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Embryonic Salivary Gland Branching
Morphogenesis

Tina Jaskoll and Michael Melnick

Abstract

alivary submandibular gland (SMG) morphogenesis is regulated by the functional
S integration of stage-specific growth factor- , cytokine- and transcription factor-mediated

signaling which mediates specific patterns of cell proliferation, cell quiescence, apoptosis,
and histodifferentiation. We describe the stage-specific distribution of protein components of
key signaling pathways during embryonic SMG development and correlate their protein ex-
pression patterns with cell proliferation and apoptosis. We then review the critical role of the
Fibroblast Growth Factor (FGF), Hedgehog (Hh) and Ectodysplasin (Eda) signaling pathways
and discuss how they may interact within the context of a nonlinear genetic network.

Introduction

Morphogenesis of complex organs such as the submandibular salivary gland (SMG) re-
quires cooperation and coordination of multiple signaling pathways to regulate cell prolifera-
tion, quiescence, apoptosis, and histodifferentiation.™ Its development is regulated by the
functional integration of stage-specific growth factor- , cytokine- and transcription
factor-mediated signaling which mediates these cellular events."> ! Tn this review, we will
focus on those signaling pathways which have been shown to play important and essential
morphoregulatory roles during SMG organogenesis and discuss their functional relationships
in the context of a dynamic, nonlinear genetic network.

Mouse submandibular salivary gland organogenesis is initiated with a thickening of the
oral epithelium of the mandibular arch around E11 and is best conceptualized in stages: Prebud,
Initial Bud, Pseudoglandular, Canalicular and Terminal Bud Stages (Fig. 1). In the Prebud Stage,
SMG development begins as a thickening of the primitive oral cavity epithelium adjacent to
the tongue. During the /nitial Bud Stage, this thickening epithelium grows down into the first
branchial (mandibular) arch mesenchyme to form the initial SMG bud. With continued epi-
thelial proliferation and downgrowth, the SMG primordium becomes a solid, elongated epi-
thelial stalk terminating in a bulb. The primordium branches by repeated furcation in the
distal ends of successive buds to produce a bush-like structure comprised of a network of epi-
thelial branches and terminal epithelial buds (the Psendoglandular Stage). These branches and
buds hollow out by epithelial cell apoptosis during the Canalicular and Terminal Bud Stages to
form the ductal system and presumptive acini (for details, see refs. 7, 12). Epithelial cell prolif-
eration is found in all stages, even after well-defined lumen formation in the Zerminal Bud
Stage. By contrast, epithelial apoptosis begins with the onset of lumen formation in the Canali-
cular Stage. Moreover, our studies suggest that ductal canalization is primarily due to caspase
8-mediated apoptosis whereas p53 primarily mediates terminal bud lumina formation. 17+13-14
In addition, although we found three pro-survival/anti-apoptotic proteins (NF-xB, bcl2, and
survivin) in lumen-bounding epithelial cells during canalization, the presence of only
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Figure 1. Schematic representation of staged SMG development. The important cell-specific distribution
patterns of protein components of multiple signal transduction pathways are shown in the boxes. * epithelial
stalk localization; V¥ factors or receptors found in the center of epithelial terminal buds.
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nuclear-localized (activated) survivin in the layer of surviving cells after the completion of
lumen formation suggests that survivin mediates terminal bud cell survival. ' Based on our
data, we conclude that apoptosis-mediated lumen formation and cell survival are achieved
through several different pathways.

To delineate the molecules and signaling pathways involved in the induction and regulation
of embryonic SMG morphogenesis, we first determined the stage-specific distribution of rel-
evant growth factors and cytokines (and their receptors) and transcription factors and corre-
lated their protein expression patterns with cell proliferation and apoptosis (Fig. 1; see refs. 7,
12, 16-17). Our identification of the protein components of the Fibroblast Growth Factor
(FGF), Epidermal Growth Factor (EGF), Hedghog (Hh), Ectodysplasin (Eda), Insulin-like
Growth Factor (IGF), Transforming Growth Factor-B (TGF-B) and Tumor Necrosis Factor
(TNF) mediated signaling cascades suggests their importance during embryonic SMG devel-
opment. The marked overlaps in multiple ligand and receptor localization patterns suggest
redundancy in their functions. In addition, the nearly exclusive epithelial localization of pro-
tein components of key signaling cascades in Pseuodoglandular Stage and older SMGs suggests
that, in these stages, branching morphogenesis and histodifferentiation are primarily mediated
by epithelial-epithelial interactions and not epithelial-mesenchymal interactions.

SMG organogenesis is due to the functional integration of parallel and broadly related
signaling pathways (for review see refs. 1, 7, 17). To begin to understand the complex interac-
tions within this dynamic signaling network, one must first determine the contribution of
individual pathways and identify those which are important and necessary for embryonic SMG
development. Analyses of knock-out, transgenic and mutant mice provide insights into which
of the signaling pathways present in the developing SMG play essential morphogenetic roles®'°
(for review see refs. 7, 17). Of particular note are the following genotype/phenotype observa-
tions: (1) SMG aplasia in Fgfp2-Illb-/- , Fgf10-/- , and Fgf8 conditional mutant mice; '*'¢"
(2) SMG dysplasia in Edardl (downless) mutant mice; 8and (3) SMG dysplasia in Shh-/- mice.’
These results suggest that the FGF/FGFR, ShhPtc, and Eda/Edar signaling cascades are critical
for SMG organogenesis.

FGF/FGFR Signaling

The FGF family includes at least 23 members which have been shown to have diverse
biological functions, including cell proliferation, epithelial branching and histodifferentiation
(for review see refs. 20-23). FGF function is through a family of five transmembrane
tyrosine-kinase receptors (FGFRs). Alternate splicing of Fgfrl, Fgfr2, and Fgfr3 generates re-
ceptor isoforms (e.g., I1Ib and Illc) with different ligand-binding specificities. Ligand binding
to the appropriate receptor results in receptor dimerization, activation of the intrinsic tyrosine
kinase activity and autophosphorylation which activates several intracellular cascades, includ-
ing the Ras pathway, Src family tyrosine kinases, phosphoinositide 3-kinase/AKT (PI3K/AKT),
the PLC-y/PKC (phospholopase-Cy/protein kinase C) pathway, and the STAT3 pathway (Fig.
2; for review see refs. 21-23). Although FGF receptors have the ability to activate multiple
pathways simultaneously, the variable pleitrophic effects of different FGF/FGFR signaling path-
ways are associated with clearly distinguishable signaling which induce different downstream
targets according to a cell’s need. For example, the RAS pathway has been shown to be critical
for cell proliferation and differentiation whereas the PI3K/AKT pathway plays a major
prosurvival/anti-apoptotic role.®?42°

Regarding FGFR2 signaling, gene targeting has clearly demonstrated that both FGFR2
isoforms, FGFR2-IIIb and FGFR2-1llc, play critical roles during SMG organogenesis. Al-
though an initial SMG bud is present in Fgfr2-I11b-/- mice (De Moerlooze, Jaskoll and Melnick,
unpublished), no gland is found in E14.5 and older mutant mice.'® The observation of a
similar SMG phenotype in FgfI0 null mice,'? as well as the absence of abnormalities in Fgf7
null mice,”® indicate that FGF10 is the ligand responsible for the Fgfy2-III6 mutant pheno-
type. Since the absence of a SMG primordium in E14.5 and older Fgfr2-/Il6 mutant mice
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Figure 2. FGF/FGEFR signaling pathway. Known and putative connections are based on published results
(e.g., 23-25, 59-62).

made it impossible to determine if FGF10/FGFR2-IIIb signaling regulates branching mor-
phogenesis, we then investigated the effect of enhanced or reduced FGF10/FGFR2-IIIb sig-
naling on SMG development in vitro. Exogenous FGF10 peptide supplementation induced a
significant 55% (P<0.01) increase in epithelial branching in embryonic SMGs compared to
control. Abrogation of FGFR2-IIIb signaling with anti-Fgfr2-11b oligonucleotides (ODNis)
resulted in a significant dose-dependent decrease in branching morphogenesis compared to
sense controls (Fig. 3). Together these results indicate that FGF10/FGFR2-IIIb signaling
plays a critical role for SMG branching morphogenesis and cell survival, but not initial bud
formation.

Since Fgfr2-11lc null mutations are embryolethal, we analyzed the role of FGFR2-IIIc sig-
naling in Fgfr2-I1lc deficient mice.! FgﬁZ _[IIc+/A mutant SMGs are smaller, with fewer ter-
minal buds compared to wildtype glands. We then confirmed the functional importance of the
FGFR2-Illc pathway for branching morphogenesis using our organ culture system.
Anti-Fgfr2-Illc ODN-mediated reduction in FGFR2-IIIc signaling resulted in a significant
dose-dependent decrease in branching compared to sense control (Fig. 4). Based on these re-
sults, we conclude that FGFR2-IIlc signaling plays an important role during SMG branching
morphogenesis. What remained unclear was whether, like the FGFR2-I1Ib pathway discussed
above, FGFR2-Ilc signaling is critical and essential for embryonic SMG cell survival.

To address this question, we turned our attention to which FGF ligand likely induces the
FGFR2-1Ilc signal during embryonic SMG development. Although FGF8 isoforms have been
shown to bind with high affinity to FGFR2-IIlc, FGFR3-IIlc and FGFR4,%7%® the absence of
FGFR3 and FGFR4 from Initial Bud Stage and older SMGs '© indicates that FGF8 mediates
its signal through FGFR2-IIlc. Moreover, although FGF2, FGF4, FGF6 and FGF8 and FGF9
bind with high affinity to FGFR2-IIlc (see reviews, 20-22), the normal SMG phenotype in
Fgf4 null mice (A. Moon, E.J. Park, L. Francis, unpublished), the relatively normal appearance
of Fgf2 and Fgft null mice,”* and the absence of Fgf9 transcripts from embryonic SMGs !
indicate that FGF8 is the important FGFR2-IIlc ligand for SMG morphogenesis. Thus, the
abnormal SMG phenotype seen with interrupted FGFR2-I1Ic signaling in vivo and in vitro is
primarily due to diminished FGF8/FGFR2-I1Ic signaling.
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Figure 3. Reduced FGFR2-IIIb signaling in vitro results in decreased SMG branching morphogenesis.
Paired E14 SMG primordia were cultured in sense (A) or antisense (B) ODNis for 48 hours and Spooner
ratios (bud number at 48 hrs/bud number at 0 hr) were determined for each explant. C. A comparative
representation of the percent change in Spooner branching ratios with antisense treatment relative to sense
control. Mean Spooner ratios were determined, the data were arcsin transformed to insure normality and
homoscedasticity, and compared by paired t-test for all embryos studied as previously described.' A mini-
mum of 4 explants/treatment were evaluated. ** P<0.01.
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Figure 4. Reduced FGFR2-IIlc signaling in vitro results in decreased SMG branching morphogenesis.
Paired E14 SMG primordia were cultured in sense (A) or antisense (B) ODNis for 48 hours and Spooner
ratios were determined for each explant. C. A comparative representation of the percent change in Spooner
branching ratios associated with antisense treatment relative to sense control. A minimum of 4 explants/
treatment were analyzed. **P<0.02.
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We then investigated the SMG phenotypes in Fgf8 hypomorphic and tissue-specific condi-
tional mutant mice.'® Like the phenotype seen in Fgfi2-I7lc deficient mice, we see hypoplastic
glands in F¢gf8 hypomorphic mice. By contrast, SMG aplasia is seen in Fgf8 conditional mu-
tant mice in which Fgf8 expression was completely ablated from the first pharyngeal arch
ectoderm. Our observation of SMG hypoplasia and aplasia in Fgf8 hypomorphs and condi-
tional mutant mice, respectively, indicates that FGF8/FGFR2-IIlc signaling plays an essential
role for branching and survival of Pseudoglandular Stage and older SMGs, acting in a
dose-dependent manner. Importantly, the functional presence of other endogenous FGF/FGFR
pathways (e.g., FGF10/FGFR2-1IIb) or other signaling pathways (e.g., TGF-0/EGF/EGFR,
IGRII/IGFR1) could not prevent the complete death of embryonic SMG cells in the Fgf8
conditional mutant mice. These results indicate that the FGF10/FGFR2-I1Ib and FGF8/
FGFR2-IIlc signaling pathways induce unique and specific downstream cascades during em-
bryonic SMG development that cannot be compensated by other pathways.

In addition, since FGFR1 is the only other FGF receptor found at all stages of embryonic
SMG development (Fig. 1) and FGFR1 and FGFR2 have the ability to induce similar down-
stream cascades, we postulated that FGF/FGFRI signaling also plays an important role durin§
embryonic SMG development. However, the early embryonic death of Fgfr! null mice °
precluded any investigation into the role of FGFR1 signaling in later stages of development.
Recently, our collaborator Mohammed Hajihosseini generated transgenic mice which express a
mutant Fgfr] gene and showed a direct relationship between mutant Fgfr! copy number and
severity of defects.”> We investigated the SMG phenotype in these FgfrI transgenic mice and
found smaller glands composed of fewer epithelial branches in mutants compared to wildtype
mice (Fig. 5). The observation of distinct lumina in terminal buds in both wildtype and mu-
tant glands indicates that altered levels of FGFR1-mediated signaling inhibits epithelial branching
but not histodifferentiation. In vitro studies are consistent with these findings. Abrogation of
FGFRI signaling in vitro with antisense ODNs** or SU5402 peptide treatment,* Jaskoll and
Melnick, unpublished) results in a substantial decrease in branching. Taken together, these in
vivo and in vitro studies indicate that the FGF/FGFR1 signaling cascade is important for SMG
branching morphogenesis.

Since the I1Ib and Illc isoforms of FGFR1 bind different ligands (FGF1, 2, 4, 5, and 6 bind
to FGFR1-11Ib,* FGF1, 2 and 10 bind to FGFR1-1I1b%®) and may elicit different downstream
responses during embryonic SMG development, we then investigated the effect of reduced
FGFR1-IIIb and FGFRI-IIlc signaling in vitro. Exogenous soluble FGFR1-IIIb-Fc or

Figure 5. FgfrI mutant mice exhibit SMG hypoplasia. A. Terminal Bud Stage SMGs characterized by distinct
lumina within ductal and terminal buds are seen in wildtype mice. B. Fgfr/ mutant SMGs are smaller and
composed of fewer branches than the wildtype gland. The presence of lumina within their terminal buds
indicate that mutant glands have also achieved the Términal Bud Stage.
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Figure 6. Interrupted FGFR1-IIIb or FGFR1-IIlc signaling significantly decreases SMG branching mor-
phogenesis in vitro. Paired E14 SMG primordia were cultured for 2 days in 3 ng/ml IgG-Fc (CONT), 3
ng/ml FGFR1-IITb-Fc (R1-IIIb) or 3 ng/ml FGFR1-IIIc-Fc (R1-ITlc). To determine a possible synergistic
effect, paired E14 SMG primordia were cultured in 3 ng/ml FGFRI-IIIb + 3 ng/ml FGFR1-IIIc-Fc
(RI-IIIb + ITIc) or 6 ng/ml IgG-Fc (CONT). Spooner ratios were determined for each explant and treat-
ments compared by paired t-testas previously described. A minimum of 4 explants/treatment were analyzed.
A significant 24% (P<0.005) decrease in branching was seen with FGFR1-IIIb-Fc chimera treatment and
a significant 22% (P<0.002) decrease in branching was seen with FGFR1-IIIc-Fc chimera treatment. The
combination of FGFRI-IIIb-Fc and FGFRI-Illc-Fc chimera treatment resulted in a significant 28%
(P<0.05) decrease in branching compared to IgG controls.

FGFRI1-IIlc-Fc chimera was added to the culture medium to competitively bind endogenous
FGFRI1-IIIb or FGFR1-IIlc ligands. Abrogated FGFR1-IIIb or FGFR1-IIlc signaling resulted
in a highly significant ~23% decrease in branching morphogenesis compared to controls (Fig.
6). Embryonic SMGs primordia were also cultured in a combination of FGFRI1-IIIb-Fc +
FGFR1-IlIc-Fc chimeras. This combined treatment reduction of 28% reduction compared to
control (Fig. 6) is not different from that seen with either isoform chimera alone; thus, there is
no synergism. One possible explanation is that both receptor isoforms share identical ultimate
downstream pathways during embryonic SMG organogenesis; thus interruption of either
FGFRI-IIIb or FGFR1-IlIc signaling (or both) interrupts the same downstream cascade. What
remains to be determined are the specific downstream targets of FGFR1-11Ib and FGFR1-IIlc
signaling and whether they are unique and required for SMG development.

Hedgehog Signaling

Sonic hedgehog (Shh) is a member of the hedgehog (Hh) family of signaling molecules that
induces cell survival, proliferation, differentiation and pattern formation in various embryonic
tissues (for review see ref. 36). The cellular response to Hh is controlled by two transmembrane
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Figure 7. The hedgehog signaling pathway. In the absence of Hh ligand, Ptc inhibits the activity of Smo to
block the downstream signaling cascade. Hh binding to Ptc relieves Smo from its inhibition to initiate a
signaling cascade that results in the activation of the Gli family of transcription factors and subsequent
transcription of Gli responsive genes.

proteins, Patched 1 (Ptc) and Smoothened (Smo) (Fig. 7). Ptc acts as a negative regulator of the
Hh signal whereas Smo is a positive activator. Hh binding to Ptc relieves the inhibition of Smo
signaling to initiate a signaling cascade that results in the activation of target genes via the Gli
family of transcription factors, including genes associated with cell cycle progression.3 6-38

Data from knockout mice clearly indicate that the Shh signaling cascade is essential for
many aspects of mammalian embryogenesis, including neural tube, craniofacial, limb, and
kidney development (for review see ref. 10). Given that (1) $// null mice are characterized by
cyclopia, holoprosenchepaly and the virtual absence of mandibular derivatives,®® (2) Shh is
essential for neural crest cell survival,*’ and (3) the SMG initial bud develops as an invagina-
tion of the oral epithelium into the underlying neural crest-derived mesenchyme of the man-
dibular arch,'? we postulated that the Sh4 null SMG would be absent. Much to our surprise,
we found a severely dysplastic gland in ShhH-/- mice.” The presence of a small, severely abnormal
SMG primordium, as well as our observation that enhanced Shh signaling induced, and abro-
gated signaling decreased, SMG branching morphogenesis in vitro,’ indicate that Shh signal-
ing is critical for embryonic SMG branching morphogenesis, most likely by regulating epithe-
lial cell proliferation.

Eda/Edar Signaling

Ectodysplasin (Eda) and its receptor (Edar) are members of the TNF superfamily shown to
play critical roles during the development of ectodermal derivatives, including teeth, hair and
sweat glzmds.“'42 Eda-Al, the biologically active isoform, binds specifically to Edar activate
NF-KB translocation into the nucleus to regulate the transcription of NF-kB responsive genes,
including genes associated with DNA repair, cell cycle progression, cell survival, and apoptosis
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Figure 8. The Eda/Edar signaling pathway. EDA-A1 ligand binds to EDAR to activate NF-kB. NF-kB
activity is regulated by cytoplasmic IkB proteins which interact with NF-kB and prevent its nuclear
translocation. Eda/Edar signaling activates IkB kinase (IKK) to phosphorylate the IkBs, resulting in the
release of NF-kB which then translocates to the nucleus. Activated NF-kB then induces downstream target
genes, including genes associated with DNA repair, cell cycle progression, survival/anti-apoptosis, and
signal transduction.

(Fig. 8; see refs. 43-44). (In this review, Eda is used to designate the biologically active ligand,
Eda-Al).Loss of Eda or Edar function in humans results in hypohidrotic ectodermal dysplasia
which is characterized by absent or hypoplastic teeth, hair, and sweat glands;*!*>4>4¢ similar
phenoty4pes are seen in Tabby (EdaTa; Eda-less) and downless (Edardl; Edar-less) mutant
mice."1424 Our previous demonstration that TNF/TNFR signaling is important for balanc-
ing mitogenesis and apoptosis during embryonic SMG development' and that the NF-kB
cascade (the primary downstream pathway of Eda/Edar signaling) plays an essential role for
SMG epithelial cell proliferation and survival' suggested that the Eda/Edar pathway is essential
for SMG development. Thus, we analyzed Tabby (Eda7z) and downless (Edad]) mutant mouse
SMGs and found mutation-specific phenotypic abnormalities.® The Tabby SMG is hypoplas-
tic whereas the downless gland is dysplastic. Since Eda ligand is present in downless mice, their
more severe abnormal SMG phenotype indicates that no other receptor can compensate for
Edar’s functional absence. The decrease or absence of SMG ducts, acini and mucin protein in
Tabby and downless SMGs, respectively, indicate that Eda/Edar signaling is essential for branch-
ing morphogenesis, lumina formation, and histodifferentiation. Complementary in vitro stud-
ies provide additional mechanistic data in support of our conclusion. Enhanced Eda/Edar
signaling in vitro induces, and abrogated signaling decreases, branching morphogenesis as well
as the activation of NF-kB.® What remains to be determined are which signaling cascades
downstream of the Eda/Edar/NF-kB signal are important for SMG organogenesis.
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Downstream Targets Rescue SMG Phenotypes

To help delineate the morphogenetic role of any individual signaling pathway, developmen-
tal biologists have analyzed the effect of reduced/absent signaling on the expression of a select
number of candidate growth factors or receptors (e.g., see refs. 47-49) and determined if supple-
mentation with a downstream factor could rescue the abnormal phenotype in vitro (e.g., see
refs. 50-52 ). Since FGF8 is a target downstream of the Shh srgnal ? we determined if FGF8
peptide supplementation i in vitro could rescue the abnormal SMG phenotype seen with de-
creased Shh/Ptc signaling.” FGF8 supplementation restored SMG branching morphogenesis
to normal. Similarly, exogenous Shh and FGF10, physiologic downstream targets of FGF8/
FGFR2-IIIc signaling,'%"3 rescued the abnormal SMG phenotype seen with decreased FGF8/
FGFR2-1IIc signaling in vitro.'® In addition, FGF7, FGF10 and BMP7, physiologic down-
stream targets of FGF/FGFRI signaling, rescued the SMG phenotype seen with decreased
FGF/FGFRI in vitro.>* These rescue experiments indicate that enhancement of a downstream
signaling pathway can compensate for decreased signaling in a single pathway and can restore
SMG branching morphogenesis. Nevertheless, the observation of abnormal SMG phenotypes
in the transgenic and mutant mice discussed above indicate that such compensatory signaling
does not occur during normal in vivo SMG organogenesis.

A Nonlinear Genetic Network Regulates SMG Organogenesis

Opver the last decade, it has become increasingly apparent that organogenesis is the pro-
grammed ex?ression of regulatory genes coupled to downstream structural genes and epige-
netic events. > This process is dependent on the functional integration of diverse signal trans-
duction pathways that transmit information between and within cells. The cellular and
extracellular components may be visualized as a Connections Map which details the functional
relationships within and between pathways (Fig. 9). Specific growth factor- and
cytokine-mediated signal transduction pathways are parallel and largely functionally redun-
dant; that is, some pathways differentially and combinatorially compensate for the dysfunction
of a given individual pathway. However, other pathways have unique and nonredundant func-
tions since no other pathways(s) can compensate in full for their absence/dysfunction. These
nonredundant pathways are the key signaling cascades which regulate the cell dynamics of the
developing SMG.

In this genetic network, ligand/receptor binding initiates the activation of wide array of
broadly related, not independent, transcription factor cascades. Many of these signaling cas-
cades converge at a single factor, a so-called “hub,” which then induces a myriad of downstream
cellular responses. A prime example is NF-xB (Fig. 9). A large number of pathways activate
NF-kB which, in turn, induces more than 150 downstream responses.”® Regarding NF-kB’s
role during embryonic SMG development, we have previously demonstrated that interruption
of NF-kB activation in vitro results in a small gland characterized by a highly significant de-
crease in cell proliferation and a srgnrﬁcant increase in apoptosis, as well as the altered expression
of a multiple genes and proteins. "These include srgnal transduction, translation control (check-
point), cell cycle, and apoptosis genes and proteins that are downstream from the Eda/Edar,
TNE/TNFR, FGF/FGFR, TGF-0/EGF/EGFR, and IGFII/IGFRI signals (Fig. 9).

The identification of how these genetic pathways functionally interact during SMG orga-
nogenesis in vivo provide insight into whether an individual pathway is redundant or unique
(non redundant). Such information can be obtained from knock-out, transgenic and mutant
mice. The observation of normal SMGs in TGF-f1-/-, TGF-2-/-, TGF-B3-/-, Msx2-/-, Pax9-/-,
Hoxa5-/-, Glil-/-, Gli2-/-, and Gli3-/- mice indicate that other signaling cascades completely
compensate for the absence of each single pathway to restore the phenotype to normal. Thus,
these pathways are not the sine qua non of embryonic SMG development; therefore they are
redundant (Table 1).

In contrast, the absence of SMGs in Fgf8 conditional mutants, Fgf10-/- and Fgfr2-111b-/-
mice indicates that endogenous levels of other FGFR-mediated or parallel signaling pathways
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Figure 9. Connections Map. This signaling map reflects the pathways investigated in our laboratory. Known
and putative connections are based on work in our laboratory and the laboratories of others.

(TGF-o/EGF/EGFR, IGF/IGFR) could not compensate for the absence of FGF10/FGFR2-I1Ib
or FGF8/FGFR2-IlIc signaling. Significantly, the failure of endogenous levels of FGF10/
FGFR2-1IIb signaling in Fgf8 conditional mutants or FGF8/FGFR2-Illc signaling in Fgf10
null mice to prevent the complete death of SMG cells indicates that the FGF8 signal transduc-
tion pathway induces specific and unique downstream responses, different from those medi-
ated by FGF10 signaling. Thus, we conclude that the FGF8/FGFR2-1Ilc and FGF10/
FGFR2-1IIb pathways can be characterized as sine qua non pathways, i.e., they are essential
and non redundant (Table 1). It is interesting to note that, although EGFR is a tyrosine kinase
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Table 1. Molecular pathways: Functional relationships

Redundant Pathways Partially Redundant Pathways NonRedundant Pathways
Gli1,20r3 Eda/Edar FGF10/FGFR2-11lb

Hoxa5 Shh/Ptc FGF8/FGFR2-lllc

Msx2 TGFo/EGF/EGFR

Pax9 BMP7

TGF-B1/ TGF-RII Pax6

TGF-B2/ TGF-RII FGF/FGFR1 (?)

TGF-B3/ TGF-RII NF-xB (?)

rece?tor which can also induce responses identical to those downstream of FGF/FGFR signal-
ing,”®!15%% our observation of hypoplastic (and not aplastic) glands in Egfy and Zace null
mice (for review see ref. 17) indicates that, in this case, other pathways compensate, although
only partially, for the absence of TGF-a/EGF/EGEFR signaling (Table 1). This again points to
the uniqueness of FGF8 and FGF10 signaling in SMG development.

Further, our observation of a dysplastic gland in downless (Edardl; Edar-less) mutants indi-
cates that other pathways cannot completely compensate for Edar’s functional absence; thus,
the Eda/Edar pathway is only partially redundant (Table 1). Since multiple pathways have
been shown to activate NF-xB (Fig. 9; ref 54), it is likely that this partial compensatory affect
is due to NF-xB activation through pathways other than Eda/Edar. However, the absence of
abnormal SMGs in TNF or TNFR1 null mice®®>® and the presence of endogenous levels of
TNEF/TNEFR signaling in downless mutants indicate that TNF/TNFR-mediated activation of
NF-«B is not responsible for the rescued phenotype. In addition, although our in vitro func-
tional studies indicate that NF-kB is an important network “hub” during SMG organogenesis,
the unavailability of appropriate Nfiks mutant mice makes it impossible to definitively ascer-
tain if the NF-kB cascade is essential and non redundant.

Regarding other signaling cascades, the presence of a dysplastic SMG in Shh-/ - and a hypo-
plastic SMG in Bmp7-/-and Pax6-/- mice indicate that other parallel pathways only partially
compensate for the absence of Shh/Ptc, BMP7 or Pax6 signaling (Table 1). The more severely
abnormal SMG phenotype in S/ null mice indicates that other endogenous parallel pathways
compensate to a lesser degree for the absence of the Shh/Ptc cascade than the absence of BMP7
or Pax6 cascade. Finally, given the absence of FgfrI knock-out and tissue-specific conditional
null mice, the precise role of the FGFR1-mediated pathway remains unclear. However, func-
tional underexpression or overexpression of FGFR1 signaling indicates that, at the very least,
FGEF/FGFR1 homeostasis is essential for normal SMG morphogenesis.

Concluding Remarks

With our present knowledge, we can begin to model the regulation of SMG branching
morphogenesis (Fig. 10). The initiation of branching and the progression from the /nitial Bud
Stage to the Pseudoglandular Stage is dependent on FGF8/FGFR2-11lc and FGF10/FGFR2-11Ib
signaling. Subsequent epithelial branching and progression from the Pseudoglandular Stage to
the Canalicular Stage also require additional signaling through the Shh/Ptc and Eda/Edar path-
ways. Finally, since TGF-0/EGF/EGFR, BMP7 and Pax6 signaling regulate the rate of branch-
ing morphogenesis and histodifferentiation, these additional signal transduction pathways are
all essential for progression from the Canalicular Stage to the Terminal Bud Stage.

In this review, then, we have provided a glimpse into the dynamic, nonlinear network which
regulates SMG organogenesis. In studying the ontogeny of the embryonic SMG, the key is to
understand the functional coordination and cooperation between parallel signaling pathways
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Figure 10. Control of embryonic SMG branching morphogenesis. The initiation of branching and progres-
sion from the Initial Bud to the Pseudoglandular Stage is dependent on FGF8/FGFR2-IIIc and FGF10/
FGFR2-IIIb signaling. Continued epithelial branching and progression from the Pseudoglandular to the
Canalicular Stage also requires Shh/Ptc and Eda/Edar signaling. Since TGF-0/EGF/EGFR, BMP7 and
Pax6 continued branching morphogenesis, lumen formation, and histodifferentiation, the progression
from the Canalicular Stage to the Terminal Bud Stage is dependent of TGF-0/EGF/EGFR. BMP7and Pax6
signaling pathways. The data presented is based on SMG phenotypes in mutant and null mice. For details,
see refs. 7, 17.

to achieve the differentiated gland. The major challenge remaining is to identify the full comple-
ment of broadly related network components and to understand how they interact to regulate
the cellular dynamics of SMG development. To accomplish this daunting goal requires a sys-
tems biology approach; that is, the integration of transcriptomics, proteomics, and
bioinformatics.
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