PROSTATE CANCER

In vivo models have shown that elevated paracrine FGF10
stimulation of mouse prostate epithelial cells led to the
development of adenocarcinoma, predominantly via activation
of epithelial FGFR1. These lesions showed heightened levels of
androgen receptor (AR), caused most likely by post-translational
modifications augmenting AR stability. Following host
castration, a subset of FGF10-induced prostate adenocarcinoma
cells showed continued survival and proliferation, suggesting that
paracrine FGF10 stimulation may contribute to the development
of androgen independence in this murine model of prostate
cancer (Memarzadeh et al., 2007). Later work using testicular
feminized mice revealed that FGF10-induced prostate neoplasia
is dependent on the expression of functional AR (Memarzadeh
et al., 2011), demonstrating a role for FGF10-AR cross-talk in
early prostate tumourigenesis.

AR expression has also been detected in prostate cancer-
associated fibroblasts (CAFs) in vitro and siRNA-mediated
depletion of AR from these stromal cells resulted in a decrease in
FGF10 expression. Thus, there may exist a positive feedback loop
whereby increased stromal cell AR levels promote the expression
of FGF10, which then acts in a paracrine manner to elevate
AR levels in prostate epithelial cells and potentially also in an
autocrine manner to further elevate levels of AR in the stroma
(Figure 2; Yu et al., 2013).

In a model of FGF10-induced prostate tumourigenesis,
enhanced phosphorylation of Src-family kinases (SFKs) was
detected in the adenocarcinoma lesions. Prostate epithelium
from Src−/−Fyn+/− mice showed normal histology following
exposure to elevated paracrine FGF10, suggesting that the
tumourigenic effects of FGF10 on prostate epithelial cells
are in part mediated by epithelial Src and Fyn kinases.
Importantly, this work also established a link between FGF10,
SFK signaling and AR levels by demonstrating that FGF10-
stimulated Src−/−Fyn+/− xenografts showed downregulation of
AR relative to FGF10-stimulated wild type xenografts (Cai et al.,
2011). Recent in vivo studies have provided further evidence
for a role of a FGF10/FGFR/Src signaling axis in prostate
cancer. Ectopic expression of FGFR1, FGFR2, or Src in mouse
prostate epithelial cells growing in a normal microenvironment
was not sufficient to induce prostate tumourigenesis in vivo.
However, paracrine FGF10 was found to synergize with FGFR1/2
over-expression to induce epithelial-mesenchymal transition and
FGF10 synergized with Src overexpression to induce high-grade
epithelial tumors. Importantly, inhibition of Src signaling, either

by pharmacological Src kinase inhibitors or by deletion of the Src
myristoylation site, inhibited paracrine FGF10-induced prostate
tumourigenesis (Li et al., 2018b).

Whilst these studies in mouse models of prostate cancer have
revealed potential novel roles for FGF10 in androgen signaling, it
is important to note that elevated FGF10 has not been detected
in human prostate cancer tissue (Abate-Shen and Shen, 2007;
Eiro et al., 2017) and levels of FGF10 in the normal adult
prostate are extremely low, compared to those of FGF7 (Ropiquet
et al., 2000). Transfection of malignant prostate tumor cells with
FGFR2b cDNA has been shown to reduce the growth rate of the
derived tumors (Feng et al., 1997) and restoration of FGFR2b
expression in castration-resistant prostate cancer cells increased
sensitivity to chemotherapeutic agents (Shoji et al., 2014). Further
investigation is therefore required to fully elucidate the complex
roles of FGF10-FGFR2b signaling in prostate tumourigenesis.

FGF10 IN PANCREATIC CANCER

Whilst FGF10 expression is not detected in the normal adult
human pancreas (Ishiwata et al., 1998), FGF10 is required for
the proliferation of pancreatic epithelial progenitor cells and
FGF10−/− mouse embryos show pancreatic hypoplasia, arrested
pancreatic epithelial branching and an absence of islet cells
(Bhushan et al., 2001). Expression of FGFR2 and FGFR1 are up-
regulated in approximately 25% of pancreatic adenocarcinoma
(PDAC) cases and elevated stromal FGF10 expression coupled
with high cancer cell FGFR2b expression has been correlated
with poor prognosis (Cerami et al., 2012; Gao et al., 2013; Bailey
et al., 2016). In vitro studies using FGFR2b-expressing pancreatic
cancer cell lines revealed that FGF10 stimulation promoted
cancer cell migration and invasion through the up-regulation of
MT1-MMP and TGF-β1 (Figure 2; Nomura et al., 2008).

More recent work aiming to identify diagnostic and predictive
markers for pancreatic cancer found that FGF10 levels were
elevated in the sera of untreated patients with PDAC compared
to healthy controls and found that in combination with a panel
of 4 other cytokine markers, FGF10 could be used as a diagnostic
biomarker for PDAC (Torres et al., 2014).

FGF10 IN STOMACH CANCER

During development, FGF10 signaling plays a key role in stomach
morphogenesis, through regulating gastric gland formation
and maintaining an epithelial progenitor cell niche (Nyeng
et al., 2007). In a cohort of 961 gastric cancers from the
United Kingdom, Korea and China, FGFR2 amplification was
detected in 4.2–7.4% of cases and was associated with lymph
node metastasis and poor overall survival (Su et al., 2014).
FGF10 amplification has also been detected in 3% of gastric
cancers (Ooi et al., 2015) and immunohistochemical analysis
of 178 gastric adenocarcinoma samples revealed that FGF10
levels are correlated with poor prognosis (Sun et al., 2015).
Interrogation of most recent cBioPortal data suggests this could
be an underestimate, with FGF10 amplifications reported in 5.7%

Frontiers in Genetics | www.frontiersin.org 3 October 2018 | Volume 9 | Article 49925

https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-09-00499 October 22, 2018 Time: 14:34 # 4

Clayton and Grose Roles of FGF10 in Cancer

FIGURE 2 | Mechanisms underlying tumor-promoting functions of FGF10 in human cancers. Blue, prostate cancer; orange, pancreatic ductal adenocarcinoma;
green, cutaneous squamous cell carcinoma; pink, breast cancer; black, lung cancer; CAF, cancer-associated fibroblast; TAM, tumor-associated macrophage.

of stomach adenocarcinoma cases (Cerami et al., 2012; Gao et al.,
2013).

FGF10 IN SKIN CANCER

Whilst local elevation of FGF22, FGF7, and FGF10 are required
for efficient healing of skin lesions (Braun et al., 2004),
sustained elevation of FGF10 has also been implicated in
cutaneous squamous cell carcinoma (SCC). Epidermal deletion
of the tumor suppressor Pten produces a model of cutaneous
squamous cell carcinoma in mice (Suzuki et al., 2003). The
epidermis of these mice showed elevated keratinocyte expression
of FGF10, with no change in levels of FGF7, FGF2, and
FGF1. This increase in FGF10 was not accompanied by any
Fgf10 transcriptional changes and was found to be dependent
on the elevated mTORC1 signaling resulting from loss of
the negative regulator, PTEN. The specific contribution of
FGF10 to carcinogenesis was demonstrated by induction of
constitutive epidermal FGF10 expression, which produced
epidermal hyperplasia and spontaneous papillomas in all mice
by 3 weeks of age. Crucially, it was shown that genetic ablation
of Fgfr2 prevented hyperplasia in PTEN-deficient epidermis,

suggesting that epidermal tumourigenesis induced by PTEN loss
is mediated by an up-regulation of FGF10-FGFR2 autocrine
signaling. Low levels of PTEN accompanied by elevated FGF10
have been observed in a panel of clinical SCC samples,
highlighting the potential importance of this mechanism in the
human disease (Hertzler-Schaefer et al., 2014).

In contrast to these data implicating FGF10 in skin
carcinogenesis, previous work has suggested that FGF10-FGFR2b
signaling may perform tumor-suppressive functions in the skin.
Mice lacking epidermal Fgfr2b showed increased sensitivity
to chemical carcinogens and 10% of animals surviving into
adulthood developed spontaneous papillomas. Epidermal Fgfr2b
ablation induced several changes in gene expression in the
skin, including downregulation of Serpin a3b, a potential tumor
suppressor (Grose et al., 2007).

FGF10 IN LUNG CANCER

Whilst FGF10 is crucial for branching morphogenesis in the
developing lung (Sekine et al., 1999), induction of FGF10
over-expression in the respiratory epithelial cells of adult mice
has been shown to cause multifocal pulmonary adenomas

Frontiers in Genetics | www.frontiersin.org 4 October 2018 | Volume 9 | Article 49926

https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-09-00499 October 22, 2018 Time: 14:34 # 5

Clayton and Grose Roles of FGF10 in Cancer

(Clark et al., 2001). A recent study designed to identify
genomic variations in cell-free DNA in small cell lung
cancer patients identified FGF10 amplification in 37.5% and
of patients tested and FGFR1 amplification in 25% of cases
(Du et al., 2018). Analysis of 1144 lung cancer tumors
comprising lung adenocarcinomas and lung squamous cell
carcinomas revealed FGF10 amplifications in 8.7% and FGFR1
amplifications in 9.3% of cases (Campbell J. D. et al.,
2016).

The role of FGF10 in lung cancer initiation and
progression remains poorly understood. However, emerging
evidence suggests that FGF10 secreted from tumor-associated
macrophages may play a role in promoting lung tumourigenesis
(Figure 2). Tumour-associated macrophages (TAMs) are
macrophages that have been co-opted by the tumor
microenvironment to promote the growth and invasion of
cancer cells (Noy and Pollard, 2014). Recent work showed that
induction of FGF9 overexpression in the lungs of transgenic
mice resulted in the development of adenocarcinoma-like
nodules that are infiltrated with an immune response consisting
mostly of macrophages. Expression analysis revealed that
the TAMs from these transgenic mice expressed significantly
higher levels of FGF2, FGF10, and FGFR2 than macrophages
from wild-type mice. It has been suggested that activation
of an FGF10-FGFR2 pathway may underlie the transition to
FGF9-independent tumor growth, which has been observed in
previous studies using this lung cancer model (Hegab et al.,
2018). Expression profiling of TAMs in other pre-clinical
cancer models will reveal the clinical significance of these early
findings.

THERAPEUTIC APPROACHES
TARGETING FGF10-FGFR2 SIGNALING

In light of mounting evidence supporting a role for aberrant
FGF10-FGFR2b signaling in tumourigenesis, FGFR2b has
become an attractive therapeutic target. Whilst a number of
pan-FGFR inhibitors have entered the clinic (Clayton et al.,
2017), the development FGFR2-specific inhibitors is hindered
by the structural similarity of the kinase domains of FGFR1-3
(Belov and Mohammadi, 2013). For this reason, ATP-mimetic
inhibitors of the FGFR2b isoform are currently unavailable.
However, the development of monocloncal antibodies targeting
FGFR2b may provide an opportunity to target this isoform
specifically. Bemarituzumab (2018) (FPA144) is an anti-
FGFR2b humanized monoclonal antibody currently in Phase
I clinical trials as a monotherapy for FGFR2b-amplified
gastric cancers. Bemarituzumab prevents the binding of
FGF10, FGF7 and FGF22 to the FGFR2b and is reported to
also promote antibody-dependent cell-mediated cytotoxicity
through the recruitment of natural killer cells to the tumor
(Bemarituzumab (FPA144) | Gastric Cancer | Five Prime
Therapeutics).

FGF10 signal transduction requires recruitment of the
myristoylated scaffold protein FRS2α to the activated receptor,
and recent pre-clinical work has highlighted the potential of

targeting FRS2α myristoylation in paracrine FGF10-induced
tumourigenesis. Primary mouse prostate cells transduced
with FRS2α(wt) or FRS2α(G2A), a mutant that cannot be
myristolyated, were mixed with mouse urogenital sinus
mesenchyme (UGSM) cells expressing either FGF10 or GFP
as a control. The cells were implanted sub-renally into
SCID mice. Xenografts derived from FRS2α(wt) prostate
cells mixed with FGF10-UGSM showed adenocarcinoma,
whilst xenografts of FRS2α(G2A) cells with FGF10-UGSM
cells showed normal prostate tubules. In vitro work showed
that FRS2α myristolylation can be targeted pharmacologically
by treating with the myristoyl-coA analog B13 (Li et al.,
2018a).

Recent evidence has demonstrated that a FGF10/FGFR/Src
signaling axis may contribute to prostate tumourigenesis via
a mechanism that is dependent on Src activity. Inhibition
of Src myristoylation, and therefore membrane localization,
has been suggested as a viable therapeutic strategy for these
prostate cancer subtypes. In vitro studies showed that loss of
Src myristoylaton had a significant inhibitory effect on FGF10-
induced oncogenic signaling in comparison with a kinase-dead
Src mutant (Li et al., 2018b). These data have prompted efforts
to develop an N-myristoyltransferase inhibitor as a means to
therapeutically target the FGF10/FGFR/Src signaling axis in
cancer (French et al., 2004; Thinon et al., 2014; Kim et al.,
2017).

CONCLUSION AND FUTURE
PERSPECTIVES

The receptors for FGF10, FGFR2, and FGFR1 have been
implicated in several human cancers, including pancreatic ductal
adenocarcinoma and gastric cancer. However, since FGFR2 and
FGFR1 are activated by a number of FGF family members, it
has been difficult to attribute the tumor-promoting effects of
these receptors to binding of a specific ligand. Recent data have
begun to shed light on the role of FGF10 in these cancers,
demonstrating that paracrine FGF10 synergizes with FGFR1/2
over-expression to induce epithelial-mesenchymal transition in
a pre-clinical model of prostate cancer. The development of
isoform-selective pharmacological tools will clarify the role of
FGF10-FGFR2b/1b signaling in different cancer types and will
allow the potential of FGF10 as a therapeutic target to be
explored.
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The tenacious prevalence of human pancreatic diseases such as diabetes mellitus
and adenocarcinoma has prompted huge research interest in better understanding of
pancreatic organogenesis. The plethora of signaling pathways involved in pancreas
development is activated in a highly coordinated manner to assure unmitigated
development and morphogenesis in vertebrates. Therefore, a complex mesenchymal–
epithelial signaling network has been implicated to play a pivotal role in organogenesis
through its interactions with other germ layers, specifically the endoderm. The Fibroblast
Growth Factor Receptor FGFR2-IIIb splicing isoform (FGFR2b) and its high affinity ligand
Fibroblast Growth Factor 10 (FGF10) are expressed in the epithelium and mesenchyme,
respectively, and therefore are well positioned to transmit mesenchymal to epithelial
signaling. FGF10 is a typical paracrine FGF and chiefly mediates biological responses by
activating FGFR2b with heparin/heparan sulfate (HS) as cofactor. A substantial number
of studies using genetically engineered mouse models have demonstrated an essential
role of FGF10 in the development of many organs and tissues including the pancreas.
During mouse embryonic development, FGF10 signaling is crucial for epithelial cell
proliferation, maintenance of progenitor cell fate and branching morphogenesis in the
pancreas. FGF10 is also implicated in pancreatic cancer, and that overexpression
of FGFR2b is associated with metastatic invasion. A thorough understanding of
FGF10 signaling machinery and its crosstalk with other pathways in development and
pathological states may provide novel opportunities for pancreatic cancer targeted
therapy and regenerative medicine.

Keywords: FGF10, FGFR2b, SOX9, pancreas development, pancreatic adenocarcinoma, mesenchyme, epithelium

INTRODUCTION

The Fibroblast Growth Factor (FGF) family of peptides and the corresponding family of receptor
tyrosine kinases (RTKs) collectively constitute one of the most adaptable, complex, and diverse
growth factor signaling systems that are involved in many developmental and repair processes in
virtually all vertebrate and invertebrate tissues and cells (Goetz and Mohammadi, 2013). Currently,
the mammalian FGF nomenclature encompasses FGF1 to FGF23, comprising of secreted signaling
proteins that transduce signals via their specific FGF receptors (FGFRs), and intracellular FGFs that
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serve as cofactors for voltage-gated sodium channels. These
ligands are divided and grouped into seven subfamilies based on
phylogenetic analysis, sequence similarities, and function (Goetz
et al., 2009; Ornitz and Itoh, 2015).

FGFR family of RTKs comprises of FGFR1, FGFR2, FGFR3,
and FGFR4. As the name suggests, FGFRs bind to members of
secreted FGFs along with the sequential formation of complexes
with heparin/heparan sulfate (HS) cofactor-proteoglycans to
propagate downstream signal transduction pathways, which
include activation of PLCγ, MAPK, AKT, and STAT cascades. At
the cellular level, paracrine FGF-FGFR-HS signaling engages in
vital roles in regulating cell proliferation, migration, survival, and
differentiation during the development of the embryo (Kato and
Sekine, 1999; Ornitz and Itoh, 2015).

FGF10, a FGF7 subfamily member, is a typical paracrine
FGF and chiefly mediates its biological responses by activating
FGFR2b. FGF10 is a potent morphogen and plays a crucial role
in transmitting mesenchyme signaling to the epithelium. Genetic
ablation of FGF10 in mice results in gross developmental defects
characterized by agenesis and dysgenesis in a variety of organs
and tissues highlighting an essential role of FGF10 signaling
for the development of multiple organs including the pancreas
(Bellusci et al., 1997; Bhushan et al., 2001; Itoh and Ohta, 2014).
Although not as widely explored as in the development field,
there is strong evidence suggesting that FGF10 is also involved
in the pancreatic carcinogenesis (Nomura et al., 2008). Herein,
we summarize the recent information about the involvement of
FGF10 in pancreas development and diseases with a focus on
pancreatic cancer.

FGF10 SIGNALING MACHINERY

Alternative splicing of the extracellular IgIII loop of FGFR1-3
generates IIIb- and IIIc-variants of the receptors. Tissue- and
cell-specific expression of these isoforms and modification in
binding properties for the FGF ligands confer signaling specificity
and functional diversity in regulating interactions in embryonic
development, tissue homeostasis, repair, and cancer (Itoh and
Ohta, 2014). FGFR2 generates two isoforms via alternative
splicing, FGFR2b, predominantly expressed in epithelial cells
and FGFR2c, chiefly expressed in mesenchymal cells. A distinct
feature of the FGF7 subfamily is the preferential binding to their
cognate receptor FGFR2b in a HS dependent manner in contrast
to most other FGFs predominantly interacting with FGFR2c
(Givol and Yayon, 1992; Orr-Urtreger et al., 1993; Lindahl et al.,
1998; Holzmann et al., 2012).

Formation of the FGF10-FGFR2b-HS (2:2:2) ternary complex
results in the phosphorylation of intracellular tyrosine residues
in FGFRs (Figure 1A). Phosphorylated FGFRs activate FGFR
substrate 2α(FRS2α) and phospholipase Cγ (PLCγ1), which
mediate cell motility (Zhang et al., 2006; Itoh and Ohta, 2014).
FRS2α, in turn, facilitates the activation of RAS-MAPK or
PI3K-AKT and PLCγ activates protein kinase C. The RAS-
MAPK and PI3K-AKT pathways are predominantly involved
in mitogenic cell responses or cell survival and are subjected
to negative regulation by SPRY1 and SPRY2 (Tefft et al.,

2002; Zhang et al., 2006). These signaling cascades mediate a
diverse range of biological outcomes that define FGF10/FGFR2b
dependent signaling (Figure1A). The spatiotemporal expression
and activity of FGFs and FGFR isoforms is additionally enhanced
by the diversity of HS structures, which are also involved
in developmental processes, insinuating that tissue-specific HS
regulates FGF signaling (Lindahl et al., 1998; Makarenkova et al.,
2009).

Interestingly, although FGF7 and FGF10 share a common
receptor, expression in mesenchyme and the ability to promote
proliferation of embryonic pancreatic epithelial cells in vitro (Ye
et al., 2005), the phenotypes of their knockout mice are drastically
different in that FGF7 null mice are born with no obvious
abnormalities (Guo et al., 1996), whereas FGF10 knockout mice
die at birth with major defects in multiple organs such as lung
agenesis and pancreas dysgenesis (Min et al., 1998; Sekine et al.,
1999; Ohuchi et al., 2000; Itoh and Ornitz, 2011). Based on a
sophisticated quantitative proteomics approach, Francavilla et al.
(2013) uncovered a fascinating ligand-dependent mechanism for
the control of FGFR2b turnover and signaling outputs. FGF7
stimulation leads to FGFR2b degradation and, ultimately, cell
proliferation, whereas FGF10 triggers additional phosphorylation
on Y734 of FGFR2b leading to its recruitment of PI3K and
SH3BP4 to promote receptor recycling and sustained signaling.

Zinkle and Mohammadi recently proposed a threshold
model for RTK signaling specificity and cell fate determination
(Makarenkova et al., 2009; Francavilla et al., 2013; Zinkle
and Mohammadi, 2018). It is suggested that the intensity
and duration of signaling via FGFR2b is dependent on the
phosphorylation of Y734 within the kinase domain. Higher
affinity of FGF10 for binding both FGFR2b and the co-
receptor HS (Makarenkova et al., 2009) generates a more robust
interaction than FGF7-FGFR2b dimers, therefore propagates
more sustained MAPK signal that leads to cell proliferation and
migration whilst FGF7 propagates a transient MAPK signal that
leads to cell proliferation. It is conceivable that the difference in
ligand-induced dimer stability distinguishes FGF7 from FGF10
on the choice and durability of intracellular pathways, which may
well contribute to their functional discrepancies on branching
morphogenesis during embryonic development.

FGF10 IN PANCREAS DEVELOPMENT

The pancreas is an endoderm-derived glandular organ that
partakes in the regulation of glucose homeostasis and nutrient
uptake through the concerted functions of its endocrine and
exocrine compartments, respectively (Edlund, 1999; Shih et al.,
2013). Early mouse pancreas development has two characteristic
periods: a primary transition (E9.5–12.5) that is characterized
by rapid cell proliferation and histogenesis and a secondary
transition (E12,5-birth) after rotation of the gut at E12.5 that
is chiefly characterized by cytodifferentiation and formation of
the significant intracellular organelles of the adult pancreatic cell
(Pictet et al., 1972; Jorgensen et al., 2007; Benitez et al., 2012).

The mesenchyme is critical for the growth of all pancreatic
lineages (Landsman et al., 2011). Reports indicate that FGF
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FIGURE 1 | FGF10 signaling and its key crosstalk during pancreas development. (A) FGF10 is a high affinity ligand for FGFR2b. FGF10 interacts with FGFR2b with
HS as cofactor and induces activation of the RAS-MAPK, PI3K-AKT, and PLCγ pathways, which mediate cell differentiation, proliferation, and motility. SPRYs are
negative regulators of the RAS-MAPK and PI3K-AKT pathways. (B) FGF10 mediates mesenchyme to epithelial signaling through crosstalk with several key
developmental pathways including WNT factors, BMP and SHH, which are important in pancreatic cell fate specification and branching morphogenesis. BMP
signaling is required for the normal development of the mesenchyme as well as the epithelium. (C) FGF10 has a crucial role in epithelial branching morphogenesis
through crosstalk with several key TFs and regulators for pancreas development. The FGF10/FGFR2b/SOX9 regulatory loop promotes proliferation and maintains
pancreatic fate in pancreatic progenitors.

signaling derived from the surrounding mesenchymal tissue is
pivotal for the genesis of specific cellular domains (Hart et al.,
2003; Zhou et al., 2007). FGF10, as a mesenchymal factor, has an
indispensable role in ensuring the development of the pancreatic
epithelium, which gives rise to the functional endocrine and
exocrine cell types (Bhushan et al., 2001; Elghazi et al., 2002;
Hart et al., 2003; Norgaard et al., 2003). To ascertain the
role of FGF10 in pancreas development, Bhushan et al. (2001)
demonstrated that FGF10 expressed from E9.5 until E11.5 in
mice is vital for pancreas growth and differentiation of Pdx1 +
epithelial precursor cells. The absence of this mesenchymal
protein led to pancreatic hypoplasia (Bhushan et al., 2001).
Furthermore, the pancreata of Fgfr2b−/− mutant mice were
smaller than the wild type littermates with pancreatic duct cell
proliferation notably reduced (Miralles et al., 1999; Pulkkinen
et al., 2003). FGF10 signaling predominantly targets the adjacent
tissue due to its paracrine nature, hence in Fgf10 null mutant
mice, the pancreatic progenitor cells are diminished even before
the onset of secondary transition. The few exocrine cells
present do undergo differentiation and form acinar structures
(Bhushan et al., 2001). Mice deficient in FGFR2b exhibit
mild phenotypes comparable to the FGF10 null mice with
differentiation of both pancreas compartments and consequent
reduction of organ size (Miralles et al., 1999; Pulkkinen et al.,
2003).

While many literature sources substantiate the role of FGF10
in epithelial development, the expression levels of the protein
decrease to almost unperceivable levels at E13.5 in mice (Bhushan
et al., 2001; Elghazi et al., 2002; Kobberup et al., 2010). Explant
studies in mice involving pharmacological inhibition of FGF
signaling proved that FGF10 is dispensable at later stages of
gestation, implying that different epithelial cell types not only
depend on FGF10 signals but also on other (same or distinct)
mesenchymal factors (Greggio et al., 2013). Possibly, FGF10′s
primary role is vital for the initial stage of progenitor growth, then

might work in concert with other mesenchymal derived factors or
signaling pathways.

FGF10 CROSSTALK WITH OTHER
SIGNALING PATHWAYS

The mesenchyme is a source of cell-extrinsic signals that
promotes pancreatic specification, yet limits differentiation, so
as to allow expansion of the pancreatic epithelium. Besides
FGFs, other mesenchymal signals that promote growth of the
pancreatic epithelium include WNT factors (Jonckheere et al.,
2008), Retinoic Acid (RA) (Stafford et al., 2006), BMP (Ahnfelt-
Ronne et al., 2010), and the TGF-β pathway (Crisera et al., 2000;
Figure 1B).

FGFs and WNT factors are known to act in synergy to
promote proliferation in a variety of developmental systems
(ten Berge et al., 2008; Afelik et al., 2015). Canonical WNT
signaling is a mediator of epithelial to mesenchymal signaling,
several WNT ligands plus frizzled (FRZ) receptors (e.g., WNT2b,
WNT7b, and FRZ2-9) are expressed by both the mesenchyme
and pancreatic epithelial cells during organogenesis (Heller et al.,
2002; Afelik et al., 2015). Comparable phenotypes are observed
between Pdx1/Frz8CRD (dominant-negative frizzled 8 receptor)
and Pdx1/Fgf10 null neonates revealing pancreatic hypoplasia,
as early as E14, further implying a role for both signaling
pathways in pancreatic growth (Papadopoulou and Edlund, 2005;
Jonckheere et al., 2008).

RA signaling is also an indispensable mediator of
mesenchymal function. In the lung, mesenchyme RA signaling
has been implicated in the induction of FGF10 (Desai et al.,
2004). Furthermore, absence of RA signaling leads to pancreatic
hypoplasia (severe in the dorsal pancreas) (Martin et al., 2005).
In an effort to produce functional β cells from endoderm derived
human embryonic stem (hES) cells, Mfopou et al. (2010) exposed
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these hES cells to noggin and RA, followed by FGF10 during
early stage of induction, and successfully generated pancreatic
cells, the majority of them are Pdx1 + that coexpressed FOXA2,
HNF6, and SOX9.

Unmitigated differentiation of the mesenchyme, which further
ensures proper epithelial development, is reliant on many
signaling molecules except members of the Hedgehog family
from the early pancreatic niche (Kawahira et al., 2005). Ectopic
expression of Sonic Hedgehog (SHH) in mice driven by the Pdx1
promoter results in differentiation of the pancreatic mesenchyme
into smooth muscle and the epithelium assumes an intestinal fate
with the generation of few early endocrine cell types (Apelqvist
et al., 1997). SHH is also implicated in repressing expression of
Fgf10 (Figure 1B; Bhushan et al., 2001).

TRANSCRIPTION FACTORS
IMPLICATED IN FGF10 SIGNALING

Genetic lineage tracing experiments have elucidated that cell
clusters committed to adopting the pancreatic lineage express
the transcription factor (TF) PDX1 (Pancreatic and duodenal
homeobox 1) and PTF1a (Pancreas transcription factor 1).
Ablation of either Pdx1 or Ptf1a causes pancreatic agenesis or
diabetes and wide gastro-duodenal deformations (Offield et al.,
1996; Stoffers et al., 1997; Kawaguchi et al., 2002; Burlison et al.,
2008; Fukuda et al., 2008).

After the establishment of the pancreatic anlage, a gene
regulatory network is established with Pdx1 at the focal apex
in order to maintain pancreatic identity (Shih et al., 2015).
PDX1 exhibits an extensive cross-regulation network between
individual TFs and FGFs such as FGF10; however, sustentation
of the pancreatic lineage requires high levels of PDX1 (Shih et al.,
2015). Augmentation of PDX1 expression levels is supplemented
by PTF1a, which binds to enhancer elements of PDX1 (Wiebe
et al., 2007), whilst FGF10 is required to maintain the PDX1 +
expressing progenitor cell pool (Figure 1C; Bhushan et al.,
2001).

Genetic lineage tracing has shown that multipotent progenitor
cells (MPCs) can be similarly defined by several TFs such as
SOX9, HNF6, NKX2.2, HNF1β, HES1, CAP1, and NKX6.1. At
this juncture, MPCs not only have the potential to self-renew, but
also can differentiate to form exocrine and endocrine progenitors
with PDX1 functioning as the central node (Zhou et al., 2007; Pan
and Wright, 2011; Seymour, 2014).

The SOX9 interacts with the FGF signaling pathway in concert
with PDX1 to maintain both expansion (in a dosage-dependent
manner) and organ identity of MPCs (Shih et al., 2013). SOX9
and PDX1 co-regulate the pancreatic versus intestinal lineage
choice, ablation of both genes causes MPCs to embrace an
alternative hepatic fate (Seymour et al., 2012; Shih et al., 2015).
In mice, SOX9, FGFR2b, and FGF10 form a feed-forward
expression loop; SOX9 cell-autonomously maintains FGFR2b
expression, which in turn, augments its epithelial receptivity to
FGF10, whilst FGF10 maintains SOX9 expression (Figure 1C).
Hence nullification of any component in this loop leads to
pancreatic hypoplasia and loss of both SOX9 plus FGFR2b

in FGF10-deficient MPCs leads to hepatic reprogramming
(Seymour et al., 2012).

FGF10 MEDIATES PANCREATIC CELL
FATE

Spatial and temporal regulation of gene function is vital in the
modeling of specialized cell types from a field of competent
cells. FGF10 is known to maintain progenitor cells in an
undifferentiated state to allow subsequent proliferation, ectopic
expression results in a hyperplastic pancreas. Nascent emergent
patterns of budding cells are additionally controlled by conserved
developmental pathways such as the NOTCH signaling via
lateral inhibition/specification in order to integrate terminal
differentiation in FGF10 signaling. FGF10-positive progenitor
cells express NOTCH1 and NOTCH2, the NOTCH-ligand genes
JAG1 and JAG2, as well as the NOTCH target gene HES1
(Murtaugh et al., 2003; Norgaard et al., 2003; Miralles et al.,
2006).

During the primary transition, NOTCH and FGF10 signaling
are predominantly involved in restricting premature endocrine
differentiation and maintenance of the progenitor state. Ablation
of Notch target genes such as Dll1 (Hrabe de Angelis et al.,
1997), Rbp-jk (Fujikura et al., 2006), or Hes1 (Jensen et al.,
2000) results in an increase of NGN3 + cells, leading to
premature differentiation of the MPCs into glucagon +-cells
(Apelqvist et al., 1999) and p57-expressing progenitor cells, which
undergo premature cell cycle exit evident with the expression
of a hypoplastic pancreas (Georgia et al., 2006). This phenotype
is comparable to Fgf10 and Sox9 null mutant mice. HES1 is
known to repress both the transcriptional activation of Ngn3
and the cyclin kinase inhibitor P57 (Figure 1C; Georgia et al.,
2006).

SOX9 is a positive regulator of NGN3 in a dosage-dependent
manner, and is expressed chiefly in trunk progenitor cells and
its depletion results in the reduction of NGN3 + cells. This
suggests that there may exist a complicated but well-organized
regulatory system involving FGF10, FGFR2b, NOTCH, HES1,
SOX9, and NGN3 that controls endocrine differentiation and
maintenance of progenitor cells (Miralles et al., 2006; Kobberup
et al., 2010; Gouzi et al., 2011; Afelik and Jensen, 2013; Shih
et al., 2015). It can be postulated that both FGF10 and NOTCH
signaling pathways are critical for the establishment of two cell
lineages:

(i) NGN3 + cells that form the early α-cells.
(ii) NGN3 + that will remain proliferative and available to

differentiate to other endocrine cell types (Apelqvist et al.,
1999; Jensen et al., 2000; Miralles et al., 2006; Kobberup
et al., 2010; Afelik and Jensen, 2013).

Ectopic expression of Fgf10 from E10.5 to E13.5 leads to nearly
complete loss of endocrine and ductal differentiation (Kobberup
et al., 2010). This, in turn, favors the exocrine lineage because
of the lack of competence to form the endocrine cell lineage.
Furthermore, exocrine (acinar) differentiation has been observed
to occur in FGF10 null mutant mice implying that FGF10
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does not entirely control exocrine differentiation but rather it
is permissive toward exocrine lineage fate (Miralles et al., 1999;
Bhushan et al., 2001; Kobberup et al., 2010). This is observed with
sustained expression of PTF1A in both Fgf10−/− mutant and
wild type mice though reports have indicated that downstream
effectors of FGF10, such as Etv4 and Etv5, influence expression
of PTF1A (Figure 1C; Dong et al., 2007; Kobberup et al., 2007,
2010).

Cellular proliferation and differentiation are mutually
exclusive events; hence overexpression of FGF10 beyond the
primary transition perturbs differentiation of endocrine and
ductal cell types. At this stage, progenitor cells typically co-
express PDX1, NKX6.1, and PTF1A, failure of endocrine cell
formation leads to diabetes in mice (Hart et al., 2003; Petri
et al., 2006; Kobberup et al., 2010). FGF10 signaling via FGFR2b
is at the expense of endocrine cellular differentiation (Celli
et al., 1998; Miralles et al., 1999; Pulkkinen et al., 2003). By
understanding the exact timing of the competence window
toward endocrine fate, FGF10 could be best exploited in cell-
based therapeutic strategies to combat diabetes (Madsen and
Serup, 2006).

FGF10 -FGFR2B IN PANCREATIC
DUCTAL ADENOCARCINOMA

Pancreatic ductal adenocarcinoma (PDAC) is the most common
exocrine malignancy and represents one of the deadliest
diseases with high mortality due to difficulties in its early
diagnosis, metastasis and intrinsic resistance to conventional
chemoradiotherapy. At a molecular level, cancer cells in PDAC
are often characterized by mutations in the KRAS oncogene,
SMAD4, and TP53. Several FGFs and FGFRs are expressed
in stromal cells scattered around pancreatic cancer cells and
their expression levels have been linked to increased cancer
motility, proliferation and metastatic invasion (Kalluri and
Zeisberg, 2006; Ying et al., 2016). FGF7 and 10 are both
expressed in stromal cells surrounding cancer cells. Regardless
of the high homology the latter induces cell migration and
invasion whilst the former stimulates cell proliferation. FGF10-
FGFR2b signaling induces the expression of type1-matrix
metalloproteinase and TGF-β1 genes (Nomura et al., 2008),
these genes are related to cell motility (Friess et al., 1993; Seiki,
2003). Moreover, FGF10-FGFR2b signaling induced the secretion
of TGF-β1, a crucial regulator of epithelial to mesenchymal
transition (Figure 2; Moustakas and Heldin, 2007; Nomura et al.,
2008).

A hallmark genetic alteration of PDAC is the high frequency
mutation of KRAS. Numerous studies demonstrate that
oncogenic KRAS mutations induce Acinar-to-ductal metaplasia
(ADM), pancreatic intraepithelial neoplasia (PanIN), and
eventually PDAC. Significantly, SOX9 is imperative for
KRASG12D-mediated ADM and PanIN formation (Kopp
et al., 2012). A more recent study demonstrated that KRAS can
independently induce SOX9 expression and promoted its nuclear
translocation and transcriptional activity, which plays a positive
role in the proliferation of PDAC cells (Zhou et al., 2018).

FIGURE 2 | Crosstalk of FGF10 during pancreatic cancer. Interactions of
FGF10 with TGF-β pathway promote EMT and cancer cell invasion. The
positive feedback loops between FGF10-SOX9, KRAS/NF-κB-SOX9, and
ERBB-SOX9, respectively, are enhanced under inflammatory condition, which
contributes to PDAC initiation and progression.

Our recent studies further showed that SOX9 could be induced
by NFATC1 and NFATC4 in response to EGFR activation and
pancreatitis, which promote ADM and PanIN (Chen et al.,
2015; Hessmann et al., 2016). In a separate study, SOX9 is
reported to stimulate expression of several members of the
ERBB pathway, and is required for ERBB signaling activity
to promote pancreatic tumorigenesis (Grimont et al., 2015).
These studies further consolidate SOX9 as a central player in
pancreatic adenocarcinoma via promoting ADM, particularly in
the context of oncogenic KRAS and pancreatitis to accelerate
development of premalignant lesions and PDAC (Figure 2).
Therefore, three positive feedback loops have emerged from these
studies (Figure 2): (1) FGF10/FGFR2/SOX9 inter-dependent
expression is also present in a subset of PDAC patients (Seymour
et al., 2012; O’Sullivan et al., 2017); (2) EGFR, via activation
of NFATC1 and NFATC4, promotes SOX9 expression, whereas
activated SOX9 stimulates ERBB2 protein expression (Chen et al.,
2015; Grimont et al., 2015; Hessmann et al., 2016); (3) Oncogenic
KRAS via TAK1/NF-κβ promotes SOX9 expression/activation,
and SOX9 in turn enhances NF-κβ activity (Zhou et al., 2018).
These findings open new perspectives for precision therapeutic
strategies targeting specific cancer-driven signaling molecules
such as ERBB2 or FGFR2.

CONCLUSION AND PERSPECTIVE

Animal models lacking each of the secreted FGFs have
been developed with diverse phenotypes ranging from mild
abnormality in adult physiology to early embryonic lethality.
Only three FGFs (FGF9, FGF10, and FGF18) upon knockout
result in early postnatal lethality due to severe developmental
defects in multiple organs. While Fgf9 and Fgf18 are essential for
the development of mesenchymal components, numerous studies
highlight FGF10 as an indispensable mesenchyme to epithelium
signal required for the development of epithelial components
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in multiple organs. Despite the interesting observations from
previous reports, research on FGF10/FGFR2b in the pancreas is
lagging behind compared to some other organs such as the lung.
There remain some critical questions unanswered regarding how
FGF/FGFR2b signaling influence acinar and ductal specification
(e.g., further proliferation and differentiation from the progenitor
cells), as well as its impact on the endocrine system remain
largely unexplored. More elegant and specifically targeted genetic
models allowing better spatiotemporal manipulation of gene
expression will be essential to better address these questions.
During both embryonic development and oncogenic process,
FGF10 acquires the ability for unique crosstalk with other
pathways as exemplified by its inter-dependent expression with
SOX9, which may represent a key knot linking oncogenic KRAS,
inflammation and other growth factor signaling. Understanding
of FGF10 signaling machinery and its crosstalk with other
pathways may provide novel opportunities for PDAC precision
therapy and regenerative medicine.
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Lung diseases impact patients across the lifespan, from infants in the first minutes of
life through the aged population. Congenital abnormalities of lung structure can cause
lung disease at birth or make adults more susceptible to chronic disease. Continuous
inhalation of atmospheric components also requires the lung to be resilient to cellular
injury. Fibroblast growth factor 10 (FGF10) regulates multiple stages of structural lung
morphogenesis, cellular differentiation, and the response to injury. As a driver of lung
airway branching morphogenesis, FGF10 signaling defects during development lead
to neonatal lung disease. Alternatively, congenital airway abnormalities attributed to
FGF10 mutations increase the risk of chronic airway disease in adulthood. FGF10
also maintains progenitor cell populations in the airway and promotes alveolar type
2 cell expansion and differentiation following injury. Here we review the cellular and
molecular mechanisms linking FGF10 to multiple lung diseases, from bronchopulmonary
dysplasia in extremely preterm neonates, cystic fibrosis in children, and chronic adult
lung disorders. Understanding the connections between FGF10 and lung diseases may
lead to exciting new therapeutic strategies.

Keywords: branching morphogenesis, alveolar epithelia, lung injury, inflammation, lung regeneration and repair

INTRODUCTION

Lung structure and physiology has remained consistent throughout mammalian evolution (Mess
and Ferner, 2010). With a >100 m2 surface area available for gas exchange (Colebatch and
Ng, 1992), human lungs efficiently deliver oxygen to the circulation and expel carbon dioxide
produced by aerobic cellular respiration. The lung can be separated into two distinct regions
based on physiological function. Conducting airways begin just below the larynx and trachea.
Stereotypical branches form 23 generations in human lungs (Weibel and Gomez, 1962) and 10
generations in mice (Kizhakke Puliyakote et al., 2016) of smaller and smaller airways. The trachea,
bronchi, and bronchioles serve to warm and humidify inhaled air from the environment. In
addition, airway mucous captures inhaled particulates, allowing efficient removal by mucociliary
clearance (Munkholm and Mortensen, 2014). Multiciliated epithelia move aggregates of mucous
and its sequestered material upon a thin layer of airway surface liquid in a cranial direction for
expectoration or ingestion. The movement and filtering of inhaled gas through the conducting
airways delivers clean, warm air to the alveolar structures for oxygen and carbon dioxide exchange.

The alveolar surface is lined with two types of epithelial cells (Guillot et al., 2013). Alveolar
type 1 (AT1) cells are flat, thin epithelia that cover the vast majority of the alveolar surface. AT1
cells reside in intimate proximity with underlying alveolar capillary vascular endothelial cells,
permitting efficient oxygen uptake and carbon dioxide removal. AT1 and endothelial cells rely
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upon mechanical support from extracellular elastic fibers and
a variety of mesenchymal-derived interstitial lung fibroblasts
(Pierce et al., 1995; Starcher, 2000). Alveolar type 2 (AT2)
cells are cuboidal epithelial cells responsible for the production
of lung surfactant (Veldhuizen et al., 2000). The combination
of amphipathic surfactant proteins and lipids form organized
structures along the alveolar surface termed tubular myelin.
As intra-alveolar pressures change with each breath, folding
and unfolding of the tubular myelin maintains alveolar size
by modulating surface tension (Johansson et al., 1994). In
addition to the physiological roles of delivering oxygen to the
systemic circulation and removing carbon dioxide, each of the cell
populations in the lung play important roles in protecting against
infection and repairing the lung following mechanical, chemical,
or biological damage (Barkauskas et al., 2013; Chambers and
Mercer, 2015; Wang et al., 2016).

FGF10 AND LUNG MORPHOGENESIS

Formation of the unique structures within the lung involves
complex molecular and cellular processes. Fibroblast growth
factors (FGFs) play important roles throughout lung
morphogenesis. Twenty-two different FGF family members
have been identified and characterized, with seven subfamilies
based on protein structure similarities (Ornitz and Itoh,
2015). FGF10 (KGF2) is a member of the FGF7 subfamily and
critical for lung morphogenesis, cellular differentiation, and
repair following injury. Produced primarily by mesenchymal
populations in the lung interstitium, secreted FGF10 tightly
binds heparin sulfate proteoglycans (HSPG) in the extracellular
matrix. HSPG interactions stabilize FGF10, restrict its diffusion,
and facilitate binding to FGF receptors (Makarenkova et al.,
2009). FGF10 binds both FGFR1 and FGFR2, with highest
affinity for the alternatively spliced FGFR2IIIb isoform (Lu et al.,
1999). Formation of symmetrical FGF10, HSPG, and FGFR2
dimers leads to receptor activation of downstream receptor
tyrosine kinase targets (Schlessinger et al., 2000).

During the earliest stages of lung development, FGF10 is
expressed in the mesenchyme surrounding the distal tips of
branching airways (Bellusci et al., 1997). Retinoic acid and
Wnt ligands stimulate early FGF10 expression (Desai et al.,
2004; Li et al., 2005). Epithelial cells in the branching airways
express the receptor FGFR2, establishing a paracrine signaling
system. Knockout mice studies have demonstrated the critical
importance of FGF10 in lung morphogenesis. Mice lacking
FGF10 form an embryonic trachea, but only two rudimentary
buds marking where the right and left mainstem bronchi should
normally develop (Sekine et al., 1999). Conditional mouse models
and ex vivo studies have illustrated how FGF10 promotes later
stages of lung morphogenesis. FGF10 stimulates migration of the
leading edge of newly developing airways. Elongation of these
tubular, epithelial-lined structures involves specific orientation
of FGF-stimulated, dividing epithelial cells (Tang et al., 2011).
Unlike some other branching epithelial organs, lung airways
maintain a simple epithelial orientation with nearly continuous
contact with luminal lung fluid.

Along with promoting airway elongation, FGF10 induces
expression of epithelial factors that negatively regulate FGF10
expression. Activated FGFR2 signals through ETS-related
transcription factors Etv4 and Etv5 (Herriges et al., 2015).
In the branching embryonic lung, FGF10 induces epithelial
expression of Bmp4 and Shh at the leading airway edge. In
a coordinated negative feedback loop, both Bmp4 and Shh
reduce expression of FGF10 in the adjacent mesenchyme. As
FGF10 expression distal to the leading airway falls, a branch
point is established, generating a structural split of the airway
and subsequent elongation toward more lateral locations where
FGF10 expression has not yet been inhibited. Multiple iterations
of the process generate the stereotypical pattern of conducting
airways unique to each mammalian species (Miura, 2008; Celliere
et al., 2012). Bmp4 also promotes mesenchymal differentiation of
peribronchial smooth muscle and slows epithelial proliferation,
both of which could regulate the branching process (Kim
and Vu, 2006). Precise regulation of FGF10 expression is
critical for normal morphogenesis, as overexpression of FGF10
during development leads to cystic adenomatoid malformations
(Gonzaga et al., 2008).

After conducting airway branching completes, formation of
saccular airways occurs via presumably random branching and
division of distal airway structures. Saccular airways become
alveolar ducts later in development and the number of terminal
saccular airways likely determine the eventual number of alveolar
units in the mature lung (Burri, 1984). The mechanisms of
saccular branching share many attributes with conducting airway
branching, including the role of FGF10 in airway elongation and
branching (Benjamin et al., 2007). The branching process ceases
as saccular airway epithelia begin differentiating into AT1 and
AT2 cells.

FGF10 also drives formation of normal alveolar structures
later in lung development. Following completion of distal
airway branching at the end of the saccular stage, alveolar
formation produces the mature lung structures capable of
efficient gas exchange. Generation of mature alveoli involves the
division of distal airspaces into smaller structures, increasing
the effective surface area for gas exchange. Alveolar division
or septation requires mechanical forces generated by Acta2-
positive alveolar myofibroblasts within the lung mesenchyme
(Branchfield et al., 2016). Myofibroblasts arise from Pdgfra-
positive mesenchymal cells, which express FGF10 and often
have lipofibroblast characteristics. Mice with reduced FGF10
expression have fewer Acta2-positive myofibroblasts at birth
and fail to form normal alveolar structures (Ramasamy et al.,
2007). Overexpression of a dominant negative, soluble Fgfr
transgene also reduced alveolar formation. In a pneumonectomy
model of alveolar regeneration, interfering with FGFR2 signaling
prevented myofibroblast differentiation (Chen et al., 2012). These
observations could involve autocrine mechanisms where FGF
ligands including FGF10 directly regulate fibroblast phenotype
or paracrine signaling loops involving Shh, Wnt, Bmp, or TGFβ

signaling between adjacent cell populations.
In addition to driving structural morphogenesis of conducting

airways and alveoli, FGF10 also regulates lung cell differentiation.
Epithelia lining the trachea and large airways contain multipotent
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progenitor basal cells – sometimes referred to as basal stem cells
(Pardo-Saganta et al., 2015). Mesenchymal FGF10 expression
in the trachea establishes a unique niche for basal cells, with
FGF10 driving basal cell expansion and preventing terminal
epithelial differentiation. Interestingly, FGF10 expression in
the peri-tracheal mesenchyme is restricted to areas between
cartilaginous rings (Sala et al., 2011). Within the tracheal
epithelium, downregulation of Hippo activity in basal cells results
in nuclear Yap localization and Wnt7b expression (Volckaert
et al., 2017). Epithelial Wnt7b then increases or at least maintains
FGF10 expression in the underlying mesenchyme. In smaller
distal airways, the lack of FGF10 expression in peribronchial
smooth muscle cells correlates with epithelial differentiation and
reduced basal cell number. However inactivation of Hippo in
smaller airways increases FGF10 expression in smooth muscle
and leads to ectopic basal cell expansion. This highly regulated
basal cell niche beautifully illustrates the paracrine nature of
FGF10 signaling in maintaining normal lung biology throughout
the lifespan.

FGF10 is also important for AT2 cell differentiation. As fetal
saccular airways complete branching, elongation, and expansion,
alveolar epithelial differentiation begins proximal to the airway
leading edge. As the distal air saccules expand with fetal
lung fluid, cuboidal cells are observed protruding from the
epithelial monolayer in a basal direction (Li et al., 2018). These
protruding cells differentiate into AT2 cells, while cells remaining
in the epithelial monolayer are subjected to increased stretch
and acquire an AT1 phenotype. Increasing airway distension
promotes AT1 differentiation, while reducing stretch increases
AT2 cell numbers. FGF10 drives cell protrusion by stimulating
the ERK1/2 pathway and Arp2/3 based actin rearrangement.
Developing AT2 cells are protected from the pro-AT1 effects
of airway dilation and stretching by constricting their apical
membrane via non-muscle myosin activity. Consistent with
this model of FGF10-mediated AT2 cell differentiation, mice
heterozygous for FGF10 or lacking FGFR2 have fewer protruding
cells and subsequently reduced AT2 numbers.

ROLE OF FGF10 IN HUMAN DISEASE

COPD and Developmental Airway
Abnormalities
Early events in lung morphogenesis that impact formation of
the conducting airways can have lifelong consequences. Defects
in the formation of the trachea, bronchi, and bronchioles
lead to increased turbulent airflow, accumulation of inhaled
particulates, and reduced surface area available for gas exchange.
Congenital defects in airway branching could cause disease in the
immediate newborn period or in adulthood as defects in airway
function predispose to chronic airway infection and injury.
Decades ago, investigators proposed the concept of dysanaptic
lung growth, where abnormalities in airway development could
impact available surface area for gas exchange in the context of
normal lung volume (Green et al., 1974). These defects become
clinically significant during lung injury or challenges to normal
gas exchange.

Chronic obstructive pulmonary disease (COPD) is a major
cause of lung related illness and death throughout the world
(Terzikhan et al., 2016). With aging populations, COPD now
affects over 300 million people worldwide. While tobacco
smoking clearly increases COPD risk, only approximately 20% of
smokers develop COPD. In addition, between 20–45% of COPD
patients are non-smokers but appear to develop airway disease
through other environmental and occupational exposures (Salvi
and Barnes, 2009). Recent studies connected genetic variants to
structural airway abnormalities in patients with COPD (Smith
et al., 2018). Up to 26% of the general human population have
abnormalities in airway branching patterns, increasing COPD
risk. Absence of the right medial-basal lung segment is present
in approximately 6% of the population. These individuals have
reduced luminal airway volume and a higher risk of COPD
if also smokers. Investigators identified gene variants in the
FGF10 intronic region in individuals with absence of the right
medial-basal segment using two independent cohorts.

Striking results were also uncovered in a smaller study of
adults with aplasia of salivary and lacrimal glands (ASLG), known
to result from mutations causing FGF10 haploinsufficiency (Klar
et al., 2011). Compared to both predicted values and unaffected
siblings, subjects with FGF10 haploinsufficiency had significant,
non-reversible airway obstruction by spirometry consistent
with COPD. Similar studies have not yet been reported on
patients with lacrimo-auriculo-dento-digital (LADD) syndrome,
another disorder resulting from either FGF10 or FGFR2
haploinsufficiency (Shams et al., 2007). The rs1448044 SNP near
the FGF10 gene has been associated with reduced pulmonary
function (Jackson et al., 2018), although the connection of this
SNP to FGF10 expression remains unclear. These studies provide
strong evidence that mutations and variants in a critical gene
during early lung morphogenesis (FGF10) can cause structural
abnormalities in humans leading to disease following years of
environmental exposures.

Cystic Fibrosis, FGF10, and Airway
Diameter
In addition to inherent defects in mucociliary clearance and
bacterial killing, patients with cystic fibrosis (CF) have congenital
abnormalities in airway shape and size (Meyerholz et al.,
2010; Fischer et al., 2014). Infants with CF have smaller
caliber tracheas and demonstrate airway abnormalities before
developing clinical signs of respiratory infection (Sly et al., 2009).
The developmental origins of these structural abnormalities
have been confirmed and further investigated using the CF
pig model. Newborn CF pigs have smaller diameter tracheas
and bronchi compared to wild type pigs (Meyerholz et al.,
2010). More recent studies measured reduced airway diameter
in fetal CF pig lungs as early as the pseudoglandular stage
of development during active branching morphogenesis of the
conducting airways (Meyerholz et al., 2018). FGF10 treatment
induced airway expansion in wild type fetal pig lung explants,
but had no effect on CF explants. In the developing CF pig
lung, FGF10 expression was similar to controls and could
still increase epithelial proliferation in primary cultures of CF
epithelia. However FGF10 could not stimulate CFTR-mediated
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increases in epithelial short circuit current in CF cells. So, while
FGF10 signaling in CF lungs remains intact, the inability to
stimulate epithelial transport impacts airway morphogenesis. The
human and experimental animal data clearly show that early
defects in fluid transport impact structural lung development
in CF, likely contributing to the pathogenesis of CF lung
disease.

FGF10 and Connecting Inflammation to
Newborn Lung Disease
Bronchopulmonary dysplasia (BPD) is the most common
serious complication of extreme prematurity. Infants before
28-week gestation are still in the canalicular stage of lung
development and must complete airway morphogenesis
while exposed to the external environment. Infection and
inflammation are the major clinical risk factors leading to BPD
(Bhandari, 2014). In experimental models, fetal macrophage
activation and IL-1β release inhibit saccular stage airway
branching (Nold et al., 2013; Stouch et al., 2016). Reduction in
saccular airway branching leads to fewer numbers of mature
alveoli. In human newborn lungs, FGF10 localizes to clusters
of cells within the lung interstitium. However in patients
that died with BPD, fewer FGF10-positive cells could be
detected throughout the lung tissue (Benjamin et al., 2007).
The reduction in FGF10 could both have led to abnormal
structural development and make the lung more susceptible to
injury.

Inflammatory mediators that disrupt normal lung
development in BPD do so at least in part by inhibiting FGF10
expression. Microbial products and inflammatory cytokines
activate receptors that signal through the IKK/NF-κB pathway.
Activated NF-κB translocates to the nucleus and regulates
gene transcription (Dev et al., 2011). While mostly studied
in the context of stimulating expression of pro-inflammatory
response genes, NF-κB also inhibits expression of genes
important for normal development. In the case of FGF10, NF-κB
appears to interfere with the normal machinery that maintains
FGF10 transcription in mesenchymal cells (Benjamin et al.,
2007, 2010). Lacking a TATA sequence, the FGF10 promoter
contains multiple conserved GC boxes which bind Sp family
members and serve as sites of RNA polymerase recruitment
(Carver et al., 2013). Sp1 binds the FGF10 promoter and
stimulates transcription; Sp3 can either activate or repress
FGF10 transcription. Upon nuclear translocation, NF-κB
binds Sp3 and NF-κB-Sp3 complexes repress FGF10 promoter
activity. Further understanding the molecular basis of FGF10
transcriptional regulation in normal and disease states could
identify new treatment strategies for BPD and other clinical
scenarios where maintaining FGF10 expression could provide
benefit.

FGF10 is also critical for how the developing lung
responds to injury. Mice heterozygous for FGF10 appear
healthy with seemingly normal lung development. However
haploinsufficiency for FGF10 leads to dramatic pathology in
an experimental BPD model (Chao et al., 2017). Exposing
newborn mice to transient hyperoxia leads to lung injury,
inflammation, and reduced alveolarization. Wild type mice

typically survive hyperoxia exposure with steady improvement
in lung morphology. In contrast, FGF10 heterozygous mice
exposed to hyperoxia following birth have more severe
defects in alveolar development with 100% mortality. FGF10
heterozygous mice also have abnormal alveolar epithelial
differentiation following hyperoxia with increased AT1 cells
and reduced AT2 cell number. Reduction in AT2 cells could
both impact surfactant production and lung compliance
and prevent normal repair of alveolar structures following
injury.

ROLE OF FGF10 IN AIRWAY INJURY
AND REPAIR

Consistent with its role in airway morphogenesis, AT2 cell
differentiation, and airway basal cell maintenance, FGF10
drives lung repair following various injuries. Pretreating
adult rats with intratracheal FGF10 improves the recovery
following high volume mechanical ventilation (Bi et al.,
2014), altitude-associated hypoxia (She et al., 2012), bacterial
endotoxin/sepsis (Tong et al., 2014), and ischemia/reperfusion
(Fang et al., 2014). Most of these effects are thought due
to increased AT2 expansion and/or differentiation. FGF10
also reduces bleomycin-induced lung fibrosis, potentially
through its AT2 protective effects (Gupte et al., 2009). Large
airway repair may involve a different mechanism. Following
naphthalene treatment, activation of the basal cell niche
in the trachea and large airways is required for epithelial
repopulation and differentiation (Volckaert et al., 2017).
Epithelial Myc and Yap activity stimulate mesenchymal
FGF10 expression during the repair process, likely through
Wnt ligands. Data in this study suggested overstimulation
of this pathway might also lead to pathological airway
changes.

RATIONALE FOR THERAPEUTIC
APPROACHES

Because of its important roles in structural morphogenesis,
epithelial differentiation, and protection from injury, FGF10 is
an intriguing target for preventing and treating lung disease.
Unfortunately, early human studies have so far failed to show
a benefit of FGF10 in treating venous ulcers, mucositis, or
ulcerative colitis (Sandborn et al., 2003; Plichta and Radek,
2012). As FGF10 is expressed by some cancer cell lines and
can promote cell migration and proliferation, consideration
of tumorigenic potential in preclinical studies will be critical
(Sugimoto et al., 2014). Delivery of FGF10 into the correct
biochemical HSPG containing microenvironment may represent
a difficult therapeutic challenge. Compared to other FGF family
members, FGF10 has unique HSPG binding characteristics with
limited mobility when bound to the cell surface (Sun et al.,
2016). In addition, the different relative activities of FGF10
and FGF7 may be due to their distinct HSPG interactions
(Makarenkova et al., 2009). Other strategies could involve
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molecular and pharmacologic approaches aimed at increasing
FGF10 expression and/or release. We now have multiple
experimental animal lung disease models for testing these
effects across the lifespan. Because constitutive overexpression
of FGF10 during development can lead to dramatically
altered lung morphogenesis (Gonzaga et al., 2008), the
most effective approaches will likely promote the beneficial
effects of FGF10 in the diseased lung while maintaining
the complex regulatory mechanisms necessary for organ
homeostasis.
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Background: Duodenal atresia (DA) is a congenital obstruction of the duodenum,
which affects 1 in 7000 pregnancies and requires major surgery in the 1st days of
life. Three morphological DA types are described. In humans, the association between
DA and Down syndrome suggests an underlying, albeit elusive, genetic etiology. In
mice, interruption of fibroblast growth factor 10 (Fgf10) gene signaling results in DA
in 30–50% of embryos, supporting a genetic etiology. This study aims to validate the
spectrum of DA in two novel strains of Fgf10 knock-out mice, in preparation for future
and translational research.

Methods: Two novel CRISPR Fgf10 knock-out mouse strains were derived and
embryos generated by heterozygous plug-mating. E15.5–E19.5 embryos were
genotyped with respect to Fgf10 and micro-dissected to determine the presence and
type of DA.

Results: One twenty seven embryos (32 wild-type, 34 heterozygous, 61 null) were
analyzed. No wild-type or heterozygous embryos had DA. However, 74% of Fgf10 null
embryos had DA (49% type 1, 18% type 2, and 33% type 3).

Conclusion: Our CRISPR-derived strains showed higher penetrance of DA due
to single-gene deletion of Fgf10 in mice than previously reported. Further, the DA
type distribution in these mice more closely reiterated that observed in humans.
Future experiments will document RNA and protein expression of FGF10 and its key
downstream signaling targets in normal and atretic duodenum. This includes exploitation
of modern, high-fidelity developmental tools, e.g., Fgf10flox/+_tomatoflox/flox mice.

Keywords: duodenal obstruction, congenital intestinal atresia, fibroblast growth factor 10, morphogenesis,
models, animal, CRISPR-Cas systems

INTRODUCTION

Duodenal atresia (DA) is an important congenital cause of bowel obstruction in newborns. Often
diagnosed prenatally on ultrasound scan or postnatally on abdominal radiograph, it requires
intensive care after birth and major surgery in the 1st days of life. Three morphological types of
DA are described, reflecting increasing degrees of obstruction and discontinuity; type 1: bowel
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continuity but luminal obstruction or stenosis, type 2: bowel
discontinuity with a connecting “bridge” of tissue, and type 3:
bowel discontinuity with complete separation (Skandalakis and
Gray, 1994). While modern surgical and neonatal management
of DA achieves survival in more than 95% of cases (Khan
et al., 2017), the embryological etiology of this condition remains
an unanswered question amongst researchers, clinicians and
patients’ families.

In 1900, the Viennese anatomist Julius Tandler meticulously
studied 11 human embryos with apparently normal gut, and
theorized that the duodenum underwent a normal “solid cord”
phase during development, secondary to exuberant endodermal
(epithelial) growth. Further, he suggested failure of this proposed
cord to re-canalize accounted for DA (Tandler, 1900). At the
time, Tandler himself cautiously stated, “It is clear to me that
the opinion represented here does not exceed the status of a
new hypothesis, and is not meant to exceed this” (Nichol et al.,
2011). Despite this caution, Tandler’s theory was rapidly and
widely adopted as dogma, and went largely unchallenged for
many years. Merrot et al. (2006) were amongst the first to
counter the “recanalization theory,” asserting that it failed to
explain the different morphological types and other variability
seen in humans with DA. Furthermore, clinical reports have
suggested a genetic basis for DA, with an autosomal recessive
inheritance pattern reported for some cases (Berant and Kahana,
1970; Gross et al., 1996; Lambrecht and Kluth, 1998), and the
well-recognized association with Down syndrome (Trisomy 21),
which occurs in approximately one fifth of DA cases (Khan et al.,
2017).

Fairbanks et al. (2004) were the first to report a link
between DA and fibroblast growth factor (FGF) pathways in
mice, specifically fibroblast growth factor 10 (FGF10) and its
receptor fibroblast growth factor receptor 2b (FGFR2b). The
FGF family of signaling molecules composed of at least 22
members involved in different aspects of organogenesis (Ornitz
and Itoh, 2001), of which FGF10 is associated with instructive
mesenchymal/epithelial interactions, occurring during budding
and branching morphogenesis. The homozygous deletion of
the Fgf10 gene results in mice which are non-viable after
birth due to lung agenesis, also exhibiting defects of the
limbs, anterior pituitary gland, salivary glands, inner ear,
teeth, skin, and skull (De Moerlooze et al., 2000; Mailleux
et al., 2002). Since 2004, several reports have highlighted
the importance of the FGF10-FGFR2b signaling pathway in
DA as well as other congenital gut malformations such as
caecal atresia (Kanard et al., 2005; Fairbanks et al., 2006;
Nichol et al., 2011; Botham et al., 2012; Reeder et al.,
2012).

We report here our experiences with an Fgf10 knock-out
mouse model, the strains for which were developed using
novel CRISPR/Cas9 techniques. Our investigations to
date have focused upon characterization of these strains,
with a view toward hypothesis-driven determination of
the genetic etiology of DA. Herein, we also discuss our
future directions and investigations, which aim to make
optimal use of modern and powerful developmental biology
tools.

MATERIALS AND METHODS

Mouse Strain Derivation
Mutant animals were produced via CRISPR/Cas9 injection
of C57/Bl6 oocytes by Monash University as a node of the
Australian Phenomics Network (APN). In contrast to Yasue et al.
(2014), who used CRISPR technique to target exon 1 of the Fgf10
gene, our strains were derived using RNA guides targeting exon
3, designed with the aim of minimizing “off-target” events.

Thus, two novel murine strains were developed, the first with a
7 bp duplication and 140 bp deletion (B6-Fgf10<c.[464_470dup;
506_645del]APNMu>), and the second with a 13 bp deletion
(B6-Fgf10<c.495_507delAPNMu>) (Eppig et al., 2006). These
strains are coined here as “tm1” (464_470dup; 506_645del) and
“tm2” (495_507del), respectively.

Animal Husbandry and Mating Strategies
Mice were maintained in a temperature- (24◦C) and lighting-
(14:10 h light-dark cycle) controlled room with free access to
food and water within the accredited, institutional animal facility,
and cared for in strict adherence with animal welfare and ethical
requirements.

To establish breeding colonies for each strain, wild-type and
heterozygous mice were mated, and liveborn pups genotyped
to inform successive matings; see genotyping protocols below.
Fgf10 mutation is fatal in its homozygous (null) form due
to lung agenesis (Sekine et al., 1999). Therefore, heterozygous
plug-mating was reserved for experimental use only, with the
aim of generating null, heterozygous, and wild-type embryos.
For these experimental matings, pregnant dams were humanely
culled at timed gestations to provide timed embryos ranging from
E15.5 to E19.5.

Mouse Strain Genotype Characterization
Animals were genotyped by PCR analysis of DNA,
extracted from tail or ear clippings. For the tm1
strain, a common forward primer was used (5′-
GGAGTGTAGATCATTACATGGC-3′) with a tm1-specific
reverse primer (5′-GTGAGGATACCATCTCTTTCTGTCC-3′)
to produce a wild-type allele of 348 bp and mutant allele
of 215 bp. For tm2, the same forward primer was used (5′-
GGAGTGTAGATCATTACATGGC-3′) with the tm2-specific
reverse primer (5′-GAATTCAGGGCTATGTCTTTGC-3′)
producing a wild-type allele of 242 and 148 bp (390 bp before
Nsi1 digestion) and mutant allele of 377 bp. The full details of
DNA extraction and standard PCR protocols used are provided
as Supplementary Material.

RNA and RT-qPCR Analysis
Total RNA was extracted using the RNeasy mini column
(Qiagen, Cat: 74104), treated with DNase I (Qiagen, Cat:
79254), and the concentration was determined using
NanoDrop spectrophotometer (Thermo Scientifics, 2000).
Complementary DNA (cDNA) was synthesized using Bio-Rad
iScript Advanced cDNA kit (Bio-Rad, Cat: 170-8842). Gene
expression (2 µl of cDNA) was measured by GoTaq qPCR
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(Promega, Cat: A6001) for real time quantitative polymerase
chain reaction (RT-qPCR). Nucleotide sequences for Fgf10
mRNA (Fw 5′-CACCTATGCATCTTTTAACTGGC-3′)
(Rv 5′-TCTATGTTTGGATCGTCATGGGG-3′) was used
and expression was normalized to Rpl32 (Fw 5′-GAGG
ACCAAGAAGTTCATCAGG-3′) (Rv 5′-CATTGTGGACCAGG
AACTTGC-3′). The results were analyzed using the 7500 SDS
software and relative expression was calculated to determine
the fold change. Statistical analysis was performed in Prism 7.0
(GraphPad Software). Error bars on the results are presented
as a standard error of the mean (SEM), and a p-value of <0.05
was considered significant. Statistical significance was evaluated
using Student’s unpaired t-test. The full details of RT-qPCR
protocols used are provided as Supplementary Material.

Mouse Strain Phenotype
Characterization
Embryos of gestation E15.5–E19.5 were humanely collected,
culled and micro-dissected, during which key phenotypic features
were recorded using bright-field microscopy. Greatest attention
was shown to the morphology of the foregut, and determination
made as to the presence and type of DA where applicable.
Where ambiguous, duodenal morphology, and patency was
further investigated using either wholemount immunostaining or
paint-filling as adapted from techniques to delineate embryonic
murine inner ear morphology (Morsli et al., 1998). The entirety
of the duodenum from the pylorus to the duodenojejunal flexure
was preserved intact, with back-light microscopy to confirm
patency. Duodenal type was determined by consensus of two
investigators at the time of dissection, and then representative
images secondarily re-assessed independently by two or more
authors blinded to the original type determination to provide
internal validation.

Ethical Considerations
Ethics approval for the experiment was granted from the
Murdoch Children’s Research Institute (MCRI) Animal Ethics
Committee (#A792), and the MCRI Institutional Biosafety
Committee (#215-2014 PC1 NLRD).

RESULTS

Population
A total of 280 embryos were collected for this study (144 tm1 and
136 tm2 embryos).

Of the 144 tm1 strain embryos, genotyping determined 42
(29.2%) embryos to be wild-type, 74 (51.4%) heterozygous, and
28 (19.4%) Fgf10 null embryos. With respect to gestation, 70
embryos were collected at E15.5, 32 at E16.5, 23 at E17.5, and 19
at E18.5. In total, 67 tm1 embryos were further micro-dissected,
that being 20 wild-type, 19 heterozygous, and all 28 Fgf10 null
embryos.

Of the tm2 strain embryos, genotyping determined 35 (25.7%)
embryos to be wild-type, 68 (50%) heterozygous, and 33 (24.3%)
Fgf10 null embryos. Eighteen embryos were collected at E15.5, 29

at E16.5, 25 at E17.5, 48 at E18.5, and 16 at E19.5. In total, 60 tm2
strain embryos were micro-dissected, that being 12 wild-type, 15
heterozygous, and all 33 Fgf10 null embryos.

Genotype Characterization
The product from classic PCR genotyping confirmed expected
genetics according to the tm1 and tm2 mutations (Figure 1A).
The PCR product for each strain was formally sequenced
to confirm correct action of the primers in each protocol.
Semiquantitative PCR showed RNA expression for heterozygote
and Fgf10 null embryos in both tm1 and tm2 strains (Figure 1A).
With wild-type litter mates providing controls for Fgf10 gene
expression in both strains, the heterozygous embryos expressed
approximately half the Fgf10 (tm1 = 42.29% and tm2 = 51.16%),
and no expression was seen in Fgf10 null embryos.

General Phenotype Characterization
The general phenotype of both tm1 and tm2 strain Fgf10
null embryos was consistent with previously reported Fgf10
knock-out mouse strains (Sekine et al., 1999; Sala et al., 2011;
Teshima et al., 2016). These Fgf10 null embryos demonstrated
characteristic lack of limbs and smaller than normal body size
(Figures 1B,C), abnormal facies (Figure 1C), lung agenesis
(Figures 1D–F) anomalous tracheal rings (Figure 1F), and
caecal atresia (Figure 1G). Expected (i.e., normal) changes in
organ morphology during development notwithstanding, these
abnormalities in general phenotype were represented at all
gestational ages of Fgf10 null embryos assessed. Further, as
our experimental question and aim placed primary focus on
abdominal foregut morphology, we did not undertake detailed
comparisons of these general phenotypic features during Fgf10
null embryo development, e.g., between tm1 and tm2.

The general phenotype of tm1 and tm2 Fgf10 heterozygotes
mirrored that of wild-type (i.e., normal) litter mates, including
morphologically normal limb buds, bilateral and branched lungs,
normal appearance of tracheal rings and no caecal atresia. Finally,
whilst the morphology and ultrastructure of some organs in Fgf10
heterozygous mice is known to be abnormal (Jaskoll et al., 2005;
El Agha et al., 2012), these were not formally assessed for the
tm1 and tm2 strains, with the exception of foregut morphology
as detailed below.

Duodenal Phenotype Characterization
Wild-type litter mates provided controls for normal gastric,
pyloric, and duodenal morphology (Figure 2A). Without
exception, Fgf10 heterozygous embryos also demonstrated
normal gastroduodenal morphology (Figures 2B,C), as distinct
from Fgf10 null embryos.

Of 61 Fgf10 null embryos, 45 (74%) demonstrated DA. With
DA observed in 21 (75%) of tm1, and 24 (73%) of tm2 Fgf10
null embryos. Fgf10 null embryos without DA did, however,
demonstrate microgastria, which was a universal phenotypic
feature for the Fgf10 null cohort (Figures 2D,E). Both tm1 and
tm2 strains provided examples for all three DA types: tm1 with
9 (43%) type 1, 4 (19%) type 2, and 8 (38%) type 3 DA; tm2
with 13 (54%) type 1, 4 (17%) type 2, and 7 (29%) type 3 DA
(Figures 2F–K). The small sample sizes for each strain precluded
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FIGURE 1 | Genotype and general phenotype characterization. (A) Product from standard and RT-qPCR shows genotyping and RNA expression for both tm1 and
tm2 strains. (B) General phenotype of a representative Fgf10 null embryo (left embryo) with the expected lack of limbs and smaller than body-size when compared
with wild type litter mate (right embryo). Fgf10 null embryos also demonstrated: abnormal facies (C), lung agenesis (D–F), anomalous tracheal rings (F), and caecal
atresia (G). Arrows highlight features of interest. Gestational ages for panels B–G are as stated. #p-value < 0.001, comparing either Fgf10 heterozygous or null mice
to their wild-type littermates using Student’s t-test.

meaningful comparison of relative type frequency between the
strains and gestational ages.

Duodenal atresia in Fgf10 null embryos reiterated the type
morphology of DA in humans. In each case, the morphology
of DA was recognizably distinct from the physiological luminal
narrowing at the junction between the stomach and duodenum,
i.e., pylorus (Figures 2A–E). Type 1 DA is characterized in these
examples (Figures 2F,G) by continuity of the outer (serosal)
aspect of the fetal gut wall, whilst the lumen is obstructed by a
web at the site of atresia. Other examples of type 1 DA (not shown
in Figure 2) demonstrate stenosis of the gut lumen, such that
the lumen is notably and abnormally narrowed, whilst epithelial
continuity persists. Type 2 DA (Figures 2H,I,M) represents a
more severe duodenal anomaly, in which the gut wall and lumen
are discontinuous, albeit a bridge or span of tissue maintains

a physical connection between the two ends. Finally, type 3
DA (Figures 2J–L) is the most severe duodenal phenotype,
recognized here by complete disconnection of the atretic gut
ends.

Other Intestinal Phenotype
Characterization
Given the recognized association between DA and esophageal
atresia in humans, DA-affected Fgf10 null embryos were
analyzed for esophageal continuity. Figure 2L (tm1) and
Figure 2M (tm2) provide representative images of the
universally intact esophagus for these embryos, i.e., no
esophageal atresia. The 100% penetrance of caecal atresia
in tm1 and tm2 Fgf10 null embryos has been noted
above.
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FIGURE 2 | Duodenal phenotype characterization. Normal gastric, pyloric, and duodenal morphology was demonstrated by wild type embryos (A), as well as Fgf10
heterozygous embryos for tm1 (B), and tm2 (C) strains. Null Fgf10 embryos universally demonstrated microgastria, but duodenal morphology varied according to
presence and type of DA. Null embryos provided examples of: normal continuity and morphology of the duodenum for tm1 (D) and tm2 (E); type 1 DA, tm1 (F) and
tm2 (G); type 2 DA, tm1 (H) and tm2 (I); and type 3 DA, tm1 (J) and tm2 (K). (L) Type 2 DA demonstrating a “double bubble” with significantly dilated proximal
duodenum; tm2. (M) Type 3 DA demonstrating an intact esophagus, in the presence of tracheal atresia; tm1. Annotations denote genotype, scale bars, and location
of pylorus, P. Arrows indicate location atresia in type 1 DA and type 2 DA examples. Gestational ages for each panel are as stated.

DISCUSSION

A Necessary Model
A limited understanding of the etiology of DA presently restricts
the design and assessment of strategies to prevent or ameliorate
the phenotype of DA in humans. As it is not possible to directly

investigate the pathogenesis of DA in human embryos, a suitable
animal model is required to advance knowledge toward such
translation. Although the association between DA and Down
syndrome is the best understood genetic link with DA in humans,
the animal models for Down syndrome are not applicable here
as they universally fail to demonstrate DA or indeed any other
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Trisomy 21-associated gastrointestinal abnormalities (Delabar
et al., 2006).

Like Trisomy 21 in humans, interruption of FGF10/FGFR2b
signaling is the best demonstrated genetic link to DA in mice
(Fairbanks et al., 2004; Kanard et al., 2005; Botham et al., 2012;
Reeder et al., 2012). Despite this, mice lacking expression of either
Fgf10 or its receptor gene did not provide a promising model
for future study due to relatively poor penetration of the DA
phenotype with DA present in only 35–45% (Fairbanks et al.,
2004; Kanard et al., 2005; Botham et al., 2012; Reeder et al., 2012).
Further, these strains failed to reiterate in mice the full spectrum
and distribution of DA types seen in humans within a single strain
with, at times, unexplained contradiction in the distribution of
DA types demonstrated (Kanard et al., 2005; Reeder et al., 2012).

An Improved and Promising Model
The DA penetrance and types evident in our novel
CRISPR-derived, Fgf10 knockout mouse strains, reported
here as tm1 and tm2, represent an important and positive
development in the field. In distinction to previous reports, our
novel Fgf10 null embryo strains demonstrate both a significantly
higher penetrance (74%), as well as examples for all three
morphological types of DA.

The basis for the differences in DA penetrance and DA type
distribution between our and previously reported Fgf10 knockout
mouse strains remains unclear. The strains are of consistent
background, namely C57/Bl6 (Fairbanks et al., 2004; Kanard
et al., 2005), and whilst the genetics differ, each represents a
nonsense mutation (Eppig et al., 2006). The exact genetics, and
its interplay on downstream targets, may well be playing a
role in penetration of the DA phenotype. Interestingly, Reeder
et al. (2012) observed that the addition of haploinsufficiency
of retinaldehyde dehydrogenase 2 (Raldh2 ±) to Fgfr2IIIb
homozygous null embryos resulted in a reduced penetrance of
DA, accompanied by a less severe DA phenotype. Of note, type
2 DA was evident in Fgfr2IIIb(−/−); Raldh2(±) but not in
Fgfr2IIIb(−/−) mouse embryos (Reeder et al., 2012). Reeder
et al. (2012) results could be interpreted as demonstrating a
relationship between DA penetrance and type distribution in
the murine model. If this were so, a model demonstrating all
DA types might be expectedly undermined by weak penetrance.
However, our results demonstrate both improved penetrance as
well as expression of all three DA types, affirming applicability
of the tm1 and tm2 strains presented here as a promising model
of DA.

Whilst the performance of the tm1 and tm2 strains is
enhanced, neither strain demonstrated complete penetrance
of DA. Incomplete penetrance of the duodenal phenotype
is distinct from other phenotypic features of Fgf10 null
embryos, which demonstrate complete penetrance, e.g., absent
limbs, absent lungs, and caecal atresia. Presently undefined
developmental differences notwithstanding, we consider the
incomplete penetrance of DA indicates redundancy in the
requirements for “normal” duodenal morphogenesis. As such,
tm1 and tm2 Fgf10 null embryos without DA provide a rich
population for future study, to discern signature signaling
differences when compared with wild-type, heterozygote and

DA-affected Fgf10 null embryos. Understanding such differences
may reveal key etiological components responsible for DA,
as well as attributes for exploitation in future translations to
achieve normal duodenal development in humans with a genetic
predisposition to DA.

A Hypothesis-Driven and Disciplined
Model
Fundamentally, we hypothesize that the etiology of DA in
humans is genetic, with the causative genetic changes located
downstream of the FGF10/FGFR2b signaling pathway. This
downstream locus may account for the incomplete penetrance
of DA in the murine model as discussed previously. Further,
interruption of downstream signaling may account for both the
lack of either FGF10 or FGFR2b gene deletion in human DA cases
previously screened for this (Tatekawa et al., 2007), as well as
the absence of non-survivable associations of FGF10 deletion in
humans with DA, such as pulmonary agenesis.

However, before we may begin to scrutinize and develop
this hypothesis within our Fgf10 knockout model, our rigor
must be first directed to gaining a better understanding
of the temporo-spatial expression patterns relevant to the
Fgf10/Fgfr2b signaling pathway in the murine fore and midgut.
Existing similar expression patterns have focused on the more
anterior foregut (Nyeng et al., 2007, 2008), the question of
gut boundary regionalization (as reviewed in San Roman and
Shivdasani, 2011), or lacked sufficient temporo-spatial resolution
to adequately inform further investigation within our DA
model (Fon Tacer et al., 2010). To understand the expression
pattern of Fgf10 in the developing duodenum, we plan to
exploit the fidelity and imaging possibilities afforded by the
Fgf10CreERT2_tomatoflox/flox [B6-Fgf10<tm1.1(cre/ERT2)Sbel>
Gt(ROSA)26Sor<tm9(CAG-tdTomato)Hze>] and Fgf10flox/

+_tomatoflox/flox [B6.Fgf10<tm1.2 Sms>] mouse strains (El
Agha et al., 2012). Using these powerful developmental biology
tools, we will assess stage- and tissue-specific expression of Fgf10,
and correlate this with coincident expression patterns for Fgfr2b
and their collective downstream targets. Expression patterns will
be assessed using immunohistochemistry, as well standard and
quantitative PCR methods.

Having established normal expression patterns, we will then
be able to compare and contrast expression of the same signaling
pathway components in tm1 and tm2 Fgf10 heterozygote and
Fgf10 null embryos, both those with and without DA. The use
of staged-gestation embryos, including embryos from earlier
gestation than the previous threshold of E15.5, will allow
us to determine when and how in development molecular
divergence between these genetically distinct mice arises. These
temporo-spatial molecular characteristics will then be correlated
with concurrent normal or abnormal morphogenic changes in
the developing duodenum.

A Testable and Translational Model
The ultimate aim of our DA research is to identify targets
for translational therapies to prevent or ameliorate DA in
humans. In humans, DA is associated with a wide range of
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associated anomalies, the presence of which negatively impact
prognosis (Hemming and Rankin, 2007; Choudhry et al.,
2009). We have established an ethics-approved (#DB077)
clinical database for all children managed with DA at The
Royal Children’s Hospital, Melbourne since 2000. Within
this cohort of more than 100 DA patients (unpublished
data), we have identified a thought-provoking subset with
associated anomalies akin to Fgf10-Fgfr2b signaling-related
defects, namely craniofacial, limb and lung anomalies (Sekine
et al., 1999; De Moerlooze et al., 2000; Teshima et al., 2016).
We consider this human subset to be at particular “risk” of
an underlying genetic changes impacting the FGF10/FGFR2b
signaling pathway, and plan to undertake detailed clinical
genetic phenotyping and exon sequencing of phenotypically
homogenous patient groups. Candidate mutations thus identified
will be tested by introducing these variants into mice using
CRISPR, and confirming whether this (or these) mutations
do indeed generate DA in these increasingly bespoke murine
models. Moreover, a putative genetic mutation (or mutations)
responsible for DA would represent a landmark development
in the understanding of normal gut morphogenesis and DA,
opening the door to superior genetic and antenatal counseling,
as well as potential future therapies for DA-affected fetuses and
families.
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During organogenesis and pathogenesis, fibroblast growth factor 10 (Fgf10) regulates
mesenchymal cell differentiation in the lung. Different cell types reside in the developing
lung mesenchyme. Lineage tracing in vivo was used to characterize these cells
during development and disease. Fgf10-positive cells in the early lung mesenchyme
differentiate into multiple lineages including smooth muscle cells (SMCs), lipofibroblasts
(LIFs) as well as other cells, which still remain to be characterized. Fgf10 signaling
has been reported to act both in an autocrine and paracrine fashion. Autocrine
Fgf10 signaling is important for the differentiation of LIF progenitors. Interestingly,
autocrine Fgf10 signaling also controls the differentiation of pre-adipocytes into mature
adipocytes. As the mechanism of action of Fgf10 on adipocyte differentiation via
the activation of peroxisome proliferator-activated receptor gamma (Pparγ) signaling
is quite well established, this knowledge could be instrumental for identifying drugs
capable of sustaining LIF differentiation in the context of lung injury. We propose that
enhanced LIF differentiation could be associated with improved repair. On the other
hand, paracrine signaling is considered to be critical for the differentiation of alveolar
epithelial progenitors during development as well as for the maintenance of the alveolar
type 2 (AT2) stem cells during homeostasis. Alveolar myofibroblasts (MYFs), which are
another type of mesenchymal cells critical for the process of alveologenesis (the last
phase of lung development) express high levels of Fgf10 and are also dependent for
their formation on Fgf signaling. The characterization of the progenitors of alveolar MYFs
as well the mechanisms involved in their differentiation is paramount as these cells are
considered to be critical for lung regeneration. Finally, lineage tracing in the context
of lung fibrosis demonstrated a reversible differentiation from LIF to “activated” MYF
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during fibrosis formation and resolution. FGF10 expression in the lungs of idiopathic
pulmonary fibrosis (IPF) vs. donors as well as progressive vs. stable IPF patients
supports our conclusion that FGF10 deficiency could be causative for IPF progression.
The therapeutic application of recombinant human FGF10 is therefore very promising.

Keywords: Fgf10, lung, lipofibroblasts, alveolar myofibroblasts, fibrosis

INTRODUCTION

Fibroblast growth factor 10 is a member of the Fgf7 subfamily
of secreted growth factors. Fgf10 is mostly secreted by the
mesenchyme and acts on the epithelium via the Fgfr2b and Fgfr1b
receptor (Ornitz and Itoh, 2015). Fgf10 deletion in mice leads
to aborted limb development as well as perinatal lethality due
to impaired lung development. This phenotype is shared with
Fgfr2b knockout embryos indicating that Fgf10 acts mostly via
Fgfr2b during organogenesis (Sekine et al., 1999; De Moerlooze
et al., 2000).

Fibroblast growth factor 10 also contributes to the formation
of the white adipose tissue and the associated mammary gland
as well as the heart, liver, brain, kidney, prostate, cecum,
ocular and salivary glands, thymus, inner ear, tongue and
trachea (Itoh and Ohta, 2014). In the developing lung, Fgf10
expression is detected at the onset of the pseudoglandular
stage (embryonic day (E) 9.5-E16.5), as early as E10, when
the primary bronchi are formed. Fgf10 expression in the distal
mesenchyme between E10 and E12.5 coincides with epithelial
bud formation suggesting that this growth factor plays a key
role during branching morphogenesis. Interestingly, at E10,
the rudiments of the two primary bronchi are clearly visible
in the lungs of Fgf10 KO embryos suggesting that Fgf10
is dispensable for the very initial step of lung development
involving the formation of the two primary lung buds from
the ventral foregut endoderm. At E13.5, Fgf10 expression is
found ubiquitously throughout the mesenchyme and its role
in guiding the branching process is not clear (Bellusci et al.,
1997). Its widespread spatial expression suggests that Fgf10
plays a permissive more than an instructive role during the
branching process. It is very likely that other players such as
heparan sulfate proteoglycans, which have a high affinity for
Fgf10 as well as other growth factors, are interacting with
Fgf10 to restrict its activity distally in order to control the
branching process. For details on Fgf10 signaling per se, we
refer to other mini-reviews also published as part of this
special issue (Ndlovu et al., 2018; Watson and Francavilla,
2018). During the subsequent stages of mouse development
(canalicular: E16.5 to E17.5, saccular: E17.5 to postanatal day
(P) 5; alveolar: P5 to P28), Fgf10 is still significantly expressed
suggesting that Fgf10 could play multiple roles beyond the

Abbreviations: Adrp, Adipose differentiation-related protein; ASMC, Airway
smooth muscle cell; AT1, Alveolar type 1; AT2, Alveolar type 2; Fgf10, Fibroblast
growth factor 10; Fgfr2b, Fibroblast growth factor receptor 2 b; LIF, Lipofibroblast;
miR, microRNA; MYF, Myofibroblast; Pdgfrα, Platelet derived growth factor
receptor alpha; Pparγ, Peroxisome proliferator-activated receptor gamma; PthrP,
Parathyroid hormone related protein; RA, Retinoic acid; SHF, Second heart field;
Tgfβ1, Transforming growth factor beta 1; VSMC, Vascular smooth muscle cell.

pseudoglandular stage not only in the epithelium, but also
directly or indirectly in the mesenchyme. This last aspect in
particular has been widely ignored, yet may hold the key
to potential therapeutic interventions to treat human lung
diseases.

DIFFERENT MESENCHYMAL CELL
TYPES EXIST IN THE DEVELOPING
LUNG MESENCHYME

The embryonic lung mesenchyme displays many different
types of cells such as chondrocytes, airway smooth
muscle cells (ASMCs), vascular smooth muscle cells
(VSMCs), nerve cells, endothelial cells, lipofibroblasts
(LIFs), lymphatic cells, alveolar myofibroblasts (MYFs) and
cells that are uncharacterized previously. Altogether these
cells play important roles during embryonic development
(Figure 1A) as well as homeostasis in the post-natal stages
(for more details on this topic please see El Agha et al.,
2014).

FGF10 REGULATES MESENCHYMAL
CELL DIFFERENTIATION IN THE LUNG

Ramasamy et al. (2007) demonstrated that Fgf10 hypomorphic
embryos (displaying around 20% of the normal Fgf10 expression)
exhibited major defects in different mesenchymal cell types.
Those include ASMCs, endothelial cells and alveolar MYFs. As
Fgf10 acts mostly on the epithelium via the fibroblast growth
factor receptor 2b (Fgfr2b), some of these defects could be due
to impaired epithelial to mesenchymal interactions. However, it
was also reported that Fgf10 acts directly on the mesenchyme
to control the differentiation of LIF progenitors (Al Alam et al.,
2015). In the following sections, we will delineate what is known
about the formation of the different mesenchymal cell lineages
in the lung and further develop the function of Fgf10 in this
context.

LINEAGE TRACING IN VIVO HAS BEEN
USED TO CHARACTERIZE DIFFERENT
MESENCHYMAL LINEAGES DURING
LUNG DEVELOPMENT

The secondary heart field (SHF), a cell set contributing
progressively to the poles of the elongating heart tube during
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FIGURE 1 | (A) Schematic of the cells in the distal part of the lung at E13.5 showing the different lung domains including the mesothelium (meso), the submesothelial
mesenchyme (SMM), the subepithelial mesenchyme (SEM), the epithelium (epi) and the position of the different mesenchymal cell progenitors located at this stage.
(B) Interaction between AT2 and LIF. LIF produce leptin and triglycerides that are essential for surfactant production. The Pthrp/ Pparγ axis is critical for LIF formation
and maintenance. (C) Fgf10-positive cells lineage-traced at E11.5 and analyzed at E18.5. (D) Fgf10 acts directly on the mesenchyme to induce the differentiation of
LIF progenitors. Tgfβ1 antagonizes this differentiation (adapted from El Agha et al., 2014; Al Alam et al., 2015; Chao et al., 2015). (E) Table summarizing the cell
types expressing Fgf10 in the lung during development and disease. IPF, Idiopathic pulmonary fibrosis; PH, pulmonary hypertension.

looping morphogenesis, was recently described as a source of
multipotent cardiopulmonary progenitors and is identified and
defined by the co-expression of Wnt2, Gli1 and Isl1 (Peng
et al., 2013). These cells migrate into the lung and differentiate
into vascular and airway SMCs as well as other lineages. Fate-
mapping of platelet derived growth factor receptor beta (Pdgfrβ)-
positive cells showed that VSMCs do not arise from mesothelial
but rather from mesenchymal progenitor cells (Greif et al.,
2012). Two studies using animal models published contradicting

results. The first study using the Wilms tumor 1 homolog (Wt1)-
Cre transgenic line, showed that the mesothelium contains
progenitors for vascular but not airway SMCs (Que et al.,
2008). On the other hand, the second study showed, using the
inducible Wt1Cre−ERT2/+ knock-in mice, that the mesothelium
is a source of airway and vascular SMCs as well as desmin-
positive fibroblasts (Dixit et al., 2013). More work will have
to be done to clarify the contribution of the mesothelium to
the SMC lineages during development. Endothelial progenitors
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express fetal liver kinase 1 (Flk-1 or Vegfr2) (Yamaguchi
et al., 1993; Kappel et al., 1999; del Moral et al., 2006a,b)
whereas lymphatic cells arise from prospero homeobox protein
1 (Prox1)-positive progenitor cells (Srinivasan et al., 2007).
Finally, nerve cells originate from the neural crest and are
marked by receptor tyrosine kinase expression (Langsdorf et al.,
2011).

FGF10-POSITIVE CELLS IN THE EARLY
LUNG MESENCHYME DIFFERENTIATE
INTO MULTIPLE LINEAGES

Mailleux et al. (2005) previously utilized the transgenic reporter
line Mlcv1v-nLacZ-24 (or simply Fgf10lacZ) to demonstrate
that Fgf10-positive cells serve as progenitors for ASMCs
in the distal lung during early development. These results
were validated using an Fgf10Cre−ERT2 knock-in line (El
Agha and Bellusci, 2014). Lineage labeled Fgf10-positive
cells mainly differentiates into the airway and vascular SMC
and the LIF lineages (El Agha et al., 2014; Figures 1C,E).
However, it is still unclear whether this population of Fgf10-
positive mesenchymal progenitor cells contains unipotent or
multipotent progenitor cells. The progeny of Fgf10-expressing
cells needs to be analyzed using single-cell transcriptomic
approaches as well as multi-color Cre-reporter mice to
better characterize these progenitor cells. During the early
pseudoglandular stage, Fgf10 itself is not acting on the ASMCs
to control their differentiation. It has been proposed that
bone morphogenetic protein 4 (Bmp4), which is induced
by Fgf10 in the distal epithelium, is responsible for their
differentiation (Mailleux et al., 2005). In addition, it has
been shown that β-catenin signaling in the mesenchyme
does not contribute to the differentiation of Fgf10-positive
progenitors but rather to their proliferation (De Langhe et al.,
2008). More recently, miR-142-3p, a miR that is enriched
in the mesenchyme, was reported to target adenomatous
polyposis coli (Apc), a gene encoding a negative regulator of
β-catenin. Upregulated Apc expression in the lung mesenchyme
upon miR-142 knock down using morpholinos leads to the
inhibition of mesenchymal proliferation and premature SMC
differentiation. The corresponding loss of mesenchymal
β-catenin signaling in the mesenchyme was associated
with decreased Fgfr2c and Fgf10 expression (Carraro et al.,
2014).

LIF-DERIVED FGF10 AND AT2 STEM
CELL HOMEOSTASIS

Lipofibroblasts are adipocyte-like fibroblasts located close to AT2
stem cells (O’Hare and Sheridan, 1970; Vaccaro and Brody,
1978). It has recently been suggested that LIFs represent a
special niche for AT2 stem cells. LIFs are likely important for
AT2 stem cell homeostasis and express high levels of Pparg,
Adrp and Pthrp receptor (PthrpR) (Habiel and Hogaboam, 2017).
LIFs also contribute to the maturation of alveolar epithelial

cells and the formation of surfactant, a phospholipoprotein
complex produced by AT2 cells involved in the reduction
of surface tension (Rehan et al., 2005). The growth of AT2
stem cells in Matrigel to form alveolosphere-like structures is
drastically enhanced when co-cultured with LIFs (Barkauskas
et al., 2013). The role that LIFs play under these conditions
remains unclear. As previously described, LIFs (or at least
a subset of them) are derived from Fgf10-positive cells (El
Agha and Bellusci, 2014). Interestingly, a significant proportion
of the LIFs in the post-natal lungs are positive for Fgf10
expression (Al Alam et al., 2015). It is possible that Fgf10
secreted by the LIFs is needed for the maintenance of the
AT2 stem cells in the adult lung during homeostasis and/or
after injury (Figure 1B). This function would then be similar
to what is proposed for the role of Fgf10 in the developing
lung, where Fgf10 maintains the sex-determining region Y-box
9 (Sox9)-positive multipotent progenitor cells at the tips of
the developing lung. In the future, it will be important to
characterize the role of Fgf10 in LIF formation/maintenance
in the context of the adult AT2 stem cell niche. In addition,
a better characterization of the molecular differences among
the diverse LIF subpopulations (Fgf10-positive and -negative
LIFs) will be important to identify the mesenchymal cell
types that play critical roles in repair processes after lung
injury.

COMMON MOLECULAR MECHANISMS
CONTROLLING LIF AND ADIPOCYTE
FORMATION: A CRITICAL ROLE FOR
FGF10 IN CONTROLLING CELL
DIFFERENTIATION

Lipofibroblasts and adipocytes require Pparγ, a master regulator
of lipogenesis, for their differentiation (Torday et al., 2003).
In vitro differentiation assays using NIH3T3-L1 pre-adipogenic
cells show that insulin and cortisone, which are used to
push these cells toward a mature adipocyte phenotype, induce
Fgf10 expression. In this system, use of blocking antibodies
against Fgf10 inhibits pre-adipocyte differentiation (Sakaue et al.,
2002). In vivo, Fgf10 is detected both in pre- and mature
adipocytes and is critical for white adipose tissue formation
(Mailleux et al., 2002; Sakaue et al., 2002). Beyond its role
on differentiation, Fgf10 has also been described to increase
cell proliferation in the white adipose tissue (Konishi et al.,
2006).

At the end of the pseudoglandular stage of lung development
(from E15.5 to E16.5), a subpopulation of mesenchymal cells
containing lipid vesicles can be detected using LipidTOX,
a non-toxic fluorescent dye that has been instrumental to
label LIFs for immunofluorescence studies, flow cytometry
and sorting (Al Alam et al., 2015). The emergence of these
cells is associated with the increase in the expression of
Fgf10, Adrp and Pparg in the mesenchymal compartment.
Even though Fgf10-positive LIFs represent only a subset of
the total LIF population, the inactivation of Fgfr2b ligands as
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well as decreased Fgf10 expression decreases the overall LIF
population. Our results indicate that Fgfr1b and Fgfr2b in
the mesenchyme, which can both bind Fgf10, play redundant
functions in controlling LIF formation. Interestingly, the LIFs
found in the P8 lung display high levels of Fgf10 and
its associated receptors Fgfr1b and Fgfr2b (McGowan and
McCoy, 2015) suggesting that Fgf10 may also play a role
postnatally.

In the human lung, FGF10 expression is increased between 10
and 18 weeks of gestation (corresponding to the pseudoglandular
stage of lung development) while ADRP expression is unchanged
between 10 and 21 weeks (the canalicular stage in human is from
17 to 26 weeks of gestation) (Chao et al., 2015), These results
suggest that as in mice, the formation of LIFs in humans occurs
mostly during the mid-canalicular stage of lung development.

The emerging picture is that Fgf10 signaling is critical for
LIF formation during the late phases of lung development. Fgf10
secreted by mesenchymal progenitor cells, as well as Pthrp, a
cytokine secreted by the AT2 cells are both capable of triggering
Pparγ signaling on LIF progenitors, which is likely important
for their differentiation along the LIF lineage, as well as for
the maintenance of their differentiation. Indeed, the deletion of
Pthrp in mice results in impaired alveoleogenesis and deficient
surfactant production (Rubin et al., 2004; Torday and Rehan,
2007; Rehan and Torday, 2012). LIFs depend on Pparγ signaling
to express Adrp, which is required for triglycerides trafficking
from LIFs cytosol to adjacent AT2 cells. This process is essential
for surfactant production (Schultz et al., 2002). Leptin, which is
secreted by LIFs, also acts on AT2 to increase surfactant synthesis
(Torday et al., 2002). Additionally, LIFs contain high levels of RA,
which has been shown to be critical for alveolar septation (Simon
and Mariani, 2007).

During lung development, Tgfβ1 signaling through Alk5 in
the mesenchyme is critical to control the cell fate decision
between MYFs and LIFs. Alk5 conditional knockout (CKO)
lungs displayed reduced number of Acta2-positive cells and
corresponding increase in LIFs. Alk5 signaling directly or
indirectly regulates the expression of Pdgfra, Pparg, pair related
homeobox 1 (Prrx1) and zinc finger protein 343 (Zfp423) (Li et al.,
2016). As Tgfβ1 and Fgf10 signaling pathways antagonize each
other (McQualter et al., 2013) (Figure 1D), it is proposed that
the loss of Tgfβ1 signaling in the mesenchyme allows enhanced
Fgf10 signaling in the same cellular compartment thereby leading
to increased LIF formation.

ALVEOLAR MYF AND PDGFA SIGNALING

Alveolar MYFs are Acta2-positive fibroblasts present in the lung
during alveologenesis, that starts postnatally in mice. These
cells secrete extracellular matrix (ECM) fibers such as elastin
and collagen that are required for secondary-crest formation
(Vaccaro and Brody, 1978; Noguchi et al., 1989; Yamada et al.,
2005; Figures 2A–D). Alveolar MYFs have been suggested to
originate from Pdgfrα-positive cells. Pdgfa signaling via Pdgfrα
plays a critical role in the formation of the alveolar MYFs as
demonstrated by the lungs in Pdgfa-null newborns that suffer

from the absence of alveolar MYFs and consequently display
arrested alveologenesis (Bostrom et al., 1996; Lindahl et al., 1997).
However, lineage tracing of Pdgfrα-positive cells during lung
development is lacking in the studies mentioned above. It needs
to be demonstrated that Pdgfrα-positive cells labeled early during
the pseudoglandular stage are progenitors for alveolar MYFs.
Postnatally, Pdgfrα is expressed by multiple mesenchymal cell
types including ASMCs, alveolar MYFs, and LIFs (Ntokou et al.,
2015; Li et al., 2018).

ECTOPIC MESENCHYMAL
FGF10-FGFR2B AUTOCRINE LOOP
DURING THE EARLY
PSEUDOGLANDULAR STAGE LEADS TO
THE ABSENCE OF ALVEOLAR MYF
FORMATION AT BIRTH

So far, the impact of fibroblast growth factor signaling
on the differentiation of the lung mesenchyme has been
poorly investigated. Fgfr2c+/1 mice were used as an in vivo
experimental model to investigate the function of mesenchymal
Fgf signaling. These mice ectopically express Fgfr2b in
mesenchymal tissues from early developmental stages and
therefore display an Apert syndrome-like phenotype, which
is characterized by malformations of the face, skull and feet
and the respiratory system (Hajihosseini et al., 2001). Former
studies have proved that early establishment of autocrine
Fgf10–Fgfr2b signaling in the lung mesenchyme inhibits
the formation of the SMCs as well as the alveolar MYFs
and results in reduced fibronectin and elastin deposition. In
addition, the branching process is impaired and the level of
Fgf and canonical β-catenin signaling in the epithelium is
reduced. These mutant lungs display arrested development
of the terminal airways and an “emphysema like” phenotype
postnatally (De Langhe et al., 2006). These results indicate
that Fgf signaling represses the differentiation of the early
alveolar MYF progenitors. It is not clear whether this is due to
a direct effect of Fgf on the mesenchyme or to an indirect effect
via the epithelium. However, Fgf9, which is the natural and
major Fgf ligand acting on the mesenchyme during early lung
development, is capable of repressing in vitro the expression
of Acta2 in primary cultures of lung mesenchymal cells. This
suggests that in vivo Fgf signaling maintains the mesenchymal
progenitors undifferentiated and proliferative (del Moral et al.,
2006a). A counter-intuitive result was obtained by Perl and
Gale. The authors took advantage of the Tg(Sftpc-rtTA)/+;
Tg(tet(O)solFgfr2b)/+ double-transgenic mice to induce in
the lung, via the administration of docycyclin, the expression
of soluble Fgfr2b acting as a receptor to sequester all Fgfr2b
ligands. Expression of this decoy receptor in the lung from
E14.5 to E18.5 disrupts alveologenesis postnatally. Secondary-
septa formation with the presence of alveolar MYFs, can be
partially enhanced in this model by treating the animals with
RA between P35 and P48. The effect of RA can be blocked by
the concomitant re-expression of the soluble form of Fgfr2b
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FIGURE 2 | Schematic representation of alveologenesis and cell types involved. (A) During the saccular stage (stage preceding the beginning of alveologenesis), the
lung exhibits primitive alveoli (called saccules), which are surrounded by blood vessels, collagen fibers and nerves. (B) The alveolar saccule in the saccular stage is
characterized by the presence of AT1/2, coating the walls of the saccule, surfactant production, production of collagen and elastin by fibroblasts as well as
expansion of the capillary tree. (C) During the alveolar stage, the lung undergoes a subdivision of the saccules by a process called “secondary septation” that will
give rise to mature alveoli. (D) Secondary septa start to appear at the place of elastin deposition, which is produced by alveolar MYF. The septa elongate toward the
alveolar sac airspace. A double layer of capillaries become thinner giving rise to a one-layer network for more efficient gas exchange. (E) The origin and fate of
“activated” MYFs was investigated using lineage-tracing approaches. LIFs are progenitors for “activated” MYFs in lung fibrosis. Some of the labeled “activated”
MYFs dedifferentiate to LIF during fibrosis resolution. Pparγ activation blocks LIF-to-MYF transdifferentiation induced by Tgfβ1 and enhances “activated” MYF-to-LIF
transdifferentiation. (adapted from Chao et al., 2016; El Agha et al., 2017).

using doxycycline. This leads to an increase in Pdgfrα-positive
cells and an associated decrease in Acta2-positive cells (Perl
and Gale, 2009). One possible interpretation for these results
is that alveolar MYFs require Fgfr2b ligands, likely Fgf10, for
their differentiation. It was also proposed that Pdgfrα-positive
LIFs can transdifferentiate into alveolar MYFs but, so far,
there is no lineage tracing-based evidence to support this
conclusion. It was also shown that Fgfr2b ligands are required

for alveolar MYFs formation during alveolar regeneration after
pneumonectomy (Chen et al., 2012). However, the attenuation
of all Fgfr2b ligands postnatally does not result in any lung
development defect. Alveologenesis, which is characterized by
the formation of secondary septa containing alveolar MYFs,
occurs normally (Hokuto et al., 2003). It can therefore be
concluded that normal alveologenesis does not require secreted
Fgfr2b ligands.
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CHARACTERIZATION OF THE
ALVEOLAR MYFS IN THE DEVELOPING
LUNG

The analysis of the differentiation of labeled progenitor
cells (using the Fgf10CreERT2, Wt1CreERT2, Gli1CreERT2, and
Axin2CreERT2 driver lines crossed with a fluorescent reporter
line) toward the MYF and SMC lineages showed that Fgf10-
positive and Wt1-positive cells displayed a minor contribution
to the SMC lineages, while Gli1-positive and Axin2-positive
cells significantly contributed to both the SMC and alveolar
MYF lineages, but also to other lineages (Moiseenko et al.,
2017). Labeling at E11.5 of Acta2-positive cells using the Tg
(Acta2-CreERT2) transgenic line showed that these cells did not
proliferate to produce new SMCs at later stages. However, if the
labeling of Acta2-positive cells occured at E15.5, the labeled cells
constituted most of the SMCs (85–97%) as well as the majority of
the alveolar MYF progenitors in the E18.5 lungs. Gene arrays of
Acta2-positive cells isolated by fluorescence-activated cell sorting
allowed establishing transcriptomic signatures for airway and
VSMCs vs alveolar MYF progenitors at E18.5. Interestingly,
alveolar MYF progenitors expressed very high levels of Fgf10
compared to SMCs (Fold Change = 29.04, p < 0.0001). It is still
unclear if Fgf10 acts in an autocrine or paracrine way on alveolar
MYF progenitors to sustain their differentiation (Moiseenko
et al., 2017). These results will allow defining pathways potentially
important for the formation of alveolar MYF.

EVIDENCE FOR LIF TO “ACTIVATED”
MYF REVERSIBLE DIFFERENTIATION
DURING FIBROSIS FORMATION AND
RESOLUTION

Idiopathic pulmonary fibrosis (IPF) is a form of progressive
interstitial lung disease of unknown origin. As no efficient
treatment is available, IPF patients exhibit a high lethality
rate. In this disease, a prominent number of “activated” MYFs
are present in the lung parenchyma. These cells excessively
deposit extracellular matrix proteins, literally turning the lung
into “a block of cement”. These changes compromise the lung
architecture and function, thereby leading to impaired gas
exchange. The origin of “activated” MYFs as well as the molecular
mechanisms governing the formation and the fate of these
cells in fibrosis formation and resolution have been investigated
using specific driver lines to target different mesenchymal
populations (El Agha et al., 2017; Figure 2E). Interestingly,
a reversible lipogenic-to-myogenic transdifferentiation during
fibrosis formation in mice has been demonstrated. In addition,
in IPF lungs, compared to the donor controls, loss of LIFs
and accumulation of “activated” MYFs were observed (El Agha
et al., 2017). Finally, this fate switching has been validated in
primary human lung fibroblasts from IPF patients, suggesting
that drugs that are capable of enhancing myogenic-to-lipogenic
transdifferentiation could be instrumental in treating IPF patients
(El Agha et al., 2017). Interestingly, the concept of LIF to

“activated” MYF transition was already proposed but not proven
using modern lineage tracing approaches by several teams
including Rehan and colleagues. They showed that LIFs derived
from neonatal rat lungs transdifferentiated into MYF in response
to hyperoxia (Rehan and Torday, 2003) as well as to nicotine
exposure (Rehan et al., 2005).

FGF10 EXPRESSION INVERSELY
CORRELATES WITH DISEASE
PROGRESSION IN IPF PATIENTS

The expression levels of FGF10 in IPF vs non-IPF donor lung
tissue samples were monitored by qPCR. A significant increase
in FGF10 expression in IPF lungs compared to donor’s lungs
was reported (El Agha et al., 2017). By immunohistochemisty,
FGF10 expression in IPF lungs appears to be higher in highly
remodeled parenchyma compared to the fibrotic foci (which
are sites of early fibrotic response) (El Agha et al., 2018). It
has been therefore proposed that FGF10 could be associated
with either the fibrotic process or with the associated repair
process. Suggesting that FGF10 is rather involved in the repair
process, it was shown that FGF10 expression levels are inversely
correlated with disease progression (El Agha et al., 2018).
Supporting this result, mesenchymal stromal cells isolated from
the bronchoalveolar lavage of patients with progressive IPF
displayed less FGF10 expression compared to corresponding cells
isolated from patients with stable IPF suggesting that FGF10
deficiency could be indeed causative for disease progression
(Chanda et al., 2016).

ACTIVATION OF PPARγ SIGNALING
ANTAGONIZES TGFβ1-MEDIATED
FIBROGENIC RESPONSE

Peroxisome proliferator-activated receptor gamma signaling
activation by rosiglitazone has been identified to antagonize
Tgfβ1 activity in IPF patients and as a result decreased fibrosis
formation in bleomycin-treated mice was reported (Genovese
et al., 2005; El Agha et al., 2017). One potential mechanism of
action of rosiglitazone is reinforcing the lipogenic phenotype
at the expense of the MYF phenotype. This hypothesis is
consistent with increased LIF formation in the developing lung
in vivo following deletion of the Tgfβ1 receptor Alk5 in the
mesenchyme (Li et al., 2016). To test this possibility, human lung
fibroblasts were cultured in the presence of rosiglitazone (20 mM)
and/or recombinant Tgfβ1 (1 ng/mL). When the cells were
treated with TGFβ1, the expression of lipogenic markers PPARγ

and ADRP were significantly inhibited while the expression
of myogenic markers ACTA2 and COL1A1 were promoted
compared to the normal cells. Rosiglitazone treatment strongly
up-regulated ADRP expression and reduced the effect of TGFβ1.
Consistent with this finding, rosiglitazone treatment significantly
attenuated TGFβ1-mediated up-regulation of ACTA2 and
COL1A1. These results demonstrate that TGFβ1 in IPF functions
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by reinforcing the myogenic phenotype. Recently, it was reported
that metformin, an adenosine monophosphate-activated protein
kinase (AMPK) agonist used to treat diabetes was also efficient
in accelerating fibrosis resolution after bleomycin-injury in
mice (Rangarajan et al., 2018). It remains to be determined if
metformin is also capable of accelerating the “activated” MYFs
to LIFs transdifferentiation. An important question to ask is
what is the impact of metformin on the LIF-AT2 interaction
and on FGF10 expression in particular: does it re-enforce this
interaction? This would suggest that metformin could be used as
a powerful drug to enhance lung regeneration after injury.

FGF10 AND OTHER HUMAN LUNG
DISEASES

Fibroblast growth factor 10 haploinsufficiency in human is
associated with chronic obstructive pulmonary disease (COPD).
COPD is a disease characterized by major remodeling of the
conducting airway epithelium as well as alterations of the
respiratory epithelium. Patients with FGF10 haploinsufficiency
display a nonreversible airway obstruction ultimately resulting in
the development of COPD (Klar et al., 2011). Reduction in FGF10
levels in the lungs of prematurely born infants is also associated
with a disease called bronchopulmonary dysplasia, where the
lungs are arrested at the saccular stage, prior to the formation of
the alveoli, the mature respiratory units critical for normal lung
function (Figure 1E). For more information on this topic, we
refer the readers to two excellent reviews, which are part of this
special issue on FGF10 in development, homeostasis, disease and
repair after injury (Prince, 2018; Yuan et al., 2018).

WHAT IS NEXT FOR FGF10?

Even though a plethora of knowledge has been gained on
Fgf10’s mechanisms of action, interaction with different signaling
pathways, and its cellular targets, progress in the field has
been delayed by the fact that early Fgf10 deletion in vivo leads
to organ agenesis. The rapid and complete disappearance of
the organ or cells of interest following Fgf10 deletion makes

it difficult, for example, to identify its primary transcriptional
targets and its biological activity. Better tools, such as inducible
and reversible specific decoy Fgfr2b receptors will be very useful
in this context. Despite its powerful effect in promoting lung
regeneration following different types of injury, the use of FGF10
in clinical trials is lagging behind. One major obstacle for its
clinical use is the relatively low level of biological activity of
the corresponding recombinant protein, which associates with a
high affinity with heparan sulfate proteoglycans, resulting in the
trapping of the protein in the extracellular matrix. Progressive
loss of activity and lack of diffusion of the protein, combined
with undesired side effects (such as swelling of the tongue or
the eyelid and high mucus production in the gut due to goblet
cell metaplasia) following systemic FGF10 intravenous delivery,
have obscured potential beneficial effects. In the future, localized
administration of a stable form of FGF10 should be the new
modus operandi for successful clinical trials.
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Members of the fibroblast growth factor (FGF) family have myriad functions during
development of both non-vertebrate and vertebrate organisms. One of these family
members, FGF10, is largely expressed in mesenchymal tissues and is essential for
postnatal life because of its critical role in development of the craniofacial complex, as
well as in lung branching. Here, we review the function of FGF10 in morphogenesis of
craniofacial organs. Genetic mouse models have demonstrated that the dysregulation
or absence of FGF10 function affects the process of palate closure, and FGF10 is
also required for development of salivary and lacrimal glands, the inner ear, eye lids,
tongue taste papillae, teeth, and skull bones. Importantly, mutations within the FGF10
locus have been described in connection with craniofacial malformations in humans.
A detailed understanding of craniofacial defects caused by dysregulation of FGF10 and
the precise mechanisms that underlie them offers new opportunities for development of
medical treatments for patients with birth defects and for regenerative approaches for
cancer patients with damaged gland tissues.

Keywords: FGF10, craniofacial development, palate, salivary gland, lacrimal gland, inner ear, eyelid, taste papillae

INTRODUCTION

FGF10 is a member of the fibroblast growth factor (FGF) family, a highly evolutionarily conserved
group of proteins that trigger signaling via receptor tyrosine kinases. The FGF signaling pathway
plays central roles in developmental processes from head to toe, including formation of the brain,
limbs, kidneys, hair follicles, and body axis elongation (Rosenquist and Martin, 1996; Lewandoski
et al., 2000; Basson et al., 2008; Walker et al., 2016; Oginuma et al., 2017). The FGF family contains
22 ligands grouped into 7 subfamilies, and these ligands can bind to 4 receptors (FGFR1–4) (Ornitz
and Itoh, 2001). The interaction of FGF ligands with their receptors is regulated by the extracellular
environment, through proteoglycan cofactors and extracellular binding proteins. Activation of
FGF receptors involves phosphorylation of specific tyrosine residues that mediate interaction
with cytosolic adaptor proteins and the RAS-MAPK, PI3K-AKT, PLCγ, and STAT intracellular
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signaling pathways (Ornitz and Itoh, 2015). FGF10 is a canonical
FGF and belongs to the FGF7 subfamily, together with FGF3,
FGF7, and FGF22. The common feature of these FGF ligands is
their specific binding of the IIIb splice variant of FGFR 1 and
2 (Zhang et al., 2006). Moreover, during organogenesis FGF10
serves as a major ligand for the FGFR 2 IIIb isoform, which
localizes to the epithelium (Ohuchi et al., 2000), and in general
Fgf10 is predominantly expressed in the mesenchyme, with the
protein it encodes signaling to the epithelium.

The majority of studies on the role of FGF10 in vertebrates
have been performed using mice carrying null mutations in
Fgf10. In addition to the craniofacial complex, many other organs
of the body are affected in the Fgf10 null mutants. Among
the most prominent phenotypes in the mutants are that both
hindlimbs and forelimbs are completely missing (amelia), and
there is lung agenesis (Ohuchi et al., 2000; Figure 1). Perinatal
lethality in the Fgf10 mutants results from respiratory failure.
Notably, the phenotype of Fgfr2 mutant mice almost completely
overlaps with that of Fgf10 mutants (Ohuchi et al., 2000).

Mutations in FGF10 have been found to cause numerous
developmental defects and pathologies in humans. For example,
loss-of-function mutations in FGF10 have been reported to cause
LADD (Lacrimo-auriculo-dento-digital) syndrome (Milunsky
et al., 2006; Shams et al., 2007), which affects multiple organs,
the majority of which are in the craniofacial complex. This and
other human conditions connected to craniofacial development
are further discussed below.

FIGURE 1 | (A,B) Whole-mount µCT images of wild-type and Fgf10 null
mouse embryos at E18.5. (C,D) Medial cross-sections through wild-type and
mutant embryo. Fgf10 mutant embryos show complete amelia; another
pronounced phenotype is lung agenesis (asterisk). B, brain; BF, brown fat; H,
heart; I, intestines; L, lungs; Li, liver; S, stomach; T, tongue.

ROLE OF FGF10 IN CRANIOFACIAL
MORPHOGENESIS

Fgf10 is expressed largely in the mesenchyme of many developing
structures within the craniofacial complex, including teeth,
tongue and palatal shelves, and it signals to epithelia where Fgfr2
is expressed. Mutations in Fgf10 lead to a wide range of defects,
emphasizing the central importance of FGF10 signaling in many
developmental processes.

Palatogenesis
FGF10 is crucial for the process of closure of the secondary palate.
Both Fgf10 (Figures 2C,D) and Fgfr2 null mouse strains exhibit
cleft palate with complete penetrance (Rice et al., 2004). Fgf10
is expressed most strongly between embryonic day (E)11 and
E13 in the mesenchyme of the anterior and middle portion of
the shelves (Rice et al., 2004; Alappat et al., 2005). During this
developmental period, palatal shelf outgrowth occurs prior to the
subsequent elevation and fusion of the shelves between E14 and
E15. At later stages, the Fgf10 mutant shelves are shorter, square
in shape, and missing the finger-like projections that normally
reach each other and fuse (Rice et al., 2004). This change in
morphology can be explained by differences in the regulation of
cell proliferation and apoptosis. While one study reported that

FIGURE 2 | (A–D) Sagittal (A,B) and frontal (C,D) µCT sections of wild-type
and Fgf10 null embryos at E18.5. Absence of submandibular salivary gland
(structure marked by arrowhead in wild-type in panels A,C) and cleft palate
phenotype (asterisk in panel D) can be observed in Fgf10 null embryos. E,
eye; LM, lower molar; P, palate; T, tongue; S, salivary gland; UM, upper molar.
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there are no apparent differences in the overall proliferation of the
shelves (Alappat et al., 2005), another suggested that proliferation
of epithelial cells is decreased in the FGF10 deficient palatal
shelves along with downregulation of the morphogen encoded
by Shh (Rice et al., 2004). Both studies then showed a significant
increase in apoptosis mainly in the medial edge epithelium of
the developing shelves (Rice et al., 2004; Alappat et al., 2005).
Despite the discrepancies, it appears that FGF10 signals from the
palatal mesenchyme to the epithelium and affects the cell fate and
subsequently the outgrowth and shape of the palatal shelves.

Besides cell proliferation and survival, another mechanism
possibly contributing to the formation of cleft palate in Fgf10
mutants is the presence of aberrant adhesions of the epithelium
of the shelves with the epithelium of the tongue or with other
parts of the oral epithelium (Rice et al., 2004; Alappat et al., 2005).
Presence of these fusions likely prevents the horizontalization
(elevation) process of the palatal shelves, so they are kept in
a vertical position and cannot begin to reach each other. Of
note, when the tissue explants of the palatal shelves of Fgfr2−/−

mice were isolated and cultured in vitro in close proximity, the
epithelia fused normally (Rice et al., 2004). The molecular basis
behind the tendency to form aberrant epithelial fusions may be
related to the regulation of Notch signaling by FGF10. Mutations
in the Notch ligand Jagged2 cause cleft palate with unelevated
shelves heavily fused to the tongue epithelium (Jiang et al., 1998),
and the Fgf10 mutants exhibit severe downregulation of Jagged2
expression within the palatal shelf epithelium at E12.5 (Alappat
et al., 2005). This suggests that FGF10 is upstream of Notch
signaling in the developing palatal shelves and affects the ability
and correct timing of their fusion potential.

Tongue morphology is also altered in the Fgf10 mutants.
Likely due to the presence of aberrant epithelial fusions, the
tongue does not descend as it should, which perturbs this
necessary step in the process of shelf elevation (Rice et al., 2004).
Indeed, a partial ankylosis of the tongue (adherence to the floor
of mouth accompanied by immobility) is present in the Fgf10
mutant embryos (Rice et al., 2004). Notably, overexpression of
Fgf10 also affects the tongue shape and can lead to cleft palate.
This phenomenon was described in mice with neural crest-
specific Tak1 deletion, which affects TGFβ signaling, in turn
leading to activation of FGF10, higher cell proliferation, and
significantly increased height of the tongue that prevents the
elevation of palatal shelves (Song et al., 2013). The role of TGFβ

signaling upstream of FGF10 in morphogenesis of the tongue was
also confirmed when Tgfbr2 was conditionally deleted in neural
crest cell progeny, as the addition of endogenous FGF10 rescued
the muscle cell number in mutant tongues (Hosokawa et al.,
2010). FGF10 also regulates tongue taste papillae development,
which is discussed below.

In humans, genome-wide association studies (GWAS) have
shown that SNPs near FGF10 are highly associated with cleft
lip and/or palate (Shi et al., 2009; Yu et al., 2017). Likely, due
to their different orofacial shape with a more prominent rostral
component, cleft lip does not typically occur spontaneously in
mice, and it is rarely observed even with genetic or environmental
challenge. Therefore, this model organism is theoretically not
an ideal one to study cleft lip etiology. Nevertheless, there are

certain mouse strains that are susceptible to developing cleft lip,
e.g., the group of so-called A strains that exhibit smaller midface
size compared to other strains (Young et al., 2007). Among the
A strains, A/WySn has the highest spontaneous incidence of
cleft lip, ranging between 20 and 30% (Juriloff, 1982). The high
prevalence and susceptibility of these mice to cleft lip is thought
to be caused by a mutation in Wnt9b, which is also on the list
of top clefting genes from human GWAS data (Juriloff et al.,
2006; Yu et al., 2017) Wnt9b knockout mice exhibit cleft lip and,
importantly, the expression of Fgf8, Fgf10, and Fgf17 is down-
regulated in the tissue of facial processes forming the future lip
in these mice. Taken together, the data from GWAS along with
the data from susceptible mouse strains suggest a role for FGF10
in lip development, despite the absence of cleft lip in Fgf10−/−

mice.
Notably, soft palate development is also dependent on FGF10,

and this cannot be evaluated in Fgf10 null mutants, because the
wide hard cleft palate interferes with the later development of
the soft palate. Loss of Dlx5 leads to shortening of the soft palate
and absence of adjacent muscles that are derived from the fourth
pharyngeal arch. Fgf10 was shown to lie downstream of DLX5,
and the Dlx5 mutant phenotype can be rescued by addition of
FGF10 (Sugii et al., 2017).

Eye Lid Development
Another clefting-like pathology in the craniofacial area is the
phenotype of open eyelids in Fgf10 null mice at prenatal stages
when the eye is normally covered by skin (Figures 1B, 3B). The
absence of Fgf10, which is normally expressed in the mesenchyme
beneath the protruding epidermal cells of the nascent eyelid,
causes a decrease in proliferation of these cells as well as changes
in their shape, along with hampering their coordinated migration
(Tao et al., 2005). These effects are due to downstream regulation
of pathways important for these processes, including activin,
TGFα, and SHH (Tao et al., 2005).

Skull Morphology
A major group of human craniosynostosis syndromes, including
Apert, Crouzon, or Pfeiffer syndromes, is caused by mutations
leading to overactivation of Fgf receptors. Apert and Crouzon
syndromes are caused by mutations in FGFR2 that increase
affinity of the receptor for the ligand, and Pfeiffer syndrome
is caused by mutations in either FGFR2 or FGFR1 (Schell
et al., 1995; Anderson et al., 1998; Hibberd et al., 2016). The
search for specific ligands involved in the process of fusion of
the sutures revealed that FGF10 can play a significant role in
proper formation of skull shape. Fgf10 mRNA is present in the
osteoprogenitors in the frontal bone condensation (Veistinen
et al., 2009), and genetic knock-down of Fgf10 rescues the skeletal
phenotype in an Apert syndrome mouse model FgfR2-IIIc+/1

(Hajihosseini et al., 2009). When compared perinatally, the Fgf10
null embryos do not exhibit pathological morphology of calvarial
bones, while the FgfR2-IIIc+/1 mice already lack the coronal
suture (Hajihosseini et al., 2009). Unfortunately, postnatal
development of skull bones and sutures cannot be followed in the
perinatal lethal Fgf10 null mutants, so it is not possible to exclude
that the loss of FGF10 has an impact on skull morphology.
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FIGURE 3 | (A–D) Frontal (A,B) and sagittal (C,D) µCT sections of wild-type
and Fgf10 null embryos at E18.5. Note absence of eyelid (arrowhead in panel
B) and hypoplasia of ocular glands (Harderian and extraorbital lacrimal glands
marked by asterisks in panels A,C, respectively) in Fgf10 null embryos. E, eye;
P, palate; Th, thymus.

Nevertheless, it is instructive to consider the Apert syndrome
model, in which the mice are hemizygous for Fgfr2 IIIC and
exhibit a splicing switch resulting in ectopic expression of FGFR2
IIIb in calvarial mesenchyme; similar mutations are only rarely
found in humans (Hajihosseini et al., 2001, 2009; Bochukova
et al., 2009). More than 98% of Apert syndrome patients
carry either Ser252Trp or Pro253Arg missense gain-of-function
mutations in the IIIa exon (common for IIIb and IIIc variants).
These mutations likely predominantly cause the skull defects
through aberrant function of FGFR2 IIIc, which is involved
in proper bone formation (Eswarakumar et al., 2002). Taken
together, these findings suggest that FGF10 may be dispensable
for the properly timed fusion of sutures and skull development,
but unphysiologically high and/or ectopically activated FGFR2
signaling triggered by FGF10 can cause developmental defects of
these structures.

Sensory Organs
FGF10 also affects the development of organs that possess
a sensory function or will sustain it postnatally, including,
as mentioned above, the taste papillae of the tongue. The
mammalian tongue epithelium contains three types of papillary
structures that house taste cells – the foliate, fungiform, and
circumvallate (CVP) papillae. The multiple fungiform papillae
covering approximately two thirds of the tongue dorsum and
the posteriorly situated CVP have been shown to be regulated

by FGF10 (Petersen et al., 2011; Prochazkova et al., 2017).
Interestingly, the effect of Fgf10 is opposite in these two
types of taste papillae. The CVP, which is normally a single
structure in mouse, is absent or diminished in Fgf10 null
murine tongues, whereas the overactivation of RTK signaling
in embryos carrying mutations in the RTK negative feedback
regulator Sprouty (Spry) genes led to enlargement of the papillary
field and presence of multiple CVPs (Petersen et al., 2011). In
contrast, the development of fungiform papillae is negatively
affected by the level of FGF10, such that the fungiform papillae
of Fgf10−/− tongues are significantly larger, and in Spry2−/−

tongues with increased FGF signaling they are much smaller.
Notably, fungiform size is controlled by FGF10, but the overall
patterning is not; at a mechanistic level, the downstream action
of FGF10 is likely exerted by affecting the diffusion as opposed to
the transcription of Wnt ligands (Prochazkova et al., 2017). The
difference in regulation of papillary area in CVP and fungiform
papillae might result from a different developmental origin of the
part of the tongue covered by fungiform papillae (ectodermal)
versus the posterior part near the root of the tongue housing the
CVP (endodermal) (Rothova et al., 2012). Whether the level of
FGF10 signaling can impact the quality of taste remains an open
question.

Another sensory organ with dysregulated development in
Fgf10 mutant embryos is the inner ear. Absence of FGF10 leads to
complete agenesis of the posterior semicircular canal. In addition,
malformations are present in the anterior and lateral canals as
well as in the positioning of the remaining sensory epithelia with
respect to the utricle; defects were also observed in the cilia of hair
cells (Pauley et al., 2003). Interestingly, heterozygous Fgf10+/−

mice also exhibit reduction or even absence of the posterior
canal, suggesting a strong dependence on FGF10 dosage during
development of this structure (Urness et al., 2015). In addition
to the motion detection part of the inner ear, the Fgf10 mutant
embryos also exhibit pathologies in morphology of cochlear non-
sensory regions, including shorter and narrower duct, absence
of Reissner’s membrane within the cochlear epithelium, and
agenesis of a large portion of the outer sulcus (Urness et al.,
2015). Even though these structures belong to the non-sensory
part of the cochlea, both the Reissner’s membrane and the
outer sulcus are important for maintenance of the endolymph
homeostasis and therefore necessary for hearing. Similar defects
might be present also in humans and explain a part of the
phenotype LADD syndrome caused by mutations in FGF10 or
FGFR2 (Milunsky et al., 2006). More than half of the affected
individuals suffer from hearing loss, and cochlear hypoplasia was
also observed in some of the patients (Lemmerling et al., 1999;
Milunsky et al., 2006). The severity of hearing defects might
be more pronounced when a causative mutation in FGFR2 is
present, as FGF10 has a redundant role with FGF3 during inner
ear formation – the murine double mutants for these FGFs fail
to form otic vesicles (Alvarez et al., 2003; Wright, 2003). Notably,
the FGFR2 IIIb knock-out mice exhibit more severe phenotypes
than single Fgf3 and Fgf10 mutants, but their inner ear is affected
less than in the Fgf3/Fgf10 dKOs (Pirvola et al., 2000; Alvarez
et al., 2003). This discrepancy suggests that FGF3 and FGF10 in
the ear region can possibly also bind other FGF receptors, such
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as FGFR1, which has affinity for these two ligands (Zhang et al.,
2006). The FGFR2 IIIc form may also be activated by FGF3/10,
because the general FGFR2 mutant has a more pronounced
phenotype than FGFR2 IIIb only (Xu et al., 1998; Alvarez et al.,
2003). However, this might be explained by an additional role
of FGF8 during early inner ear development (Domínguez-Frutos
et al., 2009).

Fgf10 is also highly expressed in the external ear (pinna) of
mouse embryos (El Agha et al., 2012) and, interestingly, one
of the defects observed in the LADD patients are low-set, cup-
shaped ears. Nevertheless, no external ear abnormalities have so
far been described in direct connection to FGF10 (see normal
pinna in Fgf10 mutant embryos in Figure 1). It may be again a
case of compensation by another FGF ligand and their common
dysfunction in patients with FGFR2 rather than FGF10 mutations
per se.

Development of Teeth and Mandible
The molar tooth germ is a widely used model for studying
epithelial morphogenesis and epithelial–mesenchymal
interactions. In mouse, tooth development starts at ∼E11.5
with active rearrangement of epithelial cells in the posterior area
of the jaws, where FGF8 serves as a major signaling molecule
(Prochazka et al., 2015). A cylindrical epithelial invagination
called the dental lamina is formed at E12.5, and at E13.5,
progressive budding of epithelium from the dental lamina takes
place, which is supported by condensing neural crest-derived
cells expressing Fgf3 and Fgf10 (Kettunen et al., 2000). The
rapid epithelial ingrowth is accompanied by formation of a
signaling center called the enamel knot. Mesenchymal Fgf10
is expressed in the area of the mandible where future molar
teeth form, and complete agenesis of molars was described in
Fgfr2 deficient mouse embryos, but with the loss of Fgf10 only
minor morphological defects are observed in molar development
(Ohuchi et al., 2000); the absence of a dramatic Fgf10 mutant
tooth phenotype is likely due to compensation by Fgf3. The
budding process of the molar primordia in Fgf10−/− embryos
is delayed around E13, but at later stages tooth development
catches up, and the final molar tooth is only slightly smaller in
size compared to wild-type (Ohuchi et al., 2000; Veistinen et al.,
2009; Figure 2).

In rodents, the incisors are evergrowing, with a population
of adult stem cells present in the most proximal region called
the cervical loop (Harada et al., 1999). Fgf10 plays a major role
in maintenance of the stem cell niche of the mouse incisor by
regulation of Notch signaling in the dental epithelium (Harada
et al., 1999). The Fgf10 null embryo incisor is apparently
smaller, mainly because of an absent cervical loop (Ohuchi et al.,
2000; Harada et al., 2002). Related to this, FGF10 has been
suggested as a principal morphogenetic factor driving the teeth
toward an evergrowing fate, as Fgf10 expression is maintained in
continuously growing teeth (e.g., mouse incisor or vole molar)
throughout life, and the Fgf10 mutant incisors lose continuously
growing features when cultured in kidney capsules (Yokohama-
Tamaki et al., 2006).

One group of pathologies associated with LADD syndrome
are dental defects. The patients often have underdeveloped

teeth with thin enamel and peg-shaped incisors. Even though
molar development does not seem to be severely affected in
the absence of FGF10 when evaluated prenatally in the mouse
model, the findings in LADD patients support the role of FGF10
in tooth development. Some of the LADD patients suffering
from dental pathologies may carry a specific genetic alteration
in FGFR2 (Rohmann et al., 2006; Shams et al., 2007). However,
there are also reports of patients with enamel hypoplasia or
small teeth with disrupted caps and crown morphology that
are associated with FGF10 mutations (Milunsky et al., 2006).
Moreover, increased expression of FGF10 along with FGF7 was
found in samples from human ameloblastoma, a benign jaw
tumor originating from the cells of odontogenic epithelium,
and FGF10 was shown to directly support proliferation of these
cells (Nakao et al., 2013). The mild phenotype and normal cell-
differentiation gradient of ameloblasts and odontoblasts in Fgf10
null embryos (Harada et al., 2002) suggest that human dental
development might differ from that of mice. Because the post-
eruption dentition cannot be studied in the perinatal lethal
Fgf10−/− mice, conditional models will be needed in the future.

Similarly to tooth development, mandibular morphogenesis
is not severely altered in Fgf10 null embryos. Nevertheless, the
developing jaw is apparently sensitive to the dosage of FGF10,
as in the rat model, Fgf10 overexpression was described to cause
elongation of Meckel’s cartilage and enhanced chondrogenic
differentiation within the mandible. Notably, proliferation of
mandibular cells was not affected by higher levels of FGF10, and
the longer Meckel’s cartilage was deformed and spiral-shaped,
which affected the final shape of the jaw (Terao et al., 2011).
The importance of FGF10 for proper mandibular development
is also supported by association between genetic polymorphisms
in FGF10 and mandibular prognathism in humans (Cruz et al.,
2017).

Salivary and Lacrimal Glands
As with its critical role during lung development, FGF10 plays
an important role in morphogenesis of branching organs within
the craniofacial complex, including the salivary and lacrimal
glands. The expression of Fgf10 is high in the mesenchyme
surrounding the developing salivary glands. Fgf10 null embryos
display aplasia of the salivary glands (Figure 2) with their
development arrested at the bud stage (Ohuchi et al., 2000;
Jaskoll et al., 2005). FGF10 acts upstream of SOX9 to positively
regulate the progenitor cell population and drive outgrowth of
the glands (Chatzeli et al., 2017). Furthermore, explant cultures of
salivary gland tissue can recapitulate the physiological branching
morphogenesis in vitro only if the epithelium is cultured with the
surrounding mesenchyme or if FGF10 is added to the culture
of the isolated epithelial tissue (Rebustini and Hoffman, 2009;
Knosp et al., 2012). Notably, regulation of binding affinity of
FGF10 to heparan sulfate is a decisive feature in the balance
between promoting gland morphogenesis fate toward branching
versus elongation (Patel et al., 2007; Makarenkova et al., 2009).
FGF10 dose-dependence during development of salivary glands
is further supported by the fact that mice heterozygous for Fgf10
have hypoplastic salivary glands and xerostomia (dry mouth)
(Jaskoll et al., 2005; May et al., 2015).
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The role of FGF10 in lacrimal gland development is similar
to its role in salivary gland morphogenesis. Fgf10, which is
expressed in the mesenchyme adjacent to developing lacrimal
epithelial bud, induces lacrimal gland development, and Fgf10
null murine embryos exhibit agenesis of all ocular glands –
the extraorbital and intraorbital lacrimal glands as well as the
Harderian gland (Govindarajan et al., 2000; Makarenkova et al.,
2000; Figure 3). The proteoglycans at the cell surface and in the
extracellular matrix also affect lacrimal gland morphogenesis –
the O-sulfation of heparan sulfate was shown to be essential for
FGF10–FGFR2 interaction on lacrimal gland cell surface (Qu
et al., 2011). In addition to the large orofacial glands, FGF10 also
plays an important role during development of nasal submucosal
glands responsible for mucus secretion in airways (May et al.,
2016).

Patients with ALSG (aplasia of the lacrimal and major
salivary glands) exhibit both salivary and lacrimal phenotypes,
and this rare disorder is caused by loss-of-function mutations
in FGF10 (Entesarian et al., 2007; Scheckenbach et al., 2008;
Seymen et al., 2017). ALSG patients suffer from xerostomia and
dental decay, eye irritation, and epiphora (excessive tearing).
In contrast, LADD syndrome covers a wider spectrum of
malformations, including the above mentioned dental and
auditory defects and also an abnormal number of fingers or
digits. Nevertheless, LADD syndrome overlaps with ALSG in
terms of lacrimal and salivary defects, and thus these two
autosomal dominant disorders are considered part of the
same phenotypic spectrum. The data from affected families
support this idea, with reports of a daughter with typical
features of LADD inheriting the mutation from her mother
with ALSG (Milunsky et al., 2006). Taken together, the
human clinical data confirm the importance of the correct
function and level of FGF10 in the development of craniofacial
structures, even though the precise regulation and severity
of the phenotype apparently depend on both genetic and
environmental factors. A systematically generated overview of
the phenotypes in Fgf10 null embryos is available at the
International Mouse Phenotype Consortium (IMPC) database:
www.mousephenotype.org.

SUMMARY AND DISCUSSION

FGF10 signaling plays important roles in the development of
many craniofacial structures. FGF10 is required for the branching
morphogenesis of salivary and lacrimal glands, for the closure of
the secondary palate, and for eyelid development; it also affects
the structure of the inner ear, taste papillae on the tongue, and
the shape of the teeth and skull. The craniofacial phenotypes
connected to FGF10 function along with known expression data
are summarized in Supplementary Table 1.

FGF10 is predominantly expressed in the mesenchyme of
developing structures and signals to adjacent epithelium. In
contrast to this classical epithelial–mesenchymal interaction,
structures of the inner ear exhibit strong epithelial expression
of both Fgf10 and Fgfr2 IIIb during development suggesting
dependence on paracrine signaling (Pirvola et al., 2000; Pauley

et al., 2003). Epithelial expression of Fgf10 within orofacial tissues
was described also in early oral epithelium (Kettunen et al., 2000).
Nevertheless, the conditional Fgf10 knock-out in neural crest
cells using Wnt1-Cre phenocopied the tooth as well as oral cavity
glands’ phenotype of the full knock-out and generally confirmed
that, in orofacial structures comprised of mesenchyme originated
fully from neural crest, the mesenchymal FGF10 plays the major
role (Teshima et al., 2016).

FGF10 exerts its function in development via diverse and
complex mechanisms. Perhaps the most widespread of these is
a direct or indirect influence on epithelial cell proliferation and
apoptosis, as in eyelid (Tao et al., 2005) or palate development
(Rice et al., 2004). Nevertheless, multiple other actions of FGF10,
such as regulation of migration or effect on adhesive behavior
of the oral epithelium, have also been described in these organs.
Control of proper morphogenesis and cell differentiation has also
been proposed as one of the roles of FGF10 in many organs, such
as salivary gland or inner ear (Alvarez et al., 2003; Makarenkova
et al., 2009).

The striking overlap between phenotypes of Fgf10 and Fgfr2
null mice explains why FGF10 is considered as the major ligand of
FGFR2 IIIb. Multiple FGFs can activate both FGFR2 IIIb (FGF3,
7, and 22 from the Fgf7 subfamily; but also FGF1) and FGFR2
IIIc (e.g., FGF1, 2, 4, 5, 6, 8, 9, or 16) (Zhang et al., 2006).
Nevertheless, the Fgf10 and Fgfr2 null mice share the majority
of defects within the orofacial area, with the exception of milder
tooth and inner ear defects in Fgf10 mutant mice (Kettunen et al.,
2000; Ohuchi et al., 2000; Pirvola et al., 2000), and development
of medial nasal glands, which are absent in Fgfr2 null mutants
but form normally in Fgf10 null mice (May et al., 2016). The
milder phenotypes in Fgf10 mutants are mostly explained by
compensation by FGF3 (Kettunen et al., 2000; Wright, 2003) or
FGF7 (May et al., 2016). Under certain conditions, FGF10 can
also likely bind to FGFR1.

Because of the perinatal lethality of Fgf10 null mutants, some
of the functions of FGF10 can be revealed only in conditional
knock-outs. Even the conditional approach is complicated by
the fact that many developmental events within the orofacial
area overlap both in timing and also in expression of similar
genes, so the choice of induction time and appropriate driver is
challenging, e.g., to avoid simultaneous cleft palate formation.
Other approaches such as genetic rescue by changing FGF10
dosage in particular mutants may be used and can bring valuable
information, but these must be interpreted with caution, as
can be seen for example in the case of the Apert syndrome
model.

The impact of absence or malfunction of FGF10 is apparent
not only from the animal model data but also from findings in
human patients. Thus, the FGF10 pathway presents a potential
pharmacological target for cure of rare diseases related to
overactivated or downregulated FGFR2 signaling. Also, this
knowledge lays the groundwork for potential medical treatment
to harness the regenerative potential of gland tissues, after
damage. A number of regenerative approaches are being
developed and tested in animal models (Lombaert et al., 2011;
Garg and Zhang, 2017; Emmerson et al., 2018). For example,
healthy lacrimal epithelial cell progenitor cultures (ECPCs) were
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isolated and cultured in the presence of FGF10 to achieve
budding and engraftment in injured lacrimal glands (Gromova
et al., 2017). In theory, engraftment of such cells taken
directly from cancer patients before radiotherapy could in the
future serve as a source of tissue regeneration. In general,
knowledge of the molecular cascades functioning during
physiological development provides a base for regenerative
approaches where FGF10 or its downstream targets can be
provided to cultured tissues to be used for engraftment.
In the future, perhaps FGF10 could be directly supplied
in situ, which could help patients with tissue damage or
patients with congenital diseases caused by aberrant FGF10
function.
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Ruo Yang1, Xiayu Wei4, Jin Wu4, Xiaokun Li1,4* and Jin-San Zhang1,3,4*
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Qingdao, China, 3 The First Affiliated Hospital, Wenzhou Medical University, Wenzhou, China, 4 Institute of Life Sciences,
Wenzhou University, Wenzhou, China

Ischemia-reperfusion (I/R) is a common cause of acute kidney injury (AKI), which is
associated with high mortality and poor outcomes. Autophagy plays important roles
in the homeostasis of renal tubular cells (RTCs) and is implicated in the pathogenesis
of AKI, although its role in the process is complex and controversial. Fibroblast
growth factor 10 (FGF10), a multifunctional FGF family member, was reported to exert
protective effect against cerebral ischemia injury and myocardial damage. Whether
FGF10 has similar beneficial effect, and if so whether autophagy is associated with
the potential protective activity against AKI has not been investigated. Herein, we report
that FGF10 treatment improved renal function and histological integrity in a rat model
of renal I/R injury. We observed that FGF10 efficiently reduced I/R-induced elevation
in blood urea nitrogen, serum creatinine as well as apoptosis induction of RTCs.
Interestingly, autophagy activation following I/R was suppressed by FGF10 treatment
based on the immunohistochemistry staining and immunoblot analyses of LC3, Beclin-
1 and SQSTM1/p62. Moreover, combined treatment of FGF10 with Rapamycin partially
reversed the renoprotective effect of FGF10 suggesting the involvement of mTOR
pathway in the process. Interestingly, FGF10 also inhibited the release of HMGB1 from
the nucleus to the extracellular domain and regulated the expression of inflammatory
cytokines such as TNF-α, IL-1β and IL-6. Together, these results indicate that FGF10
could alleviate kidney I/R injury by suppressing excessive autophagy and inhibiting
inflammatory response and may therefore have the potential to be used for the
prevention and perhaps treatment of I/R-associated AKI.

Keywords: FGF10, ischemia-reperfusion, acute kidney injury, autophagy, inflammation, HMGB1

Abbreviations: AKI, acute kidney injury; ANOVA, analysis of variance; BUN, blood urea nitrogen; CKD, chronic kidney
disease; DAMP, damage-associated molecular pattern; ELISA, enzyme-linked immunosorbent assay; ER, endoplasmic
reticulum; FGF10, fibroblast growth factor 10; GFR, glomerular filtration rate; H&E, hematoxylin and eosin; HMGB1, high-
mobility group box 1; I/R, ischemia-reperfusion; mTOR, mammalian target of rapamycin; PVDF, polyvinylidene fluoride;
ROS, reactive oxygen species; RTCs, renal tubular epithelial cells; SCr, serum creatinine; SDS-PAGE, sodium dodecyl sulfate–
polyacrylamide gel electrophoresis; TLRs, Toll-like receptors; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end
labeling; UPR, unfolded protein response.
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INTRODUCTION

Acute kidney injury is a global health concern. AKI is mainly
caused by renal I/R injury, sepsis, and nephrotoxicant (such as
cisplatin, cyclosporine and aristolochic acid) (Paller et al., 1984;
Thadhani et al., 1996; Zuk and Bonventre, 2016). The primary
characteristic of AKI is the rapid decline in kidney function as
measured by detection of GFR (Bonventre and Yang, 2011; Havasi
and Borkan, 2011). Despite advances in therapeutic strategies and
nursing measures, including dialysis and kidney transplantation,
the mortality of patients after AKI remains very high (Ueda
et al., 2000; Chertow et al., 2005). In the past decades, AKI has
been extensively studied both in clinic and experimental animal
settings. The disease mechanisms underlying the etiology and
pathogenesis of AKI are complex and include mitochondrial
dysfunction, ROS, ER stress, autophagy, inflammation, apoptosis
and necrosis (Basile et al., 2012; Tan et al., 2013, 2017; He et al.,
2014; Kaushal and Shah, 2016; Xu et al., 2016). To date, there
are no satisfying strategies or drugs for the therapy of patients
with AKI.

A number of recent studies have demonstrated the crucial
role of autophagy in animal models of AKI induced by I/R
injury and nephrotoxic agents (Mizushima and Komatsu, 2011;
Basile et al., 2012; Jiang et al., 2012; He et al., 2014; Guan
et al., 2015; De Rechter et al., 2016; Lenoir et al., 2016).
Autophagy is a highly conserved eukaryotic cellular recycling
process by which cytoplasmic components are engulfed and
degraded in the lysosome (Mizushima and Komatsu, 2011).
Generally, autophagy is thought to be highly inducible under
stress conditions such as ischemia, hypoxia, nutrient deprivation,
genotoxic stress, infection, UPR, and other insults, all of which
participate in the pathogenesis of AKI (Mizushima and Komatsu,
2011; Basile et al., 2012; He et al., 2014; De Rechter et al.,
2016; Kaushal and Shah, 2016; Zuk and Bonventre, 2016).
Whether autophagy is protective or damaging in AKI remains
controversial. Renoprotective effects of autophagy in AKI have
been reported in several studies (Pallet et al., 2008; Jiang et al.,
2012). However, excessive activation of autophagy results in
widespread cell death predominantly in RTCs due to extensive
degradation of essential materials and organelles (Chien et al.,
2007; Suzuki et al., 2008; Inoue et al., 2010). Therefore, activation
of autophagy has dual roles in regulating cell survival or cell death
in AKI.

Inflammatory response is another important component in
the initiation and exacerbation of AKI. Although inflammation
is an essential element of the body’s defense system, excessive
activation of inflammatory cells and cytokine secretion impose
severe damage to renal parenchyma cells (Jang and Rabb, 2009;
Shibutani et al., 2015). High-mobility group box 1 is a member of
the high-mobility group (HMG) protein family and one of the
highly conserved and abundantly expressed proteins in almost
all types of eukaryotic cells (Lotze and Tracey, 2005; Kang et al.,
2014). Recently, the pathophysiological role of HMGB1 in human
diseases has been extensively studied. In healthy circumstances,
HMGB1 is localized in the nuclei of cells and participates in
multiple cellular processes including DNA repair, transcription,
and cell differentiation. However, HMGB1 can be released into

the extracellular space and function as a signaling molecule in
various biological processes such as inflammatory response (Tang
et al., 2010a; Xu et al., 2014; Ouyang et al., 2016). Circulating
HMBG1 is capable of engaging with toll-like receptors (TLRs),
particularly TLR2 and TLR4, to activate the expression of
multiple pro-inflammatory cytokines such as TNF-α, IL-1β and
IL-6. Studies demonstrate that HMGB1 plays an important role
in the interaction of autophagy and apoptosis/necrosis in various
disorders including AKI (Nikoletopoulou et al., 2013; Kim et al.,
2014; Chen et al., 2016).

Fibroblast growth factor 10, also known as Keratinocyte
growth factor 2, is a typical paracrine FGF family member
and signals through interactions with its high affinity receptor
FGFR2-IIIb splicing isoform. FGF10 is a multifunctional growth
factor playing crucial roles in the development of many organs
and tissues including the kidney (Beenken and Mohammadi,
2009; Itoh, 2015). Deletion of either Fgf10 or its receptor
Fgfr2-IIIb in mice led to kidney dysgenesis characterized by fewer
collecting ducts and nephrons (Bates, 2007). Overexpression
of a dominant negative receptor isoform in transgenic mice
has revealed more striking defects including renal aplasia or
severe dysplasia (Bates, 2007). Recent studies have reported the
protective effect of FGF10 on spinal cord injury, cerebral ischemia
injury and acute lung injury via inhibiting inflammation,
activating PI3K/AKT signaling pathway or mobilization of stem
cells (Li et al., 2016; Tong et al., 2016; Chen et al., 2017).
Currently, there are no published reports regarding whether
exogenous FGF10 can promote the recovery of AKI. In the
present work, we tested the hypothesis that FGF10 administration
might protect renal cells exposed to I/R injury through regulating
autophagy and inflammation.

MATERIALS AND METHODS

Reagents and Antibodies
Recombinant human FGF10 was acquired from Zhejiang Grost
Biotechnology (Wenzhou). Antibodies against mTOR, LC3,
SQSTM1, Beclin-1 and GAPDH were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, United States). Antibodies
against cleaved Caspase-3, HMGB1, phospho-FGFR, TNF-α
and Caspase-9 were bought from Cell Signaling Technology
(Beverly, MA, United States). TGF-β antibody was purchased
from Abcam (Cambridge, MA, United States). The autophagy
inhibitor chloroquine, autophagy activator rapamycin and
4′, 6-diamidino-2-phenylindole (DAPI) were purchased from
Sigma-Aldrich (St Louis, MO, United States) and Invitrogen
(Carlsbad, CA, United States), respectively.

Animals
Adult male Sprague Dawley (SD) rats (8–12 weeks old) were
supplied by Shanghai SLAC Laboratory Animal Co., Ltd.,
and housed in SPF facility of Wenzhou Medical University.
The protocols for all animal experiments were approved by
the institutional Animal Care and Use committee. Rats were
anesthetized with intra-peritoneal injection of 4% pentobarbital
sodium (50 mg/kg, Merck, Germany) and underwent right
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nephrectomy followed by ischemia for 60 min with renal artery
clamping. SD rats were randomly divided into four groups: (I)
Sham group: the left kidney was exposed with an unrestricted
renal artery; (II) I/R group: the left kidneys were subjected
to 60 min of ischemia by renal artery clamping followed by
reperfusion (Kalogeris et al., 2012; Tan et al., 2017); (III) I/R-
FGF10 group: a single dose of FGF10 (0.5 mg/kg) was injected
into the abdominal cavity 30 min before the 60 min exposure
to ischemia; (IV) RAPA group: a single dose of rapamycin
(10 mg/kg, intramuscular injection, i.m) was injected followed by
the injection of FGF10 same with I/R-FGF10 group, and then the
left kidneys were subjected to 60 min of ischemia. For combined
treatment with chloroquine (I/R-CL group): a single dose of
chloroquine (60 mg/kg) was injected into the abdominal cavity
30 min before the 60 min exposure to ischemia. Animals were
sacrificed at indicated time points after reperfusion upon surgical
operation and kidneys were harvested for further experiment.

Renal Function and Histopathology
Serum creatinine and BUN were used to assess changes of
renal function after AKI. The levels of SCr and BUN were
determined by the Creatine and the Urease colorimetry methods,
respectively, which were performed at the Medical Laboratory
Center of the First Affiliated Hospital, Wenzhou Medical
University. For renal histology analysis, Kidneys were dissected
and fixed with 10% formaldehyde for 48 h, then embedded in
paraffin. To access the severity of renal injury after AKI, sections
(5 µm) were stained with H&E to observe the changes of the renal
morphology.

Immunohistochemistry and Immunofluorescent
Staining
The slides were incubated with antibodies against cleaved-
Capase-3, p-FGFR, SQSTM1 and TNF-α at 4◦C overnight and
stained with Diaminobenzidine (DAB) and counterstained with
hematoxylin. The slides were then subjected to gradient ethanol
dehydration, dimethyl benzene transparent, and mounted with
Neutral resin cover slides. Images were captured using a Nikon
ECLPSE 80i. For immunofluorescent staining, 5 µm sections
were incubated at 4◦C overnight with primary antibody against
LC3, Beclin-1 and HMGB1, respectively. The slides were then
incubated with donkey anti-rabbit secondary antibodies (Abcam,
MA, United States) or donkey anti-mouse IgG-PE secondary
antibodies (Santa Cruz, CA, United States) for 1 h at room
temperature. The images were captured using a laser confocal
microscope (Nikon, Ti-E&A1 plus).

Apoptosis Assay
To measure the apoptosis rates after I/R injury, DNA
fragmentation in vivo was detected using a one-step TUNEL
Apoptosis Assay KIT (Roche, Mannheim, Germany) as
previously described (Tan et al., 2017). The images were captured
with a Nikon ECLPSE Ti microscope (Nikon, Japan).

Western Blot Analysis
Tissue protein samples were prepared with protein extraction
reagents from renal tissues. Protein concentrations were

measured with a Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific). Samples with equal amount of proteins were
separated with SDS-PAGE and then transferred onto a PVDF
membrane for Western blot analysis with specified antibodies.
The ChemiDic TM XRS+ imaging system (Bio-Rad Laboratories,
Hercules, United States) was used to analyze the signals and the
band densities were quantified with Multi Gauge software of
science Lab 2010 (FUJIFILM Corporation, Tokyo, Japan).

Real-Time Quantitative RT-PCR
Total RNA from kidney tissues was extracted using RNeasy
column (QIAGEN), and reverse transcription was performed
using Prime Script TM RT reagent Kit (TaKaRa) according to the
manufacturer’s instructions. Real-time RT-PCR was performed
using the SYBR Green gene expression assays (TaKaRa) to access
mRNA expression. The target values were normalized to GAPDH
(Tan et al., 2017). The PCR primers used for mRNA expression
analysis of Tlr2, Tlr4, Il-Iβ, Il-6, and Gapdh are summarized in
Table 1.

Statistical Analysis
Data is expressed as the mean ± SEM of independent
experiments (n≥ 5). Statistical significance was determined using
Student’s t-test when there were two experimental groups. When
more than two groups were compared, statistical evaluation
of the data was performed using one-way analysis of variance
(ANOVA). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, P-values < 0.05
was regarded as statistically significant.

RESULTS

FGF10 Ameliorates I/R-Induced Renal
Dysfunction and Histological Damage
We employed an I/R injury rat model to investigate the potential
effect of FGF10 on AKI at 24, 48, and 72 h, respectively. Renal
histological changes were assessed by H&E staining, no apparent
damage was observed in the kidney of sham group, whereas

TABLE 1 | Primer sequences used to amplify rat cDNAs.

Gene GenBank Primer sequences

GAPDH NM_012675 5′- GACATGCCGCCTGGAGAAAC-3′

5′-AGCCCAGGATGCCCTTTAGT-3′

IL-1β NM_031512 5′-TGCAGGCTTCGAGATGAAC-3′

5′-GGGATTTTGTCGTTGCTTGTC-3′

IL-6 NM_012589 5′-AAGCCAGAGTCATTCAGAGC-3′

5′-GTCCTTAGCCACTCCTTCTG-3′

TLR2 NM_198769 5′-ATGAACACTAAGACATACCTGGAG-3′

5′-CAAGACAGAAACAGGGTGGAG-3′

TLR4 NM_019178 5′-CATGACATCCCTTATTCAACCAAG-3′

5′-GCCATGCCTTGTCTTCAATTG-3′

TNFα NM_012675 5′-CTTCTCATTCCTGCTCGTGG-3′

5′-TGATCTGAGTGTGAGGGTCTG-3′

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; IL-1β: interleukin-1β; IL-
6: interleukin-6; TLR2: Toll-like receptor-2; TLR4: Toll-like receptor-4; TNFα: tumor
necrosis factor-α.
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the rats in I/R group and RAPA group showed swelling of
RTCs, intraluminal necrotic cellular debris, interstitial congestion
and luminal narrowing characteristic of I/R-induced tubular
epithelial injury at each time point after reperfusion (Figure 1A).
Significantly, Pre-administration of FGF10 markedly attenuated
the degree of renal damages and largely preserved the normal
tissue architecture and integrity. Renal function was assessed by
measuring SCr and BUN at 48 h after reperfusion. As expected,
the levels of SCr and BUN were both increased significantly in I/R

rats compared to Sham group (Figures 1C,D). Notably, the levels
of SCr and BUN in I/R-FGF10 group were significantly lower
compared to that of I/R group (P < 0.001), whereas Rapamycin
largely abolished the protective effect of FGF10 against I/R injury.
To investigate the association between FGF10/FGFR signaling
pathway and I/R injury, we detected the activation of FGFR by
immunohistochemistry (IHC) staining with p-FGFR antibody.
As shown in Figure 1B, few p-FGFR positive cells were detected
in kidneys of sham group, whereas the number of p-FGFR

FIGURE 1 | FGF10 protects against renal histological and function damage after I/R injury. (A) Histological changes of kidneys detected by H&E staining at 24, 48,
and 72 h, respectively, after reperfusion. Animals were randomly assigned into 4 groups: namely, Sham group, I/R group, I/R-FGF10 group and RAPA group. The
details of operations and treatment animals received were described in the materials and methods. Arrows show intraluminal necrotic cells. Scale bars = 50 µm.
(B) IHC staining for p-FGFR in renal tissue sections of indicated groups. Scale bars = 50 µm. (C,D) Determination of SCr and BUN levels in the above grouped rats
at 2 days after reperfusion (mean ± SEM; n = 5). ∗∗P < 0.01, ∗∗∗P < 0.001.
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positive cells was increased in I/R group at 48 h after reperfusion.
However, both the number of p-FGFR positive renal tubular cells
(RTCs) and the staining intensity were noticeably increased in
kidneys of I/R-FGF10 group or RAPA group compared to I/R
group.

FGF10 Reduced Apoptosis of RTCs via
Regulation of Pro-apoptotic Proteins
TUNEL staining was carried out to assess the apoptosis in RTCs.
As shown in Figure 2A, compared to the sham group, the number
of TUNEL-positive cells in I/R rats was dramatically increased
(P < 0.001). Significantly, the proportion of TUNEL-positive
cells was much lower in I/R-FGF10 group (P < 0.001). However,

this apparent effect of FGF10 against I/R-induced apoptosis was
mostly antagonized by rapamycin treatment (Figure 2A). The
number of TUNEL-positive cells was strikingly increased in
RAPA group compared to the IR-FGF10 group. Quantification
analysis of TUNEL staining revealed that the average percentage
of apoptotic cells were 2.40% (24 h), 2.64% (48 h) and 1.92%
(72 h) in sham group; 11.8% (24 h), 40.34% (48 h), 32.8%
(72 h) in I/R group; 8.14% (24 h), 13.22% (48 h), 12.38%
(72 h) in I/R-FGF10 group and 13.2% (24 h), 32.9% (48 h),
34.28% (72 h) in RAPA group, respectively (Figure 2B). The
results indicated that FGF10 treatment protected RTCs from
I/R-induced apoptosis based on TUNEL staining. However, the
protective role of FGF10 against apoptosis was diminished by
rapamycin.

FIGURE 2 | FGF10 protects against I/R induced apoptosis in RTCs. (A) Representative sections of nuclear DNA fragmentation staining were performed using TUNEL
in different groups at 24, 48, and 72 h, respectively, after reperfusion. Scale bars = 50 µM. (B) Quantitative analysis of the number of TUNEL-positive RTCs. Data are
presented as the mean ± SD (n = 5). ∗P < 0.05, ∗∗∗P < 0.001. The percentage of positive cells was analyzed with 5 individual magnification × 400 fields per group.
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To understand the protective mechanism of FGF10 against
I/R-induced RTC apoptosis, we examined the expression
of pro-apoptotic proteins involved in regulation of cell
apoptosis (BCL-2, BAX) and cleaved-Caspase-3 by IHC
staining (Figure 3A) and western blot (Figures 3B–E),
respectively. The expression of BAX and cleaved-Caspase-3
were significantly increased upon I/R injury, whereas BCL2
expression was decreased. Significantly, FGF10 treatment
inhibited the pro-apoptotic expression/activation of Bax/BCL2
and cleaved-Caspase-3, respectively. Consistent with the results
of apoptosis, the effect of FGF10 was largely inhibited by
co-treatment with rapamycin. Together, the results suggest that
FGF10 protects RTCs from I/R-induced apoptosis via regulation
of pro-apoptotic proteins. However, rapamycin inhibited the role

of FGF10 and thus the expression of pro-apoptotic proteins was
increased.

The Protective Effect of FGF10 Is Related
to the Regulation of Autophagy via
mTOR Pathway
Autophagy is known to play a crucial role in the etiology of
AKI caused by renal I/R injury. The fact that rapamycin, a
well-established allosteric mTOR kinase inhibitor and agonist
of autophagy, mostly reduced the protective effect of FGF10
against I/R-induced renal damage apoptosis of RTCs prompted
us to further examine the involvement of autophagy in mediating
protective effect of FGF10.

FIGURE 3 | FGF10 reduces the expression of pro-apoptotic proteins IHC staining and Western blot analyses were performed at 2 days after reperfusion. (A) IHC
staining for cleaved caspase-3 in kidneys of indicated groups. Scale bars = 50 µm. (B) The expression of cleaved Caspase-3, Bcl-2 and Bax were detected by
Western blot with β-actin as loading control. (C–E) The optical density analysis of cleaved Caspase-3, Bcl-2 and Bax (mean ± SEM; n = 5). ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001.
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Detection of LC3I to LC3II conversion and expression of
Beclin-1 and SQSTM1/p62 (SQSTM1 is used hereafter) remains
the most reliable methods to gauge autophagic activity. We
therefore examined the expression of LC3, Beclin-1 and SQSTM1
at tissue and protein levels by immunofluorescence staining and
immunoblot, respectively. The confocal imaging in Figure 4A
shows that the number of LC3 positive dots (autophagosomes)
were dramatically increased in the I/R group compared to sham
group, but greatly reduced by FGF10. Rapamycin treatment
effectively abolished the effect of FGF10 in this setting. However,
chloroquine, as a specific autophagy inhibitor, markedly reduced
the number of autophagosomes in RTCs caused by I/R injury.
The statistical analysis about the number of autophagosomes in
each group was shown in Figure 4B. This result is confirmed
with immunoblot analysis showing that I/R induced LC3II
was partially prevented by FGF10 treatment (Figure 4C, and

quantification result in Figure 4D). Co-detection of Beclin-1 and
LC3 by immunofluorescence staining also revealed that increased
expression of Beclin-1 in I/R tissues was largely prevented by
FGF10, an effect also reversed by treatment with rapamycin
(Figure 5A). Western blot detection and quantification analysis
on Beclin-1 expression (shown in Figures 5B,C) revealed a
similar trend of alteration to LC3II (Figures 4C,D), and was
consistent with confocal image analysis (Figures 4A, 5A).

Besides LC3II and Beclin-1, we also examined the expression
of SQSTM1, a selective autophagic receptor and substrate. As
shown in Figure 6A, SQSTM1 was expressed in the cytoplasm
of RTCs, which was significantly decreased in I/R group. It
was evident that FGF10 not only reversed I/R-induced decrease
of SQSTM1, but further increased its expression above the
one observed for the sham control (Figures 6B,C), this effect
again was abolished by rapamycin. To determine whether the

FIGURE 4 | FGF10 reduces the formation of autophagosome and the expression of LC3II. (A) Immunofluorescence staining of LC3 (green) was performed at 48 h
after reperfusion. Nuclei were labeled with DAPI (blue). Scale bars = 50 µm. (B) Statistic analysis of the number of autophagosomes in RTCs with 5 randomly
selected images in each group. (C) The protein expression of LC3II/LC3I in renal tissue was determined by Western blot and the optical densities were quantified
(D). Data are presented as the mean ± SEM (n = 5). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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mTOR pathway is subjected to FGF10 regulation, we examined
the phosphorylation of mTOR by immunoblot. As shown in
Figure 6B, the changes in phosphorylation of mTOR highly
resembled that of SQSTM1, which was decreased in I/R group,
but became markedly increased in FGF10 treated group, an effect
mostly inhibited by co-treatment with rapamycin (Figure 6D).

FGF10 Inhibited the Release of HMGB1
in Response to Renal I/R Injury
HMGB1 is a major DAMP protein, which can be activated
by renal I/R and participates in inflammatory response
(Wu et al., 2010). We therefore examined the expression
and localization of HMGB1 by Immunofluorescence staining

and confocal imaging analyses. As expected, HMGB1 was
predominantly localized in the nuclei of RTCs in sham
control. Following I/R injury, the level of HMGB1 appeared
to be decreased in nuclei, but increased in the cytoplasmic
domain. Strikingly, FGF10 almost completely prevented the
decrease of nuclear HMGB1 and concomitant increase in
the cytoplasm, an effect abolished by rapamycin treatment
(Figure 7A). To confirm the nucleus to cytoplasm shuttling
and extracellular release of HMGB1, we further examined the
levels of nuclear as well as serum HMGB1 by western blot
and ELISA, respectively (Figures 7B–D). The expression of
HMGB1 in the nuclear fraction was significantly decreased,
whereas the serum HMGB1 was significantly increased in
I/R group compared with sham group. FGF10 treatment

FIGURE 5 | FGF10 reduces the expression of Beclin-1. (A) Immunofluorescence staining and confocal images for LC3 (Green) and Beclin-1 (red) at 2 days after
reperfusion. Nuclei were labeled with DAPI (blue). Scale bars = 50 µm. (B) Representative western blotting result for Beclin-1 expression. (C) Optical density analysis
of protein bands. Data are presented as the mean ± SEM (n = 5). ∗P < 0.05, ∗∗∗P < 0.001.
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FIGURE 6 | FGF10 increases the expression of SQSTM1 and p-mTOR in I/R rats. (A) IHC staining was performed at 2 days after reperfusion for SQSTM1 in kidney
tissues from indicated animal groups. Scale bars = 50 µm. (B) The expression of SQSTM1, p-mTOR and mTOR were detected by western blotting (mean ± SEM;
n = 5). β-actin was used as control. ∗P < 0.05, ∗∗∗P < 0.001. (C,D) Optical density analysis for SQSTM1 and p-mTOR, which were normalized to β-actin and
mTOR, respectively.

completely prevented the I/R-induced decrease of nuclear
HMGB1 (Figures 7B,C), and largely abolished the increase in
serum HMGB1 (Figure 7D). Extracellular HMGB1 is known
to signal through TLRs, particularly TLR2 and TLR4, to
activate pro-inflammatory response. Indeed, we found that the
level of Tlr2 mRNA expression was increased nearly threefold
against sham-operated rats (Figure 7E). Importantly, FGF10
treatment mostly obliterated I/R-induced Tlr2 expression, an
effect partially reversed by rapamycin treatment. The effect of
FGF10 on the mRNA expression of Tlr4 was similar to that of
Tlr2 (Figure 7F). These results provide evidence that FGF10
could inhibit the release of HMGB1 from the nucleus to the
extracellular matrix thereby preventing the HMGB1-mediated
inflammatory response via the TLR2/TLR4 signaling pathway.

FGF10 Inhibited the Expression of
Inflammatory Cytokines After I/R Injury
The ability of FGF10 to prevent I/R induced HMGB1 nuclear
to cytoplasmic shuttling and releases, as well as TLR2 induction
in response to I/R injury suggests that FGF10 may inhibit the
expression of pro-inflammatory cytokines such as TNF-α. We
therefore examined the expression of TNF-α in kidneys by IHC
staining (Figure 8A) and western blot (Figures 8B,C). The serum
TNF-α was also examined by ELISA (Figure 8D). I/R-induced
TNF-α expression was mostly prevented by FGF10, but such
effect, was largely obliterated by rapamycin treatment. We next
performed RT-qPCR to determine the mRNA expression of two
other inflammatory cytokines Il-1β and Il-6 in renal tissues. These
results also demonstrated that I/R-induced expression of these

cytokines could be effectively inhibited by FGF10, but not in the
presence of rapamycin (Figures 8E,F).

DISCUSSION

FGF10, a multifunctional growth factor, is crucial in transmitting
mesenchymal to epithelial signaling in organ development and
regenerative medicine (Itoh, 2016). The role of FGF10 in cerebral
ischemia injury, pulmonary fibrosis and wound healing, has
been extensively researched (Li et al., 2016; Tong et al., 2016;
Chao et al., 2017; Chen et al., 2017; El Agha et al., 2017). As
a typical paracrine growth factor, FGF10 and its predominant
receptor FGFR2-IIIb plays crucial roles in the development of
kidney. However, the potential effect of FGF10 on AKI has
not been reported so far. We herein used a well-established
renal I/R model to investigate the potential protection effect
of FGF10 against I/R injury. We confirmed that I/R rats were
associated with increased SCr and BUN indicating a decline
in the GFR. The current work provided experimental evidence
that FGF10 administration effectively alleviated I/R-induced
functional impairment as well as histological damage of the
kidney. Mechanistically, besides curbing apoptosis induction in
RTCs, administration of FGF10 effectively alleviated the excessive
autophagy, a common phenotype in RTCs exposed to I/R
injury. HMGB1 is a damage-associated molecule that is rapidly
released from nucleus to extracellular matrix and acts as a crucial
molecule in the mediation of apoptosis and inflammation. We
here demonstrated that FGF10 can inhibit the translocation of

Frontiers in Genetics | www.frontiersin.org 9 November 2018 | Volume 9 | Article 55679

https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-09-00556 November 11, 2021 Time: 11:17 # 10

Tan et al. Renal Protective Effect of FGF10

FIGURE 7 | FGF10 inhibits the release of nuclear HMGB1 to the serum and regulates the TLR mRNA expression. (A) Immunofluorescence staining of HMGB1 at 2
days after reperfusion. Nuclei were labeled with DAPI (blue). Scale bars = 50 µm. (B,C) Protein expression of HMGB1 in the nuclear fraction of renal tissues by
Western blot and optical density analysis with β-actin as loading control (mean ± SEM; n = 5). ∗∗P < 0.01, ∗∗∗P < 0.001. (D) Level of serum HMGB1 was
determined by ELISA (mean ± SEM; n = 5). ∗P < 0.05, ∗∗P < 0.01. (E,F) Expression of Tlr2 and Tlr4 mRNA in the kidney were examined by RT-qPCR and
normalized to Gapdh. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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FIGURE 8 | FGF10 regulates the expression of inflammatory cytokines. (A) IHC staining for TNF-α in kidney tissues from indicated groups. Scale bars = 50 µm.
(B,C) The expression of TNF-α was detected by western blot using TNF-α specific antibody. Optical density analyses (mean ± SEM; n = 5) with β-actin as control.
(D) Levels of serum TNF-α were determined by ELISA (mean ± SEM; n = 5). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. (E,F) The mRNA expression of Il-1β and Il-6 in
the kidney was examined by RT-qPCR and normalized to Gapdh. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

HMGB1 and thus attenuates RTC apoptosis upon I/R injury.
Therefore, FGF10 treatment appears to protect kidneys from
AKI via the regulation of autophagy and HMGB1 mediated
inflammatory signaling pathways.

Extensive research has demonstrated that death of renal
parenchyma cells, including apoptosis and necrosis, is the major
mechanism underlying the pathogenesis of the AKI, as well
as inflammation (Oberbauer et al., 2001). The RTCs detached
from basement membrane, along with other cellular debris,
enter and obstruct the tubular lumen, thereby decrease GFR.
Upon examining multiple parameters of cell death including
TUNEL assays which detects both apoptosis and necrosis,
as well as crucial mitochondrial regulators, we conclude that
FGF10 treatment ameliorates the pro-apoptotic alteration of
Bax/Bcl-2 as well Caspase-3, therefore RTC apoptosis following

I/R injury. The results are in line with our previous studies
showing that FGF2, another FGF family member, protects against
renal I/R injury through attenuating mitochondrial damage
(Tan et al., 2017). Two recent studies suggested that neuron
and microglia or macrophage-derived FGF10 participates in
activation of PI3K/AKT/mTOR, which contributes to either
ameliorate cerebral ischemia injury or improve functional
recovery after spinal cord injury (Li et al., 2016; Chen et al.,
2017). Further studies will be required to delineate the molecular
mechanisms underlying FGF10 mediated protection against renal
I/R injury.

A number of reports have established the involvement of
autophagy in I/R-induced AKI in various animal models. In a
myocardial I/R model, FGF2 is shown to improve heart function
recovery and survival of cardiomyocytes through inhibition
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of excessive autophagy and increased ubiquitinated protein
clearance via the activation of PI3K/AKT/mTOR signaling
(Wang et al., 2015). Under normal physiological conditions, basal
autophagy is required to maintain homeostasis in both visceral
epithelial cells (podocytes) and RTCs. So far, both the beneficial
and detrimental effects of autophagy have been reported after
renal I/R injury in animal experiments (Decuypere et al., 2015;
Kaushal and Shah, 2016; Lenoir et al., 2016). Autophagy has
been reported to have a protective role in cell survival by
degrading misfolded/unfolded proteins, damaged organelles and
generate necessary nutrient substance during AKI in some
reports (Kimura et al., 2011; Guan et al., 2015; Xie et al., 2018),
whereas in others, it also causes apoptosis through excessive
degradation of essential proteins and digestion of organelles
(Shintani and Klionsky, 2004; Thorburn, 2008). Therefore, the
role of autophagy in the pathogenesis and resolution of AKI
injuries remains controversial, and is likely affected by the cellular
context and also the extent of injury (Huber et al., 2012).

Given that rapamycin, an mTOR inhibitor and agonist of
autophagy, impaired the protective effect of FGF10 on renal
function, we therefore further examined several well-established
autophagy parameters by immunoblot, immunofluorescence
staining and associated autophagic phenotypes. LC3 is a crucial
cytoplasmic protein required for the formation and elongation
of autophagosome. LC3 positive punctate formation and the
conversation of LC3I to LC3II are often used to examine
the induction of autophagy. Our immunofluorescent analysis
of LC3 indicated that FGF10 treatment could prevent I/R-
induced conversion of LC3I to LC3II and inhibited the formation
of autophagic vacuoles and autophagosome. More strikingly,
the effect of FGF10 on I/R-induced autophagy was nearly
completely antagonized by rapamycin therefore establishing a
role of autophagy in the protective effect of FGF10 again I/R
injury. Consistent results were observed with the expression
of Beclin-1, a marker of autophagosome as well as SQSTM1,
an ubiquitously expressed protein which directly interacts with
LC3 and subsequently degraded in autophagosome (Johansen
and Lamark, 2011; Weidberg et al., 2011). The decreased
expression of SQSTM1 upon I/R injury was partially restored
by FGF10 treatment. The data collectively suggest that FGF10
treatment could reduce autophagosome formation and inhibit
excessive autophagy in RTCs after I/R injury via mTOR
pathway.

Although both apoptosis and autophagy are rapidly induced
in RTCs during AKI, but the role of autophagy in AKI is not
as clear as apoptosis, and the interaction between apoptosis
and autophagy in response to stimuli is complex and poorly
defined. It is generally accepted that moderate autophagy may
enhance the cellular ability to cope with stress response and
thus promotes cell survival. Several studies have reported the
renoprotective effect of autophagy in AKI caused by 25–40 min
of renal ischemia-reperfusion (Kimura et al., 2011; Jiang et al.,
2012; Xie et al., 2018). Once the autophagy is exacerbated
due to severe injury, the program of apoptosis would be
activated and eliminate the irreversibly damaged cells. Our
results clearly indicate that FGF10 treatment could alleviate
the excessive autophagy induced by 60 min of I/R exposure

and thus protects RTCs from apoptosis. Therefore the extent
of renal injury may render autophagy to either alleviate or
augment the I/R injury. However, no study has shown a definite
demarcation point to distinguish the dual roles of autophagy on
damaged cells. The regulatory mechanism between autophagy
and apoptosis in response to I/R injury should be a focus of future
studies.

The innate immune response is another integral pathological
mechanism with AKI and the subsequent CKD. Emerging
evidence suggests that the relationship between autophagy
and inflammation is far more complicated than previously
appreciated (Leventhal et al., 2014). Both autophagy and
immune response play crucial roles in the pathogenesis
of AKI. Immune responses can affect the activation and
perpetuation of autophagy in RTCs after reperfusion. Autophagy
is identified a modulator that can both regulate and be
regulated by immune responses in many diseases (Kaushal
and Shah, 2016; Kimura et al., 2017). Further research
is needed to clarify the precise effects of autophagy on
inflammation.

Many studies reported the multiple roles of HMGB1 in
the pathogenesis of various diseases. However, the crosstalk
between HMGB1 and apoptosis is complicated and requires
further elucidation. HMGB1 shows dual roles in the regulation
of apoptosis. Intracellular HMGB1 is generally an anti-apoptosis
molecule, whereas overexpression of extracellular HMGB1
promotes apoptosis (Kang et al., 2014). The two-way interaction
between HMGB1 and autophagy has been wildly studied.
Autophagy participates in various physiological and pathological
processes including the release and degradation of HMGB1
(Thorburn et al., 2009; Dupont et al., 2011). Autophagy is
regulated by HMGB1 which involves many molecules such as
heat shock protein β-1 (HSPB1), Bcl-2 and Beclin-1 (Tang et al.,
2010b; Zhao et al., 2011). Studies with HMGB1 knockout mice
suggest that loss of HMGB1 leads to autophagy deficiency,
whereas increased extracellular HMGB1 promotes autophagy
through binding to Receptor for advanced glycation end products
(RAGE), a negative regulator of apoptosis (Tang et al., 2010a;
Yanai et al., 2013). HMGB1 participates in the formation of renal
fibrosis in the development of CKD through binding to TLR2
and RAGE. Therefore, future studies are warranted to explore the
effect of FGF10 on CKD.

In summary, the present study demonstrates for the first
time that exogenously administered recombinant FGF10 protects
against I/R-induced functional and tissue damage to the kidney.
The potent protective effect is attributed to its ability to attenuate
several I/R-induced pro-apoptotic alteration of BCL2/BAX
expression and Caspase-3 activation, therefor apoptotic cell death
of renal parenchyma cells. The present work also indicates that
protective effect of FGF10 against I/R injury is related to its down-
regulation of excessive autophagy as well as release of HMGB1,
Which in turn regulates pro-inflammatory immune response via
TLR2/TLR4 signaling pathway. Apoptosis and autophagy are
both rapidly activated upon renal I/R injury, which may interact
with each other to govern the pathological and recovery processes
of AKI. Our study suggests that FGF10 may provide a potential
therapeutic option for treating AKI.
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A Corrigendum on

FGF10 Protects Against Renal Ischemia/Reperfusion Injury by Regulating Autophagy and
Inflammatory Signaling
by Tan, X., Zhu, H., Tao, Q., Guo, L., Jiang, T., Xu, L., Yang, R., Wei, X., Wu, J., Li, X., and Zhang, J. S.
(2018). Front. Genet. 9:556. doi: 10.3389/fgene.2018.00556

In the original article, there were mistakes in Figure 2A, Figure 6A, and Figure 7A as published. The
immunofluorescence and immunohistochemistry images in the Sham group (Figure 2A) and RAPA
groups in Figure 6A and Figure 7A, respectively, were erroneously used. The corrected Figures
appear below.

The authors deeply apologize for these errors and state that these corrections do not change the
scientific conclusions of the article in any way. The original article has been updated.
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FIGURE 2 | FGF10 protects against I/R induced apoptosis in RTCs. (A) Representative sections of nuclear DNA fragmentation staining were performed using
TUNEL in different groups at 24, 48, and 72 h, respectively, after reperfusion. Scale bars � 50 µM. (B)Quantitative analysis of the number of TUNEL-positive RTCs. Data
are presented as the mean ± SD (n � 5). pp < 0.05, pppp < 0.001. The percentage of positive cells was analyzed with 5 individual magnification × 400 fields per group.
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FIGURE 6 | FGF10 increases the expression of SQSTM1 and p-mTOR in I/R rats. (A) IHC staining was performed at 2 days after reperfusion for SQSTM1 in kidney
tissues from indicated animal groups. Scale bars � 50 µm. (B) The expression of SQSTM1, p-mTOR andmTORwere detected by western blotting (mean ± SEM; n � 5).
β-actin was used as control. pp < 0.05, pppp < 0.001. (C,D)Optical density analysis for SQSTM1 and p-mTOR, which were normalized to β-actin andmTOR, respectively.
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FIGURE 7 | FGF10 inhibits the release of nuclear HMGB1 to the serum and regulates the TLR mRNA expression. (A) Immunofluorescence staining of HMGB1 at
2 days after reperfusion. Nuclei were labeled with DAPI (blue). Scale bars � 50 m. (B,C) Protein expression of HMGB1 in the nuclear fraction of renal tissues by Western
blot and optical density analysis with β-actin as loading control (mean ± SEM; n � 5). ppp < 0.01, pppp < 0.001. (D) Level of serum HMGB1 was determined by ELISA
(mean ± SEM; n � 5). pp < 0.05, ppp < 0.01. (E,F) Expression of Tlr2 and Tlr4 mRNA in the kidney were examined by RT-qPCR and normalized to Gapdh. pp < 0.05,
ppp < 0.01, pppp < 0.001.
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Essential muscular organ that provides the whole body with oxygen and nutrients,
the heart is the first organ to function during embryonic development. Cardiovascular
diseases, including acquired and congenital heart defects, are the leading cause of
mortality in industrialized countries. Fibroblast Growth Factors (FGFs) are involved in a
variety of cellular responses including proliferation, differentiation, and migration. Among
the 22 human/mouse FGFs, the secreted FGF10 ligand through the binding of its
specific receptors (FGFR1b and FGFR2b) and subsequent activation of downstream
signaling is known to play essential role in cardiac development, homeostasis and
disease. FGF10 is one of the major marker of the early cardiac progenitor cells
and a crucial regulator of differentiated cardiomyocyte proliferation in the developing
embryo. Increasing evidence support the hypothesis that a detailed understanding
of developmental processes is essential to identify targets for cardiac repair and
regeneration. Indeed the activation of resident cardiomyocyte proliferation together with
the injection of cardiac progenitors represent the most promising therapeutical strategies
for cardiac regenerative medicine. The recent findings showing that FGF10 promotes
adult cardiomyocyte cell cycle reentry and directs stem cell differentiation and cell
reprogramming toward the cardiogenic lineage provide new insights into therapeutical
strategies for cardiac regeneration and repair.

Keywords: FGF10, FGFR1/2, heart development, cardiomyocyte, cardiac regeneration

INTRODUCTION

The heart is an essential muscular organ that pumps blood and provides the whole body with
oxygen and nutrients. During embryonic development, the heart is the first organ to form and
cardiac morphogenesis is a tightly regulated process. Cardiovascular diseases including congenital
and acquired heart diseases are the leading cause of mortality in industrialized countries (Writing
Group Members et al., 2016).

By mediating a variety of cellular responses, Fibroblast Growth Factors (FGFs) are known to play
an essential role in cardiac development, homeostasis and disease. The human/mouse FGF family
comprises 22 members including secreted and intracellular FGFs. Secreted FGFs bind and activate
cell surface tyrosine kinase receptors (FGF receptors; FGFRs) encoded by four genes (FGFR1-
4). The alternate splicing of FGFR genes results in the generation of seven different receptors,
each of them displaying distinct ligand-binding properties (Zhang et al., 2006). In contrast to
secreted FGFs, intracellular FGFs serve as cofactors for voltage gated sodium channels and other
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molecules (Ornitz and Itoh, 2015). Interaction between secreted
FGFs and their specific receptors is tightly regulated by
extracellular binding proteins including heparan sulfates and
the Klotho family proteins that serve as cofactors and confer
unique ligand-receptor binding properties. Activated tyrosine
kinase FGF receptors mediate diverse intracellular signaling
cascades including the RAS-MAPK, PI3K-AKT, PLCγ, and STAT
signaling pathways (Ornitz and Itoh, 2015). Phylogenetic analysis
suggest that secreted FGFs can be grouped into five subfamilies
of paracrine FGFs and one subfamily of endocrine FGFs. The
current consensus suggests that FGF10 belongs to a subfamily
that comprises FGF3, FGF7, FGF10, and FGF22. Receptor-ligand
specificities are well described. Indeed, FGF3, 7, 10, and 22 have
been shown to activate preferentially the IIIb splice variant of
FGFR2. In addition FGF3 and FGF10 also activate the IIIb splice
variant of FGFR1 (Zhang et al., 2006). Nevertheless, ablation
studies together with overlapping expression patterns strongly
suggest potential functional redundancy between FGF family
members in the developing and adult heart. Finally, the existence
of heterodimer formation between FGFs and FGFRs may further
increase receptor-ligand interaction possibilities (Sun et al., 2002)
and thus the diversity of FGF signaling.

Here we will review a detailed understanding of FGF signaling
in cardiovascular development, homeostasis, disease and repair,
focusing on the particular role of the FGF10/FGFR1/FGFR2
pathway.

DEVELOPMENTAL ROLE OF THE FGF10
SIGNALING

Heart development is an extremely complex process that can be
divided in two major growth phases distinguished by a shift in
the major site of proliferation from an extracardiac progenitor
cell population to fetal cardiomyocytes. The early embryonic
phase relies on the extensive proliferation of cardiac progenitor
cells termed the second heart field (SHF) and their progressive
addition to the developing heart tube. Precise spatiotemporal
control of SHF progenitor cell proliferation-differentiation
balance is required for normal heart tube elongation. Cardiac
neural crest (CNC) cells, a second extracardiac cell population,
play a critical role in early heart development (Hutson and Kirby,
2007). Concomitant with SHF cell addition to the outflow tract
(OFT) of the heart, CNC migrate from the dorsal neural tube into
the OFT. Interactions between CNC cells and SHF progenitors
are critical determinants for the correct addition of SHF cells
to the heart tube. In contrast to early heart tube development,
fetal heart growth is achieved through the proliferation of
differentiated cardiomyocytes which tight control is essential for
the correct morphogenesis of the heart. Indeed, perturbations
in the regulation of fetal cardiomyocyte proliferation lead to
congenital heart defects.

During the early embryonic phase of heart morphogenesis,
proper communication between cardiac progenitor cells is a
prerequisite for correct heart tube elongation, looping, and
arterial pole alignment. FGFs are among the critical signals
required for proper early cardiac morphogenesis (Kelly, 2012).

By ensuring communication within and between developing
heart progenitors, FGF signaling leads to their tight regulation
of proliferation and specification. Indeed, transgenic mouse
models with conditional inactivation of Fgfr1/2, conditional
overexpression of Sprouty2 (Spry2, which encodes an FGF
signaling antagonist) or conditional ablation of Frs2 (encoding
a MAPK/PI3K signaling adaptor protein) within the SHF
progenitor cell population revealed that interrupting autocrine
FGF signaling in SHF mesoderm, by compromising SHF
progenitor cell proliferation and by indirectly reducing cardiac
neural crest cell recruitment into the outflow tract cushions,
causes outflow tract misalignment and subsequently impaired
cardiac morphogenesis (Park et al., 2008; Zhang et al., 2008).
While FGFR-dependent regulation of SHF proliferation seems to
depend on the PI3K/AKT pathway (Luo et al., 2015), the Ras/Erk
downstream signaling seems to be required in the regulation
of myocardial specification (Rochais et al., 2009; Hutson et al.,
2010). All these studies thus strongly reveal iterative roles for FGF
signaling in OFT development.

Multiple FGF ligands have been described to be expressed
in cardiac progenitors and surrounding tissues (Figures 1A–C).
FGF10 was identified as a specific endogenous marker of the
SHF (Kelly et al., 2001). While Fgf10 expression is restricted to
SHF progenitors (Kelly et al., 2001), Fgf8 is also expressed in
the adjacent pharyngeal ectoderm and endoderm (Ilagan et al.,
2006; Mesbah et al., 2012). Fgf15 expression has been detected
in the pharyngeal endoderm (Vincentz et al., 2005) and Fgf3 is
expressed in the pharyngeal endoderm and ectoderm (Urness
et al., 2011).

The Wnt/β-catenin signaling pathway a key regulator of SHF
development transcriptionally controls Fgf10 expression within
SHF progenitors (Cohen et al., 2007). Crucial transcription
factors of SHF cardiac progenitor cell deployment are also
known to control Fgf10 expression. ISL1 and NKX2-5 control
the expression of Fgf10 in the SHF, through competitive binding
to common regulatory elements in an intronic cardiac enhancer,
thus, respectively, activating expression in progenitor cells and
repressing transcription in differentiated myocytes (Watanabe
et al., 2012). TBX1 also activates Fgf10 through T-box binding
sites in the same enhancer element (Watanabe et al., 2012).

Fgf10-null embryos, which die at birth due to lung aplasia,
display altered heart morphology. In addition to the absence of
pulmonary arteries and veins, Fgf10 knockout embryos display
an abnormal positioning of the ventricular apex in the thoracic
cavity (Marguerie et al., 2006; Rochais et al., 2014). Nevertheless,
early SHF deployment and subsequent heart tube elongation
are not affected by Fgf10 deletion. In contrast, deletion of
the main FGF10 receptor, Fgfr2b, leads to major congenital
heart defects including ventricular septal defects, OFT alignment
defects, and thin and poorly trabeculated ventricles (Marguerie
et al., 2006) strongly suggesting the existence of functional
redundancy between FGF10 and other FGFR2b ligands during
the early steps of heart development. FGF8 appears to be the
major ligand regulating cardiac progenitor cell deployment.
A series of conditional loss of function experiments has revealed
that Fgf8, through a cell-autonomous mechanism, is required
for SHF expansion and thus OFT elongation, septation, and
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FIGURE 1 | FGF10 signaling in the developing heart. (A) Lateral whole-mount view and (B) transverse section of an embryo carrying an Fgf10-LacZ transgene (Kelly
et al., 2001) at embryonic day E9.5. Fgf10 transgene expression is observed in second heart field (SHF) progenitor cells, which are located in pharyngeal mesoderm
adjacent to pharyngeal endoderm, and in the outflow tract (OFT). (B) Immunofluorescence on transverse section of an E9.5 embryo carrying an Fgf10-LacZ
transgene, at the level of the dotted line in (A). The anti-AP-2α (pink) antibody was used to detect cardiac neural crest (CNC) cells and ectodermal cells and the
anti-β galactosidase (green) antibody to visualize SHF cells. (C) Table showing the overlapping expression patterns of key FGF ligands and receptors at E9.5 in the
SHF and surrounding tissues. (D) FGF signaling role in fetal heart development. (E) Table showing the overlapping expression patterns of key FGF ligands and
receptors in the fetal heart.

subsequent ventriculoarterial alignment (Ilagan et al., 2006;
Park et al., 2008). Interestingly, the fact that heterozygous
deletion of Fgf10 in combination with homozygous loss of
mesodermal Fgf8 expression results in more severely altered
anterior heart development (Watanabe et al., 2010) strongly
supports mesodermal FGF8 and FGF10 functional redundancy.
In addition, FGF3 and FGF10 have been also shown to play
redundant and dosage sensitive requirement during heart tube
elongation (Urness et al., 2011). All these studies highlight
that critical FGF dosage, including FGF10, is crucial for SHF
proliferation and deployment and thus for normal cardiac
morphogenesis.

During the second phase of heart development (after
embryonic day E10.5), subsequent growth and remodeling of
the myocardium occur without significant further addition
of cardiac progenitor cells to the heart. Instead, regulated
proliferation of cardiac myocytes drives growth of the atrial
and ventricular chambers. Tight spatio-temporal regulation of
fetal cardiomyocyte proliferation thus appears to be required
for proper heart formation and impairment of cardiomyocyte
proliferation during fetal stages also results in congenital
heart defects (Ahuja et al., 2007). FGF signals, through cell-
autonomous or paracrine mechanisms, have been described
as crucial regulators of fetal cardiomyocyte proliferation
(Figures 1D,E; Smith and Bader, 2007). FGF ligands originating
from the endocardium and the epicardium, including FGF9,
FGF16, and FGF20, have been shown to regulate cardiomyocyte
proliferation (Lavine et al., 2005; Hotta et al., 2008; Lu et al.,
2008). Recent reports revealed the implication of FGF10 in the
regulation of fetal cardiomyocyte proliferation. Fgf10 mutant
heart analysis demonstrates that FGF10 signaling, through a

cell-type autonomous mechanism, specifically controls fetal right
ventricular cardiomyocyte proliferation. In fact, at fetal stages,
FGF10/FGFR2b signaling promotes cardiomyocyte proliferation
through the phosphorylation of the FOXO3 transcription factor
and subsequent downregulation of the cyclin dependent kinase
inhibitor p27kip1 expression (Rochais et al., 2014). In addition,
myocardial FGF10 signaling, through the paracrine activation
of FGFR1 and FGFR2 in the epicardium, has been suggested
to promote epicardial-derived cell migration into the compact
myocardial layer (Vega-Hernandez et al., 2011). In this study,
the impairment in cardiac fibroblast numbers observed in Fgf10-
mutant hearts, results indirectly in reduced fetal cardiomyocyte
proliferation.

Despite cardiomyocyte proliferation, FGF signals, through
redundant function of FGFR1 and FGFR2, originating from
the epicardium and the endocardium, play pivotal role in
coronary vasculature development (Figure 1D). In fact, in
embryonic mouse heart, myocardial FGFR1/2 signaling by
triggering Hedgehog signaling activation, Vegf and Angiopoietin-
2 expression, indirectly participate to the coronary vascular
plexus formation and thus coronary vessel deployment (Lavine
et al., 2006). Here the precise requirement of the FGF10 ligand
has not been explored.

Several members of the FGF family are expressed in the
vascular network (Presta et al., 2005; Beenken and Mohammadi,
2009). While the most studied FGF member, FGF2, is a potent
inducer of angiogenesis, other FGFs (FGF 1, 2, 5, 7, 8, 16, and 18),
but not FGF10, are expressed in endothelial and vascular smooth
muscle cells (Antoine et al., 2005). Despite predominant FGFR1
and FGFR2 expression endothelial cells (Presta et al., 2005),
mouse specific deletion of Fgfr1 and Fgfr2 in both endothelial
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FIGURE 2 | FGF10 signaling in cardiac homeostasis, disease and repair.

and hematopoietic cell lineages has no impact on normal vascular
development (Oladipupo et al., 2014; House et al., 2016). In
contrast, in zebrafish, global FGFR signaling inhibition using
allosteric inhibitor or a dominant negative form of the receptor
revealed the critical requirement for FGF signaling in the
maintenance vascular function and integrity (Murakami et al.,
2008; De Smet et al., 2014). This strongly suggests, in mammals,
the existence of functional redundancy between FGFR1, FGFR2,
and FGFR3 that also expressed in endothelial cells.

FGF10 SIGNALING IN CARDIAC
HOMEOSTASIS

Soon after birth, the ability of cardiomyocytes to proliferate
is strongly reduced, and cardiac growth transitions from
hyperplastic to hypertrophic (Pasumarthi and Field, 2002). For
nearly a century, the adult heart has been considered to be a
post-mitotic organ; however, recent studies have highlighted the
importance of the homeostasis of the adult heart in physiological
conditions. Indeed extensive studies on adult mammalian hearts
including the human heart have led to a consensus that new
cardiomyocytes are indeed generated throughout life (Soonpaa
and Field, 1998; Bergmann et al., 2009, 2015). In the healthy adult
murine and human heart, cardiomyocyte renewal is currently
estimated at 0.5–2% per year (Eschenhagen et al., 2017).

Diverse FGFs and downstream signals, including FGF1,
FGF2, FGF10, and p38 MAP kinase have been shown to be

involved in the regulation of adult cardiomyocyte renewal
(Figure 2). In vitro studies initially described FGF2 as a potent
positive regulator of cardiomyocyte proliferation (Pasumarthi
and Field, 2002). In vitro and in vivo experiments indicate
that p38 MAP kinase inhibition alone (Jopling et al., 2012b)
or in combination with FGF1 treatment (Engel et al., 2005,
2006), leads to partial cardiomyocyte dedifferentiation and cell-
cycle progression. Furthermore, in the adult zebrafish, epicardial
cells addition to the ventricle has been shown to support
cardiac homeostasis in an FGF-dependent fashion (Wills et al.,
2008). Finally, in the adult mouse heart, FGF10 has been
described to be a potent regulator of cardiomyocyte proliferation.
Indeed, temporal Fgf10 overexpression rapidly enhanced adult
cardiomyocyte cell cycle re-entry leading to increased ventricular
wall thickness. While FGF10 regulation of fetal cardiomyocyte
proliferation seems to occur through the FGFR2b, FGF10
may activate predominantly the FGFR1b to promote adult
cardiomyocyte proliferation (Rochais et al., 2014).

IMPLICATION OF FGF10 SIGNALING IN
CARDIOVASCULAR DISEASES AND
REPAIR

Cardiovascular diseases are the leading cause of mortality
in industrialized countries (Writing Group Members et al.,
2016). Characterized by any molecular, cellular and physiological
change in the myocardium, coronary vessels or valves, cardiac
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diseases result in cardiomyocyte loss and impaired cardiac
function that ultimately lead to congestive heart failure. Multiple
FGFs including FGF10 signaling have been described to play
pathophysiological roles in the cardiovascular system (Itoh et al.,
2016).

Diverse studies highlighted a role for the FGFR1/2
signaling in the neovascularization after injury (Figure 2).
In the zebrafish injured heart, epicardial Fgfr2 expression is
upregulated and FGFR signaling blockade leads to a failure
in coronary neovascularization, resulting in severely impaired
cardiac regeneration (Lepilina et al., 2006). In addition,
neovascularization and vascular remodeling in response to
injury is severely impaired in endothelial specific FGFR1/2
deficient mice (Oladipupo et al., 2014; House et al., 2016).
Finally, endothelium-targeted overexpression of constitutively
active FGFR2 post-myocardial infarction results in anti-apoptotic
action with enhanced angiogenesis (Matsunaga et al., 2009).

While zebrafish adult heart fully regenerates after injury
(Poss et al., 2002), damaged adult mammalian myocardium
is replaced by fibrotic scar tissue. The MAPK pathway
plays a crucial role in adult zebrafish heart regeneration
(Figure 2). Indeed, the induction of p38 MAPK activity
prevents cardiomyocyte proliferation and subsequent heart
regeneration (Jopling et al., 2012a). In the adult mouse
heart, p38 inhibitor injection, after acute myocardial injury,
enhances cardiomyocyte and endothelial cell proliferation and
preserves cardiac remodeling and function (Engel et al.,
2006) strongly revealing that downstream FGF signaling may
be beneficial to improve the limited innate regenerative
capacities of the adult mammalian heart. In contrast to the
adult heart, neonatal mammalian heart, including mouse,
pig and human, possesses extensive regenerative capacities
(Porrello et al., 2011; Haubner et al., 2016; Zhu et al.,
2018). Nevertheless, the rapid and dramatic decrease in
cardiomyocyte proliferation rate during the first week of
postnatal life (Pasumarthi and Field, 2002) results in severely
limited regenerative capacities in adult, strongly supporting
the hypothesis that a detailed understanding of the regulation
of fetal cardiomyocyte proliferation is essential to identify
targets for cardiac regeneration. As described above, FGF10 has
been identified as a crucial regulator of fetal cardiomyocyte
proliferation (Rochais et al., 2014). The fact that decreased
myocardial Fgf10 expression has been observed in mouse
postnatal heart during the time window where cardiomyocytes
exit from the cell cycle (Rochais et al., 2014), coinciding
with the loss of regenerative capacities, suggests that FGF10
signaling may play a role in cardiac regeneration. However,

Fgf10 overexpression in the neonatal mouse heart does not
promote beneficial effects on post-natal cardiac regeneration
(Rubin et al., 2013). Nevertheless, the ability for FGF10 to
specifically induce adult cardiomyocyte cell-cycle reentry in
physiological conditions suggests that FGF10 might be able
to promote cardiomyocyte renewal in the adult injured heart
(Rochais et al., 2014).

Together with the stimulation of existing cardiomyocyte
renewal, cell therapy using the injection or tissue-
based implantation of cardiac progenitor cells and direct
reprogramming represent relevant therapeutic options for
cardiac regenerative medicine (Tzahor and Poss, 2017). Several
studies revealed the requirement of FGF10 signaling during stem
cell specification into the cardiogenic lineage (Figure 2). Indeed,
FGF10 signaling has been shown to play an important role in
promoting cardiomyocyte differentiation in both embryonic and
induced pluripotent stem cells (Chan et al., 2010). Furthermore,
in addition to improve the quality of cardiac reprogramming
in mouse fibroblasts, and in combination with FGF2 and the
vascular endothelial growth factor (VEGF), FGF10, through
the RAS-MAPK and PI3K/AKT pathways, is able to convert
partially reprogrammed cells into functional cardiomyocyte-like
cells (Yamakawa et al., 2015).

CONCLUSION

All the studies described in this review highlighted the crucial
role for the FGF10 ligand and the related FGFR1/2 signaling in
heart development, homeostasis and disease. The recent findings
revealing a crucial role for FGF10 in controlling both adult
cardiomyocyte cell cycle reentry and stem cell differentiation
and cell reprogramming toward the cardiogenic lineage provide
potential therapeutic strategies for cardiovascular diseases.
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Mathematical Approaches of
Branching Morphogenesis
Christine Lang†, Lisa Conrad† and Odyssé Michos*

Department of Biosystems Science and Engineering, ETH Zürich, Basel, Switzerland

Many organs require a high surface to volume ratio to properly function. Lungs and
kidneys, for example, achieve this by creating highly branched tubular structures during
a developmental process called branching morphogenesis. The genes that control
lung and kidney branching share a similar network structure that is based on ligand-
receptor reciprocal signalling interactions between the epithelium and the surrounding
mesenchyme. Nevertheless, the temporal and spatial development of the branched
epithelial trees differs, resulting in organs of distinct shape and size. In the embryonic
lung, branching morphogenesis highly depends on FGF10 signalling, whereas GDNF is
the driving morphogen in the kidney. Knockout of Fgf10 and Gdnf leads to lung and
kidney agenesis, respectively. However, FGF10 plays a significant role during kidney
branching and both the FGF10 and GDNF pathway converge on the transcription
factors ETV4/5. Although the involved signalling proteins have been defined, the
underlying mechanism that controls lung and kidney branching morphogenesis is
still elusive. A wide range of modelling approaches exists that differ not only in the
mathematical framework (e.g., stochastic or deterministic) but also in the spatial scale
(e.g., cell or tissue level). Due to advancing imaging techniques, image-based modelling
approaches have proven to be a valuable method for investigating the control of
branching events with respect to organ-specific properties. Here, we review several
mathematical models on lung and kidney branching morphogenesis and suggest that a
ligand-receptor-based Turing model represents a potential candidate for a general but
also adaptive mechanism to control branching morphogenesis during development.

Keywords: branching morphogenesis, mathematical modelling, FGF10, lung, kidney

INTRODUCTION

Branching morphogenesis is a common developmental process by which arborized structures
with a high surface-to-volume ratio are created. In vertebrate organ development, branching
morphogenesis describes how an epithelial organ bud branches into its surrounding mesenchyme.
Epithelial-mesenchymal interactions via ligand-receptor signalling are well-established regulators
of developmental processes such as growth and patterning (Clément et al., 2012a; Perrimon
et al., 2012). Yet, it remains poorly understood how morphogen signalling guides branching
morphogenesis in a reproducible fashion, while also allowing for adaptation to environmental
changes and how the use of common developmental principles results in organs of different shape,
size and function.
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Even though the signalling networks relevant to organogenesis
have been defined and gene functions and interactions have
been studied intensively, it remains unclear how macroscopic
features of branched organs, including size, network topology
and spatial patterning are encoded. Mathematical modelling
has proven to be a valuable method for examining the impact
of signalling interactions in developmental processes, such
as branching morphogenesis. Consequently, a wide range of
modelling approaches have been established that can differ not
only in the mathematical framework but also in the spatial scale
(Peters et al., 2018).

In the following, we will focus on the role of fibroblast
growth factor (FGF) 10 during branching morphogenesis of the
vertebrate kidney and the lung and discuss to which extent
mathematical models can help our understanding of branching
morphogenesis. Lung and kidney branching has been studied in
model organisms other than the mouse and the rat and orthologs
of the genes described here have similar roles in other species,
but are not further discussed in the context of this mini-review
(Böttcher and Niehrs, 2005; Moura et al., 2011; Sakiyama, 2003;
Shifley et al., 2012).

MESENCHYMAL-EPITHELIAL
INTERACTIONS VIA MORPHOGEN
SIGNALLING AND THEIR RECEPTORS

FGF10 is a morphogen belonging to the fibroblast growth factor
family and plays important roles in both kidney and lung
development. FGF10 signalling is essential for lung development
and guides directional bud outgrowth, sustains progenitor cell
fate and affects expression of genes involved in a variety of
developmental processes (Bellusci et al., 1997; Min et al., 1998;
Lü et al., 2005; El Agha et al., 2014, 2017). In mesenchyme-
free cultures of lung buds, only FGF10 and FGF1 are sufficient
to induce branching of the epithelium (Nogawa and Ito, 1995;
Bellusci et al., 1997). Fgf10−/− mice display kidney dysgenesis
with impaired ureteric bud (UB) development and medullary
dysplasia (Ohuchi et al., 2000; Michos et al., 2010).

Glial cell line-derived neurotrophic factor (GDNF), a
morphogen related to the TGF-beta growth factor family, is
critical for kidney organogenesis. The absence of GDNF as well as
of its receptor tyrosine kinase RET and co-receptor GFRα1 lead to
kidney agenesis or severe hypodysplasia (Schuchardt et al., 1994,
1996; Moore et al., 1996; Pichel et al., 1996; Sánchez et al., 1996;
Cacalano et al., 1998). Interestingly, both morphogens induce
ERK signalling and converge on the transcription factors ETV4/5
to induce and promote branching (Lu et al., 2009; Michos et al.,
2010). FGF10 rescues the Gdnf−/− phenotype in the absence
of Sprouty1, an inhibitor of ERK signalling induced by FGF10
and GDNF, suggesting that FGF10 is an important regulator
of branching during kidney development, which functions at
least partly redundant to GDNF (Figure 1A) (Michos et al.,
2010).

Fgf10, Gdnf and their receptors have distinct expression
patterns during organogenesis (Figure 1B). In the lung, Fgf10
is expressed in the submesothelial mesenchyme, so that FGF10

FIGURE 1 | (A) Ureteric bud branching morphogenesis is cooperatively
regulated by FGF10 and GDNF via Etv4 and Etv5, whereas Sprouty1 acts as a
negative regulator of FGF10 and GDNF signalling downstream of FGFR2 and
RET. (1) Regulation of UB branching in the wild type: GDNF is the main
promoting factor for UB outgrowth and branching, while FGF10 plays a minor
role. Sprouty1 counteracts ligand-receptor signalling, resulting in the
development of a normal kidney. (2) The absence of GDNF abrogates UB
branching and UB outgrowth, resulting in kidney agenesis or severe
hypodysplasia. (3) If both the negative regulator Sprouty1 and GDNF are

(Continued)
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FIGURE 1 | Continued
absent FGF10 signalling is sufficient to drive Etv4/Etv5 expression, allowing for
UB branching and kidney development. The branching pattern differs from the
wild type, which points to a GDNF specific regulation of UB morphogenesis.
(4) In the triple knockout, there is not enough ligand-receptor signalling to
drive UB outgrowth and branching, even though Sprouty1 is absent as well.
(5) Increased receptor tyrosine kinase signalling resulting from the absence of
Sprouty1 does not rescue the renal agenesis phenotype of Etv4 -/- Etv5 -/-
mice. In this triple knockout, the UB grows out, but fails to undergo branching
and only ureters develop, suggesting that branching morphogenesis is
dependent on Etv4 and Etv5. The insets in 1 and 3 show the pattern of UB
tips on the surface of P0 wild type and double mutant kidneys. Reproduced
with permission from Michos et al. (2010). (B) Gene expression domains of
Fgf10 and Gdnf and their receptors in the developing lung and kidney at
E11.5. In the lung, Fgf10 is expressed in the submesothelial mesenchyme in a
spotty fashion opposed to growing buds. Fgfr2b is expressed in the lung
epithelium. In the kidney, Fgf10 and Gdnf are expressed in the metanephric
mesenchyme. Fgfr2 is expressed both in the mesenchyme and the epithelium,
whereas Ret is restricted to the branch tips (ampulla). Expression domains are
colour coded as indicated.

diffuses toward the epithelium to meet its receptor FGFR2b,
which is expressed along the distal lung epithelium. Additionally,
whole-mount in situ hybridisation of embryonic lungs has shown
that Fgf10 is expressed in spots “in front of” terminal end buds
(Bellusci et al., 1997). Interestingly, both FGF10 and FGF7 bind
FGFR2b, whereas only signalling via FGF10 results in receptor
recycling and trafficking to the cell membrane, thereby increasing
the amount of available FGFR2b (Francavilla et al., 2013). Besides
the signalling function between mesenchymal and epithelial cells,
a cell autonomous mode of function has been recently identified
for FGF10 that is based on nuclear translocation within FGF10-
producing cells (Mikolajczak et al., 2016).

During kidney development, Fgf10 and Gdnf are expressed
throughout the metanephric mesenchyme (MM) (Towers et al.,
1998; Michos et al., 2010). Ret is expressed by tip cells that form
the ampulla, a swelling of the terminal end buds of the UB
epithelium. Cells that do not express or lose Ret expression are
excluded from the ampulla (Shakya et al., 2005; Chi et al., 2009;
Riccio et al., 2016). Fgfr2 is expressed throughout the UB (Zhao
et al., 2004; Sanna-Cherchi et al., 2013).

The expression patterns of ligands and receptors suggest that
their spatial organisation plays an important role in guiding
branching morphogenesis. However, studies in the lung have
shown that uniform expression of Fgf10 does not abolish
branching and in the Gdnf−/−; Sprouty1−/− mutants UB
branching occurs albeit both Fgf10 and Fgfr2 being expressed
uniformly in the MM and the UB, respectively (Michos et al.,
2010; Volckaert et al., 2013).

EFFECT ON THE EPITHELIAL
BRANCHING PATTERN

Comparison of the branched epithelial trees of different organs
could aid in understanding how organs of different shape and
size are formed. Advancements in imaging techniques and
analysis software are providing the opportunity to quantitatively
study the morphometric differences between organs and to

study the effect of mutations and drugs. To date, branching
morphogenesis has been studied ex vivo using organ culture
techniques that permit imaging of branching events over
time or by reconstructing slices of fixed and stained organs
or more recently by directly imaging dissected and fixed
organs in 3D at different developmental time points (Michos,
2012).

The branching pattern of the lung has been well characterised.
During the early stages of development, lateral branching
dominates. From around E13.0 on, planar bifurcations subside as
the main mode of branching and finally, orthogonal bifurcations
are employed to efficiently fill all available space (Metzger
et al., 2008). The same study reports lung branching to be
extremely stereotyped, with only minor differences between
mice of the same genetic background. Other publications
have challenged this view, showing that branching varies after
an initial, stereotypic establishment of the first branches and
suggest that the epithelium can react to regional growth of the
mesenchyme to efficiently fill the available space (Blanc et al.,
2012; Short et al., 2013).

Kidney branching mainly employs terminal bifurcations
and, more rarely, terminal trifurcations and lateral branching
(Watanabe and Costantini, 2004; Short et al., 2014). In vivo,
kidney branching does not follow stereotypic branching regimes
on the organ-level, however, sub-trees that encompass daughter
branches of the whole tree established by E12.5 seem to
develop in a highly stereotypic manner (Short et al., 2014;
Sampogna et al., 2015).

Absence of FGF10 or GDNF results in lung agenesis
and kidney agenesis or severe hypodysplasia, respectively.
Here, we focus on how the branching pattern is modified
in response to changes in ligand-receptor signalling. FGF10
hypomorphic lungs exhibit reduced epithelial branching,
resulting in lung hypoplasia (Ramasamy et al., 2007). This
qualitative comparison of the branching pattern leaves open
the question of whether branching is only temporarily delayed,
or whether the morphology of the branched tree is changed as
well. Elevated Fgf10 expression in the pulmonary epithelium
causes increased epithelial cell proliferation and progenitor
state arrest, which leads to hyperplasia of the epithelium
with large, empty lumens and larger interlobular distance
(Nyeng et al., 2008).

The branching pattern of the developing kidney is modulated
by the interplay between FGF10/GDNF signalling and negative
regulation via SPRY1. Specific deletion of Fgfr2 from the
UB results in fewer UB tips with longer, thinner trunk
segments (Zhao et al., 2004; Sims-Lucas et al., 2009). The
absence of Spry1 results in increased branching of the UB and
the induction of supernumerary UBs, whereas Gdnf+/−

kidneys show reduced branching (Basson et al., 2006).
Gdnf−/−;Spry1−/− and Ret−/−;Spry1−/− kidneys show
abnormal branching with irregular UB tip size, shape and branch
angle (Michos et al., 2010).

Interestingly, gain-of-function mutations in Fgfr2 cause major
secondary branching defects in both lung and kidney that can
be partly rescued by the genetic knockdown of Fgf10 expression
(Hajihosseini et al., 2001, 2009).
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IMPACT OF THE MESENCHYME ON
BRANCHING

Mesenchyme-free cultures of isolated lung buds and UBs have
shown the ability of the epithelium to branch in the presence
of the correct growth factors, which in vivo are expressed in the
mesenchyme, showing an intrinsic capability of the epithelium
to branch that does not depend on cell contacts of epithelium
and mesenchyme (Nogawa and Ito, 1995; Bellusci et al., 1997;
Qiao et al., 1999). These branched epithelial structures, however,
lack the directionality and shape of the branched trees that result
from branching morphogenesis of intact organs in vivo and in
organ culture experiments, suggesting an important role of the
mesenchyme in shaping the growing organ and in specifying the
identity of epithelial cells.

As exemplified by FGF10 and GDNF in the context of lung and
kidney, the growth factors expressed by the mesenchyme differ
in their composition and spatiotemporal expression, suggesting
that ligand-receptor signalling modulates the branching pattern.
But differences in mechanical properties of the tissues and
the extracellular matrix (ECM) could also have an impact.
Tissue recombination experiments have been used to study
epithelial-mesenchymal interactions and how the mesenchyme
influences branching morphogenesis and cell fate specification of
a branching epithelium (Grobstein, 1953, 1955; Saxen et al., 1976;
Kispert et al., 1996; Iwai et al., 1998; Shannon et al., 1998; Ohtsuka
et al., 2001; Lin et al., 2003).

Recombination of UB epithelium with lung mesenchyme at
E11.5 results in a branching pattern more similar to that of an
early lung (Lin et al., 2001). The lung mesenchyme also induces
expression of surfactant protein C and changes the collagen
pattern of the ECM to that of an embryonic lung, however, the
epithelium continues to express UB-specific genes such as Wnt11,
Ret and Pax-2 (Kispert et al., 1996; Sainio et al., 1997; Lin et al.,
2001).

MODELLING BRANCHING EVENTS AS
STOCHASTIC PROCESSES

There is a general distinction between approaches that model
branching morphogenesis as a deterministic stereotypic
programme of genetically encoded events and approaches that
describe branching morphogenesis as a stochastic process based
on generic rules (Miura, 2008; Wang et al., 2017).

Recently proposed stochastic models for kidney branching
morphogenesis are based on rules regarding the ratio between
epithelial growth speed and cell mobility (Hirashima et al.,
2009a, 2017), the ratio between ureteric tip and mesenchymal
tip cells (Zubkov et al., 2015), locally operative mechanism like
inter tip-suppression (Lefevre et al., 2017), or a growth-factor
dependent growth switch (Lambert et al., 2018). Although the
models may explain why the structure of a branched tree evolves
during development, these models are basically not addressing
the underlying molecular regulatory processes of branching
morphogenesis that would answer how the branching pattern
forms.

Moreover, Hannezo et al. (2017) presented ‘A unifying
theory of branching morphogenesis’ describing kidney
branching as a self-organised process that is based on
a simple set of statistical rules, including stochastic tip
branching, random exploration of space and tip termination
in high-density regions. However, a recent study is strongly
challenging the stochastic nature of kidney branching
morphogenesis and in particular the hypothesis that nephron
differentiation leads to termination of tip branching (Short
et al., 2018). Live imaging of cultured embryonic kidneys
did not show any evidence for the influence of nephron
formation on ureteric branching. Finally, Short et al. (2018)
propose that kidney morphogenesis rather resembles
stereotypic lung branching than stochastic mammary gland
branching.

SIGNALLING MODELS BASED ON
DIFFUSION-LIMITED GROWTH AND
DISTANCE-BASED PATTERNING

The signalling pathways controlling branching morphogenesis
have been extensively studied and appear to play a key
role in the regulation and formation of branched epithelial
structures. Since the key signalling factors in lung and
kidney branching morphogenesis are diffusible proteins and
interact with their corresponding receptors, several deterministic
reaction-diffusion models have been proposed to describe the
branching behaviour. For lung branching morphogenesis, most
of these models are based on diffusion-limited growth (Miura
and Shiota, 2002; Hartmann and Miura, 2006, 2007), gradient-
sensing mechanisms (Clément et al., 2012a,b), or distance-based
patterning (Hirashima et al., 2009b), and have been already
reviewed in detail (Miura, 2008; Iber and Menshykau, 2013). By
using idealised 2D shapes of lung buds, these models describe
the diffusion of FGF10 from the sub-mesothelial mesenchyme to
the epithelium and propose a relationship between the distance
of these two tissue layers and the branching modes. While a
large distance leads to high FGF10 concentration at the tip, a
thin mesenchyme will lead to a split FGF10 localization at the
sides of the tip. Assuming that FGF10 triggers outgrowth, these
FGF10 concentration profiles will result in bud elongation or
bifurcation, respectively. The main limitation of these models is
that they are not in agreement with the experimental observations
that branching is still occurring under homogeneous Fgf10
expression or in the absence of mesenchyme with FGF10
added to the medium (Nogawa and Ito, 1995; Volckaert et al.,
2013).

GEOMETRY EFFECT AND
IMAGE-BASED MODELLING

Information about the developmental process of morphogenesis
is naturally image-based and branching patterns emerge on
growing domains. Therefore, modelling morphogenesis is
implicitly related to deforming shapes and domains and
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the question arises whether the geometry itself has an
effect on patterning. It was computationally shown that
the expression of ligands and receptors in different tissue
layers gives rise to a diffusion-driven geometry effect (Nelson
et al., 2006; Gleghorn et al., 2012). While this domain-
specific ligand expression is able to create split branching
patterns on static domains, it does not reproduce the actual
outgrowth of buds on a growing domain because it is unstable
under deforming curvature conditions (Menshykau et al.,
2014).

George and Lubkin examined the effect of geometry on branch
mode selection during lung development. Although the model
identifies proximity and aspect ratios of the internal and external
tissue surfaces as important geometric factors to determine
branching modes like planar and orthogonal bifurcation, it is not
able to explain lateral branching (George and Lubkin, 2018).

Considering the geometry effect, it is essential to perform
model simulations on physiological growing domains in
order to achieve biologically relevant predictions (Iber
et al., 2015). The validity of most models was limited
by the lack of high-resolution biological data both on the
cellular and also on the whole-organ scale. Due to advancing
imaging techniques, image-based modelling approaches
have proven to be a valuable method for investigating the
control of branching events with respect to organ-specific
properties.

Consequently, a pipeline has been established that allows
to test models on physiological geometries from cultured
embryonic kidney and lung explants (Adivarahan et al., 2013;
Menshykau and Iber, 2013; Iber et al., 2015, 2016; Gómez
et al., 2017). The obtained 2D time-lapse movies are segmented
to obtain the epithelial boundary for each time frame and to
calculate the growth fields between consecutive time frames.
In order to solve models on these geometries, the extracted
domains need to be meshed. The simulated signalling fields
can then be compared to the calculated growth fields. Similarly,
this pipeline has been applied to 3D reconstructions of lung
explants of different embryonic stages (Menshykau et al.,
2014).

LIGAND-RECEPTOR-BASED TURING
MECHANISM

The Turing mechanism has been suggested for many biological
pattern phenomena, including morphogenesis (Miura and Maini,
2004; Kondo and Miura, 2010; Guo et al., 2014a,b; Xu et al.,
2017), and is based on a diffusion-driven instability which leads to
the self-organised emergence of many different kind of patterns
(Turing, 1952; Gierer and Meinhardt, 1972). The underlying
network structure includes at least two factors with substantially
different diffusion rates that interact in a cooperative way leading
to the upregulation of one of the factors. These requirements are
typically true for many ligand-receptor systems.

For lung branching morphogenesis, a reaction-diffusion
model has been proposed that includes FGF10 and sonic
hedgehog (SHH) as key signalling factors (Figure 2A) (Celliere

FIGURE 2 | The ligand-receptor based Turing model reproduces lung bud
outgrowth in 2D and 3D. (A, left) Signalling network in lung branching
morphogenesis includes the interactions between FGF10, SHH and the
corresponding receptors in the epithelium (green) and the mesenchyme (grey).
Reproduced with permission from Iber and Menshykau (2013). (A, right) The
diffusion-reaction equations for ligand (L) and receptor (R) consider the
diffusion coefficient ratio D, a scaling factor γ, production rates a and b, linear
decay as well as cooperative binding. (B, top) 2D time-lapse data of an
embryonic mouse lung showing the EGFP-expressing epithelium (green) and
the mesenchyme (grey). Reproduced with permission from Menshykau et al.
(2014). (C, top) 3D sequence of a mouse lung bud with epithelium (wireframe)
and mesenchyme (green). Reproduced with permission from Menshykau et al.
(2014). (B,C, bottom) The predicted signalling strength (solid colour) matches
the experimentally observed growth fields (vector fields) in 2D and 3D,
respectively. Reproduced with permission from Menshykau et al. (2014).

et al., 2012; Menshykau et al., 2012). In order to examine whether
the Turing mechanism can be extended to other branched
organs, the ligand-receptor Turing model has been applied to
kidney branching morphogenesis by considering the regulatory
interactions between GDNF and WNT11 (Adivarahan et al.,
2013; Menshykau and Iber, 2013; Menshykau et al., unpublished).

Solving the model on static idealised 2D and 3D domains
shows that the described interactions give rise to Turing
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patterns that correspond to FGF10 or GDNF signalling
patterns, respectively, representing the branching modes of
lateral branching, bifurcations and trifurcations (Menshykau
et al., 2012, 2014; Menshykau and Iber, 2013). As
reported for embryonic kidney development, in this
model bifurcations and trifurcations dominate over bud
elongation and lateral branching, while trifurcations do not
appear for the lung. Moreover, the model reproduces not
only wild type but also mutant data (Menshykau et al.,
2012).

Taking into account the dynamical processes during
branching morphogenesis, 2D time-lapse movies of cultured
lung and kidney explants and a 3D sequence of lung buds
have been used to test alternative models and showed that
only the ligand-receptor Turing model reproduces the areas of
outgrowth for these physiological geometries (Figures 2B,C)
(Menshykau et al., 2014; Menshykau et al., unpublished). Solving
the model on 3D growing domains confirmed that the predicted
signalling patterns support actual outgrowth (Menshykau et al.,
2014).

The emerging Turing pattern is typically very dependent
on the initial conditions. Combining tissue-specific expression
of the considered signalling factors with the ligand-receptor
based Turing model allowed for robust outgrowth behaviour
despite noisy initial conditions due to the impact of the
geometry (Menshykau et al., 2014; Menshykau et al.,
unpublished).

Therefore, the ligand-receptor based Turing mechanism
potentially constitutes a common mechanism for regulating
branching morphogenesis in both lungs and kidneys. However,
Turing patterns only explain the branch point selection but
not the regulation of branch lengths, widths or angles. In
the lung, the length and width of branches seems to be
controlled by a bias in cell division (Tang et al., 2011). Moreover,
the Turing mechanism is highly sensitive to the included
interactions and choice of parameter values and can only be
applied in a qualitative but not in a quantitative manner
(Combes, 2015).

CONCLUDING REMARKS

In this review, we focused on the signalling interactions
during lung and kidney morphogenesis and discussed several
modelling approaches. Based on the robustness and flexible
applicability to different branched organs, we conclude that the
ligand-receptor based Turing mechanism represents a potential
candidate for a general regulatory mechanism for branching
morphogenesis. However, several studies exist confirming
that mechanical stresses influence branching morphogenesis
(Lubkin and Murray, 1995; Lubkin, 2008; Unbekandt et al.,
2008; Wan et al., 2008; Gjorevski and Nelson, 2010, 2012;
Nelson and Gleghorn, 2012; Kim et al., 2013; Varner and
Nelson, 2014). Since there is a close interaction between
signalling factors and mechanical tissue properties, modelling
approaches should also take into account the mechanics behind
branching morphogenesis (Tanaka, 2015; Peters and Iber,
2017).

Although mathematical models have advanced our
understanding of branching morphogenesis, none have yet
proven to fulfil all criteria to explain the branching behaviour
on a holistic level. This may be attributed to a lack of
biological methods to obtain quantitative information on
relevant modelling parameters and computational limitations
regarding analysis of large imaging data. The latter is also
relevant for solving complex mathematical models, which
requires tremendous computational resources. However,
combining the constant improvements in all domains will
improve the conclusions that can be drawn from modelling
approaches. We are hopeful that data based modelling
will continue to improve our understanding of branching
morphogenesis.
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Early limb development requires fibroblast growth factor (Fgf)-mediated coordination

between growth and patterning to ensure the proper formation of a functional organ.

The apical ectodermal ridge (AER) is a domain of thickened epithelium located at the

distal edge of the limb bud that coordinates outgrowth along the proximodistal axis.

Considerable amount of work has been done to elucidate the cellular and molecular

mechanisms underlying induction, maintenance and regression of the AER. Fgf10, a

paracrine Fgf that elicits its biological responses by activating the fibroblast growth

factor receptor 2b (Fgfr2b), is crucial for governing proximal distal outgrowth as well

as patterning and acts upstream of the known AER marker Fgf8. A transgenic mouse

line allowing doxycycline-based inducible and ubiquitous expression of a soluble form

of Fgfr2b has been extensively used to identify the role of Fgfr2b ligands at different

time points during development. Overexpression of soluble Fgfr2b (sFgfr2b) post-AER

induction leads to irreversible loss of cellular β-catenin organization and decreased Fgf8

expression in the AER. A similar approach has been carried out pre-AER induction. The

observed limb phenotype is similar to the severe proximal truncations observed in human

babies exposed to thalidomide, which has been proposed to block the Fgf10-AER-Fgf8

feedback loop. Novel insights on the role of Fgf10 signaling in limb formation pre- and

post-AER induction are summarized in this review and will be integrated with possible

future investigations on the role of Fgf10 throughout limb development.

Keywords: Fgf10, Limb, AER, β-catenin, Fgfr2b

INTRODUCTION

Fibroblast Growth Factor 10 (Fgf10) is an evolutionary conserved secreted growth factor mediating
mostly mesenchymal to epithelial signaling. Fgf10 belongs to the Fgf7 subfamily and shares similar
biochemical and amino acid sequences with its constituent members (Fgf3, Fgf7 and Fgf22) (Min
et al., 1998; Itoh and Ornitz, 2008).

The Fgf10 signaling cascade is initiated by its binding to epithelial Fgf receptors (Fgfrs) and
heparin/heparan sulfate cofactor-proteoglycans (HS). Fgf10 mediates key intracellular signaling
pathways in several cell types leading to the modulation of branching morphogenesis during
development, wound healing and tissue repair (Itoh and Ohta, 2014). There are four known
classical Fgfr genes (Fgfr1-4), these are alternatively spliced into “b” and “c” isoforms with exception
to the Fgfr4 gene. Alternative splicing confers tissue- plus cell- specific expression of these
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receptor isoforms and different affinities for ligands (Ornitz
et al., 1996; Plotnikov et al., 2000). Fgf10 has been shown
to bind with high affinity Fgfr1b and Fgfr2b compared
to the other Fgf receptors (Ornitz et al., 1996; Ohuchi
et al., 2000; Zhang et al., 2006). The Fgf10-Fgfr1b/Fgfr2b-
HS signaling complex is essential for activating downstream
signal transduction pathways, which include activation of
Phosphoinositid-phospholipase C gamma (Plcγ), mitogen-
activated protein kinases (Mapk), Protein kinase B (Akt) and
signal transducer and activator of transcription proteins (Stat)
cascades (Goetz and Mohammadi, 2013). For more information
on this topic, please refer to a separate review published in this
special issue on Fgf10 (Watson and Francavilla, 2018).

The developing vertebrate limb is a well-studied model
to uncover the reciprocal cellular and molecular bases of
harmonious organ growth and patterning (Allard and Tabin,
2009; Zeller, 2010). In mouse, limb development begins first
with the induction of the forelimb buds at embryonic day 9.5
(E9.5) followed by the formation of the hindlimb buds at E10
on both flanks of the embryo (marking the future forelimbs
and hindlimbs respectively) (Lu et al., 2008; Danopoulos et al.,
2013). The early limb buds are composed of mesenchymal cells
derived from the lateral plate mesoderm. The mesoderm induces
the formation of a pseudostratified epithelium at the tip bud
(Kieny, 1968; Saunders and Reuss, 1974), the so-called Apical
ectodermal ridge (AER) (Todt and Fallon, 1984; Fernandez-
Teran and Ros, 2008). It has also been shown that the skeletal
andmuscle elements of the forelimbs and the hindlimbs originate
from the lateral plate mesoderm (Sun et al., 2002).

The developing limb has three command centers: the AER,
the zone of polarizing activity (ZPA) and the progress zone
(PZ) (Figure 1A). Reciprocal interactions between the PZ and
AER control the growth of the limb along the proximal-distal
axis (Hara et al., 1998). After induction of the AER in the
prospective limb field and outgrowth of the corresponding
bud, the limb contains three distinct domains: the stylopod
(humerus/femur), the zygopod (radius/tibia and ulna/fibula) and
the autopod (carpal/tarsal, metacarpal/metatarsal, phalanges)
(Saiz-Lopez et al., 2015). Genetic ablation of Fgf10 in early mouse
development results in death at birth and is associated with
impressive developmental defects in multiple organs and tissues
including the lung and the limb (Min et al., 1998; Sekine et al.,
1999). In Fgf10 knock out (KO) mice, limb bud formation is
initiated but no further limb outgrowth is discernible, resulting
in acute limb truncation with only rudimentary scapulae and
pelvis remaining. In addition, skeletal staining at E17.5 in Fgf10
KO fetuses confirms the absence of proximal limb elements
such as the humerus (Min et al., 1998; Sekine et al., 1999).
Notably, Fgf10 KO mice display similar phenotypes to Fgfr2b
KOmice in organogenesis (De Moerlooze et al., 2000) suggesting
that, in vivo, Fgf10 acts mostly through Fgfr2b to control
organogenesis. This review aims to provide an overview on the

Abbreviations: AER, Apical ectodermal ridge; PZ, Progress zone; ZPA, Zone

of polarizing activity; Fgf10, Fbiroblast growth factor; Fgfr2b, Fibroblast growth

factor receptor 2b; Tbx, T-box; Hox, Homebox; Etv, E26 transformation-specific

translocation variant.

role and mechanism of Fgf10 signaling in limb development with
a focus on the genetic data gathered from murine studies.

FGF10 SIGNALING CONTROLS LIMB
DEVELOPMENT

It has been previously described through tissue graft experiments
that secreted factors from the limb mesenchyme are capable of
initiating vertebrate limb bud formation (Saunders and Reuss,
1974). Fgf-soaked beads as well as cell aggregates expressing Fgf
implanted in the flank of chick embryos led to the formation of
ectopic limbs. Several Fgfs, including Fgf1, 2, 4, 8 and 10 were
successfully tested (Cohn et al., 1995; Ohuchi et al., 1995, 1997;
Crossley et al., 1996; Vogel et al., 1996). Interestingly, Fgf8 and
Fgf10 are the only Fgfs expressed in the limb at the time of AER
formation (Crossley et al., 1996; Vogel et al., 1996; Ohuchi et al.,
1997). Both Fgf8 and Fgf10 are expressed before AER induction
in the intermediate mesoderm and the lateral plate mesoderm
within the limb field of the chick embryos respectively. Fgf8 and
Fgf10 are also found in the AER and the PZ respectively (Crossley
et al., 1996; Vogel et al., 1996). Similar expression pattern for
Fgf8 and Fgf10 were observed in mouse limb buds at the time of
AER induction (Min et al., 1998; Sekine et al., 1999). The precise
expression of these Fgfs in regards to limb development before
AER induction in mouse is still unclear. However, the study
of Gros and Tabin (2014) using mouse limbs from Fgf10 null
embryos clearly shows that Fgf10 participates in the regulation
of epithelial mesenchymal transition of the somatopleure (see An
“untold story” is emerging for Fgf10 signaling in the pre-AER
phase).

During early development, the position of the forelimb and
hindlimb along the cranial-caudal axis is controlled by Hox
genes (Pineault and Wellik, 2014). Disruption of HoxA and
HoxD genes results in seriously reduced limb size, which was
initially associated with sonic hedhehog (Shh) downregulation
(Figure 1C) (Crossley et al., 1996). Early-activated homeobox
gene A (HoxA) and homeobox gene D (HoxD) stimulate
expression of Fgf10 and result in considerable expression of
Fgf8 in the AER. Hox also regulate expression of gremlin1
(Grem1) and Shh and hence maintain the cross-talk among
Shh, Gli3, HoxA and HoxD (Zakany et al., 2007). Hox also
induce T-box 5 (Tbx5) in the forelimb and T-box 4 (Tbx4)
in the hindlimb (Pineault and Wellik, 2014) (Figure 1B). The
differential expression of the two paralogous transcription factors
Tbx4 and Tbx5 serve as molecular evidence for determining early
limb identity (Gibson-Brown et al., 1996; Minguillon et al., 2009).
In human, TBX5 mutation causes Holt–Oram syndrome (HOS)
which is associaited with upper limb abnormalities (Basson et al.,
1997; Bongers et al., 2004), while TBX4 mutation results in
small patella syndrome, which is characterized by foot dysplasia
(Bongers et al., 2004) (Figure 1C). Inactivation of Tbx4 or Tbx5
in mice leads to lack of Fgf10 expression in the lateral plate
mesodermwhere the forelimb or hindlimb would normally form,
respectively (Rodriguez-Esteban et al., 1999). During limb bud
formation in mouse, both transcription factors trigger Fgf10
expression in the limb mesenchyme (Saunders and Reuss, 1974;
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FIGURE 1 | Effects of Fgf10 and its crosstalk network in early limb development. (A) Structure of early developing limb bud, from proximal to distal, there are three

command centers: ZPA (controlling the anterior-posterior axis/digit identity), the AER and the PZ. Fgf10 expresses in the mesenchyme while Fgf8 expresses in the

AER. (B) Hox/RA/β-catenin cooperatively triggers the activation of Tbx4/5 in the hindlimb and forelimb respectively. This leads to the up-regulation of Fgf10. Fgf10

activates Fgf8 in the overlying AER and they initiate a positive feedback loop that is essential for sustained limb growth. Shh, produced in the ZPA, acts to regulate

correct anterior-posterior patterning during limb development. The Shh/Grem1/Fgf regulatory loop coordinates Shh signaling by the ZPA with Fgf signaling by the

AER. (C) Specific genes correlated with Fgf10-AER-Fgf8 feedback loop and the targets as well as the effects of ectopic expression in limb development. MES,

mesenchyme; PZ, progress zone; ZPA, zone of polarizing activity; AER, apical ectodermal ridge; HL, hindlimb; FL, forelimb.

Vogel et al., 1996; Naiche and Papaioannou, 2003; Minguillon
et al., 2005). Fgf10 signaling then triggers Fgf8 expression.
Furthermore, genetic ablation of either Tbx4 and Tbx5 results
in outgrowth limb bud defects (Saunders and Reuss, 1974; Vogel
et al., 1996; Ng et al., 2002; Naiche and Papaioannou, 2003; Duboc
and Logan, 2011).

The AER, which is histologically characterized by a local
thickening of the ectoderm, is the earliest signaling domain
to be induced during limb bud formation. It is initiated from
the lateral plate mesoderm and is the result of mesenchymal-
Fgf10/AER-Fgfr2b signaling (Sekine et al., 1999; De Moerlooze
et al., 2000). Using chick and zebrafish embryos, it was shown

that Fgf10 expression in the proliferating cells of the PZ is
stabilized by Wnt2b and Wnt8c in the forelimb and hindlimb,
respectively (Kawakami et al., 2001; Ng et al., 2002), and induces
the expression of Wnt3a and Fgf8 in the AER (Figure 1B).
Fgf8 expression, which is stabilized by Wnt3a (Kengaku et al.,
1998; Kawakami et al., 2001), in turn acts on the underlying
mesenchymal cells located in the PZ tomaintain Fgf10 expression
and triggers the amplification of the different skeletal progenitors
of the limb (Mariani et al., 2008) [for review see (Fernandez-
Teran and Ros, 2008)] (Figure 1B). Therefore, Fgf10 and Fgf8
display completementary roles in the AER, and interact in a
feed-forward regulation loop (Ohuchi et al., 1997; Kawakami
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et al., 2001). The Fgf10-AER-Fgf8 feed-forward loop is integrated
with other signaling pathways, thereby constituting an elaborated
network of interactions to govern limb formation.

Ets variant 1 (Etv1), a member of the E26 transformation-
specific (Ets) transcription factors and transcriptional co-
activator Ewings sarcoma RNA binding protein 1 (Ewsr1)
(Munchberg and Steinbeisser, 1999; Park et al., 2013), acts
downstream of AER-Fgfs to maintain a high level of Fgf10
expression in the AER mesenchyme by stimulating the Fgf10
promoter in a collaborative way (Yamamoto-Shiraishi et al.,
2014). In addition, growth arrest specific gene 1 (Gas1)
expression in the mesenchyme preserves Fgf10 expression at
high level while Fgf10 is of vital importance in maintaining
the expression of Fgf8 in AER. Gas1 KO mice display delayed
digit formation, reduced cell proliferation in AER and distal
mesenchyme as well as attenuated cell programmed death in
interdigital cells (Liu et al., 2002). The Twist gene encoding
a basic helix–loop–helix (bHlh) transcription factor (Simpson,
1983; Jurgens et al., 1984) is expressed in the lateral plate
mesoderm before limb bud formation (Stoetzel et al., 1995). Twist
KO embryos display reduced expression of Fgf10 in the limb bud
mesenchyme, and is associated with decreased bud growth from
its initiation onward (O’Rourke et al., 2002). Etv4 and Etv5 are
two additional members of the Ets family of transcription factors
working downstream of Fgf signaling and are both expressed
in the limb mesenchyme (O’Rourke et al., 2002). In mice,
Etv4/Etv5 double KO embryos display ectopic expression of Shh,
which in turn leads to preaxial polydactyly. Therefore, Etv4 and
Etv5, working downstream of AER-Fgf, function to repress Shh
expression outside of the ZPA (Zhang et al., 2009).

The AER activity is also mediated by other Fgfs emanating
from the AER and acting on the underlying mesenchyme.
Fgf8 expression in the AER is detected before the other Fgfs
and spans the entire AER. Deletion of Fgf8 in mice leads
to decreased amplification of the mesenchymal progenitors
resulting in impaired limb development (Lewandoski et al.,
2000). Concomitant overexpression of Fgf4 in AER cells where
Fgf8 has been deleted allows the rescue of limb development
demonstrating that Fgf4 can functionally replace Fgf8 and that
the Fgf8 KO limb phenotype is likely the consequence of the
unique timing of Fgf8 expression vs. the other Fgfs (Lu et al.,
2006).

The role of Sprouty (Spry) proteins, which were first explored
in drosophila, have also been implicated in the negative
regulation of Fgf10 signaling in other organs such as the lung
(Minowada et al., 1999). Spry proteins are negative regulators
of receptor tyrosine kinase (Rtk)-mediated Map kinase signaling
(Hacohen et al., 1998). In a transcriptome analysis of early
proximo-distal patterning of the Xenopus laevis limb bud,
correlations of early gene expression patterns between Spry1, 2
and 4 and the expected range of Fgf8 and Fgf10 signaling in the
developing limb bud has prompted a role for Spry in regulating
Fgf signaling in normal limb development. It has been proposed
that Spry2 acts as a negative regulator of AER-Fgf8 [(Lewandoski
et al., 2000; Impagnatiello et al., 2001); Figure 1C]. Although
the corresponding Spry roles in mammals are still scarce, Spry4
KO mice displayed polysyndactyly, which is delineated by fusion

and duplication of digits at the forelimbs. A large mutagenesis
screening has identified the Spry4 gene as a candidate regulator
of normal limb formation (Taniguchi et al., 2007).

FGFR2B SIGNALING IN POST-AER
INDUCTION

As stated above, Fgf10 shows high affinity to Fgfr2b. Fgfr2b
has also been independently investigated for its role in limb
genesis. Inactivation of Fgfr2b in the embryo leads to limb
agenesis (DeMoerlooze et al., 2000). RNA interference combined
with Cre-LoxP system was carried out to attenuate Fgfr2b
expression in the PZ of the limb and caused dysmorphia of digits
(Bellusci et al., 1997). More recently, conditional inactivation
of Fgfr2 in the AER was carried out using the Msx2-Cre driver
line to target the limb ectoderm (Lu et al., 2008; Yu and
Ornitz, 2008). Consequently, Fgfr2Msx2−Cre embryos displayed
complete hindlimb agenesis. The forelimb had normal stylopod
(humerus/femur) and zygopod (radius/tibia and ulna/fibula) but
absent autopod (carpal/tarsal, metacarpal/metatarsal, phalanges)
(Yu and Ornitz, 2008). This demonstrated that inactivation
of Fgfr2 in the epithelium of the limb post-AER induction
leads to the genetic ablation of the AER. In addition, the loss
of autopod is consistent with AER inhibition in the forelimb
(illustrated by decreased AER-Fgf8 expression). These results
have been validated using a double transgenic system allowing
the ubiquitous and robust expression of a secreted form of
Fgfr2b capable of sequestering the endogenous Fgfr2b ligands at
different time points during or post-AER induction (Danopoulos
et al., 2013).

FGFR2B LIGANDS AND CANONICAL
β-CATENIN SIGNALING

One of the major mechanistic insight into Fgfr2b signaling
is the rapid inhibition of canonical Wnt signaling following
Fgfr2b ligand inhibition. Using the Topgal reporter allele, a
complete decrease in Wnt signaling was reported 1 h after
doxycycline-intraperitoneal injection (Dox-IP). Such a decrease
was validated by detecting the nuclear phosphorylated form of β-
catenin (Danopoulos et al., 2013). How Fgfr2b signaling impacts
β-catenin signaling is still unclear. In vivo, some of the genes
were down-regulated upon inhibition of Fgfr2b ligands (6 h post
Dox-IP at E11.5) activity including Wnt ligands (Wnt3a, Wnt3,
Wnt7a, Wnt7b, Wnt16), Wnt receptors (Fzd4, Fzd8, Fzd9) and
secreted Wnt inhibitor (Wif1) as well as Wnt1-induced secreted
protein 1 (Wilsp1) (Danopoulos et al., 2013). Genes up-regulated
include Frzb, a gene encoding a Wnt binding protein acting as a
competitor for theWnt receptor Frzd as well as Pitx2, encoding a
transcription factor interacting with β-catenin and Dkk1, a gene
encoding a secreted Wnt ligand inhibitor (Danopoulos et al.,
2013). The collective regulation of these genes is likely to impact
canonical Wnt signaling.

Immunofluorescence staining for β-catenin in the AER of
experimental and control E11.5 limb 1 h after Dox-IP revealed
reduced expression level and cellular disorganization of β-catenin
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upon Fgfr2b ligand inhibition (Danopoulos et al., 2013). With
less β-catenin available, this could be sufficient to lead to
decreased Wnt signaling. In zebrafish, somitic mesoderm-
derived retinoic acid (RA) signaling resulted in activation
of Wnt2b expression in the mid-mesoderm, that signals to
trigger Tbx5 expression, In turn, Tbx5 is required for Fgf
signaling in the limb bud and then brings about the activation
of PR domain containing 1 (Prdm1), which then stimulates
Fgf10 expression (Mercader et al., 2006). The same series of
events are likely occuring in the developing mammalian limbs
since Prdm1 expression is conserved between zebrafish and
tetrapods. More studies will have to be done in the future to
elucidatemechanistically the impact of Fgf signaling on β-catenin
expression level and localization.

In order to elucidate the impact of transient inhibition of
Fgfr2b signaling in limb development, the Rosa26rtTA mice
were crossed with Tg(tet(O)solubleFgfr2b (Tg) transgenic mice
to generate double transgenic mice [Rosa26rtTA/+;Tg/+], called
hereafter DTG mice. These DTG mice were crossed together to
generate experimental DTG and control single transgenic (STG)
[Rosa26rtTA/+; +/+] embryos. Allelic series for DTG embryos
(with one or two copies of Rosa26rtTA and one or two copies
of Tg) were generated. This allowed analyzing the impact of
different levels of soluble Fgfr2b on limb development. Pregnant
mice carrying both control STG and experimental DTG embryos
were injected intraperitoneally with a single dose of doxycline at
E7.5, E8.5, E9.5 or E10 (Parsa et al., 2008, 2010). The resulting
impact on the formation of the cartilage and bone in the limb
was analyzed at E18.5 following alcian blue/alizarin red staining.
Dox-IP at E7.5, 2 days before AER induction, indicated no
phenotypic differences in the limbs of STG and DTG embryos.
Dox-IP at E9.5, at the time of forelimb AER induction and 12 h
before hindlimb AER induction led to complete forelimb and
hindlimb agenesis supporting the previously reported Fgfr2b and
Fgf10 KO phenotypes. The difference in phenotype between E9.5
(limb agenesis) and E7.5 (no limb defects) demonstrated that
sFgfr2b expression in our model is indeed reversible following
Dox-IP injection (Danopoulos et al., 2013). The phenotype
resulting from a single Dox-IP at E8.5 is described in the
paragraph below.

A POTENTIAL CONNECTION BETWEEN
THALIDOMIDE AND FGF10 SIGNALING

It has been proposed that the mesenchymal progenitors
for the three skeletal domains (mostly for the stylopod)
are being already amplified in a Fgfr2b ligand-dependent
fashion during pre-bud formation from E8.5-E9.5 (Danopoulos
et al., 2013; Gros and Tabin, 2014). E18.5 DTG heterozygous
embryos ([R26rtTA/+;Tg/+]) resulting from Dox-IP at E8.5
(corresponding to 1–1.5 days before forelimb and hindlimb
induction, respectively) showed shorter forelimbs and almost
normal hindlimbs. Bone/cartilage staining indicated normal
scapula but reduced humerus as well as radius and ulna. A
phenotypic difference between the right and left limbs was also
observed. The right limbs were more severely affected, with a

near absence of humerus and shortened femur, and the complete
absence of ulna and fibula. Furthermore, while digits had formed
in both forelimbs and hindimbs, these digits were fewer on
the right side limbs. In addition, DTG homozygous embryos
[R26rtTA/rtTA;Tg/Tg] display forelimb agenesis and had severely
reduced hindlimbs. Bone/cartilage staining revealed a shorter
femur and no elements beyond a rudimentary tibia. Once again,
the right hindlimbs appeared more severely affected than the left
hindlimbs. The reason for this difference is still unclear and will
deserve further investigation (Danopoulos et al., 2013).

The limb phenotype displayed upon inhibition of Fgfr2b
signaling at E8.5 is similar to the severe proximal truncations
observed in human babies exposed to thalidomide, a drug
which became popular in the late 1950s (Cohen, 1962). It
was initially prescribed for its effect on insomnia, anxiety,
gastritis, tension and against nausea to alleviate morning
sickness in pregnant women. Thalidomide adminstration to
pregnant woman has been shown to cause phocomelia, a
condition that involves malformations of the arms and legs.
Short arm bones, fused fingers and missing thumbs as well
as absent pelvic bones often occur (Kim and Scialli, 2011).
The expression of nuclear factor k-B (Nf-κB), an important
factor in mediating limb development, is drastically weakened
upon thalidomide treatment, which in turn blocks limb cells
to express Fgf10 and Twist in the PZ mesenchyme, followed
with attenuated expression of Fgf8 in the AER. This process
destroys the Fgf10/Fgf8 feedback loop between the PZ and AER
and consequently prevents limb initiation (Crossley et al., 1996;
Bushdid et al., 2001). It has been proposed that thalidomide
limb teratogenicity is linked to oxidative stress damage, DNA
intercalation and inhibition of angiogenesis. Cereblon has
been identified as primary target of thalidomide and forms
a E3 ubiquitin ligase complex with damaged DNA binding
protein 1 and Cullin4a (Groisman et al., 2003; Ohtake et al.,
2007). Damaged DNA binding protein 1 (Dbb1) and cullin 4a
(Cul4a) regulate the expression of Fgf8 and limb development.
Inactivation of cereblon (Crbn) in zebrafish leads to defective
fin and otic vesicle development (Ito et al., 2010). It is likely
that the mechanisms mentioned above can operate in parallel
to impair limb formation. It will be important to better
define the mechanisms of action of thalidomide on Fgfr2b
signaling during this early phase of limb development in future
studies.

AN “UNTOLD STORY” IS EMERGING FOR
FGF10 SIGNALING IN THE PRE-AER
PHASE

Gros and Tabin reported a new function for Fgf10 during
pre-AER induction, namely, the induction of epithelial to
mesenchymal transition (EMT) from the somatopleural
epithelium to form the early mesenchymal limb progenitors, the
building blocks of the future limbs (Gros and Tabin, 2014). It has
been described in chick model that at stage 13–14 (Figure 2A),
the somateuploral lateral plate mesoderm of the limb field
which starts out as an epithelial-like structure will ultimately
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FIGURE 2 | EMT from the somatopleure epithelium is at the heart of limb induction. Adapted from Gros and Tabin’s paper (Gros and Tabin, 2014). (A) Lineage labeling

of the cells in the somatopleure. Note that the cells express laminin on their basal side and F-actin on their apical side. (B) The labeled cells undergo EMT. Note that

this EMT is associated with the degradation of the laminin layer on the basal side. (C) Most of the mesenchymal cells in the rudimentary limb bud post-AER induction

(Stage 19) arise from EMT. (D) The mesenchymal limb progenitors are first formed through EMT up to the AER induction stage and then amplified post-AER induction

through the interaction of the Progress zone (Fgf10-positive) and the Apical Ectodermal ridge (AER). ec, ectoderm; en, endoderm; im, intermediate mesoderm; no,

notochord; nt, neural tube; so, somites; sp, somatopleure; spp, splanchnopleure.
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generate the progenitors for the limb bud mesenchyme through
a process ressembling the EMT (Figure 2D). However, this is
not likely a classical EMT as the characteristic transcription
factors, Snail and Slug are not expressed. In addition, the
somatopleural “epithelium,” which is mesoderm-derived is
unlikely to be a true epithelium. The role of Fgf10 on the
somatopleural “epithelium” is therefore far from being clear
and deserves further investigations. Lineage tracing using
a GFP reporter in the somatopleure of stage 13-14 chick
embryos demonstrated that most, if not all, mesenchymal cells
of the early limb bud (stage 15-16, time of AER induction
for the forelimb) (Figure 2B) originate from the “epithelial”
somatopleure. Later on, induction of several Fgfs at the level
of the prospective AER will allow the establishment of a
feedback loop that will amplify the mesodermal progenitors
and allow the formation of the different limb segments along
the proximal-distal axis. It has also been reported that ectopic
gain of function of Fgf10 (up to stage 17) induces limb bud
formation (Figure 2C). Gros et al. show that this occurs
through EMT from the epithelial trunk somatopleural cells
but not from the amplification/proliferation of mesenchymal
cells of the same rostrocaudal level (Gros and Tabin, 2014).
In addition, failure of ectopic Fgf10 signaling (beyond stage
17) to induce limb formation was thought to be due to the
trunk mesenchyme which became determined and was no
longer capable to be redirected to a limb fate: this fundamental
hypothesis, almost a dogma in the lung field, is no longer
valid.

FGF10 SIGNALING IN MESENCHYMAL
PROGENITOR FORMATION

The proposed molecular mechanism taking place during the
pre-AER phase, based on the work from the Tabin’s group,

is that Fgf10 acts on the epithelial somatopleure to induce

EMT (Gros and Tabin, 2014). This allows the formation of the
early mesenchymal limb progenitors that will proliferate and
differentiate during the post-AER phase to form the different
limb segments. It also has been demonstrated that Fgfr2b
ligand(s) signaling are critical in pre-AER induction (E8.5-
E9.5) stage to allow the formation of the early mesenchymal
progenitors for the limb. Future experiments should be designed
to answer the following questions: Where and when is Fgf10
signaling active in the limb field before the induction of the
AER (E8.5-E9.5)? Whether EMT is a direct effect of Fgf10
on the somatopleure epithelium should also be evaluated as
well as the consequences of different Fgf10 mediated-pre-
AER mesenchymal progenitor pool sizes on limb development.
Finally, what are the different lineages that Fgf10-positive cells in
the pre-AER pool contribute to?
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This study demonstrates that FGF10/FGFR2b signaling on distal epithelial progenitor

cells, via ß-catenin/EP300, controls, through a comprehensive set of developmental

genes, morphogenesis, and differentiation. Fibroblast growth factor (FGF) 10 signaling

through FGF receptor 2b (FGFR2b) is mandatory during early lung development as

the deletion of either the ligand or the receptor leads to lung agenesis. However,

this drastic phenotype previously hampered characterization of the primary biological

activities, immediate downstream targets and mechanisms of action. Through the

use of a dominant negative transgenic mouse model (Rosa26rtTA; tet(o)sFgfr2b), we

conditionally inhibited FGF10 signaling in vivo in E12.5 embryonic lungs via doxycycline

IP injection to pregnant females, and in vitro by culturing control and experimental

lungs with doxycycline. The impact on branching morphogenesis 9 h after doxycycline

administration was analyzed by morphometry, fluorescence and electron microscopy.

Gene arrays at 6 and 9 h following doxycycline administration were carried out. The

relationship between FGF10 and ß-catenin signaling was also analyzed through in vitro

experiments using IQ1, a pharmacological inhibitor of ß-catenin/EP300 transcriptional

activity. Loss of FGF10 signaling did not impact proliferation or survival, but affected both

adherens junctions (up-regulation of E-cadherin), and basement membrane organization

(increased laminin). Gene arrays identified multiple direct targets of FGF10, including

main transcription factors. Immunofluorescence showed a down-regulation of the distal

epithelial marker SOX9 andmis-expression distally of the proximal marker SOX2. Staining

for the transcriptionally-active form of ß-catenin showed a reduction in experimental vs.
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control lungs. In vitro experiments using IQ1 phenocopied the impacts of blocking

FGF10. This study demonstrates that FGF10/FGFR2b signaling on distal epithelial

progenitor cells via ß-catenin/EP300 controls, through a comprehensive set of

developmental genes, cell adhesion, and differentiation.

Keywords: FGF10, FGFR2b, lung, branching morphogenesis, differentiation, ß-catenin

INTRODUCTION

In mice, the first morphological evidence of lung development
is seen at embryonic day (E) 9.5 with the budding of the
ventral foregut endoderm, forming the tracheal primordium
ventrally and the esophagus dorsally. Concomitantly, distal to the
tracheal primordium, two primary lung buds form, initiating the
early stages of pseudoglandular development (E9.5-E12.5) [for
reviews on early lung development, see (Warburton et al., 2008,
2010; El Agha and Bellusci, 2014)]. During this early stage, the
lung epithelium undergoes branching morphogenesis, a semi-
stereotypical, and reiterative budding process whereby a tree-like
structure, the scaffold of the future conducting airway network,
is formed. At the tip of each bud reside multipotent epithelial
progenitor cells, which are positive for the transcription factors
SOX9 and ID2. These cells either self-renew, if they remain
distally, or give rise to bronchial progenitors when they exit the
tip domain, subsequently acquiring SOX2 expression (Rawlins,
2008).

Branching morphogenesis and epithelial differentiation
depend on poorly understood cross-talk among a number of
signaling pathways, involving fibroblast growth factors (FGF),
sonic hedgehog (SHH), bone morphogenic proteins (BMP), and
wingless/integrase 1 (WNT) ligands (El Agha and Bellusci, 2014).
For example, fibroblast growth factor 10 (FGF10), signaling via
its epithelial receptor FGFR2b, is sufficient to induce branching
morphogenesis of isolated lung endoderm grown in Matrigel
(Bellusci et al., 1997b). Additionally, demonstrating that FGF10
signaling is necessary to control branching morphogenesis,
both Fgf10- and Fgfr2b-null embryos display lung agenesis
(Sekine et al., 1999; De Moerlooze et al., 2000), while Fgf10
hypomorphic lungs display decreased ramifications (Ramasamy
et al., 2007). Less is known about the regulation of distal tip
multipotent epithelial stem cell maintenance and differentiation.
Interestingly, Fgf10 gain-of-function experiments prevent
the differentiation of epithelial tip cells toward the bronchial
progenitor lineage (Volckaert et al., 2013).

Almost twenty years after the discovery of FGF10 as a key
growth factor regulating branching morphogenesis, the primary
targets and biological activities controlled by FGF10 are still
unclear (El Agha and Bellusci, 2014). Addressing this issue has
been difficult, since loss of Fgf10 leads to lung agenesis, therefore
leaving little tissue to study; and while conditional deletions
are possible, the lapse of time separating either constitutive
or inducible Cre activity (in the case of a CreERT2 system)
from complete gene inactivation is usually 24 to 48 h, it is
difficult to distinguish between primary and secondary effects
(Abler et al., 2009). Furthermore, genetic deletion of Fgf10

does not necessarily mean simultaneous loss of corresponding
functional protein. The stability of the protein depends, for
example, on the degradation rate of FGF10 present in the
extracellular matrix and bound to heparin sulfate proteoglycans
(Makarenkova et al., 2009; Patel et al., 2017), and it might
take hours or days before a complete loss of function is
achieved.

Genetically modified mouse strains, based on the
reverse tetracycline transactivator (rtTA) system, do exist
to conditionally inhibit FGF ligand activity at the protein
level, and employ a dominant negative soluble form of
FGFR2b. Soluble FGFR2b is a hybrid protein, where
the extracellular part of the receptor, responsible for
binding FGF ligands, is fused to the heavy chain of mouse
immunoglobulin (Celli et al., 1998). This hybrid protein, once
secreted, sequesters all FGFR2b ligands in the extracellular
matrix.

Little research has explicitly used soluble FGFR2b to study
the role of FGF signaling on early lung development, while the
papers that do exist only touch on the question tangentially.
For example, Hokuto et al. (2003) induced soluble FGFR2b at
various pre- and postnatal stages to elicit the role played by
FGF signaling in alveologenesis. While the authors reported a
clear phenotype in early lungs (for example, branching defects)
associated with FGF inhibition, detailed analyses of these defects
were missing. Therefore, in this paper, we focused our study
at E12.5, a stage where FGF10 is the only FGFR2b ligand
significantly expressed. We performed both in vitro and in vivo
experiments to analyze the impact of blocking FGF10 activity
at the protein level. We used the developing lung as a model
system to decipher the primary role of FGF10 in branching
morphogenesis. Through the use of a previously validated
dominant negative transgenic mouse model (Rosa26rtTA;
tet(o)sFgfr2b; Parsa et al., 2008, 2010; Volckaert et al., 2011,
2017) we conditionally inhibited FGF10 signaling in vivo in
E12.5 embryonic lungs via doxycycline IP injection to pregnant
females, and in vitro by culturing lungs with doxycycline.
The impact on branching morphogenesis 9 h after doxycycline
administration was analyzed by morphometry, fluorescence,
and electron microscopy. Gene arrays at 6 and 9 h following
doxycycline administration were performed. The relationship
between FGF10 and ß-catenin signaling was also analyzed
using IQ1, a pharmacological inhibitor of ß-catenin/EP300
transcriptional activity.

This study demonstrates that FGF10/FGFR2b signaling on
distal epithelial progenitor cells via ß-catenin/EP300 controls,
through a comprehensive set of developmental genes, cell
adhesion, and differentiation. Altogether, our results clarify
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the role of FGF10 on tip epithelial progenitor cells during
development. Our transcriptomic approach has also provided
a valuable dataset for future mechanistic studies aiming
to characterize the role of newly found players in FGF10
signaling. Such knowledge will be instrumental to better
understanding the role of FGF10 signaling at later stages of
lung development, as well as during the repair process after
injury.

RESULTS

Expression of Fgf Genes Encoding the
Main FGFR2b Ligands During Early Lung
Development and Validation of the
Transgenic Approach to Inactivate FGFR2b
Ligands
First, at different stages during embryonic lung development,
we monitored by qPCR the expression of Fgf genes encoding
ligands of FGFR2b, of which only Fgf1, 7, and 10 were
detected (n = 3; Figure 1A). At E12.5, Fgf10 was the
predominantly expressed Fgf gene, while the expressions of
Fgf1 and 7 progressively increased during development, as
previously described (Bellusci et al., 1997b). Next, we validated
the double transgenic approach to block the activity of all
FGFR2b ligands via the inducible expression of soluble FGFR2b
using the Rosa26rtTA/rtTA; tet(o)sFgfr2b/+ transgenic mouse line
(Figure 1B). The ubiquitous expression of soluble FGFR2b is
achieved upon exposure to doxycycline (Dox), delivered via
food, water, or intraperitoneal (IP) injection. Efficient inhibition
of FGF10 activity occurs shortly after the soluble receptor
is produced (usually within minutes after exposure to Dox;
Danopoulos et al., 2013). Figure S1A shows the in vivo validation
of this approach on lung development. Our results indicate
severely impaired branching of the lung, with long, non-ramified
epithelial tubes reminiscent of the primary bronchi. As expected,
the earliest time points of treatment were the ones leading
to the more severe phenotype. Dox-food exposure from E9.5
onwards led to complete lung agenesis (data not shown), similar
to the genetic loss of Fgf10 or Fgfr2b (Sekine et al., 1999;
De Moerlooze et al., 2000). Figure S1B shows the in vitro
validation of our transgenic approach. While control lungs
underwent significant branching over time (Figure S1Ba,c,e,g),
experimental lungs failed to branch, but instead formed long
tubular extensions (Figure S1Bb,d,f,h) similar to that observed
in vivo.

Therefore, our results indicate that Fgf10 is the predominantly
expressed FGFR2b ligand at E12.5 and that we have a validated
transgenic system allowing the inducible blockade at the protein
level of FGFR2b ligands. Due to our choice of E12.5 to
run our experiments, we therefore conclude that inhibiting
FGFR2b ligands at this stage is functionally equivalent to
inhibiting FGF10 activity. In addition, supporting our choice
to focus this study on FGF10, Fgf1 and Fgf7 knock out
mice are viable and do not display any respiratory defects
(Guo et al., 1996; Miller et al., 2000).

Impact of FGF10 Inhibition on Branching
Morphogenesis
We performed in vitro live imaging experiments for up to 24 h on
control and experimental E12.5 lungs cultured with Dox (n= 3).
This enabled us to characterize the changes occurring in the
branching of the epithelium. We focused on the left lobe over
this 24-h period (Figure 1C). While the number of distal buds in
control lungs increased (from 12.0 ± 1.2 to 17 ± 1.5), no new
buds were observed in experimental lungs (Figure 1Da). We also
measured the total epithelial surface vs. the total surface of the
left lobes (Figure 1Db). Our results indicate a phase of retraction
of the epithelial surface in experimental lungs (−12.0% ± 4.0 at
3 h, −15.0% ± 4.2 at 6 h, −16.6% ± 5.7 at 9 h, and −9.8% ±

5.7 at 24 h). At the same time-points, the epithelial surface ratio
increased in the control lungs (+4.0% ± 0.7 at 3 h, +13.0% ±

3.3 at 6 h, +12.7% ± 0.9 at 9 h, and + 24.0% ± 3.5 at 24 h).
Next, we measured the distance between the epithelium at the
tip of the buds and the adjacent mesothelium (see white arrows
Figures 1C, Dc). We observed a progressive increase in the space
between the tip epithelium and the mesothelium in experimental
lungs over time (+18.0% ± 12.4 at 3 h, +24.0% ± 15.7 at 6 h,
29.5%± 16.0 at 9 h, and 31.0%± 17.0 at 24 h), while this distance
decreased in control lungs (−8.7% ± 3.7 at 3 h, −10.5% ± 4.5 at
6 h, −16% ± 3.9 at 9 h, and −36.6% ± 1.2 at 24 h). Finally, we
quantified the lengths of the different epithelial domain branches
over time (Figure 1Dd–i). These domain branches were named
according to the previously described nomenclature (Metzger
et al., 2008b). In both control and experimental lungs, L1, L2, L3,
L4, D1, and D2 were clearly visible. Note that the experimental
lung shown in Figure 1Cf was slightly delayed in terms of
branching, compared to the lung shown in Figure 1Ca, as is
often the case between lungs within a given litter. Consequently,
in the control lung, L1 and L2 were already ramified, while
only L1 was in the experimental lung. In both control and
experimental lungs, L3, L4, D1, and D2 were not ramified.
Our results indicate that the temporal increase in length of D1
and D2 was less in experimental lungs, compared to controls
(Figure 1Dh,i). Furthermore, when comparing branches that
were already ramified (such as L1 in control and experimental),
there was no difference between experimental and control lungs
during the time period considered (Figure 1Dd). However,
caution should be exercised when comparing ramified branches
with non-ramified branches (such as L2 in the control and
experimental lungs shown), as there tended to be an increase
in the rate of lengthening of the initially non-ramified branch,
compared to the initially ramified branch. This could explain why
the average L2 branch length in the experimental lungs showed
a greater increase over time compared to the control branch
(Figure 1De).

In conclusion, our detailed analysis reveals that subtle
branching defects were already apparent 3 h after exposure
to Dox. The major impact of inhibiting FGF10 activity
was on the epithelium, where a complete arrest in
budding, and a transient retraction of the epithelium
(which correlated with an increase in the distance between
the mesothelium and the distal tip epithelium), was
observed.
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FIGURE 1 | Expression of genes encoding the main FGFR2b ligands during early lung development and impact of FGFR2b ligand inactivation on branching

morphogenesis (A) qPCR for Fgf1, 7, and 10 in mouse embryonic lungs at E12.5, E13.5, E14.5, and E15.5. Fgf10 is the main ligand expressed at E12.5 (n = 3). (B)

Rosa26rtTA/rtTA; tet(O)sFgfr2b/+ double transgenic system inducing, upon doxycycline exposure (via food, water, or IP), the expression of a soluble form of FGFR2b

acting as a dominant negative receptor. (C) Impact of FGFR2b ligand inactivation on the branching process. Branches (a and f) are labeled according to established

domain branching nomenclature (L,lateral branch; D,dorsal branch). Arrows (b and g) indicate the distance between distal tip epithelium and the adjacent

mesothelium. Scale bar: 400µm. (D) Quantification of the branching defects. (Data are presented as mean ± SEM; significance determined by unpaired two-tailed

Student’s t-test; n = 3; *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001).

Inhibition of FGF10 Activity Leads to
Reduction of Epithelial Bud Lumen Area
Associated With Cell Rearrangements
Next, we analyzed the branching defects at the cellular level
using 3D-reconstructions of serial confocal images of distal
epithelial buds in control and experimental lungs. These lungs
were isolated 9 h following a Dox-IP to pregnant females
carrying E12.5 embryos, and were whole-mount stained with

CDH1 (E-cadherin) antibody. Figure 2A shows a longitudinal

section, cross section, and 3D projection of control (a, c, e)

and experimental (b, d, f) buds (see corresponding movies in

Supplementary Materials). Quantification of the relative lumen
area at different positions within the bud shows a clear reduction

in this ratio in experimental buds, compared to controls (n = 3;

Figure 2B). In addition, the average epithelial thickness was
larger in experimental buds, compared to controls (Figure 2B).
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This increased thickness was likely a consequence of epithelial
cells piling atop one another, and failing to form an ordered
monolayer, as seen in control buds. Altogether, inhibition of
FGF10 activity led to the collapse of the lumen within the
bud, and to increased epithelial thickness, which we think are
the consequences of cell rearrangements within the epithelial
layer. This conclusion is supported by the fact that extensive
analysis of cell proliferation and cell death in the epithelium and
mesenchyme, at this time point, did not indicate any difference
between control and experimental lungs (n= 3; Figure 3).

We also analyzed the appearance of epithelial tip cells
in control and experimental lungs by transmission electron
microscopy (TEM; Figure 2C). Our results reveal numerous
interesting impacts of blocking FGF10 signaling in experimental
vs. control epithelial tip cells, including altered Golgi
morphology, decreased microvilli size and number, and
opened tight junctions (see Figure S2). In terms of impacts
on cell rearrangement, in experimental lungs, the thickness
of the basement membrane was consistently greater than
that of control lungs (see dashed line in Figure 2Cb,d). This
increase in basement membrane thickness was confirmed by
immunofluorescence for laminin (LAMA1; Figure 2De–h).
Second, epithelial cell-cell adhesion was affected in experimental
lungs, compared to controls. This is evidenced by the many
large gaps between adjacent epithelial cells in experimental lungs
(see the asterisks in Figure 2Cc,d), whereas adjacent epithelial
cells in control samples formed tight associations with few gaps.
Impacts on adhesion are further demonstrated by looking at
the adherens junctions, where a darker staining was observed
in experimental lungs, compared to controls (Figure 2Ce–h).
This darker staining suggests an accumulation of adherens
junction associated protein, most likely CDH1. Indeed,
immunofluorescent staining revealed drastically increased
CDH1 expression in the distal epithelium of experimental lungs
vs. controls (Figure 2Da–d).

Our results demonstrate that inhibition of FGF10 signaling
leads to impaired distal bud morphology, including collapsed
bud lumens and thicker epithelial layers. It is likely that this
phenotype is primarily a result of epithelial disorganization
caused by adhesion and rearrangement defects.

Identification of Early FGF10 Target Genes
by Gene Array
Based on the previous results, we selected E12.5 as the ideal time
point to determine the specific transcriptomic targets of FGF10
in vivo using our transgenic system. Since a single Dox-IP is
sufficient to quickly induce soluble FGFR2b expression at E12.5
(Danopoulos et al., 2013), we administered single Dox-IPs to
pregnant females and isolated embryos 6 or 9 h later (Figure 4A).
Compared to control lungs (Figure 4Ba,b), the experimental
lungs showed branching simplification and an increased distance
between the distal epithelium and the mesothelium at 6 h
(Figure 4Bc,d), a phenotype which was more pronounced at 9 h
(Figure 4Be,f). RNA isolated from single experimental lungs at
6 and at 9 h was used for whole transcriptome analysis by gene
array. As the difference in terms of size and branching between

control lungs at 6 and 9 h was minimal, we chose two controls at
6 h and one control at 9 h for the gene array. Figure 4C shows the
corresponding volcano plots, demonstrating significant sets of
genes being either up- or down-regulated between experimental
and control lungs at these two time points. Figure 4D shows the
heatmap of the top 100 regulated genes (selected according to
p-value; n = 3) between experimental and control lungs at 6 h,
as well as the corresponding expression levels for those genes at
9 h. Figure 4F shows the heatmap of the top 100 regulated genes
(selected according to p-value; n = 3) between experimental and
control lungs at 9 h, as well as the corresponding expression levels
for those genes at 6 h. At both the 6 and 9 h reference points,
four gene clusters can be identified based on similar expression
patterns (Figures 4E,G). Of great interest are the genes contained
in the Early 4 and Late 4 clusters. These genes showed early
down-regulation upon attenuation of FGF10 signaling, and
their expression continued to decrease over time. These genes,
therefore, are likely primary targets of FGF10. The heatmaps for
the other gene clusters, as well as their regions of expression in
the embryonic lung using the genepaint database, are shown in
supplementary data (Figures S3–S10).

Figure 4H displays the list of genes found in the Early 4
and Late 4 clusters (representing the “FGF10 gene signature”),
as well as Late 3 and Late 1 (presented as a validation for
the array). Interestingly, Early 4 (6 h) contains only 14 genes
while Late 4 (9 h) contains 43 genes (10 of which overlap with
the Early 4 genes), suggesting progressive transcriptional-level
changes with time. As expected, Early 4 contains genes linked to
multipotent epithelial cell differentiation, such as Sftpc and Id2.
The transcription factor Etv5, an accepted bona fide target of FGF
signaling, was also among the first genes to be down-regulated.
The Early 4 cluster also contains genes linked to cell adhesion
(e.g., Tspan8 and Lin7a), signaling and transcriptional regulation
(e.g., Gprc5a and Sp5), neuronal processes (e.g., Gprin3, Enc1,
and Sema4f ), apoptosis and cell cycle (e.g., Bid and Rai14), and
transport (e.g., Arrdc1 and Slco2a1).

The Late 4 cluster displays supplementary genes linked to
epithelial differentiation, such as Sftpa1, Sftpb, and Hopx. Etv5
was also found among these top-regulated genes. Etv4, a related
transcription factor working redundantly with Etv5 (Herriges
et al., 2015), was also down-regulated, albeit at a lower level
(data not show). Furthermore, the Late 4 cluster includes many
additional genes regulating the biological processes described
for the Early 4 cluster (e.g., cell adhesion genes Lama3, Lamc2,
and Ctnnd2; signaling and transcriptional regulation genes Kiss1,
Akap5, Cytl1, Apcdd1, and Shh; and apoptosis and cell cycle genes
Bex4, Dhx33, Klf16, and Aen). Figure 4J shows KEGG pathway
analyses for the 6 and 9 h time points, highlighting the cellular
and signaling processes significantly regulated in experimental vs.
control lungs. Significant changes in cytokine-cytokine receptor
interactions, calcium signaling, WNT signaling, and Hedgehog
signaling were observed at 6 h. In addition to these changes,
at 9 h, we also observed significant alterations in the ECM-
receptor interaction and cell adhesion molecules, reflecting the
morphological alterations observed in Figure 2.

In order to gain more insight into the genes identified in each
of the four groups, wemade use of the online expression-profiling
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FIGURE 2 | Inhibition of FGF10 activity for 9 h in E12.5 lungs leads to collapse of the epithelial bud associated with cell rearrangements and altered cell-cell adhesion

(A) whole-mount confocal images of distal lung buds. Control buds show open lumens and an ordered epithelial monolayer (a–c), while experimental lung buds show

collapsed lumens associated with multi-layered epithelium (d–f). Please note that due to our fluorescence acquisition requirements, the intensity of the signal cannot

be compared between control and experimental samples. l.a. = lumen area; t.b.a. = total bud area. Scale bar: (a,b,d,e) 40µm; (c,f) 16µm. (B) Quantification of

relative lumen area (l.a./t.b.a.) and epithelial thickness. (Data are presented as mean ± SEM; significance determined by unpaired two-tailed Student’s t-test; n = 3;

*p-value < 0.05, **p-value < 0.01). (C) TEM of distal lung buds highlighting the thickened basement membrane (black dashed line and arrows; a–d) and the darker

staining around the adherens junctions (arrows; e–h) in experimental vs. control lungs. Note also the enlarged and irregularly shaped nuclei (blue dashed line; a,c) and

the gaps between adjacent epithelial cells (asterisk; c,d) in experimental vs. control lungs. mes. = mesenchyme; epith. = epithelium. Magnification: (a,c) 7,750x; (e,g)

27800x; (b,d) 38,750x; (f,h) 139,000x. (D) Immunofluorescent staining for E-cadherin (CDH1) and laminin (LAMA1). E-cadherin shows increased expression in

experimental lungs (c,d) compared to controls (a,b). Laminin deposition is increased in the basal lamina (BL) and mesothelium (Meso.) in experimental (g,h) vs. control

lungs (e,f). Scale bar: (a,c) 75µm; (b,d) 19µm.
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FIGURE 3 | Analysis of proliferation and cell death in control and experimental lungs (A) Proliferation analysis following Edu injection to pregnant females in control

(a,b) and experimental (c,d) E12.5 lungs. Quantification of Edu signal indicates no major difference in the number of proliferating cells in control vs. experimental lungs

(e). (n = 3) Scale bar: (a,c) 50µm; (b,d) 17µm. (B) Apoptosis analysis by TUNEL showing no major difference (e) in the number of apoptotic cells in control (a,b) vs.

experimental (c,d) lungs. (n = 3) Scale bar: (a,c) 50µm; (b,d) 17µm.

database “Genepaint.org” to identify the expression domain of
the genes found in the different groups (Figures S3–S10). In
addition, we carried out a gene array between isolated distal tip
epithelial andmesenchymal cells of E12.5 wild type lungs (n= 3).
Our results allowed us to determine the genes differentially
expressed between the two compartments (see Figure S11A for
details). With this data, we reanalysed the genes in the Early
4, Late 4, Late 3, and Late 1 clusters according to their relative
expression in the epithelium or mesenchyme. All the genes
present in the Early 4 group were more highly expressed in the
epithelium, supporting the idea that at this early time point, and
for this group, our global transcriptomic approach was able to
identify mainly epithelial specific changes.

We then compared the differential expression of the Early
4 and Late 4 genes (FGF10 signature genes), determined from
the epithelium vs. mesenchyme gene array, with their expression
after FGF10 inhibition (Figures S11C,D). Genes which are

expressed at high or medial levels in the epithelium, and which
are highly or moderately regulated following inhibition of FGF10
activity, should be prioritized for further investigation. Promising
candidates include Lin7a, Sp5, Tspan8, Cytl1, Pthlh, Sftpa1, Sftpc,
and Bspry (Figure S11G).

A similar analysis was performed for the Late 3 and
Late 1 groups (Figures S11E,F), which likely contain late
acting, or secondary FGF10 targets. Particularly interesting
from the Late 3 group is Wnt7b, as we have previously
demonstrated that an FGF10/WNT7b loop regulates repair in
conducting airways following naphthalene injury (Volckaert
et al., 2011, 2017). Equally interesting in this group is the down-
regulation of genes expressed preferentially in the mesenchyme
and involved in Hedgehog signaling (Foxl1, Foxf1, Gli1, and
Ptch2), which suggests our array captures one of the best-
known epithelial-mesenchymal interactions: the FGF10-SHH
interaction (reviewed in Warburton et al., 2008, 2010).
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FIGURE 4 | Identification of early FGF10 target genes by a gene array approach (A) E12.5 littermate control and experimental lungs were collected 6 or 9 h after a

single Dox-IP injection to pregnant females. (B) FGFR2b signaling attenuation leads to visible branching defects at Dox-IP+9 h (increased mesothelial-epithelial

distance and branching inhibition). Meso.=Mesothelium; Epi.=Epithelium. Scale bar: (a,c,e) 500µm; (b,d,f) 175µm. (C) Volcano plots showing genes which are either

down- or up-regulated at 6 or 9 h Dox-IP compared to the time-matched control lungs. (D) Heatmap of the top 100 genes differentially expressed between

(Continued)
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FIGURE 4 | experimental and control lungs at 6 hrs (based on p-values). (E) Four classes of genes, grouped according to expression pattern (Early 1–4). (F) Heatmap

of the top 100 genes differentially expressed between experimental and control lungs at 9 h (based on p-values). (G) Four classes of genes, grouped according to

expression pattern (Late 1–4). (H) Genes identified in the Early 4 and Late 4 clusters are direct targets of FGF10 signaling and comprise the “FGF10 gene signature.”

Many genes in the Late 3 and Late 1 clusters are involved in the FGF10/SHH regulatory feedback loop (see I), validating the gene array approach (note the presence

of Fgf10 in the Late 1 cluster). Genes enriched in the epithelium or mesenchyme are color coded in blue or red, respectively. (I) Reconstitution of the

FGF10-FGFR2b-ETV4/5-SHH-FGF10 signaling axis from the gene array. (J) KEGG results for 6 and 9 h Dox-IP vs. control. [(D,F) n = 3; see Materials and Methods

for details on the statistical analysis of gene arrays].

Shh is an epithelial gene encoding a secreted growth factor,
and was down-regulated in our array concomitantly with Etv4
and Etv5, beginning 6 h after FGF10 inhibition (Late 4). The
combined decrease of Etv4 and Etv5 was likely causative for the
loss of Shh (Herriges et al., 2015; see Discussion). Following the
decrease in Shh expression, the mesenchymal-specific Hedgehog
signaling genes Foxl1, Foxf1, Gli1, and Ptch2 all showed a delayed
down-regulation (only between 6 and 9 h). Furthermore, as SHH
is known to regulate Fgf10 transcription in the mesenchyme
(Bellusci et al., 1997a; Lebeche et al., 1999), we also determined if
Fgf10 expression was affected by Shh down-regulation. We found
that the Late 1 cluster, containing genes up-regulated between
experimental and control at 9 h, but not at 6 h, contained Fgf10.
Taken together, this evidence functionally validates our gene
array, and leads to the model proposed in Figure 4I.

Identification of Lung-Specific
Transcription Factors Controlled by FGF10
Next, we evaluated the expression of the major transcription
factors expressed in the lung at E12.5. A previous report indicated
that out of 1100 transcription factors analyzed (covering 90%
of all transcription factors encoded in the mouse genome),
only 62 exhibited localized expression in the epithelium and/or
mesenchyme of the developing lung (Herriges et al., 2012). Of
these 62 genes, from our gene array, 17 were either induced or
repressed with significance in experimental vs. control lungs at 6
or 9 h (n = 3; Figure 5A). From these 17, 11 were exclusively or
predominantly expressed in the epithelium (Figure 5B shows the
expression of some of these genes in the developing lung by in situ
hybridization). Among the repressed genes in the epithelium, we
found early regulation of genes such as Etv4 and Etv5 (belonging
to the TF1 cluster), delayed regulation of Sox9 (belonging to
the TF2 cluster), as well as transiently regulated genes such as
Grhl2, Nkx2-1, and Id2 (from the TF3 cluster). These “repressed”
genes are likely direct targets of FGF10, required to elicit the
different facets of FGF10 activity. Among the induced genes in
the epithelium, we found the early regulation of Sox2 (forming
the TF4 cluster), the transiently regulated genes Nkx1–2 and
Pitx2 (from the TF5 cluster), and the late regulation of Lmo1
and Elf5 (from cluster TF6). These “induced” genes are likely
repressed by FGF10 during early lung development.

FGF10/FGFR2b Signaling Is Required to
Maintain the Differentiation Status of the
Epithelial Multipotent Progenitors
Next, we examined the impact of attenuated FGFR2b signaling
on the differentiation of the multipotent epithelial progenitor

cells. Figure 5C confirms the reduced expression of SOX9
distally in experimental (d–f) vs. control (a–c) lungs at 9 h post
Dox-IP. In control lungs, SOX2 expression in the proximal
epithelium established a clear boundary between proximal and
distal regions (Figure 5Cg–i). However, in experimental lungs,
SOX2 expression in the proximal epithelium expanded more
distally, showing a salt and pepper expression pattern with
increased expression in the mesenchyme around the conducting
airway (Figure 5Cj–l).

Until recently, the close examination of epithelial tip cell
differentiation was limited, as only a few signature genes denoting
differentiation status were known to be expressed in those cells.
However, this limitation has been overcome after a paradigm-
shifting paper published by Treutlein et al. (2014), which used
single cell transcriptomic approaches to characterize the genetic
signatures of lung distal epithelial cells at E14.5, at E16.5, and at
E18.5. The authors proposed a list of specific markers for alveolar
epithelial cell type I (AT1) and type II (AT2) cells, and showed
that a common progenitor cell, called a bipotent progenitor,
expressed markers of both cell types. Our gene array data shown
in Figure 4 indicate that some of these markers of differentiation
(Sftpc, Etv5, Sftpa1, Sftpb, Hopx, Pdpn) are actually regulated by
FGF10 in multipotent epithelial progenitors. In order to probe
more extensively the status of these differentiation markers in
the epithelial tip cells, we assessed the AT1 and AT2 signatures
from our gene array (experimental vs. control) at the 9 h time
point. Figure 5D shows a clear global reduction in the markers
characteristic of the AT2 signature, with minimal change in
the AT1 signature. Gene set analysis confirms a very significant
difference in the AT2 signature in experimental vs. control lungs
(n = 3; p = 0.000004). No significant change was observed in
the AT1 signature. We therefore conclude that upon inhibition of
FGF10, the tip epithelial cells, which include the progenitors for
the bipotent cells, lose expression of the markers characteristic of
the AT2 signature, and that globally the expression of these genes
is under the control of FGF10.

Connecting FGF10 and ß-Catenin Signaling
Our KEGG analysis indicated that WNT signaling was also
significantly regulated by FGF10 inhibition (Figure 4J), in
particular, those genes involved in the canonical WNT pathway
(n = 3; Figure 6B). Of note, Wnt7b, which codes for a
growth factor secreted by the epithelium and acting on the
mesenchyme, appears highly regulated by FGF10 (Figure 6B; see
also Figure S11E). Downstream targets of WNT7b, such as the
transcription factors Lef1 and Tcf7, were also transcriptionally
down-regulated. To confirm the down-regulation of WNT
signaling in experimental lungs at the protein level, we examined
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FIGURE 5 | Identification of the transcription factors regulated by FGF10 and impacts on epithelial differentiation (A) Heatmap of highly regulated transcription factors

between control, Dox-IP+6 h and Dox-IP+9 h conditions. Six classes of transcription factors (TF1-6) were identified based on their expression profiles. Genes in blue

and in red are preferentially expressed in the epithelium and mesenchyme, respectively (asterisks denote genes found in both compartments). (B) In situ hybridization

on E14.5 lungs for Lef1 (a,a’), Etv5 (b,b’), Grhl2 (c,c’), Nkx2-1 (d,d’), Id2 (e,e’), and Ets1 (f,f’). (C) Validation by IF of changes in SOX9 (a–f) and SOX2 (g–l) expression in

experimental vs. control lungs. Scale bar: (a,d,g,j) 300µm; (b,e,h,k) 100µm; (c,f,i,l) 33µm. (D) Expression of AT1 and AT2 markers in 9 h vs. control lungs. Note the

significant global reduction in the expression of the AT2 markers. (n = 3; see Materials and Methods for details on the statistical analysis of gene sets).

by immunofluorescence the levels of the transcriptionally active
form of CTNNB1 (ß-catenin) and the transcription factor
LEF1 (Figure 6A). A loss of expression of activated ß-catenin
was observed in both the epithelium and mesenchyme of
experimental lungs (Figure 6Aa–d). In addition, LEF1 was also
lost in the mesenchyme, correlating with the decrease in Wnt7b
expression (Figure 6Ae–h).

Given that WNT/ß-catenin signaling is vital for proper
branching morphogenesis and cellular differentiation (for a
review see De Langhe and Reynolds, 2008) and that we
observed a drastic reduction in activated ß-catenin in our
experimental lungs, we investigated the degree to which the
effect of inhibiting FGF10 was mediated through WNT/ß-
catenin signaling. We made use of a pharmacological inhibitor

of ß-catenin transcriptional activity, called IQ1. This inhibitor
decreases the interaction between ß-catenin and one of
its transcriptional coactivators, EP300, and has been shown
to disrupt branching morphogenesis, and proximalize the
lung epithelium, during the pseudoglandular stage of lung
development (Sasaki and Kahn, 2014).

Figures 6C–E shows the results of inhibiting, in vitro, the ß-
catenin/EP300 interaction for 24 h in E12.5 lung explants. While
control lung explants displayed continued branching over this
time (Figure 6Ca–d), the experimental lungs failed to branch,
forming instead long epithelial tubes (Figure 6Ce–h). The failure
of experimental lungs to branch, as well as the relative area of the
epithelial surface and the distance between the distal epithelium
and mesothelium, is quantified in Figure 6D (n = 3 for control
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FIGURE 6 | FGF10 activity is primarily mediated through ß-catenin/EP300 (A) IF for transcriptionally active ß-catenin (ABC) and for LEF1 in control and experimental

lungs. Scale bar: (a,c) 50µm; (b,d) 15µm; (e,g) 300µm; (f,h) 75µm. (B) Gene expression changes in the canonical WNT pathway at 6 and 9 h vs. controls. (n = 3;

see Materials and Methods for details on the statistical analysis of gene arrays; *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001). (C) E12.5 lungs cultured with

(experimental) or without (control) IQ1 for 24 h. Note the similarity to FGF10 inhibition on the branching in experimental lungs. Scale bar: (a,c,e,g) 500µm; (b,d,f,h)

250µm. (D) Quantification of branching defects in experimental vs. control lungs. (E) qPCR analysis on a subset of the “FGF10 gene signature.” Except for Sox9,

Shh, and Gprc5a, inhibition of ß-catenin/EP300 produces a similar down-regulation of genes as in FGF10 inhibition. [(D,E) Data are presented as mean ± SEM;

significance determined by unpaired two-tailed Student’s t-test; n = 3 for control and n = 5 for experimental; *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001].
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and n = 5 for experimental). These phenotypic impacts are
very similar to those seen by blocking FGF10 in vitro (see for
comparison Figure 1Dk–m).

We also compared, by qPCR, the expression levels of a
number of genes found in the “FGF10 gene signature” between
experimental and control lung explants (n = 3 for control and
n = 5 for experimental; Figure 6E). Ten of the 13 genes assessed
showed drastic reductions in expression in IQ1 treated lung
explants, similar to the down-regulation seen in our in vivo
inhibition of FGF10. Interestingly, the transcription factor Sox9,
as well as Shh, showed no change in expression between control
and experimental lungs at this time point, indicating, perhaps,
compensatory mechanisms.

In the attempt to produce results more comparable to the
9 h in vivo inhibition of FGF10, we also conducted a 9 h
inhibition of the ß-catenin/EP300 interaction (Figure 7). While
the branching defects, after this time point, were less pronounced
than those seen in either the 24 h IQ1 treatment, or the 9 h
in vivo FGF10 inhibition (Figure 7Ae–h), noticeable effects
on the relative epithelial surface and the distance between
distal epithelium and mesothelium could be observed (n = 6;
Figure 7B). We also conducted a gene array on control vs.
IQ1 treated lung explants after 9 h of inhibition (n = 2 for
control and n = 3 for experimental). A gene set analysis
using the “FGF10 gene signature” revealed that this set of
genes was significantly down-regulated in IQ1 treated lung
explants (p < 0.001; Figure 7C). Finally, immunofluorescent
stains for SOX9 and SOX2 protein revealed a decrease in SOX9
expression (Figure 7Dd–f), and a concomitant advancement
of SOX2 expression distally (Figure 7Dj–l), reminiscent of the
proximalization of lung epithelium after 9 h of FGF10 inhibition
(see Figure 5C).

In summary, our data suggest that a large proportion
of the regulation by FGF10 signaling of epithelial
branching morphogenesis and differentiation is mediated
specifically through ß-catenin/EP300 transcriptional
activity.

Discussion
In this paper, we report the impacts on the epithelial tip cells of
E12.5 lungs by blocking FGFR2b ligands, primarily FGF10. Both
in vivo and in vitro experiments inhibiting FGF10 resulted in
arrested epithelial branching and collapsed distal bud lumens
associated with abnormal cellular adhesion. Gene arrays at
6 and 9 h inhibition revealed the transcriptomic regulation
of FGFR2b signaling. From these arrays, we identified an
FGF10 gene signature primarily composed of genes enriched
in the epithelium and positively regulated by FGF10. We
also highlighted a set of lung-specific transcription factors
significantly regulated by FGF10. Our data on SOX9 and
SOX2 expression, as well as gene-set analyses on differentiation
markers of AT2 cells, which are found to be expressed in
multipotent epithelial progenitor cells, demonstrated the
proximalization of the tip epithelium and a loss of distal
differentiation markers 9 h after FGF10 inhibition. Finally, the
effects of blocking FGF10 signaling on ß-catenin activity were
assessed. In vitro experiments using IQ1, a pharmacological

FIGURE 7 | IQ1 treatment for 9 h phenocopies 9 h FGF10 inhibition (A) E12.5

lungs cultured with (experimental) or without (control) IQ1 for 9 h. Scale bar:

(a,c,e,g) 500µm; (b,d,f,h) 250µm. (B) Quantification of branching defects

showing a decreased relative epithelial surface and a concomitant increase in

the distance between the epithelium and mesothelium. (Data are presented as

mean ± SEM; significance determined by unpaired two-tailed Student’s t-test;

n = 6; **p-value < 0.01). (C) A heatmap of IQ1 lungs treated for 9 h vs. control

showing the “FGF10 gene signature.” A gene set analysis demonstrates the

significant down-regulation of this group of genes (n = 2 for control and n = 3

for experimental; see Materials and Methods for details on the statistical

analysis of gene sets). (D) IF for SOX9 (a–f) and for SOX2 (g–l). Scale bar:

(a,d,g,j) 300µm; (b,e,h,k) 75µm; (c,f,i,j) 45µm.

inhibitor of the ß-catenin/EP300 interaction, were able to
phenocopy a large proportion of the impacts found by FGF10
inhibition, suggesting that FGF10 signaling on E12.5 distal tip
progenitors is significantly mediated via ß-catenin/EP300. These
findings are summarized in a model of FGF10 signaling
during pseudoglandular lung development provided in
Figure 8.

Frontiers in Genetics | www.frontiersin.org 12 January 2019 | Volume 9 | Article 746125

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Jones et al. FGFR2b Signaling During Lung Morphogenesis

Validation, and Limitations, of in vivo

Inhibition of FGF10 Signaling
One of the major limitations of our in vivo model to inhibit
FGF10 signaling during pseudoglandular lung development
(E12.5) is that the production of soluble FGFR2b is global,
potentially inducing secondary effects. Furthermore, soluble
FGFR2b is secreted into the mesenchyme, potentially inhibiting
mesenchyme-specific FGF signaling. Indeed, we have recently
reported that FGF10 can directly act on the rat lung mesenchyme
during the late canalicular/early saccular stage (E19) to control
the differentiation of lipofibroblast progenitors (Al Alam et al.,
2015). Although we could not detect any significant increase in
P-ERK on primary culture of lung mesenchyme isolated at the
mid-pseudoglandular stage (E14.5; De Langhe et al., 2006), we
cannot exclude that FGF10 is active on discrete mesenchymal
subpopulations throughout the pseudoglandular stage.

To control for the potential secondary effects of our model, we
validated the location of FGF10’s primary targets by a gene array
comparing expression of genes in the epithelium vs. mesenchyme
of E12.5 wild type lungs (Figure S11), and also by the online
expression-profiling database “genepaint.org” (Figures S3–S10).
We are confident that our global in vivo approach does indeed
detect the impacts of FGF10 signaling on epithelial-specific
targets.

Furthermore, we assessed the well-established FGF10-SHH
regulatory feedback loop during lung development as a means
of validating our array (Figures 4H,I). Our array detects the
down-regulation of Shh within 6 h of FGF10 inhibition, and also
the delayed impacts on the downstream targets of SHH at 9 h,
including the up-regulation of Fgf10. Additionally, our array
supports the recently reported data showing that the inactivation
of FGF-regulated Etv4 and Etv5 in the multipotent epithelial
progenitor cells during lung development leads to the loss of
Shh expression (Herriges et al., 2015). We therefore propose that
FGF10 acts via FGFR2b, positively regulating the expression of
ETV4/ETV5, and, subsequently, the SHH pathway.

FGF10 Primary Targets
From our gene array data, we identified an “FGF10 gene
signature.” These genes, primarily enriched in the epithelium,
show decreased expression shortly after FGF10 inhibition, and
continue to decrease during inhibition; therefore, these genes
likely represent primary targets of FGF10, and are potential key
mediators of FGF10/FGFR2b signaling.

We also found that FGF10 regulates many previously
identified lung specific transcription factors (Herriges et al.,
2012). Some of these transcription factors are established
mediators of FGF10 signaling (e.g., Etv4, Etv5, Sox9), whereas
little is known of the others in the context of FGF10 signaling.
Knock-out and over-expression studies on many of these
transcription factors show impacts very similar to the effects seen
in our study. For example, Metzger et al. (2007, 2008a) found
that Elf5 (group TF6, Figure 5) is regulated by FGF10 and FGF7,
and that over-expression of Elf5 leads to branching defects and
delayed AT2 differentiation; Quaggin et al. (1999) reported that
Tcf21 (group TF6) knock-out mice display reduced branching,

smaller lungs, and a proximalization of lung epithelium at E14.5;
finally, Varma et al. (2012) studied the transcription factor Grhl2
(group TF 3, Figure 5) during lung development, and found that
GRHL2 controls cell adhesion and migration, forms a positive
feedback loop with NKX2-1 during branching morphogenesis,
and is associated with proper AT2 differentiation.

We propose that the comprehensive set of target genes and
transcription factors identified in our study is a valuable resource
for future investigations on early lung branching morphogenesis
and differentiation.

FGF10′s Regulation of Tip Cell
Differentiation and Morphology via SOX9
Sustained SOX9 expression in the tip epithelium of the
developing lung has been associated with epithelial stem cell self-
renewal. The current model predicts that individual tip cells,
under the influence of FGF10, are prone to remain in the tip
domain; as these cells divide, some of the daughter cells acquire
bronchial progenitor characteristics associated with the exit from
the tip domain.

The transcription factor SOX9 has been extensively studied
during early lung development (Perl et al., 2005; Chang
et al., 2013; Rockich et al., 2013). For example, Chang et al.
(2013) found that knocking out Sox9 before E12 leads to
branching defects, an increase between the distal epithelium and
mesothelium, and smaller lungs. Furthermore, it was found that
FGFR2b signaling regulates Sox9, and that SOX9 suppresses the
initiation of alveolar differentiation. Rockich et al. (2013) found
similar findings, and also assessed the impacts on cell adhesion in
Sox9 loss-of-function E14.5 lungs. Using TEM, the authors found
multiple cellular defects similar to what we found in our in vivo
dominant negativemodel, including: irregularly shaped epithelial
cells, gaps with protruding pseudopodia between adjacent cells,
partial to complete loss of microvilli, and a disjointed basement
membrane filled with gaps.

As SOX9 is lost in the distal epithelial cells of experimental
lungs, the expression of SOX2 in these cells increases, further
suggesting these cells are losing their multipotency, and are
adopting a proximal fate. This idea is supported by the evidence,
at this stage, of a loss of the AT2 signature in the multipotent
progenitors upon FGF10 inhibition.

Taken together, our data suggest that the loss of SOX9,
downstream of FGF10 signaling, affects the morphogenesis and
multipotent potential of distal epithelial cells.

FGF10 Regulation of ß-Catenin Levels
The importance of ß-catenin signaling during pseudoglandular
branchingmorphogenesis has been extensively studied (reviewed
in De Langhe and Reynolds, 2008). In our dominant negative
in vivo model, transcriptionally active ß-catenin was greatly
reduced in experimental lungs after 9 h inhibition (Figure 6).
Since Ctnnb1 gene expression was unaltered in our gene array,
the drastic decrease in activated ß-catenin was likely a result of
post-translational modifications, such as altered phosphorylation
and/or reduced cytoplasmic pools of available ß-catenin.

An intriguing possibility concerning available cytoplasmic ß-
catenin is the relationship between ß-catenin and CTNND2,
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FIGURE 8 | Graphical summary: FGF10 signaling leads to phosphorylation of Y734 on FGFR2 associated with Sh3bp4 recruitment (Francavilla et al., 2013). FGF10

signaling also induces Erk/Mapk phosphorylation and stabilizes ß-catenin, promoting its translocation to the nucleus where it binds to EP300, acting as a

transcriptional regulator. The resulting activated (FGF10 transcriptomic signature) and/or repressed genes in turn control cell adhesion/rearrangement, contribute to

epithelial/mesenchymal interactions, and maintain distal tip differentiation.

which regulate E-cadherin stability at the adherens junction
complex of epithelial cells. While ß-catenin stabilizes E-cadherin
to promote cell adhesion, CTNND2 leads to E-cadherin
destabilization, the release of ß-catenin to the cytoplasm, and cell
motility (Lu et al., 1999; Kim et al., 2012). Indeed, high levels
of stable E-cadherin have been shown to inhibit budding and
branching morphogenesis in isolated embryonic lung epithelium
(Liu et al., 2008). Once ß-catenin is released from E-cadherin,
it contributes to the pool of transcriptionally active ß-catenin
(Kam and Quaranta, 2009). With reduced CTNND2, levels
of E-cadherin remain relatively high, and ß-catenin becomes
sequestered at the adherens junction, being removed from the
transcriptionally active pool. Thus, E-cadherin destabilization
by CTNND2 regulates proper branching morphogenesis and
the cytoplasmic availability of ß-catenin. Interestingly, loss of
CTNND2 in humans is associated with the “Cri du chat”
syndrome (Medina et al., 2000), wherein affected babies may
develop breathing problems at birth and require respiratory
treatments. Additionally, a high rate of lung infection is also
common during the first years of life. In the future, it will be
important to delineate the impact of loss of CTNND2 on the
formation and maturation of the lung epithelium in the context
of homeostasis, as well as repair after injury.

Our data support the importance of the proposed
CTNND2/CDH1/CTNNB1 regulatory axis. Contained in
the FGF10 gene signature is the drastic reduction of Ctnnd2
(group Late 4, Figure 4H), while E-cadherin is greatly increased
in experimental lungs (Figure 2D), which could explain to an
appreciable degree not only the morphological defects, but also
the lack of activated ß-catenin seen in these samples.

FGF10 Regulation via ß-Catenin/EP300
In the nucleus, ß-catenin associates with a number of
transcriptional co-activators to regulate gene expression via the

TCF/LEF family of DNA-bound transcription factors (reviewed
inHoppler and Kavanagh, 2007). Two of these co-activators, CBP
and EP300, are critical for balancing cellular differentiation and
branching morphogenesis (Miyabayashi et al., 2007; Sasaki and
Kahn, 2014). Through the use of a pharmacological inhibitor
of the ß-catenin/EP300 interaction, IQ1, Sasaki and Kahn
(2014) report numerous impacts on pseudoglandular stage lungs,
including arrested branching and an increase between the distal
epithelium and adjacent mesothelium, similar to what we found
in our in vivo inhibition of FGF10 (compare Figures 1C, 6C).
Furthermore, Sasaki and Kahn (2014) show that inhibiting ß-
catenin/EP300 leads to the proximalization of lung epithelium
via a reduction in distal marker expression (Bmp4 and Fgf10),
and an increase in the proximal markers Sox2 and Scgb1a1.
In our 24 h IQ1 inhibition experiment, we likewise found a
number of distal marker genes down regulated, including Etv4,
Etv5, Sftpa1, Sftpb, and Sftpc (see Figure 6E). Interestingly,
Sox9 showed no change in expression between control and
experimental lungs at this time point. In our 9 h IQ1 inhibition
experiment, we were able to detect significant overall down
regulation of the FGF10 gene signature, although some of the
individual genes showed little regulation at this time point
(see Figure 7C). This suggests that not all the genes regulated
in our in vivo inhibition of FGF10 are similarly regulated by
inhibiting ß-catenin/EP300. Furthermore, staining for SOX9
and SOX2 supports the idea that ß-catenin/EP300 sustains the
multipotency of distal epithelial cells (see Figure 7D). This data
is in line with a recent report showing that ß-catenin deletion
in the SOX9-positive cells leads to ectopic expression of SOX2
(Ostrin et al., 2018).

In summary, the in vitro inhibition of ß-catenin/EP300
produces branching defects and the proximalization of epithelial
cells as early as 9 h. Phenotypically, these impacts greatly overlap
with the impacts of inhibiting FGF10 signaling. Many of the
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direct targets of FGF10 signaling are similarly regulated by ß-
catenin/EP300, suggesting that FGF10 regulation is significantly
mediated through ß-catenin/EP300.

In conclusion, we have carried out a comprehensive analysis of
FGF10/FGFR2b signaling on epithelial tip progenitor cells during
E12.5 mouse lung development. This analysis revealed a new
“FGF10 transcriptomic signature” which will be instrumental in
designing new mechanistic studies concerning the role of FGF10
in alveolar epithelium formation during development, as well as
maintenance during homeostasis and repair after injury.

MATERIALS AND METHODS

Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents
should be directed to, and will be fulfilled by, the corresponding
author, Dr. Saverio Bellusci (saverio.bellusci@innere.med.uni-
giessen.de).

Experimental Model and Subject Details
Ethical Statement and Husbandry
Animal experiments were performed at Children’s Hospital
Los Angeles under the research protocols (31–08 and 31–11)
approved by the Animal Research Committee and in strict
accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health. The approval identification for Children’s Hospital
Los Angeles is AAALAC A3276-01. Harvesting organs and
tissues from wild type and mutant mice following euthanasia
using pentobarbital was approved at Justus Liebig University
Giessen by the federal authorities for animal research of the
Regierungspraesidium Giessen, Hessen, Germany (Approved
Protocol GI 20/10 Nr. G 84/2016).

All mice used to generate experimental and control embryos
were housed in a specific pathogen free (SPF) environment with
free access to food and water. Up to five females were housed
together, while males were housed singly. Females between 9 and
12 weeks of age were used to generate embryos.

In vivo Mouse Model to Inhibit FGFR2b Ligands
In vivo studies were conducted using an inducible dominant
negative mouse model: Rosa26rtTA/+; tet(o)sFgfr2b/+
(B6-Cg-Gt(ROSA)26Sortm1.1(rtTA,EGFP)Nagy Tg(tetO-
Fgfr2b/lgh)1.3Jaw/sbel). This mouse model employs a reverse
tetracycline transactivator (rtTA) under the transcriptional
control of the ubiquitous Rosa26 locus. Upon administration
of doxycycline, the rtTA is able to bind to the tetracycline
operator (tetO), inducing the transcription of a soluble dominant
negative form of Fgfr2b (sFgfr2b). These mice were generated
by crossing Rosa26rtTA/+ (Gt(ROSA)26SorTm1.1(rtTA,EGFP)Nagy)
with tet(o)sFgfr2b/+ mice (Tg(tetO-Fgfr2b/Igh)1.3Jaw, obtained
from Dr. Jeffrey Whitsett, Cincinnati, USA). Experimental
(Rosa26rtTA/rtTA; tet(o)sFgfr2b/+) and littermate control
(Rosa26rtTA/rtTA; +/+) embryos were generated by crossing
Rosa26rtTA/rtTA; tet(o)sFgfr2b/+ and Rosa26rtTA/rtTA; +/+
animals.

Timed-pregnant females were used to conduct in vivo
experiments. Doxycycline was administered either through food
(625mg doxycycline/kg food pellets), or via an intraperitoneal
injection (i.p.; Dosage: 0.0015mg doxycycline/g mouse weight)
at the desired embryonic time point (E), where E0.5 was
assumed to be noon on the day a vaginal copulation plug was
found. At a determined time post-doxycycline i.p., a lethal dose
of pentobarbital sodium was administered to animals via i.p.
(Dosage: 0.4mg pentobarbital/g mouse weight). After breathing
ceased and a lack of pupil response to light was observed,
cervical dislocation was performed to ensure death. Embryos
were then harvested and washed in PBS with gentle shaking for
∼2min. Embryonic lungs were then dissected and prepared for
subsequent analyses.

In vitro Lung Culture
Embryonic lungs used for in vitro experiments were obtained
either from genetically modified embryos generated as described
above, or from C57BL/6 wild-type embryos.

Embryonic lungs were dissected and cultured on 13mm
Whatman Track-Etch polycarbonate membranes, with 8.0µm
pores (Merck, Darmstadt, Germany) positioned atop DMEM
culture medium in a 24-well culture dish [medium contained:
Dulbecco’s Modified Eagle Medium (1x DMEM), supplemented
with D-Glucose, L-Glutamine, HEPES, Pyruvate, and Phenol
red (Gibco, Paisley, UK), 10% fetal bovine serum (FBS), 1%
penicillin (10,000 units/ml)-streptomycin (10 mg/ml)]. Lungs
were incubated at 5%CO2 and 37

◦C for∼45min to allow them to
settle. At the beginning of the experiment (t = 0 h.), doxycycline
dissolved in PBS (1µg/ml) or IQ1 dissolved in DMSO (10µM;
Selleckchem, Munich, Germany) was added to the experimental
lungs, while the vehicle (either PBS or DMSO) was added to
control samples. Lungs were incubated at 5% CO2 and 37◦C for
the duration of the experiment.

Method Details
Still and Live Image Acquisition
Brightfield images of lungs from in vivo and in vitro experiments
were captured either on a Leica MZ 125 stereoscopic dissecting
microscope using a Spot Insight 2.0MpColorMosaic camera and
Spot 4.5.9 imaging software, or were obtained from live imaging
experiments using a Leica DM6000B inverted microscope,
DFC 305FX camera, and Leica Application Suite Advanced
Fluorescence imaging software.

Separation of Mesenchyme and Epithelium to Assess

Relative Gene Expression in the Distal Tips Via

Microarray
To assess the expression of genes in the epithelial and
mesenchymal compartments of distal E12.5 lung tips, C57BL/6
wild type embryos were used. Embryonic lungs were isolated
in culture medium, and the distal epithelial buds, along with
the surrounding mesenchyme and mesothelium, were carefully
dissected with fine-tipped pincers. The dissected tips were then
immediately transferred to 500 µl undiluted dispase (Corning,
Amsterdam, The Netherlands) where they were incubated for
20–30min on ice. The dispase-digested samples were then
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transferred to pure FBS, and incubated for 15min on ice,
thus blocking the enzymatic activity of dispase. Using tungsten
microdissection needles, the epithelium was gently separated
from the surrounding mesenchyme. Separated tissues were then
prepared for total RNA extraction and microarray analysis.

Immunofluorescence
Freshly dissected E12.5 lungs were washed in sterile PBS (2 ×

5min), fixed in 4% PFA for 20min on ice, and then washed again
(3 × 5min). Lungs were dehydrated by successive washes in a
graded ethanol series (30, 50, 70, 100, 100%) for 5min each, and
stored in 100% ethanol at−20◦C.

To embed the lungs in paraffin, they were first washed in
Xylol (2 × 5min, or until clear), incubated for 1 h at 60◦C in a
1:1 Xylol/paraffin mixture, washed in pure paraffin (3 × 20min)
at 60◦C, and then stored in pure paraffin overnight at 60◦C.
Lungs were then embedded in paraffin blocks and sectioned to
a thickness of 4 or 5µm. Sections were placed in a 40◦C water
bath for ∼30min, and then placed on glass slides and incubated
at 37◦C overnight.

Before antibody staining, sections were first washed with
gentle shaking in Xylol (3 × 10min), and then in serial dilutions
of ethanol (100, 70, 50, and 30%) for 3min each, and finally
in distilled water for 5min. For each stain an antigen retrieval
step was performed, which involved incubating the slides in 75–
90◦C citrate-based antigen unmasking solution (pH 6.0; Vector
Laboratories, Peterborough, UK) for 15min and then cooling on
ice for ∼30min. Sections were then washed with PBST (1x PBS
+ 0.1% TWEEN20; 3 × 5min). Blocking solution (1x PBS + 3%
BSA+ 0.4% TritonX) was then added atop each section for 1 h at
room temperature. Primary antibodies were added to incubation
buffer (1x PBS + 1.5% BSA + 0.2% TritonX) and samples
were incubated overnight at 4◦C (anti-SOX2, anti-Phospho-
ßCatenin (Ser552), and anti-LEF1 were added at 1:100 dilution;
anti-CDH1, anti-LAMA1, and anti-SOX9 were added at 1:200
dilution; see Table S1 for antibody details). Following primary
antibody incubation, samples were washed in PBST (3 × 5min)
and secondary antibodies were added (all at a 1:500 dilution)
for 1 h at room temperature, in the dark. Samples were washed
in PBST (3 × 10min) and PBS for 5min, with gentle shaking.
Finally, ProLong Gold antifade reagent with DAPI (Invitrogen,
Schwerte, Germany) was added to each section and covered with
a glass coverslip.

Sections were imaged on a Leica DM 5500B upright
fluorescent microscope system, with a DFC 360FX camera,
and Leica Application Suite Advanced Fluorescence imaging
software. Signal intensity was optimized to either a control or
experimental sample for an experiment, and the acquisition and
intensity values were similarly applied to each sample in that
experiment, thus ensuring valid comparisons.

Whole Mount Immunofluorescence and Confocal

Microscopy
To assess the morphology of intact distal lung buds in control
and experimental embryos, whole mount immunofluorescence
followed by confocal imaging was performed.

E12.5 lungs were dissected and fixed in 4% PFA for 20min on
ice. Samples were washed in PBS + 1% TritonX (3 × 10min),

and incubated in blocking buffer (1x PBS + 1% TritonX + 10%
FBS) for 1.5 h at room temperature, followed by two washes in
blocking buffer. Samples were then incubated for 2 h with FITC-
conjugated anti-CDH1 (Dilution: 1:200) diluted in 1/4 blocking
buffer and PBS, at 4◦C in the dark. Lungs were then washed
in PBS (3 × 10min), and transferred to custom made imaging
dishes (composed of a 35,0/10mm glass bottom cell culture dish
(Greiner Bio-One, Frickenhausen, Germany) and a 10,0/1mm
rubber washer fixed to the middle of the dish with a suitable
adhesive, thus creating an ideal well to mount and image the
sample). ProLong Gold antifade reagent with DAPI was added
to each well and covered with a glass coverslip.

Z-stacks of distal lung buds were obtained on a Leica TCS
SP5 confocal microscopy system using Leica Application Suite
X software. For each bud, the first optical section of the z-
stack was acquired at the basal edge of the epithelium. Z-stack
images were taken at 0.5µm increments through the bud, until
imaging was no longer possible due to complete loss of signal
intensity. Compensation of intensity loss through the bud was
obtained using the linear compensation by AOTF option. 3-D
reconstructions and movies were created using Leica Application
Suite X software.

Transmission Electron Microscopy
To identify the effects of FGFR2b ligand inhibition on the
ultrastructure of distal epithelial and mesenchymal cells, control
and experimental E12.5 lungs were prepared for transmission
electron microscopy.

The chest cavities of freshly harvested E12.5 embryos were
gently opened by incising from the lower abdomen, through the
sternum, to just under the chin using a pair of fine dissection
scissors. An incision was made along the diaphragm from the
midline to the spine. The embryos were then immediately placed,
ventral side up, in an immersion fixative solution containing
4% PFA + 2% sucrose + 0.05% calcium chloride + 1x PIPES
buffer (0.1M, pH 7.4; Sigma-Aldrich, Taufkirchen, Germany) in
a 50ml Falcon tube, such that each sample was immersed in 5X
the volume of fixative in its own tube. Tubes were placed on ice
and gently shaken for 2 h, after which the fixative was removed
and replaced by 4% PFA + 0.05% glutaraldehyde (GA; Sigma-
Aldrich, Taufkirchen, Germany), 2% sucrose, 0.05% calcium
chloride + 1X PIPES buffer (0.1M, pH 7.4). Samples remained
in this fixative overnight at 4◦C.

The next morning, the samples were processed for routine
transmission electron microscopy. Briefly, the fixed lungs were
dissected and placed into molten agar, which was allowed to
harden before the samples were cut longitudinally in half. Each
half was fixed for 30min in 1.5% GA fixative containing 2%
sucrose + 0.05% calcium chloride + 1X PIPES buffer (0.1M,
pH 7.4). The fixative solution was then removed and samples
were washed with 1X PIPES (3 × 5min). Samples were then
incubated for 1 h at room temperature in reduced osmium
fixation solution containing 0.15% sodium hexacyanoferrate(II)
and 2% reduced osmium, then washed very briefly with distilled
water, and dehydrated via washes in a graded ethanol series (70,
80, 90, 100%), 3 times 10min each step. Samples were then
embedded by immersion in propylene oxide (3 × 5min), in 1:1
propylene oxide:Agar 100 epoxy resin (1 × 30min) following
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the manufacturer’s instructions to produce blocks of medium
hardness (Agar Scientific, Essex, UK), and finally in pure Agar
100 epoxy resin in a desiccation chamber at room temperature
overnight.

The Agar 100 resin-penetrated lungs were then flat embedded
into fresh Agar 100 resin and polymerized at 60◦C for at least 2
days, or until complete polymerization was achieved. Ultrathin
sections were then prepared and micrographs were obtained
using a Zeiss LEO 906 transmission electron microscope
equipped with a TRS slow-scan 2K CCD camera and ImageSP
software.

DNA Isolation and PCR
DNA was isolated from the tails and hind limbs of E12.5
embryos. Gene-specific primers were used to detect the presence
of Rosa26rtTA (wild type and transgene specific forward primer
5′- GAGTTCTCTGCTGCCTCCTG; wild type specific reverse
primer 5′- CGA GGC GGA TAC AAG CAA TA; transgene
specific reverse primer 5′- AAG ACC GCG AAG AGT TTG
TC; expected product size of ∼200 bp for the transgene and
322 bp for the wild type) and tet(o)sFgfr2b (transgene specific
forward primer 5′- GAAGGAGATCACGGCTTCC; transgene
specific reverse primer 5′- AGA CAG ATG ATA CTT CTG GGA
CTG T; expected product size of 110 bp). The PCR reaction mix
was calculated for 20 µl per reaction, and included 10 µl 2xTaq
PCR Master Mix (Qiagen, Hilden, Germany), primers at a final
concentration of 0.2µM, RNase-free water, and up to 1 µg of
genomic DNA. PCRs were performed in a C1000 Thermocycler
(Bio-Rad). The cycling protocol to amplify Rosa26rtTA was as
follows: initial denaturation at 94◦C for 3min; 35 cycles of
denaturation at 94◦C for 1min, annealing at 63◦C for 1min,
and extension at 72◦C for 1.5min; final extension at 72◦C for
5min; and hold at 4◦C. The protocol to amplify tet(o)sFgfr2b
was as follows: initial denaturation at 95◦C for 2min; 35 cycles of
denaturation at 95◦C for 5 seconds, annealing at 58◦C for 5 s, and
extension at 72◦C for 20 s; final extension at 72◦C for 2min; and
hold at 4◦C. Capillary gel electrophoresis was performed using a
QIAxcel Advanced capillary electrophoresis system (Qiagen).

RNA Isolation and RT-qPCR
Whole embryonic lungs or separated epithelium and
mesenchyme used for total RNA isolation were first put in
700 µl QIAzol Lysis Reagent (Qiagen, Hilden, Germany).
For tissue disruption and homogenization, the samples were
transferred to gentleMACS M Tubes and homogenized in a
gentleMACS Dissociator (Miltenyi Biotec) for 1min. Total RNA
was then isolated using the miRNeasy Mini Kit (Qiagen, Hilden,
Germany), and eluted in 30 µl RNase-free water. RNA amount
and purity was assessed with a NanoDrop 2000c (Thermo
Scientific). Up to 1 µg of total RNA for each sample was then
reverse transcribed using the QuantiTect Reverse Transcription
Kit (Qiagen, Hilden, Germany).

Primers were designed to amplify specific mature mRNAs
using NCBI’s primer-BLAST option (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/; last accessed, 01–08–2018). Primers
were further validated by PCR-based gel electrophoresis (see
Table S2 for primer sequences). qPCR reaction mixtures were

set up using the PowerUp SYBR Green Master Mix (Thermo
Fisher, Schwerte, Germany), with a final volume of 20 µl for each
reaction. Reaction mixtures included the following components:
10 µl of 2X PowerUp SYBR Green Master Mix, between 300
and 800 nM of each primer, between 1 and 10 ng cDNA, and
nuclease-free water. Samples were run with two or three technical
replicates on a LightCycler 480II (Celli et al.) using the following
protocol: UDG activation at 50◦C for 2min; DNA polymerase
activation at 95◦C for 2min; and 40 cycles of denaturation at
95◦C for 15 s, annealing at 60◦C for 15 s, and extension at 72◦C
for 1min. To validate amplification specificity, a dissociation step
was also included for each sample. Threshold cycles (Ct) were
calculated and used for relative expression analyses, using mouse
Hprt as the reference gene.

Microarray Analysis
Differential gene expression was investigated using microarray
analysis. Depending on the amount of RNA isolated per sample
in an experiment, one of two possible microarray protocols was
used. For RNA concentrations >50 ng/µl, the T7-protocol was
followed. In this protocol, purified total RNA was amplified
and Cy3-labeled using the LIRAK kit (Agilent Technologies,
Waldbronn, Germany) following the kit instructions. Per
reaction, 200 ng of total RNA was used. The Cy3-labeled aRNA
was hybridized overnight to 8 × 60K 60mer oligonucleotide
spotted microarray slides (Agilent Technologies, design ID
028005).

For experiments where samples yielded <50 ng/µl of RNA,
the SPIA-protocol was utilized. In this protocol, purified total
RNA was amplified using the Ovation PicoSL WTA System V2
kit (NuGEN Technologies, Leek, The Netherlands). Per sample,
2 µg amplified cDNA was Cy-labeled using the SureTag DNA
labeling kit (Agilent Technologies). The Cy3-labeled aRNA was
hybridized overnight to 8 × 60K 60mer oligonucleotide spotted
microarray slides (Agilent Technologies, design ID 074809).

For each protocol, hybridization, and subsequent washing
and drying of the slides were performed following the Agilent
hybridization protocol. The dried slides were scanned at 2
µm/pixel resolution using the InnoScan is900 (Innopsys). Image
analysis was performed withMapix 6.5.0 software, and calculated
values for all spots were saved as GenePix results files. Stored data
were evaluated using the R software (version 3.3.2) and the limma
package (version 3.30.13) from BioConductor. Gene annotation
was supplemented by NCBI gene IDs via biomaRt (last accessed
08–03–2018).

Assessing Proliferation and Apoptosis
Proliferation in E12.5 lungs was assessed using the Click-
iT EdU Imaging Kit (Invitrogen, Schwerte, Germany). 5-
ethynyl-2′-deoxyuridine (EdU), a nucleoside analog of thymidine
incorporated into DNA during DNA synthesis, was injected (i.p.)
2 h before pregnant females were sacrificed (Dosage: 0.005mg
EdU / g mouse weight). Embryonic lungs were harvested,
paraffin embedded, sectioned and placed on glass slides. Sections
were then deparaffinised and stained for EdU according to the
manufacturer’s protocol.
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Apoptosis was assessed using the TdT-mediated dUTP Nick-
End Labeling (TUNEL) assay. The assay was performed using the
DeadEnd Fluorometric TUNEL System (Promega, Mannheim,
Germany). E12.5 lungs were harvested, paraffin embedded,
sectioned and placed on glass slides. The assay was performed
according to the manufacturer’s protocol.

Gene Expression Patterns
To assess the expression patterns of genes in early stage
embryonic lungs (E14.5), the online database genepaint.org was
used (last accessed 01–08–2018). Each of the genes significantly
regulated in our in vivo studies was entered in genepaint. The
whole embryo section displaying the clearest gene expression in
the lung, along with a magnification of the lung itself, was chosen
for the figures.

Quantification and Statistical Analysis
Morphometric Quantifications
Using still images of lungs, mesothelium and airways were
traced in Adobe Illustrator CS6 (version 16.0.4) to create skeletal
outlines. These outlines were exported and lengths and areas
were quantified either using MetaMorph (version 1.5.0) or FIJI
(version 2.0.0-rc-68/1.52g) software.

Significance was determined by unpaired two-tailed Student’s
t-tests. All data are presented as mean± SEM. Values of p < 0.05
were considered significant. The number of independent samples
(n) can be found in the figures.

Relative Gene Expression From qPCR Data
1Ct and11Ct values were calculated according to the following
formulas:

1Ct = CtReference − Ctgene of interest (1)

Note, this equation accounts for the fact that Ct is proportional
to the –log of gene expression. 1Ct is therefore positively related
to the expression of the gene of interest.

11CtExperimental−control = Mean1CtExperimental − Mean1CtControl
(2)

Unpaired two-tailed Student’s t-tests were performed on the
1Ct values, which can be assumed to be normally distributed.
Number of “n” and significance level is indicated either in the
figures or in the figure legends.

Microarray Analyses
Mean spot signals were background corrected with an offset
of 1 using the NormExp procedure on the negative control
spots. The logarithms of the background-corrected values were
quantile-normalized. The normalized values were then averaged
for replicate spots per array. From different probes addressing
the same NCBI gene ID, the probe showing the maximum
average signal intensity over the samples was used in subsequent
analyses. Genes were ranked for differential expression using an
unpaired two-tailed Student’s t-test on a moderated t-statistic,
and heatmaps were generated displaying genes according to
descending p-values. Gene set tests were done on the ranks of the
t-values, using the function “geneSetTest” in the limma package
from BioConductor. The number of independent samples (n) can

be found in the figures. Gene sets were either user defined or, for
pathway analyses, according to the KEGG database (last accessed
08–03–2018). The data from the microarray experiments have
been deposited in the NCBI’s gene expression omnibus (GEO
accession GSE124157).
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Figure S1 | Experimental validation of the Rosa26rtTA/rtTA; tet(o)sFgfr2b/+ double

transgenic mice (A) Pregnant females carrying control (Rosa26rtTA/rtTA; +/+) and

experimental (Rosa26rtTA/rtTA; tet(o)sFgfr2b/+) embryos were fed with Dox food

starting either at E10.5, E11.5, E13.5, or E14.5 and sacrificed at E18.5. The lungs

were dissected and shown in c–f. Scale bar: (b–f) 500µm. (B) Pregnant females

carrying control (a,c,e,g and a’,c’,e’,g’) and experimental (b,d,f,g and b’,d’,f’,h’)

embryos were sacrificed at E12.5. The lungs were dissected and cultured for 72 h

in the presence of Dox added to the culture medium. Scale bar: (a–h) 500µm;

(a’–h’) 125µm.

Figure S2 | Transmission electron microscopy: Compared to controls,

experimental lungs (DoxIP + 9 h) show reduced numbers and stunted microvilli

(see black arrows, a–d), opened tight junctions (see black arrows in e and g; white

asterisks in f and h), and flattened Golgi with increased staining (see black arrows,

i–l). epith. =epithelium. Magnification: (a,c,e,g,i,k) 27,800x; (b,d,f,h,j,l) 139,000x.

Figure S3 | Genes and Expression pattern found in the Early 1 cluster (A)

Graphical representation of changes in the level of gene expression over time. (B)

Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.
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Figure S4 | Genes and Expression pattern found in the Early 2 cluster (A)

Graphical representation of changes in the level of gene expression over time. (B)

Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S5 | Genes and Expression pattern found in the Early 3 cluster (A)

Graphical representation of changes in the level of gene expression over time. (B)

Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S6 | Genes and Expression pattern found in the Early 4 cluster (A)

Graphical representation of changes in the level of gene expression over time. (B)

Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S7 | Genes and Expression pattern found in the Late 1 cluster (A)

Graphical representation of changes in the level of gene expression over time. (B)

Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S8 | Genes and Expression pattern found in the Late 2 cluster (A)

Graphical representation of changes in the level of gene expression over time. (B)

Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S9 | Genes and Expression pattern found in the Late 3 cluster (A)

Graphical representation of changes in the level of gene expression over time. (B)

Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S10 | Genes and Expression pattern found in the Late 4 cluster (A)

Graphical representation of changes in the level of gene expression over time. (B)

Heat map. (C) Corresponding in situ hybridization results at E14.5 from genepaint.

Figure S11 | Relative level of expression of the genes of interest in epithelium and

mesenchyme of WT E12.5 lungs and regulation of gene expression upon FGF10

inhibition (A) Determination of genes differentially expressed in the distal epithelium

vs. mesenchyme of E12.5 wild type lungs by gene array (n = 3; see Materials and

Methods for details on the statistical analysis of gene arrays). (B) Impact of in vivo

FGF10 inhibition on lung branching at 6 and 9 h using our double transgenic

system. Corresponding gene arrays allowed the identification of genes belonging

to Early 4, Late 4, Late 3, and Late 1 groups. (C) Analysis of the genes found in

the Early 4 cluster. The first LogFC (identified with “A” after the gene) represents

the differential expression of this gene in the epithelium vs. mesenchyme of WT

E12.5 lungs. The second LogFC (identified with “B” after the gene) represents the

level of regulation upon FGF10 inhibition. Blue indicates genes enriched in the

epithelium, and red indicates genes enriched in the mesenchyme. Genes in black

were not found in our gene array in (A). Note that all the genes in Early 4 are blue,

and therefore enriched in the epithelium. Some of these genes were differentially

expressed in the epithelium at a high level (Log2FC more than 2; Id2, Sftpc,

Tspan8, Lin7a, Sp5, Sema4f, Arrdc1, Gprc5a, and Slco2a1), a medial level

(Log2FC between 1 and 2; Etv5 and Rai14), or a lower level (Log2FC between 0

and 1; Gprin3, Enc1, and Bid). We found that some of these genes were highly

regulated upon FGF10 inhibition (Log2FC <-2; Gprin3), moderately regulated

(Log2FC between −1 and −2; Id2, Sftpc, Tspan8, Lin7a, Sp5, Sema4f, Gprc5a,

Etv5, Slco2a1), or weakly regulated (Log2FC between 0 and −1; Enc1, Arrdc1,

Bid, Rai14). It is likely that genes which are expressed at high or medial levels in

the epithelium, and which are highly or moderately regulated following inhibition of

FGF10 activity, are involved in mediating FGF10 activity. One exception is Gprin3,

which is only weakly enriched in the epithelium, but which nonetheless is highly

regulated by FGF10. (D) Analysis of the genes found in the Late 4 cluster. Note

again that most of the genes are blue, confirming the enrichment in the Late 4

cluster for epithelial genes. Out of 43 genes, 29 were preferentially expressed in

the epithelium, two were preferentially expressed in the mesenchyme, while

information on the 11 other genes was not available in the array. With the

exception of Gprin3, Id2, Arrdc1, and Sema4f, all the other genes found in the

Early 4 cluster are also found in the Late 4 group. Some of these genes were

expressed at a high level in the epithelium (Log2FC more than 2; Cytl1, Lama3,

Slco2a1, Gprc5a, Sftpc, Tspan8, Bspry, Sftpa1, Bex4, Crlf1, Lin7a, Shh, Bex1,

Sp5, Ctnnd2, and Pthlh), at a medial level (Log2FC between 1 and 2; Kiss1, Lgi3,

Rai14, Sftpb, Sh3bgrl2, and Etv5), or at a lower level (Log2FC between 0 and 1;

Strap, Gnptab, Enc1, Lamc2, Rrs1, Srpk1, and Bid). We also classified the genes

in the Late 4 cluster according to their regulation following FGF10 inactivation:

highly regulated (Log2FC <-2; Cytl1, Sftpc, Bspry, Sftpa1, Lin7a, Sftpb, Sp5,

Pthlh, and Etv5), moderately regulated (Log2FC between −1 and −2; Strap,

Kiss1, Lgi3, Slco2a1, Gprc5a, Bex4, Enc1, Lamc2, Sh3bgrl2, and Ctnnd2), or

weakly regulated (Log2FC between 0 and −1; Rrp9, Gnptab, Lama3, Rai14, Crlf1,

Rrs1, Shh, Bex1, Srpk1, and Bid). As with the Early 4 analysis, it would be logical

to prioritize genes for future studies based both on their expression in the

epithelium and their level of regulation by FGF10. Cytl1, Sftpc, Bspry, Sftpa1,

Lin7a, Sp5, and Pthlh fit these prioritization criteria. (E) Analysis of the genes found

in the Late 3 cluster. Note the presence of genes belonging to the Hedgehog

signaling pathway. This group contains 20 genes, eight of which were preferentially

expressed in the epithelium, five preferentially expressed in the mesenchyme, and

six other genes not identified in the epithelium vs. mesenchyme array. Of the

genes contained in the Late 3 cluster, some were expressed at a high level in the

epithelium (Log2FC more than 2; Wnt7b, and Pcsk6), at a medial level (Log2FC

between 1 and 2; Bmp7, and Dusp9), or at a lower level (Log2FC between 0 and

1; Rbm27, Hmga2, Spata5, and Hk2). We also classified the genes according to

their level of regulation following FGF10 inactivation: highly regulated (Log2FC <-2;

no genes), moderately regulated (Log2FC between −1 and −2; Wnt7b, Pcsk6,

Fgd3, Hmga2, Gli1, Hk2, and Dusp9), or weakly regulated (Log2FC between 0

and −1; Sct, Ntng1, Rbm27, Bmp7, Foxf1, and Spata5). (F) Analysis of the genes

found in Late 1 cluster. Note the presence of Fgf10 in this cluster. (G) Graphical

representation of the FGF10 gene signature showing those genes both enriched in

the epithelium (X-axis) and down-regulated after 9 hrs FGF10 inhibition (Y-axis).

Table S1 | Primary antibodies.

Table S2 | Primer sequences for qRT-PCR.

Movie S1 | Longitudinal section of control bud.

Movie S2 | Longitudinal section of experimental bud (9 h Dox-IP).

Movie S3 | Cross section of control bud.

Movie S4 | Cross section of experimental bud (9 h Dox-IP).
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Advanced castrate-resistant prostate cancer (CRPC) is a poorly prognostic disease
currently lacking effective cure. Understanding the molecular mechanism that underlies
the initiation and progression of CRPC will provide new strategies for treating this
deadly disease. One candidate target is the fibroblast growth factor (FGF) signaling
axis. Loss of the intrinsic FGF7/FGF10-type 2 FGF receptor (FGFR2) pathway and
gain of the ectopic type 1 FGF receptor (FGFR1) pathway are associated with
the progression to malignancy in prostate cancer (PCa) and many other epithelial
originating lesions. Although FGFR1 and FGFR2 share similar amino acid sequences
and structural domains, the two transmembrane tyrosine kinases elicit distinctive, even
sometime opposite signals in cells. Recent studies have revealed that the ectopic
FGFR1 signaling pathway contributes to PCa progression via multiple mechanisms,
including promoting tumor angiogenesis, reprogramming cancer cell metabolism, and
potentiating inflammation in the tumor microenvironment. Thus, suppression of FGFR1
signaling can be an effective novel strategy to treat CRPC.

Keywords: growth factor, receptor tyrosine kinase, prostate, cancer progression, cell signaling

THE PROSTATE AND PROSTATE CANCER

The prostate is an accessory gland of the male reproductive system, which secretes many
components of semen. In Western societies, prostate cancer (PCa) is the most frequently diagnosed
cancer in males and the second leading cause of cancer death. The human prostate has three distinct
zones: the peripheral zone, the transition zone, and the central zone, accounting for about 5, 10,
and 85% of human PCa cases, respectively (Jemal et al., 2009). The progression of PCa is a slow and
multiple-step process. PCa at early stages is organ-confined and androgen-responsive. Advanced
PCas, however, are frequently metastatic and castration resistant (Denmeade and Isaacs, 2002).
Although androgen-deprivation and surgery are common for treating PCa at early stages, there
are no effective cure for advanced PCa so far. Understanding the mechanisms underlying the onset,
progression to castration resistance, and metastasis of PCa is needed for developing new diagnostic,
preventive, and therapeutic approaches for patients with PCa.

The prostate is composed of epithelial and stromal compartments, which are separated by
basement membranes (Wang et al., 2013). The epithelium has three major cell types: luminal cells,
basal cells, and neuroendocrine cells (NE) (Wang, 2011). The luminal cells express cytokeratins
8 and 18, the cell surface marker CD57, and the androgen receptor (AR). They are terminally
differentiated cells that produce prostatic secretory proteins in an androgen-dependent manner.
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Androgen withdrawal induces massive apoptosis in the luminal
cells. Basal cells, which express cytokeratins 5 and 14, CD44,
and P63, reside between the luminal cells and the basement
membranes. Although some basal cells weakly express the AR,
many of them are AR negative and are not androgen dependent.
Neuroendocrine cells, which are a minor cell population in the
epithelial compartment, express synaptophysin, chromogranin
A, and synaptic vesicle protein 2 (Portela-Gomes et al., 2000). The
prostate stroma is a fibromuscular tissue comprised of smooth
muscle (SMC)-like cells expressing α-actin and fibroblast-like
cells that do not express α-actin. Although the cells in the two
compartments are separated by the basement membranes, they
maintain active two-way regulatory communications mediated
by paracrine growth factors. The fibroblast growth factor
(FGF) signaling axis is a major regulatory mechanism in the
prostate, required for the development, tissue homeostasis, and
function of the prostate (Figure 1). Mutations, ablations, and
abnormal activations of the FGF signaling axis components
are pathological and contribute to cancer development and
progression. Disruption of these homeostasis-promoting two-
way regulatory communications is a common feature in PCa
(Yan et al., 1992, 1993; Feng et al., 1997; Matsubara et al., 1998;
McKeehan et al., 1998; Lu et al., 1999; Nakano et al., 1999).

THE FGF SIGNALING AXIS

The fibroblast growth factor family consists of 18 intrinsic
tissue regulatory polypeptides, which controls a broad
spectrum of cellular processes through binding and activating
the transmembrane FGF receptor (FGFR) tyrosine kinase
(Figure 2A). The FGFR is a glycosylated polypeptide that consists
of an extracellular ligand-binding domain, a transmembrane
domain, and an intracellular tyrosine kinase domain. Although

FIGURE 1 | Compartmentalization of the prostate. The prostate epithelial cells
are separated from the stromal cells by basement membranes. Testosterone
controls direction-specific FGF signaling between the stroma and the
epithelium, which maintains prostate tissue homeostasis. The paracrine FGF
loops between the stroma and the epithelium is abrogated in cancer cells, and
are replaced with autocrine FGF loops that promote cell proliferation,
migration, survival, and angiogenesis, which contributes to castration
resistance. R1, FGFR1; R2b, FGFR2IIIb; R3, FGFR3; 2, 7, 9, and 10, FGF2,
FGF7, FGF9, and FGF10, respectively; AR, androgen receptor.

only four genes (Fgfr1, Fgfr2, Fgfr3, and Fgfr4) encode FGFRs,
the diversity of the FGFR family is substantially expanded
through alternative splicing. These variants differ in their tissue
distributions, binding activities and specificities for ligands and
heparan sulfates, and functions. Generally, FGFR variations in
the extracellular domain, particularly in the second half of Ig-like
domain III, namely IIIb and IIIc, define the ligand-binding
specificity, whereas in the intracellular domain, they define
the signaling specificity (Li et al., 2016). In addition, heparan
sulfate cofactors in the FGF-FGFR signaling complex determine
not only the affinity, but also the specificity of the FGF-FGFR
interaction.

Binding of the FGF to the FGFR changes the conformation
of the HS-FGFR kinase complexes and leads to receptor
autophosphorylation, which activates the kinase activity by
altering the conformation of an auto inhibitory loop in the kinase
domain. Although the four FGFRs share over 80% homology
in their primary sequences, they elicit receptor- and cell-type
specific activities in cells (Feng et al., 1997; Matsubara et al.,
1998; Xian et al., 2007; Luo et al., 2009; Li et al., 2016; Molotkov
et al., 2017). Alternative splicing of FGFR1 also contributes
to signaling specificity (Brewer et al., 2015). Nevertheless, the
mitogen-activated protein kinase (MAPK), phosphoinositide
3-kinase (PI3K), phospholipase Cγ (PLCγ), STAT3, P38, and
JNK pathways are considered the downstream pathways in
the FGFR1 signaling cascade (Brewer et al., 2016). Tyrosine
phosphorylation of FGFR substrate 2α (FRS2α) by the FGFR
kinase recruits the growth factor receptor-bound protein 2/son of
sevenless homolog 1 (GRB2/SOS1) and SRC homology 2 domain
containing phosphatase 2 (SHP2) to FGFR kinases for activation
of the MAPK and PI3K/AKT signaling pathways (Figure 2B).
In addition to these common pathways for FGFRs, emerging
evidence demonstrates that FGFRs also have isoform-specific
downstream targets, including those discussed in later sections,
which, at least in part, account for FGFR signaling specificity.
Future efforts are needed to identify these FGFR isoform-specific
substrates or pathways.

THE INTRINSIC
STROMA-TO-EPITHELIUM
FGF7/10-FGFR2 SIGNALING AXIS IN THE
PROSTATE CONTROLS PROSTATE
DEVELOPMENT, FUNCTION, AND
TISSUE HOMEOSTASIS

In the prostate, the epithelial and stromal compartments are
separated by the basal membranes. Specific isoforms of FGF and
FGFR are partitioned between the two compartments, forming
directional communications between them, which regulate
development, function, and tissue homeostasis of the prostate (Li
et al., 2016). FGFR2 has two isoforms designated FGFR2IIIb and
FGFR2IIIc as a result of highly regulated, cell type-specific, and
mutually exclusive splicing of exon IIIb or exon IIIc, the two
exons coding for the second half of Ig-loop 3. The expression
of FGFR2IIIb and FGFR2IIIc isoforms is highly tissue specific.
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FIGURE 2 | The FGFR signaling pathway. (A) The FGFR signaling complex. Interaction with heparin sulfate chains restricts FGFR in an inactive conformation.
Docking of FGF releases this negative restriction and changes the FGFR to an active conformation where adjacent kinases trans-phosphorylate each other. II, Ig-loop
II; III, Ig-loop III; F, FGF; K, kinase domain; HSPG, heparan sulfate proteoglycan; circles, monosaccharides of heparan sulfate chains; and solid bar, plasma
membrane. (B) Simplified signaling pathways by FGFR tyrosine kinase. Blue lines represent positive regulation, and red lines represent negative effects.

The exclusive expression of isoform FGFR2IIIb is a hallmark
of epithelial cells in a variety of tissues that consist of multiple
compartments.

Redundant FGF isoform expression governs appropriate
FGF signaling in the prostate. The stromal-derived FGFs,
such as FGF7 and FGF10, control epithelial cell resident
FGFR2IIIb activities, promote net tissue homeostasis, and
restraint tumor cells from progression to malignancy (Feng et al.,
1997; Matsubara et al., 1998; Ricol et al., 1999). Interestingly,
FGF10, but not FGF7, is required for prenatal, and adolescent
prostate development. Ablation of the Fgf10 alleles disrupts
prenatal prostate development and the androgen-responsiveness
of prostatic rudiments grafted to kidney capsules of wildtype mice
(Donjacour et al., 2003).

Conditional ablation of Fgfr2 in the prostate epithelium
compromises prostate development (Lin et al., 2007). Unlike
the normal prostate that composed of 4 pairs of anterior,
dorsal, lateral, and ventral lobes, most Fgfr2 null prostates
only have 2 pairs of dorsal and lateral lobes with poorly
formed intraluminal infoldings (Lin et al., 2007). Normal
prostate undergoes significant atrophy within a few days after
androgen-deprivation and fast regeneration after androgen
replenishment. Intriguingly, the Fgfr2 null prostate does not
have a significant prostatic atrophy 2 weeks after castration,
nor does it have significant cell proliferation after androgen
replenishment to the castrated males. This indicates that the
Fgfr2 null prostate is not strictly androgen-dependent with
respect to tissue homeostasis. However, similar to normal
prostates, production of secretory proteins in the Fgfr2 null
prostate is strictly androgen dependent. Although the protein
composition of the prostatic fluid is different between wildtype
and Fgfr2 null prostates, mice bearing Fgfr2 null alleles are

fertile, implying that ablation of Fgfr2 in the prostate partially
impairs prostate function (Lin et al., 2007). Whether other
FGFR isoforms compensates the loss of FGFR2 in the prostate
remains to be determined. Similarly, targeted expression of a
truncated construct of FGFR2IIIb lacking the kinase domain
and functions as a dominant negative FGFR2 (dnFGFR2b)
in the prostatic epithelium leads to a smaller prostate in
mice (Foster et al., 2002). Many epithelial prostatic ducts are
disorganized and contain rounded cells that express cytokeratins
and do not tightly associate with the basement membrane.
The stroma compartment is also poorly organized. The smooth
muscle-like cells do not form a tight layer surrounding the
epithelial ducts. Together, these data demonstrate that disruption
of FGFR2 signaling in the prostate epithelium compromises
androgen dependency with respect to tissue homeostasis, as
well as the secretory function. Therefore, it appears that the
FGF7/FGF10-FGFR2 signaling axis only mediates a subset of AR
signaling.

Similar to other tissues, the prostate has tissue stem
cells, designated prostate stem cells (P-SCs) that are capable
of giving rise to basal, luminal, and neuroendocrine cells,
the three cell types in the prostate epithelium. Multiple
techniques have been used to identify and characterize P-SCs,
which include prostasphere or organoid cultures, renal capsule
implantation, and cell lineage tracing with luminal and basal
specific proteins (Bhatia-Gaur et al., 1999; Xin et al., 2007;
Chua et al., 2014; Karthaus et al., 2014; Huang et al.,
2015a). Both adult human and mouse prostate have two
types of P-SCs: the basal cell compartment derived sphere-
forming cells that express P63, designated basal P-SCs (P-
bSCs), and luminal compartment derived cells that express
luminal cytokeratins and NKX3.1, designated luminal P-SCs
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(P-lSCs) or castrate-resistant Nkx3.1-expressing cells (CARNs)
(Wang et al., 2009). Ablation of Fgfr2 in P63+ cells in vitro
causes the loss of sphere-forming activity (Huang et al.,
2015b). The results demonstrate that FGFR2 signaling is
required for formation and maintenance of prostaspheres.
Ablation of Fgfr2 in the prostate epithelium reduces P63-
expressing cells in the basal cell compartment, promotes a basal
stem cell-to-luminal cell differentiation, and causes prostate
developmental defects in the postnatal stage (Huang et al.,
2015a,b).

Prostate cancer progression is associated with the loss
of resident FGFR2b expression, which abrogates the stroma-
epithelium signaling axis (Yan et al., 1993). The loss of epithelial
FGFR2 and changes in HS cofactors, are often found associated
with tumor progression in a variety of tissues (Wang, 2011;
Wang et al., 2013; Yang et al., 2013; Li et al., 2016). In
addition, expression of dnFGFR2 potentiates the development
and progression of prostatic intraepithelial neoplasia (PIN)
lesions induced by expression of ectopic FGFR1 kinase,
demonstrating the cooperation between ablation of resident
FGFR2 and expression of ectopic FGFR1 in promoting PCa
progression (Jin et al., 2003; Wang et al., 2004). Restoration
of FGFR2IIIb in human PC cells increases the sensitivity to
chemotherapeutic reagents (Shoji et al., 2014) and in stromal
cells derived from the DT3327 rat PCa model restores the
interaction between PCa and prostate stromal cells (Feng et al.,
1997).

ECTOPIC FGF SIGNALING AXIS
PERTURBS TISSUE HOMEOSTASIS AND
INDUCES TUMORIGENESIS IN THE
PROSTATE

Aberrant activation of the FGF signaling axis due to ectopic
expression of FGF, FGFR, and heparan sulfate proteoglycans
(HSPG) is often associated with various cancers, including PCa.
The loss of the homeostasis-promoting intrinsic FGFR2 signaling
and concurrent gain of ectopic FGFR1 expression in epithelial
tissues of a variety of organs are found associated with tumor
progression (Li et al., 2016). Ectopic expression of FGFR1IIIc
appears to elicit a new set of abnormal signals in epithelial cells.
At the same time, the switch from FGFR2IIIb to FGFR2IIIc
isoform cuts off epithelial cells from homeostasis-promoting
stromal signals (FGF7/FGF10) that activate FGFR2IIIb (Yan et al.,
1993; Feng et al., 1997). Loss of FGF7/FGF10 diminishes the
homeostasis promoting function of FGFR2IIIb is also common
during PCa progression (Yan et al., 1992; Lu et al., 1999; Wang,
2011; Wang et al., 2013; Li et al., 2016), which, together with
gain of FGF2 that activates ectopic FGFR1IIIc, contributes to
PCa progression (Figure 1). Changes in HSPG core protein
expression and in the sulfation patterns of heparin sulfates,
which alter the FGF-FGFR specificity, are associated with cancer
progression (Li et al., 2016). Multiple transgenic mouse models
show that overexpression of FGF2, FGF3, FGF7, or FGF8 in
prostate epithelial cells lead to prostatic lesions, ranging from

low grade PIN, high-grade PIN to PCa (Chua et al., 2002;
Foster et al., 2002; Song et al., 2002; Konno-Takahashi et al.,
2004). Furthermore, overexpression of FGF8 promotes PCa
development in Pten haploid-insufficient mice, whereas the
lesions in mice carrying either the FGF8 transgene or one Pten
null allele generally progress only up to PIN (Zhong et al.,
2006).

FGF9 has been reported to promote PCa metastasis to
bone, the major organ site of PCa metastasis. Previous studies
have shown that AR-negative human PCa cells induced bone
metastasis is mediated by FGF9 (Li et al., 2008) and that
patients with PCa overexpressing FGF9 have a higher risk of a
biochemical recurrence (Teishima et al., 2012). Overexpression
of FGF9 in mouse prostate epithelial cells leads to development
of prostate lesions in an expression level- and age-dependent
manner (Huang et al., 2015c). Furthermore, overexpression
of FGF9 in the TRAMP (transgenic adenocarcinoma of the
mouse prostate) PCa model accelerates the development
of advanced PCa. Interestingly, overexpression of FGF9
causes significant changes in the tumor microenvironment,
which includes hyper cellularity and hyper proliferation in
the stromal compartment. TGFβ1, a key signaling molecule
overexpressed in reactive stroma, is expressed at a higher
level in FGF9 transgenic and FGF9/TRAMP bi-genic prostates
than those that do not carry the FGF9 transgene. In vivo,
in vitro, and in silico analyses of currently available data
bases all demonstrate that FGF9 promotes TGFβ1 expression
(Huang et al., 2015c). Therefore, FGF9 overexpression in
PCa cells augments the formation of reactive stroma in the
tumor microenvironment and promotes PCa initiation and
progression.

Emerging evidence shows that acquisition of ectopic FGFR1
expression in epithelial cells often accompanies with PCa
progression (Wang et al., 2013). Overexpression of FGFR1
in prostate epithelial cells derived from benign, androgen-
responsive Dunning 3327PAP tumors increases the malignancy
of the cells in a time-dependent manner (Feng et al., 1997;
Wang et al., 2002). Expression of the constitutively active FGFR1
(caFGFR1) construct in prostate epithelial cells disrupts tissue
homeostasis and induces progressive PIN lesions in a time and
expression level-dependent manner in transgenic mice (Jin et al.,
2003; Wang et al., 2004). JOCK1, a transgenic mouse model for
PCa, highly expresses the membrane-anchored FGFR1 kinase
domain fused in frame with a FK506 binding protein (FKBP12) at
the C-terminus (Freeman et al., 2003). Sustained activation of this
FGFR kinase construct in mice by chemical induced dimerization
of FK506 leads to development of low grade PIN by 12 weeks,
high grade PIN by 6 months, and adenocarcinoma at later
stages (Freeman et al., 2003; Acevedo et al., 2007). Androgen-
deprivation to treat metastatic PCa often leads to tumors that
bypass the requirement of a functional AR. These PCas are
notable for increased MAPK activity. Blocking the FGFR or
MAPK pathways with pharmacological inhibitors compromises
the growth of these PCas both in vitro and in vivo, indicating that
FGFR/MAPK contributes to escaping from the AR regulation
and that the FGFR/MAPK blockade can be a new strategy to treat
metastatic PCa with an AR-null phenotype (Bluemn et al., 2017).
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ECTOPIC FGFR1 SIGNALING IN PCa
CELLS REPROGRAMS CELL
METABOLISM AND PROMOTES TUMOR
GROWTH

Unlike resident FGFR2 that promotes tissue homeostasis, ectopic
FGFR1 promotes tumorigenicity by stimulating proliferation
and migration, as well as by preventing cell death (Li
et al., 2016). We recently also reported that FGFR1 in PCa
cells reprograms cellular energy metabolism by changing the
expression profile of lactate dehydrogenase (LDH) isozymes
(Liu et al., 2018). Metabolic reprograming from oxidative
phosphorylation to aerobic glycolysis, designated the Warburg
effect, is a common event in cancer progression. Compared
with oxidative phosphorylation, aerobic glycolysis is less
efficient with respect to generating ATP. However, it provides
metabolites as building blocks for cancer cells to meet
the anabolic demands of rapidly growing cells. Reduction
of pyruvate to lactate is the last step of glycolysis. LDH
is an enzyme catalyzing the reversible conversion between
pyruvate and lactate. It is a tetramer composed of two
types of subunits, LDHA, and LDHB. The LDHB subunit
favors the conversion of lactate to pyruvate, and therefore,
oxidative phosphorylation. The LDHA subunit, however, favors
the conversion of pyruvate to lactate, and therefore, aerobic
glycolysis (Fritz, 1965). FGFR1 tyrosine phosphorylates LDHA,
which prevents its degradation, and therefore, increases LDHA
activity in the cells. In addition, FGFR1 reduces LDHB
expression by promoting CpG island methylation of the LDHB
promoter (Liu et al., 2018). Through this mechanism, FGFR1
reprograms PCa cell metabolism from oxidative phosphorylation
to aerobic glycolysis (Figure 3). Experiments with PCa xenografts
show that LDHA depletion compromises the tumor growth,
while LDHB depletion promotes tumor growth. Systematic
analyses of a tissue microarray derived from PCa patients
with 15 year follow-up reveal that FGFR1 overexpression is
associated with high LDHA/low LDHB expression, as well
as with short overall survival and biochemical recurrence
times of the patients (Liu et al., 2018). The results indicate
that ectopic FGFR1 expression together with LDH isoform
profiles can serve as a biomarker for PCa diagnosis and
prognosis.

ECTOPIC FGFR1 SIGNALING IN PCa
CELLS PROMOTES INFLAMMATION IN
THE TUMOR MICROENVIRONMENT

Inflammation in the tumor microenvironment is one of the
hallmark in cancer progression (Hanahan and Weinberg,
2011). Cancer cells produce multiple inflammation-promoting
chemokines and cytokines that attract lymphocytes to infiltrate
into the tumor microenvironment. Among them is the NF-κB
signaling axis. We recently discovered that FGF promotes
NF-κB signaling in PCa cells (Wang et al., 2018). Interestingly,
the three common signaling pathways downstream of FGFR1

FIGURE 3 | Ectopic FGFR1 signaling in reprograming cell metabolism and
promoting tumorigenesis. FGFR1 reprograms cell metabolism by controlling
LDH isoform expression a. A, LDHA; B, LDHB; MT, mitochondria. This figure
was originally published in Liu et al. (2018).

kinase, ERK1/2, PI3K/AKT, and PLCγ, are not required
for FGFR1 to augment NF-κB signaling. Instead, FGFR1
phosphorylates transforming growth factor β–activating
kinase 1 (TAK1), an adaptor protein in the TNFα/NF-κB
pathway. This phosphorylation reduces ubiquitination-
dependent TAK1 degradation, and therefore, promotes
NF-κB signaling (Figure 4). Ablation of Fgfr1 alleles in the
prostate epithelium reduces inflammation in the TRAMP
tumors. Consistently, activation of the FGFR1 kinase increases
inflammation in the JOCK1 mouse model (Wang et al., 2018).
It has been well documented that inflammation is important
for PCa initiation and progression. Therefore, promoting
inflammation in the tumor microenvironment is one of the
mechanisms underlying the tumor promoting activity of
FGFR1.

INACTIVATING ECTOPIC FGF
SIGNALING SUPPRESSES PROSTATE
TUMORIGENESIS

The involvement of ectopic FGF signaling pathways in PCa
initiation and progression suggests that blockading these
pathways can be used to treat patients with PCa. Multiple small
molecule inhibitors for the FGFR tyrosine kinases have been
developed and are currently used in clinical trials for a variety
of cancers, including CRPCs (Corn et al., 2013).

FGF2, which is frequently overexpressed in human PCa,
promotes cell proliferation, prevents cell death, and increases
tumor angiogenesis (Giri et al., 1999). Ablation of Fgf2
alleles in TRAMP mice significantly inhibits the progression
to poorly differentiated prostatic tumors, decreases metastasis
to other organs, and increases the lifespan of the mice.
Furthermore, ablation of only one Fgf2 allele also affects
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FIGURE 4 | The FGFR1 pathway promotes NF-κB signaling. (A) Structural
domains and tyrosine phosphorylation sites of TAK1. (B) FGFR1
phosphorylates TAK1 and augments the NF-κB pathways. 124, 125, 143,
and 206, four tyrosine phosphorylation sites; BD, binding domain; CD,
C-terminal binding domain; KD, kinase domain; and P, phosphorylation. This
figure was originally published in Wang et al. (2018).

TRAMP tumorigenesis, indicating that FGF2 has a gene dosage-
dependent effect on PCa progression (Polnaszek et al., 2003).
These data underscore the role of FGF2 in PCa progression
as illustrated in Figure 1. TRAMP mice with Fgfr1 ablation
in prostate epithelial cells developed smaller tumors with
characteristic early, well-differentiated lesions and phyllodes-type
tumors. Fgfr1 null TRAMP mice survived significantly longer
than control TRAMP mice. All metastases in TRAMP/Fgfr1
null mice were primarily those that escape Fgfr1 disruption
and highly expressed FGFR1, or neuroendocrine tumors
regardless of FGFR1 status. Together, the results indicate
that ectopic FGFR1 plays a critical role in the initiation,
progression, and particularly metastasis of PCa (Yang et al.,
2013).

FRS2 is an adaptor protein in the FGFR tyrosine kinase
signaling cascade (Wang et al., 2016). It is extensively
tyrosine phosphorylated by the activated FGFR kinase. The
phosphorylation creates binding sites for GRB2 (Y196, Y306,
Y349, Y392) that mainly link to PI3K activation, and SHP2
(Y436 and Y471) that mainly links the FGFR kinase to the
MAP kinase pathway (Li et al., 2016; Wang et al., 2016).
Frs2α is expressed almost ubiquitously in both fetal and adult
tissues (McDougall et al., 2001). A rearrangement in the
human Frs2α gene located in 12q15 is common in a range
of tumors, suggesting that aberrant expression of FRS2α is
involved in tumorigenesis. Disruption of Frs2α alleles in the
prostate epithelium compromises the branching morphogenesis
of the mouse prostate. Unlike Fgfr2 ablation that weakens
androgen dependency, ablation of Frs2α does not affect androgen
dependency with respect to the production of secretory proteins

and tissue homeostasis (Zhang et al., 2008). In the adult prostate,
Frs2α is not expressed in luminal epithelial cells. However, it is
highly expressed in TRAMP tumor epithelial cells. Conditional
ablation of Frs2α alleles in prostate epithelial cells represses PCa
initiation and progression, as evidenced by fewer and lower
grade of PIN lesion foci at early stages, less advanced tumors
at mid stages, and a longer lifespan of Frs2α conditional null
TRAMP than that of parental TRAMP mice (Zhang et al.,
2008).

Furthermore, analyses of a PCa tissue microarray consisting
of 225 PCa samples reveals that over activation of FRS2α, cJUN,
and hypoxia-inducible factor α (HIF1α) is positively correlated
with blood vessel density and malignancy of human PCa (Liu
et al., 2015). Ablation of Frs2α in mouse prostate epithelial
cells reduces vascular endothelial growth factor A (VEGF-A)
expression in a cJUN and HIF1α dependent manner. Depletion
of FRS2α expression in human PCa cells and in MDA PCa
118b, a human PCa-derived xenograft, also suppresses tumor
angiogenesis, as well as decreases bone metastasis of the tumor.
Together, the result indicates that acquisition of FRS2α-mediated
signaling in epithelial cells is involved in PCa initiation and
progression. It also indicates that overexpressed FRS2α has
the potential to serve as a biomarker for PCa diagnosis and
prognosis.

REMARKS

Although the four FGFR kinases are highly homologous
in their primary sequences and share similar structural
domains and tyrosine phosphorylation sites, their signaling
specificities are different and sometimes function in opposite
directions. Although the four FGFRs share multiple common
downstream pathways, they have isoform-specific downstream
targets that contributes to isoform-specific signaling. Aberrant
expression, activation, or inactivation of the FGF signaling
pathways have been identified as culprits for diverse
developmental disorders and diseases, including PCa. No
clinical benefits have been reported in the five clinical
trials using a broad tyrosine kinase inhibitor for multiple
growth factor receptors, including FGFR1, to treat CRPC.
In addition, simply treating PCa cells with pan-FGFR kinase
inhibitors promotes neuroendocrine differentiation. Therefore,
developing new FGFR isoform-specific inhibitors are urgently
needed for treating cancers with ectopic FGFR isoform
expression. Understanding the detailed molecular basis for
the cell type- and receptor isoform-specific activities of the
four FGFRs is essential for developing strategies to target
FGFR isoform-specific signaling. Furthermore, suppression of
ectopic FGFR1 signaling reduces inflammation in the tumor
microenvironment and reverses metabolic reprogramming
of cancer cells, both of which have profound effects on
anti-cancer chemotherapies and anti-checkpoint treatment.
Therefore, combination of blocking FGFR1 signals with
other anti-cancer drugs shall be a promising novel strategy
for treating CRPC and other cancers with ectopic FGFR1
expression.
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Mammalian fibroblast growth factor (FGF) signaling is intricately regulated via selective
binding interactions between 18 FGF ligands and four FGF receptors (FGFR1–4), three
of which (FGFR1–3) are expressed as either epithelial (“b”) or mesenchymal (“c”) splice
isoforms. The FGF7 subfamily, consisting of FGF3, FGF7, FGF10, and FGF22, is unique
among FGFs in that its members are secreted exclusively by the mesenchyme, and
specifically activate the “b” isoforms of FGFR1 (FGFR1b) and FGFR2 (FGFR2b) present
in the overlying epithelium. This unidirectional mesenchyme-to-epithelium signaling
contributes to the development of essentially all organs, glands, and limbs. Structural
analysis has shown that members of the FGF7 subfamily achieve their restricted
specificity for FGFR1b/FGFR2b by engaging in specific contacts with two alternatively
spliced loop regions in the immunoglobulin-like domain 3 (D3) of these receptors.
Weak basal receptor-binding affinity further constrains the FGF7 subfamily’s specificity
for FGFR1b/2b. In this review, we elaborate on the structural determinants of FGF7
subfamily receptor-binding specificity, and discuss how affinity differences among the
four members for the heparin sulfate (HS) co-receptor contribute to their disparate
biological activities.

Keywords: FGF7, FGF10, signaling specificity, crystal structure, threshold model

INTRODUCTION

The fibroblast growth factor (FGF) 7 subfamily is comprised of FGF3, FGF7 (the founding
member), FGF10, and FGF22, and constitutes one of five paracrine-acting FGF subfamilies (Itoh
and Ornitz, 2004). Members of the FGF7 subfamily are essential for organogenesis and tissue
patterning in the embryo, and mediate wound healing and tissue homeostasis in adult mammals
(Beenken and Mohammadi, 2009). Specifically, FGF3 is required for inner ear development (Tekin
et al., 2007, 2008), FGF7 for the development of the kidney, thymus, and hippocampus (Qiao
et al., 1999; Alpdogan et al., 2006; Terauchi et al., 2010; Lee et al., 2012), FGF10 for limb,
lung, thyroid, pituitary, lacrimal, and salivary gland (LG and SMG, respectively) development
(Bellusci et al., 1997; Min et al., 1998; Xu et al., 1998; Sekine et al., 1999; De Moerlooze et al.,
2000; Makarenkova et al., 2000; Hoffman et al., 2002; Izvolsky et al., 2003), and FGF22 for
presynaptic neural differentiation (Umemori et al., 2004). Reflecting this functional pleiotropy,
aberrant signaling by FGF7 subfamily ligands is responsible for a variety of heritable and acquired
human diseases, including congenital deafness (LAMM syndrome) (Tekin et al., 2007, 2008),
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lacrimo-auriculo-dento-digital (LADD) syndrome (Milunsky
et al., 2006), inflammatory bowel disease (Finch et al., 1996),
Apert syndrome (AS) (Wilkie et al., 1995; Anderson et al.,
1998; Ibrahimi et al., 2001), and prostate cancer (Memarzadeh
et al., 2007), among others (Itoh and Ornitz, 2011; Belov and
Mohammadi, 2013).

Paracrine FGFs share a core homology region of about
120 amino acids (Beenken and Mohammadi, 2009) that adopt
a β-trefoil fold comprised of 12 β-strands (β1 through β12)
(Eriksson et al., 1991; Zhu et al., 1991; Osslund et al., 1998;
Bellosta et al., 2001; Plotnikov et al., 2001) flanked by N-
and C-terminal extensions of variable length and sequence
(Mohammadi et al., 2005). These ligands mediate their activities
by binding to, dimerizing, and consequently activating cell
surface FGF receptors (FGFRs), a family within the single-
pass transmembrane receptor tyrosine kinase superfamily.
Mammals have four FGFR genes (FGFR1–4), each encoding an
extracellular portion composed of three Ig-like domains (termed
D1–D3) connected by flexible linkers, and an intracellular
segment containing a tyrosine kinase domain bounded by
flexible N-terminal juxtamembrane and C-terminal tail regions
(Mohammadi et al., 2005). Ligand binding requires the D2, D3,
and D2–D3 linker regions, whereas the D1 and D1–D2 linker
are implicated in receptor autoinhibition (Plotnikov et al., 1999,
2000; Schlessinger et al., 2000; Stauber et al., 2000; Yeh et al.,
2003; Olsen et al., 2004, 2006; Liu et al., 2017; Chen et al., 2018).
Alternative splicing in the D3 domains of FGFR1–3 generates
epithelium- and mesenchyme-specific “b” and “c” isoforms,
respectively, with each isoform harboring primary sequence
differences in the ligand-binding region in the second half of
D3, thus expanding the number of principal FGFRs from four
to seven (Orr-Urtreger et al., 1993; Mohammadi et al., 2005).

Paracrine FGFs interact with HS glycosaminoglycans
(HSGAG), a mandatory co-receptor/factor in paracrine FGF
signaling. HS is a heterogeneously sulfated linear glycan chain
of HS proteoglycans, which are ubiquitously expressed either
on the cell surface or as soluble components deposited in the
extracellular matrix (ECM) (Rapraeger et al., 1991; Yayon et al.,
1991; Ornitz et al., 1992; Liu et al., 1996; Perrimon and Bernfield,
2000; Esko and Selleck, 2002). The HS binding site (HBS) of
FGFs, housed within the FGF core, is formed by residues from
the loop between the β1 and β2 strands as well as the stretch
between the β10 and β12 strands (Beenken and Mohammadi,
2009). The HBS regions are rich in basic amino acid residues that
engage with sulfate and carboxylate moieties of HS, resulting
in avid interaction with HS and sequestration of paracrine
FGFs in the ECM. Amino acid variations within the HBS
account for the different HS-binding affinities of FGFs across
and within paracrine FGF subfamilies. Despite their primary
sequence differences, the HBS region between the β10 and β12
strands adopts a common conformation among paracrine FGFs.
Nevertheless, in contrast to that of other paracrine FGFs, the
conformation of the β10–β11 strand pair HBS region in the
FGF7 subfamily is loosely supported by only a single hydrogen
bond between the two strands (Yeh et al., 2003).

Heparin sulfate promotes paracrine FGF signaling by
orchestrating the formation of a symmetric 2:2 FGF:FGFR dimer

on the cell surface. This juxtaposes the intracellular kinase
domains in a proximity/orientation necessary for activation
loop (A-loop) transphosphorylation, a prerequisite for kinase
activation (Plotnikov et al., 1999; Schlessinger et al., 2000;
Mohammadi et al., 2005). Following this reaction, additional
tyrosine transphosphorylation occurs in the kinase C-terminal
tail and juxtamembrane (JM) regions, enabling the activated
FGFR to recruit and phosphorylate intracellular signaling
molecules (Plotnikov et al., 1999; Mohammadi et al., 2005).
In the dimer, FGFRs are located centrally and are bound by
both FGFs at the periphery. The dimer interface is mediated by
reciprocal contacts between D2 and the FGF ligand from one
1:1 protomer with D2 in the adjoining 1:1 FGF–FGFR protomer.
Each HS molecule simultaneously engages the HBS of one FGF
and that of the two FGFRs (located in the D2 domain) from
both 1:1 protomers (Schlessinger et al., 2000). In doing so, HS
enhances the contacts between the FGF and FGFR within each
1:1 protomer in addition to those at the dimer interface, thereby
stabilizing the 1:1 complex and buttressing the 2:2 dimer.

FGF–FGFR binding specificity is a key regulator of FGF
signaling (Ornitz et al., 1996; Zhang et al., 2006), and is
determined by differences in the primary sequences among
FGFs and FGFRs, as well as differences in their spatiotemporal
expression patterns and HS sulfation motifs. Notably, FGF–FGFR
binding specificity establishes bidirectional communication
between the epithelium and mesenchyme during development.
The FGF7 subfamily is the sole subfamily expressed exclusively
in the mesenchyme, and interacts primarily with the “b” isoforms
of FGFR2 (FGFR2b) and, to a lesser extent, FGFR1 (FGFR1b)
(Mason et al., 1994; Zhang et al., 2006). The remaining four
paracrine-acting subfamilies are secreted by epithelial tissues
and bind almost exclusively to mesenchyme-specific “c” FGFR
isoforms (Ornitz et al., 1996; Zhang et al., 2006; Beenken
and Mohammadi, 2009). Because of its tight receptor-binding
specificity, the FGF7 subfamily serves as an ideal model for
studying the structural determinants of FGF–FGFR binding
specificity and function. Indeed, the FGF10-FGFR2b structure –
the only FGF7 subfamily FGF–FGFR complex whose atomic
structure is currently known – in combination with sequence
alignment of the remaining three FGF7 subfamily ligands,
has provided major insight into the molecular basis for the
entire FGF7 subfamily’s restricted receptor-binding specificity.
Furthermore, structural analysis has also shed light on differences
among FGF7 subfamily members that explain their non-
redundant functions. Specifically, differences in HS-binding
affinity suggest that the biological activity of each subfamily
member may be governed by distinct thresholds of FGFR
dimerization strength, as previously demonstrated in FGF1
(Huang et al., 2017).

STRUCTURAL DETERMINANTS OF FGF7
SUBFAMILY’S SPECIFICITY

Based on the 1:1 FGF10:FGFR2b crystal structure (Yeh et al.,
2003), the exquisite specificity of the FGF7 subfamily for “b”
splice isoform FGFRs is dictated primarily by contacts between
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ligand and the alternatively spliced regions in the receptor
D3 domain. However, the structure also reveals an additional
determinant of FGF7 subfamily receptor-binding specificity –
namely, a weakened affinity for the D2 domain – which
accentuates the subfamily’s reliance on specific contacts with the
alternatively spliced D3.

Specific Contacts With the Alternatively
Spliced Regionsin D3
The FGF10-FGFR2b crystal structure shows that most of the
FGF10-D3 contacts involve a wide cleft in the membrane-distal
end of the D3 domain (Yeh et al., 2003). This cleft is formed
between the βB′ strand and the βB′-βC loop located in the
constant region (first half of D3) and the βC′-βE loop from the
alternatively spliced second half of D3 (Figure 1A). Interactions
between Ile-317 on the βC′-βE loop of the receptor and a cluster
of hydrophobic residues in FGF10, including Val-116 in the β4
strand, Tyr-131 in the β6 strand, and Phe-146 on the β7-β8
loop, support the formation of the D3 cleft. In doing so, these
hydrophobic contacts facilitate hydrogen-bonding interactions
between residues from the N-terminus, β1, and β4 strands
of FGF10 with residues from both the constant and spliced
portions in the D3 cleft (Figure 1A). Most importantly, Asp-
76 – conserved in FGF7 and FGF22 – forms two highly specific
hydrogen bonds with Ser-315 in the alternatively spliced βC′-
βE loop of the receptor. Ser-315 is conserved in FGFR1b, but
is replaced by tryptophan and alanine in FGFR3b and FGFR4,
respectively, thus explaining the FGF7 subfamily’s particular
preference for the “b” isoforms of FGFR1 and FGFR2. Another
notable specific receptor-binding residue of FGF10 is Thr-114 on
the β4 strand, which engages the alternatively spliced βC′-βE loop
of the D3 cleft through both direct and water-mediated hydrogen
bonds (Figure 1A). Additionally, Arg-78 in the β1 strand,
proceeding Asp-76, makes numerous contacts with the constant
βB′-βC loop within the D3 cleft, including three hydrogen
bonds with Ser-282 and Asp-283. Crucially, Arg-78 also forms
three intramolecular hydrogen bonds with His-72 and Gly-75.
These contacts facilitate the overall conformation of the FGF10
N-terminus and indirectly buttress the Asp-76–Ser-315 hydrogen
bonds (Figure 1A). FGF10 core residues also augment FGF10-
FGFR2b binding specificity by engaging in specific contacts with
the alternatively spliced βF-βG loop outside of the D3 cleft.
Specifically, Arg-155 and Ile-156 (each in the β8 strand of FGF10)
engage in hydrophobic contacts and hydrogen bonding with
Tyr-345 in the alternatively spliced βF-βG loop (Figure 1B). Tyr-
345 is conserved only in FGFR1b. In FGFR3b, this position is
occupied by a phenylalanine, whereas in FGFR1c-3c and FGFR4,
the corresponding residue is a serine. These substitutions further
limit the specificity of FGF10 for FGFR1b and FGFR2b.

The crystallographically deduced mode of FGF10-FGFR2b
specificity has been validated by mutagenesis experiments in
FGF10 (Yeh et al., 2003; Wang et al., 2010) and FGF7 (Bottaro
et al., 1993; Ron et al., 1993; Gray et al., 1995; Reich-Slotky
et al., 1995; Wang et al., 1995; Osslund et al., 1998; Sher
et al., 2000, 2003). Specifically, alanine substitutions of Asp-
76 or Arg-78 each significantly reduce the biological activity of

the respective FGF10 mutants compared to wild-type FGF10,
using DNA synthesis as an index of cell proliferation (Yeh
et al., 2003). Moreover, replacement of Thr-114 with alanine
or arginine decreases FGF10-FGFR2b binding affinity and the
mitogenic activity of FGF10 in tracheal epithelial cells (Wang
et al., 2010). Conversely, substitutions of His-314 and Ser-315
in the βC′-βE loop in FGFR2b to the corresponding residues
in FGFR2c (threonine and alanine, respectively) completely
eliminates FGF7 binding (Wang et al., 1995). Also in FGF7,
N-terminal truncation at sites upstream of Asp-63 (Asp-76 in
FGF10) and Arg-65 (Arg-78 in FGF10), respectively, results in
a complete loss of FGF7-induced mitogenic activity in Balb/MK
cells (Ron et al., 1993). Additionally, mutations of Asp-63 and
Arg-65 to alanine each reduce the binding affinity of FGF7
for FGFR2b, with the latter mutation lowering the mitogenic
response of FGF7 in Balb/MK cells by 200-fold (Sher et al., 2003).
Replacement of the FGF7 subfamily-conserved Val-103 in the
β4 strand of FGF7 (Val-116 in FGF10) (one of the constituents
of the aforementioned hydrophobic patch) with glutamic acid
also significantly reduces FGF7-FGFR2b binding affinity (Sher
et al., 2000). The significance of the Arg-155 (Leu-142 in FGF7)–
Tyr-345 interaction has been experimentally validated by data
showing that mutating Tyr-345 to serine in FGFR2b significantly
reduces receptor activation by FGF7 (Gray et al., 1995), and
that replacing Arg-155 with alanine diminishes the ability of
FGF10 to promote Balb/MK cell proliferation (Yeh et al., 2003).
In FGF7, replacing Leu-142 with alanine results in a three-
fold reduction in binding affinity to FGFR2b, as well as a
significant loss of mitogenic activity in Balb/MK cells (Sher et al.,
2003). Biochemical analysis of a pathogenic mutation in FGF10
lends further support to the importance of these interactions
in promoting FGF10-FGFR2/1b signaling. Specifically, mutation
of Ile-156 to arginine (I156R) is causative of LADD (Milunsky
et al., 2006), a rare genetic disorder characterized by defects in
the lacrimal and salivary glands as well as abnormalities in the
teeth and distal limbs. Modeling studies show that the I156R
mutation introduces steric clashes with residues in the ligand-
binding pocket, including Tyr-345 in the alternatively spliced
βF-βG loop (Figure 1B), thus explaining the loss-of-function
phenotype of this mutation.

Weak Contacts With Receptor D2
Further Constrain Specificity
FGF7 subfamily receptor-binding specificity is further restricted
by its members’ low basal FGFR-binding affinities. Notably,
in FGF7, FGF10, and FGF22, a phenylalanine (Phe-83 in
FGF10) replaces a highly conserved tyrosine residue in
the β1 strand found in all other FGFs (Tyr-29 in FGF1)
(Figure 1C). This tyrosine – located at the center of the
primarily hydrophobic and largely conserved FGF-D2
interface – makes hydrophobic contacts with residues in
the βA′ strand in addition to forming two hydrogen bonds
with the FGFR-invariant residues Leu-166 and Ala-168.
This conserved pattern of hydrogen bonds fixes the D2
orientation relative to the FGF ligand, accounting for the
common D2 disposition among all FGF–FGFR complexes.
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FIGURE 1 | Structural basis for FGF7 subfamily specificity toward “b” isoform FGFRs. (A) Left: cartoon representation of the overall structure of the FGF10-FGFR2b
complex, with FGF10 in green, D2 of FGFR2b in purple, the constant region of D3 in cyan, the alternatively spliced D3 in red, hydrogen bonds shown as yellow
dashes, and the region of interest boxed. N-and C-termini of ligand (in green) and receptor (italics) are labeled NT and CT, respectively. Right: expanded view of
FGF10 N-terminal interactions with the FGFR2b D3 domain. Arg-78 of the β1 strand forms three intramolecular hydrogen bonds with Gly-75 and His-72 in the
N-terminus, stabilizing it and enabling Asp-76 to form two highly specific hydrogen bonds with Ser-315 in the alternatively spliced βC′-βE loop of D3. Thr-114 of the
β4 strand also interacts with the βC′-βE loop via both water-mediated and direct hydrogen bonds with Gly-316. (B) Left: overall view of the FGF10-FGFR2b
structure, with boxed region of interest shown in expanded forms at right. The first of these (left) shows Arg-155 and Ile-156 of the β8 strand interacting with Tyr-345
on the “b” splice isoform-specific βF-βG loop; the second (right) highlights the LADD mutation (Ile-156 to Arg), which introduces steric clashes with Tyr-345 on the
βF-βG loop. Relevant residues and hydrogen bonds are depicted as in (A), with steric clashes illustrated by red circles. (C) Comparison of the ligand-D2 interface
between FGF10-FGFR2b (left) and FGF1-FGFR2b (right), with each FGF–FGFR complex depicted as a cartoon with the same color scheme as in (A); boxed regions
on each complex are expanded to show the ligand β1 strand interacting with D2 of the receptor. Note that in FGF10, a conserved β1 Tyr is replaced with Phe,
resulting in a loss of two hydrogen bonds. In (A–C), relevant residues and hydrogen bonds are shown as sticks and yellow dashes, respectively; water molecules

(Continued)
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FIGURE 1 | Continued
appear as purple spheres; oxygen atoms are in red, nitrogen in blue, and carbon in the same color as the molecules to which they belong. FGF10-FGFR2b (PDB ID:
1NUN) (Yeh et al., 2003) and FGF1-FGFR2b (PDB ID: 3OJ2) (Beenken et al., 2012) structures were edited using PyMol (The PyMOL Molecular Graphics System,
Version 2.0 Schrödinger, LLC). (D) Structure-based sequence alignment of human FGF10, FGF3, FGF7, and FGF22. Dots denote homology with FGF10; dashes
denote gaps introduced to optimize sequence alignment. Residues are highlighted according to the FGFR region with which they interact: D2 (purple), D2–D3 linker
(gray), constant D3 (cyan), and alternatively spliced D3 (red). Residues which interact with both spliced and non-spliced regions of D3 are highlighted in yellow; those
which interact with both the D2 and D2–D3 linker are highlighted in dark blue. Above the sequence, red lines indicate residues comprising secondary structures.

FIGURE 2 | “Threshold model” accounts for differences in branching morphogenesis and FGFR2b tyrosine transphosphorylation between FGF7 and FGF10.
Cartoon representation of a “threshold model,” with the FGF7-FGFR2b complex at left (A) and the FGF10-FGFR2b complex at right (B). FGF ligands are depicted as
different shades of green circles; the FGFR2b ectodomain and kinase domains are shown as cylinders of different shades of cyan and orange, respectively; HS is
depicted as a dotted red line; the A-loop region within the kinase domain is shown as a stripe in different shades of yellow; phosphorylated tyrosines are represented
as circles colored in different shades of purple. The extent of shading/transparency denotes the strength of ligand-induced FGFR2b dimerization and activation.
(A) Because of its weak affinity for HS, FGF7 induces comparably weak/transient FGFR dimerization which causes quantitatively less A-loop
transphosphorylation/kinase activation such that Tyr-734 is left unphosphorylated; this complex is sufficient to induce branching, but not elongation. (B) Owing to its
higher affinity for HS, FGF10 forms a more stable FGFR2b dimer that enables greater A-loop tyrosine transphosphorylation and FGFRb activation. Consequently,
FGF10 can induce Tyr-734 transphosphorylation and elicit an elongation response. Note that the threshold of FGFR dimerization strength necessary for inducing
elongation (depicted as a vertical, red dashed line to the left) is higher than that mediating the branching response (indicated by a vertical, blue dashed line in the
center). On the x-axis, a shaded black arrow represents the increasing value of FGF-induced FGFR dimerization strength. On the y-axis, on left, a shaded blue arrow
denotes the increasing rate of the branching response, which is correlated with a blue line; on right, a shaded red arrow indicates the increasing rate of the
elongation response, which is correlated with a red line.

Replacement of this tyrosine with phenylalanine therefore
significantly reduces general FGFR-binding affinity and also
causes a ∼20–25◦ rotation in D2 orientation relative to other
FGF–FGFR complexes.

The importance of weak basal FGF–FGFR binding affinity
in restricting FGF7 subfamily receptor-binding specificity is
underscored by two pathological FGFR2 mutations, S252W and
P253R, each affecting the D2–D3 linker region and causative
of AS, a severe form of craniosynostosis (Wilkie et al., 1995;
Anderson et al., 1998; Ibrahimi et al., 2001). These gain-of-
function mutations create additional non-specific FGF–FGFR
contacts that increase basal FGF–FGFR affinity, thereby enabling
pathological binding of FGF10 and/or FGF7 to FGFR2c as
well as binding of epithelial-expressed ligands such as FGF2,

FGF6, and/or FGF9 to FGFR2b (Yu et al., 2000; Ibrahimi et al.,
2001). Genetic ablation of FGF10 in mice harboring AS-causing
FGFR2 mutations reverses some of the skeletal, visceral, and
tracheal abnormalities stemming from AS (Hajihosseini et al.,
2009; Tiozzo et al., 2009), implying that aberrant FGF10-FGFR2c
signaling plays a significant role in AS etiology.

MOLECULAR RATIONALE BEHIND THE
NON-REDUNDANT FUNCTIONS OF
FGF7 SUBFAMILY MEMBERS

Gene-knockout studies in mice have shown that despite their
shared, restricted specificity for FGFR1b/2b, FGF7 subfamily
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members have non-overlapping biological functions. For
example, while FGF7-knockout mice present only subtle
developmental abnormalities affecting the kidney, thymus, and
hippocampus (Qiao et al., 1999; Alpdogan et al., 2006; Terauchi
et al., 2010; Lee et al., 2012), FGF10-knockout mice die at
birth due to a failure of lung and limb development (Min
et al., 1998; Sekine et al., 1999). Structurally, this functional
dichotomy between FGF10 and FGF7 can be attributed to the
lower HS-binding affinity of FGF7 relative to FGF10 (Igarashi
et al., 1998; Luo et al., 2006; Asada et al., 2009). HS-binding
affinity differences could impact FGF signaling in one, or both,
of the following ways: (1) by changing the extent of ligand
diffusion and creating distinct morphogenetic gradients, or (2)
by generating distinct thresholds of receptor dimerization and
eliciting qualitatively/quantitatively distinct intracellular signals.

A potential role for HS-binding affinity in differentiating the
morphogenetic activities of FGF7 and FGF10 can be inferred
by data from ex vivo epithelial branching model systems
in cultured LG and SMG explants (Steinberg et al., 2005;
Makarenkova et al., 2009). Due to its relatively low affinity
for HS, we postulated that FGF7 would diffuse more readily
than FGF10 in an HS-containing matrix (used as surrogate
for the ECM) (Makarenkova et al., 2009), thus acting on both
the distal and proximal parts of the developing epithelial bud
to stimulate branching. On the other hand, the higher HS-
binding affinity of FGF10 would limit its range of diffusion
such that it can reach only the tip of the epithelial buds,
thereby inducing their elongation. To test that these distinct
responses are indeed due to different diffusion gradients rather
than ligand identity per se, we selectively mutated residues
at the HBS of FGF10 to the corresponding ones in FGF7,
and identified one mutation – Arg-187 in the β11 strand
to valine (R187V) – which imparted upon FGF10 a similar
range of diffusion as FGF7 (Makarenkova et al., 2009). We
then showed that the R187V FGF10 mutant could functionally
mimic FGF7 by inducing branching rather than elongation of
epithelial buds. It is tempting to speculate that comparable
HS-binding affinity differences exist between FGF3 and FGF22
which lead to the generation of FGF7 subfamily ligand-
specific diffusion gradients in the ECM, in turn conferring
distinct biological activities. However, as the affinity of FGF–
HS interactions also dictates the longevity/stability of paracrine
FGF–FGFR dimers (Schlessinger et al., 2000), it is plausible that
quantitative differences in HS-dependent receptor dimerization
may also contribute to the different morphogenetic responses
between FGF10 and FGF7. Indeed, the R187V FGF10 mutant
is reminiscent of an engineered HS-binding deficient FGF1
mutant which we used to show that the FGF1 mitogenic
response could be uncoupled from its metabolic response
by reducing FGFR dimer stability (Huang et al., 2017).
These data pointed to the existence of a distinct threshold
of FGF1-induced receptor dimerization strength required for
transitioning from an exclusively metabolic response to a
combined metabolic/mitogenic response. Thus, the potential
role of HS-dependent FGFR dimerization strength in defining
the non-redundancy of the FGF7 subfamily members merits
further exploration.

CONCLUSION AND FUTURE
DIRECTIONS

The FGF7 subfamily is unique among FGFs in that its members
exclusively activate and signal through FGFR2b and, to a
lesser extent, FGFR1b. The molecular rationale behind this
stringent level of receptor-binding specificity stems primarily
from specific contacts made between FGF7 subfamily members
and the alternatively spliced βC′-βE and βF-βG loop regions
in D3, and is further reinforced by weaker D2 interactions
(Figures 1C,D). FGF7 subfamily members elicit non-redundant
functions, the structural basis of which can be partially attributed
to different HS-binding affinities. These affinity differences in
turn raise the possibility that the unique functions of each
of the FGF7 subfamily ligands may be determined by distinct
diffusion gradients through the ECM and/or a “threshold
model” of FGFR1b/2b dimerization strength. In this model,
different thresholds in FGFR dimer strength/stability translate
into quantitatively and qualitatively distinct levels of FGFR
activation (that is, tyrosine transphosphorylation). This in turn
manifests in different magnitudes of intracellular signals and the
recruitment of distinct substrates, culminating in unique cell
fates (Zinkle and Mohammadi, 2018). Indeed, previous work
has already shown that FGF10 – which binds more tightly
than FGF7 to HS – stimulates the recruitment of distinct
intracellular substrates due to its unique ability to induce
transphosphorylation of a single FGFR2b tyrosine residue, Tyr-
734 (Francavilla et al., 2013). Because FGF7-binding cannot
induce transphosphorylation of Tyr-734, there may be a certain
threshold of FGFR2b dimerization strength that FGF10 (but
not FGF7) can reach to induce Tyr-734 phosphorylation
(Figure 2). Future studies should try to address the veracity
of the threshold model, especially as it relates to the FGF7
subfamily. If validated, this model should prove a reliable guide
for functionally converting one FGF7 subfamily member to
another, thereby enabling novel tools/strategies for dissecting the
roles of individual members of the subfamily during development
and in disease pathogenesis.

AUTHOR CONTRIBUTIONS

MM contributed to the conception, writing, and revising the
manuscript and approved the submitted version. AZ prepared the
first draft of the manuscript including the figures and contributed
to manuscript revision.

FUNDING

The authors acknowledge support provided by National
Institutes of Health grant R01 DE13686 (to MM).

ACKNOWLEDGMENTS

The authors thank Nick Cowan for critically reading and editing
the manuscript.

Frontiers in Genetics | www.frontiersin.org 6 February 2019 | Volume 10 | Article 102147

https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-10-00102 February 9, 2019 Time: 17:7 # 7

Zinkle and Mohammadi Structural Analysis of FGF7 Subfamily

REFERENCES
Alpdogan, O., Hubbard, V. M., Smith, O. M., Patel, N., Lu, S., Goldberg, G. L.,

et al. (2006). Keratinocyte growth factor (KGF) is required for postnatal
thymic regeneration. Blood 107, 2453–2460. doi: 10.1182/blood-2005-0
7-2831

Anderson, J., Burns, H. D., Enriquez-Harris, P., Wilkie, A. O., and Heath, J. K.
(1998). Apert syndrome mutations in fibroblast growth factor receptor 2 exhibit
increased affinity for FGF ligand. Hum. Mol. Genet. 7, 1475–1483. doi: 10.1093/
hmg/7.9.1475

Asada, M., Shinomiya, M., Suzuki, M., Honda, E., Sugimoto, R., Ikekita, M.,
et al. (2009). Glycosaminoglycan affinity of the complete fibroblast growth
factor family. Biochim. Biophys. Acta 1790, 40–48. doi: 10.1016/j.bbagen.2008.
09.001

Beenken, A., Eliseenkova, A. V., Ibrahimi, O. A., Olsen, S. K., and Mohammadi, M.
(2012). Plasticity in interactions of fibroblast growth factor 1 (FGF1)
N-terminus with FGF receptors underlies promiscuity of FGF1. J. Biol. Chem.
287, 3067–3078. doi: 10.1074/jbc.M111.275891

Beenken, A., and Mohammadi, M. (2009). The FGF family: biology,
pathophysiology and therapy. Nat. Rev. Drug Discov. 8, 235–253.
doi: 10.1038/nrd2792

Bellosta, P., Iwahori, A., Plotnikov, A. N., Eliseenkova, A. V., Basilico, C., and
Mohammadi, M. (2001). Identification of receptor and heparin binding sites
in fibroblast growth factor 4 by structure-based mutagenesis. Mol. Cell. Biol. 21,
5946–5957. doi: 10.1128/MCB.21.17.5946-5957.2001

Bellusci, S., Grindley, J., Emoto, H., Itoh, N., and Hogan, B. L. (1997). Fibroblast
growth factor 10 (FGF10) and branching morphogenesis in the embryonic
mouse lung. Development 124, 4867–4878.

Belov, A. A., and Mohammadi, M. (2013). Molecular mechanisms of fibroblast
growth factor signaling in physiology and pathology. Cold Spring Harb.
Perspect. Biol. 5:a015958. doi: 10.1101/cshperspect.a015958

Bottaro, D. P., Fortney, E., Rubin, J. S., and Aaronson, S. A. (1993). A keratinocyte
growth factor receptor-derived peptide antagonist identifies part of the ligand
binding site. J. Biol. Chem. 268, 9180–9183.

Chen, G., Liu, Y., Goetz, R., Fu, L., Jayaraman, S., Hu, M. C., et al. (2018). alpha-
Klotho is a non-enzymatic molecular scaffold for FGF23 hormone signalling.
Nature 553, 461–466. doi: 10.1038/nature25451

De Moerlooze, L., Spencer-Dene, B., Revest, J. M., Hajihosseini, M., Rosewell, I.,
and Dickson, C. (2000). An important role for the IIIb isoform of fibroblast
growth factor receptor 2 (FGFR2) in mesenchymal-epithelial signalling during
mouse organogenesis. Development 127, 483–492.

Eriksson, A. E., Cousens, L. S., Weaver, L. H., and Matthews, B. W. (1991). Three-
dimensional structure of human basic fibroblast growth factor. Proc. Natl. Acad.
Sci. U.S.A. 88, 3441–3445. doi: 10.1073/pnas.88.8.3441

Esko, J. D., and Selleck, S. B. (2002). Order out of chaos: assembly of ligand binding
sites in heparan sulfate.Annu. Rev. Biochem. 71, 435–471. doi: 10.1146/annurev.
biochem.71.110601.135458

Finch, P. W., Pricolo, V., Wu, A., and Finkelstein, S. D. (1996). Increased
expression of keratinocyte growth factor messenger RNA associated with
inflammatory bowel disease. Gastroenterology 110, 441–451. doi: 10.1053/gast.
1996.v110.pm8566591

Francavilla, C., Rigbolt, K. T., Emdal, K. B., Carraro, G., Vernet, E., Bekker-
Jensen, D. B., et al. (2013). Functional proteomics defines the molecular switch
underlying FGF receptor trafficking and cellular outputs.Mol. Cell. 51, 707–722.
doi: 10.1016/j.molcel.2013.08.002

Gray, T. E., Eisenstein, M., Shimon, T., Givol, D., and Yayon, A. (1995). Molecular
modeling based mutagenesis defines ligand binding and specificity determining
regions of fibroblast growth factor receptors. Biochemistry 34, 10325–10333.
doi: 10.1021/bi00033a002

Hajihosseini, M. K., Duarte, R., Pegrum, J., Donjacour, A., Lana-Elola, E., Rice,
D. P., et al. (2009). Evidence that Fgf10 contributes to the skeletal and visceral
defects of an Apert syndrome mouse model. Dev. Dyn. 238, 376–385. doi:
10.1002/dvdy.21648

Hoffman, M. P., Kidder, B. L., Steinberg, Z. L., Lakhani, S., Ho, S., Kleinman,
H. K., et al. (2002). Gene expression profiles of mouse submandibular gland
development: FGFR1 regulates branching morphogenesis in vitro through
BMP- and FGF-dependent mechanisms. Development 129, 5767–5778.
doi: 10.1242/dev.00172

Huang, Z., Tan, Y., Gu, J., Liu, Y., Song, L., Niu, J., et al. (2017). Uncoupling the
Mitogenic and Metabolic Functions of FGF1 by Tuning FGF1-FGF Receptor
Dimer Stability. Cell Rep. 20, 1717–1728. doi: 10.1016/j.celrep.2017.06.063

Ibrahimi, O. A., Eliseenkova, A. V., Plotnikov, A. N., Yu, K., Ornitz, D. M., and
Mohammadi, M. (2001). Structural basis for fibroblast growth factor receptor
2 activation in Apert syndrome. Proc. Natl. Acad. Sci. U.S.A. 98, 7182–7187.
doi: 10.1073/pnas.121183798

Igarashi, M., Finch, P. W., and Aaronson, S. A. (1998). Characterization of
recombinant human fibroblast growth factor (FGF)-10 reveals functional
similarities with keratinocyte growth factor (FGF-7). J. Biol. Chem. 273,
13230–13235. doi: 10.1074/jbc.273.21.13230

Itoh, N., and Ornitz, D. M. (2004). Evolution of the Fgf and Fgfr gene families.
Trends Genet. 20, 563–569. doi: 10.1016/j.tig.2004.08.007

Itoh, N., and Ornitz, D. M. (2011). Fibroblast growth factors: from molecular
evolution to roles in development, metabolism and disease. J. Biochem. 149,
121–130. doi: 10.1093/jb/mvq121

Izvolsky, K. I., Shoykhet, D., Yang, Y., Yu, Q., Nugent, M. A., and Cardoso, W. V.
(2003). Heparan sulfate-FGF10 interactions during lung morphogenesis. Dev.
Biol. 258, 185–200. doi: 10.1016/S0012-1606(03)00114-3

Lee, C. H., Javed, D., Althaus, A. L., Parent, J. M., and Umemori, H. (2012).
Neurogenesis is enhanced and mossy fiber sprouting arises in FGF7-deficient
mice during development. Mol. Cell. Neurosci. 51, 61–67. doi: 10.1016/j.mcn.
2012.07.010

Liu, J., Shworak, N. W., Fritze, L. M., Edelberg, J. M., and Rosenberg, R. D. (1996).
Purification of heparan sulfate D-glucosaminyl 3-O-sulfotransferase. J. Biol.
Chem. 271, 27072–27082. doi: 10.1074/jbc.271.43.27072

Liu, Y., Ma, J., Beenken, A., Srinivasan, L., Eliseenkova, A. V., and Mohammadi, M.
(2017). Regulation of receptor binding specificity of FGF9 by an autoinhibitory
homodimerization. Structure 25, 1325–1336.e3. doi: 10.1016/j.str.2017.
06.016

Luo, Y., Ye, S., Kan, M., and McKeehan, W. L. (2006). Structural specificity in
a FGF7-affinity purified heparin octasaccharide required for formation of a
complex with FGF7 and FGFR2IIIb. J. Cell. Biochem. 97, 1241–1258. doi: 10.
1002/jcb.20724

Makarenkova, H. P., Hoffman, M. P., Beenken, A., Eliseenkova, A. V., Meech, R.,
Tsau, C., et al. (2009). Differential interactions of FGFs with heparan sulfate
control gradient formation and branching morphogenesis. Sci. Signal. 2:ra55.
doi: 10.1126/scisignal.2000304

Makarenkova, H. P., Ito, M., Govindarajan, V., Faber, S. C., Sun, L., McMahon, G.,
et al. (2000). FGF10 is an inducer and Pax6 a competence factor for lacrimal
gland development. Development 127, 2563–2572.

Mason, I. J., Fuller-Pace, F., Smith, R., and Dickson, C. (1994). FGF-
7 (keratinocyte growth factor) expression during mouse development
suggests roles in myogenesis, forebrain regionalisation and epithelial-
mesenchymal interactions. Mech. Dev. 45, 15–30. doi: 10.1016/0925-4773(94)
90050-7

Memarzadeh, S., Xin, L., Mulholland, D. J., Mansukhani, A., Wu, H., Teitell, M. A.,
et al. (2007). Enhanced paracrine FGF10 expression promotes formation of
multifocal prostate adenocarcinoma and an increase in epithelial androgen
receptor. Cancer Cell 12, 572–585. doi: 10.1016/j.ccr.2007.11.002

Milunsky, J. M., Zhao, G., Maher, T. A., Colby, R., and Everman, D. B. (2006).
LADD syndrome is caused by FGF10 mutations. Clin. Genet. 69, 349–354.
doi: 10.1111/j.1399-0004.2006.00597.x

Min, H., Danilenko, D. M., Scully, S. A., Bolon, B., Ring, B. D., Tarpley, J. E.,
et al. (1998). Fgf-10 is required for both limb and lung development and
exhibits striking functional similarity to Drosophila branchless. Genes Dev. 12,
3156–3161. doi: 10.1101/gad.12.20.3156

Mohammadi, M., Olsen, S. K., and Ibrahimi, O. A. (2005). Structural basis for
fibroblast growth factor receptor activation. Cytokine Growth. Factor. Rev. 16,
107–137. doi: 10.1016/j.cytogfr.2005.01.008

Olsen, S. K., Ibrahimi, O. A., Raucci, A., Zhang, F., Eliseenkova, A. V., Yayon, A.,
et al. (2004). Insights into the molecular basis for fibroblast growth factor
receptor autoinhibition and ligand-binding promiscuity. Proc. Natl. Acad. Sci.
U.S.A. 101, 935–940. doi: 10.1073/pnas.0307287101

Olsen, S. K., Li, J. Y., Bromleigh, C., Eliseenkova, A. V., Ibrahimi, O. A., Lao, Z.,
et al. (2006). Structural basis by which alternative splicing modulates the
organizer activity of FGF8 in the brain. Genes Dev. 20, 185–198. doi: 10.1101/
gad.1365406

Frontiers in Genetics | www.frontiersin.org 7 February 2019 | Volume 10 | Article 102148

https://doi.org/10.1182/blood-2005-07-2831
https://doi.org/10.1182/blood-2005-07-2831
https://doi.org/10.1093/hmg/7.9.1475
https://doi.org/10.1093/hmg/7.9.1475
https://doi.org/10.1016/j.bbagen.2008.09.001
https://doi.org/10.1016/j.bbagen.2008.09.001
https://doi.org/10.1074/jbc.M111.275891
https://doi.org/10.1038/nrd2792
https://doi.org/10.1128/MCB.21.17.5946-5957.2001
https://doi.org/10.1101/cshperspect.a015958
https://doi.org/10.1038/nature25451
https://doi.org/10.1073/pnas.88.8.3441
https://doi.org/10.1146/annurev.biochem.71.110601.135458
https://doi.org/10.1146/annurev.biochem.71.110601.135458
https://doi.org/10.1053/gast.1996.v110.pm8566591
https://doi.org/10.1053/gast.1996.v110.pm8566591
https://doi.org/10.1016/j.molcel.2013.08.002
https://doi.org/10.1021/bi00033a002
https://doi.org/10.1002/dvdy.21648
https://doi.org/10.1002/dvdy.21648
https://doi.org/10.1242/dev.00172
https://doi.org/10.1016/j.celrep.2017.06.063
https://doi.org/10.1073/pnas.121183798
https://doi.org/10.1074/jbc.273.21.13230
https://doi.org/10.1016/j.tig.2004.08.007
https://doi.org/10.1093/jb/mvq121
https://doi.org/10.1016/S0012-1606(03)00114-3
https://doi.org/10.1016/j.mcn.2012.07.010
https://doi.org/10.1016/j.mcn.2012.07.010
https://doi.org/10.1074/jbc.271.43.27072
https://doi.org/10.1016/j.str.2017.06.016
https://doi.org/10.1016/j.str.2017.06.016
https://doi.org/10.1002/jcb.20724
https://doi.org/10.1002/jcb.20724
https://doi.org/10.1126/scisignal.2000304
https://doi.org/10.1016/0925-4773(94)90050-7
https://doi.org/10.1016/0925-4773(94)90050-7
https://doi.org/10.1016/j.ccr.2007.11.002
https://doi.org/10.1111/j.1399-0004.2006.00597.x
https://doi.org/10.1101/gad.12.20.3156
https://doi.org/10.1016/j.cytogfr.2005.01.008
https://doi.org/10.1073/pnas.0307287101
https://doi.org/10.1101/gad.1365406
https://doi.org/10.1101/gad.1365406
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-10-00102 February 9, 2019 Time: 17:7 # 8

Zinkle and Mohammadi Structural Analysis of FGF7 Subfamily

Ornitz, D. M., Xu, J., Colvin, J. S., McEwen, D. G., MacArthur, C. A., Coulier, F.,
et al. (1996). Receptor specificity of the fibroblast growth factor family. J. Biol.
Chem. 271, 15292–15297. doi: 10.1074/jbc.271.25.15292

Ornitz, D. M., Yayon, A., Flanagan, J. G., Svahn, C. M., Levi, E., and Leder, P. (1992).
Heparin is required for cell-free binding of basic fibroblast growth factor to a
soluble receptor and for mitogenesis in whole cells. Mol. Cell. Biol. 12, 240–247.
doi: 10.1128/MCB.12.1.240

Orr-Urtreger, A., Bedford, M. T., Burakova, T., Arman, E., Zimmer, Y., Yayon, A.,
et al. (1993). Developmental localization of the splicing alternatives of fibroblast
growth factor receptor-2 (FGFR2). Dev. Biol. 158, 475–486. doi: 10.1006/dbio.
1993.1205

Osslund, T. D., Syed, R., Singer, E., Hsu, E. W., Nybo, R., Chen, B. L., et al.
(1998). Correlation between the 1.6 A crystal structure and mutational analysis
of keratinocyte growth factor. Protein Sci. 7, 1681–1690. doi: 10.1002/pro.
5560070803

Perrimon, N., and Bernfield, M. (2000). Specificities of heparan sulphate
proteoglycans in developmental processes. Nature 404, 725–728. doi: 10.1038/
35008000

Plotnikov, A. N., Eliseenkova, A. V., Ibrahimi, O. A., Shriver, Z., Sasisekharan, R.,
Lemmon, M. A., et al. (2001). Crystal structure of fibroblast growth factor 9
reveals regions implicated in dimerization and autoinhibition. J. Biol. Chem.
276, 4322–4329. doi: 10.1074/jbc.M006502200

Plotnikov, A. N., Hubbard, S. R., Schlessinger, J., and Mohammadi, M. (2000).
Crystal structures of two FGF-FGFR complexes reveal the determinants of
ligand-receptor specificity. Cell 101, 413–424. doi: 10.1016/S0092-8674(00)
80851-X

Plotnikov, A. N., Schlessinger, J., Hubbard, S. R., and Mohammadi, M. (1999).
Structural basis for FGF receptor dimerization and activation. Cell 98, 641–650.
doi: 10.1016/S0092-8674(00)80051-3

Qiao, J., Uzzo, R., Obara-Ishihara, T., Degenstein, L., Fuchs, E., and Herzlinger, D.
(1999). FGF-7 modulates ureteric bud growth and nephron number in the
developing kidney. Development 126, 547–554.

Rapraeger, A. C., Krufka, A., and Olwin, B. B. (1991). Requirement of heparan
sulfate for bFGF-mediated fibroblast growth and myoblast differentiation.
Science 252, 1705–1708. doi: 10.1126/science.1646484

Reich-Slotky, R., Shaoul, E., Berman, B., Graziani, G., and Ron, D. (1995). Chimeric
molecules between keratinocyte growth factor and basic fibroblast growth
factor define domains that confer receptor binding specificities. J. Biol. Chem.
270, 29813–29818. doi: 10.1074/jbc.270.50.29813

Ron, D., Bottaro, D. P., Finch, P. W., Morris, D., Rubin, J. S., and Aaronson,
S. A. (1993). Expression of biologically active recombinant keratinocyte growth
factor. Structure/function analysis of amino-terminal truncation mutants.
J. Biol. Chem. 268, 2984–2988.

Schlessinger, J., Plotnikov, A. N., Ibrahimi, O. A., Eliseenkova, A. V., Yeh, B. K.,
Yayon, A., et al. (2000). Crystal structure of a ternary FGF-FGFR-heparin
complex reveals a dual role for heparin in FGFR binding and dimerization. Mol.
Cell. 6, 743–750. doi: 10.1016/S1097-2765(00)00073-3

Sekine, K., Ohuchi, H., Fujiwara, M., Yamasaki, M., Yoshizawa, T., Sato, T., et al.
(1999). Fgf10 is essential for limb and lung formation. Nat. Genet. 21, 138–141.
doi: 10.1038/5096

Sher, I., Lang, T., Lubinsky-Mink, S., Kuhn, J., Adir, N., Chatterjee, S., et al.
(2000). Identification of residues important both for primary receptor binding
and specificity in fibroblast growth factor-7. J. Biol. Chem. 275, 34881–34886.
doi: 10.1074/jbc.M003293200

Sher, I., Yeh, B. K., Mohammadi, M., Adir, N., and Ron, D. (2003). Structure-
based mutational analyses in FGF7 identify new residues involved in specific
interaction with FGFR2IIIb. FEBS Lett. 552, 150–154. doi: 10.1016/S0014-
5793(03)00909-8

Stauber, D. J., DiGabriele, A. D., and Hendrickson, W. A. (2000). Structural
interactions of fibroblast growth factor receptor with its ligands. Proc. Natl.
Acad. Sci. U.S.A. 97, 49–54. doi: 10.1073/pnas.97.1.49

Steinberg, Z., Myers, C., Heim, V. M., Lathrop, C. A., Rebustini, I. T., Stewart, J. S.,
et al. (2005). FGFR2b signaling regulates ex vivo submandibular gland epithelial
cell proliferation and branching morphogenesis. Development 132, 1223–1234.
doi: 10.1242/dev.01690

Tekin, M., Hismi, B. O., Fitoz, S., Ozdag, H., Cengiz, F. B., Sirmaci, A., et al. (2007).
Homozygous mutations in fibroblast growth factor 3 are associated with a new
form of syndromic deafness characterized by inner ear agenesis, microtia, and
microdontia. Am. J. Hum. Genet. 80, 338–344. doi: 10.1086/510920

Tekin, M., Ozturkmen Akay, H., Fitoz, S., Birnbaum, S., Cengiz, F. B.,
Sennaroglu, L., et al. (2008). Homozygous FGF3 mutations result in congenital
deafness with inner ear agenesis, microtia, and microdontia. Clin. Genet. 73,
554–565. doi: 10.1111/j.1399-0004.2008.01004.x

Terauchi, A., Johnson-Venkatesh, E. M., Toth, A. B., Javed, D., Sutton, M. A., and
Umemori, H. (2010). Distinct FGFs promote differentiation of excitatory and
inhibitory synapses. Nature 465, 783–787. doi: 10.1038/nature09041

Tiozzo, C., De Langhe, S., Carraro, G., Alam, D. A., Nagy, A., Wigfall, C., et al.
(2009). Fibroblast growth factor 10 plays a causative role in the tracheal cartilage
defects in a mouse model of Apert syndrome. Pediatr. Res. 66, 386–390.
doi: 10.1203/PDR.0b013e3181b45580

Umemori, H., Linhoff, M. W., Ornitz, D. M., and Sanes, J. R. (2004). FGF22 and its
close relatives are presynaptic organizing molecules in the mammalian brain.
Cell 118, 257–270. doi: 10.1016/j.cell.2004.06.025

Wang, F., Kan, M., Xu, J., Yan, G., and McKeehan, W. L. (1995). Ligand-specific
structural domains in the fibroblast growth factor receptor. J. Biol. Chem. 270,
10222–10230. doi: 10.1074/jbc.270.17.10222

Wang, J. F., Cai, X., Zou, M. J., Wang, Y. Y., Wang, J. X., and Xu, D. G. (2010). Thr-
114 is an important functional residue of fibroblast growth factor 10 identified
by structure-based mutational analysis. Cytokine 49, 338–343. doi: 10.1016/j.
cyto.2009.11.023

Wilkie, A. O., Slaney, S. F., Oldridge, M., Poole, M. D., Ashworth, G. J., Hockley,
A. D., et al. (1995). Apert syndrome results from localized mutations of FGFR2
and is allelic with Crouzon syndrome. Nat. Genet. 9, 165–172. doi: 10.1038/
ng0295-165

Xu, X., Weinstein, M., Li, C., Naski, M., Cohen, R. I., Ornitz, D. M., et al. (1998).
Fibroblast growth factor receptor 2 (FGFR2)-mediated reciprocal regulation
loop between FGF8 and FGF10 is essential for limb induction. Development
125, 753–765.

Yayon, A., Klagsbrun, M., Esko, J. D., Leder, P., and Ornitz, D. M. (1991). Cell
surface, heparin-like molecules are required for binding of basic fibroblast
growth factor to its high affinity receptor. Cell 64, 841–848. doi: 10.1016/0092-
8674(91)90512-W

Yeh, B. K., Igarashi, M., Eliseenkova, A. V., Plotnikov, A. N., Sher, I., Ron, D.,
et al. (2003). Structural basis by which alternative splicing confers specificity in
fibroblast growth factor receptors. Proc. Natl. Acad. Sci. U.S.A. 100, 2266–2271.
doi: 10.1073/pnas.0436500100

Yu, K., Herr, A. B., Waksman, G., and Ornitz, D. M. (2000). Loss of fibroblast
growth factor receptor 2 ligand-binding specificity in apert syndrome. Proc.
Natl. Acad. Sci. U.S.A. 97, 14536–14541. doi: 10.1073/pnas.97.26.14536

Zhang, X., Ibrahimi, O. A., Olsen, S. K., Umemori, H., Mohammadi, M., and
Ornitz, D. M. (2006). Receptor specificity of the fibroblast growth factor family.
The complete mammalian FGF family. J. Biol. Chem. 281, 15694–15700.
doi: 10.1074/jbc.M601252200

Zhu, X., Komiya, H., Chirino, A., Faham, S., Fox, G. M., Arakawa, T., et al. (1991).
Three-dimensional structures of acidic and basic fibroblast growth factors.
Science 251, 90–93. doi: 10.1126/science.1702556

Zinkle, A., and Mohammadi, M. (2018). A threshold model for receptor tyrosine
kinase signaling specificity and cell fate determination. F1000Res 7:F1000
Faculty Rev-872. doi: 10.12688/f1000research.14143.1

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Zinkle and Mohammadi. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org 8 February 2019 | Volume 10 | Article 102149

https://doi.org/10.1074/jbc.271.25.15292
https://doi.org/10.1128/MCB.12.1.240
https://doi.org/10.1006/dbio.1993.1205
https://doi.org/10.1006/dbio.1993.1205
https://doi.org/10.1002/pro.5560070803
https://doi.org/10.1002/pro.5560070803
https://doi.org/10.1038/35008000
https://doi.org/10.1038/35008000
https://doi.org/10.1074/jbc.M006502200
https://doi.org/10.1016/S0092-8674(00)80851-X
https://doi.org/10.1016/S0092-8674(00)80851-X
https://doi.org/10.1016/S0092-8674(00)80051-3
https://doi.org/10.1126/science.1646484
https://doi.org/10.1074/jbc.270.50.29813
https://doi.org/10.1016/S1097-2765(00)00073-3
https://doi.org/10.1038/5096
https://doi.org/10.1074/jbc.M003293200
https://doi.org/10.1016/S0014-5793(03)00909-8
https://doi.org/10.1016/S0014-5793(03)00909-8
https://doi.org/10.1073/pnas.97.1.49
https://doi.org/10.1242/dev.01690
https://doi.org/10.1086/510920
https://doi.org/10.1111/j.1399-0004.2008.01004.x
https://doi.org/10.1038/nature09041
https://doi.org/10.1203/PDR.0b013e3181b45580
https://doi.org/10.1016/j.cell.2004.06.025
https://doi.org/10.1074/jbc.270.17.10222
https://doi.org/10.1016/j.cyto.2009.11.023
https://doi.org/10.1016/j.cyto.2009.11.023
https://doi.org/10.1038/ng0295-165
https://doi.org/10.1038/ng0295-165
https://doi.org/10.1016/0092-8674(91)90512-W
https://doi.org/10.1016/0092-8674(91)90512-W
https://doi.org/10.1073/pnas.0436500100
https://doi.org/10.1073/pnas.97.26.14536
https://doi.org/10.1074/jbc.M601252200
https://doi.org/10.1126/science.1702556
https://doi.org/10.12688/f1000research.14143.1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


Frontiers in Genetics | www.frontiersin.org 1 March 2019 | Volume 10 | Article 170

MINI REVIEW
published: 12 March 2019

doi: 10.3389/fgene.2019.00170

Edited by: 
Saverio Bellusci,  

University of Giessen, Germany

Reviewed by: 
Stijn De Langhe,  

University of Alabama at Birmingham, 
United States

Robbert J. Rottier,  
Erasmus University Rotterdam, 

Netherlands

*Correspondence: 
Denise Al Alam  

dalalam@chla.usc.edu

Specialty section: 
This article was submitted to  

Stem Cell Research,  
a section of the journal  

Frontiers in Genetics

Received: 21 December 2018
Accepted: 15 February 2019

Published: 12 March 2019

Citation:
Danopoulos S, Shiosaki J and  

Al Alam D (2019) FGF Signaling in 
Lung Development and Disease: 

Human Versus Mouse.
Front. Genet. 10:170.

doi: 10.3389/fgene.2019.00170

FGF Signaling in Lung Development 
and Disease: Human Versus Mouse
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Fibroblast growth factor 10 (FGF10) plays an important role in mouse lung development, 
injury, and repair. It is considered the main morphogen driving lung branching morphogenesis 
in rodents. While many studies have found FGF10 SNPs associated with COPD and 
branch variants in COPD smokers, there is no evidence of a causative role for FGF10 or 
these SNPs in human lung development and pediatric lung diseases. We and others have 
shown divergent roles for FGF10  in mouse lung development and early human lung 
development. Herein, we only review the existing literature on FGF signaling in human 
lung development and pediatric human lung diseases, comparing what is known in mouse 
lung to that in human lung.

Keywords: FGF10, human lung, development, disease, FGF signaling

INTRODUCTION

The mammalian lung is derived from invagination of the foregut endoderm that ultimately 
forms the primitive lung buds. These buds undergo a series of branching, proliferation, and 
differentiation to eventually become a fully functioning air exchange organ. Stages of lung 
development are thought to be  comparable among mammalian species, primarily between 
humans and rodents, thus making rodents a very widely used model to study lung development 
and disease. The knowledge gained from rodent studies has been crucial in advancing our 
understanding of basic biological processes in the lung. However, in light of the low success 
rate in clinical trials [14% reported in 2018 (Wong et  al., 2018)], the necessity to better 
understand human lung biology has become increasingly important.

Although there are numerous similarities between the mouse and human lung, many differences 
have also been noted at the structural, cellular, and molecular levels. Grossly, the structure, size, 
and scale of the lung are notably different between the two species. Although they are both five 
lobed units, the mouse lung comprises a single large left lobe and four right lobes (cranial lobe, 
middle lobe, caudal lobe, and accessory lobe), whereas the human lung has two left lobes (superior 
lobe of left lung and inferior lobe of left lung) and three right lobes (superior lobe of right lung, 
middle lobe of right lung, and inferior lobe of right lung). Embedded in these lobes is the highly 
structured, arborized, epithelial tree. Starting from the trachea as generation 0 and moving down 
to the bronchioles, the human lung contains a total of 17–21 branch generations, whereas in 
mouse, there are only 13–17 branch generations (Irvin and Bates, 2003). This also reflects differences 
in total lung capacity, alveolar numbers and volume. The total lung capacity is 6  ×  103  ml in 
adult humans compared to 1  ml in adult mouse (Irvin and Bates, 2003). The volume of one 
alveolus is 4.2  ×  106  μm3 in humans compared to 2.2  ×  104  μm3 in mouse (Wansleeben et  al., 
2013), and the estimated average number of alveoli is 4.8 × 108 in humans compared to 2.31 × 106 
in mouse (Ochs et  al., 2004; Knust et  al., 2009). In addition to the very apparent differences in 
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size and structure, there have also been multiple cellular and 
molecular differences that have been described during development 
and adulthood. For instance, cartilaginous rings are restricted 
to the trachea and main bronchi in mouse, whereas in humans, 
these extend into the bronchioles (Figure 1). Similarly, submucosal 
glands are only present in the upper part of the mouse trachea, 
whereas in humans, they extend further down into the respiratory 
bronchioles. Differences in epithelial structure and cell type 
distribution are further detailed in Figure 1. These changes in 
cellular composition result in different molecular interactions and 
expression patterns.

For years, it was well-established that the progenitor cell 
population of the proximal epithelium in the developing mouse 
lung is Sox2+, whereas that of the distal epithelium is solely 
Sox9+. We  and others have demonstrated that during the 
pseudoglandular stage of human lung development, the distal 
epithelial cells express a double positive SOX2/SOX9 progenitor 
cell population that is no longer present during the canalicular 
stage of development, suggesting its importance to human lung 
branching morphogenesis (Figure 2) (Nikolic et al., 2017; Miller 
et  al., 2018; Danopoulos et  al., 2018a). This difference of 
progenitor cell populations is accompanied by a change in 
smooth muscle cell expression. In mouse, ACTA2+ cells are 
primarily localized in the proximal region of the epithelium, 
surrounding the Sox2+ cells, whereas in humans, we  showed 
that the ACTA2+ cells extend to the most distal region of 
the developing lung, surrounding the SOX2+ cells of the 
proximal epithelium, as well as being located between the clefts 

of branch points, yet not extending into the region of the 
SOX2/SOX9 population (Figure 2) (Danopoulos et  al., 2018a). 
Nikolic et al. performed transcriptomic analyses of these SOX2/
SOX9 positive cells as well as SOX2 stalk cells and compared 
them to available transcriptomic data from mouse lung epithelial 
tips. The authors showed that the transcriptomic profile of 
these SOX2/SOX9 epithelial tips shares similarities with mouse 
epithelial tips, but more importantly, they showed that some 
genes were unique to mouse and others were unique to humans, 
claiming about 348 total unique genes in human lung tips 
(Nikolic et  al., 2017). These analyses were performed only in 
epithelial lung tip cells, excluding the many other cell types 
in the lung. Similar comparison and observations were also 
made by Miller et  al. (2018). Many of these molecular and 
cellular differences between mouse and human lung development 
are of great significance and may pertain to lung branching 
morphogenesis such as the SOX2/SOX9 double positive 
population shown to be  required for proper lung branching 
(Danopoulos et  al., 2018a).

Recent advances in human lung development and the in 
vitro models used for these studies have been recently reviewed 
by Nikolic et  al. (2018). Other reviews by Prince and Yuan 
et  al. have also extensively reviewed the role of FGF10  in 
lung development, homeostasis, and disease, across the life 
span and in animal models (Prince, 2018; Yuan et  al., 2018). 
In the present concise review, we mainly focus on FGF signaling 
during human lung development and congenital/pediatric human 
lung diseases.

FIGURE 1 | Differences in structure and cellular composition between human and mouse lungs. Cartilage rings (blue) extend into the bronchioles in human lungs 
but are present only in the trachea and bronchi in mouse. Submucosal glands (green) are limited to the trachea in mouse but are present into the smaller respiratory 
bronchioles in humans. In mouse, only the trachea and main stem bronchi are lined with pseudostratified epithelium, whereas in humans, all the conducting airways 
from the trachea to the bronchioles are lined with pseudostratified epithelium. Basal cells (purple) are found deeper into the bronchioles only in humans. The human 
lung consists of more goblet cells (dark blue) in the proximal epithelium, with Club cells (yellow) mostly restricted to the smaller airways. Conversely, the mouse lung 
contains more Club cells (yellow) through the trachea and bronchi, with less goblet cells throughout. Neuroendocrine cells (light blue) are present within the 
bronchioles in clusters in the mouse and isolated or in much smaller clusters throughout the entire epithelial tree in human. Club cells = yellow, Ciliated cells = pink, 
Basal cells = purple, Goblet cells = dark blue, Neuroendocrine cells = light blue.
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FGF FAMILY

Fibroblast growth factors are a family of growth factors described 
in many multicellular species such as xenopus, drosophila, 
zebrafish, rodents, and humans and are known to be  involved 
in a wide range of biological processes, including organogenesis, 
homeostasis, repair, and metabolism. There are 22 known FGFs 
in both human and mouse that have been divided into seven 
different subfamilies (FGF1, FGF4, FGF7, FGF8, FGF9, FGF11, 
and FGF15/19), which are categorized according to similarities 
in biochemical function, sequence, and evolutionary relationships 
(Ornitz and Itoh, 2015). The FGF1, FGF4, FGF7, FGF8, and 
FGF9 subfamilies are known as the canonical FGFs, suggesting 
that they function in a paracrine/autocrine manner, binding 
to one of the FGFRs (FGFR1-FGFR4, with FGFR1-FGFR3 
having a IIIb or IIIc splice variant), with heparin or heparan 
sulfate as a cofactor (Ornitz and Itoh, 2015). This in turn 
activates phosphorylation of a specific tyrosine residue on the 
FGFR, resulting in the initiation of downstream intracellular 
signaling pathway: RAS-MAPK, PI3K-AKT, PLCγ, or STAT. 
FGF10 is a canonical FGF and belongs to the FGF7 family 
(Furdui et al., 2006; Ornitz and Itoh, 2015). The FGF11 subfamily, 
consisting of FGF11, FGF12, FGF13, and FGF14, is categorized 
as the intracellular/intracrine FGFs, which as a result do not 
bind to any of the FGFRs (Olsen et  al., 2003). The members 
of this subfamily are associated with voltage-gated sodium 
channels and the regulation of neuron activity. The FGFs 
associated in the final subfamily (FGF15/19, FGF21, and 
FGF23),  the FGF15/19, are also known as the endocrine FGFs. 

This  is  where human and mouse differ in terms of FGF 
expression. In humans, there is no Fgf15, whereas in rodents 
(mice and rats), there is no expression of FGF19. Therefore, 
it is believed that Fgf15 and FGF19 are orthologous genes 
(Wright et  al., 2004). The endocrine FGFs do bind to FGFRs; 
however, in order to increase the affinity to the receptor, it 
is necessary to have the presence of an additional single pass 
transmembrane protein known as Klotho (alpha or beta) to 
act as a cofactor and ensure binding efficiency (Hu et  al., 
2013). With the presence of 22 different ligands and 4 receptors, 
not including the different isoforms, it is quite evident that 
FGF signaling is very complex.

FGFS AND FGFRS MUTATIONS ARE 
ASSOCIATED WITH HUMAN LUNG 
DISEASES

Although there is a clear association between Fgf10 mutations 
and lung malformation in mouse, such is not evident in humans. 
The two most familiar conditions associated with human FGF10 
mutations are autosomal dominant aplasia of lacrimal and 
salivary glands (ALSG) (Entesarian et  al., 2005; Seymen et  al., 
2017) and lacrimo-auriculo-dento-digital syndrome (LADD) 
(Milunsky et  al., 2006; Rohmann et  al., 2006), with both 
conditions lacking a primary lung complication. LADD patients 
also harbor mutations in the FGFR2 and FGFR3 genes (Rohmann 
et al., 2006), suggesting that additional FGFs may be contributing 

FIGURE 2 | Schematic depiction of the differential expression of SOX2, SOX9, ACTA2, and FGF10 between the developing human and mouse lung during the 
pseudoglandular stage. SOX2/SOX9 double positive progenitor cells are present in the distal epithelial tips of the human lung, whereas only SOX9+ cells are present 
in the distal tips of the mouse. ACTA2+ smooth muscle cells are found in both human and mouse surrounding the proximal airway, but extend more distally into the 
human lung and are closely associated with SOX2+ cells only, they are also in human at the bifurcation of the branch tips. In mouse lung, Fgf10 is highly expressed 
in the mesenchyme adjacent to the epithelial tips and in the smooth muscle cells surrounding the airways; whereas in humans FGF10+ cells are found dispersed 
throughout the mesenchyme with little expression in the smooth muscle cells.
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factors to the syndrome. Although one study demonstrated 
that ALSG patients displayed lower lung function (reduced 
FEV1) and irreversible airway obstruction consistent with 
chronic obstructive pulmonary disease (COPD) (Klar et  al., 
2011), 6 of the 12 patients studied had asthma and another 
four had other allergies. Therefore, it is unclear whether lung 
function changes were a direct cause of FGF10 mutations or 
other unrelated factors. Furthermore, none of these patients 
were diagnosed with lung malformation (Klar et  al., 2011). 
Another study suggested that single nucleotide polymorphisms 
(SNPs) in the FGF10 gene may be  associated with COPD 
(Ren et  al., 2013). Interestingly, it has also been shown that 
FGF10 SNPs are associated with airway branch variants, where 
the right medial basal segmental airway was absent in smoker 
COPD patients but remained unaffected in nonsmoker COPD 
patients (Smith et al., 2018). In addition, significant associations 
between lung function and SNPs in the FGF10 gene have 
been found (Jackson et  al., 2018). However, combined, these 
studies still do not establish a direct causative role for FGF10 
mutations/SNPs in human congenital lung malformations, 
specifically in branching defects. Importantly, the effect of these 
SNPs on FGF10 gene expression is unclear. A recent study 
by Karolak et  al. demonstrated the presence of rare FGF10 
and TBX4 mutations in lethal pulmonary acinar dyslasia and 
alveolar dysplasia (Karolak et  al., 2019). They showed that 
FGF10 mutations or SNPs are mostly associated with alveolar 
dysplasia occurring past the pseudoglandular stage of 
development. However, the study suggested that these mutations 
alone are not sufficient to cause these severe lung phenotypes 
but rather support complex compound inheritance of additional 
noncoding variants or a genetic modifiers other places in the 
genome (Karolak et  al., 2019). Finally, one cannot exclude 
that homozygous mutations in FGF10 might cause yet 
undocumented lethality in early fetal life.

Alternatively, FGF receptors have been associated with lung 
or airway anomalies. Activating mutations of FGFR2 cause Crouzon, 
Apert, and Pfeiffer syndromes (Robertson et  al., 1998). While 
these syndromes are primarily characterized by craniofacial and 
skeletal defects, defects in tracheal cartilaginous ring formation 
resulting in mortality due to respiratory distress have also been 
reported (Devine et al., 1984; Cinalli et  al., 1995; Gonzales et  al., 
2005). In these patients, the only lung associated deficiency 
witnessed is a cartilaginous sleeve that surrounds the trachea 
with no visible cartilage rings. In contrast, homozygous FGFR2 
loss of function mutation (p.R255Q) results in ectrodactyly and 
pulmonary acinar dysplasia, a rare congenital lung malformation 
characterized by in utero arrest of lung development at the 
pseudoglandular stage (Barnett et  al., 2016). This suggests that 
FGFR2 signaling plays a key role in the progression of lung 
development from the pseudoglandular stage onwards. However, 
it is unclear which FGFR2 ligands are responsible for this effect.

Moreover, SNPs in the FGFR4 gene were shown to be associated 
with bronchopulmonary dysplasia (BPD) and respiratory distress 
syndrome (RDS), whereas SNPs in the FGFR2 gene had no 
association with neither BPD nor RDS (Rezvani et  al., 2013). 
SNPs in FGF3 and FGF7 but not FGF2, FGF4, or FGF18 showed 
associations with RDS only but not BPD (Rezvani et  al., 2013). 

These findings suggest FGFR4, FGF3, and FGF7 play an important 
role in human distal lung growth.

FGF10  IN HUMAN LUNG 
DEVELOPMENT

Several FGF ligands and receptors have been shown to play 
important roles in organogenesis of multiple organ systems 
including the lung. In particular, Fgf10 has been shown to 
be the main morphogen driving lung branching morphogenesis 
in mouse. Absence of Fgf10 or its receptor Fgfr2b results in 
complete lung agenesis in mouse (Sekine et  al., 1999; De 
Moerlooze et al., 2000). Until recently, the temporal and spatial 
expression of FGF10 and its receptors in the developing human 
lung were unknown. We  showed that FGF10 is expressed 
throughout human lung development from 10 weeks of gestation 
up to 21  weeks of gestation (Al Alam et  al., 2015; Danopoulos 
et  al., 2018b). Unlike mouse where Fgf10 expression increases 
during the pseudoglandular stage, in humans, FGF10 expression 
was stable in the pseudoglandular stage and increased significantly 
in the canalicular stage (Al Alam et  al., 2015; Danopoulos 
et  al., 2018b). Fluorescent in situ hybridization allowed us to 
assess the spatial distribution of FGF10 in the developing 
human lung and we showed that FGF10 is expressed throughout 
the lung parenchyma with some expression in the airway and 
vascular smooth muscle cells (Danopoulos et  al., 2018b). This 
expression was different than what has been described in mouse 
where Fgf10 is abundantly expressed in the distal mesenchyme 
adjacent to epithelial buds (Bellusci et al., 1997). FGF10 receptors, 
FGFR1 and FGFR2, are expressed in both epithelium and 
mesenchyme of the human developing lung between 11–18 weeks 
of gestation (Danopoulos et al., 2018b) with a stronger expression 
of FGFR2 in the distal epithelium as compared to proximal 
epithelium, comparable to what is observed in mouse. The 
importance of FGF10 localization for directed branching has 
been reported in several mouse studies (Bellusci et  al., 1997; 
Hirashima et al., 2009; Makarenkova et al., 2009) though others 
suggest that this localization is not important for the branching 
process (Volckaert et  al., 2013).

The role of FGF10 in human lung development was unexplored 
until recently, and it remains incompletely understood. A report 
by Graeff et  al. in 1999 showed that FGF7 and FGF10 both 
induced liquid secretion and enlargement in distal tips in 
human fetal lung explants cultured in vitro (Graeff et al., 1999). 
In mouse lung explants in vitro, FGF10 induces branch formation 
and allows the maintenance of the proximal-distal patterning 
characterized by SOX2 expression proximally and SOX9 
expression distally (Volckaert et al., 2013). We performed more 
in depth analyses of the effect of FGF10, but also FGF7 and 
FGF9 on human lung explants cultured in  vitro. 
We  demonstrated, similar to the previous work, that FGF10 
induces distal bud cysting and inhibits branching in human 
lung explants in  vitro (Danopoulos et  al., 2018b). Moreover, 
FGF10 does not modulate proliferation of either the epithelium 
or the mesenchyme following 48  hours culture in  vitro 
(Danopoulos et  al., 2018b); though an increase in p-ERK was 
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seen, demonstrating that FGF10 successfully binds to its 
receptor(s) and induces downstream signaling activation in our 
culture conditions. Other groups have used in  vitro organoid 
cultures from 12 weeks post conception human fetal lung distal 
epithelial tips to assess the role of growth factors on growth, 
branching, and self-renewal (Nikolic et  al., 2017; Miller et  al., 
2018). Miller et  al. initially showed that these organoids grow 
and expand up to 6 weeks in presence of FGF7, CHIR99021 
(GSK3 inhibitor), retinoic acid (RA), and FGF10. However, 
removal of FGF10 alone from the media did not affect the 
growth or expression of the distal tip markers SOX2 and SOX9, 
suggesting that FGF10 is dispensable for the maintenance and 
growth of these human bud tips. Similar results were obtained 
on organoids derived from human pluripotent stem cells (hPSCs) 
(Miller et al., 2018). Nikolic et al. grew 5–9 weeks postconception 
human fetal lung tips with a combination of 7 factors (EGF, 
FGF7, FGF10, NOGGIN, RSPO1, CHIR99021, and the TGFβ 
inhibitor SB431542) (Nikolic et  al., 2017). They showed that 
removal of FGF10 from the culture media at day 13 (during 
the branching period) did not affect the initial establishment 
of the organoid. Following passaging of the organoids, withdrawal 
of FGF10 only at day 6 of culture (when organoids are spherical) 
for 3 days did not alter organoid morphology or RNA expression 
of SOX2 and SOX9, whereas a decrease in SOX2/SOX9 double 
positive cells was seen by IF. Taken together, these studies 
suggest that FGF10 is not required for the initial establishment 
of SOX2/SOX9 double positive progenitors and for human lung 
branching, while FGF signaling is important in this process. 
However, both of these studies used a GSK3 inhibitor CHIR99021 
that could possibly compensate for the removal of FGF10, as 
FGF10 is a major activator of ß-catenin signaling. Interestingly, 
a more recent study showed that treatment of foregut spheroids 
with 1% serum and high concentrations of FGF10 was sufficient 
to the generation of lung organoids containing airway like 
structures, mesenchymal cells, and cells expressing alveolar 
epithelial cells type I  and type II markers (Miller et  al., 2019). 
But, FGF10 alone was not sufficient to give rise to the bud 
tip progenitor population co-expressing SOX2 and SOX9. 
Together, this suggests an important role for FGF10 signaling 
in later stages of human lung development, more specifically 
the establishment of the distal fate past the pseudoglandular 
into canalicular stage and alveolar formation, as well as during 
the differentiation of airway epithelial cells. Furthermore, it is 
still unclear whether another FGF ligand or a combination of 
ligands plays the role in human lung branching that FGF10 
plays in mouse lung branching.

FGF10  IN PEDIATRIC HUMAN LUNG 
DISEASES

Whereas FGF10 mutations alone may not be sufficient to cause 
severe human lung malformations or congenital lung disease, 
alterations in FGF10 expression have been described in 
bronchopulmonary dysplasia (BPD). The number of mesenchymal 
cells staining positive for FGF10 was decreased in the lung 
of BPD patients as compared to controls (Benjamin et  al., 

2007). In contrast, two independent GWAS studies found no 
association between BPD and FGF10 SNPs and no change in 
FGF10 gene expression between BPD and controls (Bhattacharya 
et  al., 2012; Li et  al., 2015; Hamvas et  al., 2018). Additionally, 
in congenital cystic adenomatoid malformation (CCAM), FGF10, 
FGF7, and FGFR2 gene levels are unchanged in the lung 
mesenchyme (Cass et al., 1998; Jancelewicz et al., 2008), whereas 
epithelial FGF9 expression is increased 4-fold in the CCAM 
samples compared to controls (Jancelewicz et  al., 2008). 
Furthermore, there is no evidence of altered FGF10 expression 
or signaling in human congenital small lung or lung hypoplasia, 
although its expression is different in mouse and rat experimental 
models of hypoplasia (Teramoto et al., 2003; Wang et al., 2018). 
However, a decrease in FGF18 expression has been described 
in hypoplastic lungs from patients with congenital diaphragmatic 
hernia (Boucherat et al., 2007). In cystic fibrosis, fluid secretion 
and transport defects play an important role in the pathogenesis 
of the disease. While there is no clear evidence in human 
data sets of a role for FGF10 and/or FGF10 signaling in cystic 
fibrosis, studies in pig models showed that FGF10 treatment 
induced fluid secretion in non-CF fetal lung explants but was 
unable to do so in CF fetal lung explants (Meyerholz et  al., 
2018), suggesting that FGF10 signaling may play an important 
role in the pathogenesis of the disease.

CONCLUSION

The role of FGF10 signaling in human lung development and 
disease remains poorly understood. Despite the limitations 
associated with the use and manipulation of human tissues, 
studies in human development and disease are necessary to 
better understand the role of FGF10 and other pathways that 
have been shown to be  important in mouse, e.g., FGF, Wnt, 
and Hippo pathways. The disappointingly high failure rate of 
clinical trials has made studying human tissues critical, along 
with the necessity to accelerate the development of therapies 
for pediatric lung diseases. FGF10, under the drug name 
Repifermin, failed to prove efficacy in clinical trials for wound 
healing, mucositis, and ulcerative colitis (Freytes et  al., 2004), 
though it had highly protective and therapeutic effects in animal 
models. Understanding the role of FGF signaling in human 
lung development and disease will help tailor its possible 
therapeutic effects and targets, if any, to the appropriate site 
of action and patient population.
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Members of the PEA3 transcription factors are emerging as bone fide targets for

fibroblast growth factor (FGF) signaling. Among them, ETV4 and ETV5 appear to

mediate FGF10 signaling during early embryonic lung development. In this paper,

recently obtained Tg(Etv4-GFP) and Etv5CreERT2−RFP fluorescent reporter lines were

generally characterized during early embryonic development and in the context of

FGF10 signaling, in particular. We found that both Tg(Etv4-GFP) and Etv5CreERT2−RFP

were primarily expressed in the epithelium of the lung during embryonic development.

However, the expression of Etv5CreERT2−RFP was much higher than that of Tg(Etv4-GFP),

and continued to increase during development, whereas Tg(Etv4-GFP) decreased. The

expression patterns of the surrogate fluorescent protein GFP and RFP for ETV4 and

ETV5, respectively, agreed with known regions of FGF10 signaling in various developing

organs, including the lung, where ETV4-GFP was seen primarily in the distal epithelium

and to a lesser extent in the surrounding mesenchyme. As expected, ETV5-RFP was

restricted to the lung epithelium, showing a decreasing expression pattern from distal

buds to proximal conducting airways. FGF10 inhibition experiments confirmed that both

Etv4 and Etv5 are downstream of FGF10 signaling. Finally, we also validated that both

fluorescent reporters responded to FGF10 inhibition in vitro. In conclusion, these two

reporter lines appear to be promising tools to monitor FGF10/FGFR2b signaling in early

lung development. These tools will have to be further validated at later stages and in

other organs of interest.
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INTRODUCTION

PEA3 transcription factors are a subfamily of the E26
transformation-specific (ETS) transcription factor family
consisting of three members: ETV1 (also known as Er81), ETV4
(also known as PEA3), and ETV5 (also known as ERM) (reviewed
by Sharrocks et al., 1997). Evidence from multiple studies has
demonstrated that ETV4 and ETV5 are primary mediators of
fibroblast growth factor (FGF) signaling via fibroblast growth
factor receptor 2b (FGFR2b), and play overlapping roles in the
patterning, morphogenesis, differentiation, and homeostasis of
multiple organs and structures. For example, ETV4 and ETV5
have been shown to repress Shh expression in mouse limb buds,
thus promoting bud outgrowth and proper anterior-posterior
patterning (Mao et al., 2009; Zhang et al., 2009); studies in
the mouse lung have shown that ETV4- and ETV5-mediated
induction of Shh appear to regulate branching morphogenesis
(Herriges et al., 2015); furthermore, ETV5 was shown to
maintain alveolar type 2 (AT2) cell identity during mouse lung

homeostasis and repair after injury, and has been implicated in
lung tumorigenesis (Zhang et al., 2017); during development
of the lacrimal gland in mice, it was demonstrated that PEA3
transcription factors control epithelial cell fate determination
(Garg et al., 2018); in the kidney as well, research has shown
that ETV4 and ETV5 play a wide range of functions within
multiple signaling pathways, including FGF signaling, to regulate
Wolffian duct and ureteric bud morphogenesis (Kuure et al.,
2010); finally, a study in zebrafish has found that knocking down
Etv4 and Etv5 resulted in embryonic abnormalities similar to a
loss of FGF signaling, including cardiac, and left/right patterning
defects (Znosko et al., 2010).

Lung organogenesis is a complex process involving a number
of signaling pathways, and is divided into distinct stages
comprising embryonic (E) and postnatal (P) development. In
the mouse, these stages include the pseudoglandular stage (E9.5–
16.5), the canalicular stage (E16.5–17.5), the saccular stage
(E17.5–P5), and the alveolar stage (P5–P30) (reviewed in Chao
et al., 2015). During each of the embryonic and postnatal
stages, FGF signaling plays critical roles. For instance, during
the pseudoglandular stage of lung development, the majority of
the lung architecture is established via branching morphogenesis,
and also most of the epithelial and mesenchymal cell types are
formed (reviewed in El Agha and Bellusci, 2014). Disruption of
FGFR2b signaling during this stage leads to morphological and
differentiation defects (Bellusci et al., 1997b), while either Fgf10-
or Fgfr2b-null embryos display complete lung agenesis (Sekine
et al., 1999; De Moerlooze et al., 2000).

Another critical signaling pathway during pseudoglandular
lung development is the sonic hedgehog (SHH) pathway.
SHH is a negative regulator of Fgf10 expression in the distal
mesenchyme, and serves to limit the action of FGF10/FGFR2b
signaling (Bellusci et al., 1997a). Recent studies propose that
FGF10 acts on SHH via ETV4 and ETV5, creating an
FGF10/ETV4/ETV5/SHH axis required for orchestrating proper
branching morphogenesis (Herriges et al., 2015). It is unclear,
however, how FGF10 acts on ETV4 and ETV5; whether it
acts directly to regulate the expression of these transcription

factors, for example, or whether these are regulated indirectly via
another pathway.

To aid the study of the role of ETV4 and ETV5 during
organogenesis, two transgenic reporter mice have recently
been developed, Tg(Etv4-GFP) (Lamballe et al., 2011) and
Etv5CreERT2−RFP (also referred to as Etv5RFP). These lines report,
via green and red fluorescent markers, the expression of Etv4
and Etv5, respectively. Furthermore, Etv5CreERT2−RFP can be used
to drive inducible genetic recombination in Etv5 positive cells,
upon administration of tamoxifen. These lines can, therefore,
potentially be used as invaluable research tools to study the role
of ETV4 and ETV5 during the development of multiple organs,
especially in the context of FGF signaling.

In this paper, we characterize these two reporter mouse
lines during early embryogenesis (up to E16.5). We report the
areas and organs of expression of ETV4-GFP and ETV5-RFP
in the mouse embryo. We then focus on the expression of
Etv4 and Etv5 in isolated embryonic lung mesenchyme and
epithelium as well as the dynamic expression of the ETV4-GFP
and ETV5-RFP protein during pseudoglandular development.
Finally, various FGF10 inhibition experiments were carried out
in vitro to determine the impact on the expression of ETV4-GFP
and ETV5-RFP activity.

MATERIALS AND METHODS

Animal Husbandry and Experimental
Embryos
All animals were housed in a specific-pathogen-free (SPF)
facility in accordance with local, state, and national laws. Timed
pregnancies were set-up to obtain experimental embryos for
analysis at the desired embryonic stage (from E9.5 to E18.5).
Noon on the day of the vaginal plug was considered E0.5.

To obtain experimental and littermate control
embryos, mice heterozygous for Etv5CreERT2−RFP (B6.Cg-
Etv5<tm1(cre/ERT2)Brst>), or hemizygous for Tg(Etv4-GFP)
(B6-Tg(Etv4/EGFP)4Fhel) (Lamballe et al., 2011), were crossed
with wild type mice. Embryos were harvested at the desired
embryonic stage. Briefly, pregnant females were sacrificed
with an overdose of pentobarbital sodium (dosage: 0.4mg
pentobarbital / g mouse weight), embryos removed, and washed
in PBS for ∼2min. Organs were dissected under a stereoscope
and positioned for imaging.

DNA was extracted from tails and limbs following basic
lab procedures and prepared for PCR-based genotyping. The
Tg(Etv4-GFP) gene was detected using the following primer
sequences: Forward−5′-GGA ATC TTG GGC CTT GAG AAC
AGC-3′; reverse−5′-CGC TGA ACT TGT GGC CGT TTA CG-
3′. The cycling protocol was as follows: denaturation at 94◦C
for 3min; 40 cycles of denaturation at 94◦C for 15 s, annealing
at 60◦C for 30 s, and extension at 72◦C for 1min; finish with
a final extension at 72◦C for 5min. The Etv5CreERT2−RFP gene
as well as the wild type Etv5, was detected using the following
primer sequences: Etv5CreERT2−RFP forward−5′-TCG ATG CAA
CGA GTG ATG AG-3′; Etv5CreERT2−RFP reverse−5′-TTC GGC
TAT ACG TAA CAG GGT-3′; Etv5 forward−5′-AAA GAG
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GAA CGC GGT CTG AG-3′; Etv5 reverse−5′-CCA GCT GAG
TCT CGT GTG AT-3′. The cycling protocol was as follows:
denaturation at 95◦C for 3min; 30 cycles of denaturation at 94◦C
for 30 s, annealing at 60◦C for 30 s, and elongation at 72◦C for
80 s. Product bands were detected by capillary gel electrophoresis.

FACS-based Isolation of Epithelial and
Mesenchymal Cells
Lungs from embryonic mice were dissected at desired time points
(E14.5, E16.5, and E18.5), and transferred to ice-cold Hank’s
Balanced Salt Solution (HBSS). Lungs were finely chopped with
a sterile razor blade on a glass plate. The tissue was then added
to a falcon tube and digested in 0.5% collagenase at 37◦C for
45min, with constant mixing. Single cell suspensions were made
by successively flushing the samples through 18, 20, and 24 g
grade needles and then filtering the samples through 70 and
40µm nylon strainers (BD Biosciences). The cell suspensions
were diluted with 5ml HBSS and centrifuged at 12,000 rpm
for 5min. and the supernatant was discarded. The pellet was
resuspended in 10µl blocking buffer and the following antibodies
were added: 488-CD31 (1:50); FITC-CD45 (1:50); and Apc Cy7
EpCam (Epithelial cell adhesion molecule) (1:50) (Biolegend),
for 20min at 4◦C. The samples were washed 2x with 100 µl
FACS buffer and centrifuged at 12,000 rpm for 5min at 4◦C. The
supernatant was discarded. The pellet was resuspended in 100 µl
FACS buffer.

Cell sorting and isolation was performed using the
FACSAriaTM III (BD Biosciences) cell sorter. Alveolar epithelial
cells were identified as CD45−ve/CD31−ve/ Epcam+ve and
mesenchymal cells as CD45−ve/CD31−ve/ Epcam−ve. Cells were
sorted through a flow chamber with a 100-µm nozzle tip under
25 psi sheath fluid pressure. Isolated cells were used for RNA
isolation. As a main criterion for gating, we used the settings
allowing to capture 98% of the cells in the isotype control and
then we applied these gating conditions to the stained cells.

RT-qPCR
Either FACS-isolated cells, or embryonic lungs were lysed in
Qiazol lysis reagent, and total RNA isolated using a miRNeasy
mini RNA extraction kit according to the manufacturer’s
instructions (Qiagen). Please note that from cell dissociation to
RNA isolation, the process takes 3–4 h. Our results indicate that
there is very little variability between samples from the same time
point and same group (epithelium or mesenchyme).

Up to 1 µg RNA was reverse-transcribed using the
QuantiTect reverse transcription kit (Qiagen). cDNA was
used to specifically amplify the desired DNA sequence
by quantitative PCR (qPCR). Primers were designed to
amplify specific mature mRNAs using NCBI’s primer-BLAST
option (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)
(last accessed, 01-08-2018). Primers were further validated
by PCR-based gel electrophoresis. The following primer
sequences were used: Etv4 (FWD-5′-CAGACTTCGCCTAC
GACTCA-3′; REV-5′- GCCATAACCCATCACTCCAT-3′); Etv5
(FWD-5′-GTGGCCGCTCAGGAGTA-3′; REV-5′-GTGCTTC
CTTCCAAAGTCTCCG CT-3′); RFP (FWD-5′-GCGTGATG
AACTTCGAGGAC-3′; REV-5′-TTCACCTTG TAGATC

AGCGTG-3′); Hprt (FWD-5′-CCTAAGATGAGCGCAAGTT
GAA-3′; REV-5′-CCACAGGACTAGAACACCTGCTAA-3′).

qPCR reaction mixtures were set up using the PowerUp
SYBR Green Master Mix kit following the manufacturer’s
instructions (Thermo Fisher). Samples were run with three
technical replicates on a LightCycler 480II (Roche) using the
following protocol: UDG activation at 50◦C for 2min; DNA
polymerase activation at 95◦C for 2min; and 40 cycles of
denaturation at 95◦C for 15 s, annealing at 60◦C for 15 s, and
extension at 72◦C for 1min. To validate amplification specificity,
a dissociation step was also included for each sample. Threshold
cycles (Ct) were calculated and used for relative expression
analyses, using mouse Hprt as the reference gene.

1Ct and 11Ct values were calculated according to the
following formulas:

1Ct = CtReference − Ctgeneof interest

Note, this equation accounts for the fact that Ct is proportional
to the –log of gene expression. 1Ct is therefore positively related
to the expression of the gene of interest.

Expression relative to Hprt = 21Ct

11CtExperimental−control = Mean1CtExperimental −Mean1CtControl

Unpaired two-tailed Student’s t-tests were performed on the
1Ct values, which can be assumed to be normally distributed.
Number of “n” form of graphical representation, and significance
level is indicated either in the figures or in the figure legends.

Lung Explant Culture for in vitro

Experiments
Embryonic lungs used for in vitro experiments were obtained
either from genetically modified embryos generated as described
above, or from C57BL/6 wild-type embryos.

Embryonic lungs were dissected and cultured on 13mm
Whitman Track-Etch polycarbonate membranes, with 8.0µm
pores (Merck) positioned atop DMEM culture medium in a
24-well culture dish [medium contained: Dulbecco’s Modified
Eagle Medium (1x DMEM), supplemented with D-Glucose,
L-Glutamine, HEPES, Pyruvate, and Phenol red (Gibco), 10%
fetal bovine serum (FBS), 1% penicillin (10,000 units/ml)-
streptomycin (10 mg/ml)]. Lungs were incubated at 5% CO2

and 37◦C for ∼45min to allow them to settle. At the desired
time, recombinant FGF7 (50 ng/ml), FGF10 (250 ng/ml), soluble
FGFR2b (5µg/ml) (R and D Systems), or anti-FGF10 blocking
antibody (20µg/ml) (Santa Cruz Biotechnology) was added
to the experimental lungs (as described in Sakaue et al.,
2002), while the vehicle was added to control samples. Lungs
were incubated at 5% CO2 and 37◦C for the duration of
the experiment.

In vivo Model to Inhibit FGFR2b Signaling
In vivo studies were conducted using an inducible dominant
negative mouse model: Rosa26rtTA/+; Tg(tetO-Fgfr2b)/+
(B6-Cg-Gt(ROSA)26Sortm1.1(rtTA,EGFP)Nagy Tg(tetO-Fgfr2b/
lgh)1.3Jaw/sbel). Doxycycline was administered via
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intraperitoneal injection to timed-pregnant females, as
previously described (Danopoulos et al., 2013).

Imaging Acquisition and Measurements
Brightfield images of lungs from in vivo and in vitro experiments
were captured either on a Leica MZ 125 stereoscopic dissecting
microscope using a Spot Insight 2.0MpColorMosaic camera and
Spot 4.5.9 imaging software, or were obtained from live imaging
experiments using a Leica DM6000B inverted microscope,
DFC 305FX camera, and Leica Application Suite Advanced
Fluorescence imaging software. Fluorescence intensities were
quantified using FIJI software (version 2.0.0-rc-68/1.52 g).

Branching was quantified by counting and averaging the distal
tips of the left lobe of control and experimental samples at 0 and
24 h. These groups were analyzed using a two-factorial quasi-
Poisson model, with the dispersion parameter estimated as 0.317.
Differences were considered statistically significant at p < 0.05.

Gene Expression Patterns
To assess the expression patterns of genes in early stage
embryonic lungs (E14.5), the online database genepaint.org was
used (last accessed 01-08-2018). Each of the genes significantly
regulated in our in vivo studies was entered in genepaint. The
whole embryo section displaying the clearest gene expression in
the lung, along with a magnification of the lung itself, was chosen
for the figures.

RESULTS AND DISCUSSION

Tg(Etv4-GFP) Expression During Early
Embryonic Development
The Tg(Etv4-GFP) mouse line was created by Lamballe et al.
(2011). These researchers used a bacterial artificial chromosome
containing the Etv4 gene fused with a green fluorescent protein
gene (GFP) in frame with exon 9, to generate the Tg(Etv4-GFP)
transgenic mouse line (Figure 1A). In the process, exons 10–12
of the Etv4 construct were deleted. Thus, the randomly inserted
Tg(Etv4-GFP) transgene is non-functional, and does not interfere
with endogenous Etv4 activity.

To characterize Tg(Etv4-GFP) expression in various organs
during development, embryos were generated at different stages
(E9.5, E11.5, E12.5, and E13.5). Tg(Etv4-GFP) was crossed with
wild type mice to generate controls (Etv4+/+) and transgenic
embryos (Tg(Etv4-GFP)/+) at different developmental stages.
Figure 1B shows the PCR-based strategy designed to detect
the band corresponding to the presence of the transgene (see
sequence of the primers in materials and methods). Figure 1C
shows embryos negative for GFP (Figures 1Ca,g,n,u) and
positive for GFP (Figures 1Cb,r,h,v) at different developmental
stages. At E9.5, GFP was detected in the nasal placode,
the mandibullary and maxillary processes, and at the mid-
brain/hindbrain junction (Figures 1Cc), the anterior limb
bud and the mammary line (Figures 1Ce), the otic placode
(Figures 1Cd), and the tail bud (Figures 1Cf). Similar expression
sites were found at E11.5 (Figures 1Ch–l). Close examination
of the lung indicated that GFP was expressed specifically at the
tips in the epithelium and mesenchyme (Figures 1Cm). This

expression overlaps with the previously reported endogenous
Etv4 expression in the E12.5 lung (Yin et al., 2011). At
E12.5, the external expression of GFP did not appear as
specific. However, upon dissection of internal organs, GFP was
enriched in the posterior (glandular) stomach (Figures 1Co),
the developing kidneys (Figures 1Cq), the epithelium of the
cecum (Figures 1Cs), and the lung epithelium and mesenchyme
(Figures 1Ct, see also insert in figure 1t). At E13.5, GFP was
found in similar places (Figures 1Cw,y,z). In addition, GFP was
located at the tip of the forming digits (Figures 1Cx).

Etv5CreERT2−RFP/+ Expression During Early
Embryonic Development
The Etv5CreERT2−RFP/+ mouse line was recently generated by
Barry Stripp (Cedars-SinaiMedical Center, Los Angeles, USA). In
this line, a knock-in ofCreERT2/RFP in the 3′ untranslated region
of the Etv5 gene was carried in embryonic stem cells (Figure 1D).
Recombinant clones were used to generate Etv5CreERT2−RFP/+

knock-in mice. Figure 1E shows the PCR based strategy to detect
the presence of the Etv5RFP knock in allele in heterozygous or
homozygous embryos (see sequence of the primers in materials
and methods). We performed a similar characterization on this
line as we did on the Tg(Etv4-GFP)mouse line.

Etv5CreERT2−RFP/+ mice were crossed with wild type mice
to generate controls (Etv5+/+) and heterozygous embryos
(Etv5CreERT2−RFP/+) at different developmental stages. During
the E9.5 and E11.5 stages, RFP expression was general
throughout the embryo (Figures 1Fa,g). At E9.5, expression was
seen in the heart (Figures 1Fb), otic placode (Figures 1Fd), and
nasal placode (Figures 1Fc). Expression in the tail was seen
at E9.5 and E11.5 (Figures 1Ff,k), and in limb buds, limbs
and the tips of forming digits in all stages (Figures 1Ff,h,q,w).
Expression was seen in whisker regions (Figures 1Fn,t). After
dissection, RFP was found to be enriched in the anterior stomach
(Figures 1Fp), kidneys (Figures 1Frx), and epithelium of the
cecum (Figures 1Fj,v). The expression of RFP in the lung at
E11.5 did not appear enriched in the epithelium (Figures 1Fl).
However, in later stages, RFP expression did appear enriched
in the epithelium (Figures 1Fo,s,u), not only distally, but
throughout the epithelium, with the expression disappearing
in the main bronchi and trachea (e.g., Figures 1Fo,s, see also
Figures 4, 6).

Expression of Etv4 and Etv5 During
Embryonic Lung Development
To assess the relative expression of Etv4 and Etv5 during
embryonic lung development, epithelial and mesenchymal cells
from embryonic wild type mouse lungs were separated using
FACS at different stages (E14.5, E16.5, and E18.5). Please
note that while our protocol allows excluding the CD31-
positive endothelium and CD45-positive hematopoietic cells,
the isolated mesenchyme (negative for the surface marker
Epcam, an epithelial cell adhesion molecule used to isolate
epithelial cells) was a mixture of nerve cells, smooth muscle
cells, mesothelial cells and resident mesenchymal cells. RNA
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FIGURE 1 | Early embryonic expression of ETV4-GFP and ETV5-RFP (A) Tg(Etv4-GFP) genetic construct. (B) Genotype detecting the Tg(Etv4-GFP) transgene at

∼400 bp. (C) ETV4-GFP expression pattern in various embryonic organs at E9.5 (a–f), E11.5 (g–m), E12.5 (n–t), and E13.5 (u–z). See text for details. Note the

increased expression of ETV4-GFP in the distal tips of the lung (see inset in “t,” and “z”). Scale bar: (a,b,g,h,n,r,u,v) 2.5mm; (c–f,i–l,o–q,s,y) 500µm; (w,x) 750µm;

(t,m,z) 1,000µm. (D) Etv5RFP genetic construct. (E) Genotype detecting the Etv5RFP transgene at ∼450 bp and the wild type Etv5 at ∼827 bp. (F) ETV5-RFP

expression pattern in various embryonic organs at E9.5 (a–f), E11.5 (g–l), E12.5 (o–r), and E14.5 (s–x). Please note that the Etv5+/+ lungs do not show any

autofluorescence (Figure 1Fm). See text for details. Note the differential expression level of ETV5-RFP in the distal lung epithelium vs. the proximal conducting airways

(see “o” and “s”). Scale bar: (a,i,n,t) 1mm; (b) 250µm; (c,d,f,h,j,l,m,o,q-s,u,w,x) 500µm; (e) 100µm; (g) 2.5mm; (k,p,v) 750 µm.

was extracted from the Epcam-positive (epithelial) and Epcam-
negative (mesenchymal) cells and qPCR analysis was performed
(Figure 2A). Etv4 expression was seen in both the mesenchyme
and epithelium during embryonic development. At E14.5, Etv4
was more highly expressed in the epithelium than in the
mesenchyme. However, at later stages (E16.5 and E18.5), Etv4

expression decreased in the epitheliumwhile remaining relatively
constant in the mesenchyme (Figure 2B).

Etv5 was likewise expressed in both the mesenchymal and
epithelial compartments throughout embryonic development.
However, its expression in the epithelium was much higher
than in the mesenchyme (around 10 times higher at E14.5,
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FIGURE 2 | Expression of Etv4 and Etv5 in isolated embryonic lung epithelium and mesenchyme (A) Experimental design for the FACS-based isolation of embryonic

lung epithelial and mesenchymal cells at E14.5 (n = 4; 44.88 ± 17.54 ng/µl RNA from epithelial cells, 64.70 ± 18.10 ng/µl RNA from mesenchymal cells), E16.5 (n =

3; 16.38 ± 5.69 ng/µl RNA from epithelial cells, 75.18 ± 13.79 ng/µl RNA from mesenchymal cells), and E18.5 (n = 4; 28.77 ± 3.06 ng/µl RNA from epithelial cells,

44.89 ± 15.30 ng/µl RNA from mesenchymal cells). Approximately 10 and 30% of the cells in E14.5 lungs were epithelial and mesenchymal, respectively. (B)

RT-qPCR for Etv4 and Etv5 in isolated epithelial and mesenchymal cells. Note the different scales of the y-axis between Etv4 and Etv5 graphs. (Data are presented as

geometric mean ± SE; n.s. = not significant, **p < 0.01, ***p < 0.001). (C) In situ hybridization from the genepaint database showing the expression of Etv4 and Etv5

in E14.5 embryos.

and 15 times higher at E18.5). Etv5 epithelial expression
decreased at E16.5 before greatly increasing at E18.5, compared
to E14.5 (Figure 2B).

The expression of Etv4 and Etv5 was also validated using the
publicly available genepaint.org data base. While Etv4 expression
was diffusely seen in the lung epithelium and surrounding
mesenchyme, Etv5 showed very strong expression restricted to
the epithelium (compare insets in Figure 2C).

Dynamic GFP Expression Reports FGF10
Signaling
To monitor the expression of Tg(Etv4-GFP) in the epithelial
buds of pseudoglandular stage lungs in the context of FGF10
signaling, E12.5 Tg(Etv4-GFP) lungs were cultured and live
imaged for 24 h, after which FGF10 signaling was blocked using
an anti-FGF10 antibody for an additional 24 h (Figure 3A).
During the first 24 h, ETV4-GFP was dynamically expressed,

showing greater expression at the distal tips of growing buds, in
likely regions of active FGF10 signaling (see Figures 3Ba–c and
Supplementary Movie 1). During the FGF10 inhibition, ETV4-
GFP expression was greatly reduced. Still images from multiple
time points during the live imaging from three independent
lungs were used to quantify these global changes in fluorescence
intensity (Figure 3C). We also confirmed that the loss of GFP
expression of the E12.5 lungs after 24 h in culture was neither
due to bleaching, nor to a normal decrease in ETV4-GFP
expression. Supplementary Figure 1 shows that the expression
of ETV4-GFP in E12.5 transgenic lungs was maintained in
culture for at least 38 h. Furthermore, still images of individual
buds were used to quantify the dynamic expression of ETV4-
GFP in three regions of the bud during a branching event
(Figures 3D,E). Intensity was measured during new branch
formation at the tip (regions 4 and 6), stalk (regions 1–3; 7–
9) and cleft (region 5). Tip ETV4-GFP fluorescence intensity
initially increased before stabilizing (Figures 3Ea), whereas stalk
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FIGURE 3 | ETV4-GFP is dynamically expressed in regions of active FGF10 signaling during early lung development (A) Experimental design: E12.5 Tg(Etv4-GFP)

lungs were isolated, cultured and live imaged for 48 h. After 24 h anti-FGF10 antibody was added to inhibit FGF10 activity. (B) Still images from different time points

during the live imaging experiment. Note how ETV4-GFP expression increases before leveling off within the first 24 h (a–c), and, once the antibody is added, the

expression decreases to almost zero by the end of the experiment (c–e). Scale bar: 125µm. (C) Global ETV4-GFP fluorescence intensity measured at various time

points before (a) and after (b) adding the FGF10 blocking antibody. (n = 3; data are presented as average fluorescence intensity in arbitrary units (a.u.) ± standard

deviation). (D) Example images of a branching tip at three successive time points (a–c), highlighting three regions of dynamic ETV4-GFP expression: the tip (4 and 6),

the stalk (1–3, and 7–9), and the cleft (5). See text for details. Scale bar: 30µm. (E) Representative plot of ETV4-GFP expression in three independent regions [(a) tip,

(b) stalk, and (c) cleft] of a single bud over a period of 24 h (n = 1; a.u. = arbitrary units).

and cleft fluorescence intensity increased before decreasing to
initial levels (Figures 3Eb,c). The expression patterns of the
stalk and cleft reflected the initial single bud branching into
two buds.

These results suggest that the Tg(Etv4-GFP)mouse line can be
used as a valid tool to report FGF10 signaling in the distal tips

of lungs during pseudoglandular development. This conclusion
is supported by the previously described dynamic expression
pattern of Sprouty2 during the branching process (Mailleux et al.,
2001). Sprouty2 is a well-accepted target of FGF10 signaling in
the lung, and displays a remarkably similar expression pattern to
what we found for Tg(Etv4-GFP).
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FIGURE 4 | Expression pattern of ETV5-RFP in distal lung epithelium during early development (A) Experimental design: E12.5 Etv5RFP lung explants were cultured for

40 h and live imaged. (B) Still images showing representative ETV5-RFP expression both globally and in the distal tips (boxes). Arrows indicate increased expression in

the tips over time. Scale bar: (Top row) 500µm; (Bottom row) 125µm. (C) Example images of a branching tip at three successive time points (a–c), highlighting three

regions of dynamic ETV5-RFP expression: the tip (1 and 2), the cleft (3), and the stalk (4 and 5). See text for details. Scale bar: 37µm. (D) Representative plot of

ETV5-RFP expression in three independent regions [(a) tip, (b) stalk and (c) cleft] of a single bud over a period of 40 h (n = 1; a.u. = arbitrary units).

Quantification of Dynamic ETV5-RFP
Fluorescence
Similar to the analysis of ETV4-GFP expression in early
lung development, the expression of ETV5-RFP in branching
epithelial buds was assessed. E12.5 Etv5CreERT2−RFP/+ lungs
were cultured and live imaged for 40 h (Figure 4A). During
this time ETV5-RFP was expressed throughout the epithelial

tree at the exception of the primary bronchi and trachea.

This was in contrast with the expression of ETV4-GFP,

which was only at the tip. Interestingly, the more proximal
regions of ETV5-RFP expression were not localized to known

areas of FGF10 signaling. Close-up examination of ETV5-

RFP indicated higher expression in distal tips compared
to more proximal regions (see arrows in Figure 4B and
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FIGURE 5 | Model to inhibit FGF10 in vivo and in vitro demonstrates Etv4 and Etv5 are downstream of FGF10/FGFR2b signaling (A) In vivo model to inhibit

FGF10/FGFR2b signaling: pregnant females carrying experimental (Rosa26rtTA/rtTA; TgTet(o)sR2b/+) and littermate control (Rosa26rtTA/rtTA; Tg+/+) embryos were

injected with doxycycline. Embryonic lungs were isolated 9 h later. Scale bar: 500µm. (B) Corresponding RT-qPCR analysis showing Etv4 and Etv5 expression in

experimental vs. control lungs. (C) In vitro model to inhibit FGF10/FGFR2b signaling: E12.5 lung explants were cultured for 24 h with (experimental) or without (control)

5µg/ml recombinant (soluble) FGFR2b. Scale bar: 500µm. (D) Corresponding RT-qPCR analysis showing Etv4 and Etv5 expression in experimental vs. control lungs.

(Data are presented as mean ± SEM; *p < 0.05).

Supplementary Movie 2). Finally, we quantified the fluorescence
intensity of bud regions during a branching event using still
images at multiple time points (Figures 4Ca–c). Fluorescence

intensity at the tip (regions 1 and 2) increased before leveling

off around 30 h, and then decreased slightly (Figures 4Da),

whereas intensity at the cleft and stalk regions (regions 3

and 4–5, respectively) initially increased before decreasing to

original levels (Figures 4Db,c). This temporal expression pattern

was similar to what was found for Tg(Etv4-GFP) lungs, and
is likely a consequence of the initial bud branching into
two buds.

Model to Inhibit FGF10 Confirms Etv4 and
Etv5 Are Downstream of FGF10/FGFR2b
Signaling
We made use of a model to inhibit all FGFR2b ligands in
vivo via inducible expression of a dominant negative form of
the FGFR2b receptor, called soluble FGFR2b (Rosa26rtTA/rtTA;
Tg(tet(o)sR2b)/+) (Parsa et al., 2008, 2010). Upon administration
of doxycycline, soluble FGFR2b is produced and secreted from
cells, functionally inhibiting all FGFR2b ligands from properly
signaling. We have previously shown that at E12.5, FGF10 is the
predominant FGF ligand signaling in the lung (Bellusci et al.,
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FIGURE 6 | ETV5-RFP reports FGF10/FGFR2b signaling in vitro (A) E12.5 Etv5RFP lungs were harvested and cultured with (experimental) or without (control) 5µg/ml

recombinant (soluble) FGFR2b for 48 h. Scale bar: (Top rows) 500µm; (Boxes) 125µm. (B) Left lobe distal tips show arrested branching in experimental lungs after

24 h. FGF10/FGFR2b inhibition, compared to control lungs. While both control lungs and experimental lungs had a similar number of average tips at 0 h, only control

lungs showed an increase in branching over time (Data are presented as mean with 95% CI; **p < 0.01). (C) RT-qPCR analysis of the lungs showing downregulation

of RFP, Etv4, and Etv5, in experimental lungs, demonstrating the usefulness of the Etv5RFP line to report FGF10/FGFR2b signaling. Note, we only had one control

Etv5RFP lung and two experimental Etv5RFP lungs, thus statistical analysis was not possible (Data are presented as mean ± SEM; **p < 0.01).

1997b). Therefore, induction of soluble FGFR2b at this time point
inhibits FGF10 signaling. As Figure 5A shows, after only 9 h of
FGF10 inhibition, experimental lungs were smaller, displayed

simplified branching, and had fewer distal buds. Furthermore,
the expressions of Etv4 and Etv5, as evaluated by RT-qPCR, were
reduced (Figure 5B).
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A similar approach to inhibiting FGFR2b signaling was
conducted in vitro. In this experiment, wild type E12.5
lungs were harvested and cultured with (experimental) or
without (control) recombinant FGFR2b added to the culture
medium for 24 h (Figure 5C). A similar phenotype to that
seen in vivo was produced in experimental lungs, while the
downregulation of Etv4 and Etv5 mRNA was even more
pronounced (Figure 5D).

Taken together, these results suggest that FGF10 signaling can
be inhibited both in vitro and in vivo, and that Etv4 and Etv5 are
regulated by FGF10.

ETV5-RFP Expression Reports FGF10
Signaling in vitro
Using our in vitro approach to inhibit FGF10/FGFR2b signaling
in pseudoglandular stage lungs, we investigated whether
the Etv5CreERT2−RFPline could be used as a tool to report
FGF10/FGFR2b signaling. E12.5 Etv5CreERT2−RFP lungs were
cultured and live imaged for 48 h with (experimental) or
without (control) recombinant soluble FGFR2b (Figure 6A).
As can be seen in the still images, the soluble FGFR2b
treated lungs showed arrest in branching over time, compared
to the control (Figure 6B). This phenotype is a hallmark of
inhibited FGF10 signaling. Furthermore, demonstrating the
usefulness of this line to report FGF10/FGFR2b signaling, the
fluorescence intensity of the ETV5-RFP decreased over time
in experimental lungs, while that of the controls remained
constant. This finding is supported by RT-qPCR results after
48 h, which show a decrease in the expression of RFP,
Etv4, and Etv5 in experimental lungs compared to controls
(Figure 6C).

These results not only confirm that soluble FGFR2b can be
used to inhibit FGF10 signaling in Etv5CreERT2−RFP lung explants,
but they also suggest that the Etv5CreERT2−RFP line responds to
FGF10/FGFR2b signaling in the developing lung.

CONCLUSION

In conclusion, the Tg(Etv4-GFP) and Etv5RFP reporter mouse
lines appear to be promising tools to monitor FGF10/FGFR2b
signaling in early lung development. These tools will have
to be further validated at later stages and in other organs
of interest.
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Supplementary Movie 1 | ETV4-GFP in the E12.5 developing lung for 24 h.

Supplementary Movie 2 | ETV5-RFP in the E12.5 developing lung for 24 h.

Supplementary Figure 1 | ETV4-GFP expression is stable for at least 38 h in vitro

To monitor the expression pattern of ETV4-GFP in E12.5 lungs in vitro, lungs were

cultured and live imaged in control medium (a–d), with additional recombinant

FGF7 (e–h), or additional recombinant FGF10 (i–l) for 38 h. Scale bar: 125 µm.
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FGF Gradient Controls Boundary
Position Between Proliferating and
Differentiating Cells and Regulates
Lacrimal Gland Growth Dynamics
Suharika Thotakura, Liana Basova and Helen P. Makarenkova*

Department of Molecular Medicine, The Scripps Research Institute, San Diego, CA, United States

Fibroblast growth factor (FGF) signaling plays an important role in controlling cell
proliferation, survival, and cell movements during branching morphogenesis of many
organs. In mammals branching morphogenesis is primarily regulated by members of
the FGF7-subfamily (FGF7 and FGF10), which are expressed in the mesenchyme, and
signal to the epithelial cells through the “b” isoform of fibroblast growth factor receptor-
2 (FGFR2). Our previous work demonstrated that FGF7 and FGF10 form different
gradients in the extracellular matrix (ECM) and induce distinct cellular responses and
gene expression profiles in the lacrimal and submandibular glands. The last finding was
the most surprising since both FGF7 and FGF10 bind signal most strongly through
the same fibroblast growth factor receptor-2b isoform (FGFR2b). Here we revisit this
question to gain an explanation of how the different FGFs regulate gene expression.
For this purpose, we employed our ex vivo epithelial explant migration assay in which
isolated epithelial explants are grown near the FGF loaded beads. We demonstrate that
the graded distribution of FGF induces activation of ERK1/2 MAP kinases that define the
position of the boundary between proliferating “bud” and differentiating “stalk” cells of
growing lacrimal gland epithelium. Moreover, we showed that gene expression profiles
of the epithelial explants exposed to distinct FGFs strictly depend on the ratio between
“bud” and “stalk” area. Our data also suggests that differentiation of “stalk” and “bud”
regions within the epithelial explants is necessary for directional and persistent epithelial
migration. Gaining a better understanding of FGF functions is important for development
of new approaches to enhance tissue regeneration.

Keywords: FGF gradient, lacrimal gland, lung, ERK1/2, boundary position

INTRODUCTION

The lacrimal glands (LGs), salivary glands (SGs), and lungs are classic examples of organs that
develop through branching morphogenesis, an important mechanism employed during formation
of many organs. Branching morphogenesis is primarily regulated by members of the fibroblast
growth factor-7 subfamily (FGF7-subfamily) FGF10 and FGF7, which are expressed in the
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mesenchyme and bind the “b” isoform of fibroblast growth
factor receptor-2 (FGFR2), located in the epithelial cells. In
particular FGF10 was found necessary for lacrimal and Harderian
gland development (Govindarajan et al., 2000; Makarenkova
et al., 2000), branching of the submandibular gland (SMG)
(Jaskoll et al., 2005; Steinberg et al., 2005), lungs (Wang et al.,
2018), and development of other organs (Ohuchi et al., 2000;
Zhang et al., 2006; Parsa et al., 2008). Moreover, several studies
have identified mutations in FGF10 in people with aplasia
of the lacrimal and salivary glands (ALSG) and in lacrimo-
auriculo-dento-digital (LADD) syndrome (Milunsky et al., 2006;
Rohmann et al., 2006; Shams et al., 2007). These studies
support an idea that FGF10 signaling through FGFR2b is a
common mechanism that regulate branching morphogenesis in
the mouse and man.

Although FGF7 and 10 bind to FGFR2b with a similar high
affinity (Igarashi et al., 1998), they elicit a distinct impact on
branching morphogenesis (Steinberg et al., 2005; Makarenkova
et al., 2009). Moreover, Fgf10-null mice die at birth and show
a lack of limbs, lungs, LG, mammary and salivary gland
development, whereas Fgf7-null mice are viable, and have a
relatively normal development within all branched organs. FGF
signaling also requires binding of the growth factor to heparin
sulfate HS (Forsberg and Kjellen, 2001). It has been shown that
FGF10-mediated induction and outgrowth of the lacrimal gland
bud happens through localized activation of the Ndst-Fgfr-Shp2
signaling cascade and requires specific modification of heparan
sulfate proteoglycan (HSPG) by Ndst genes (Pan et al., 2008;
Qu et al., 2011).

Our previous work suggests that differences in the binding
of FGF7 and FGF10 to HSPG within the extracellular matrix
(ECM) result in the formation of different gradients that
dictate distinct functional activities of these FGFs during
branching morphogenesis (Makarenkova et al., 2009). Whereas
FGF7 forms a shallow gradient and induces branching of
epithelial buds, FGF10 forms a much sharper gradient, and
induces bud elongation. Replacement of a single residue in the
heparin sulfate-binding site of FGF10 with the corresponding
residue of FGF7 resulted in a mutant FGF10 that acted as a
functional mimic of FGF7 with respect to gradient formation
and regulation of cellular responses (Makarenkova et al., 2009).
This study connects the structural differences of FGFs with
their biological function in LG and SMG morphogenesis. We
also demonstrated that monomeric FGF ligands exhibit reduced
HSPG binding ability, resulting in their increased HSPG-
dependent diffusion, and demonstrating that homodimerization
not only changes FGF/receptor binding but also regulates FGF
concentration gradients in the ECM (Kalinina et al., 2009).
In addition, distinct FGF signaling may induce expression
of specific signaling molecules that can also cooperate with
or hinder FGF signaling, thus adding an additional level
of precision to FGF-mediated morphogenesis. Stimulation of
epithelial explants expressing the same FGFR2b with distinct
FGF ligands generated not only specific cellular responses but
also distinct gene expression. This phenomenon could not be
explained by different levels of FGFRb activation and remains still
largely unknown.

In this study, we demonstrate that differentiation of stalk
and bud regions is necessary for directional and persistent
explant migration. We also show that the graded distribution of
FGFs within the heparin sulfate rich ECM defines the position
of the boundary between proliferating and differentiating cells
within the explant. Thus, the distal “bud” region (area close to
FGF signals) shows mitogen activated protein kinase (MAPK)
ERK1/2 activation, has high level of cell proliferation and
expresses genes specific for undifferentiated and proliferating
cells, whereas the proximal “stalk” region (area further away
from FGF signals) has low level or no ERK1/2 activation, low
numbers of proliferating cells, and expresses genes specific for
cell differentiation. Thus, differential gene expression in the LG
or SMG explants after exposure to different FGFs could be
explained by relative contribution ratio of “bud” or “stalk” regions
within the explant.

MATERIALS AND METHODS

Mice
All experiments described herein were performed in
accordance with the Association for Research in Vision
and Ophthalmology (ARVO) statement for the Use of
Animals in Ophthalmic and Vision Research and were
approved by the Scripps Research Institute Animal Care
and Use Committee. Wild-type C57BL/6 timed-pregnant
females were euthanized and embryos were harvested
between E12 and E15.5.

Lung Explant Cultures
Embryos have been harvested at E12.5 from timed-pregnant
C57BL/6 wild-type mice. Isolated lung primordia were cut
into lobes using tungsten needles. Lobes of approximately
similar size were collected and each lobe was placed on
a 0.8-µm Millipore membrane (Millipore, Billerica, MA,
United States), supported by a metal grid, and cultured in an
air-fluid interface in defined medium. The defined medium was
prepared, as follows: Fitton-Jackson modified BGJb medium
was supplemented with 0.1% Albumax I (11020-021: Thermo
Fisher Scientific), insulin-transferrin-selenium (1300-044:
Thermo Fisher scientific), human transferrin (4 mg/10 ml)
(10652202001: Sigma-Aldrich), non-essential amino acids
(11140050: Thermo Fisher Scientific), Glutamax (35050061:
Thermo Fisher Scientific), L-Ascorbic (0.5 mM, 72132: StemCell
Technologies), and antibiotic-antimycotic (15240062: Thermo
Fisher Scientific). Lungs were cultured in an air-fluid interface.
The cultures were maintained in 100% humidity, with an
atmosphere of 95% air and 5% CO2 for 2–4 days. The medium
was changed daily.

To prepare FGF-loaded beads, heparin acrylic beads
(Makarenkova et al., 2009) were washed in PBS and incubated
with 4 nM of FGF protein or BSA (control) for 4 h. Incubated
beads were washed 3X in PBS, and each bead was implanted
into the center area of lung explant. After 30 h of incubation,
explants were photographed using a SPOT digital camera and
a Leica microscope. The images were imported into Canvas
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X (ACD Systems, British Columbia, Canada). The dilated
area within each explant was outlined and measured using
ImageJ software (Image Processing and Analysis in Java). All
experiments were repeated four times. The measurements of
the dilated areas induced by FGF were averaged and data was
processed for statistical analysis using the Student’s t test. Results
were determined to be significant if P was <0.05.

Epithelial Explant Cultures and an in vitro
Epithelial Bud Extension Essay
Lacrimal gland and lung epithelium was isolated and an in vitro
epithelial bud extension assay was performed as previously
described (Makarenkova et al., 2000; Weaver et al., 2000).
Briefly, single lacrimal (E15.5) and lung (E12.0–E12.5) epithelial
buds were separated from the surrounding mesenchyme and
placed inside of a drop of BD Matrix Growth Factor Reduced
Matrigel (356230: BD Biosciences). Heparin acrylic beads were
loaded with equimolar concentration (1.5 nM) of recombinant
human FGF3 (1206-F3-025/CF: R&D), FGF7 (251-KG/CF:
R&D), or FGF10 (345-FG/CF: R&D) and the bead was placed at
approximately 100 µm from the distal tip of the epithelial bud.

The bud migration was monitored at each time point by
measuring the distance between the bud tips and the FGF-loaded
beads. To study gene expression specifically in “bud” and “stalk”
regions of the explant, explants were grown in matrigel near
FGF10-loaded beads for 30 h. The matrigel was removed using
BD Cell Recovery Solution (354253: BD Bioscience) and “bud”
(approximately 1/4–1/3 of distal part of explant close to the bead)
and “stalk” (the proximal 2/3 of explant) areas were separated
mechanically using tungsten needles. “Buds” and “stalks” were
collected into separate Eppendorf tubes and processed for qRT
PCR as described previously (Makarenkova et al., 2009).

Real-Time RT-PCR Array
RNA from separated “buds” and “stalks” was prepared using
TRizol and the Ambion DNA-free kit (AM1906, Thermo Fisher
Scientific) and reverse transcribed with RT2 First Strand Kit
(Qiagen) and processed for qRT PCR as described previously
(Basova et al., 2017). Primers to Map2k6 (NM_011943,
PPM03568C), Col1a1 (NM_007742, PPM03845F), Mef2c
(QT02520560), Egfr (NM_007912, PPM03714F), Mapk11
(NM_011161, PPM04540B), Ccnd1 (NM_007631, PPM02903F),
Myc (NM_001177352, PPM02924F), Ccnb1 (NM_172301,
PPM02894F), and Cdk2 (NM_016756, PPM02902F) as well
as RT2 SYBR Green qPCR Mastermix were purchased from
Qiagen. Amplification of target genes was performed in triplicate
with an ABI 7300 real-time PCR system (Life Technologies,
Grand Island, NY, United States). Results of the triplicate
experiments were averaged. Data analysis was based on the
dCt method (Yuan et al., 2008) and normalized to ubiquitin-
like 4 housekeeping gene (Ubl4) (NM_145405, PPM25042A),
using online normalization and analysis tools (provided in the
public domain1).

1https://www.qiagen.com/us/shop/genes-and-pathways/data-analysis-center-
overview-page/?akamai-feo=off

BrdU Labeling and Detection
Labeling and detection of LG proliferating cells was performed
with a BrdU Labeling and Detection Kit (11444611001: Sigma-
Aldrich) combined with a Mouse on Mouse (M.O.M.TM)
Blocking Reagent according to manufacturer protocol
(Makarenkova et al., 2009). Explants were cultured for 24 h
and incubated with 10 µM BrdU for 1.5 h. Cultures were then
washed with warm medium and PBS then fixed in 50 mM glycine
pH 2.0 in 70% ethanol, for 15–20 min at −20◦C. Explants were
stained with anti-BrdU antibody for 2 h and the secondary
antibody for 1 h at 37◦C.

Quantification of BrdU labeled cells was performed manually
under the Leica microscope equipped with a calibrated scale.
Quantification of proliferating cells was performed in three
regions, “bud” (adjacent to bead), “distal stalk” (stalk region
adjacent to the bud), and “proximal stalk” regions (the most
proximal area of stalk). The number of proliferating cells were
normalized per number of nuclei (number of cells/100 nuclei).

Alternatively, an anti-mouse-Rhodamine red secondary
antibody was used to detect proliferating cells, images were
obtained using a Zeiss LSM 780 confocal laser scanning
microscope. Quantification of labeled cells was performed using
ImageJ software.

Cell Culture
The human salivary epithelial A253 cell line was maintained
in DMEM, containing 5% serum and Glutamax in six well
dishes. Two days prior the FGF treatment cells, grown to 60%
confluence, were washed with PBS and the medium was gradually
replaced with DMEM containing 1,5, 0.5, 0.1, and 0.05% serum
within 12 h. One hour prior to experimentation the culture
medium containing 0.05% of serum was replaced with a serum-
free medium. FGFs were applied for 5 min in serum free medium
and medium containing FGF was replaced with a fresh serum free
medium. Cellular extracts were prepared 5, 10, 15, 30, 60, and
120 min after FGF treatment using standard procedures.

Western Blotting
For Western blotting, 10 g of total protein was used per lane.
Lysates were loaded onto 4–12% SDS-polyacrylamide gel and
electrophoresis was performed according to the procedure
of Laemmli (1970). After electrophoresis, the separated
proteins were transferred to a nitrocellulose membrane and
the membrane was blocked with 5-powdered milk in TBST
(tris–buffered saline pH 7.4 and 0.05% Tween-20). Primary
rabbit monoclonal antibody against phospho-ERK1/2 at
the Thr202/Tyr204 positions (137F5, Cell Signaling) was
used to detect MAPK activation. Total ERK1/2 antibody
(M5670: Sigma-Aldrich) was blotted for loading controls.
The appropriate secondary horseradish peroxidase-conjugated
antibodies (Jackson Immuno Research Lab) were used for
immunodetection. Detection of peroxidase was performed
using the ECL-detection system and radiographic film.
After film development, quantification of signal intensities
of the bands in the Western blots was carried out using
ImageJ software.
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Western Blot Analysis in Separated Buds
and Stalks
Lacrimal gland explants were isolated from two litters of
embryos and grown near the FGF10-loaded beads for 30–
36 h. At the end of this period “buds” and “stalks” were
separated with tungsten needles and collected into separate
500 µl Eppendorf LoBind microcentrifuge tubes (022431064 :
Eppendorff). Tissue was then homogenized in an appropriate
volume of 1× NuPAGE LDS Sample Buffer (NP0007; Thermo
Fisher Scientific) supplemented with proteases and phosphatase
inhibitors. Lysates were heat-denatured for 5 min at 90◦C and
loaded on a 10% Bis-Tris polyacrylamide gel (Bio-Rad). After
electrophoresis proteins were transferred to an Immun-Blot
PVDF Membrane (1620177: Bio-Rad). Membranes were blocked
for 1 h in 5% non-fat dry milk (BioRad) dissolved in TBST.
After blocking, membranes were probed overnight at 4◦C with
the phospho-ERK1/2 antibody (see above) and the appropriate
peroxidase-conjugated secondary antibodies (see above). After
washing with TBST, antibody detection was performed with
SuperSignal West Femto Maximum Sensitivity substrate (34095:
Thermo Fisher Scientific). The same membrane was re-probed
with total ERK1/2 antibody.

ERK1/2 Inhibition
The ERK inhibitor (FR180204) (Ohori et al., 2005) was
purchased from Tocris (3706: Tocris), dissolved in dimethyl
sulfoxide, and aliquots of the stock solution were stored at -
80◦C. FR180204 inhibitor was used at 10 µM, a concentration
previously determined to provide optimal selective inhibition
for ERK relative to off target kinases. Briefly, epithelial
explants at the single bud stage (E15.5) were isolated from
approximately 20–24 embryos and placed near the bead soaked
with FGF10. Four hours later ERK1/2 inhibitor or DMSO (vehicle
control) were added to the culture medium and explants were
analyzed 30 h later.

Inhibition of Integrin-β1
Lacrimal gland epithelial explants isolated from the E15.5 mouse
embryos were pre-treated with the function-blocking anti-mouse
Integrin β1 (ITGB1) antibody [LEAFTM purified anti-mouse
CD29 Armenian hamster IgG (clone HMB1-1, Biolegend)] or
control non-specific IgG for 15 min and were placed near
the FGF3 soaked bead. Culture medium containing the ITGB1
antibody or control IgG at 10 µg/ml concentration was added to
the explants and they were cultured for 48 h.

Statistical Analysis and Data
Presentation
Statistical analyses were performed using Prism Software
(GraphPad, San Diego, CA, United States). In bar graphs, data
is presented as means ± SD of replicates from a representative
experiment or of the normalized data from several experiments.
In the latter case, mean fold changes were calculated by first
determining the ratio of the test conditions over the appropriate
control conditions for each individual measurement and then
averaging these ratios. The Anderson-Darling normality test was

performed prior to further data analyses. The unpaired two-tailed
Student’s t-test was used to determine significance (P < 0.05) in
the differences between data sets.

RESULTS

FGF3, FGF7, and FGF10 Diffuse
Differently in Embryonic Lung Organ
Cultures
We previously demonstrated that labeled FGF7 and 10
differentially diffuse through the ECM and form distinct
gradients: FGF10 forms a short and sharp gradient and FGF7
forms a long and shallow gradient (Makarenkova et al., 2009). To
visualize the FGF gradient in the explant system ex vivo, we used
an embryonic lung explant culture system. FGF application to the
embryonic lung induced cyst-like enlargement of lung epithelium
(lung airway dilation) (Park et al., 1998; Warburton et al., 2000;
Jesudason et al., 2005; Kalinina et al., 2009). Heparin acrylic beads
were loaded with the FGF3, 7 or 10, and each bead containing
one of the FGFs or BSA (control) was implanted into the lung
tissue (see section “Materials and Methods”). We compared the
areas of dilation in the whole-lung explants after the implantation
of heparin acrylic beads containing BSA (control), FGF3, 7, or
10 recombinant proteins (Figures 1A,B). As expected, the FGF3
and FGF10, that require the 6-O-Sulfation for their binding and
promotion their mitogenic activity (Ye et al., 2001; Qu et al.,
2011), were strongly bound to highly sulfated ECM and formed
a “short and steep” gradient and therefore induced lung explant
dilation only at a short distance from the bead. Whereas FGF7,
which has highest affinity to undersulfated octasaccharides HS
(Thacker et al., 2014) diffused at longer distances from the
bead and induced dilation throughout the whole lung explant
(Figures 1A,B). No lung dilation was observed around the BSA
bead (Figure 1A).

FGF Gradient Determines the Position of
Boundaries Between Proliferating and
Differentiating Cells
First, we studied the effect of different FGFs on growth/migration
of lung epithelial explants. Lung epithelial explants were isolated
as it was described previously (Weaver et al., 2000) and placed
near the FGF3, FGF10 or FGF7-loaded bead. Similar to the
LG, lung explants exposed to FGF10 (Makarenkova et al.,
2009), migrated towards the bead and had a distinct bud/stalk
morphology (Figure 1C), FGF3 induced no bud formation,
while explants exposed to FGF7 grow extensively and formed
a single large bud (with no stalk formed) (Figure 1C and
Supplementary Figures S1A,B).

The LG epithelial explants (distal part of the LG epithelial
tissue) exposed to FGF3 formed very small buds or no
buds at all (Figure 1D). As previously reported (Weaver
et al., 2000; Dean et al., 2004; Steinberg et al., 2005),
explants exposed to FGF10 developed a well-defined distal
(“bud”) and proximal (“stalk”) morphology and migrated
towards the FGF10-loaded beads (Figure 1D), whereas exposure
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FIGURE 1 | Effects of FGFs on LG and lung explants. (A) Different FGFs induce different lung airway dilation. Heparin sulfate beads were loaded with different FGFs
or BSA (control) and implanted into the central part of each lung explant (isolated from mouse embryos at E12.5). FGF3 forms a much sharper gradient than FGF10
and induces lung dilation at a shorter distance from the bead, while FGF7 diffuses more freely inducing dilation within a large lung area. (B) Graphical representation
of lung dilation shown in (A) p < 0.01, n = 10. (C,D) Different FGFs induce different morphology of lung (C) and LG (D) epithelial explants. Lung and LG epithelial
explants exposed to FGF10 migrate towards the bead and have defined “bud” and “stalk” morphology, while FGF3 have a well-formed “stalk” but almost no “bud.”
Both LG and lung explants exposed to FGF7 show extensive growth and formation of enlarged buds but not stalks (Beads are shown with red asterisk).
(E) Quantification of BrdU labeling in different regions of the LG explants exposed to FGF3, 7, and 10 ligands. Explants exposed to FGF3 showed no significant
increase in cell proliferation within the bud area, whereas explants exposed to FGF7 showed increase in cell proliferation throughout the whole explant. Application of
the FGF10 induced cell proliferation only within the “bud” region. Quantification of proliferating cells was performed in four independent experiments (in 8–12 explants
of each kind). “∗” marks significant difference between “D. stalk,” “P. stalk,” and “bud” regions. (F,G) Schematic diagram of experimental design. LG explants were
exposed to FGF10 (F) or FGF7 (G) for 30 h and processed for qRT PCR. “Buds” and “stalks” areas of some explants exposed to FGF10 were separated
mechanically and processed for qRT PCR. (H–J) Gene expression levels were examined by real-time RT-PCR custom array focused on the proliferation and
differentiation markers in whole LG explants (H), stalks (I), and buds (J) of explants exposed to FGF10 and the expression profiles of these groups of genes were
compared to that of FGF7 [shown as a 0 (zero) line]. “∗” marks significant difference in each gene expression compared to FGF7. (K) Extracellular signal-regulated
kinases (ERK1/2) phosphorylation by FGF10 is significantly downregulated in “stalk” compared to “bud” areas of the LG epithelial explant. (L) Graphic representation
of results (n = 3) shown in (K). “∗” marks significant difference in ERK1/2 phosphorylation between “stalk” and “bud” regions. (M,N) Selective inhibition of
extracellular signal-regulated kinase ERK1/2 leads to lack of epithelial bud and decreased migration towards the FGF10 loaded bead.
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to FGF7 induced extensive growth with almost no stalk
region formed (Figure 1D). These experiments show that
morphological changes induced by certain FGF are identical for
lungs, LGs and SMGs.

We previously showed that distinct distal “bud” structure
(the part of the explant close to the bead that is exposed to
high concentration of FGF) correlates with high levels of cell
proliferation (Makarenkova et al., 2009). We performed BrdU
labeling on the explants exposed to different FGF (FGF3, FGF7,
and FGF10) ligands and counted proliferating cells in three
different locations along the explant: within the area close to
the bead (“bud”), middle part of the explant (“distal stalk”),
and proximal part of the explant (“proximal stalk”). Analysis of
cell proliferation showed that FGF7 induced cell proliferation
throughout the explant (Figure 1E and Supplementary Figures
S2A–D,I) with no significant differences between “bud” and
“distal stalk” and “proximal stalk” parts of the explant. FGF10
induced high level of cell proliferation only within the “bud”
area (Figure 1E and Supplementary Figures S2E–I), in contrast,
FGF3 exposed explants that have not formed distinguishable end
buds demonstrated no significant differences in cell proliferation
in designated regions (Figure 1E). Thus, differential HSPG
affinity influences the shape of FGF3, FGF7, and FGF10 gradients
to determine the areas of proliferating and differentiating cells.
We previously reported that exposure of LG and SMG explants
to FGF7 and FGF10 induces differential gene expression within
the explant (Makarenkova et al., 2009). This was an unexpected
finding since both FGF10 and FGF7 bind to the same receptor
with the similar affinity. We hypothesized that difference in gene
expression could be explained by differential access of FGF7 and
FGF10 to the proximal and distal regions of the explant rather
than by the induction of different signaling pathways. The more
freely diffusing FGF7 signals to all parts of the epithelial explant
(distal and proximal), while FGF10 signals can reach only distal
(closest to the bead) parts of the explant. To test this hypothesis,
we isolated LG epithelial explants from two litters of embryos at
E15.5 and grew them for 30 h in near FGF7 or FGF10-loaded
beads (Figures 1F,G). At the end of the culture period explants
exposed to FGF10 were removed from the gel and the adjacent to
bead “bud” area (approximately 1/4–1/3 of distal part of explant)
and distal to bead “stalk” (the proximal part of explant) regions
of the grown explant were separated mechanically using tungsten
needles (Figure 1F). These separated “buds” and “stalks” were
processed for RNA isolation and qRT PCR using markers of cell
proliferation (Ccnd1, Myc, Ccnb1, and Cdk2) and differentiation
(Map2k6, Col1a1, Mef2c, Egfr, and Mapk11) (Makarenkova et al.,
2009). Expression of these genes in “buds” and “stalks” and whole
explants exposed to FGF10 was compared to gene expression
in whole LG explants exposed to FGF7 (Figures 1H–J). This
data shows that the expression profile of genes in stalks and
whole LG explants exposed to FGF10 was very similar to each
other (Figures 1H,I). In contrast the expression profile of genes
in “buds” was almost identical to the gene expression found in
explants treated with FGF7 (Figure 1J).

ERK1/2 MAPK is the main mediator of FGF signaling in
many biological processes (Brewer et al., 2016; Furusho et al.,
2017; Sagomonyants et al., 2017; Chen et al., 2018). We studied

whether the decrease of FGF-induced ERK1/2 activation is taking
place after differentiation of stalk cells. Isolated epithelial explants
were exposed to FGF10 loaded on the beads and the “buds” and
“stalks” were separated and processed for western blotting using
antibodies to phospho-ERK1/2 and total ERK1/2. As expected
ERK1/2 was activated in the “bud” region whereas little or no
activation was observed in the “stalk” region (Figures 1K,L).
At the same time, total ERK1/2 was equally detected in both
bud and stalk regions (Figure 1K). To test our hypothesis that
FGF7 gradient induces ERK1/2 phosphorylation throughout the
whole LG explant, we grew LG epithelial explants (obtained
from 3 litters of mice at E15.5) near the FGF7 loaded bead
for 30 h. At the end of the culture period explants were
removed from the gel and were divided into three pieces by
tungsten needles: distal (closest to the bead), middle (the part
of explant between distal and proximal parts) and proximal the
(the most distant from the bead part of explant) (Supplementary
Figure S3A). Western blotting using phospho- and total ERK1/2
antibodies showed that exposure to FGF7 resulted in similar
level of ERK1/2 phosphorylation in all parts of LG explant
(Supplementary Figure S3B). However, we observed a slight
decrease in ERK1/2 phosphorylation in the proximal part of
the explant, suggesting that FGF7 can bind matrigel with
low affinity, which decreases its diffusion toward the proximal
parts of the explant.

This experiment suggests that, similar to other cells/tissues
(Luongo et al., 2002; Chambard et al., 2007), downregulation
of ERK1/2 phosphorylation is responsible for the initiation
of cell differentiation within epithelial explants. Next, we
checked whether ERK1/2 signaling is required for “bud”
formation in the LG explants exposed to FGF10. In these
experiments, epithelial explants were exposed to FGF10
loaded on the heparin acrylic beads, and treated with the
ERK1/2 inhibitor or DMSO (vehicle control) added to the
culture medium. We found that LG explants treated with
vehicle formed well distinguished “bud” and “stalk” regions
(Figure 1M) and reached the bead in 30 h. Whereas explants
exposed to the ERK inhibitor elongated but did not have a
distinguishable “bud” structure formed (Figure 1N). Moreover,
growth of these explants ceased and they failed to reach the
FGF10-loaded bead (Figure 1N). This suggests that ERK1/2
activation is necessary for bud formation and to sustain
growth of the explant.

Taken together this data further suggests that graded
distribution of FGFs within the ECM controls the position of the
boundary between cell proliferation and differentiation.

LG Explants Exposed to Different FGFs Migrate With
a Different Speed
We also monitored the speed of explant migration towards the
FGF-loaded beads, measuring the distance between the tip of the
explant and the bead at different time points (Figure 2A). We
found that the LG explant exposed to an FGF3 migrates faster
than the one exposed to FGF10 or FGF7. Thus, explants exposed
to FGF3 reached the bead in less than 24 h, while explants exposed
to FGF10 reached the bead in 30–36 h, whereas explants exposed
to FGF7 just grew in size and reached the bead later than 48 h.
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FIGURE 2 | FGF gradient controls explant migration and ERK1/2 activation. (A) Analysis of LG explant migration towards the FGF3, 7, and 10-soaked beads.
Migration was estimated as the change of the distance between bead and the tip of the explant. (B,C) A253 cells were incubated with 1.5 nM FGF3 (A) or FGF10
(B), and phospho-ERK1/2 was monitored by Western blots. Values were normalized to the amount of total protein (total ERK1/2). (C) The graphic representation of
the result. n = 3; P < 0.01. FGF10 induces longer MAPK/ERK1/2 activation than FGF3 does. (D–F) Blocking integrin β1 decreases speed of epithelial explant
migration toward the FGF3-loaded bead. LG epithelial explants grown near FGF3 beads were treated with Control IgG (D) or the blocking antibody against the
integrin subunit β1 (E). (F) Quantification of epithelial growth shown in (D,E). Result represents 3 independent experiments (12 control and 13 treated
buds), p < 0.05.

In addition, we grew epithelial explants for 96 h to test
whether FGF gradient can maintain epithelial growth/migration.
We found that distal parts of explants that reached the
FGF3-loaded bead became slightly enlarged spreading onto
the surface of the bead (Supplementary Figures S4A,B).
At the same time the distal parts of epithelial explant
that reached the bead loaded with FGF10 (Supplementary
Figures S4C,D) or FGF7 (Supplementary Figures S4E,F)
engulfed the bead. However, explants exposed to FGF7 were
much larger and formed a cyst in the proximal part of
the explant (Supplementary Figures S4E,F). The lack of
complete bead engulfment by explants exposed to FGF3
could be possibly explained by the low number of cells

that reach the bead or much faster degradation of FGF3
in culture medium.

FGF10 Induces Longer MAPK/ERK1/2
Activation Than FGF3
A key FGF downstream pathway is the RAS-MAPK/ERK1/2
cascade. Recent studies have demonstrated that not only the
pathway but also the degree and duration of the activation of
ERK1/2 may be critical (Walker et al., 1998; Bakin et al., 2003;
Watson and Francavilla, 2018). Sustained ERK1/2 activation
has been shown to be important for cell proliferation during
branching morphogenesis (Gual et al., 2000; Omori et al., 2008),
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FIGURE 3 | Schematic showing establishment of the boundaries between proliferating and differentiating cells in the explants exposed to different FGF gradients.
Application of different FGFs leads to establishment of different ratios between the “bud” and the “stalk” area size. For example, secreted FGF10 (red dots) diffuses
through the ECM and binds to FGR2b expressed by epithelial cells. These events indices the ERK1/2 phosphorylation followed by a signaling cascade that keeps
cells undifferentiated and proliferating. The undifferentiated proliferating cells form the “bud” structure. Bud cells express MMPs dissolving the ECM and helping the
“bud” migration through the ECM. The boundary between proliferating and differentiating cells (shown in yellow) is formed within the area of lowest FGF
concentration. Cells proximal to this region that are no longer exposed to FGF start to differentiate, become polarized and flattened, and anchor the ECM. This
process induces “stalk” elongation that further promotes “bud” movement through the ECM towards the source of the FGF. If the FGF has low ECM binding and
forms longer gradient (as the FGF7 does) no “stalk” region is formed and the migration of cells is largely non-directional. FGFs with a more restricted diffusion (as that
of FGF10) induce formation of well-defined “bud” and “stalk” regions and induce directional migration of the epithelial cells. However, if FGF diffusion is highly
restricted (as that of FGF3) the longer “stalk” and smaller “bud” regions are formed and faster migration through the ECM is observed.

while a high level of ERK1/2 activation is required for focal
adhesion turnover and cell migration (Ishibe et al., 2003). We
monitored ERK1/2 activation in A253 epithelial cells at different
time points after FGF3 or FGF10 application (Figures 2B,C). We
found that FGF3 induced a strong and fast activation of ERK1/2
that lasted for only 30 min while FGF10 induced sustained
activation of ERK1/2, which was maintained for more than
2 h (Figures 2B,C).

Blocking Beta 1 Integrin Perturbs
Epithelial Migration
Cell attachment to the ECM is known to influence a variety
of cellular responses such as polarization, migration, and
proliferation. Integrins, consisting of an α- and a β-subunit, are

cell adhesion glycoprotein transmembrane receptors that play
the central role in establishing the orientation of epithelial cell
polarity and cell migration. We and others have demonstrated
expression of several integrins (including integrin β-1) in the
LG (Saarloos et al., 1999; Gierow et al., 2002; Andersson et al.,
2006; Umazume et al., 2015). Moreover epithelial β1 integrin has
important functions in branching morphogenesis and epithelial
cell differentiation (Davies and Fisher, 2002; Zhang et al., 2009;
Smeeton et al., 2010; Plosa et al., 2014; Yazlovitskaya et al., 2015).
To test whether the ECM cell interactions are necessary for
epithelial migration, isolated LG epithelial explants grown near
FGF3 beads were treated with the blocking antibody against the
integrin subunit β1 (see section “Materials and Methods”) or
control IgG. Explants treated with control IgG elongated and
reached the bead in 24–30 h (Figures 2D,F), whereas explants
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treated with blocking antibody elongated slightly but did not
reach the bead (Figures 2E,F). These experiments demonstrated
that function of integrin β1 is important for directional epithelial
explant migration.

DISCUSSION

We have previously reported that FGF7 and FGF10 induce
distinct morphology and gene expression in the LG and
SMG epithelial explants. In this study, we demonstrate that
FGFs induce phosphorylation of downstream mitogen-activated
protein kinase (MAPK) ERK1 and 2 only within the range of FGF
diffusion which induces cell proliferationłand restricts epithelial
cells differentiation by keeping cells in an immature state.

The formation and maintenance of boundaries between
neighboring zones within the growing LG bud is necessary for
branching morphogenesis because cells within each zone have
distinct functions (Figure 3). We showed that separated LG
“stalk” and “bud” areas of the epithelial explant exposed to
FGF10 have a distinct gene expression patterns and therefore
different function in branching morphogenesis. Our data also
establishes that the MAPK pathway is heterogeneously activated
in “buds” and “stalks.” Thus, the activation of ERK1/2 was
observed only in the “bud” regions and not seen in the
stalks in of explants exposed to FGF10. Profiling of mRNA
expression for markers of proliferating or differentiating cells
show that the “bud” area has a pattern of gene expression
similar to that induced by FGF7 (with prevalent expression
of proliferation markers), while in the “stalks” these markers
were downregulated and differentiation markers were increased.
Thus, FGF7 that diffuses to farther distances simply induces
formation of larger buds than FGF10 and FGF3 that bind
to the ECM more robustly. Our study suggests that different
patterns of morphogenetic changes observed in the explants
exposed to different FGFs is due to changes in the position of
the boundary between proliferating and differentiating parts of
the epithelial explant. The boundary position is determined by
the decrease/loss of ERK1/2 activation between the “stalks” and
“buds.” Similar concept of boundaries between gene expression
domains could be implied to different tissues and is central to
many developmental processes (Cottrell et al., 2012; Caggiano
et al., 2017; Neijts and Deschamps, 2017; Li et al., 2018). For
example Sawada and coauthors (Sawada et al., 2001) showed
that FGF/MAPK signaling is a crucial positional cue in somite
boundary formation. They reported that the signaling gradient
across the field is converted into gene expression domains by
the concentration-specific response of target genes (Sawada et al.,
2001). Thus, if signaling and gene expression boundaries change
their positions or are defective, the downstream patterning event
is correspondingly changed, or disrupted. This is in agreement
with our previous work showing that changes in FGF10 gradient
by any manipulation induces completely different morphogenetic
events (Makarenkova et al., 2009).

Thus, LG epithelial cells exposed to FGF signals proliferate
and form “buds” (Figure 3), that express MMPs (Tsau et al.,
2011) dissolving ECM ahead of the “buds,” whereas “stalk”

cells that are not exposed to FGF signals differentiate and
anchor to ECM, became polarized, and maintain stalk elongation
and bud propagation. Our model (Figure 3) suggests that the
FGF concentration gradient across the field is converted into
specific gene expression pattern that regulate cellular responses.
Moreover, the speed of explant migration/elongation is also
controlled by the position of boundaries between proliferating
and differentiating cells: the larger the bud the slower the
explant migration.

Our study provides experimentally supported explanations on
how FGFR stimulation with distinct ligands generates distinct
gene expression and different cellular responses.
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FIGURE S1 | (A) Lung epithelial bud exposed to FGF7 for 30 h forms a dilated
“bud,” that increases its size several times after 72 h in culture. (B) This enlarged
“bud” does not have a distinct stalk region. Bead are labeled with red asterisk.

FIGURE S2 | Cell proliferation in the epithelial explants treated with FGFs.
Examples of cell proliferation pattern in the explants treated with FGF10 (A–D) and
FGF7 (E–H). Proliferation of cells only observed at the tip of the
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bud in the explant exposed to FGF10 (B), while proliferation of cells throughout
whole explant is observed in the explant exposed to FGF7 (F). Quantification
of the proliferating cells exposed to different FGFs (I). The scale
bar is 50 µm. “∗” labels significant changes in cell proliferation in “D. stalk” and “P.
stalk” compared to “bud” region in the epithelial explant exposed to FGF10.

FIGURE S3 | ERK1/2 phosphorylation is induced by FGF7 throughout all areas of
the LG epithelial explant. (A) Schematic representation of the experiment.
Epithelial explants grown near the FGF7 bead for 30 h were divided into three
pieces and processed for Western blotting using phospho ERK1/2 and total

ERK1/2 antibodies. (B) Similar ERK1/2 phosphorylation is induced in all parts of
epithelial explant exposed to FGF7.

FIGURE S4 | Effect of FGF gradient on explant migration after 96 h in culture.
(A,B) The distal part of the explant exposed to FGF3 tends to spread out the bead
surface after 96 h in culture, but never completely engulf the bead. (C,D)
Examples of explants growth near the FGF10 loaded beads. FGF10 exposure
induces complete engulfment of the FGF10-bead by the explant cells. (E,F) FGF7
forms shallow gradient and causes cyst formation but still induces distal explant
tissue to engulf the FGF7 loaded bead.
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