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1 | INTRODUCTION

During craniofacial development, signaling proteins
exhibit dynamic expression patterns that integrate
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Abstract

Background: Morphogenesis depends on spatial and temporal coordination of
signaling pathways, yet context-specificity in interactions among these pathways
during cartilage and bone differentiation remains poorly understood. Here we
map cellular and histological localization of regulatory proteins forming core
craniofacial developmental pathways of the zebra finch (Taeniopygia guttata) to
provide insight into their functional roles during beak morphogenesis.

Results: We present an atlas of spatiotemporal coexpression of f-catenin,
Bmp4, CaM, Dkk3, Fgf8, Thh, Tgfs2, and Wnt4 across embryonic stages
HH29-42. Early stages (HH29-32), showed broad expression across epithelial
and mesenchymal tissues, followed by progressive compartmentalization by
HH36, with pronounced divergence among tissues. Notably, at later stages, pro-
teins showed tissue-specific distributions in boundary versus core regions of
chondrogenic and osteogenic domains, indicating coordinated cross-pathway
patterning during cartilage and bone formation.

Conclusions: We find that osteogenesis in the zebra finch beak is organized
by coordinated signaling between boundary-associated cells and differentiating
cores; cross-pathway feedback establishes bone and cartilage differentiation
while maintaining boundaries. Our results corroborate core aspects of cranio-
facial signaling dynamics and yet reveal unexpected subcellular localization of
some key proteins identifying regulatory complexity not captured by prior
transcript-level maps. This atlas provides a protein-level baseline for compara-

tive and mechanistic studies of avian beak morphogenesis.

KEYWORDS

chondrogenesis, craniofacial development, immunohistochemistry, mesenchymal stem cells,
osteogenesis

positional information and coordinate tissue differ-
entiation.™ The functions of these signals ultimately
require their physical assembly, necessitating subcellular
and within-tissue colocalization. In particular, distinguishing
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between membranal, cytoplasmic, and nuclear compart- directionality of communication at the tissue level.” For

mentalization of protein complexes is crucial for un- example, nuclear localization of transcriptional regula-

derstanding pathway activation states and the tors could indicate active signaling, whereas cytoplasmic

FIGURE 1 Summary of known and potential interactions of eight focal proteins in craniofacial development. HH signaling (far left) is
initiated when IHH binds to cell surface receptor Patched 1 (PTCHL1), activating Smoothened (SMO) which, in turn, initiates a signaling cascade
activating Gli activator proteins (GLIA) which are key transcription factors for craniofacial (CF) genes, including BMP4 and TGFp2. In the absence
of THH ligand, SMO is blocked and the Gli repressor (GLIR) is produced, blocking gene expression. BMP4 and TGFf2 each initiate signaling
cascades involving different sets of R-SMAD proteins that form a complex with SMAD4. This complex translocates to the nucleus where it recruits
other co-activators or repressors (not shown) and binds DNA to activate (and sometimes repress) target CF genes, including in some cases TGFf2.
FGF8 signaling can block IHH, TGF/2, and BMP4 pathways as it activates the MAPK/ERK pathway, and ERK can inhibit both GLIA and
R-SMADs from reaching the nucleus. However, in some developmental contexts, ERK can enhance gene transcription or shift it to new target
genes by phosphorylating R-SMADs in the nucleus. Unlike the other secreted ligands, TGFf2 is translated as a pro-peptide that dimerizes in the
endoplasmic reticulum (ER) and forms the small latent complex (SLC), which then binds latent TGFp-binding protein in the Golgi to form the
large latent complex (LLC). The LLC is secreted and tethered to the ECM in an inactive state until mechanically or proteolytically activated. WNT4
(far right) mainly acts as a non-canonical Wnt ligand by binding to a Frizzled/ROR- or Frizzled/RYK-type receptor complex to activate Ca*"
signaling, which elevates intracellular Ca®* and activates calmodulin (CaM) and downstream kinases (CamKs) either in the cytoplasm (not shown)
or the nucleus. These kinases, in turn, provide context-dependent modulation of Smads and other CF-relevant transcription factors (TF). In parallel,
a separate canonical Wnt pathway activates the LRP-Frizzled-Disheveled axis, blocking the destruction complex and stabilizing cytoplasmic
p-catenin. This enables its nuclear translocation to regulate craniofacial (CF) genes with TCF/LEF (T cell factor/lymphoid enhancer factor family;
not shown) and other transcription factors. Non-canonical WNT4/Ca®"/CaM signaling can antagonize canonical output by inhibiting TCF/-
catenin-dependent transcriptional activity. Dkk3 is a context-dependent modulator of this axis, as it has been proposed to modulate Ca*"
production, although the mechanism is still under investigation. DKK3 can also capture cytoplasmic $-catenin, limiting its nuclear entry and
further impacting canonical Wnt activity. In the absence of canonical Wnt signaling, a pool of j-catenin is bound to E-cadherin at adherens
junctions in the cell membrane, contributing to cell-cell adhesion and sequestering f-catenin away from the nucleus.

5UBD 17 SUOLULLID dAIRR1D) 3|qedt|dde auy Aq pousenob afe SapIe YO ‘88N JO S3NI 10§ Akelg 1 8UIUQ AB|IAA UO (SUO I IPUOD-PUR-SLLLIBY WD A3 1M AR1q 1 U UO//SANY) SUOIIPUOD PUe SWB | 843 89S *[9202/90/T0] U0 ARigiauliuo AS|IMm * AriqiTeuozuy JO ANSIBAIUN - YyLomyaNnd 8ausy AQ 95TOZ APAP/Z00T OT/I0p/wWod A3 1M Aelq 1 putjuosgndAworeue//sdny Wwoly popeoumod ‘0 ‘22 T0.60T



DUCKWORTH ET AL.

localization suggests ligand production or initiation of
intracellular signaling cascades.®™® Thus, by placing sub-
cellular localizations in a spatial and temporal context,
we can gain insight into the flow and distribution of
information among cells as well as the functional impor-
tance of expression overlap for tissue differentiation.
While prior work has focused mainly on tran-
script-level expression maps,” in this study, we trace
ontogenetic changes in the colocalization and

FIGURE 2
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compartmentalization of regulatory proteins across
multiple signaling pathways important in avian beak
development. Maps of protein localization are a power-
ful complementary approach to transcript-level maps
because they are often a closer proxy for the stage-
specific functional performance of signaling path-
ways.'® Because turnover rates of transcripts and pro-
teins often differ'™'* and spatial context is important
for interpreting the functional significance of

Consensus illustrations of mid-sagittal sections of five developmental stages traced from prototypical embryos used in this

study with major anatomical features labeled. Key shows color scheme used to denote cellular localization of expression as well as

expression intensity in Figures 3-12. Nuclear expression includes perinuclear.

5UBD 17 SUOLULLID dAIRR1D) 3|qedt|dde auy Aq pousenob afe SapIe YO ‘88N JO S3NI 10§ Akelg 1 8UIUQ AB|IAA UO (SUO I IPUOD-PUR-SLLLIBY WD A3 1M AR1q 1 U UO//SANY) SUOIIPUOD PUe SWB | 843 89S *[9202/90/T0] U0 ARigiauliuo AS|IMm * AriqiTeuozuy JO ANSIBAIUN - YyLomyaNnd 8ausy AQ 95TOZ APAP/Z00T OT/I0p/wWod A3 1M Aelq 1 putjuosgndAworeue//sdny Wwoly popeoumod ‘0 ‘22 T0.60T



4 i AR o DUCKWORTH T AL.
_l_W] LEY— DD Developmental Dynamics /a\ £ ET AL

FIGURE 3 Wnt4, f-catenin, CaM, and Ihh expression at stage HH29/30. (A) Wnt4 (red stain) shows weak cytoplasmic expression
overall with (1) no expression at the tip and ventral portion of the mandibular prominence and (2) weak to moderate expression in the
Meckel's condensation. (3) Strong cytoplasmic and perinuclear expression in blood cells. (B) f-catenin expression (second panel, brown
stain) is widespread in both upper and lower jaw with (1) the weakest expression in pre-cartilage condensations (paraglossal shown) which
are surrounded by cells showing strong nuclear expression. (2) Nuclear and cytoplasmic expression in the surface epithelium of both the
upper and lower jaw (lower mandibular tip shown) with expression limited to nuclear in the ventral portion of the mandibular prominence.
(3) Strong nuclear and cytoplasmic expression in the nasal and oral epithelium of the maxillary prominence. (C) CaM (brown stain) shows
moderate nuclear and cytoplasmic expression in both the maxilla and mandible with (1, 2) stronger expression in potentially myogenic areas
adjacent to pre-cartilage condensations. Strong nuclear expression in blood cells. (3) Epithelial expression is cytoplasmic with scattered
nuclear expression in the underlying mesenchyme. (D) Ihh (red stain) shows overall weak expression in the maxillary prominence, and is
stronger, albeit more localized to specific regions, in the mandibular prominence. (1) There is a stripe of strong cytoplasmic expression in
likely pre-myogenic tissue along the center of the mandibular prominence and (2) moderate expression in the oral epithelium that matches
underlying expression in the Meckel's condensation. (3) Strong cytoplasmic expression in blood cells and at the edge of the nasal cavity. See
Figure 2 for key to anatomical features and expression patterns. Photos here and throughout 40x. Scale bars: 50 pm.
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FIGURE 4 Bmp4, Fgf8, TGF-f, and Dkk3 expression at stage HH29/30. (A) Bmp4 (red stain) shows relatively weak cytoplasmic
expression overall with (1) with strong expression concentrated around blood vessels and in stripes of mesenchymal tissue in both the (2) lower
and (3) upper ventral beak margins. Spatial extent of (B) Fgf8 expression (brown stain) is limited in the upper and lower jaw. (1) Maxillary
prominence shows weak cytoplasmic expression around the nasal cavity with strong nuclear expression only in blood cells (arrow). (2) Meckel's
cartilage shows weak cytoplasmic expression with areas of strong perinuclear expression, especially at the periphery. (3) Weak cytoplasmic
expression in the mesenchyme and surface epithelium. (C) TGF-$2 (brown stain) shows relatively weak cytoplasmic expression in the upper
and lower beak prominences. (1) Weak cytoplasmic expression in mesenchyme shifts to moderately strong around developing vascular opening
and moderately strong staining in surface epithelium of the mandibular prominence. (2) Strong cytoplasmic and perinuclear staining in the
oral epithelium of the lower beak prominence. Meckel's condensation shows weak cytoplasmic staining with moderate perinuclear expression
in the perichondrogenic area and in an adjacent pre-myogenic area. (D) Dkk3 (red stain) shows weak cytoplasmic expression in both
prominences with regions of stronger expression in the mandibular prominence. (1) Elevated perichondrogenic expression for the Meckel's
condensation and moderate expression in blood cells. (2) Moderate expression in the mesenchyme surrounding the basihyal condensation with
only weak expression in the condensation itself. (3) Moderate expression in a stripe of mesenchymal tissue in the ventral margin of the
mandibular process. See Figure 2 for key to anatomical features and expression patterns. Scale bars: 50 pm.
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expression patterns,'> a protein-level atlas that is
coupled with detailed histological mapping can provide
novel insight into coordinated signaling at boundaries
and tissue interfaces. Comparing such detailed func-
tional maps with prior work on gene expression can
pinpoint where these maps diverge, which would, in
turn, suggest novel regulation patterns and pathways
for evolutionary change.'® Here, we specifically focus
on the temporal activation and spatial modulation of
chondro- and osteogenic protein networks that play a
key role in beak morphogenesis and evolution.

The development of the avian beak is a model for
studies of evolutionary divergence in vertebrates and
exploration of craniofacial abnormalities in humans.'**
This importance stems from a shared developmental
architecture governed by four evolutionarily conserved
signaling pathways: wingless type protein (Wnt), bone
morphogenetic protein (Bmp; part of the transcription
growth factor, Tgff, superfamily), fibroblast growth fac-
tor (Fgf), and hedgehog (Hh) signaling.'®*° Here, we
examine the cellular localization, developmental timing,
and tissue-specific expression of eight key regulatory
proteins from these pathways that have been well char-
acterized in early stages of avian beak development®*’:
p-catenin, bone morphogenic protein 4 (Bmp4), calmod-
ulin (CaM), dickkopf homolog 3 (Dkk3), fibroblast
growth factor 8 (Fgf8), Indian hedgehog (Ihh), trans-
forming growth factor beta 2 (Tgff2), and wingless type
4 (Wnt4).

Wnt signaling regulates cell polarity, proliferation,
and fate specification and interacts extensively with the
other pathways integrating signals that orchestrate tissue
patterning®® (Figure 1). p-catenin and Wnt4 capture
canonical and non-canonical components of the Wnt
pathway,”*** respectively, while Dkk3 serves as a
context-dependent Wnt modulator*®*' (Figure 1). Bmp4

AMERICA!
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and Tgf2, both members of the TGF-f superfamily, rep-
resent key regulators of mesenchymal differentiation and
epithelial-mesenchymal signaling.”*>* FGF signaling,
via four receptor subtypes, fine-tunes growth and differ-
entiation of skeletal progenitors through feedback loops
that ensure spatial and temporal precision.>>** Hh sig-
naling, primarily through Sonic and Indian Hedgehog
(Shh and TIhh, respectively), maintains neural crest sur-
vival and coordinates epithelial-mesenchymal interac-
tions essential for jaw and midline formation.***
Finally, CaM, a calcium-binding transducer interacts
with multiple of these pathways (Figure 1) and has an
integrative role in osteoblast growth and differentiation*?
and beak shape evolution.*

Together these factors and their pathways form an
interconnected regulatory network that orchestrates
craniofacial patterning during development (Figure 1).
For example, in this network, Fgf8 is a central media-
tor of epithelial patterning and mesenchymal prolifera-
tion within the frontonasal region.*®*° It activates the
MAPK-ERK (mitogen-activated protein kinases-
extracellular signal-regulated kinases) pathway, and
sustained ERK activity suppresses both the Bmp4 Smad
cascade as well as IThh-Gli signaling.*”™*’ Bmp4 and
Tgfp2 activate distinct Smad pathways that converge
on shared gene regulatory networks, producing syner-
gistic or antagonistic effects on target genes depending
on whether they compete for Smad4 or their Smad
complexes co-occupy enhancer or promoter regions*®*°
(Figure 1). Wnt4 signaling interacts with all of these
pathways by impacting f-catenin dynamics, often inhi-
biting the canonical Wnt pathway and redirecting
p-catenin to the cell membrane, effectively preventing
it from reaching the nucleus (Figure 1). However, in
some tissue contexts,>! it can also regulate the canoni-
cal Wnt pathway and free p-catenin from its

FIGURE 5 Wnt4, p-catenin, CaM, and Ihh expression at stage HH32. (A) Wnt4 shows relatively weak cytoplasmic expression overall
with (1, 2) moderate expression in a large condensation of the maxillary prominence and strong expression in blood cells. (3) Weak

expression in mandibular prominence with no expression along its ventral edge, including in the surface epithelium. (4) Surface epithelium

shows weak expression. (B) p-catenin shows strong cytoplasmic and nuclear expression in the maxilla and mandible with (1) the strongest

nuclear expression just under the surface epithelium of the beak tip. (2) Expression is largely absent in the basihyal cartilage of the

mandibular prominence but is present in some nuclei of perichondrogenic cells. (3) Strong nuclear and cytoplasmic expression in the surface

epithelium of the mandibular prominence, with particularly strong nuclear expression in adjacent mesenchymal cells and elevated

cytoplasmic expression surrounding developing vasculature. (C) CaM shows weak nuclear and cytoplasmic expression in the upper and

lower jaw with (1) absence of expression at the beak tip. (2) Weak, mostly cytoplasmic, expression in the emerging Meckel's cartilage with

some scattered perinuclear expression. (3) Moderate expression in a region of mesenchyme just below the tongue which is likely pre-

myogenic. (D) Ihh shows overall weak cytoplasmic expression in the upper and lower jaw. (1) Expression is largely absent in the epithelium

at the tip of the maxillary prominence. (2) Moderate to strong expression in the central condensation of the maxillary prominence. (3) Strong

expression in the Meckel's cartilage. See Figure 2 for key to anatomical features and expression patterns. Stain colors as in Figure 3. Scale

bars: 50 pm.
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destruction complex, promoting its movement to the
nucleus, where f-catenin co-binds with various tran-
scription factors, including Bmp- and Tgfg-activated
Smads, to regulate numerous craniofacial
genes.””*?*3! In turn, Dkk3 can shift Wnt responses
toward non-canonical, Ca®'-dependent pathways,
engaging CaM signaling®®' and it can also prevent
p-catenin from entering the nucleus.>” Importantly, the
balance among these pathways is  highly
context-dependent: the same signaling input can pro-
duce opposite transcriptional outcomes depending on
Smad availability, Gli activator-repressor ratios, or
competition between canonical and non-canonical Wnt
branches.>>>> Yet, how this balance shifts within the
context of avian beak morphogenesis, particularly at
later stages, is not well characterized.

In this study, we provide an atlas of zebra finch
(Taeniopygia guttata) beak ontogeny across five devel-
opmental stages (Hamburger-Hamilton, HH, 29/30,
32, 36, 39, and 42) that span key late-development tran-
sitions in tissue differentiation and bone and cartilage
formation. The zebra finch is an emerging model sys-
tem in developmental biology and neurobiology,’®>°
with high quality genomic resources® and well-
described developmental staging.°® Moreover, zebra
finches are particularly well suited as a model for
developmental studies of the avian beak because their
conical beaks share key functional requirements with
other well-studied finch and seed-eating birds.®*°?
Using immunohistochemistry with chromogenic label-
ing and nuclear counterstaining, we map both the spa-
tiotemporal expression and subcellular localization of
focal proteins across tissues.

AMERIC
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2 | RESULTS AND DISCUSSION

As development proceeds, diffuse mesenchymal expres-
sion of proteins transitions to localized, pathway-specific
expression, corresponding to morphogenetic patterning
and structural maturation of the beak (Figures 2-12). In
the earliest stages (HH29-32), most proteins had broad
and overlapping expression across epithelial and mesen-
chymal tissues (Figures 3-6), with the lower jaw showing
more variable expression patterns than the upper jaw
with heightened expression centered in and around the
Meckel's condensation. For example, CaM was expressed
in the nuclei in the Meckel's condensation (Figures 3C-2
and 4B-2), Ihh had strong cytoplasmic expression in this
region, and Fgf8 had strong perinuclear expression
(Table 1). These patterns are consistent with the coordi-
nated role of Fgf8 and Hh signaling in driving cartilage
outgrowth during beak development®® as well as CaM's
role in chondrocyte differentiation and maturation.*®
While other studies have found Ca*"/CaM-dependent
regulation of nuclear targets in cartilage,'>***> direct
visualization of nuclear CaM in early craniofacial con-
densations has, to our knowledge, not been documented.
However, its expression in conjunction with strong Ihh,
weak p-catenin, Fgf8 and Tgffi2 expression within pre-
cartilage condensations (Figures 3 and 4) is indicative of
a cell population transitioning from pre-condensation
mesenchyme to early chondrogenesis (e.g., Sinchez Mor-
eno and Badyaev®®).

Stage HH32 was a key transition point where regional
protein expression begins to define the morphogenetic
compartments of upper beak structure (Figures 3-12).
With the exception of CaM and p-catenin, all studied

FIGURE 6

Bmp4, Fgf8, Tgfs2, and Dkk3 expression at stage HH32. (A) Bmp4 shows scattered cytoplasmic expression in upper and

lower jaw with (1) moderately strong expression in the large condensation of the maxillary prominence. (2) Emerging cartilage is free of
expression. (3) Strong expression in a broad stripe of pre-myogenic cells in the mandibular prominence. (4) The oral epithelium shows weak

expression throughout with stripes of strong expression along the oral cavity along the length of the palatine process associated with
developing vasculature. (B) Fgf8 expression becomes more widespread at this stage with overall weak cytoplasmic and perinuclear
expression throughout. (1) Strong nuclear expression in blood cells with weak cytoplasmic expression in adjacent mesenchyme. (2) Region

below nasal cavity of maxillary prominence shows weak cytoplasmic expression with pockets of perinuclear expression. (3) Tip of maxillary
prominence shows weak to moderate expression in surface epithelium and the underlying mesenchyme with pockets of perinuclear

expression throughout. (4) Strong and largely perinuclear expression in basihyal cartilage. (C) TGF-p2 shows generally weak cytoplasmic

expression in the upper and lower beak prominences with areas of strong perinuclear expression. (1) Condensed cells surrounding the nasal

cavity area show strong perinuclear expression with posterior cells showing weak cytoplasmic and perinuclear expression while anterior

cells show only weak cytoplasmic expression. (2) Weak cytoplasmic expression continues to tip of maxillary prominence. (3) Weak

expression in the mesenchyme at the tip of the mandibular prominence with moderate epithelial expression. (4) Strong cytoplasmic and

perinuclear expression in the basihyal cartilage formation. (D) Dkk3 shows cytoplasmic expression overall that varies from weak to strong

depending on location. (1) Strong expression at the tip of maxillary prominence. (2) Bands of strong, weak and moderate expression (from

bottom to top) associated with developing vascular regions, loosely organized mesenchymal cells, and the central condensation of the
maxillary prominence, respectively. (3) Strong expression at the edge of the basihyal cartilage with weak expression within. Very strong
expression in blood cells (arrow). See Figure 2 for key to anatomical features and expression patterns. Stain colors as in Figure 4. Scale

bars: 50 pm.
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proteins at this stage had elevated expression around the
central condensation of the upper beak (Figures 5 and 6),
suggesting that the nasal cavity may be a focal signaling
node in upper-beak compartmentalization, similar to the
role of the nasal pit in early development.***” Moreover,
Dkk3, Fgf8, and p-catenin showed elevated expression
toward the beak tip suggesting establishment of proximal-
distal patterning and adoption of position-specific regional
identities by tissues. These developmental events immedi-
ately follow the fusion of the craniofacial prominences
which occurs at stage HH28-29 in the chick.®®*’

By stage HH36, protein expression in the upper jaw
became increasingly compartmentalized, with pro-
nounced differentiation among tissue types (Figures 7
and 8). In particular, strong expression of several proteins
in myogenic, chondrogenic, and nasal epithelial regions
indicates that functionally distinct and tissue-specific sig-
naling environments are forming at this stage. In later
stages (HH39-42; Figures 9-12), expression of most pro-
teins was restricted to osteogenic, perichondrogenic,
and myogenic domains. Two exceptions were f-catenin
and Tgfp2 which had strong and widespread expression
across all stages, although with changing subcellular con-
texts (Table 1). f-catenin had strong nuclear expression
in early stages before shifting to membranous localization
in the epithelium at later stages (e.g., Figure 9B-1), while
Tgf32 tended to have weak cytoplasmic expression in the
mesenchyme but shifted to perinuclear expression in
both pre-cartilage condensations and regions of active
chondrocyte proliferation (e.g., Figure 6C-1,4-). Expres-
sion of Fgf8 was spatially restricted at HH29/30
(Figure 4) but underwent a major expansion at stage
HH32 (Figure 6), particularly in the upper beak, followed

AMERIC
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by gradual restriction to epithelial and skeletal bound-
aries by HH42 (Figure 12). Expression of Ihh, Fgf8, and
Tgf32 localized to osteogenic fronts, cartilage, and muscle
at mid to late stages, with Ihh, particularly, delineating
areas of intramembranous ossification (Figures 11 and
12). In contrast, CaM showed weaker and more scattered
expression by HH42, with strongest expression in muscle
and epithelial cells (Figure 11). Dkk3 was highly
expressed at HH29/30 in areas surrounding condensa-
tions that would later form cartilage (Figure 4) while
Wnt4 expression was the strongest within condensations
and absent outside of condensations (e.g., Figures 3 and
5). Thus, early broad expression of regulatory proteins
became increasingly compartmentalized, aligning with
tissue-specific differentiation and maturation of skeletal,
muscular, and epithelial domains in the beak.

2.1 | Shared and divergent expression
patterns

The observed patterns of protein expression largely cor-
roborate established interactions among craniofacial gene
pathways (Figure 1). For example, f#-catenin had strong
nuclear expression at the beak tip throughout HH29-36
consistent with its role in maintaining a proliferative
growth zone during premaxillary outgrowth.”> As growth
slowed in later stages, f-catenin shifted to strong mem-
branal expression in the surface epithelium consistent
with its function in adherens junctions and regulation of
epithelial structures.”” This shift alters the dynamics
of underlying mesenchymal cells, for example, by pro-
moting denser packing and reduced motility, thereby

FIGURE 7 Wnt4, f-catenin, CaM, and Ihh expression at stage HH36. (A) Wnt4 shows weak cytoplasmic expression overall with tissue-

specific areas of moderate to strong. (1) Moderate expression in the nasal epithelium with weak expression in surrounding cartilage.

(2) Strong expression in the myogenic region directly below paraglossal cartilage. (3) Nasal cartilage free of expression, but a pocket of blood
cells shows strong expression. (B) f-catenin shows overall weak cytoplasmic and nuclear expression in mesenchyme of both the maxilla and
mandible with (1) strong membranal expression in the epithelium of the maxilla tip. Underlying mesenchyme shows alternating bands of
strong and weak nuclear/cytoplasmic expression. In the center of this region osteoprogenitor cells (arrow) show moderate cytoplasmic and
nuclear expression. (2) Expression is absent in the nasal cartilage but moderate in the nasal epithelium. (3) Meckel's cartilage is free of
expression but has a strong band of perichondrogenic expression surrounded by weak to moderate expression in the mesenchyme. (4) Upper
region of nasal cartilage exhibits some weak cytoplasmic and nuclear expression. Continued absence of expression in blood cells. (C) CaM
shows weak cytoplasmic expression in mesenchyme of both the upper and lower jaw with (1) continued absence of expression at the beak
tip and strong nuclear expression in blood cells. (2) Weak, mostly cytoplasmic, expression in the anterior portion of the upper jaw with
moderate cytoplasmic and nuclear expression in emerging muscle. (3) Weak perinuclear and cytoplasmic expression in the Meckel's
cartilage and its surrounding mesenchyme. Moderate cytoplasmic and perinuclear expression in the overlying oral epithelium. (4) Moderate
nuclear and cytoplasmic expression in the nasal epithelium. Emerging osteogenic region (center) shows weak to moderate expression in a
few cells. (D) Ihh shows overall weak cytoplasmic expression in the mesenchyme of the upper and lower jaw. (1) Strong cytoplasmic
expression in the nasal epithelium. (2) Weak cytoplasmic expression in the nasal cartilage with strong expression in adjacent muscle.

(3) Weak expression in the Meckel's cartilage with moderate expression in the overlying oral epithelium. (4) There is strong cytoplasmic and
perinuclear expression in the emerging osteogenic region toward the back of the upper jaw. See Figure 2 for key to anatomical features and
expression patterns. Stain colors as in Figure 3. Scale bars: 50 pm.
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creating conditions that could favor mechanical activa-
tion of TgfB2 in the extracellular matrix’"’? (Figure 1).
This process could also modulate the availability of the
other extracellular-matrix associated ligands studied
here, including Bmp4, Fgf8, Ihh, and Wnt4.”>”* Dkk3
also shows strong expression at the beak tip at stage
HH32, which corroborates its role in regulating pre-
maxillary bone growth downstream of f-catenin and
Tgff2 signaling.®®>”> Prior work inferring these interac-
tions also showed upregulation of f-catenin and Tgfs2
signaling at the beak tip®*’> which differs from our
findings as we did not find strong expression of the
Tgfp2 ligand at the beak tip. However, this prior work
focused on TGFpIIlr mRNA expression, not the ligand
itself. Instead, we found strong perinuclear expression
of Tgff2 in the condensation of the upper beak suggest-
ing that ligand production is upregulated more cen-
trally, possibly leading to increased extracellular
matrix storage, allowing these cells to function as a
source of latent TGFf2 that can act paracrinely on
receptor-rich cells at the beak tip.

Additional pathway interactions suggested by prior
work (Figure 1) were evident in the early formation of
chondrogenic areas. For example, expression of Thh
within pre-chondrogenic condensations and Bmp4 and
Tgff2 in surrounding regions was consistent with feed-
back loops in which Thh/Gli and Bmp/Tgff-Smad path-
ways (Figure 1) jointly regulate chondrocyte proliferation
and hypertrophy in cartilage growth plates.”®”” Likewise,
strong nuclear expression of f-catenin in perichondro-
genic mesenchyme (e.g., Figure 2B-1) is consistent with
its role in preventing premature or excessive chondrocyte
differentiation and setting up boundaries between carti-
lage core areas and surrounding tissues.”®
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The overlap of high Dkk3 and f-catenin in the peri-
chondrogenic region has not been reported before and
may indicate a role for Dkk3 in boundary formation, per-
haps as a mechanism of buffering against excessive Wnt
signaling. Dkk3 is often an antagonist of Wnt/f-catenin
signaling®® however, its role is context-dependent and in
this context, it may work with f-catenin to fine-tune Wnt
activity. Further work is needed to elucidate Dkk3's role
as a potential modulator of Wnt-Bmp/Tgf$ balance at
cartilage and bone boundaries. Together, these patterns
support many of the canonical points of inter-
section highlighted by previous studies while revealing
potentially novel contributions of CaM and Dkk3 in coor-
dinating formation of early condensations.

We observed strong expression of Ihh, Fgf8, and
Tgff2 in chondro- and osteogenic tissues, reflecting their
coordination of cartilage differentiation and bone matrix
formation.”**2%”® In particular, Thh expression was
strong in both central and periosteogenic regions of ossi-
fying tissue, consistent with its dual function in promot-
ing chondrocyte hypertrophy®*®' and mediating
signaling between cartilage and adjacent osteogenic
fronts.®** Perichondrogenic and periosteogenic regions
were also enriched in Tgff2 and Fgf8, consistent with
their roles in the regulation of differentiation at develop-
ing cartilage and bone fronts. Bmp4 was notably absent
from periosteogenic margins with strong expression in
osteogenic centers at stage HH39 (Figure 10A-4). Bmp4
promotes osteogenic differentiation and matrix deposition
and its exclusion from this boundary area suggests that its
expression may be inhibited at the edges of osteogenic
regions to delineate ossification boundaries. Moreover, the
strong expression of Bmp4 in the center of this osteogenic
tissue likely reflects a vascular channel within the forming

FIGURE 8 Bmp4, Fgf8, Tgffp2, and Dkk3 expression at stage HH36. (A) Bmp4 shows scattered cytoplasmic expression in upper and
lower jaw. (1) Weak expression in the nasal epithelium and typical scattered expression in the adjacent mesenchyme with strong spots of
expression interspersed with cells completely free of expression. (2) Meckel's cartilage is free of expression with strong expression in perivascular
and blood cells. (3) Tip of mandibular prominence largely free of expression with scattered regions of strong expression. (4) Posterior region of the
lower jaw shows moderate to strong expression throughout. (B) Fgf8 expression shows overall weak cytoplasmic and nuclear expression throughout
with areas of stronger expression in emerging tissue. (1) Strong nuclear and cytoplasmic expression in the nasal epithelium with bands of nuclear
and cytoplasmic expression in adjacent mesenchyme. (2) Meckel's cartilage shows strong nuclear expression, particularly at the periphery.

(3) Moderate nuclear to perinuclear expression in the nasal cartilage. (4) Strong nuclear and cytoplasmic expression at an emerging osteogenic
region in posterior maxillary prominence. (C) TGF-f2 mesenchymal expression in upper and lower jaw differs in subcellular localization with
largely cytoplasmic expression in upper beak while lower beak showed predominantly cytoplasmic and perinuclear expression. (1) Nasal epithelium
shows moderate, largely cytoplasmic expression while adjacent cartilage shows more perinuclear expression. (2) Weak cytoplasmic expression in
upper nasal cartilage with a band of strong perinuclear and cytoplasmic expression in muscle. Blood cells show no expression (arrow). (3) Weak
cytoplasmic and perinuclear expression in the basihyal cartilage with moderately strong perichondrogenic expression. (4) Weak expression in
epithelium of the mandibular prominence with regions of mesenchyme showing moderate cytoplasmic and perinuclear expression. (D) Dkk3
shows weak cytoplasmic expression throughout the upper and lower beak mesenchyme. (1, 2) Moderate expression in the nasal epithelium
(arrows) compared to surrounding mesenchyme. (3) Meckel's cartilage shows no expression with weak expression in adjacent mesenchyme. Oral
epithelium shows moderate expression. (4) Weak expression in surrounding mesenchyme and strong expression in blood cells (arrow). See Figure 2
for key to anatomical features and expression patterns. Stain colors as in Figure 4. Scale bars: 50 pm.
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intramembranous bone. In contrast, f-catenin was
strongly expressed in periosteogenic regions and at the
margins of the premaxillary cartilage at stage HH42. This
latter pattern may reflect its role in promoting differentia-
tion of mesenchymal progenitor cells into osteoblasts
while blocking their progression toward chondrocytes.®***
Wnt4 was peripherally distributed around osteogenic cen-
ters, suggesting a modulatory or signaling feedback role in
refining the boundaries of bone-forming regions. Together,
these patterns suggest that osteogenesis in the zebra finch
beak arises from a coordinated interface between
signaling-active boundary cells and differentiating cores,
emphasizing that cross-pathway feedback is essential in
establishing bone and cartilage differentiation while main-
taining boundaries between distinct tissue compartments.
At the subcellular level ITHH and TGFf2 showed con-
sistent perinuclear and FGF8 nuclear expression within
chondro- and osteogenic regions, indicating active signal-
ing within differentiating cells, while Bmp4 remained
cytoplasmic and was instead associated with osteogenic
patterning. Fgf8 is classically characterized as a secreted
ligand that signals through cell-surface FGFR pathways.®
However, studies have proposed intranuclear functions of
Fgf proteins, including Fgf8*® and have found that several
Fgf family members have nuclear localization signals®’
which may allow them to migrate into the nucleus and
interact with other transcription factors to modulate the
expression of target genes.*® In craniofacial models with
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perturbed nucleolar function, Fgf8 can influence nuclear
processes such as rRNA transcription, such that
FGF8-associated effects may extend beyond canonical
membrane-initiated signaling.®® These studies, together
with our findings, propose an expanded view of Fgf8's role
in craniofacial morphogenesis as a potential transcription
coregulator.

2.2 | Spatial and temporal contexts of
expression

Developmental dynamics of the lower beak are understu-
died” with available work pointing to pronounced het-
erochrony related to distinct developmental origins of
upper and lower beak tissues, as well as compensatory
interactions between them.?® Similar to prior work, we
found that progression of tissue differentiation and pat-
terning of the upper and lower beak differed strongly
across developmental stages.”*> By HH29/30, condensa-
tions had formed in the lower beak with strong expres-
sion of several proteins in pre-myogenic and pre-cartilage
locations (Table 1), whereas the upper beak exhibited a
delayed and more centralized pattern of activity emerging
at HH32. After HH32, patterns of expression across the
upper and lower beak became more similar with converg-
ing subcellular localization of protein expression in
chondro- and osteogenic tissues.

FIGURE 9 Wnt4, f-catenin, CaM, and Ihh expression at stage HH39. (A) Wnt4 shows limited cytoplasmic expression in upper and

lower beak mesenchyme. (1) Weak expression in the nasal epithelium with no expression in the underlying osteogenic region (arrow).

(2) Both the osteogenic center and periosteogenic region are free of expression. Strong expression in the developing muscle below this area

(arrow). (3) No expression in Meckel's cartilage and surrounding mesenchyme. (4) Emerging muscle in the lower jaw shows strong

expression. (B) f-catenin shows overall weak cytoplasmic and nuclear expression in the mesenchyme of the upper beak and mostly

cytoplasmic expression in the lower beak. (1) Bands of weak to moderate cytoplasmic and nuclear expression are associated with the

emergence of distinct tissue types in the upper jaw. Cartilage shows mostly nuclear expression, while the nasal epithelium shows mostly

cytoplasmic and the mesenchyme shows both. Central areas of the emerging osteogenic region are largely free of expression (arrow) while
the edges show a strong band of expression. Surface epithelium shows strong membranal expression. (2) Similar tissue-specific patterns as in
1 with additional views of moderate expression in emerging muscle and no expression in blood cells (arrow). (3) Meckel's cartilage remains
free of expression with weak to moderate expression in surrounding mesenchyme. A thin band of cells surrounding the osteogenic envelope
shows strong nuclear and cytoplasmic expression (arrow). (4) Upper region of nasal cartilage shows moderate cytoplasmic and nuclear
expression. (C) CaM shows weak cytoplasmic and nuclear expression in the mesenchyme of upper and lower jaw with the exception of the
upper beak tip. (1) Nuclear and cytoplasmic expression in the nasal epithelium with largely nuclear expression in surrounding cartilage.

(2) Strong nuclear expression in nasal cartilage and strong cytoplasmic and nuclear expression in muscle. (3) Similar patterns of tissue
expression as in 1 with moderate nuclear and cytoplasmic expression in the osteogenic region (arrow). (4) Strong nuclear expression in
Meckel's cartilage with moderate cytoplasmic and nuclear expression in surrounding mesenchyme. Surface epithelium is free of expression.
(D) Ihh shows overall limited expression in upper beak mesenchyme with more extensive expression in the lower beak mesenchyme.

(1) Weak cytoplasmic expression in the nasal cartilage surrounded by mesenchyme with no expression. An emerging osteogenic region
shows strong cytoplasmic expression (arrow). (2) Nasal cartilage with weak perinuclear expression. Adjacent mesenchymal and blood cells
are free of expression (arrow) while the osteogenic region shows strong cytoplasmic expression in both the center and periphery.

(3) Moderate cytoplasmic expression in muscle of the lower beak. (4) Moderate perinuclear expression in Meckel's cartilage, with moderate
expression in the overlying oral epithelium. Mesenchymal expression is mostly weak with pockets of stronger expression in osteogenic
regions (arrow). See Figure 2 for key to anatomical features and expression patterns. Stain colors as in Figure 3. Scale bars: 50 pm.
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A notable pattern at stage HH36 was divergence in
expression of the oral, surface and nasal epithelia (e.g., see
Figure 5C,D). The oral epithelium often showed strong
and coordinated patterns of expression in the upper and
lower beak that were distinct from the surface epithelium
suggesting it may be a coordinating center for growth as
well as a source of positional information for tissue differ-
entiation. In the house finch (Haemorhous mexicanus),
prior to tissue transformations, early arriving neural crest-
derived mesenchymal (NCM) cells transiently matched
protein profiles of the overlying epithelium producing dis-
tinct boundaries that anchor mesenchymal cell condensa-
tions.®® Our findings similarly suggest that epithelial tissue
may be an important source of morphogenetic signals that
establish patterning in the avian beak.

2.3 | Novel expression patterns in
vasculature and blood cells

Bmp4 was strongly expressed in developing vascular
regions at multiple stages consistent with its role in endo-
thelial differentiation.”> Given the emerging view that
craniofacial endothelial cells can provide instructive cues
during morphogenesis,” this pattern raises the possibility
that Bmp4 may play a crucial role in patterning during
early beak outgrowth. At HH29/30, Bmp4 showed strong
expression in linear tracts of vascular tissue that paral-
leled the ventral edge of the mandible. Because a hypoxic
environment is required for chondrogenic differentiation,
angiogenesis in the surrounding mesenchyme can limit
condensation size.”> Thus, Bmp4 may influence cartilage
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size by promoting vascular growth, a process that pre-
pares the way for osteogenesis.”®

Other proteins (e.g., Wnt4, CaM, Ihh, Fgf8, and
Dkk3) were also present in blood cells at the earliest
stages. Protein expression patterns are better character-
ized in definitive erythrocytes than in primitive erythro-
cytes, and, with the exception of CaM, these proteins are
not typically observed in definitive erythrocytes. How-
ever, recent studies have found that erythroblasts
undergo a drastic shift in protein profile during terminal
maturation.”” While alkaline phosphatase-based chromo-
gens can sometimes give false positives due to endoge-
nous alkaline phosphatase activity, here we used
levamisole to minimize this possibility, and our no pri-
mary controls run on the same slides were clear
(Figure S2). Moreover, we did not observe expression in
blood cells for most factors at later stages, which is con-
sistent with a transition to definitive erythroid popula-
tions by HH42 in the chick.”® Finally, these proteins and
their pathways are known to regulate the hematopoietic
stem cell niche as well as erythropoiesis.*>**'% Consis-
tent with this, at HH39, Bmp4 was strongly expressed in
vascular spaces inside osteogenic tissue which likely
reflects the establishment of the hematopoietic niche as
this is consistent with timing of onset of hematopoiesis in
primary bone marrow of chick embryos.***

2.4 | Conclusions

In this study, we bridge molecular and histological perspec-
tives, providing a foundation for understanding how

FIGURE 10 Bmp4, Fgf8, Tgf2, and Dkk3 expression at stage HH39. (A) Bmp4 shows weak cytoplasmic expression in the upper jaw

with a gradient of no expression, weak expression, and moderate expression from the tip to the back of the lower jaw. (1) Weak expression in
the nasal epithelium with some scattered expression in the adjacent cartilage. (2) Weak expression in upper jaw mesenchyme with strong
expression in the emerging osteogenic region (arrow). (3) Weak expression in muscle of the lower jaw with areas of strong expression
directly adjacent to and at the bottom edge of the tongue. Epithelial tissue is largely free of expression. (4) An osteogenic region of the upper
beak shows strong signal within a central vascular space with little to no staining in osteogenic tissue and a surrounding ring of
mesenchymal cells. Away from this osteogenic region, mesenchyme shows weak cytoplasmic expression. (B) Fgf8 expression shows weak
cytoplasmic expression in most of the upper and lower jaw mesenchyme. (1) Weak cytoplasmic expression in the nasal epithelium with
bands of weak perinuclear expression in adjacent cartilage. (2) Strong perinuclear and cytoplasmic expression in the periphery of an
osteogenic region (arrow). (3) Moderate perinuclear expression in Meckel's cartilage with very weak cytoplasmic expression in the
surrounding mesenchyme with heightened expression in an emerging osteogenic region (arrow). (4) The upper beak tip is the only
mesenchymal region to show strong perinuclear and cytoplasmic expression. (C) TGF-$2 mesenchymal expression in upper and lower jaw
shows largely cytoplasmic expression overall. (1) Moderate cytoplasmic expression in epithelium and mesenchyme with weak and scattered
expression in the osteogenic region. Blood cells are free of expression. (2) Strong cytoplasmic expression in nasal epithelium with strong
perinuclear expression in the adjacent cartilage. (3) Meckel's cartilage shows very weak cytoplasmic expression with moderately strong
expression in the adjacent osteogenic region (arrow). (4) Strong perinuclear expression in nasal cartilage and in nearby osteogenic region
with only weak cytoplasmic expression in mesenchyme and surface epithelium. (D) Dkk3 shows weak cytoplasmic expression throughout
the upper and lower beak mesenchyme. (1) Weak expression in the nasal epithelium and moderate expression in blood cells (arrow).

(2) Strong expression in the osteogenic region of the emerging premaxillary bone. (3) Weak to moderate expression in nasal epithelium and
its surrounding cartilage in more posterior regions of the upper beak. (4) Paraglossal shows some weak expression with stronger expression
at the ventral edge. See Figure 2 for key to anatomical features and expression patterns. Stain colors as in Figure 4. Scale bars: 50 pm.
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signaling dynamics are translated into morphological
form. By documenting cellular colocalization of protein
expression in its tissue-level context we reveal points of
pathway convergence for proliferative, chondrogenic,
and osteogenic phases of avian beak development. By
mapping eight core regulatory proteins across five
developmental stages and multiple tissue types, our
study extends previous work that examined these fac-
tors at the transcript level or only at early stages, offer-
ing the first systematic depiction of how signaling
activity changes across the maturation of the beak.
Bridging molecular and histological perspectives pro-
vides a synthesis for the timing and specification of tis-
sue transformations, not just in later stages of beak
development but also across the upper and lower beak,
two current gaps in the field. Ultimately, our map will
provide a foundation for comparative studies of cranio-
facial development as well as evolution of the
avian beak.

3 | EXPERIMENTAL PROCEDURES

3.1 | Embryo collection, staging, and
histology

Zebra finches were housed in a large semi-outdoor
(roofed with open wire mesh on two sides) walk-in avi-
ary (4.72L x 1.52W x 2.44H m) at the University of
Arizona in accordance with the Institutional Animal
Care and Use Committee's guidance and approval
(IACUC: 16-111). In this colony, which houses from
80 to 100 zebra finches at any given time, individuals
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are allowed to pair freely and breeding is closely moni-
tored. Throughout breeding, birds receive finch mix
seed and water ad libitum, in addition to grit, calcium
supplements, prophylactic coccidiosis medication (pre-
ventative maintenance dosage, semi-weekly), weekly
millet spray, and twice-weekly dietary supplements of
spinach and hard-boiled egg. Nest boxes in the colony
were checked daily for fresh eggs, which were marked
during laying to keep track of laying order and devel-
opmental timing. Collected embryos were viewed
under a dissecting scope to confirm embryo stage.®!
Five stages spaced throughout the final third of devel-
opment were chosen for sectioning (HH29/30, HH32,
HH36, HH39, and HH42; n = 10). Many of the
embryos at stage 29/30 were collected midway between
these two stages and so are lumped for analysis. After
staging, embryos were fixed and stabilized using Pax-
Gene (Pre-Analytix, Switzerland) and dehydrated in
30% sucrose in PBS. The heads of embryos were flash
frozen in dimethylbutane and placed in OCT media
(Fisher Scientific, Itasca, IL) before cryosectioning at
10-12 pm. Slides were stored at —80°C until immuno-
histochemistry (IHC). Before IHC, we identified the
approximate midline of each embryo to standardize
location for tissue staining. Eight sections per stage
were stained with hematoxylin and eosin using stan-
dard procedures to differentiate among tissue types
and visualize tissue transformation across developmen-
tal time’* (H&E; U. Rochester MC).

We assess expression patterns across the following tis-
sue types/regions: We refer to the cartilage-adjacent mes-
enchymal zone as “perichondrogenic” as an operational
spatial domain.

FIGURE 11 Wnt4, -catenin, CaM, and Ihh expression at stage HH42. (A) Wnt4 is largely absent in upper beak mesenchyme with
limited expression in the lower beak mesenchyme. (1) Moderate expression in the nasal epithelium and weak expression in surrounding

cartilage. (2) Osteogenic center is free of expression while periosteogenic area shows weak expression. (3) Moderate expression in muscle of
lower jaw while surrounding mesenchyme is largely free of expression. (4) Weak cytoplasmic expression in the Meckel's cartilage.

(5) Paraglossal cartilage is largely free of expression. (B) f-catenin shows overall weak cytoplasmic expression in mesenchyme of the upper
and lower beak. (1) Premaxillary cartilage center is free of expression with strong nuclear expression at edges. (2) Nasal epithelium shows
moderate expression at its base, while surrounding cartilage is free of expression. (3) Muscle (top left) and osteogenic regions show strong
cytoplasmic and nuclear expression. (4) Upper nasal cartilage is largely free of expression with some weak expression at edges. (5) Meckel's
cartilage is free of expression and strong cytoplasmic and membranal expression continues in epithelial tissues. Blood cells show no
expression (arrow). (C) CaM shows no expression in mesenchyme of upper and lower jaw. (1) Weak nuclear and cytoplasmic expression in
nasal epithelium. (2) Strong nuclear and cytoplasmic expression in muscle. (3) No expression in Meckel's cartilage with weak cytoplasmic
and nuclear expression in overlying epithelium. (4) Strong cytoplasmic and nuclear expression in muscle of lower beak. (D) Thh shows
overall limited expression in upper beak mesenchyme with more extensive expression in the lower beak mesenchyme. (1) Strong
cytoplasmic expression in the nasal epithelium, nasal cartilage and in an underlying periosteogenic region. (2) Nasal cartilage and
epithelium show strong expression while blood cells (arrow) show no expression. (3) Strong expression in muscle and nearby upper nasal
cartilage. (4) Strong cytoplasmic expression in the Meckel's cartilage, with moderate expression in surrounding mesenchyme. Osteogenic
region (arrow) shows both cytoplasmic and perinuclear expression at its center. (5) Strong expression in paraglossal cartilage with a notable
absence of expression in perichondrogenic area. Moderate expression in epithelium of tongue. See Figure 2 for key to anatomical features
and expression patterns. Stain colors as in Figure 3. Scale bars: 50 pm.
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3.2 | Immunohistochemistry

IHC was optimized for eight antibodies (Table S1) using
positive and negative control tissue (esophagus, kidney,
esophagus, testes, and small intestine) collected and sec-
tioned as described above (Table S1, Figure S1) as well as
isotype controls (Cell Signaling Technologies, Danvers,
MA; see References [66,73] for details).

For immunostaining, we used anti-f-catenin (610153,
1:16,000, BD Transduction Laboratories), anti-CaM (sc-
137079, 1:15, Santa Cruz Biotechnology), anti-Wnt4
(ab91226, 1:800; Abcam), anti-Tgff2 (ab36495, 1:800,
Abcam), anti-Bmp4 (ab118867, 1:100, Abcam), anti-Ihh
(ab184624, 1:100, Abcam), anti-Dkk3 (ab214360, 1:100,
Abcam), and anti-Fgf8 (89550, 1:50, Abcam) antibodies
using methods described previously.'”* Validations con-
firming specificity of stains including isotype, no primary
and no secondary controls, are provided in Badyaev
et al.”> In the present study, we additionally included
slide-level negative controls for every embryo and anti-
body grouping: on each slide, a matched control
section was processed in parallel with omission of the pri-
mary antibody (“no primary”), while all subsequent steps
(secondary antibodies, ABC reagents, and chromogen/
substrate development) were identical. Reactions were
visualized with either diaminobenzidine (DAB, Elite
ABC HRP Kit, PK-6100, Vector Labs) or Vector Red Alka-
line Phosphatase substrate with 1.3 mM levamisole added
in combination with VECTASTAIN ABC-AP Kit (AK-
5000, Vector Labs). Slides were counterstained with May-
er's hematoxylin, blued in ammonium water, dehydrated,
cleared, and mounted with Permount mounting medium
(Fisher Scientific) prior to analysis. Three slides, each
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containing four tissue sections (12 sections per embryo)
were run with the following grouped antibodies: (i) g-
catenin, Fgf8, Tgf2 and no primary control, (ii) Bmp4,
Wnt4, Thh and no primary control, and (iii) Dkk3 and no
primary control, and CaM and no primary control. The
control sections on each slide did not receive the primary
antibody during THC but were otherwise treated the same
as other sections and showed minimal signal (see
Figure S2).

3.3 | Photomicroscopy and image
assessment

IHC staining was visualized with brightfield optics
(Olympus microscope, Japan). Pictures were taken with a
microscope digital camera (Olympus DP74) and the
Olympus cellSens software. All images were taken at
standardized settings to ensure consistency across slides.
Images were taken at low magnification (4x and 10x) to
summarize patterns throughout the upper and lower
beak and at high magnifications (20x and 40x) to show
cellular level details. For each stage, two individuals
were sectioned and stained, and within each individual,
staining patterns were assessed for consistency across
multiple THC runs (2-4 runs per individual). We then
created a consensus staining pattern from these images,
documenting presence/absence of expression, cellular
localization, and types of tissues stained. Qualitative
assessments of high, medium, and low levels of expres-
sion were based on comparison of relative expression
levels within sections only. A consensus map of expres-
sion was determined based on the maximum area

FIGURE 12 Bmp4, Fgf8, Tgf2, and Dkk3 expression at stage HH42. (A) Bmp4 shows no mesenchymal expression in the upper beak

with weak to moderate expression in the lower beak. (1) Weak expression in the nasal epithelium. (2) Weak expression in the epithelium

underlying the premaxillary cartilage. (3) Strong expression in upper jaw muscle. Adjacent cartilage is largely free of expression.

(4) Osteogenic region of paraglossal shows no expression; however, a vascular chamber in the center shows some very light expression in

blood cells. Limited scattered expression in the mesenchyme and the oral epithelium. (B) Fgf8 expression shows overall no expression in

most of the upper jaw mesenchyme with weak perinuclear and cytoplasmic expression in the lower jaw. (1) Strong perinuclear expression at

the edges of the premaxillary cartilage and perinuclear/cytoplasmic expression at the beak tip. (2) Moderate cytoplasmic expression in

muscle of the lower beak with strong expression in blood cells (arrow). (3) Strong periosteogenic expression in the upper beak and weak

expression in the surface epithelium. (4) Meckel's cartilage shows strong nuclear expression in center with no expression in

perichondrogenic area. (5) Weak cytoplasmic and nuclear expression in the nasal epithelium, weak nuclear expression in the nasal cartilage

and strong nuclear expression in adjacent osteogenic area. (C) Tgf#2 mesenchymal expression in upper and lower beaks shows weak

cytoplasmic and perinuclear expression overall. (1) Strong expression in perichondrogenic region of pre-maxillary with additional weak

expression at cartilage edges. (2) Weak to moderate expression in mesenchyme and osteogenic region (arrow) of upper beak. (3) Expression
varies from weak in epithelium to moderate in surrounding cartilage to strong in muscle (arrow). (4) Meckel's cartilage is largely free of
expression with some weak cytoplasmic expression, especially around edges. (D) Dkk3 shows limited expression throughout the upper and
lower beak mesenchyme. (1) Weak expression in the nasal epithelium in the periosteogenic region (arrow). (2) Weak expression in muscle.
(3) Weak to no expression at edge of nasal epithelium. (4) Weak to moderate periosteogenic expression in upper beak. (5) Weak expression
in oral epithelium and muscle of lower jaw. See Figure 2 for key to anatomical features and expression patterns. Stain colors as in Figure 4.
Scale bars: 50 pm.
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stained across different individuals and sections, and
the most inclusive subcellular localization designation
was used for Table 1.
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