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Aim 1: Determine the contribution of mandibular dysmorphology to clefting of the secondary palate in PRS.
We hypothesized that loss of Sox9 in the mandibular mesenchyme only would result in a hypoplastic and
retrognathic mandible that physically blocked palatal shelf elevation and caused cleft palate, in the absence of
palatal shelf defects. This hypothesis proved true. We deleted Sox9 specifically in the mandibular
mesenchyme with our Hand2Cre driver and found that the Sox9fl/fl;Hand2Cre embryos had a fully penetrant,
complete cleft of the secondary palate. We assessed the mandible and tongue morphology and position via
histology and by measuring the distance between the tongue and skull. We found that due to the retrognathic
mandible, the tongue was positioned in the inter-palatal shelf space throughout palatogenesis. Thus, we
hypothesized that it was the retrognathic tongue position due to the retrognathic mandible that physically
blocked palatal shelf elevation, resulting in cleft palate in our Sox9fl/fl;Hand2Cre mouse model. In order to
distinguish between the contribution of the mandible vs tongue malposition to cleft palate in PRS, we
generated a DTA;Hand2Cre model (in which every cell that expressed Hand2Cre would express diptheria
toxin and undergo apoptosis) that had both micrognathia and microglossia. Interestingly, the majority of the
DTA;Hand2Cre embryos collected formed a normal palate since the palatal shelves developed horizontally,
superior to the inferiorly positioned tongue, providing further evidence of the importance of tongue
malposition to cleft palate in PRS.

Aim 2: Analyze the role of Sox9 in specification of the mandibular mesenchyme, cartilage development, and
osteogenesis. We hypothesized that loss of Sox9 in the mandibular mesenchyme would result in disruption of
specification of mesenchymal cells, with a shift away from the cartilage lineage to the osteoblast lineage,
resulting in loss of the developing Meckel’s cartilage (MC) and premature ossification of the mandibular bone,
contributing to the shortening of the mandible in the antero-posterior dimension. We first quantified the
shape differences caused by loss of Sox9 in the mandibular mesenchyme by analyzing uCT of
Sox9fl/fl;Hand2Cre and control embryos at E18.5 and found the mandibular bone was smaller and
malformed with decreased bone volume and alterations in mineralization in the mutant compared to control.
We also measured the MC and found that it initiated development but did not elongate in the mutant. This
arrest in MC development was accompanied by significant reduction in proliferation in the the MC of the
mutant compared to control. To further understand the MC and mandibular bone phenotype we assessed
expression patterns and levels of cartilage and osteoblast genes and found that there was a significant
decrease in cartilage markers (Col2al and Acan), increase in early osteoblast marker (Runx2), and decrease
in mature osteoblast markers (Ibsp and Sp7) in the mutant compared to control, suggesting a shift from the
chondrogenic to osteogenic lineage with disruption of maturation of the osteoblasts. Finally, to determine
downstream targets of Sox9 in mandibular development, we performed RNA seq on RNA extracted from the
mandible (with tongue removed) at E14.5 from Sox9fl/fl;Hand2Cre and control embryos. We identified 19
significantly, differentially expressed genes. 10/19 genes were known target/interacting factors of Sox9
which provided proof of the validity of our experiment. There were also interesting novel genes with yet
unknown roles in mandibular development. Six6 was the most differentially expressed gene (decreased in
mutant compared to control), and we are currently determining the role of Six6 in craniofacial development
by deleting it in the mandibular mesenchyme and exploring Six6 as a candidate gene in PRS by testing SNPs in
a human population. This ongoing work based on the findings from the AAOF BRA is supported in part by the
Bethel Musculoskeletal Family Center Fellowship (Oct 2024-Sept 2025).
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Abstract:

Background: Pierre Robin sequence (PRS) is a triad of clinical findings that includes mandibular
retrognathia, glossoptosis, and airway obstruction. The majority of individuals with PRS present
with cleft palate, and isolated cases are associated with mutations in the regulatory and coding
regions of SOX9. Here, we deleted Sox9 specifically in the mandibular mesenchyme with our
newly generated mtHand2°® mouse line to understand mandibular dysmorphology and its
contribution to cleft palate in PRS. Additionally, we bred R26RP™;mtHand2°® embryos with
micrognathia and microglossia to determine the contribution of tongue malposition to clefting.
Results: Deletion of Sox9 in the mandibular mesenchyme resulted in a hypoplastic, dysmorphic,
and retrognathic mandible with decreased bone volume. The development of Meckel’s cartilage
was arrested, and there was misexpression of chondrogenic and osteogenic markers in the
developing mandibular bone. Interestingly, there was a complete cleft of the secondary palate
that was fully penetrant. In contrast, the majority of R26R°™;mtHand2°® embryos formed a
normal palate.

Conclusions: Here, we introduce our mandibular- and tongue-(mt) specific mtHand2%® mouse
line. Moreover, we present in vivo, genetic evidence of the contribution of the mandible and tongue

to cleft palate (in the absence of palate intrinsic mechanisms).



INTRODUCTION:

Pierre Robin sequence (PRS) is a triad of clinical findings that include mandibular
retrognathia, glossoptosis, and airway obstruction. PRS is associated with cleft palate in 60-90%
of cases.” PRS may present as an isolated condition or as part of a syndrome, which include
Stickler (most common), 22q11 deletion, Duane, Cornelia de Lange, Mobius, and Nager
syndromes.?® Isolated PRS is associated with loss of function mutations in regulatory and coding
regions of SOX9.4® Clinically, the severity of isolated PRS varies, with infants with moderate to
severe presentation requiring tracheostomy shortly after birth to establish airway and mandibular
distraction osteogenesis in the first years of life to lengthen the mandible, as well as mandibular
advancement in the teenage years to treat retrognathia.”® There are risks and morbidities
associated with every surgical intervention. For instance, the complication rate of mandibular
distraction osteogenesis in the PRS patient population is 34%, with most complications classified
as minor or moderate, including device failure, hypertrophic scarring, and facial neuropraxia.®
However, major complications, such as TMJ ankylosis, facial nerve injury, dental injury, and death
are reported in 9% of cases.®

The secondary palate and mandible develop concurrently and in coordination in humans
and mice. The cranial neural crest cells (CNCCs) migrate from the dorsal aspect of the neural
tube and populate the paired maxillary and mandibular prominences at ~4 weeks in human and
embryonic (E) day 10.5 in mice.'®'" The palatal shelves develop from the maxillary processes,
grow vertically, lateral to the developing tongue, and then reorient to a horizontal position dorsal
to the tongue in a process termed palatal shelf elevation. After elevation, the shelves grow
horizontally to meet at the midline and fuse to form the palate. At the same time, the mandibular
prominences grow and fuse in the midline, and Meckel’s cartilage (MC) forms eventually giving
rise to the malleus and incus of the ear, as well as the sphenomandibular ligament in the proximal
region and mandibular symphysis in the distal. The ventral portion of MC establishes the

horseshoe-shaped primordia of the mandible and guides early morphogenesis, and then
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ultimately, this portion of the MC disappears via apoptosis and autophagy.'>'* The body of the
mandibular bone develops via intramembranous ossification lateral to the MC.

Retrusion of the mandible and tongue is thought to physically block palatal shelf elevation
and contribute to cleft palate, and several genes have been implicated in clefting of the secondary
palate with mandibular involvement in mice,’>"" including S0x9.'®'® However, much of the
evidence to support this hypothesis was produced in tissue culture systems'®192% with significant
caveats including cell death and tissue growth retardation.?'?? In vivo studies using tissue-specific
drivers in mice have primarily utilized CNCC-232* or palatal shelf-specific®>2?% Cre lines, and so it
has been challenging to distinguish between palatal shelf intrinsic mechanisms and contributions
of the surrounding tissue, including the mandible and tongue, in the pathogenesis of secondary
palate clefting.

Here, we utilize a newly generated genetic tool, the mandible- and tongue- (mt) specific
mtHand2°® mouse line, which drives Cre recombination specifically in the mandibular
mesenchyme and not surrounding tissue, to further study mandibular development and its
contribution to cleft palate in PRS. Deletion of Sox9 in the mandibular mesenchyme only with
mtHand2°" resulted in mandibular hypoplasia and a fully penetrant cleft of the secondary palate.
The mandible was small, dysmorphic, and retrognathic with arrest of Meckel’s cartilage elongation
and disruption of osteoblast maturation. Furthermore, the retrognathic mandible and tongue
remained in the space between the palatal shelves throughout palatogenesis in our
Sox9"":mtHand2¢ PRS mouse model, resulting in delayed palatal shelf elevation and, ultimately,
cleft palate. Moreover, we crossed mtHand2¢® with R26RP™, generating a mouse model with
micrognathia and microglossia. The majority of these mice did not develop cleft palate,

highlighting the importance of both mandible and tongue malposition in contribution to cleft palate.

MATERIALS AND METHODS:

Mouse husbandry and generation of Hand2°™ mouse



https://sciwheel.com/work/citation?ids=12623270,12623275,12623268&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=230906,1611592,11147109&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1224023&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1611592,12648564,8124394&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=236668,12650378&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=63460,290127&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=7029586,11147360&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0

All experiments involving mice were conducted in accordance with protocols approved by the
UCSF and University of Pittsburgh Institutional Animal Care and Use Committees. The
mtHand2™® transgenic mouse was generated at the UCSF Transgenic Core via pronuclear
injection of DNA containing the pharyngeal enhancer of Hand2 (sequence generously provided
by David Clouthier?”) upstream of a minimal promoter Hsp68 and Cre. DNA (3656bp) injected into
FVB/N embryos generated 41 founder mice (21 males and 20 females). Genotyping for Cre
identified 9 Cre+ mice (5 males and 4 females). Cre+ mice were crossed with the R26R™"/mT
(Gt(ROSA)26Sortm4ACTB-dTomato -EGFP)LUoY moyse line?® to determine the Cre expression pattern, and
embryos from one founder male showed mandibular specific Cre expression. This founder was
crossed with B6 mice to establish the line. Other mouse lines utilized include Sox9"" (B6.129S7-
Sox9m2em/j - JAX stock #013106%°) and R26RP™APTA (Gt(ROSA)26Sorm'CTALkY - JAX  stock
#009669%).

Micro computed tomography and geometric morphometric analysis

For micro computed tomography (uCT), E18.5 embryo heads were collected and fixed in 4%
paraformaldehyde. Samples were scanned using a MicroCT50 (Scanco), 55kVp, 109uA, 6W at
20pum voxel size resolution. For geometric morphometric analysis (GMA), hemi-mandibles and
crania were segmented and isosurfaces generated in Avizo software (Thermo Fisher Scientific).
Landmarking (16 landmarks per hemi-mandible and 81 on cranium®') and GMA were completed
in Checkpoint software (Stratovan). Bone volume and density were measured using Avizo
software.

Histological analysis

Timed mating trios were set up, and presence of a vaginal plug was considered E0.5 at noon the
following day. Pregnant dams were euthanized, and embryos collected, fixed in 4%
paraformaldehyde, and genotyped. For MC analysis, entire embryos were stained with alcian
blue, imaged with a Zeiss SteREO Discovery v12, and measurements were taken using open

source Fiji software. For other histological analyses, embryonic heads were embedded in paraffin,
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serially sectioned coronally at 7um, and stained with hematoxylin and eosin.
Immunohistochemistry was performed on cryosections (sectioned coronally at 5um using a Leica
cryostat) using antibodies against GFP (Abcam AB13970, 1:250) and Sox9 (R&D Systems
#AF3075, 1:250). For proliferation analysis, pregnant dams were injected intraperitoneally with 1
mg of BrdU 1 hour prior to euthanasia, embryos were collected, paraffin processed, and stained
using an antibody against BrdU (Abcam #6326, 1:500). Nuclei and BrdU-positive cells were
quantified in the MC using Fiji and statistical significance was determined using Student’s T-test.
To assess cell death, TUNEL staining (In Situ Cell Death Detection Kit, Roche) was performed.
RNAscope (ACD Diagnostics) was performed with mouse probes against Col2al (407221),
Runx2 (414021), Ibsp (415501), and Sp7 (403401). Sections were imaged on a Leica DMi8 or

Nikon Eclipse TE2000-E microscope.

RESULTS:
mtHand2¢™ drives Cre recombination specifically in the mandibular mesenchyme

The temporal and spatial activity of the mtHand2°™ driver was tested by crossing it with a
R26R™™T reporter. Gross observation of the entire embryo showed the earliest mtHand2¢
recombinase activity, as shown by GFP expression, was noted at E10, specifically in the
developing pharyngeal arch 1 and no surrounding tissue (data not shown). mtHand2¢re
expression was specific to the first pharyngeal arch at E10.5 and became limited to the mandibular
mesenchyme by E14.5 (Figure 1A,B). At E18.5, mtHand2" expression was specific to the lower
jaw (Figure 1C).

Upon closer examination in sections at E12.5, GFP was expressed in the
R26R™*;mtHand2¢™

embryos in the developing mandible and tongue, and not the palatal shelves (Figure 1D-

D”). The expression pattern in the mandibular mesenchyme was consistent along the antero-



posterior axis at E12.5. At E14.5, GFP was observed in the tongue, mandible, and MC throughout
the antero-posterior axis (Figure 1E-E”). In the posterior region, there was no GFP in the palatal
shelves (Figure 1E”), however, in the middle and more so in the anterior region, GFP expression
was observed in a subset of the palatal shelf cells (Figure 1E-E’). At E18.5, GFP expression was
present in the tongue, mandibular bone, and MC; GFP was not expressed in the ossifying
secondary palate (Figure 1F-F”). Of note, mtHand2¢*® was not expressed in the molar dental
mesenchyme (Figure 1E’F’); however, it was expressed in the incisor mesenchyme (Figure 1F).
Finally, we demonstrated mtHand2¢* functionally alters gene expression specifically in the
mandibular mesenchyme by deleting Sox9 with mtHand2¢®. In Sox9";mtHand2°*® embryos,
Sox9 expression was lost in the MC at E13.5 and E14.5 whereas the expression persisted in
tissues outside of the mandibular mesenchyme, including the cranial base, nasal cartilages, and
molar epithelium (Supplemental Figure 1).
Deletion of Sox9 in the mandibular mesenchyme only results in a hypoplastic, dysmorphic,
and retrognathic mandible

Isosurfaces generated from uCT data on Sox9"":mtHand2¢® mutant and control skulls at
E18.5 show the mandible was hypoplastic and dysmorphic as well as retrognathically positioned
relative to the maxilla in the mutant compared to control (Figure 2A,B). Geometric morphometric
analysis (GMA) was performed to quantify the shape difference of Sox9"";mtHand2¢® mutant
hemi-mandibles (N=8) compared to control (N=6) at E18.5. First, centroid size analysis revealed
that the mandibular body was significantly smaller in the Sox9""mtHand2¢® mutant embryos
compared to control (Supplemental Figure 2). Next, GMA on Sox9"":mtHand2¢® mutant and
control embryos at E18.5 revealed significant shape differences as control and mutant samples
separated along principle component (PC) 1 and 2, accounting for 58.99% and 16.12% of the
shape variation, respectively (Figure 2C). The shape differences were primarily noted in the
proximo-dorsal length and ventro-dorsal width of the mandible, as well as the angulation of the

condylar and angular processes, as shown by the wireframes representing PC1 max, PC1 min,



and average (Figure 2D). Finally, bone volume and mineral density of the mandibular bone were
analyzed. The volume of the mandibular bone was decreased in the Sox9"";mtHand2°® embryos
at E18.5 compared to control, and relative bone mineral density heat maps show the
mineralization pattern was altered in the mutant compared to control (Figure 2E-G).
Loss of Sox9 in the mandibular mesenchyme results in truncation of Meckel’s cartilage
with decreased proliferation and disruption of osteoblast differentiation in the mandibular
bone

To further understand the mandibular dysmorphogenesis in the Sox9""mtHand2¢®
embryos, we evaluated MC development. Skeletal preps of Sox9"":mtHand2°® and control
embryos at E13.5 and E14.5 showed the MC was significantly shorter in the mutant compared to
control (Figure 3A-D, K). At E13.5, the control MC was 2.24mm vs 0.55mm in mutants; at E14.5,
control MC was 2.77mm vs 1.08 mm in mutants (Figure 3A-D, K). In addition, while the MC length
in the control increased significantly from E13.5 to E14.5, the change in mutant MC length was
not significant, suggesting that MC development was initiated in the Sox9"";mtHand2°™® embryos,
but development did not progress, resulting in a truncated MC (Figure 3K). Furthermore, the
cross-sectional area of the MC was significantly decreased in the mutant compared to control at
E12.5, E13.5, and E14.5 (Figure 3E-J). Control MC area increased significantly from E12.5 to
E14.5, whereas no significant difference was observed in the mutant (Supplemental Figure 3A).

The truncation of the MC in mtSox9"":Hand2°® embryos was accompanied by decreased
proliferation in the MC. The percentage of BrdU-positive or proliferative cells was significantly
decreased in mutants compared to controls at E12.5 (23.45% control vs 10.57% mutant), E13.5
(27.42% control vs 10.33% mutant), and E14.5 (28.28% control vs 8.11% mutant; Figure 3E-J,
L). There was a significant difference in apoptosis, as measured by the number of TUNEL-positive
cells in the area of the MC (including the perichondrium as indicated by orange dashed line in

Figure 3G-J) at E13.5. Mutants showed 0.07% TUNEL-positive cells compared to 0.04% in



controls at E13.5 but no significant differences were observed at E12.5 or E14.5 (Supplemental
Figure 3B).

To further understand the disruption in chondrogenesis and osteogenesis in the mandible
of Sox9"":mtHand2¢® embryos, chondrogenic and osteogenic markers were evaluated. At E12.5,
prior to MC and mandibular bone development, Col2al, a marker of chondrocytes, was expressed
in the condensing mandibular mesenchyme in the region where the MC forms in the control
embryo, and Col2al expression was significantly reduced in this region in the Sox9"":mtHand2°¢
embryo (Supplemental Figure 4A,B). Runx2, a marker of pre-osteoblasts, was expressed broadly
and at similar levels in the mandibular mesenchyme in both mutant and control embryos at E12.5
(Supplemental Figure 4C,D). At E14.5, Col2al was expressed in the MC in the control embryos
and absent in the Sox9"":mtHand2® MC (Figure 3M,N). At E14.5, Runx2 was primarily
expressed lateral to the MC in the developing mandibular bone in control, whereas Runx2 was
expressed more broadly in the developing mandible and medial to the MC in the mutant (Figure
30,P). There was a decrease in markers of mature osteoblasts. Both Sp7 and Ibsp were
expressed throughout the developing mandibular bone in control at E14.5, whereas Sp7 and Ibsp
expression was decreased in mutants with Ibsp expression limited to the dorsal aspect of the
mandibular body (Figure 3Q-T).

Sox9™;mtHand 2 embryos have a fully penetrant cleft of the secondary palate and palatal
shelf elevation delay

Interestingly, with loss of Sox9 in the mandibular mesenchyme only (and not palatal
shelves and surrounding tissue), there was a complete cleft of the bones of the secondary palate
in the Sox9"":mtHand2°® embryos (Supplemental Figure 5). This cleft was 100% penetrant in the
samples collected (N=13: 1 at PO, 8 at E18.5, 4 at E16.5). The hypoplastic, retrognathic mandible
and malpositioned tongue in Sox9"":mtHand2°® embryos appeared to obstruct palatal shelf
elevation. At E13.5, the shape of the palatal shelves was similar in the Sox9"":mtHand2¢*® and

control embryos (Figure 4A-B”). At E14.5, while the palatal shelves elevated to the horizontal



position and began to fuse, with the medial epithelial seam undergoing degeneration in the control
embryos, the palatal shelves in the mutant were in the vertical orientation and had not elevated
(Figure 4C-D"). Indeed, of the 22 E14.5 Sox9"":mtHand2¢® embryos examined, the palatal
shelves were not elevated in the vertical position in 91% (N=20) and elevated (in the horizontal
position) in 9% (N=2), compared to 27 control embryos examined in which 7% (N=2) were not
elevated, 18% (N=5) were elevated, and 74% (N=20) were adhered or fused, suggesting palatal
shelf elevation was significantly delayed in Sox9"":mtHand2¢® embryos compared to control
(Figure 4G). By E16.5, the secondary palate was fused in the control, however, in the mutant,
there was a cleft of the secondary palate along the entirety of the antero-posterior axis (Figure
4E-F"). Of note, the tongue was positioned in the inter-palatal shelf space in Sox9"";mtHand2¢"
embryos along the entire AP axis at E14.5 and E16.5 (Figure 4D-D”,F’,F”). The tongue position
was determined by measuring the distance between the dorsal surface of the tongue to the skull
(the cranial base in posterior sections and nasal floor in the anterior and middle regions). As
expected, there was no significant difference in the distances along the antero-posterior axis at
E13.5 (data not shown), however, at E16.5, the distances between the tongue and skull
landmarks were significantly decreased in Sox9"";mtHand2¢® embryos compared to control
(Figure 4H). The cleft of the secondary palate was present at birth, and the tongue was positioned
in the cleft (Supplemental Figure 6).
Palatal shelves fuse in the majority of R26RP™*;mtHand2°® embryos with micrognathia
and microglossia

To further probe the mandible and tongue dimension and position that contribute to cleft
of the secondary palate, we crossed mtHand2¢® males with R26RP™PTA females to generate
R26RP™*:mtHand2° embryos in which diptheria toxin was expressed in all mtHand2¢"-positive
cells, causing death of these cells.?® Phenotypically, the R26RP™*:mtHand2°® embryos had
significant micrognathia (Figure 5A,B) and microglossia, with a small, inferiorly positioned tongue

(Figure 5D-E”). Other than the craniofacial defects specific to the mandibular mesenchyme
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derived tissues, the remainder of the embryo bodies appeared grossly normal (Supplemental
Figure 7). At E16.5 the palatal shelves fused in the control embryos (Figure 5C-C”) and in the
majority of the R26RP™*:mtHand2°® embryos (N=5/8; Figure 5D-D"). However, 3 out of 8 of the
R26RP™* Hand2°® embryos collected at E16.5 had a cleft (Figure 5E-E”). In these
R26RP™*:mtHand2°® embryos with cleft, the tongue was in the inter-palatal shelf space as

quantified by the decreased distance between the dorsal of the tongue and skull.

DISCUSSION:

Here, we utilized our newly generated mtHand2°"® to delete Sox9 specifically in the
mandibular mesenchyme, resulting in a small, dysmorphic mandible and cleft of the secondary
palate with total penetrance that phenocopies the human condition of PRS. With the loss of Sox9
in the mandibular mesenchyme, the development of the MC was arrested with decreased
proliferation. There was also a shift from the chondrocyte to osteoblast lineage, however, mature
osteoblast makers were expressed at decreased levels in the developing mandibular bone,
suggesting a defect in osteoblast differentiation. The mandible and tongue in Sox9"!:mtHand2¢"
embryos were positioned in the inter-palatal shelf space throughout palatogenesis, and palatal
shelf elevation was delayed, ultimately resulting in cleft palate. In comparison, the majority of
R26RP™*:mtHand2°"® embryos with micrognathia and microglossia showed fusion of the palatal
shelves.

First, we introduced our newly generated mtHand2°", which drives Cre under the control
of the pharyngeal enhancer of Hand2 only, specifically in the mandibular mesenchyme. Our
mtHand2°™ is an additional mouse line that complements the dHand-Cre mouse line in which the
Cre is controlled by the pharyngeal and cardiac enhancers of Hand2, driving recombination in
both the mandibular mesenchyme and cardiac tissue.?” Although dHand-Cre has been useful in
the mandibular-specific alteration of genes, its use is limited due to embryonically lethality from

heart-specific effects. In these instances in which alteration of a gene that may affect cardiac
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development, our mtHand2¢" will prove to be especially useful. For example, we demonstrated
here the utility of our mtHand2® by crossing it to R26RP™PTA which surely would have been
embryonic lethal with expression in the heart with the dHand-Cre. Thus, our mtHand2¢" provides
an additional tool to the craniofacial biology field in the study of mandible and tongue
development. Of note, there is some expression of the Cre in the anterior palate at E14.5, which
should be considered and may be useful as an anterior palatal shelf Cre later in palatogenesis.
Next, we utilized mtHand2°¢" to specifically delete Sox9 in the mandibular mesenchyme,
successfully generating a useful PRS mouse model to further study this human condition. The
mandibular bone was dysmorphic and retrognathic in Sox9"";mtHand2° embryos, similar to the
Sox9""-\Wnt1°® mouse model. Unlike Sox9"":wWnt1¢®, in which the MC did not form,%? the MC
initiated development in the Sox9"™":mtHand2°® embryo, however, MC development was arrested
at E13.5. The significant decrease in proliferation observed at E12.5-E14.5 was likely a major
contributing factor to both the decreased sectional area and arrest in elongation of the MC. In
addition, the loss of Sox9 may have shifted the specification of the osteochondroprogenitor cells
in the mandibular mesenchyme from the chondrocyte to osteoblast lineage. In the axial skeleton,
Sox9 specifies the pool of osteochondroprogenitor cells, initiating the chondrocyte differentiation
program and repressing osteoblast differentiation by inducing the expression of Col2al, Col2a2,
and Aggrecan, and repressing Runx2.2°%3% Similarly, with loss of Sox9 in the mandibular
mesenchyme, there was loss of chondrocyte markers including Col2al and Acan (data not
shown) in the mandibular tissue of Sox9"":mtHand2"® embryos as early as E12.5 and at E14.5,
whereas there was broadened expression of early osteoblast makers, including Runx2 at E14.5.
However, expression of mature osteoblast markers including Sp7 and Ibsp was decreased at
E14.5, suggesting osteoblast differentiation did not progress properly, which may have
contributed to the mandibular bone phenotype of hypoplasia and disrupted mineralization. How
the loss of Sox9 and disruption of MC formation may affect mandibular bone formation, which

undergoes intramembranous ossification, is not understood and requires further study.
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Interestingly, the loss of Sox9 in the mandibular mesenchyme in Sox9"":mtHand2°¢
embryos resulted in a cleft of the secondary palate that was fully penetrant. The
Sox9"":mtHand2°* mouse model is the first to our knowledge to provide in vivo, genetic evidence
of the contribution of mandibular dysmorphology to clefting of the secondary palate in the absence
of palatal intrinsic mechanisms. Since Sox9 is not expressed in the developing tongue, and the
tongue size in cross section was normal in the Sox9"":mtHand2¢® embryos, the problem
appeared to be a normal sized tongue on a hypoplastic and retrognathic mandible. The tongue
was thus positioned posteriorly and superiorly in the inter-palatal shelf space. In comparison, the
R26RP™*:mtHand2°® model had micrognathia and microglossia, with the tongue positioned
inferiorly to the developing palatal shelves. Without the tongue malpositioned between the palatal
shelves during elevation, the palatal shelves developed and fused to form a normal palate with
no cleft. Indeed, in the R26RP™*:mtHand2°® embryos that developed a cleft palate (N=3/8), the
tongue was malpositioned between the palatal shelves. There was variation in the mandible and
tongue size in the R26RP™*;mtHand2°™ model, which may have accounted for the differences in
mandible/tongue position and cleft status. Furthermore, we cannot discount that there may have
been cell death with mtHand2°™ expression in the anterior palatal shelf contributing to cases of
cleft palate in the R26RP™*;mtHand2°" embryos. Additional experiments are required to assess
the specific pattern of apoptosis and variability in mandible and tongue morphology and
malposition in the R26RP™*;mtHand2°™® model. Overall, these data highlight the importance of
mandible and tongue shape and position in normal palate development, suggesting the retruded
tongue position in between the palatal shelves contributes significantly to cleft palate (Figure 6).

In this study, we generated a new tool to study craniofacial development, mtHand2¢"¢, with
Cre recombinase expression specific to the mandibular mesenchyme. We utilized this new mouse
reagent to model PRS with the loss of Sox9 specifically in the mandibular mesenchyme, and

showed Sox9 is necessary for MC elongation and proper mandibular osteogenesis. Moreover,



we provide direct, genetic evidence that the mandibular malformation contributed to tongue

malposition and cleft palate in the PRS mouse model.

FIGURES:

Figure 1. mtHand2¢" is specifically expressed in the mandibular mesenchyme. (A-C)
Images of freshly dissected R26R™"*;mtHand2¢® embryos show GFP (green) expression,
indicating Cre recombination, in the first pharyngeal arch at E10.5 (A) and in the mandible at
E14.5 (B) and E18.5 (C). Tissue not expressing Cre expresses RFP (red). (D-F”) Coronal sections
stained with antibody against GFP (green) and Dapi (blue) show GFP expressed throughout the
embryo in the developing tongue and mandible at E12.5 (D’-D”). At E14.5, GFP was expressed
in the tongue, Meckel's cartilage (MC, demarcated by white dashed circle), and developing
mandibular bone (E-E”). GFP was expressed in ~50% of the chondrocytes in the MC and strongly
expressed in the perichondrium. Of note, GFP staining was also noted in the anterior palatal
shelves (yellow arrows) and nasal cartilage (pink arrows) at E14.5 (E). At E18.5, GFP expression
was specific to the tongue, MC, and mandible (F-F”). There was no GFP expression in the dental
mesenchyme of the developing molar (marked by white asterisk) at E14.5 (E’) or E18.5 (F’),
however, GFP was expressed in the incisor mesenchyme at E18.5 (F, white star). There were
very few GFP expressing cells in the developing bones of the secondary palate at E18.5 (F-F”,
white arrows). Scale bar=500um

Figure 2. The mandibular bone is dysmorphic and mineralization is disrupted in the
Sox91;mtHand2%* embryos compared to control. (A,B) Isosurfaces of the mandible and
cranium from Sox9"":mHand2¢® mutant (red) and Sox9"" control (blue) embryos at E18.5 show
the mandible was small, dysmorphic, and retrognathic in the mutant compared to control. (C) The
principal component analysis (PCA) plot shows Sox9"";:Hand2¢" and control mandibles separate
significantly across PC1 and PC2. 90% confidence ellipses shown. (D) The wireframes of PC1

Min (blue), PC1 Max (red), and Average (gray dashed line) represent the shape differences in the



antero-posterior length, dorso-ventral width, and condylar and angular process angulation. (E,F)
Relative mineral bone density maps show Sox9"":mtHand2°® mandibles had decreased bone
volume and differences in bone density compared to control.

Figure 3. Loss of Sox9 in the mandibular mesenchyme results in Meckel’s cartilage
truncation with decreased proliferation and misexpression of chondrogenic and
osteogenic markers in the developing mandibular bone. (A-D) Images of skeletal preps show
significant decrease in length of the Meckel's cartilage (MC) in Sox9"":mtHand2°® embryos
compared to control at E13.5 and E14.5. Scale bar=500um (E-J) Images of coronal sections of
the MC (demarcated by white dashed circle) stained with antibody against BrdU (green), TUNEL
(red), and Dapi (blue) show significant decrease in BrdU+/proliferative cells in the MC of
Sox9"":mtHand2® embryos at E12.5 (E,F), E13.5 (G,H), and E14.5 (1,J). TUNEL+/apoptotic cells
were located primarily in the perichondrium (outlined by the yellow dashed circle), and there were
more at E12.5 compared to E13.5 and E14.5 in both mutant and control. Scale bar=500um (K)
Measurements of the MC in skeletal preps show significant decrease in mutant compared to
control at E13.5 and E14.5. (L) Quantification of %BrdU+/Dapi in the area of the MC show a
significant decrease in mutant compared to control at each timepoint. (M-T) Images of coronal
sections stained with RNA Scope probes (red) at E14.5. Col2al was expressed in the MC
(demarcated by black dashed circle) in control (M) and completely absent in Sox9";mtHand2¢"
embryos (N). Runx2 was expressed in the developing mandibular bone only in control (O, black
arrowheads) while the Runx2 expression area was increased to the medial aspect of the
mandibular bone/MC in the mutant (P, white arrowheads). Sp7 showed decreased expression in
the Sox9"":mtHand2°® mandibular bone (R) compared to control (Q). Ibsp was expressed
strongly in control (S) while expression in the Sox9"":mtHand2®® mandibular bone was
significantly decreased and limited to the dorsal aspect compared to control. Scale bar=100um
Figure 4. Loss of Sox9 in the mandibular mesenchyme only results in palatal shelf

elevation delay and cleft of the secondary palate. (A-F”) Images of H&E stained coronal



sections of the developing palate and mandible in the anterior, middle, and posterior regions. (A-
B”) At E13.5, the palatal shelves in the Sox9"":mtHand2¢™® and Sox9"" control embryos appeared
similar, oriented in the vertical position, lateral to the developing tongue. At E14.5, while the palatal
shelves elevated and adhered with the medial epithelial seam (white arrow) present in control (C-
C”), the palatal shelves were in the vertical position, not elevated, and the tongue was in the inter-
palatal shelf space in the mutant (D-D”). Of note, Meckel's cartilage (demarcated by black
arrowheads) was present in the middle and posterior regions in the control (A’-A”, C’-C”) and only
in the posterior region in the mutant (B”, D”), showing the MC was short. (E-F”) At E16.5, the
palate was fused and bones were developing in the control (E-E”), and there was a cleft along
the entire axis in the mutant with the tongue in the interpalatal shelf space (F-F”). Scale
bar=500um. (G) Graph showing a significant delay in palatal shelf elevation in mutant (MUT)
embryos with most palatal shelves in the vertical (purple) position compared to the control (CON)
in which most palatal shelves were in the adhered/fused (gray) or horizontal (orange) position.
(H) Graph of the distance measured between the dorsal surface of the tongue and cranial base
in the posterior (marked by dashed line in E”) or nasal floor in the middle and anterior regions
(marked by dashed line in E, E’) shows a significant decrease in mutant (light blue) vs control
(dark blue) in the anterior (ant), middle (mid), and posterior (post) palate at E16.5. *p<0.05
Figure 5. Micrognathia and microglossia in the R26RP™*;mtHand2¢ embryos results in
an inferior tongue position and fusion of the palate. (A,B) Sagittal images of embryo heads
show the mandible (marked by red line) was severely retrognathic in the R26RP™*;mtHand2¢"
embryo (A) compared to control (B) at E16.5. (C-E”) At E16.5, the palatal shelves were fused the
control (C-C”). In the majority of R26RP™*;mtHand2°"® embryos, the palate was fused with the
small tongue positioned inferiorly (D-D”, N=5/8). In N=3/8 of the R26RP™*;mtHand2°® embryos,
there was a cleft of the secondary palate (E-E”). Scale bar=500um

Figure 6. Both the mandible and tongue shape and position contribute to cleft palate.

Outlines of coronal and sagittal sections of control, Sox9"":mHand2¢", and R26RP™*;mHand2°¢"®



at E14.5 show the importance of both the mandible and tongue size and position during
palatogenesis. In control, with a normal sized and positioned mandible and tongue, the palatal
shelves fuse, and there is no cleft. With a small mandible and normal sized tongue in the
Sox9"":mtHand2® embryo, the tongue is positioned between the palatal shelves which do not
elevate and fuse, resulting in cleft palate. With a small mandible and small tongue, the palatal
shelves fuse, and there is no cleft in the majority of samples (N=5/8, no cleft). V=ventricle;
B=brain; E=eye; NC=nasal cartilage; PS=palatal shelf; TB=tooth bud; MC=meckel’s cartilage;
T=tongue; CB=cranial base; NS=nasal septum; M=mandible.

Supplemental Figure 1. Sox9 is specifically deleted in the mandibular mesenchyme in
Sox9":mtHand2¢® embryos. (A-D) Images of coronal sections stained with antibody against
Sox9 (green) and Dapi (blue) show, at E12.5, Sox9 was expressed in Sox9"" control embryos in
the region of the developing Meckel’s cartilage (MC, white arrowheads) and cranial base (orange
arrowheads) in the posterior (A) and middle (C) regions. There were also a few Sox9 expressing
cells in the palatal shelves (C, asterisk). In Sox9"";mtHand2°® embryos, Sox9 expression was
present in the cranial base and palatal shelves, but there was no Sox9 expressed in the MC (B,D),
showing deletion was mandibular specific. (E-G’) At E14.5, Sox9 was expressed in the cranial
base (E, orange arrowheads), nasal cartilages (F, yellow arrowheads), molar dental epithelium
(F’, pink arrowehead), and the MC (E’,F’). In the Sox9"":Hand2°® embryos, Sox9 was present in
the cranial base (D), nasal cartilages (G), and molar epithelium (G’), but absent from the MC (D’,
G’). Scale bar=500um

Supplemental Figure 2. The mandibular bone was significantly smaller in the
Sox9":mtHand2¢"® embryos compared to control. (A) Graph shows that the centroid size was
significantly decreased in Sox9"":mtHand2° embryos (light blue) compared to control (dark
blue), revealing the E18.5 mandibular bone was significantly smaller in mutant compared to

control. *p<0.05



Supplemental Figure 3. The area of the Meckel’s cartilage (MC) was significantly decreased
at all timepoints, and apoptosis was significantly decreased in the MC area at E13.5 in the
Sox9"M:mtHand2¢® embryos compared to control. (A) Graph shows the Meckel's cartilage
(MC) area was significantly decreased in Sox9"":mtHand2¢® embryos (light blue) compared to
control (dark blue) at E12.5, E13.5, and E14.5. *p<0.001 (B) Graph shows the % TUNEL+cells/MC
area was significantly decreased in the Sox9"":mtHand2¢® embryos compared to control at E13.5
only. Overall, the percentage of apoptotic cells was low. *p<0.05

Supplemental Figure 4. Loss of Sox9 in the mandibular mesenchyme results in decreased
expression of chondrogenic markers early in development. (A-D) Images of condensing
mandibular mesenchyme stained with RNAscope probe against Col2al and Runx2 (red dots) at
E12.5. (A,B) Col2al was expressed in the condensing mesenchyme region where Meckel's
cartilage will form in control (A, marked by yellow arrowheads) and significantly decreased in the
same region in the Sox9"":mtHand2°® mutant (B). Expression of Runx2 was similar in control (C)
and mutant (D) at E12.5. Scale bar=100um

Supplemental Figure 5. Loss of So0x9 in the mandibular mesenchyme results in cleft of the
secondary palate. (A,B) Ventral images of isosurfaces of E18.5 Sox9"" control (A) and
Sox9":mtHand2¢® mutant (B) embryos show the bones of the secondary palate (palatine
processes of the palatine and maxillary bones, highlighted in yellow) are fused in the control (A)
and separated due to a complete cleft of the secondary palate in the mutant (B).

Supplemental Figure 6. Loss of Sox9 in the mandibular mesenchyme results in cleft palate
that persists until birth. (A,B) Images of H&E stained coronal sections show the palate fused in
control (A) and a complete cleft of the secondary palate (marked by arrow) in the
Sox9"":mtHand2°® embryo (B) at birth/postnatal day 0. Of note, the tongue in the
Sox9"":mtHand2 embryo mimics the cleft shape, suggesting the tongue was in the cleft space

at birth. Scale bar=500um



Supplemental Figure 7. R26RP™*:mtHand2°® embryos have micrognathia and
microglossia and no other gross defects outside of the craniofacial complex. (A,B) Sagittal
images of whole dissected embryos show the mandible (demarcated by red capped line) was
severely retrognathic in the R26RP™*:mtHand2¢® embryo (A) compared to control (B) at E15.5.
The rest of the body, outside the craniofacial complex, was grossly normal in

R26RP™*:mtHand2°® embryos compared to control.
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