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ABSTRACT
Ellis-van Creveld (EvC) syndrome is a genetic disorder with mutations in

either EVC or EVC2 gene. Previous case studies reported that EvC patients
underwent orthodontic treatment, suggesting the presence of craniofacial bone
phenotypes. To investigate whether a mutation in EVC2 gene causes a craniofa-
cial bone phenotype, Evc2 knockout (KO) mice were generated and cephalomet-
ric analysis was performed. The heads of wild type (WT), heterozygous (Het)
and homozygous Evc2 KO mice (1-, 3-, and 6-week-old) were prepared and
cephalometric analysis based on the selected reference points on lateral X-ray
radiographs was performed. The linear and angular bone measurements were
then calculated, compared between WT, Het and KO and statistically analyzed
at each time point. Our data showed that length of craniofacial bones in KO
was significantly lowered by �20% to that of WT and Het, the growth of certain
bones, including nasal bone, palatal length, and premaxilla was more affected
in KO, and the reduction in these bone length was more significantly enhanced
at later postnatal time points (3 and 6 weeks) than early time point (1 week).
Furthermore, bone-to-bone relationship to cranial base and cranial vault in KO
was remarkably changed, i.e. cranial vault and nasal bone were depressed and
premaxilla and mandible were developed in a more ventral direction. Our study
was the first to show the cause-effect relationship between Evc2 deficiency and
craniofacial defects in EvC syndrome, demonstrating that Evc2 is required for
craniofacial bone development and its deficiency leads to specific facial bone
growth defect. Anat Rec, 299:1110–1120, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Ellis-van Creveld (EvC) syndrome (OMIM #225500) is
an autosomal recessive genetic disorder showing
chondro-ectodermal dysplastic dwarfism characterized
by short limbs, short ribs and postaxial polydactyly
(Kurian et al., 2007). This rare medical condition has
been first reported in 1940 by Drs. Richard Ellis and
Simon van Creveld (Ellis and van Creveld, 1940). The
unique intra-oral clinical manifestations in EvC patients
include; a shallow sulcus, the presence of broad/multiple
labial frena, missing and dysmorphic teeth, taurodont-
ism and incomplete root formation and malocclusion
(Ghosh et al., 2007; Kurian et al., 2007). This syndrome
is most prevalent in the Amish population of Lancaster
County, Pennsylvania, occurring in 1/5,000 live births,
whereas the birth prevalence in non-Amish population is
estimated to be 7/1,000,000 (Kurian et al., 2007). Weyers
acrofacial dysostosis (WAD; also known as Curry-Hall
syndrome, OMIM #193530) is described as an allelic var-
iant of the EvC syndrome with an autosomal dominant
inheritance, but shows a milder phenotype (Weyers,
1952; Curry and Hall, 1979). In partnership with the
Amish, mutations associated with EvC syndrome were
first identified in EVC gene, however, these mutations
did not account for all the EvC cases tested (Ruiz-Perez
et al., 2000), suggesting the presence of genetic heteroge-
neity in this syndrome.

Bovine chondrodysplastic dwarfism (bcd) has been
reported in many cattle breeds (Jones et al., 1978; Jayo
et al., 1987; Agerholm et al., 2004). Affected calves show
an autosomal recessive trait and characteristic changes
similar to those of chondrodysplasia in human (Julian
et al., 1959). The bcd locus in Japanese brown cattle was
mapped to the distal end of bovine chromosome 6 by
linkage analysis (Yoneda et al., 1999), and disease-

TABLE 1. List of reference points based on the
anatomical landmarks for morphometric

measurements

Abbreviations Points

Po The most posterior point on the cranial
vault.

N A point on the nasofrontal suture.
A The most anterior point on the nasal bone.
E The intersection between the frontal bone

and the most superior-anterior point of the
posterior limit of the ethmoid bone.

So The intersection between the posterior bor-
der of the basisphenoid and the tympanic
bulla.

Pr The most inferior and anterior point on the
alveolar process of the premaxilla.

Bu A point on the premaxilla between jaw bone
and the lingual surface of the upper lin-
gual incisors.

lu The most prominent point between the
incisal edges of the upper incisors.

Mu A point on the intersection between the max-
illary bone and the mesial surface of the
upper first molar.

li The most prominent point between the
incisal edges of the lower incisors.

Id The most inferior and anterior point on the
alveolar process of the mandible.

Mn A point in the deepest part of the antegonial
notch curvature.

Ml A point on the intersection between the man-
dibular alveolar bone and the mesial sur-
face on the first molar.

Bl A point on the intersection between the lin-
gual surface of the lower incisors and the
most anterior part of the lingual alveolar
bone.

TABLE 2. List of abbreviations for linear distances and angles used in this study

Distances Abbreviations Angles Abbreviations

Nasal bone length N-A Cranial vault to cranial base PoEL/SoEL
Viscerocranial length

(anterior to anterior incisors)
E-Pr Nasal bone to cranial base ANL/SoEL

Viscerocranial length
(posterior to anterior incisors)

E-Bu Nasal bone to cranial vault ANL/PoEL

Nasal bone height* A-Pr Nasal bone to premaxilla* ANL/PrNL
Total skull length Po-A Premaxilla to cranial base PrEL/SoEL

BuEL/SoEL
Palatal length Mu-Bu Maxilla-premaxilla to cranial base MuBuL/SoEL

MuPrL/SoEL
Cranial base length So-E Upper incisors to cranial base luEL/SoEL
Neurocranial length Po-E Premaxilla to cranial vault PrEL/PoEL

BuEL/PoEL
Viscerocranial height E-Mu Maxilla-premaxilla to cranial vault MuBuL/PoEL

MuPrL/PoEL
Mandibular corpus length Mn-ld Upper incisors to cranial vault luEL/PoEL
Mandibular lingual alveolar

bone
MI-BI Upper incisor inclination MuPrL/PrluL

MuBuL/PrluL
Erupted upper incisor length Pr-lu Lower incisor inclination MlliL/ldLiL

MlBlL/ldliL
Erupted lower incisor length li-ld Mandibular corpus to cranial vault MnldL/PoEL

MIBIL/PoEL
Mandibular corpus to cranial base MnldL/SoEL

MIBiL/SoEL

An asterisk (*) indicates a new linear or angular measurement added to the current study. All other measurements were
adapted from Engstrom et al (Engstrom et al., 1982). L; Line.
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specific mutations were identified (Takeda et al., 2002).
We previously identified the causative gene for bcd and
designated as LIMBIN (LBN) gene (Takeda et al., 2002).
Later, a similar mutation has been identified in EvC
patients (Galdzicka et al., 2002) where it is designated
as EVC2 gene, identified as the human ortholog of LBN,
indicating the biological importance of EVC2/LBN pro-
tein function in skeletal tissue development.

It is now known that EvC and WAD patients have
mutations in either EVC or EVC2 gene, both of which are
located on human chromosome 4p16 in a head-to-head
configuration (Ruiz-Perez et al., 2000, 2003; Galdzicka

et al., 2002; Ye et al., 2006). EvC patients exhibit craniofa-
cial bone growth and developmental phenotypes, i.e.
defective skull growth pattern such as enlarged skull,
depressed nasal bridge, mandibular prognathism, skeletal
class III (maxillary deficiency and mandibular progna-
thism), and skeletal open bite (Ellis and van Creveld,
1940; Goor et al., 1965; Susami et al., 1999), while some
studies described that the face appeared to be normal
(Varela and Ramos, 1996; Hanemann et al., 2010). Such
inconsistent reports may be in part due to the following
reasons; (1) no gene mutation(s) were identified in these
earlier case reports and (2) there is little information

Fig. 1. Gross morphology of Evc2 KO mice and cephalometric anal-
ysis. (A) Gross morphology of Evc2 wild type (WT) and knockout (KO)
mice at 6 weeks. Note that the body length and skull size in KO are
smaller than those in WT mouse. The craniofacial images of these
mice were magnified and shown on the right panels (WT; dotted open
box, KO; indicated by a black open box). (B) Lateral radiographic

images of 6-week-old-WT (left panel) and -KO (right panel) with the
selected reference points (see Table 1 for abbreviation). (C) Cephalo-
metric analysis was performed by measuring the linear distances and
bone angles (Table 2 for abbreviation) based on the selected reference
points.
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regarding cephalometric measurements and analysis in
these patients. This raises a question whether EVC or
EVC2 mutation affects the craniofacial bone development.
It has been previously reported that Evc knockout (KO)
mice exhibited chondrodysplasia affecting chondrocyte
differentiation. Although the report showed the presence
of Evc expression in the lateral nasal, maxillary, and man-
dibular processes during prenatal craniofacial develop-
ment, craniofacial bone phenotype has not been described
(Ruiz-Perez et al., 2007). As we previously reported that
Evc2 is expressed in cranial bone and facial primordia
during mouse development (Takeda et al., 2002), Evc2
likely plays an important role in craniofacial develop-
ment. To support this notion, more recently, Evc2 KO
mice were generated by replacing the first exon with an
EGFP cassette and showed cranial base phenotype at
embryonic day (E) 18.5 (Caparros-Martin et al., 2013).
However, the study was limited to show only the presence
of impaired development of the intrasphenoidal synchond-
rosis and any other craniofacial defects have not been
described in detail, partly because these mice do not sur-
vive to an appropriate post-natal age (Caparros-Martin
et al., 2013). This remains the cause-effect relationship
between Evc2 deficiency and craniofacial phenotype(s)
unclear and thus, a new animal model by which post-
natal craniofacial bone phenotype(s) can be analyzed is
warranted. Very recently, we reported that a new mouse
model of Evc2/Lbn KO mouse by introducing a premature
stop codon in exon 12 mimicking the mutation found in
bcd cattle in exon 14 (Takeda et al., 2002). The objective of
this study was thus to characterize craniofacial skeletal
morphology of the Evc2 KO mouse.

MATERIALS AND METHODS

Ethical Approval

All experimental animals used in this study had
access to food and water ad libitum and housed under
regular light cycles. At the end point of the experiment,
animals were euthanized by carbon dioxide gas in an
uncrowded chamber followed by a physical method to
ensure death. All animal procedures were approved by
the IACUC at Boston University Medical Campus (Bos-
ton, MA) and University of Michigan (Ann Arbor, MI)
and performed in accordance with the NIH Guide for
the Care and Use of Laboratory Animals.

Evc2 Knockout (KO) Mouse

Generation and genotyping of Evc2 KO mice (129SvEv
C57BL/6J mixed strain) were previously reported (Zhang
et al., 2015). In brief, a targeting vector was designed for
Evc2 KO mice by introducing a premature stop codon in
exon 12 followed by Internal Ribosomal Entry Site (IRES)
fused to b-galactosidase (LacZ). The targeting cassette
was introduced to AB2.2 embryonic stem (ES) cells and
the correctly targeted ES cell clones were identified by
Southern blot and genomic PCR strategies. After the
germline transmission, resulted heterozygous (Het) Evc2
mice were intercrossed to generate homozygous Evc2 KO
mice as well as the control wild-type (WT) and Het mice.
The deficiency of EVC2 protein in Evc2 KO mouse-derived
primary chondrocytes was verified by Western blot analy-
sis (data not shown).

Sample Preparation

The heads of Evc2 WT, Het and KO mice were col-
lected, dissected, fixed with 10% formaldehyde and
stored in PBS at 48C until use. The samples were
divided into three groups based on the genotypes and
age of animals. The 1-week group included WT (n 5 7),
Het (n 5 5) and KO (n 5 3) mice at postnatal day from 6
to 8 (P6-P8), the 3-weeks group WT (n 5 3), Het (n 5 7)
and KO (n 5 5) at P23-P24, and the 6-weeks group WT
(n 5 5), Het (n 5 5) and KO (n 5 3) at P42-P46.

Radiographic Imaging

Each head of mice was oriented in a reproducible
head position to ensure a true sagittal and horizontal
view image by using a specific mold and incorporating a
grid background to orient the skulls on a horizontal line
that passes through the tip of the nasal bone anteriorly

Fig. 2. Linear bone measurements of Evc2 mice. Comparison of lin-
ear bone measurements between WT, Het and KO mice at 1, 3, and 6
weeks. (A) At 1 week, most bone measurements were significantly
smaller in KO, except for the premaxilla (E-Pr, E-Bu), palate (Mu-Bu)
and nasal bone height (A-Pr) comparing to WT and/or Het. *P< 0.05.
(B) At 3 weeks, all the linear bone measurements in KO were signifi-
cantly smaller than WT and/or Het, except for nasal bone height (A-Pr)
and mandibular lingual measurement (Ml-Bl). *P< 0.05. (C) At 6
weeks, KO mice showed significant decrease in most linear bone
measurements comparing to WT and Het, except for nasal bone
height (A-Pr) and mandibular bone measurements (Mn-Id and Ml-Bl).
*P< 0.05.
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Fig. 3.
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and the most posterior point on the cranial vault (Po)
posteriorly. X-ray images of the heads were taken using
a standard imaging machine (Prostyle-Intra; PLAN-
MECA, IL) with a digital X-ray sensor (Schick CDR with
size 2 sensor; Sirona, NY) at the source to image dis-
tance of 18 in., 60 kV of energy, 8 mA of intensity, and
0.1 sec of exposure time. Object magnification was mini-
mized through direct positioning of the sample onto the
film. The radiographic images (900 3 641 dpi digital res-
olutions) were scanned and used for cephalometric
analysis.

Cephalometric Analysis

Linear and angular cephalometric parameters were
used based on the previous report (Engstrom et al.,
1982) with some modifications, that is additional linear
and angular parameters including nasal bone height
and angulation in relation to premaxilla. Based on 14
reference points identified (Table 1), thirteen linear and
twenty-two angular bone measurements (Table 2) were
calculated by the CDR DICOM software (Sirona, NY).
All data in the graphs were presented as the mean
values 6 SD. The average of all the linear bone measure-
ments in each genotype was calculated at each time
point by the total of linear measurements of all the cra-
niofacial bones divided by the total number of bones and
displayed as (average skull linear measurements). Val-
ues of linear measurements of each individual bone in
KO at each time point were normalized to those in WT
and are shown as (KO/WT ratios; %).

Statistical Analysis

The Mann–Whitney U test was used to identify the
significant difference with the P value of <0.05 marking
the significance.

RESULTS

Phenotype of the Homozygous Evc2 KO Mice

Generated Evc2 KO mice had phenotypic changes sim-
ilar to those seen in EvC patients as well as the Evc
knockout mouse model (Ruiz-Perez et al., 2007). While
Het Evc2 mice showed no discernible phenotype similar
to WT, KO mice demonstrated short body length show-
ing dwarfism (Fig. 1A, left) and signs of ectodermal dys-
plasia of hair, teeth and nails, some of these phenotypes
were briefly described previously (Zhang et al., 2015).

Impairment of Bone Growth in Evc2 KO
Mice During Postnatal Craniofacial
Bone Development

As Evc2 KO mice appeared to exhibit smaller skull
size comparing to WT (Fig. 1A, right boxed panels), the

head samples were subjected to lateral cephalometric
radiography to measure the craniofacial bone structures.
Specific reference points were defined according to the
anatomical locations of specific landmarks (Engstrom
et al., 1982) (Fig. 1B) and used to analyze the linear
bone measurements and the angular bone relations (Fig.
1C) in order to investigate which bones are affected due
to Evc2 deficiency during postnatal development.

At 1 week, the values of nasal bone length (N-A), total
skull length (Po-A), cranial base length (So-E), neurocra-
nial length (Po-E), viscerocranial height (E-Mu), mandib-
ular corpus length (Mn-Id), and mandibular lingual
alveolar bone length (Ml-Bl) in KO were statistically
smaller than those in WT and/or Het (Fig. 2A). At 3
weeks, in addition to the reduced bone length found at 1
week, almost all of other linear bone measurements in
KO were also significantly smaller than those in WT and
Het (Fig. 2B). In 3-week-old KO mice, the values of the
viscerocranial length (premaxilla); both anterior and
posterior to the upper incisors (E-Pr and E-Bu), and pal-
atal length (Mu-Bu) became significantly smaller than
those in WT and/or Het (Fig. 2B). However, the value of
nasal bone height (A-Pr) was higher in KO than WT and
Het, and Ml-Bl showed no difference among the three
genotypes (Fig. 2B). At 6 weeks, KO mice had statisti-
cally smaller linear bone measurements than WT and
Het for N-A, E-Pr, E-Bu, Po-A, Mu-Bu, So-E, and Po-E
(Fig. 2C). On the other hand, no significant differences
were seen for A-Pr, E-Mu, Mn-Id, and Ml-Bl lengths
between KO and both WT and Het (Fig. 2C), although
the mandibular length (Mn-Id, Ml-Bl) in KO was shorter
than WT and Het. Linear measurements for the incisors
showed that the erupted upper incisors length (Pr-Iu)
was significantly shorter in KO than WT and/or Het at
any time points tested (Fig. 2). The erupted lower inci-
sors length (Ii-Id) was significantly shorter in KO than
WT and Het at 1 and 3 weeks (Fig. 2A,B), while there
was no significant difference at 6 weeks (Fig. 2C). There
were no statistical differences in linear bone measure-
ments between WT and Het at any time points tested.

Abnormal Bone-to-Bone Relation
in Evc2 KO Mice

Angular bone relations demonstrate bone-to-bone rela-
tionships and establish the spatial relations and posi-
tions of the facial bones to those of the cranial base and
cranial vault. We next compared angular bone relations
between Evc2 WT, Het and KO mice at three different
ages. At 1 week, the values of angular bone relations of
nasal bone to cranial base (ANL/SoEL), premaxilla to
cranial base (PrEL/SoEL, BuEL/SoEL), and premaxilla
to cranial vault (PrEL/PoEL) in KO were significant-
ly smaller than those in WT and/or Het, and those of
maxilla-premaxilla to cranial base (MuPrL/SoEL), maxilla-
premaxilla to cranial vault (MuPrL/PoEL), mandibular

Fig. 3. Angular bone measurements of Evc2 mice. Comparison of
angular bone measurements between WT, Het, and KO mice at 1, 3,
and 6 weeks. (A) At 1 week, the nasal bone (ANL/SoEL), premaxilla
(PrEL/SoEL, BuEL/SoEL, and PrEL/PoEL), palatal plane (MuPrL/PoEL),
and mandible relations in KO were different from controls. *P< 0.05. (B,
C) At 3 and 6 weeks, differences in bone relations between KO and WT
and/or Het were enhanced. Major changes in the bone relations

included nasal bone (ANL/SoEL, ANL/PoEL), premaxilla (PrEL/SoEL,
BuEL/SoEL, PrEL/PoEL, BuEL/PoEL), palatal plane (MuPrL/SoEL,
MuPrL/PoEL), and mandible (MnIdL/PoEL, MlBlL/PoEL, MnIdL/SoEL,
MlBlL/SoEL) to the cranial base and/or vault in KO as compared to WT
and Het. In addition, at 6 weeks there was a decrease in the relation of
the cranial vault to cranial base (PoEL/SoEL) in KO. No differences in
morphometric bone relations between WT and Het. *P< 0.05.
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corpus to cranial vault (MnIdL/PoEL), and mandibular cor-
pus to cranial base (MnIdL/SoEL) in KO were significantly
higher than those in WT (Fig. 3A). The differences became
significantly obvious at 3 and 6 weeks (Fig. 3B,C).

At 3 weeks (Fig. 3B), the values of angular measure-
ment in nasal bone to cranial base and to cranial vault
(ANL/SoEL and ANL/PoEL) in KO were significantly
decreased when compared to those in WT and Het.
Moreover, the value of nasal bone to premaxilla (ANL/
PrNL) was increased in KO comparing to WT and Het.
These two altered relations demonstrated that the nasal
bone was depressed. The values of premaxilla to cranial
base and to cranial vault (PrEL/SoEL, BuEL/SoEL,
PrEL/PoEL, and BuEL/PoEL) in KO were more signifi-
cantly decreased than those in WT and Het, demonstrat-
ing a rotation of the premaxilla in a ventral direction.
Moreover, the values of palatal plane to cranial base and
to cranial vault (MuPrL/SoEL, MuBuL/PoEL and MuPrL/
PoEL) in KO were significantly increased compared to
WT and/or Het, indicating the ventral rotation of this
plane consistent with the rotation of the premaxilla. The
values of mandibular corpus to cranial vault and to cra-
nial base (MnIdL/PoEL, MlBlL/PoEL, MnIdL/SoEL, and
MlBlL/SoEL) were markedly increased in KO comparing
to WT and/or Het, indicating rotation in a clockwise/ven-
tral direction. Dental relations showed that the upper
incisor to cranial vault relationship (IuEL/PoEL) in KO
was decreased compared to WT (Fig. 3B) showing a rota-
tion in a clockwise/ventral direction. In addition, the
upper incisors were more anteriorly inclined (MuPrL/
PrIuL) (less curved), while the lower incisors were more
posteriorly inclined (MlIiL/IdliL and MIBIL/IdliL) in KO
than WT and/or Het.

At 6 weeks, the results of angular bone relations were
mostly consistent with those found at 3 weeks, i.e. the val-
ues of cranial vault to cranial base (PoEL/SoEL), nasal
bone to cranial bone and to cranial vault (ANL/SoEL,
ANL/PoEL), and maxilla-premaxilla to cranial vault
(MuBuL/PoEL) in KO was significantly decreased as com-
pared to WT and Het. Similar to the data at 3 weeks, the
values of premaxilla to cranial base and to cranial vault
(PrEL/SoEL, BuEL/SoEL, PrEL/PoEL, and BuEL/PoEL)
in KO were significantly decreased as compared to those
in WT and Het, indicating ventral (downward and back-
ward) rotation of the premaxilla. The value of maxilla-
premaxilla to cranial base (MuBuL/SoEL) became signifi-
cantly smaller at 6 weeks. In addition, the value of nasal
bone to premaxilla (ANL/PrNL) was significantly
increased in KO comparing to Het. On the other hand,
there was no statistical difference of maxilla-premaxilla to
cranial base and to cranial vault, upper incisors to cranial
base, and upper and lower incisor inclination (MuPrL/
SoEL and MuPrL/PoEL, IuEL/SoEL, MuPrL/PrIuL, and

MlIiL/IdIiL) between KO, WT and Het. The values of
mandible to cranial vault (MnIdL/PoEL and MlBlL/PoEL)
were markedly increased in KO as compared to WT and
Het, indicating rotation in a ventral direction/diverge
relation. The values of mandibular corpus to cranial vault
and to cranial base (MnIdL/PoEL, MlBlL/PoEL, MnIdL/
SoEL, and MlBlL/SoEL) were markedly increased in KO
comparing to WT and Het, indicating rotation in a ventral
direction.

Abnormal Bone-to-Bone Relations
Are Not Due to Decreased Skull Size
in Evc2 KO Mice

The Evc2 KO mice were smaller (Fig. 1), thus one pos-
sible argument is that the differences in angular bone
relations described in Fig. 3 are simply due to the reduc-
tion in bone length as observed by linear measurement
(Fig. 2). Thus, we normalized the linear measurements
as follows. We compared the values of linear measure-
ment between 3-week-old-KO and 1-week-old-WT only in
bone length, but not incisor length (thus, Pr-Iu and Ii-Id
were omitted in Fig. 4A and angle measurements includ-
ing these two length were also eliminated in Fig. 4B) as
incisor length is likely affected by both bone and tooth
developmental processes. Most of their linear measure-
ments such as the length of nasal bone (N-A), visceroc-
raial bone (E-Pr, E-Bu), total skull (Po-A), cranial base
(So-E), neurocranial bone (Po-E) and viscerocranial
height (E-Mu) were not statistically different between 3-
week-old-KO and 1-week-old-WT (Fig. 4A). The length of
palatal length (Mu-Bu), nasal bone height (A-Pr), and
mandibular lingual alveolar bone (Ml-Bl) in 3-week-old-
KO was greater than that of 1-week-old-WT, and the
length of mandibular corpus length in 3-week-old-
KO was smaller than that of 1-week-old-WT (Mn-Id)
(Fig. 4C, indicated by red lines). Angular bone relations
were then compared between these mice. As shown in
Fig. 4B, although 3-week-old-KO had the same size of
the nasal bone (N-A) and premaxilla (E-Pr and E-Bu) as
1-week-old-WT, the angles of nasal bone to premaxilla
(ANL/PrNL), and premaxilla-maxilla to cranial base and
to cranial vault (MuPrL/SoEL, MuPrL/PoEL) were sig-
nificantly larger in 3-week-old-KO, and those of premax-
illa to the cranial base and to cranial vault (PrEL/SoEL,
PrEL/PoEL) were significantly smaller in 3-week-old-KO
comparing to 1-week-old-WT (smaller/larger angle meas-
urements were indicated by blue lines in Fig. 4C), indi-
cating the ventral rotation or clockwise depression of the
premaxilla and palatal plane. These data clearly demon-
strate that Evc2 deficiency lead to defective bone devel-
opment not only in size but also spatial bone-to-bone
relations particularly affecting premaxilla and maxilla.

Fig. 4. Abnormal bone-to-bone relations are not due to decreased
skull size in Evc2 KO mice. Comparison of linear bone measurements
between 1-week-old-WT and 3-week-old-KO mice. (A) No statistical
difference was found in the linear bone measurements of N-A, E-Pr,
E-Bu, Po-A, So-E, Po-E, and E-Mu between WT and KO, while the
length of Mu-Bu, A-Pr, and Ml-Bl was significantly higher in KO.
*P< 0.05. (B) The value of premaxilla relation (PrEL/PoEL) in KO was
significantly decreased from that in WT, although the bone measure-

ments in (E-Pr) showed no differences, indicating that the changes in
angular bone relation was not entirely due to the bone size. (C) Illus-
tration of the Evc2 KO mouse with reference points and lines in the
cephalometric analysis. Red solid lines indicate the linear measure-
ments which were significantly different between 3-week-old-KO and
1-week-old-WT identified in Fig. 4A. Angles in blue lines indicate the
angular measurements which were significantly different between 3-
week-old-KO and 1-week-old-WT identified in Fig. 4B.
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Impairment of Nasal and Palatal Length
Growth in Evc2 KO Mice

To further identify postnatal bone growth phenotype
in Evc2 KO mice, we first analyzed the average skull
linear measurements (Fig. 5A). The data demonstrated
the high resemblance of profile of values between WT,
Het and KO with a constant decrease of �20% in KO
during the postnatal development (Fig. 5A). Secondly,
KO/WT ratios in each bone were calculated at each time
point tested. The results demonstrated that the KO/WT
ratios of nasal bone and palatal length were significantly
decreased (�20% decrease at 1 week, �35% at 3 weeks,
and �30–35% at 6 weeks for both bones) over the post-
natal development period, indicating that the growth in

these bones was severely affected (Fig. 5B). On the other
hand, the KO/WT ratios of mandibular bone were mark-
edly increased during the development, indicating there
may be a compensatory mechanism in this bone develop-
ment (Fig. 5C). There were no significant changes of
KO/WT ratios in other bones (Fig. 5D).

DISCUSSION

In this study, we have characterized and analyzed the
craniofacial morphology in a mouse model of EvC syn-
drome, Evc2/Lbn KO mice. Our data indicated that spe-
cific craniofacial bone structures in Evc2 KO mice were
affected in the areas of nasal bone, total skull, cranial

Fig. 5. Growth impairment of specific craniofacial bones in Evc2 KO
mice. (A) The profile of averaged linear bone measurements. The aver-
age of all the linear bone measurements in each genotype was calcu-
lated at each time point by the total of linear measurements of all the
craniofacial bones divided by the total number of bones and displayed
as (average skull linear measurements). The profile of averaged mea-
surement values during postnatal development in KO was similar to
that in WT and Het, while the value in KO was lowered by 28.5% at 1
week, 28.0% at 3 weeks, and 22.3% at 6 weeks compared to WT,
and lowered by 27.8% at 1 week, 29.4% at 3 weeks and by 27.6% at
6 weeks comparing to Het. The values in WT and Het were essentially

same. (B–D) Values of linear measurements of each individual bone in
KO at each time point were normalized to those in WT and are shown
as (KO/WT ratio, %). (B) The KO/WT ratios of nasal (N-A) and palatal
(Mu-Bu) bones were markedly decreased at 3 and 6 weeks. (C)
Although mandibular bone growth was lowered at 1 week, the KO/WT
ratio of this bone was significantly improved at 3 weeks and further
increased at 6 weeks. (D) The change of KO/WT ratios of other cranio-
facial bones (E-Pr, E-Bu, Po-A, So-E, Po-E, E-Mu, Ml-Bl) was within
�20% of the range. N-A; nasal bone length, Mu-Bu; palatal length,
Mn-Id; mandibular corpus length, Ml-Bl; mandibular lingual alveolar
bone.
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base, cranial vault, premaxilla, maxilla, and palate show-
ing the significant reduction in their size. On the other
hand, mandible exhibited a different growth pattern; i.e.
significantly smaller at 1 and 3 weeks, however, there was
no statistical difference at 6 weeks (Figs. 2 and 5). Expect-
edly the expression pattern of Evc2 is strongly associated
with these affected craniofacial bone areas including
Meckel’s cartilage (MKB, YMo; unpublished data). How-
ever, it is not fully clear at this point as to why there was
an increase of mandible length postnatally in KO. Unlike
other bones in the craniofacial area, the body of mandible
is initially formed from condensing mesenchyme through
intramembranous ossification where Meckel’s cartilage
serves as a template (Ramaesh and Bard, 2003). Subse-
quently mandible increases its size through endochondral
ossification of condyle (Shen and Darendeliler, 2005).
Based on the high levels of Evc2 expression in the Meck-
el’s cartilage, it is possible to speculate that impact of loss
of Evc2 is more prominent during early stage of mandibu-
lar growth than postnatal growth when the mandible con-
dylar growth mainly takes place (Shen and Darendeliler,
2005). It has been previously reported in some EvC cases
that the zone of proliferative cartilage was affected (Smith
and Hand, 1958) and chondrosternal epiphyseal plates
showed delayed maturation (Peraita-Ezcurra et al., 2012).
This observation was further supported by the characteri-
zation of bcd cattle (with Evc2/Lbn mutation), i.e. the long
bones of the affected animals have insufficient endochon-
dral ossification with irregularly arranged chondrocytes
and partial disappearance of the epiphyseal growth plates
(Takeda et al., 2002). These findings suggest that the cra-
niofacial abnormalities by Evc2 deficiency may be caused
by abnormal chondrocyte function including Meckel’s car-
tilage. Further studies are clearly warranted to investi-
gate the chondrogenesis in craniofacial bone structures
such as skull base.

In support with our findings, the previous cephalomet-
ric analysis reported that an EvC patient had the down-
ward growth of mandible and open bite (Waldrigues
et al., 1977). Another EvC case showed that the patient
had a small size of maxilla and cranial base and that
the analysis indicated retruded maxilla and steep and
diverged mandible with the ramus rotated counter-
clockwise. Although the angular relation of nasal bone
was not described in the EvC patient, it was mentioned
that the patient had depressed base of the nose (Susami
et al., 1999). Consistently, angular measurements in KO
where nasal bone, premaxilla and mandible were
involved showed similar bone relations to these clinical
cases. To the best of our knowledge the current study
was the first to demonstrate that Evc2 deficiency causes
the craniofacial defects likely seen in EvC patients.

Our results demonstrated that anterior cross bite may
seem to be consistent phenotype in Evc2 KO mice at post-
natal stages (Fig. 1B,C). At this point, it is not fully clear
whether EvC patients have this particular occlusion phe-
notype, while many of previous literatures described that
they have malocclusion (Varela and Ramos, 1996) or Sus-
ami et al. reported a female case of EvC showing an open
bite and an angle class III molar relation (Susami et al.,
1999). It is noteworthy to address that the anterior cross
bite phenotype in Evc2 KO mice evidently affects the feed-
ing behavior, which potentially contributes to the bone
size difference as a secondary effect.

In conclusion, our data indicate that Evc2 is indispensa-
ble for preserving the normal craniofacial bone size as well
as bone-to-bone relations during murine postnatal cranio-
facial bone development and lack of Evc2 affects these rela-
tions leading to specific bone growth impairment.
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