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Abstract:

The cranial base is a critical structure in the head, which is composed of endoskeletal and
dermal skeletal. The braincase floor, part of the cranial base, is a midline structure of the
head. Since it is a midline structure connecting the posterior skull with the facial region,
braincase floor is critical for the orientation of the facial structure. Shortened braincase
floor leads to mid-facial hypoplasia and malocclusions. During embryonic development,
elongation of the braincase floor occurs through endochondral ossification in the
parachordal cartilage, hypophyseal cartilage, and trabecular cartilage, which leads to
formation of basioccipital (BO), basisphenoid (BS), and presphenoid (PS) bones,
respectively. Currently, little is known about if maturation of parachordal cartilage,
hypophyseal cartilage, and trabecular cartilage occurs in a simultaneous or sequential
manner and if the formation of one impacts the others. Our previous studies demonstrated
that loss of function of ciliary protein Evc2 leads to pre-mature fusion in the
intersphenoid synchondrosis (ISS). In this study, we take advantage of Evc2 mutant mice
to delineate the mechanism governing synchondrosis formation. Our analysis supports a
cascade mechanism on the spatiotemporal regulation of the braincase floor development
that the hypertrophy of parachordal cartilage (posterior side) impacts the hypertrophy of
hypophyseal cartilage (middle) and trabecular cartilage (anterior side) in a sequential
manner. The cascade mechanism well explains the premature fusion of the ISS in Evc2
mutant mice and is instructive to understand the specifically shortened anterior end of the

braincase floor in various types of genetic syndromes.



Introduction

The cranial base is a skeleton structure that separates brain from other facial structures.
Anatomically located underneath of the brain, the cranial base protects and supports the
brain, pituitary, and sensory organs and connects to the trunk via the vertebral column
(Lieberman et al. 2000a; Lieberman et al. 2000b; Martinez-Abadias et al. 2012).
Historically, “cranial base” has been used to refer to the basioccipital (BO), the
basisphenoid (BS), and the presphenoid (PS) bones and cartilage synchondrosis, the
spheno-occipital synchondrosis (SOS) and the intersphenoid synchondrosis (ISS),
between BO and BS, and between BS and PS, respectively. As summarized and pointed
out by recent reports, cranial base includes the above-mentioned structures as well as
other associated dermal skeletons (Kawasaki et al. 2017; Pitirri et al. 2020). To remain
precise in the nomenclature, we will use “braincase floor” to refer the midline structure
consisting of the BO, BS, PS, ISS and SOS, which connects the posterior skull with facial
region (Fig. 1A). Abnormally shortened braincase floor leads to mid-facial hypoplasia
and malocclusions, signs often observed in patients with syndromic disorders such as
Down syndrome, Crouzon syndrome, and Pfeiffer syndrome (Alio et al. 2008; Cohen
1993; Nie 2005). Elongations of the braincase floor and appendicular bone occur through
similar mechanisms. However, knowledge from appendicular bones is not sufficient to
cover all aspects of braincase floor development since elongation of the braincase floor
supported by synchondrosis is bidirectional in nature. Understanding intricacies of the

braincase floor development will provide fundamental insight and deepened appreciation



regarding the pathophysiology underlying various abnormalities in craniofacial

development.

The braincase floor development is through endochondral ossification, in which cartilage
primordia forms first, followed by mineralization. During embryonic development,
braincase floor is resulted from fusion of four cartilages, the parachordal, acrochordal,
hypophyseal, and trabecular cartilage from the posterior to the anterior (summarized in
Fig. 1B) (Couly et al. 1993; McBratney-Owen et al. 2008; Pitirri et al. 2020). Though still
in debate, it is commonly believed that the posterior part (parachordal and acrochordal
cartilage) derived from the paraxial mesoderm and the anterior part (hypophyseal and
trabecular cartilage) derived from cranial neural crest (Kulkarni et al. 2018; McBratney-
Owen et al. 2008). Later, all four cartilages fuse into a continuous structure. Hypertrophy
within the parachordal cartilage, hypophyseal cartilage, and trabecular cartilage leads to
formation of primordia of the basioccipital (BO), basisphenoid (BS), and presphenoid
(PS) bones (McBratney-Owen et al. 2008; Pitirri et al. 2020). Elongation of the braincase
floor is powered by two synchondroses, the intersphenoid synchondrosis (ISS) between
the PS and BS, and the spheno-occipital synchondrosis (SOS) between the BS and BO

(Blaser et al. 2015; Wei et al. 2016).

It is currently unknown whether hypertrophy of the parachordal, hypophyseal, and
trabecular cartilages occurs in a simultaneous or sequential manner and if formation of
each hypertrophic zone is dependent or independent on others. In contrast to appendicular

bone development (summarized in Fig. 1C), existing evidence suggests that the braincase



floor is structurally distinct from the growth plate in appendicular bones (Nie 2005; Wei
et al. 2016). Formation of the hypertrophy of the parachordal cartilage during early
embryonic stages is induced by Shh expressed in the notochord remnants, located next to
the posterior end of the braincase floor (Young et al. 2006). Radiologic studies have
demonstrated that mineralization of the braincase floor extends from the posterior to the
anterior end (Kjaer 1990). Since mineralization occurs in hypertrophic zones, we
hypothesized that the hypertrophy of parachordal, hypophyseal, and trabecular cartilages
occurs in a sequential manner from posterior to anterior (Fig. 1D). Since chondrocyte
hypertrophy leads to secretion of Indian Hedgehog (IHH) from pre-hypertrophic
chondrocytes, which is critical for chondrocyte proliferation and differentiation, we
hypothesized a cascade mechanism that hypertrophy of the parachordal cartilage induces
the hypertrophy of the hypophyseal cartilage, which further induces hypertrophy of the
trabecular cartilage during the braincase floor development (as summarized in Fig. 1D).
Understanding the spatiotemporal orchestration of signaling cascades during
synchondrosis patterning is critical for understanding proper braincase floor elongation

and subsequent development of the midfacial region.

Ellis-van Creveld syndrome (EVC) is an autosomal recessive chondrodysplasia (Baujat
and Merrer 2007; Ellis and Van Creveld 1940; Louie et al. 2020). Our previous studies
demonstrated that mid-facial hypoplasia in Evc2 (aka Limbin) mutant mice is not due to
alterations in facial bones (maxilla and ethmoid), but rather due to a shortened braincase
floor resulting from the pre-mature fusion of the ISS observed as early as postnatal day 8

(P8) (Kulkarni et al. 2018; Kwon et al. 2018). Interestingly, Evc2 loss of function leads to



compromised, but not ablated, cellular response to Hedgehog ligand thereby making it a
valuable tool for delineating our cascade model during the braincase floor development.
In this report, our comprehensive analysis of Eve2 mutant braincase floors highlights how
hypertrophy of the parachordal cartilage (posterior end) influences the maturation of the
hypophyseal (middle) and the trabecular cartilage (anterior end) through progressive

downregulation of Hedgehog signaling activities.



Materials and methods

Animal models. Mice were maintained and used in compliance with the Institutional
Animal Care and Use Committee (IACUC) of the University of Michigan in accordance
with the National Institutes of Health Guidelines for Care and Use of Animals in
research, and all experimental procedures were approved by the IACUC of the University
of Michigan (protocol#: PRO00009613). All mice were housed in a room with
temperature between 18-23 °C with 40-60% humidity. Evc2 mutant mice (Evc2 <127)
and Evc?2 floxed mice (Eve2/V") were generated by our group as previously reported
(Zhang et al. 2015). Neural crest-specific Evc2 mutant mice were generated by crossing
Eve2 /" mice with Wntl-Cre mice (Danielian et al. 1998). All mice were maintained in a
mixed background of C57BL6/J and 129S6 and were crossed and maintained in our
semi-closed mouse colony for at least 5 years. For embryonic staging, the noon of
identification of vaginal plug was E0.5. Consistent with findings in patients, studies from
us and other provide molecular evidence that phenotypic abnormities due to Eve2 loss of
function passes through recessive inheritance (Martinez-Abadias et al. 2012; Zhang et al.
2015). For comparisons between genotypes, wild type mice and Evc2 heterozygous
mutant mice for the global knockout allele (Evc2 “/#*) were used as controls to compare
with global Eve2 homozygous mutant mice (Eve2 </%%12). For neural crest-specific Eve2
mutant mice (Eve2 ', Wnt1-Cre), we compared with control littermates such as Eve2 /7
or Eve2 ": Wntl-Cre mice. Number of animals used for comparison per group were
indicated in figure legend as n in figure legends. Animals/embryos were included based
on genotypes and there are no animal/embryos excluded.

Histology, Immunohistochemistry, and in situ hybridizations.



Braincase floors from postnatal or embryonic stages were dissected out, fixed in 4%
paraformaldehyde (PFA) and decalcified in 14% EDTA. Subsequently, they were
embedded in paraffin, sectioned parasagittally in 5 um thickness, and stained with
hematoxylin and eosin (H & E) for histologic observations according to standard
histology procedure. For histological quantifications, 6 represented sections per animal
were evaluated. The average of 6 represented sections was used to represent the evaluated
animal. Each parameters measured were defined as following: presumptive BS: the
length of hypertrophic zone for BS or BS with hypertrophic zone flanking BS; BS: the
length of bony part of BS; presumptive BO: the length of hypertrophic zone for BO or
BO with hypertrophic zone flanking BO; BO: the length of bony part of BO; total length
of braincase floor: the length from the most anterior point to the most posterior point of
the braincase floor; length of the anterior of the braincase floor: the length from the most
anterior point to the most posterior point of the bony part of BS; BS+PS: the length from
the anterior part of skeleton PS to the posterior part of skeleton BS. For 5-ethynyl-2'-
deoxyuridine (EdU) incorporation experiment, EQU was injected 3 hours before animal
euthanization at 40 mg/kg. For immunohistochemistry, dissected braincase floors were
fixed with 4% PFA and cryo-protected by 30% sucrose in PBS before being embedded
parasagittally for cryosection. Sections (10-pum thickness) were incubated overnight at 4
°C with antibody against P-Histone3 (PA5-16183), OSX (ab22552, 1:500, Abcam), and
RUNX2 (ab236639, 1:200, Abcam). Secondary antibody, anti-rabbit IgG-alexa fluor 488
(A-32731) was from Life Technology. Quantifications of number of cells with stained
antibody were done with an average of 4 sections close to the midline to represent one

biological sample. The average of 4 different biological samples was then taken for the
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comparison of differences between controls and mutants. Quantifications of staining
intensity were done through ImagelJ. In brief, for each sample, we assessed the
fluorescence intensity in 20 cells in sections close to the midline. The average
fluorescence intensity of 20 cells was used to represent one biological sample. For paired
comparisons between controls and mutants, group comparison of 4 controls and 4
mutants were carried out. The anterior end of the ISS (ISS-A), posterior end of the ISS
(ISS-P), the anterior end of the SOS (SOS-A), and the posterior end of the SOS (SOS-P)
were examined. RNA in situ hybridization was carried out as previously described
(Komatsu et al. 2014) using a digoxygenin-labeled Coll0al, Ihh and Ptchl probes.
RNA isolation and quantitative real-time PCR

Braincase floor synchondroses (i.e., ISS-A, ISS-P, SOS-A and SOS-P) were dissected out
and split in the middle in anterior-posterior axis into two for the corresponding anterior
and posterior portion. before immediate homogenization in TRIzol (Life Technologies,
Grand Island, NY, USA) according to manufacturer’s instructions. For reverse
transcription, 1 pug of total RNA was reverse-transcribed using SuperScript Reverse
Transcriptase (Life Technologies, Grand Island, NY, USA). Quantitative real-time PCR
(qRT-PCR) was performed using Applied Biosystems ViiA7, with the following tagman
probes: Mm00494645 ml for Glil, Mm99999915 ¢l for Gapdh, Mm00439612 m1 for
Ihh, Mm00436026 ml for Ptchl, Mm00436057 ml for Pthrp. For all analysis, RNA

samples isolated from 4 controls and 4 mutants were used to compared.

Primary chondrocyte isolation
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Synchondroses from individual embryos were dissected from E17.5 embryos with all
non-cartilage tissues removed and digested with collagenase A (Roche, Indianapolis, IN,
USA). Chondrocytes released were subsequently cultured in DMEM (Life Technology,
Grand Island, NY, USA) with 10% FBS (Atlanta Biologicals, Flowery Branch, GA,
USA) and chondrocyte identity was verified according to previous report (Gosset et al.
2008). Experiment was carried out using cells within 5 passages. Cells isolated from 1
embryo were designated as 1 line. Altogether there are 3 control lines and 3 mutant lines
were established for analysis presented. For induction of Hedgehog signaling, cultured
primary chondrocytes were starved in 0.5% serum for 36 h before treatment with 100
nmol of SAG (Chemicon, Billerica, MA, USA) for 24 hours before isolation of total
RNA for qRT-PCR. Hedgehog signaling induction was calculated by dividing post-

induction mRNA levels of Glil by pre-induction levels.

Statistical analysis:
Paired t-Test was used for all studies presented and t-Test was performed in SPSS 27.0.
Error bars in the graph are standard deviation.

Additional materials and methods are available in the supplemental appendix.
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Results

Our investigation on the mechanisms governing the braincase floor elongation started
from analysis of the braincase floor in Evc2 mutants and controls at embryonic stages.
Evc2 global mutant allele (ex12) has a LacZ cassette inserted into the exon 12 of the
endogenous Evc2. Through beta-gal staining, we found that Evc2 is expressed in nearly
all cells in the mouse braincase floor (Zhang et al. 2015) (Fig. S1A-F). E13.0 is the
earliest stage when cartilage is observed in the braincase floor during embryonic
development (Kettunen et al. 2006; McBratney-Owen et al. 2008). At E13.5, we noticed
a gap between the trabecular cartilage and the hypophyseal cartilage, suggesting that
there is no continuous cartilage at the braincase floor (Fig. S2A). Levels of Eve2 mRNA
were comparable between the trabecular cartilage and rest of the three cartilages at E14.5,
which were also comparable in ISS and SOS at E17.5 (Fig. S2B). At this stage, there was
no morphological difference in the braincase floor of Evc2 mutants (Fig. S2A). At E14.5
and E16.5, we observed hypertrophic zones for the parachordal (future BO) and the
hypophyseal cartilage (future BS), respectively in control braincase floors, but no
hypertrophic zone for the trabecular cartilage (future PS) (Fig 2A-D, double arrows). At
these two stages, Evc2 mutant braincase floors showed decreased lengths in hypertrophic
zones in the parachordal (BO) and the hypophyseal (BS) cartilage (Fig. 2K-M),
suggesting either decreased proliferation, accelerated maturation, or both in chondrocytes
due to loss of Evc2. At E17.5, in controls, the hypertrophic zone in the trabecular
cartilage developed in addition to the BO and the BS (Fig. 2E-J). We observed decreased
lengths of the BO, BS, and the hypertrophic zone for the trabecular cartilage in Evc2

mutant braincase floors (Fig. 2K-N). Overall, histological assessment demonstrated that
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hypertrophies of the parachordal cartilage (future BO) and the hypophyseal cartilage
(future BS) initiates before E14.5; and hypertrophy of the trabecular cartilage (future PS)

initiates before E17.5 in both control and mutant embryos.

At E18.5, histological assessment demonstrated similar pattern of each zone in controls.
In contrast, all cells in the ISS of Evc2 mutants became hypertrophic chondrocytes (Fig.
3A-F). Hypertrophy of the entire ISS in Evc2 mutants is consistent with the detection of
Coll0al expression in the entire ISS in Evc2 mutant braincase floors (Fig. 3G-L). At
postnatal day 8 (P8), histological assessment indicated the absence of cartilage structure
between PS and BS in Evc2 mutant braincase floor (Fig. 4A-C, E-G). Consistently, uCT
analysis confirmed that PS and BS fuse together in Eve2 mutant braincase floors at P8
(Fig 4D, H). We then examined the length of the braincase floor at different stages. From
E14.5 to E17.5, there were no length differences observed between control and Evc?2
mutant braincase floors (Fig 41). Starting from E18.5, Evc2 mutant braincase floors
showed shortened length (Fig 41). More detailed analysis on the length of each region of
the braincase floors demonstrated that shortened braincase floor length in Evc2 mutant
was due to shortened anterior region of the braincase floors (Fig 4J), while the length of

the posterior region of the braincase floors remains unchanged in Evc2 mutant (Fig 2N).

In summary, histological and morphological analyses of braincase floors at different
embryonic stages demonstrate that Evc2 loss of function more severely impacts the ISS
of the braincase floor compared to the SOS of the braincase floor in the following two

aspects: (1) chondrocytes in the ISS all become hypertrophic at as early as E18.5 in Evc2
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mutants, while a majority of the chondrocytes in the SOS remains undifferentiated; (2)
the overall and anterior part of the braincase floor (PS+ISS+BS) are more severely
shortened in Evc2 mutants after E18.5, while the length of the posterior part of the
braincase floor (SOS+BO) is less affected after E18.5. Since hypertrophic chondrocytes
lose proliferative capacity, premature hypertrophy of the ISS in the Evc2 mutant
braincase floor likely leads to braincase floor shortening due to loss of elongation

capacity at the anterior end.

Abrogated Hedgehog-PTHrP signaling leads to accelerated chondrocyte hypertrophy and
depleted resting and proliferating chondrocytes (Matsushita et al. 2020; Mizuhashi et al.
2018; St-Jacques et al. 1999; Vortkamp et al. 1996). Since the abrogated Hedgehog-
PTHrP signaling is the only known reason leading to pre-mature fusion of the growth
plate, the pre-mature fusion of the ISS detected in Evc2 mutant is likely due decreased
Hedgehog signaling. Given that the pre-mature fusion is only detected in the ISS of Evc?2
mutant braincase floors, it is possible to speculate that Hedgehog signaling at the ISS in
Evc2 mutants is much lower than that at the SOS in Eve2 mutants. Indeed, we observed a
lesser decrease in Ptchl at the posterior half of the SOS (SOS-P), but a greater decrease
in Ptchl at the anterior half of the SOS (SOS-A) and ISS at E14.5 and at E17.5 Evc2
mutant braincase floors (Fig. 5A, C, E, H, J, L). Consistently, quantification of Pthrp
expression levels confirmed greater decrease (relative to the posterior) at the anterior of
the Evc2 mutant braincase floors at E14.5 (Fig. 5F) and E17.5 (Fig. 5SM). PTHRP has a
known function to promote chondrocyte proliferation and inhibit chondrocyte

differentiation in endochondral ossification. Consistent with more decreased Pthrp
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expression in the anterior of the Evc2 mutant braincase floor than SOS-P, we observed
highly decreased number of cells with incorporated EdU in the anterior region (Fig. 5O-
Q). Consistently, we observed highly decreased number of cells with phosphor-histone 3
(Fig. S3A, C, D) in the anterior region, suggesting a more decreased proliferation in the

anterior of the braincase floor.

In Evc2 mutants at E14.5, we detected no change in 7/ expression at the SOS-P and
moderate decreases in /ih at the SOS-A and the ISS-P (Fig. 5B, D). Similar trends were
detected at E17.5 (Fig. 51, K). As predicted, chondrocytes isolated from Evc2 mutant
braincase floor showed compromised responses to exogenously added smoothened
agonist (SAG) in culture judged by Glil expression, however, levels of fold-induction of
Hedgehog signaling activity did not differ between chondrocytes isolated from mutant
ISS and mutant SOS (Fig. S3E). In appendicular bones, elevated FGF signaling due to
Evc2 loss of function within perichondrium critically contributes to dwarfism (Zhang et
al. 2016). However, in the Evc2 mutant braincase floor, we detected no differences in
Fgf18 expression in the perichondrium comparing to controls (Fig. S3F). Our data
support the idea that pre-mature fusion of the ISS, but not the SOS at E18.5 in the Evc2
mutant braincase floor is due to severely decreased Hedgehog signaling at the ISS yet
moderately decreased Hedgehog signaling at the SOS. Taken together, these analyses
demonstrated that the progressive reduction of Hedgehog signaling activity along the
anterior-posterior axis of the Evc2 mutant braincase floor is due to differentially
decreased /hh expression levels, but not due to the position-based differences in

intracellular Hedgehog signaling activating ability.
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Ihh is specifically expressed in pre-hypertrophic chondrocytes, but not in hypertrophic
chondrocytes within the growth plates. Decreased /hh expression at specific regions of
the braincase floor is possibly due to abnormally differentiated pre-hypertrophic
chondrocytes. Osterix (OSX) is a transcription factor with functions during chondrocyte
differentiation and maturation (Nakashima et al. 2002; Oh et al. 2012; Omoteyama and
Takagi 2010). We used OSX to assess the competency of pre-hypertrophic chondrocyte.
In E17.5 braincase floor, we observed cytoplasmic localization in resting (cells with
round nucleus in the center of the synchondrosis) and proliferating (cells with oval
nucleus in the synchondrosis) chondrocytes and nuclear localization in pre-hypertrophic
and hypertrophic chondrocytes (Fig. 6A-C, S4A). Compared to the corresponding regions
in controls, Evc2 mutants showed a decreased number of pre-hypertrophic chondrocyte
cells with nuclear localization of OSX, with a greater decrease at the anterior end of the
braincase floor and a lesser decrease at the posterior end of the braincase floor. Similar
trends were observed for the intensity of immunosignals of nuclear localized OSX (Fig.
6B, D). Overall, these data support the idea that compromised differentiation from
proliferative chondrocytes to pre-hypertrophic chondrocytes leads to decreased /hh

expression at the SOS-A, ISS-P, and further decreases at the ISS-A.

RUNX2 is critical for endochondral ossification (Inada et al. 1999; Kim et al. 1999;
Komori et al. 1997; Long and Ornitz 2013). At E17.5, RUNX2 located at the nucleus of
the proliferating, pre-hypertrophic and hypertrophic chondrocytes in both ISS and SOS

(Fig. 6B). In Evc2 mutants, we observed decreased intensity of RUNX2 immunosignals
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at the posterior end and further decreased intensity at the anterior end of the braincase
floor (Fig. 6B, E, S4B). Additionally, in the Evc2 mutant ISS and SOS, we observed
numerous cells in the resting zones with nuclear localized RUNX2 (Fig. 6B, F),
suggesting that the cells in the resting zone were prematurely differentiated to the pre-
hypertrophic/hypertrophic chondrocytes. We did not observe any immunosignals using
control IgG (Fig. S4C). These observations coincided with the hypertrophy of nearly all
cells in the ISS at E18.5 in the Evc2 mutant braincase floor (Fig. 3H) and are consistent
with previous studies showing that forced expression of RUNX2 leads to pre-mature
hypertrophy of chondrocytes (Takeda et al. 2001; Tu et al. 2012; Ueta et al. 2001).
Overall, these data support the idea that accelerated maturation of resting and
proliferative chondrocytes leads to pre-mature hypertrophy of the ISS in the Evc2 mutant

braincase floor.

Chondrocyte hypertrophy can occur in the absence of Hedgehog signaling, however,
studies in appendicular bones suggest that Hedgehog signaling promotes chondrocyte
hypertrophic differentiation (Amano et al. 2015; Kobayashi et al. 2005; Long and Ornitz
2013; Mak et al. 2008). Given that chondrocyte hypertrophy occurs through a sequential
manner from the posterior part to the anterior part, it is therefore possible that the
chondrocyte hypertrophy in the braincase floor is induced by an unknown intrinsic factor
and promoted by IHH secreted from the posterior hypertrophic zone (Fig. 7A).
Particularly in the Evc2 mutant braincase floors, compromised Hedgehog signaling in the
SOS-P leads to insufficient hypertrophic differentiation in the hypophyseal cartilage

(BS), which results in abnormalities in pre-hypertrophic chondrocytes at the SOS-A and
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ISS-P. Decreased Ihh expression in the ISS-P and reduced cellular response to Hedgehog
ligand due to Evc?2 loss of function together leads to highly decreased Hedgehog
signaling in the ISS-P; this reduction has a greater impact on hypertrophic differentiation
in the trabecular cartilage and pre-hypertrophic chondrocytes at the ISS-A. The above
described signaling cascade in the Evc2 mutant braincase floor results in drastically
decreased Hedgehog signaling in the ISS along with a drastic reduction of Pthrp
expression, prompting chondrocyte hypertrophic differentiation, and subsequent pre-

mature ISS fusion (Fig. 7B).

From the above interpretation, the drastic decreased Hedgehog signaling in the ISS of the
Evc2 mutant braincase floor is resulted from to locally compromised response to
Hedgehog ligands, due to Evc?2 loss of function; and decreased 7hh expression in the ISS
due to a spatio impact from the Evc?2 loss of function within the parachordal cartilage.
The compromised response to Hedgehog ligands due to Evc?2 loss of function has been
demonstrated previously from our group and others (Ruiz-Perez et al. 2007; Zhang et al.
2015; Zhang et al. 2016). To validate the spatio impact of Evc2 loss of function in the
parachordal cartilage, we took advantage of Wntl-Cre to restrict Evc2 deletion to the
anterior of the SOS-A (Fig. S1I) (McBratney-Owen et al. 2008). As expected, the ISS
remains present in Evc2-Wntl-Cre conditional mutants at P2 (Fig. 8 G-H). In contrast, the
whole ISS in Evc2 global mutants became hypertrophic (Fig. 8D-E). Gene expression
analyses demonstrated that compared to Evc2 mutants, Eve2-Wntl-Cre conditional
mutants showed moderately decreased Hedgehog signaling levels and slightly decreased

Ihh expression at the ISS (Fig. 8J-K). Examination of Evc2 expression in Eve2-Wntl-Cre

19



conditional mutants braincase floors confirms the deletion of Evc2 in the ISS (Fig. 8L).
These data demonstrate that Evc2 function in the parachordal cartilage of the braincase
floor is critical for the trabecular cartilage development of the braincase floor and support
the idea that hypertrophy the parachordal cartilage of the braincase floor subsequently

impacts the hypertrophy of the hypophyseal cartilage and trabecular cartilage.
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Discussions

Overall, our analysis of braincase floor development in controls and Evc2 mutants
demonstrated that: (1) hypertrophy of chondrocytes in the braincase floor cartilage occurs
in a sequential, posterior-to-anterior manner (i.e., parachordal then hypophyseal then
trabecular cartilage); (2) chondrocyte hypertrophy at the parachordal cartilage of the
braincase floor impacts hypertrophy of the hypophyseal and trabecular cartilage of the
braincase floor; (3) loss of proliferative capacity in the Evc2 mutant ISS is determined at
E18.5; (4) loss of proliferative capacity in the Evc2 mutant ISS is due to progressive
spatiotemporal reduction of Hedgehog signaling during the posterior to the anterior

hypertrophy of braincase floor chondrocytes.

The braincase floor is a critical midline structure, which directly impacts protrusion of the
midfacial region. However, braincase floor elongation is not homogeneous. The posterior
braincase floor grows slower, and the anterior braincase floor grows faster (Jeffery 2002;
Latham 1966). Fusion of the ISS occurs between 2 to 3 years of age in humans (Scott
1958). Since the ISS significantly contributes to embryonic and early postnatal braincase
floor elongation, pre-mature fusion of the ISS would result in congenital mid-facial

hypoplasia.

The findings in presented studies are consistent with previous studies about the Hedgehog

signaling during endochondral ossifications. Hedgehog signaling plays multiple roles in

endochondral ossifications, including promoting proliferation of resting chondrocyte
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through PTHrP (Kronenberg 2003), directly promoting differentiation of resting
chondrocyte to proliferating chondrocyte (Kobayashi et al. 2005), and promoting
differentiation from proliferating chondrocyte to pre-hypertrophic chondrocyte and to
hypertrophic chondrocyte (Mak et al. 2008). The impacts of decreased Hedgehog
signaling in endochondral ossification can be categorized into two: 1) when Hedgehog
signaling is largely attenuated, decreased Pthrp (direct Hedgehog signaling target)
expression leads insufficient proliferation in resting chondrocyte, which leads to
depletion of resting chondrocyte and pre-mature fusion of growth plate (Kronenberg
2003). Studies in appendicular bones demonstrated that ablating primary cilium leads to
attenuation of Hedgehog signaling to 15% of controls, which subsequently leads to pre-
mature fusion of the growth plate (Chang and Serra 2013; Song et al. 2007). 2) When
Hedgehog signaling is moderately decreased due to loss of Eve2 functions, chondrocyte
proliferation and maturation is delayed, while growth plates remain (Zhang et al. 2016).
Studies using Evc2 mutant mice demonstrated that attenuating Hedgehog signaling to
50% of controls leads to delayed chondrocyte differentiation. In this case, bone
maturation takes longer time but eventually fully form the primordia for further
ossification to occur (Zhang et al. 2016). Consistent to what happens in appendicular
bones, we found that the moderately decreased Hedgehog signaling (50% of controls) in
the SOS of Evc2 mutant braincase floor leads to limited decreased chondrocyte
proliferation and temporally decreased length in BO. The shortened length in BO later
catches up the length of BO in controls at postnatal stages day 8. In contrast, dramatically
decreased Hedgehog signaling (10% of controls) in the ISS of Eve2 mutant braincase

floors leads to dramatically decreased chondrocyte proliferation and depletion of
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chondrocyte capable of proliferation. The dramatic decreased Hedgehog signaling in the
ISS of Evc2 mutant braincase floor favors the cascade mechanism during braincase floor
development as summarized in Fig. 1B and 7B. Consistently, in Evc2-Wntl-Cre
conditional mutants we observed no premature fusion of ISS at up to P2 and moderately
decreased Hedgehog signaling and moderately decreased /44 expression. These

observations well support the cascade mechanism we proposed.

Our studies support a mechanism that during braincase floor development, the
hypertrophy of each zone is induced by two factors, an unknown intrinsic factor and IHH
secreted from immediate posterior region (Fig. 7A). The unique two factor-involved
chondrocyte hypertrophy supports a cascade mechanism to explain how the posterior
hypertrophy influences the anterior hypertrophy during braincase floor development. The
initial chondrocyte hypertrophy occurs at the parachordal cartilage of the braincase floor,
next to the notochord remnants to develop SOS-P (Young et al. 2006). Hypertrophy of
the hypophyseal cartilage is induced by an intrinsic factor and promoted by 744 secreted
by SOS-P. The hypertrophy of the hypophyseal cartilage leads to formations of pre-
hypertrophic zones at the SOS-A and ISS-P. Similarly, the hypertrophy of the trabecular
cartilage is induced by an intrinsic factor and promoted by /44 secreted by pre-
hypertrophic zones (Fig. 7B). In the Evc2 mutant braincase floor, compromised response
to Ihh at the SOS-P leads to insufficient hypertrophic differentiation and abnormally
formed pre-hypertrophic chondrocytes. Decreased /44 in abnormally formed pre-
hypertrophic chondrocytes then leads to further decreased Hedgehog signaling at the ISS

which leads to pre-mature hypertrophy of chondrocytes at the ISS due to highly reduced
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PTHrP and subsequent loss of elongation capacity, as in Fig. 7B. The sequential
hypertrophy of the parachordal, then the hypophyseal, then the trabecular cartilage in the
braincase floor cascade model provides critical insights into the pathological mechanism
leading to shortened anterior braincase floor in EvC and other syndromes such as Apert
syndrome, Pfeiffer syndrome, Crouzon syndrome, Down syndrome, and William

syndrome.
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Fig legends:

Figure 1. A cascade model of braincase floor elongation summarized from studies in this
report. A. A mouse skull model indicates the anatomic location of the braincase floor.
ISS, the intersphenoid synchondrosis, SOS, the spheno-occipital synchondrosis, PS,
presphenoid bone; BS, basisphenoid bone; and BO, basioccipital bone. B. Braincase floor
development described in previous studies is summarized. Continuous braincase floor is
the result of fusion of 4 cartilages, the parachordal, acrochordal, hypophyseal and
trabecular cartilage from the posterior to the anterior. Then hypertrophic differentiation
and subsequent mannerization within parachordal, hypophyseal and trabecular cartilage
leads to formation of basioccipital bone (BO), basisphenoid bone (BS) and presphenoid
bone (PS) in the braincase floor. C. A model describes appendicular bone elongation.
Initial hypertrophy occurs at the middle of cartilage primordia. The growth plate flanking
the hypertrophic zone leads to bi-directional elongation of the appendicular bone. D. A
hypothetical model of how the braincase floor elongates. Chondrocytes located at the
most posterior end of the braincase floor cartilage primordia start to differentiate to form
hypertrophic zone due to an activity of the remnant notochord, which eventually give rise
the BO. Hypertrophic chondrocytes in this zone subsequently induce differentiation of
chondrocytes at the middle of the braincase floor cartilage primordia to form the second
hypertrophic zone, which is the future BS, and finally, hypertrophy of the chondrocyte
zone for the future PS occurs at the anterior end of the braincase floor cartilage
primordia. Three hypertrophic zones will be mineralized when embryogenesis progresses
from posterior to anterior, and remaining cartilage will form two mirror imaged growth

plates, the intersphenoid synchondrosis (ISS) between PS and BS and the spheno-
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occipital synchondrosis (SOS) between BS and BO. These synchondroses support the bi-
directional growth of each bone, which contributes to the elongation of the braincase

floor. D, differentiation; P, proliferation.

Figure 2. Evc2 loss of function leads to braincase floor with abnormal structure before
E18.5. Histological sections of control and Evc2 mutant braincase floors at E14.5 (A, B),
E16.5 (C, D) and E17.5 (E, H) were stained with H & E and shown. The enlarged ISS
and SOS for E17.5 controls (F, G) and mutants (I, J) were shown. Brackets indicate
enlarged region and double arrows indicate hypertrophic zones. Bar=200 um. Based on
the histological assessment in control and Evc2 mutant braincase floor, the length of the
presumptive BS (K), length of the BS (L), length of the presumptive BO (M), and length
the BO (N) are quantified and shown as the percentage of controls. (n=6, *, p<0.05, **,

p<0.01, error bars denote standard deviations.).

Figure 3. Evc2 loss of function leads to shortened braincase floors and pre-mature fusion
of ISS at E18.5. Control and Evc2 mutant braincase floors at E18.5 (A, D) were shown.
The enlarged ISS and SOS for controls (B, C) and mutants (E, F) were shown.
Expressions of Coll0al in controls (G-1) and Eve2 mutant (J-L) skull at E18.5 were
examined by in situ hybridization. Hypertrophic zones for PS (a), ISS-P (b), SOS-A (¢)
and SOS-P (d) are shown. The enlarged ISS and SOS for controls (H, I) and mutant (K,
L) were shown. Pictures shown are representative of comparisons of 6 controls with

mutants. Bar=200 um.
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Figure 4. Evc2 loss of function leads to fused ISS at P8. Histologic assessment of control
(A) and Evc2 mutant (E) skull basses at P8 are shown. The ISS of control (B), a
presumptive ISS of mutant (F), and the SOS of control (C) and mutant (G) are shown.
Three dimensional reconstructed models of control (D) and mutant (H) skull
reconstructed from microCT scan are shown. The length of the braincase floor (I), and
length of the anterior braincase floor (J) are shown as the percentage of controls. (n=6, *,

p<0.05, **, p<0.01, error bars denote standard deviations.).

Figure 5. Attenuated Hedgehog signaling and proliferation in the Evc2 mutant braincase
floor. Expression of Ptchl and Ihh were examined in control and Evc2 mutant braincase
floors from E14.5 (A-D) and E17.5 (H-K). The enlarged images for ISS (A’-D’, H’-K”)
and SOS (A”-D”, H”-K”) are shown. Ptchl, PthrP, and Ihh expression levels in controls
and Evc2 mutant braincase floors were quantified through Q-RT-PCR at E14.5 (E-G) and
E17.5 (L-N) (n=4, **, p<0.01, #, p>0.2). Brackets, regions assayed in Q-RT-PCR. Cell
proliferation was assessed in E17.5 braincase floor through examination of EdU labeled
cells after 3 hours of chasing time. EAU labeled cells in controls and mutants in ISS (O)
and SOS (P) were shown. Numbers of EAU labeled cells were quantified in Q (n=3, **,

p<0.01; *, p<0.05, error bars denote standard deviations.). Bar=200 um

Figure 6. Pre-hypertrophic differentiation is affected more in the anterior end than then
posterior end of the braincase floor. A. A diagram of braincase floor in the
immunohistochemical studies. B. Immunodetection of OSX and RUNX2 in the three

areas shown in A. The white boxed region was enlarged and shown. Arrows indicate
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Evc2 mutant chondrocytes with no nuclear localized OSX, arrowheads indicate Evc2
mutant chondrocytes with decreased nuclear localized OSX. Bar=200 um. Dashed lines
indicate the boundary between resting and proliferating chondrocytes. C. Number of cells
with nuclear localized OSX are quantified and shown in as percentage of controls, n=3,
** p<0.01. D. The intensity of nuclear localized OSX was quantified and shown as a
percentage of controls, n=4, **, p<0.01, error bars denote standard deviations. E. The
intensity of immunosignals for nuclear RUNX2 was quantified and shown as a
percentage of control, n=4, **, p<0.01, error bars denote standard deviations. F. The
percentages of resting chondrocytes with nuclear localized RUNX2 were quantified and

shown, n=3, ** p<0.01. Bar=200 um, bar in enlarged picture = 20 um.

Figure 7. Diagram (A) indicated a mechanism governing chondrocyte hypertrophy
during braincase floor development. Chondrocyte hypertrophy is induced by an unknown
intrinsic factor and promoted by IHH in the pre-hypertrophic zone from the posterior
part. Both intrinsic factor and IHH regulate the chondrocyte hypertrophy and formation
of pre-hypertrophic zone. Formation of the pre-hypertrophic zone ensures the secretion of
IHH, which promotes the chondrocyte hypertrophy at a more anterior region. Diagrams
(B) indicated the abnormal signaling leading to fusion of the ISS in Evc2 mutant
braincase floor. Three hypertrophic zones in the braincase floor are formed in a
sequential order. The formerly formed hypertrophic zone impacts the later formed
hypertrophic zone. In the Evc2 mutant braincase floor, compromised Hedgehog signaling
at the posterior end progressively reduced anteriorly due to insufficient differentiation to

pre-hypertrophic chondrocytes. Together with reduced cellular response to Hedgehog
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ligands, expression of Pthrp is largely diminished at the ISS, which leads to the

premature fusion of the ISS. Pt, Pthrp; H, Ihh.

Figure 8. Specific deletion of Evc?2 in neural crest derived tissues leads to patent ISS at
P2. Control (A), Evc2 mutant (D), and Eve2 Wntl mutant (G) braincase floor at P2 were
sagittal sectioned and stained with H & E. The enlarged ISS and SOS for control (B and
C), Evc2 mutant (E and F), and Evc2-Whntl-Cre conditional mutants (H and I) are shown.
Brackets indicate regions enlarged. Bar=200 um. Ptchl (J), Ihh (K), and Evc2 (L)
expression levels in controls and Evc2-WntI-Cre conditional mutants braincase floors
were assayed through qRT-PCR at E17.5. (n=4, **, p<0.01, error bars denote standard

deviations.)

Supplemental Figure 1. Wild type (A) and Evc2 heterozygous mutant (D) braincase
floors were stained for beta-galactosidase activity. The ISS and SOS of wild type (B and
C) and heterozygous mutant (E and F) are enlarged. Cre-dependent recombination in the
braincase floor of WntI-Cre lines are indicated (G). The ISS and SOS (H and I) are

enlarged. Bar=200 um

Supplemental Figure 2. (A) Control and Evc2 mutant braincase floors at E13.5 were
sagittally sectioned and stained with H & E. Arrows indicate the gap between the
trabecular cartilage and the other three cartilages (the hypophyseal, acrochordal and
parachordal, cartilages) in the braincase floor. (B) Quantification of Evc2 mRNA in the

indicated tissues at the indicated stages. T, the trabecular cartilage, H-P, from the
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hypophyseal to the parachordal cartilage, ISS, the intersphenoid synchondrosis, SOS, the

spheno-occipital synchondrosis.

Supplemental Figure 3. A-D. Cell proliferation was assessed through examination of
chondrocytes with phospho-histone 3 (P-Histone 3) in controls and mutants in ISS (A)
and SOS (B). White arrows indicate cells with P-Histone 3. Boxed regions are enlarged
and shown. Numbers of cells with P-Histone 3were quantified in C as percentage of
control (n=4, **, p<0.01; #, p>0.2, error bars denote standard deviations). Bar=200 um.
Actual numbers of cells with P-Histone 3 were shown in D. N=4, ** p<0.01; error bars
denote standard deviations. E. Primary chondrocytes were isolated from ISS and SOS in
control (C ISS and C SOS) and Evc2 mutant (m ISS and m SOS) braincase floors at
E17.5. Smoothened agonist (SAG) was used to treat each type of primary chondrocyte
cells. The G/il mRNA levels from each type of treated cells were used to readout the
induced Hedgehog signaling levels. (n=3, **, p<0.01, #, P>0.4, error bars denote
standard deviations.). F. Figf18 expression in the E17.5 braincase floor was examined

through /n Situ hybridization. Bar=200 um.

Supplemental Figure 4. A. Number of cells with nuclear localized OSX are quantified
and shown, n=3, **, p<0.01, error bars denote standard deviations. B. The percentages of
resting chondrocytes with nuclear localized RUNX2 were quantified and shown, n=3, **,
p<0.01. Bar=200 um, bar in enlarged picture = 20 um, error bars denote standard
deviations. C. Immunodetection using non-specific IgG controls in control braincase

floor was shown.

31



Reference:

Alio J], Lorenzo ], Iglesias C. 2008. Cranial base growth in patients with down
syndrome: A longitudinal study. Am | Orthod Dentofac. 133(5):729-737.

Amano K, Densmore M]J, Lanske B. 2015. Conditional deletion of indian hedgehog in
limb mesenchyme results in complete loss of growth plate formation but
allows mature osteoblast differentiation. ] Bone Miner Res. 30(12):2262-
2272.

Baujat G, Merrer ML. 2007. Ellis-van creveld syndrome. Orphanet journal of rare
diseases. 2(27).

Blaser SI, Padfield N, Chitayat D, Forrest CR. 2015. Skull base development and
craniosynostosis. Pediatr Radiol. 45:485-496.

Chang CF, Serra R. 2013. Ift88 regulates hedgehog signaling, sfrp5 expression, and
beta-catenin activity in post-natal growth plate. ] Orthop Res. 31(3):350-356.

Cohen MM. 1993. Pfeiffer syndrome update, clinical subtypes, and guidelines for
differential-diagnosis. Am ] Med Genet. 45(3):300-307.

Couly GF, Coltey PM, Ledouarin NM. 1993. The triple origin of skull in higher
vertebrates - a study in quail-chick chimeras. Development. 117(2):409-429.

Danielian PS, Muccino D, Rowitch DH, Michael SK, McMahon AP. 1998. Modification
of gene activity in mouse embryos in utero by a tamoxifen-inducible form of
cre recombinase. Curr Biol. 8(24):1323-1326.

Ellis RWB, Van Creveld S. 1940. A syndrome characterized by ectodermal dysplasia,
polydactyly, chondro-dysplasia and congenital morbus cordis: Report of
three cases. Archives of Disease in Childhood. 15(82):65-84.

Gosset M, Berenbaum F, Thirion S, Jacques C. 2008. Primary culture and
phenotyping of murine chondrocytes. Nat Protoc. 3(8):1253-1260.

Inada M, Yasui T, Nomura S, Miyake S, Deguchi K, Himeno M, Sato M, Yamagiwa H,
Kimura T, Yasui N et al. 1999. Maturational disturbance of chondrocytes in
cbfal-deficient mice. Dev Dynam. 214(4):279-290.

Jeffery N. 2002. A high-resolution mri study of linear growth of the human fetal skull
base. Neuroradiology. 44(4):358-366.

Kawasaki K, Richtsmeier ] T, Percival C], Richtsmeier JT. 2017. Association of the
chondrocranium and dermatocranium in early skull formation.52-78.

Kettunen P, Nie X, Kvinnsland IH, Luukko K. 2006. Histological development and
dynamic expression of bmp2-6 mrnas in the embryonic and postnatal mouse
cranial base. Anat Rec A Discov Mol Cell Evol Biol. 288(12):1250-1258.

Kim IS, Otto F, Zabel B, Mundlos S. 1999. Regulation of chondrocyte differentiation
by cbfal. Mech Develop. 80(2):159-170.

Kjaer 1. 1990. Radiographic determination of prenatal basicranial ossification. ] Cran
Genet Dev Bio. 10(2):113-123.

Kobayashi T, Soegiarto DW, Yang YZ, Lanske B, Schipani E, McMahon AP,
Kronenberg HM. 2005. Indian hedgehog stimulates periarticular chondrocyte
differentiation to regulate growth plate length independently of pthrp. ] Clin
Invest. 115(7):1734-1742.

32



Komatsu Y, Kishigami S, Mishina Y. 2014. In situ hybridization methods for mouse
whole mounts and tissue sections with and without additional beta-
galactosidase staining. Methods Mol Biol. 1092:1-15.

Komori T, Yagi H, Nomura S, Yamaguchi A, Sasaki K, Deguchi K, Shimizu Y, Bronson
RT, Gao YH, Inada M et al. 1997. Targeted disruption of cbfal results in a
complete lack of bone formation owing to maturational arrest of osteoblasts.
Cell. 89(5):755-764.

Kronenberg HM. 2003. Developmental regulation of the growth plate. Nature.
423(6937):332-336.

Kulkarni AK, Louie KaW, Yatabe M, De Oliveira Ruellas AC, Mochida Y, Cevidanes
LHS, Mishina Y, Zhang H. 2018. A ciliary protein evc2 / limbin plays a critical
role in the skull base for mid-facial development. Frontiers in Physiology.
9(October):1-13.

Kwon EK, Louie KaW, Kulkarni A, Yatabe M, Carlos A, Ruellas DEO, Snider TN,
Mochida Y, Cevidanes LHS, Mishina Y. 2018. The role of ellis-van creveld 2 (
evc2 ) in mice during cranial bone development. The Anatomical Record.
301(1):46-55.

Latham RA. 1966. Observations on growth of cranial base in human skull. ] Anat.
100:435-&.

Lieberman DE, Pearson OM, Mowbray KM. 2000a. Basicranial influence on overall
cranial shape. ] Hum Evol. 38(2):291-315.

Lieberman DE, Ross CF, Ravosa M]. 2000b. The primate cranial base: Ontogeny,
function, and integration. Yearb Phys Anthropol. 43:117-169.

Long FX, Ornitz DM. 2013. Development of the endochondral skeleton. Csh Perspect
Biol. 5(1).

Louie KW, Mishina Y, Zhang H. 2020. Molecular and cellular pathogenesis of ellis-
van creveld syndrome: Lessons from targeted and natural mutations in
animal models. ] Dev Biol. 8(4).

Mak KK, Kronenberg HM, Chuang PT, Mackem S, Yang YZ. 2008. Indian hedgehog
signals independently of pthrp to promote chondrocyte hypertrophy.
Development. 135(11):1947-1956.

Martinez-Abadias N, Esparza M, Sjovold T, Gonzalez-Jose R, Santos M, Hernandez M,
Klingenberg CP. 2012. Pervasive genetic integration directs the evolution of
human skull shape. Evolution. 66(4):1010-1023.

Matsushita Y, Ono W, Ono N. 2020. Growth plate skeletal stem cells and their
transition from cartilage to bone. Bone. 136:115359.

McBratney-Owen B, Iseki S, Bamforth SD, Olsen BR, Morriss-Kay GM. 2008.
Development and tissue origins of the mammalian cranial base. Dev Biol.
322(1):121-132.

Mizuhashi K, Ono W, Matsushita Y, Sakagami N, Takahashi A, Saunders TL,
Nagasawa T, Kronenberg HM, Ono N. 2018. Resting zone of the growth plate
houses a unique class of skeletal stem cells. Nature. 563(7730):254-258.

Nakashima K, Zhou X, Kunkel G, Zhang Z, Deng JM, Behringer RR, de Crombrugghe B.
2002. The novel zinc finger-containing transcription factor osterix is
required for osteoblast differentiation and bone formation. Cell. 108(1):17-
29.

33



Nie XG. 2005. Cranial base in craniofacial development: Developmental features,
influence on facial growth, anomaly, and molecular basis. Acta Odontol
Scand. 63(3):127-135.

Oh JH, Park SY, de Crombrugghe B, Kim JE. 2012. Chondrocyte-specific ablation of
osterix leads to impaired endochondral ossification. Biochem Bioph Res Co.
418(4):634-640.

Omoteyama K, Takagi M. 2010. The effects of sp7/osterix gene silencing in the
chondroprogenitor cell line, atdc5. Biochem Bioph Res Co. 403(2):242-246.

Pitirri MK, Kawasaki K, Richtsmeier JT. 2020. It takes two: Building the vertebrate
skull from chondrocranium and dermatocranium. Vertebr Zool. 70(4):587-
600.

Ruiz-Perez VL, Blair HJ, Rodrigues-Andres ME, Blanco MJ, Wilson A, Liu YN, Miles C,
Peters H, Goodship JA. 2007. Evc is a positive mediator of ihh-regulated bone
growth that localises at the base of chondrocyte cilia. Development.
134(16):2903-2912.

Scott JH. 1958. The cranial base. Am ] Phys Anthropol. 16(3):319-348.

Song B, Haycraft CJ, Seo HS, Yoder BK, Serra R. 2007. Development of the post-natal
growth plate requires intraflagellar transport proteins. Dev Biol. 305(1):202-
216.

St-Jacques B, Hammerschmidt M, McMahon AP. 1999. Indian hedgehog signaling
regulates proliferation and differentiation of chondrocytes and is essential
for bone formation. Genes Dev. 13(16):2072-2086.

Takeda S, Bonnamy JP, Owen M], Ducy P, Karsenty G. 2001. Continuous expression
of cbfal in nonhypertrophic chondrocytes uncovers its ability to induce
hypertrophic chondrocyte differentiation and partially rescues cbfal-
deficient mice. Gene Dev. 15(4):467-481.

Tu XL, Joeng KS, Long FX. 2012. Indian hedgehog requires additional effectors
besides runx2 to induce osteoblast differentiation. Dev Biol. 362(1):76-82.

Ueta C, Iwamoto M, Kanatani N, Yoshida C, Liu Y, Enomoto-Iwamoto M, Ohmori T,
Enomoto H, Nakata K, Takada K et al. 2001. Skeletal malformations caused by
overexpression of cbfal or its dominant negative form in chondrocytes. J Cell
Biol. 153(1):87-100.

Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM, Tabin CJ. 1996. Regulation
of rate of cartilage differentiation by indian hedgehog and pth-related
protein. Science. 273(5275):613-622.

Wei X, Hu M, Mishina Y, Liu F. 2016. Developmental regulation of the growth plate
and cranial synchondrosis. ] Dent Res. 95(11):1221-1229.

Young B, Minugh-Purvis N, Shimo T, St-Jacques B, Iwamoto M, Enomoto-lwamoto M,
Koyama E, Pacifici M. 2006. Indian and sonic hedgehogs regulate
synchondrosis growth plate and cranial base development and function. Dev
Biol. 299(1):272-282.

Zhang H, Takeda H, Tsuji T, Kamiya N, Rajderkar S, Louie KA, Collier C, Scott G, Ray
M, Mochida Y et al. 2015. Generation of evc2 /limbin global and conditional
ko mice and its roles during mineralized tissue formation. Genesis.
53(9):612-626.

34



Zhang HH, Kamiya N, Tsuji T, Takeda H, Scott G, Rajderkar S, Ray MK, Mochiday,
Allen B, Lefebvre V et al. 2016. Elevated fibroblast growth factor signaling is
critical for the pathogenesis of the dwarfism in evc2/limbin mutant mice.
Plos Genet. 12(12).

35



A Anterior Posterior B Anterior Posterior

E11.5-E12.5 n -

Neural crest origin Mesoderm origin

Cartilage
merging

e RS

Chondrocyte maturation
and ossification

P2 IPsIlssl IBoI

Cc D

Appendicular bone development Braincase floor development
E13.5-E14.5 E13.5

Trabecular | | Parachordal, hypophyseal
cartilage and acrochordal cartilage

E15.5-E16.5 5

E16.

E14.5-

(PS)

-E18.5

P7 and after

E17.5

BS BO

Zhang et al., Figure 1

JBM4_10589_Fig 1.tif



H
8
9
Nl
w ||
0] |
< | =
-
Wi« |
g 1|
3
9
S
w
2
3
olLé
© | —
=1rs
Wil
5 |f
N|
>
T
2
<
8
3
>
w
2
[ Ny | —
- |
w
~
3
R
S
w

Braincase floor

Anterior

<+—>» Posterior

=|

ntrol
8 8 8 8 8
BN

Percentage of col
2
N

E14.5 E16.5 E17.5 E185

Length of
the presumptive BS

-

Length of the BS

PS+BS

ntrol
g g 8
B

Percentage of col
388
B

g

E17.5 E185 P2 P8

S

Length of
the presumptive BO

ntrol
g
=2

Percentage of col
8
B

E14.5 E16.5 E17.5 E18.5

JBM4_10589_Fig 2.tif

4

Length of the BO

ntrol
g
2

£l

g

H Control
1 mutant

2 2
=

Percentage of col
8 8
] R

g

E17.5 E185 P2 P8

Zhang et al., Figure 2



Braincase floor

<+—>» Posterior

3
<
§
P
>
w
]
w | I—
Q=
W
s
§
5
P
>
w
H
g
P
s sl 0%
- || W
©
S = 3
S -
—
S )
O L
0 J a+bh?
©
-
wil g
3 : 3
S
5
3K >
wl|

JBM4_10589_Fig 3.tif

Zhang et al., Figure 3




Evc?2 control

Braincase floor at P8 Anterior «<—> Posterior

o

|

Evc2 ex12/ex12

= |

Percentage of control

D Top

=AY

Side
.-.**

Center
Lo TSP

H Top

e
Side
g S

Center
= g

Total length of the braincase floor J Length of the braincase floor

* - -

100%
80%
60%
40%

20%

Percentage of control

0%
E14.5 E16.5 E17.5 E185 P2 P8

(PS+ISS+BS)

-

E14.5 E16.5 E17.5 E185 P2 P8

Zhang et al. Figure 4

JBM4_10589_Fig 4.tif



Braincase floor at E14.5 Anterior <«—> Posterior
1 ¢ e 1SS SOS-A SOS-P
‘Q‘,“ 1554 “sos-A sos-rﬂ)r Ptch1||B e e Ihh
g A A\ A A A A
o~ i
1 =
o |[A~ A” Iss|(B” SOS
IC _ss ~ sosa sosp Ptch1|lp  _iss sosa sosp. Ihh
g \ dag A
3
9
S - 80S|(D’ ISS||D”
o s
E Ptch1 at E14.5 F Pthrp at E14.5 G Ihh at E14.5
Ewa% gwo% gmo%
g € < W Control
§ o . e 5 s
S 0% L ' 60% i 'S 60%
) S0 -3
40% % %
-l i tEE £
§ 20% g 20% § 20%
& o & o & o
ISS SOS-A SOS-P ISS SOS-A SOS-P ISS SOS-A SOS-P
| Braincase floor at E17.5 Anterior <«—» Posterior
H IS5 1P SOSA SOSP Ptchij|l, ISSA ISSP
3 g ’_‘f("_" (LA
£ e T =
g A A A A
N =
S H’ ISS|[H”
Wy || e - -
J 1SS-A 1SS-P SOS-A SOS-P Ptch1||lk 2
g SEN =
x o > =
g A A Ak
N ([J? ISS||J”
N '
w
L Ptch1at E17.5 M Pthrp at E17.5 Ihh at E17.5 #
'S 100% 5 100% S100%
5 80% S 80% g 80% B Control
o . o s mutant
s 60% 1L 6 60% % o 60%
Q (]
E’ 40% » " E’ 40% e .. U’ 0%
5 20% M~ W 1 5 20% M~ W I 5 20%
g I g I g
D 0% 9 0% 9 0%
o ISS-A ISS-P SOS-A SOS-P & ISS-A ISS-P SOS-A SOS-P & ISS-A ISS-P SOS-A SOS-P
o [ 1ss A<—> P |P [sos A «— P |

of EdU labeled cells

Evc2 control

o
<
a
+
=
1
w

Evc?2 ex12ex12

EdU + DAPI

Evc2 ex12ex12

Evc2 control

Percentage of control ©

JBM4_10589_Fig 5.tif

120%

100%

9
80% . 1
60% T
40% x

*

20% . =

0%

ISS-A ISS-P SOS-A SOS-P
Zhang et al., Figure 5



Cells with nuclear 0SX

M Control [ mutant

ISS-A ISS-P  SOS-A SOS-P

of nuclear i osx

M Control & mutant

111!

ISS-A ISs-P SOS-A  SOS-P

Intensity of nuclear localized RUNX2 in

A | Braincase floor at E17.5 Anterior «— Posterior | c
H N 3 100%
H z
b 3 : S 8%
|l>l ¥ 2 \%‘ T» E 60%
o
B [ iss (Anterior) || Iss (Posterior) || sos | & oo
: 8 20%
d)
- o 0%
SB
3
S D
=N
oo B100%
<> 2
n '-l-l 8 80%
+ ‘G 60%
x ) 40% |
I £
Ol 3 3 20%
] 5
% o 0%
N
(3
> E p
w -
o
L='100°/n'
_ B 8 80%
g B oo
E §GOA
o b 40%
— ‘a 8 20% |
RS &
<|ig 0% -
(=)
+ F
(;l‘ ~ 100%
C|E |8 80%
I8 (N
(14 E 60% -|
‘a 40% -
> 20%
w
0% -

JBM4_10589_Fig 6.tif

a/p ypertrophic y
W Control mutant

1L

ISS-A ISs-P SOS-A  SOS-P

Percentage RUNX2 positive cells in
resting chondrocytes

*x H Control 1 mutant
P
ke
T
Iss sOs

Zhang et al., Figure 6



Aberrant signaling cascade

insi IHH from a Singaling cascade in
A Inft;‘:)r::;c posterior region B control braincase floor in Evc2 ex12/ex12 braincase floor
___ E14.5-E16.5 E14.5-E16.5

Induce\ /Promote

Chon

IHH to promote [PSTaT5S 4] ISR (GZ=9) - y
chondrocyte hypertrophy " “ Py

in an anterior region

Zhang et al., Figure 7

JBM4_10589_Fig 7.tif



Evc2 con trol

Evc2 ex12/ex12

3

I/l «

(3

Percentage of control

Wnt1-Cre ||

| Evc2

| Braincase floor at P2 Anterior «—>» Posterior

Ptct1 at E17.5 K IhhatE17.5 L Evc2 at E17.5
[l Control [1]NC specific Il Control [1 NC specific [l Control [1 NC specific
deletion of Evc2 deletion of Evc2 deletion of Evc2
] [ s =
100% g‘ﬂﬂ% e“ml/_
80% | 5 so% £ 80%
i o 8
60% | ‘S % G s0%
- o o
0% g 0% g 0%
20 g 3 a0%
<4
o & o & o M Wl s
ISS-A ISS-P SOS-A SOS-P ISS-A ISS-P SOS-A SOS-P ISS-A ISS-P SOS-A SOS-P

Zhang et al., Figure 8

JBM4_10589_Fig 8.tif






