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KEYWORDS Summary

Twisted gastrulation

gene; Objective: Mouse Twisted gastrulation gene (Twsg1) expression is found throughout
Mouse; embryonic development, including substantial levels in the first branchial arch that
Salivary glands; gives rise to the submandibular salivary gland (SMG). We addressed the proposition
Development; that normal Twsg1 expression is critical to normal SMG ontogenesis.

Embryonic Design: Utilizing C57BL/6 embryos that were Twsg?1~/~ homozygotes, as well as wild

type and heterozygote littermates, we investigated SMG development from gesta-
tional day 13 to newborn.

Results: Twsg1 protein is immunodetected in epithelia throughout SMG development.
Twsg1~'~ embryos display widely variable craniofacial phenotypes that range from
normal to severe holoprosencephaly/agnathia with no mandibular arch or stomo-
deum. The SMG phenotypes are correlated with the external craniofacial phenotype,
ranging from normal to agenesis/aplasia.

Conclusions: It is evident that normal Twsg1 expression is critical for normal mouse
SMG ontogenesis. Twsg? loss of function is ultimately epistatic to the epigenome
under normal physiologic conditions, but not always so. The reduced penetrance and
variable expressivity seen in the SMGs of Twsg1~/~ embryos is a challenging enigma.
© 2005 Elsevier Ltd. All rights reserved.

Abbreviations: BMP, bone morphogenetic protein; BSA, .
bovine serum albumin; FGF8, fibroblast growth factor 8; Pitx1, Introduction
paired-like homeodomain transcription factor 1; Shh, sonic
hedgehog; SMG, submandibular salivary gland; Tsg, twisted gas-  Mytation of the twisted gastrulation gene in Droso-
trulation; Twsgt, twisted gastrulation gene hila (tsg) is associated with dysmorphic embryonic
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protein which is expressed in early embryogenesis
and regulates the activity of decapentaplegic (dpp),
an ortholog of the vertebrate bone morphogenetic
proteins BMP2 and BMP4.%3

The mammalian (mouse and human) twisted gas-
trulation gene (Twsg1) is highly conserved relative
to the Drosophila tsg gene, including all 24 cysteine
residues and a hydrophobic signal sequence.? In
contrast to Drosophila tsg expression, mammalian
Twsg1 expression is found throughout embryonic
development, including substantial levels in the first
branchial arch that gives rise to salivary glands.?
Though newborn Twsg? mutants display back-
ground-dependent craniofacial defects,* the sali-
vary gland phenotype has heretofore not been
investigated, neither at birth nor during embryonic
development. Further, there is a conserved inter-
action with BMPs, which may be agonistic, or antag-
onistic in a context-dependent manner.*"® This
interaction appears to mediate the expression of
two key molecules that regulate craniofacial devel-
opment, sonic hedgehog (Shh) and fibroblast growth
factor 8 (FGF8).%% 1112

Mouse submandibular salivary gland (SMG) orga-
nogenesis is initiated with a thickening of the oral
epithelium of the mandibular arch around E11 and
its subsequent development is best conceptualised
in stages.'®'* During the Initial Bud stage, the
thickening epithelium grows down into the arch
mesenchyme adjacent to the tongue to form the
primordial SMG. With continued epithelial prolif-
eration and downgrowth, the SMG primordium
becomes a solid, elongated epithelial stalk termi-
nating in a bulb. In the Pseudoglandular stage, the
primordium branches by repeated furcation in the
distal ends of successive buds to produce a bush-
like structure comprised of a network of epithelial
buds. 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.

This progressive differentiation is consequent to
the functional integration of parallel and broadly
related signalling pathways.'*'> Of particular note
here, BMP2, BMP4, FGF8, and Shh are immunoloca-
lised to SMG epithelia throughout organogenesis,
Early Initial Bud to Late Terminal Bud. Shh and
FGF8 appear essential to SMG development.'®' In
Shh null mice, the SMG fails to progress beyond the
Early Pseudoglandular stage.'® Fgf8 hypomorphs
have hypoplastic SMGs, whereas conditional null
SMGs exhibit ontogenic arrest at the Initial Budstage,
followed by involution and absence by E18.5."

Given the Twsg1 regulation of BMP function and
the BMP mediation of Shh and FGF8 protein exp-
ression, it is reasonable to propose that, as with

Drosophila tsg, mutant Twsg1 would be associated
with dysmorphic salivary glands, that is, normal
Twsg1 expression is critical to normal SMG ontogen-
esis. To address this question, we investigated SMG
development in inbred C57BL/6 embryos who were
Twsg1~'~ (null) homozygotes, as well as wildtype
and heterozygote littermates.

Materials and methods

The generation of Twsg1-deficient mice has pre-
viously been described.* Briefly, inbred mice carry-
ing a heterozygous conditional allele of Twsg1
(Twsg1™°’*) in a mixed background (129Sv/Ey,
C57BL/6) were bred to Bactin-Cre mice to remove
exon 3, which encodes part of the N-terminal
domain of Twsg1l (aa 74—162) that has the BMP-
binding activity. Mice heterozygous for deletion of
exon 3 are called Twsg1*/~. Heterozygous mice were
backcrossed to C57BL/6 background for nine gen-
erations and then intercrossed to generate homo-
zygotes (Twsg1~/").

Pregnant females were euthanized by CO, nar-
cosis and cervical dislocation on days 12.5 (E12.5)
through 18.5 (E18.5) of gestation. Twsg?~’~ new-
borns with craniofacial abnormalities are stillborn.
The embryos were dissected in cold phosphate-buf-
fered saline (PBS). Yolk sacs were collected for
genotyping. Genomic DNA was extracted by stan-
dard methods'® and amplified by PCR as previously
described.* Heads were fixed in 4% paraformalde-
hyde, embedded in paraplast, and serial coronal
sections were stained with haematoxylin and eosin.
A minimum of 12 heads per gestational age were
analysed. Twsg1 genotype and external craniofacial
phenotype were correlated to SMG phenotype.

Immunolocalisation to detect Twsg1 protein was
done using commercially available monoclonal anti-
mouse TSG antibody (R&D Systems). Wildtype
E12.5—E18.5 SMGs were fixed in cold 10% neutral
buffered formalin for 4 h and processed as described
above. The sections were deparaffinised, rehy-
drated, placed in antigen retrieval solution
(10 mM citrate acid, pH 6), microwaved for 5 min,
and rinsed in water. The blocking was performed in
TNBTT (50 mM Tris—Cl pH 7.5; 150 mM NaCl; 0.1%
BSA; 0.1% Triton X-100), first with the addition of 2%
bovine serum albumin (BSA, Sigma) at room tem-
perature for 1h, then with 5% goat serum (MP
Biomedicals) at room temperature for 30 min. The
slides were rinsed with TNBTT and incubated with
anti-mouse TSG antibody at 1:20 dilution at 4 °C
overnight. Following several washes with PBS and
TNBTT, the slides were incubated with goat anti-rat
antibody Alexa Fluor 488 at 1:50 dilution (Molecular
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Figure 1 Twsg1 protein localization during embryonic
SMG development. (A) Initial Bud stage: the SMG consists
of a solid, elongated epithelial stalk terminating in a bulb.
(B) Negative control section. (C) Pseudoglandular stage:
the SMG appears as a bush-like structure composed of a
network of epithelial branches and end-buds, the pre-
sumptive ducts and terminal buds. At this stage, no lumina
are seen in either the ducts or terminal buds. (D) Terminal
Bud stage SMG: the number of branches and buds has
markedly increased and the presumptive ducts and term-
inal buds exhibit distinct lumina lined by cuboidal epithe-
lial cells. In all stages, Twsg1 protein is immunodetected in
the epithelia and not in the mesenchyme. Bar: A and B—
30 pm; C and D—50 pm.

Probes) for 2 h at room temperature. The slides
were washed with PBS and covered using permafluor
mountant medium (Thermo Electron Corporation).

In situ hybridisation was performed on paraffin
embedded tissue sections as described.'® Paired-
like homeodomain transcription factor 1 (Pitx7)
cDNA probe was a 512-bp fragment amplified from
I.M.A.G.E. clone ID4192818 using primers: Pitx1For:
5'-cgccgctgtctaccaagage-3’  and  Pitx1Rev: 5'-
caaaaccaacctggaggcgg-3’. The probe was subcloned
into pCRII-TOPO vector (Invitrogen). The plasmid
was linearized with BamHI and transcribed with
T7 polymerase (Roche).

Results

Twsg1 protein is immunodetected throughout the
development of SMG, from Early Initial Bud to Late
Terminal Bud stages (Fig. 1). The protein is localized
exclusively to SMG epithelia, not mesenchyme.
Twsg1 protein is primarily seen in epithelial cell
membranes; this is consistent with it being a
secreted protein.

Embryonic Twsg1~/~ mice displayed craniofacial
phenotypes that range from normal or minimally
affected (microphthalmia) (Fig. 2B) to simple
aganthia with a hypoplastic mandibular arch, low
set ears and microstomia (Fig. 2C) to severe holo-
prosencephaly/agnathia with no mandibular arch or
grossly evident stomodeum (Fig. 2D).

Twsg1 genotype and external craniofacial pheno-
type was correlated to SMG phenotype. The widely
variable phenotypic expression noted previously in
the craniofacies of Twsg?~/~ embryonic (Fig. 2) and
newborn* was also found in submandibular glands.
Twsg1~/~ embryos with normal mandibular arches
(Fig. 2B) exhibit age-appropriate Canalicular stage
development in E15 SMGs (Fig. 3C), identical to that
seen in their normal Twsg?*/* and Twsg1*/~ litter-
mates (Fig. 3A and B). Twsg?~/~ embryos with a
primitive mandibular arch (Fig. 2C), at E15 exhibit
no evidence of several arch-derived structures
(Meckel’s cartilage, bone, or tongue) and SMGs that

Figure 2 Twsg?~’~ embryos display widely variable craniofacial phenotypes at E13.5. Normal craniofacial phenotypes
are seen in Twsg1*/~ (A). Twsg1~’~ embryo display craniofacial phenotypes that range from normal mandibular arch
development (with or without associated defects such as microphthalmia (B) to simple agnathia with a hypoplastic
mandibular arch (arrow), low set ears and microstomia (C) to severe holoprosencephaly/agnathia with no mandibular
arch (arrowhead) or grossly evident stomodeum (D). e—eye. Bar, 200 mm.
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Figure 3 Twsg?7~’~ mutant SMG phenotypes. Age-appropriate Canalicular stage SMGs are seen in E15.5 Twsg1*/* (A),
Twsg1*/~ (B) and craniofacially-normal or minimally affected Twsg?~/~ (C) embryos. The Twsg?1~’~ SMG (D) found in
mutants with hypoplastic mandibular arches is abnormally positioned and arrested at the Early Initial Bud stage. Twsg1~’
~ embryos with severe holoprosencephaly/agnathia (E and F) never exhibit SMG ontogeny. This agnathic phenotype
occurs with (E) or without (F) a primitive stomodeum. Note the presence of maxillary tooth buds (TB) in severely
abnormal mutants with a primitive stomodeum (E). (G and H) Pitx1 expression. Pitx1 is expressed in the oral epithelium
and SMG of E13.5 wildtype embryos (G). SMG agenesis is seen in the presence of a rudimentary oral cavity in Twsg?~/~
embryos at E13.5 ~/~(N): craniofacially-normal Twsg?~/~ mice; OE—oral epithelium; PS—palatal shelves. Bar, 50 p.m.

are abnormally positioned and ontogenically  embryos with severe holoprosencephaly/agnathia
arrested at the Early Initial Bud stage (Fig. 3D). (Fig. 2D) never exhibit SMG ontogeny, either early
At birth, such newborns display one of four SMG on (Fig. 3E and F) or at birth (not shown). This agenic
phenotypes (Fig. 4): normal, hypoplasia, dysplasia, phenotype occurs with or without a histologically
or absence of the gland (aplasia). Finally, Twsg?~/~ demonstrable primitive stomodeum (Fig. 3E and F),
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Figure 4 Newborn SMG phenotypes. (A) Late Terminal
Bud stage SMGs are seen in newborn Twsg?*’* mice. (B)
Hypoplastic SMGs are seen in agnathic Twsg?~/~ mice,
characterized by fewer epithelial ducts and terminal
buds. (C) Severely abnormal SMG consisting of very few
epithelial branches and disorganized mesenchyme are
seen in Twsg1~'~ mice with an extremely small mandib-
ular arch. Bar, 50 pm.

and verified by Pitx1 expression (Fig. 3G and H).
Pitx1 is a marker of oral epithelium and its deriva-
tives, including SMG.?°

Discussion

It is clear that normal Twsg1 expression is critical to
normal mouse SMG ontogenesis. The reduced pene-
trance and variable expressivity seen in the SMGs of
Twsg1~/~ embryos is a challenging enigma.
Salivary gland epithelial branching is a multi-
factorial trait, largely dependent upon a series of
interrelated genetic circuits through which mor-
phogenesis is realized (i.e., its epigenotype).'*'>
The functional epigenome changes with progressive
differentiation (time and space). As we see pre-
sently, Twsg1 loss of function is ultimately epistatic
to the epigenome under normal physiologic condi-
tions (i.e., no other gene mutations nor untoward
environments), but not always so (Fig. 2). Since

Twsg1 —ga—l BMP4

epistasis of declining Twsg1 function is a nonlinear
emergent property of the complete functional epi-

genotype, it cannot escape the effects of pathway
noise.?' ™23

The underlying reactions of molecular pathways,
typically involve small numbers of macromolecules
(e.g. transcription factor and signal transduction
factors) which are distributed in a Poissonian fashion
and inevitably exhibit stochastic fluctuations that
generate phenotypic diversity.?*%> Generally, two
types of noise may be distinguished: intrinsic noise
attributable to stochastic events during gene
expression, and extrinsic noise due to cellular het-
erogeneity (size, shape, cycle stage, etc.) or to
stochastic events in upstream signal transduction;
extrinsic noise dominates intrinsic noise by a factor
of 550 to 1.2° It is, thus, reasonable to expect that
stochastic fluctuations in any one or a number of
other parallel molecular SMG branching pathways
[e.g. EGF and IGF'*'>27] would result in a more
normal SMG phenotype even in the presence of the
usually epistatic Twsg1 loss of function, what Schro-
dinger?* refers to as ‘the statistical mechanism
which produces order from disorder.” This redun-
dancy in signal integration, as well as cell—cell and
extracelluar interactions, has been well-mod-
elled.?®?° Although the system of genetic networks
is robust, it moves toward criticality (between
stable and chaotic).

The variable expressivity notwithstanding, it
seems apparent that the abnormal phenotype seen
in Twsg1~/~ embryos (Fig. 2) is associated with an
upregulation of BMP signalling and a concomitant
downregulation of Shh signalling in oral epithelia.* It
has been consistently demonstrated that increased
BMP signalling results in decreased Shh and FGF8
protein expression."""'2 Downregulation of Shh sig-
nalling in embryonic SMGs also results in a very
significant decline in FGF8 expression and in SMG
morphogenesis.'® Some have argued that induction
of FGF8 protein expression does not depend on Shh
signalling, but that its maintenance depends on Shh
signaling.'? This is supported by our studies of SMG
ontogenesis: with Fgf8 loss of function, SMG devel-
opment is only partially rescued by enhanced Shh
expression'’; with Shh loss of function, SMG devel-
opment is fully rescued by enhanced FGF8 expres-
sion.”” All this suggests an intriguing Twsg1-
mediated epistatic molecular pathway in which
Shh and FGF8 signalling reciprocally maintain each
other:

1Shh FGF8 SMG branching

where BB = “Black Box” (Twsg1 genotype + geno-
mic background + epigenotype + contingent envir-
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onment). Investigating Twsg1 and Bmp4 conditional
mutants in which Twsg1 and Bmp4 function has been
completely ablated in its expression domain in the
first branchial arch ectoderm from the time of arch
formation, would greatly enhance our understand-
ing of this epistatic pathway.
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