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Abstract

This study aimed to identify evidence from animal studies examining genetic variants

underlying maxillomandibular discrepancies resulting in a skeletal Class III (SCIII)

malocclusion phenotype. Following the Manual for Evidence Synthesis of the JBI and

the PRISMA extension for scoping reviews, a participant, concept, context question

was formulated and systematic searches were executed in the PubMed, Scopus,

WOS, Scielo, Open Gray, and Mednar databases. Of the 779 identified studies, 13

met the selection criteria and were included in the data extraction. The SCIII

malocclusion phenotype was described as mandibular prognathism in the Danio rerio,

Dicentrarchus labrax, and Equus africanus asinusmodels; and as maxillary deficiency in

the Felis silvestris catus, Canis familiaris, Salmo trutta, and Mus musculus models. The

identified genetic variants highlight the significance of BMP and TGF‐β signaling.

Their regulatory pathways and genetic interactions link them to cellular bone

regulation events, particularly ossification regulation of postnatal cranial synchon-

droses. In conclusion, twenty genetic variants associated with the skeletal SCIII

malocclusion phenotype were identified in animal models. Their interactions and

regulatory pathways corroborate the role of these variants in bone growth,

differentiation events, and ossification regulation of postnatal cranial synchondroses.
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1 | INTRODUCTION

The Skeletal Class III (SCIII) malocclusion phenotype is characterized

by a maxillo‐mandibular relationship, in which the mandible is

relatively positioned more forward than the maxilla. This may be

the result of protrusion or hyperplasia of the mandible, hypoplasia of

the maxilla, or a combination of both (Singh, 1999). This phenotype

has been identified in several vertebrate species other than humans,

such as short‐nosed dog breeds, rabbits, fishes, and iguanas

(Ferraresso et al., 2010). In humans, the negative impacts associated

with this condition include masticatory impairments (Bae et al., 2017),

temporomandibular disorders, and an overall negative impact on

quality of life (Barros et al., 2019; Javed & Bernabé, 2016). Whilst in

animals, such as short‐nosed dogs, this condition is associated to
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breathing difficulties due to obstructive airway syndrome (Ekenstedt

et al., 2020).

The role of genetic mechanisms involved in the expression of this

condition has been elucidated in several studies in humans; however, the

available evidence remains inconclusive. To date, the most probable

inheritance pattern of this condition is thought to be autosomal

dominance with incomplete penetrance and variable expression (Bui

et al., 2006; Chen et al., 2015; Cruz et al., 2008; Perillo et al., 2015; Rao

et al., 2020). Several genetic variants, including MYO1H (rs10850110),

BMP3 (rs1390319), GHR (rs2973015, rs6184, rs2973015), FGF7

(rs372127537), FGF10 (rs593307), and SNAI3 (rs4287555) have been

identified through genetic association studies. For example, a previous

systematic review and meta‐analysis of genetic association studies

(Dehesa‐Santos et al., 2021) determined that the presence of the A

allele of SNP rs7351083 in FBN3 increases the predisposition to SCIII

malocclusion. In contrast, linkage studies have identified IGF1, HOXC,

COL2A1 (Frazier‐Bowers et al., 2009), DUSP6 (c.545C>T; p. Ser182Phe)

(Nikopensius et al., 2013), and ARHGAP21 (Gly1121Ser) as being

associated with this condition (Perillo et al., 2015).

As vertebrates, humans and other gnathostome species share

common primordial structures, such as the paired maxillary and

mandibular prominences, which are derivatives of the first branchial arch

originating from the neural crest (Jaruga et al., 2022). Therefore, in human

and vertebrate animal models, arches are extensively patterned with

signals from the surrounding epithelia, and neural crest cell (NCC) intrinsic

information, to accomplish general functions, which have been proven to

be highly conserved across species (Mork & Crump, 2015). Animal

disease models provide a critical scientific background regarding several

conditions essential for understanding the molecular events leading to the

development of craniofacial structures and identifying the roles played by

specific pathways, facilitating the targeting of potential candidate genes

involved in the development of specific phenotypes (Jaruga et al., 2022).

Furthermore, the advent of high‐throughput technologies has generated

considerable large‐scale data at various cellular levels, ranging from

genomics to proteomics, across different tissues and species (Podder

et al., 2021). This knowledge is a percussor for advancements in human

research.

This scoping review aimed to identify available evidence from

animal studies that examined genetic variants underlying maxillo-

mandibular discrepancies resulting in a SCIII malocclusion phenotype.

2 | MATERIAL AND METHODS

This review was conducted following the suggestions of the template

and manual for evidence synthesis of the JBI (Peters MG et al., 2020),

and the PRISMA extension for scoping reviews (Tricco et al., 2018).

2.1 | Review question

The following participant, concept, context (PCC) question was

proposed to select eligible studies: “What available evidence is

provided by the animal models regarding genetic variants underlying

maxillomandibular discrepancies resulting in the SCIII malocclusion

phenotype?”

2.2 | Eligibility criteria

The eligibility criteria for studies to be part of this review were as

follows: Participants: Studies must involve vertebrate animal subjects,

regardless of the species. Concept: Studies must involve the

identification or characterization of genetic variants that regulate

craniofacial structures involved in maxillomandibular discrepancies,

resulting in a SCIII malocclusion phenotype in animal subjects.

Context: No particular context was required, therefore it remained

as “open.” Type of sources: The duration of the study and language in

which it was presented were not considered as limitations, as long as

they met the above criteria for participants, concept, and context.

Eligible studies were limited to functional animal, case‐control, and in

vivo studies. Functional studies using animal models, identified in the

context of human studies, have also been considered. Studies on

syndromic conditions, craniofacial malformations, and other diseases

that result in SCIII malocclusion, secondary to the disease, were

excluded. This was to ensure that specific information pertaining to

the SCIII malocclusion phenotype as an isolated trait was obtained for

the review. In vitro studies, reviews, and opinions were also excluded

from the analysis.

2.3 | Search strategy

The search strategy was developed in three stages. The first stage

involved an initial search using PubMed and Scopus databases.

The strings of keywords contained in the titles and abstracts of

the retrieved papers and their indexed terms were obtained.

Then, a second search was performed after incorporating this

string of keywords, using the same databases, including WOS,

SciELO, and the gray literature databases Open Gray and Mednar.

The third stage of the search strategy involved a manual search of

the reference lists of the identified studies that fulfilled the

selection criteria. If necessary, contact with authors of the

primary sources was considered and established. The search

strategies, including all identified keywords and index terms

adapted for each of the consulted databases, are presented in

Supporting Information 1.

2.4 | Study/Source of evidence selection

The screening process was divided into three phases: (1) duplicate

removal, (2) title and abstract examination, and (3) full‐text examina-

tion. These were independently performed by two researchers (ADS

and CFT). Disagreements were resolved by consensus or by a third

reviewer (AIL).
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2.5 | Data extraction

Data extraction was performed by a single reviewer (ADS), and

corroborated by a second reviewer (CFT). The preset variables of interest

were recorded as follows: authors, year, type of study, animal model,

phenotype definition, phenotyping method, genetic variant reported,

animal genome location, harboring gene, implication in humans/mammals,

human genome location, and closest genes associated with SCIII

malocclusion (Cruz et al., 2017; da Fontoura et al., 2015; Marañón‐

Vásquez et al., 2020; Saito et al., 2017; Sun et al., 2018; Tassopoulou‐

Fishell et al., 2012; Weaver et al., 2017; Xiong et al., 2017).

2.6 | Interspecies conservation assessment

The orthological relationship between the genes of the animal models and

the human genome was determined using the Ensemble 110 database

(Martin et al., 2022; Pignatelli et al., 2016). Two scores were attained: the

gene order conservation (GOC) score, and the whole genome alignment

(WGA) score calculates the alignment coverage over the ortholog pair,

assuming that genes that are orthologous to each other will fall within

genomic regions that can be aligned with one another. Protein

conservation scores were calculated to estimate the evolutionary

conservation of the products of each of the identified genes. This

analysis was performed using ConSurf (Ashkenazy et al. 2010, 2016;

Celniker et al., 2013; Glaser et al., 2003; Landau et al., 2005; Yariv

et al., 2023), a bioinformatics tool for estimating evolutionary conserva-

tion based on phylogenetic relationships between homologous protein

sequences. The average pairwise distance (APD) from the multiple

sequence alignment of the proteins was acquired to detect evolutionary

diversity in the sequences included (Ashkenazy et al., 2010). Additionally,

gene function enrichment analysis using all the identified genes orthologs

was carried out using the GO (Aleksander et al., 2023; Ashburner

et al., 2000) and PANTHER (Thomas et al., 2022) web tools to highlight

the possibly overrepresented gene functions. Potential genetic and

signaling interactions between the orthologs candidate genes identified

across studies were estimated using the GeneMANIA prediction server

(Warde‐Farley et al., 2010).

3 | RESULTS

3.1 | Search results

Our search strategy retrieved 779 studies, of which 93 were duplicates.

Following the PCC criteria, screening by title and abstract yielded 40

articles for a full‐text review. Ultimately, 13 studies were included

(Babbucci et al., 2016a; Bannasch et al., 2010; Bertolini et al., 2016;

Ferraresso et al., 2010; Hünemeier et al., 2009; Marchant et al., 2017;

Palmas et al., 2020; Quilez et al., 2011; Rodrigues et al., 2013; Sakata‐

Goto et al., 2012; Schoenebeck et al., 2012; Sophocleous et al., 2020; Sun

et al., 2018) (Figure 1). The reasons for exclusion are compiled and

described in Supporting Information 2.

The description of the studies included species and genetic variants

associated with the SCIII malocclusion phenotype. A summary of the

included studies is shown in Table 1. Mandibular prognathism (MP) and

F IGURE 1 PRISMA‐ScR flowchart of article retrieval.

DEHESA‐SANTOS ET AL. | 23

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
St
ud

ie
s
ch

ar
ac
te
ri
st
ic
s.

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

M
an

d
ib
ul
ar

p
ro
gn

at
hi
sm

2
0
1
0

F
er
ra
re
ss
o

et
al
.

m
R
N
A ex
p
re
s-

si
o
n

st
ud

y

Se
ab

as
s

(D
ic
en

-

tr
ar
ch
us

la
br
ax
)

M
an

d
ib
ul
ar

p
ro
gn

a-

th
is
m

N
o
t

sp
ec

i-

fi
ed

‐

vi
su
al

in
sp
ec

-

ti
o
n

D
LP

D
0
8
8
2
6
:

ca
lc
it
o
ni
n

ge
ne

‐

re
la
te
d

p
ep

ti
d
e

(C
G
R
P
)

d
o
w
nr
eg

ul
at
io
n
in

p
o
o
le
d‐

sa
m
p
le
so

f

d
ef
o
rm

ed

m
an

d
ib
le
s

co
m
p
ar
ed

to

co
nt
ro
ls

2
q
3
1
‐q
3
2
?

C
A
LC

A (C
G
R
P
)

C
A
LC

A
:
Th

is
ge
ne

en
co
de

s
a

m
em

br
an
e
pr
ot
ei
n
th
at

fu
nc
tio

ns
as

pa
rt

of
a

re
ce
pt
or

co
m
pl
ex

fo
r
a

sm
al
ln

eu
ro
pe

pt
id
e
th
at

in
cr
ea
se
s
in
tr
ac
el
lu
la
r

cA
M
P
le
ve
ls
.A

lte
rn
at
e

tr
an
sc
rip

tio
na
ls
pl
ic
e

va
ria

nt
s,
en

co
di
ng

di
ff
er
en

t
is
of
or
m
s,
ha
ve

be
en

ch
ar
ac
te
riz
ed

.

7
q
1
1
.2
1

C
A
LN

1 (7
q1

1.
2
2)

as
so
c.

M
P

C
O
L1

A
1

rs
2
24

94
92

(1
7q

21
.3
3)
-

↑
R
is
k
of

sk
el
et
al

cl
as
s
III

Sa
it
o
et

al
.

(2
0
1
7
).
d
a

F
o
nt
o
ur
a

et
al
.
(2
0
1
5
)

D
LP

D
0
6
1
7
6

(F
at
ty

ac
id
‐

b
in
d
in
g

p
ro
te
in
,

b
ra
in
)*

d
o
w
nr
eg

ul
at
io
n
in

p
o
o
le
d‐

sa
m
p
le
s
o
f

d
ef
o
rm

ed

m
an

d
ib
le
s

co
m
p
ar
ed

to

co
nt
ro
ls

C
A
JN

N
-

U
0
1
0
0
0
0
0
0
3
.-

1
:1
7
,1
5
0
,8
8
5
‐

1
7
,1
5
2
,5
8
9
:

−
1
C
A
JN

N
-

U
0
1
0
0
0
0
0
0
8
.-

1
:2
0
,5
6
6
,5
4
1
‐

2
0
,5
6
8
,7
1
3
:1

D
LP

D
0
6
1
7
6

(F
A
B
P
7
)

FA
B
P7

:
Th

e
ge
ne

en
co
de

s
a

sm
al
l,
hi
gh

ly
co
ns
er
ve
d

cy
to
pl
as
m
ic
pr
ot
ei
n
th
at

bi
nd

lo
ng

‐c
ha
in

fa
tt
y

ac
id
s
an
d
ot
he

r

hy
dr
op

ho
bi
c
lig
an
ds
.T

he

en
co
de

d
pr
ot
ei
n
is

im
po

rt
an
t
in

th
e

es
ta
bl
is
hm

en
t
of

th
e

ra
di
al

gl
ia
lf
ib
er

in
th
e

de
ve
lo
pi
ng

br
ai
n.

A
lte

rn
at
iv
e
sp
lic
in
g
an
d

pr
om

ot
er

us
ag
e
re
su
lts

in

m
ul
tip

le
tr
an

sc
rip

t

va
ria

nt
s
en

co
di
ng

di
ff
er
en

t
is
of
or
m
s.

P
se
ud

og
en

es
of

th
is
ge
ne

ar
e
fo
un

d
on

m
ul
tip

le

ch
ro
m
os
om

es
.

6
q
2
2
.3
1

TC
F2

1
(6
q
2
3
.2
)

as
so

c.

M
P
IG
F2

R

(6
q
2
5
.3
)

rs
6
9
2
0
1
4
1

↓
G
o
‐P
g

an
d
P
tm

‐A

m
ea

su
re
s)

rs
2
2
7
7
0
7
1

↓
m
ax
ill
ar
y

le
ng

th

(P
tm

′‐
A
′)

Sa
it
o
et

al
.

(2
0
1
7
).

M
ar
añ

ó
n‐

V
ás
q
ue

z

et
al
.
(2
0
2
0
)

D
LP

D
0
6
5
0
8

(S
yn

ap
to
-

so
m
al
‐

as
so

ci
-

at
ed

p
ro
te
in

2
5
‐A

)*

C
A
JN

N
-

U
0
1
0
0
0
0
0
0
8
.-

1
:4
,5
7
9
,4
3
1
‐

4
,6
2
4
,4
3
9
:

1
C
A
JN

N
-

U
0
1
0
0
0
0
0
1
9
.-

1
:2
7
,7
7
3
,6
0
4
‐

2
7
,8
1
2
,1
6
9
:−
1

D
LP

D
0
6
5
0
8

(S
N
A
-

P
2
5
)

SN
A
P
2
5
:
Sy

na
p
ti
c
ve

si
cl
e

m
em

b
ra
ne

d
o
ck
in
g
an

d

fu
si
o
n
is

m
ed

ia
te
d
b
y

SN
A
R
E
s
(s
o
lu
b
le

N
‐e
th
yl
m
al
ei
m
id
e‐

se
ns
it
iv
e
fa
ct
o
r

at
ta
ch

m
en

t
p
ro
te
in

re
ce

p
to
rs
)
lo
ca
te
d
o
n

th
e
ve

si
cl
e
m
em

b
ra
ne

(v
‐S
N
A
R
E
s)

an
d
th
e

ta
rg
et

m
em

b
ra
ne

(t
‐S
N
A
R
E
s)
.
T
he

as
se
m
b
le
d
v‐
SN

A
R
E
/

2
0
p
1
2
.2

‐

24 | DEHESA‐SANTOS ET AL.

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
(C
o
nt
in
ue

d
)

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

t‐
SN

A
R
E
co

m
p
le
x

co
ns
is
ts

o
f
a
b
un

d
le

o
f

fo
ur

he
lic
es
,
o
ne

o
f

w
hi
ch

is
su
p
p
lie

d
b
y

v‐
SN

A
R
E
an

d
th
e
o
th
er

th
re
e
b
y
t‐
SN

A
R
E
.
F
o
r

t‐
SN

A
R
E
s
o
n
th
e
p
la
sm

a

m
em

b
ra
ne

,
th
e
p
ro
te
in

sy
nt
ax
in

su
p
p
lie

s
o
ne

he
lix

an
d
th
e
p
ro
te
in

en
co

d
ed

b
y
th
is

ge
ne

co
nt
ri
b
ut
es

th
e
o
th
er

tw
o
.
T
he

re
fo
re
,
th
is

ge
ne

p
ro
d
uc

t
is

a

p
re
sy
na

p
ti
c
p
la
sm

a

m
em

b
ra
ne

p
ro
te
in

in
vo

lv
ed

in
th
e

re
gu

la
ti
o
n
o
f

ne
ur
o
tr
an

sm
it
te
r

re
le
as
e.

T
w
o
al
te
rn
at
iv
e

tr
an

sc
ri
p
t
va

ri
an

ts

en
co

d
in
g
d
if
fe
re
nt

p
ro
te
in

is
o
fo
rm

s
ha

ve

b
ee

n
d
es
cr
ib
ed

fo
r

th
is

ge
ne

.

D
LP

D
0
6
3
2
0
*

D
LP

D
0
6
3
2
0

D
LP

D
0
7
0
0
1
*

D
LP

D
0
7
0
0
1

D
LP

D
0
9
6
6
7
*

D
LP

D
0
9
6
6
7

D
LP

D
1
4
0
4
7

(A
rr
es
-

ti
n‐
C
)*

D
LP

D
1
4
0
4
7

(A
rr
es
t-

in
‐C

)

2
0
1
6

B
ab

b
uc

ci

et
al
.

Q
T
L
m
ap

p
in
g

an
d

G
W

A
S

Se
ab

as
s

(D
ic
en

-

tr
ar
ch
us

la
br
ax
)

M
an

d
ib
ul
ar

p
ro
gn

a-

th
is
m

V
is
ua

l in
sp
ec

-

ti
o
n
b
y

tw
o

o
p
er
a-

to
rs

in
d
e-

p
en

-

d
en

tl
y

L_
3
9
7
4
3

H
yp

ot
he

si
s:
m
ig
ht

co
nt
rib

ut
e
to

lo
w
er

ja
w

de
fo
rm

ity

al
te
rin

g

pa
tt
er
ns

of

ge
ne

ex
pr
es
si
on

ra
th
er

th
an

di
re
ct
ly

af
fe
ct
in
g
th
e

C
hr
X

(n
o
n
co

d
in
g

re
gi
o
n)
N
ea

re
st

ge
no

ty
p
ed

SN
P
m
ar
ke

r

up
st
re
am

:

(L
_3

9
7
2
8
:C
hr
-

X
:3
,3
4
8
,9
5
1
)

d
o
w
ns
te
am

L_
3
9
7
5
3
,

C
hr
X
:

3
,5
4
0
,8
0
8
)

N
.A
‐
cl
us
te
r

o
f

co
n-

se
rv
ed

no
n-

co
d
in
g

el
em

en
ts

P
H
LD

A
1

(c
lo
se
st

co
d
in
g

ge
ne

)

P
H
LD

A
1
:T

hi
s
ge

ne
en

co
d
es

an
ev

o
lu
ti
o
na

ri
ly

co
ns
er
ve

d
p
ro
lin

e‐

hi
st
id
in
e
ri
ch

nu
cl
ea

r

p
ro
te
in
.
T
he

en
co

d
ed

p
ro
te
in

m
ay

p
la
y
an

im
p
o
rt
an

t
ro
le

in
th
e

an
ti
ap

o
p
to
ti
c
ef
fe
ct
s
o
f

in
su
lin

‐l
ik
e
gr
o
w
th

fa
ct
o
r‐
1

1
2
q
2
1
.2

M
YO

1H (1
2q

24
.1
1)

as
so
c.

M
P
,

↑
ri
sk

M
P

an
d

ho
ri
zo
nt
al

an
d
ve

rt
ic
al

m
ax
ill
o-

m
an

di
bu

la
r

di
sc
re
p-

an
ci
es

T
as
so

p
o
ul
o
u‐

F
is
he

ll
et

al
.

(2
0
1
2
).
Su

n

et
al
.
(2
0
1
8
).

C
ru
z

et
al
.
( 2
0
1
7
)

(C
o
nt
in
ue

s)

DEHESA‐SANTOS ET AL. | 25

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
(C
o
nt
in
ue

d
)

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

se
qu

en
ce

of
a

pr
ot
ei
n
co
di
ng

ge
ne

.C
N
E

di
st
an
t

en
ha
nc
er
s
in

cr
an
io
fa
ct
al

de
ve
lo
pe

m
en

t

L_
1
2
9
0
3

Si
gn

if
ic
an

tl
y

d
o
w
nr
eg

ul
a-

te
d
in

d
ef
o
rm

ed

la
rv
ae

.

A
ss
o
ci
at
io
n
to

m
an

d
ib
ul
ar

p
ro
gn

at
hi
sm

C
hr
1
7
(c
o
d
in
g

re
gi
o
n)

SO
B
P (h
ab

o
ur
-

in
g
ge

ne
)

R
O
C
K
2

(n
ea

re
st

ge
ne

)

SO
B
P
:
T
he

pr
ot
ei
n
en

co
de

d

by
th
is
ge
ne

is
a
nu

cl
ea
r

zi
nc

fin
ge
r
pr
ot
ei
n
th
at

is

in
vo

lv
ed

in
de

ve
lo
pm

en
t

of
th
e
co
ch
le
a.
D
ef
ec
ts

in

th
is
ge
ne

ha
ve

al
so

be
en

lin
ke
d
to

in
te
lle
ct
ua
l

di
sa
bi
lit
y.

R
O
C
K
2:

Th
e

pr
ot
ei
n
en

co
de

d
by

th
is

ge
ne

is
a
se
rin

e/

th
re
on

in
e
ki
na

se
th
at

re
gu

la
te
s
cy
to
ki
ne

si
s,

sm
oo

th
m
us
cl
e

co
nt
ra
ct
io
n,

th
e

fo
rm

at
io
n
of

ac
tin

st
re
ss

fib
er
s
an
d
fo
ca
l

ad
he

si
on

s,
an
d
th
e

ac
tiv

at
io
n
of

th
e
c‐
fo
s

se
ru
m

re
sp
on

se
el
em

en
t.

Th
is
pr
ot
ei
n,

w
hi
ch

is
an

is
oz
ym

e
of

R
O
C
K
1
is
a

ta
rg
et

fo
r
th
e
sm

al
l

G
T
P
as
e
R
ho

.

6
q
2
1

TC
F2

1
(6
q
2
3
.2
)

as
so

c.

M
P
IG
F2

R

(6
q
2
5
.3
)

rs
6
9
2
0
1
4
1

↓
G
o
‐P
g

an
d
P
tm

‐A

m
ea

su
re
s)

rs
2
2
7
7
0
7
1

↓
m
ax
ill
ar
y

le
ng

th
(P
tm

′‐
A
′)

Sa
it
o
et

al
.

(2
0
1
7
).

M
ar
añ

ó
n‐

V
ás
q
ue

z

et
al
.
(2
0
2
0
)

2
0
1
8

Su
n
et

al
.

K
no

ck
d
o
w
n

st
ud

y
o
f

Z
eb

ra
fi
sh

M
Y
O
1
H

O
r-

th
o
lo
gs

Z
eb

ra
fi
sh

(D
an

io

re
ri
o)

M
an

d
ib
ul
ar

p
ro
gn

a-

th
is
m

A
lc
ia
n
bl
ue

st
ai
ni
ng

to vi
su
al
-

iz
e
th
e

ca
rt
i-

la
ge

as
pe

ct
.

m
ea
-

su
re
-

m
en

ts

on lo
w
er

ja
w
s
in

P
ar
al
o
go

us

ge
ne

:

m
yo
1
ha

an
d

m
yo
1
hb

sh
o
w
ed un
d
er
d
ev

e-

lo
p
ed

ja
w

re
gi
o
ns

an
d
at

5
d
p
f
ha

d
a

“m
an

d
ib
ul
ar

ja
w

d
o
w
nw

ar
d

ro
ta
ti
o
n”

(g
ap

ed

m
o
ut
h)

p
he

no
ty
p
e

C
hr

5
(z
eb

ra
fi
sh
)

m
yo
1
ha

-

m
yo
1
hb

M
Y
O
1
H
:P

re
d
ic
te
d
to

en
ab

le

ac
ti
n
fi
la
m
en

t
b
in
d
in
g

ac
ti
vi
ty

an
d

m
ic
ro
fi
la
m
en

t
m
o
to
r

ac
ti
vi
ty
.
P
re
d
ic
te
d
to

b
e

in
vo

lv
ed

in
ac
ti
n

fi
la
m
en

t
o
rg
an

iz
at
io
n

an
d
ve

si
cl
e
tr
an

sp
o
rt

al
o
ng

ac
ti
n
fi
la
m
en

t.

P
re
d
ic
te
d
to

b
e
p
ar
t
o
f

m
yo

si
n
co

m
p
le
x.

P
re
d
ic
te
d
to

b
e
ac
ti
ve

in

se
ve

ra
l
ce

llu
la
r

co
m
p
o
ne

nt
s,
in
cl
ud

in
g

1
2
q
2
4
.1
1

M
Y
O
1
H

(1
2
q
2
4
.1
1
)

as
so

c.
M
P
,

↑
ri
sk

M
P

an
d

ho
ri
zo

nt
al

an
d

ve
rt
ic
al

m
ax
ill
o
-

m
an

d
ib
ul
ar

d
is
cr
ep

-

an
ci
es

T
as
so

p
o
ul
o
u‐

F
is
he

ll
et

al
.

(2
0
1
2
).
Su

n

et
al
.
(2
0
1
8
).

C
ru
z

et
al
.
(2
0
1
7
)

26 | DEHESA‐SANTOS ET AL.

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
(C
o
nt
in
ue

d
)

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

3 di
m
en

-

si
on

s:

th
e

m
ou

th
‐

op
en

in
g

di
s-

ta
nc
e)
,

m
an
di
-

bl
e

le
ng

th
,

an
d

m
an
di
-

bl
e

w
id
th

ac
ti
n
cy
to
sk
el
et
o
n;

m
ic
ro
vi
llu

s;
an

d
ve

si
cl
e.

2
0
1
3

R
o
d
ri
gu

es

et
al
.

C
as
e
co

nt
ro
l

st
ud

y

Z
am

o
ra
no

‐

Le
o
né

s

d
o
nk

ey
s

(E
qu

us

af
ri
ca
nu

s

as
in
us
)

M
an

d
ib
ul
ar

p
ro
gn

a-

th
is
m

C
lin

ic
al
,o

ra
l

an
d

d
en

ta
l

ex
am

i-

na
ti
o
ns

M
A
TN

1

(g
5
0
3
G

>
A
)

p
ro
te
ct
o
r
ef
fe
ct

in

th
e
ri
sk

to

d
ev

el
o
p

p
ro
gn

at
hi
sm

in
d
o
nk

ey
s

R
eg

io
n: E
N
SE

-

C
A
-

G
0
0
0
0
0
0
0
8
7
-

4
7
(d
o
nk

ey
)

M
A
TN

1
M
A
TN

1
:T

hi
s
ge

ne
en

co
d
es

a

m
em

b
er

o
f
vo

n

W
ill
eb

ra
nd

fa
ct
o
r
A

d
o
m
ai
n
co

nt
ai
ni
ng

p
ro
te
in

fa
m
ily
.
T
hi
s

fa
m
ily

o
f
p
ro
te
in
s
ar
e

th
o
ug

ht
to

b
e
in
vo

lv
ed

in
th
e
fo
rm

at
io
n
o
f

fi
la
m
en

to
us

ne
tw

o
rk
s
in

th
e
ex

tr
ac
el
lu
la
r

m
at
ri
ce

s
o
f
va

ri
o
us

ti
ss
ue

s.
M
ut
at
io
ns

o
f

th
is

ge
ne

ha
ve

b
ee

n

as
so

ci
at
ed

w
it
h
va

ri
et
y

o
f
in
he

ri
te
d

ch
o
nd

ro
d
ys
p
la
si
as
.

1
p
3
6

M
A
TN

1
(r
-

s1
0
65

7
5
5
)

↑
ri
sk

M
P

Ja
ng

et
al
.
(2
0
1
0
)

M
ax

ill
ar
y
d
ef
ic
ie
nc

y

2
0
0
9

H
ün

em
ei
er

et
al
.

G
en

et
ic

as
so

ci
a-

ti
o
n

st
ud

y

P
ur
eb

re
d
d
o
gs

(C
an

is

fa
m
ili
ar
is
)

B
ra
ch

yc
ep

ha
ly

C
la
ss
ifi
ed

in
de

-

pe
n-

de
nt
ly

by
tw

o

tr
ai
ne

d

ve
te
ri-

na
ria

n-

sa
c-

co
rd
in
g

to
he

ad

sh
ap
e

TC
O
F1 c.
3
9
6
C
>

T
(p
.

P
ro
1
1
7
S-

er
)

C
/P

ro
is

fo
un

d

in
ho

m
o
zy
go

s-

it
y
in

se
ve

ra
l

b
ra
ch

y-

ce
p
ha

lic

b
re
ed

sT
he

T
/S
er

fr
eq

ue
nc

ie
s

o
b
ta
in
ed

w
er
e
no

t

st
at
is
ti
ca
lly

as
so

ci
at
ed

to

C
F
A
4
at

6
1
.9
0
2
–
6
1
.9
4
-

2
M
b)

TC
O
F1

TC
O
F1

:
T
hi
s
ge

ne
en

co
d
es

a

nu
cl
eo

la
r
p
ro
te
in

w
it
h
a

LI
S1

ho
m
o
lo
gy

d
o
m
ai
n.

T
he

p
ro
te
in

is
in
vo

lv
ed

in
ri
b
o
so

m
al

D
N
A

ge
ne

tr
an

sc
ri
p
ti
o
n
th
ro
ug

h
it
s

in
te
ra
ct
io
n
w
it
h

up
st
re
am

b
in
d
in
g
fa
ct
o
r

(U
B
F
).
M
ut
at
io
ns

in
th
is

ge
ne

ha
ve

b
ee

n

as
so

ci
at
ed

w
it
h

T
re
ac
he

r
C
o
lli
ns

5
q
3
2
‐q
3
3
.1

5
p1

3
.1
‐

p1
2
G
H
R

(r
s6

1
8
4
)

↑
ri
sk

M
P
.G
H
R

(r
s2

9
7
-

3
0
1
5
)

In
cr
ea

se
d

m
ea

su
re
s

fo
r

m
an

d
ib
ul
ar

sa
gi
tt
al

Su
n
et

al
.
(2
0
1
8
).

M
ar
añ

ó
n‐

V
ás
q
ue

z

et
al
.
(2
0
2
0
)

(C
o
nt
in
ue

s)

DEHESA‐SANTOS ET AL. | 27

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
(C
o
nt
in
ue

d
)

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

as do
lic
ho

-

ce
ph

al
i-

c, m
es
o-

ce
ph

al
ic

or br
ac
hy

-

ce
ph

al
ic

th
e

b
ra
ch

y-

ce
p
ha

lic

p
he

no
ty
p
e

sy
nd

ro
m
e,

a
d
is
o
rd
er

w
hi
ch

in
cl
ud

es

ab
no

rm
al

cr
an

io
fa
ci
al

d
ev

el
o
p
m
en

t.
M
ul
ti
p
le

tr
an

sc
ri
p
t
va

ri
an

ts

en
co

d
in
g
d
if
fe
re
nt

is
o
fo
rm

s
ha

ve
b
ee

n

fo
un

d
fo
r
th
is

ge
ne

.

le
ng

th
s

(C
o
‐G

n)

2
0
1
0

B
an

na
sc
h

et
al
.

G
W

A
S (A
cr
o
ss

B
re
ed

M
ap

p
in
g)

P
ur
eb

re
d
d
o
gs

(C
an

is

fa
m
ili
ar
is
)

B
ra
ch

yc
ep

ha
ly

B
y
b
re
ed

s

co
ns
id
-

er
ed

b
ra
ch

y-

ce
p
ha

l-

ic
:

P
ug

s,

B
o
xe

r

an
d

P
e-

ki
ng

es

TH
B
S2

,

SM
O
C
2

as
so

ci
at
io
n
w
it
h

ca
ni
ne

b
ra
ch

y-

ce
p
ha

ly

P
ri
m
ar
y_
as
se
m
b
ly
‐

La
b
ra
d
o
r

re
tr
ie
ve

-

r1
:5
6
,5
8
4
,6
9
6
‐

5
6
,6
1
2
,9
2
9

re
ve

rs
e
st
ra
nd

‐

B
o
xe

r

1
:5
7
,1
9
2
,6
6
5
‐

5
7
,2
2
1
,4
2
8

re
ve

rs
e

st
ra
nd

P
ri
m
ar
-

y_
as
se
m
b
ly
‐

La
b
ra
d
o
r

re
tr
ie
ve

r

1
:5
6
,0
0
9
,3
6
6
‐

5
6
,1
6
8
,2
3
3

fo
rw

ar
d

st
ra
nd

‐

B
o
xe

-

r1
:5
6
,6
1
7
,3
9
9
‐

5
6
,7
7
7
,5
9
1

fo
rw

ar
d
st
ra
nd

TH
B
S2

SM
O
-

C
2

TH
B
S
2
:
T
he

p
ro
te
in

en
co

d
ed

b
y
th
is

ge
ne

b
el
o
ng

s
to

th
e

th
ro
m
b
o
sp
o
nd

in
fa
m
ily
.

It
is

a
d
is
ul
fi
d
e‐
lin

ke
d

ho
m
o
tr
im

er
ic

gl
yc
o
p
ro
te
in

th
at

m
ed

ia
te
s
ce

ll‐
to
‐c
el
la
nd

ce
ll
to
‐m

at
ri
x

in
te
ra
ct
io
ns
.
T
hi
s

p
ro
te
in

ha
s
b
ee

n
sh
o
w
n

to
fu
nc

ti
o
n
as

a
p
o
te
nt

in
hi
b
it
o
r
o
f
tu
m
o
r

gr
o
w
th

an
d

an
gi
o
ge

ne
si
s.

St
ud

ie
s
o
f

th
e
m
o
us
e
co

un
te
rp
ar
t

su
gg

es
t
th
at

th
is
p
ro
te
in

m
ay

m
o
d
ul
at
e
th
e
ce

ll

su
rf
ac
e
p
ro
p
er
ti
es

o
f

m
es
en

ch
ym

al
ce

lls
an

d

b
e
in
vo

lv
ed

in
ce

ll

ad
he

si
o
n
an

d
m
ig
ra
ti
o
n.

SM
O
C
2
:T

hi
s
ge

ne

en
co

d
es

a
m
em

b
er

o
f

th
e
SP

A
R
C

fa
m
ily

(s
ec

re
te
d
p
ro
te
in

ac
id
ic

an
d
ri
ch

in
cy
st
ei
ne

/

o
st
eo

ne
ct
in
/B

M
‐4
0
),

w
hi
ch

ar
e
hi
gh

ly

ex
p
re
ss
ed

d
ur
in
g

em
b
ry
o
ge

ne
si
s
an

d

w
o
un

d
he

al
in
g.

T
he

ge
ne

p
ro
d
uc

t
is

a

m
at
ri
ce

llu
la
r
p
ro
te
in

w
hi
ch

p
ro
m
o
te
s
m
at
ri
x

as
se
m
b
ly

an
d
ca
n

6
q
2
7

TC
F2

1
(6
q
2
3
.2
)

as
so

c.

M
P
IG
F2

R

(6
q
2
5
.3
)

rs
6
9
2
0
1
4
1

↓
G
o
‐P
g

an
d
P
tm

‐A

m
ea

su
re
s)

rs
2
2
7
7
0
7
1

↓
m
ax
ill
ar
y

le
ng

th
(P
tm

′‐
A
′)

Sa
it
o
et

al
.

(2
0
1
7
).

M
ar
añ

ó
n‐

V
ás
q
ue

z

et
al
.
(2
0
2
0
)

28 | DEHESA‐SANTOS ET AL.

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
(C
o
nt
in
ue

d
)

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

st
im

ul
at
e
en

d
o
th
el
ia
l

ce
ll
p
ro
lif
er
at
io
n
an

d

m
ig
ra
ti
o
n,

as
w
el
l
as

an
gi
o
ge

ni
c
ac
ti
vi
ty
.

A
ss
o
ci
at
ed

w
it
h

p
ul
m
o
na

ry
fu
nc

ti
o
n,

th
is

se
cr
et
o
ry

ge
ne

p
ro
d
uc

t

co
nt
ai
ns

a
K
az
al

d
o
m
ai
n,

tw
o

th
ym

o
gl
o
b
ul
in

ty
p
e‐
1

d
o
m
ai
ns
,a

nd
tw

o
E
F

ha
nd

ca
lc
iu
m
‐

b
in
d
in
gd

o
m
ai
ns
.
T
he

en
co

d
ed

p
ro
te
in

m
ay

se
rv
e
as

a
ta
rg
et

fo
r

co
nt
ro
lli
ng

an
gi
o
ge

ne
si
s

in
tu
m
o
r
gr
o
w
th

an
d

m
yo

ca
rd
ia
l
is
ch

em
ia
.

A
lt
er
na

ti
ve

sp
lic
in
g

re
su
lt
s
in

m
ul
ti
p
le

tr
an

sc
ri
p
t
va

ri
an

ts
.

2
0
1
1

Q
ui
le
z
et

al
.

G
W

A
S

P
ur
eb

re
d
d
o
gs

(C
an

is

fa
m
ili
ar
is
)

B
ra
ch

yc
ep

ha
ly

B
y
b
re
ed

:

B
o
xe

rs

co
ns
id
-

er
at
ed

as b
ra
ch

y-

ce
p
ha

l-

ic

R
O
H

fr
o
m

C
F
A

2
6
R
O
H

fr
o
m

C
F
A

1

Se
le
ct
iv
e
sw

ee
p

re
gi
o
ns

o
n

C
F
A
ar
e

ca
nd

id
at
e
fo
r

st
ro
ng

ar
ti
fi
ci
al

se
le
ct
io
n
in

th
e
B
o
xe

rf
o
r

a
tr
ai
t
o
f

in
te
re
st
,

p
o
ss
ib
ly

b
ra
ch

y-

ce
p
ha

ly

–
B
o
xe

r:

2
6
:8
,5
4
8
,6
7
9
‐

9
,2
2
7
,0
4
3
b
p

R
O
H

fr
o
m

C
F
A

2
6:

H
IP
1
R
,

Q
64

-

F9
4
_C

A
-

N
FA

,

B
0
FL

-

R
1
_C

A
N
-

FA
,

A
T2

A
2
_-

C
A
N
FA

,

P
O
LE

,

N
-

P
_0

0
1
0
-

0
3
0
69

.1
-

R
O
H

fr
o
m

C
F
A

1
:

TH
B
S2

,

SM
O
C
2

H
IP
1R

:E
na
bl
es

se
ve
ra
l

fu
nc
tio

ns
,i
nc
lu
di
ng

ph
os
ph

at
id
yl
in
os
ito

l

ph
os
ph

at
e
bi
nd

in
g

ac
tiv

ity
;

ph
os
ph

at
id
yl
in
os
ito

l‐3
,4
‐

bi
sp
ho

sp
ha
te

bi
nd

in
g

ac
tiv

ity
;a

nd
pr
ot
ei
n

ho
m
od

im
er
iz
at
io
n

ac
tiv

ity
.I
nv

ol
ve
d
in

se
ve
ra
lp

ro
ce
ss
es
,

in
cl
ud

in
g
po

si
tiv

e

re
gu

la
tio

n
of

si
gn

al

tr
an
sd
uc
tio

n;
pr
ot
ei
n

st
ab

ili
za
tio

n;
an
d

re
gu

la
tio

n
of

or
ga
ne

lle

or
ga
ni
za
tio

n.
Lo

ca
te
d
in

cl
at
hr
in
‐c
oa

te
d
ve
si
cl
e;

cy
to
so
l;
an
d
ru
ff
le

m
em

br
an
e.

P2
R
X
4:

he

pr
od

uc
t
of

th
is
ge
ne

be
lo
ng

s
to

th
e
fa
m
ily

of

pu
rin

oc
ep

to
rs

fo
r
A
T
P
.

T
hi
s
re
ce
pt
or

fu
nc
tio

ns
as

1
2
q
2
4
.3
1

M
Y
O
1
H

(1
2
q
2
4
.1
1
)

as
so

c.
M
P
,

↑
ri
sk

M
P

an
d

ho
ri
zo

nt
al

an
d

ve
rt
ic
al

m
ax
ill
o
-

m
an

d
ib
ul
ar

d
is
cr
ep

-

an
ci
es

T
as
so

p
o
ul
o
u‐

F
is
he

ll
et

al
.

(2
0
1
2
).
Su

n

et
al
.
(2
0
1
8
).

C
ru
z

et
al
.
(2
0
1
7
)

(C
o
nt
in
ue

s)

DEHESA‐SANTOS ET AL. | 29

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
(C
o
nt
in
ue

d
)

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

a
lig
an
d‐
ga
te
d
io
n

ch
an
ne

lw
ith

hi
gh

ca
lc
iu
m

pe
rm

ea
bi
lit
y.

Th
e
m
ai
n

ph
ar
m
ac
ol
og

ic
al

di
st
in
ct
io
n
be

tw
ee
n
th
e

m
em

be
rs

of
th
e

pu
rin

oc
ep

to
r
fa
m
ily

is
th
e

re
la
tiv

e
se
ns
iti
vi
ty

to
th
e

an
ta
go

ni
st
s
su
ra
m
in

an
d

P
P
A
D
S.

Th
e
pr
od

uc
t
of

th
is
ge
ne

ha
s
th
e
lo
w
es
t

se
ns
iti
vi
ty

fo
r
th
es
e

an
ta
go

ni
st
s.
M
ul
tip

le

al
te
rn
at
iv
el
y
sp
lic
ed

tr
an
sc
rip

t
va
ria

nt
s,
so
m
e

pr
ot
ei
n‐
co
di
ng

an
d
so
m
e

no
t
pr
ot
ei
n‐
co
di
ng

,h
av
e

be
en

fo
un

d
fo
r
th
is
ge
ne

.

P2
R
X
7:

Th
e
pr
od

uc
t
of

th
is
ge
ne

be
lo
ng

s
to

th
e

fa
m
ily

of
pu

rin
oc
ep

to
rs

fo
r
A
TP

.T
hi
s
re
ce
pt
or

fu
nc
tio

ns
as

a
lig
an

d‐

ga
te
d
io
n
ch
an
ne

la
nd

is

re
sp
on

si
bl
e
fo
r
A
TP

‐

de
pe

nd
en

t
ly
si
s
of

m
ac
ro
ph

ag
es

th
ro
ug

h
th
e

fo
rm

at
io
n
of

m
em

br
an
e

po
re
s
pe

rm
ea
bl
e
to

la
rg
e

m
ol
ec
ul
es
.A

ct
iv
at
io
n
of

th
is
nu

cl
ea
r
re
ce
pt
or

by

A
T
P
in

th
e
cy
to
pl
as
m

m
ay

be
a
m
ec
ha
ni
sm

by

w
hi
ch

ce
llu
la
r
ac
tiv

ity
ca
n

be
co
up

le
d
to

ch
an
ge
s
in

ge
ne

ex
pr
es
si
on

.M
ul
tip

le

al
te
rn
at
iv
el
y
sp
lic
ed

va
ria

nt
s
ha

ve
be

en

id
en

tif
ie
d,

m
os
t
of

w
hi
ch

fit
no

ns
en

se
‐m

ed
ia
te
d

de
ca
y
(N
M
D
)
cr
ite

ria
.

A
TP

2
A
2
:T

hi
s
ge

ne
en

co
d
es

o
ne

o
f
th
e
SE

R
C
A

C
a

(2
+
)‐
A
T
P
as
es
,
w
hi
ch

ar
e
in
tr
ac
el
lu
la
r
p
um

p
s

lo
ca
te
d
in

th
e

30 | DEHESA‐SANTOS ET AL.

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
(C
o
nt
in
ue

d
)

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

sa
rc
o
p
la
sm

ic
o
r

en
d
o
p
la
sm

ic
re
ti
cu

la
o
f

th
e
sk
el
et
al
m
us
cl
e.

T
hi
s

en
zy
m
e
ca
ta
ly
ze
s
th
e

hy
d
ro
ly
si
s
o
f
A
T
P

co
up

le
d
w
it
h
th
e

tr
an

sl
o
ca
ti
o
n
o
f
ca
lc
iu
m

fr
o
m

th
e
cy
to
so

l
in
to

th
e
sa
rc
o
p
la
sm

ic

re
ti
cu

lu
m

lu
m
en

,a
nd

is

in
vo

lv
ed

in
re
gu

la
ti
o
n
o
f

th
e
co

nt
ra
ct
io
n/

re
la
xa
ti
o
n
cy
cl
e.

M
ut
at
io
ns

in
th
is

ge
ne

ca
us
e
D
ar
ie
r‐
W

hi
te

d
is
ea

se
,
al
so

kn
o
w
n
as

ke
ra
to
si
s
fo
lli
cu

la
ri
s,
an

au
to
so

m
al

d
o
m
in
an

t

sk
in

d
is
o
rd
er

ch
ar
ac
te
ri
ze
d
b
y
lo
ss

o
f

ad
he

si
o
n
b
et
w
ee

n

ep
id
er
m
al

ce
lls

an
d

ab
no

rm
al

ke
ra
ti
ni
za
ti
o
n.

O
th
er

ty
p
es

o
f

m
ut
at
io
ns

in
th
is

ge
ne

ha
ve

b
ee

n
as
so

ci
at
ed

w
it
h
va

ri
o
us

fo
rm

s
o
f

m
us
cu

la
r
d
ys
tr
o
p
hi
es
.

A
lt
er
na

ti
ve

sp
lic
in
g

re
su
lt
s
in

m
ul
ti
p
le

tr
an

sc
ri
p
t
va

ri
an

ts

en
co

d
in
g
d
if
fe
re
nt

is
o
fo
rm

s.
P
O
LE

:T
hi
s

ge
ne

en
co

d
es

th
e

ca
ta
ly
ti
c
su
b
un

it
o
f

D
N
A

p
o
ly
m
er
as
e

ep
si
lo
n.

T
he

en
zy
m
e
is

in
vo

lv
ed

in
D
N
A

re
p
ai
r

an
d
ch

ro
m
o
so

m
al

D
N
A

re
p
lic
at
io
n.

M
ut
at
io
ns

in

th
is

ge
ne

ha
ve

b
ee

n

as
so

ci
at
ed

w
it
h

co
lo
re
ct
al
ca
nc

er
1
2
an

d

fa
ci
al

d
ys
m
o
rp
hi
sm

,

im
m
un

o
d
ef
ic
ie
nc

y,

liv
ed

o
,a

nd
sh
o
rt

(C
o
nt
in
ue

s)

DEHESA‐SANTOS ET AL. | 31

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
(C
o
nt
in
ue

d
)

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

st
at
ur
e.

M
Y
L2

:T
hi
s

ge
ne

en
co

d
es

a
m
aj
o
r

sa
rc
o
m
er
ic

p
ro
te
in

in

m
am

m
al
ia
n
st
ri
at
ed

m
us
cl
e.

T
he

en
co

d
ed

p
ro
te
in

p
la
ys

a
ro
le

in

em
b
ry
o
ni
c
he

ar
t
m
us
cl
e

st
ru
ct
ur
e
an

d
fu
nc

ti
o
n,

w
hi
le

p
ho

sp
ho

ry
la
ti
o
n

o
f
th
e
en

co
d
ed

p
ro
te
in

is
in
vo

lv
ed

in
ca
rd
ia
c

m
yo

si
n
cy
cl
in
g
ki
ne

ti
cs
,

to
rs
io
n
an

d
fu
nc

ti
o
n
in

ad
ul
ts
.M

ut
at
io
ns

in
th
is

ge
ne

ar
e
as
so

ci
at
ed

w
it
h
hy

p
er
tr
o
p
hi
c

ca
rd
io
m
yo

p
at
hy

1
0
an

d

in
fa
nt
‐o
ns
et

m
yo

p
at
hy

.

2
0
1
2

Sc
ho

en
eb

ec
k

et
al
.

G
W

A
S

P
ur
eb

re
d
d
o
gs

(C
an

is

fa
m
ili
ar
is
)

B
ra
ch

yc
ep

ha
ly

G
eo

m
et
ri
c

m
o
r-

p
ho

-

m
et
ri
cs

(P
ro
-

cr
us
te
s

fi
t,

P
C
A
,

an
d

re
si
-

d
ua

ls
)

B
M
P
3
^
F
4
5
2
L

(m
is
se
ns
e

m
ut
at
io
n)

as
so

ci
at
io
n
w
it
h

ca
ni
ne

b
ra
ch

y-

ce
p
ha

ly

P
ri
m
ar
y_
as
se
m
b
ly
‐

La
b
ra
d
o
r

re
tr
ie
ve

-

r3
2
:5
,2
3
7
,3
1
4
‐

5
,2
6
3
,8
6
5

fo
rw

ar
d

st
ra
nd

‐

B
o
xe

-

r3
2
:3
6
,6
4
8
,3
9
-

9
‐3
6
,6
7
4
,9
3
0

re
ve

rs
e
st
ra
nd

B
M
P
3

B
M
P3

:
Th

is
ge
ne

en
co
de

s

se
cr
et
ed

lig
an

d
of

th
e

TG
F‐
be

ta
(t
ra
ns
fo
rm

in
g

gr
ow

th
fa
ct
or
‐b
et
a)

su
pe

rf
am

ily
of

pr
ot
ei
ns
.

Li
ga
nd

s
of

th
is
fa
m
ily

bi
nd

va
rio

us
TG

F‐
be

ta

re
ce
pt
or
s
le
ad
in
g
to

re
cr
ui
tm

en
t
an
d

ac
tiv

at
io
n
of

SM
A
D

fa
m
ily

tr
an
sc
rip

tio
n

fa
ct
or
s
th
at

re
gu

la
te

ge
ne

ex
pr
es
si
on

.T
he

en
co
de

d

pr
ep

ro
pr
ot
ei
n
is

pr
ot
eo

ly
tic
al
ly

pr
oc
es
se
d

to
ge
ne

ra
te

ea
ch

su
bu

ni
t

of
th
e
di
su
lfi
de

‐li
nk

ed

ho
m
od

im
er
.T

hi
s
pr
ot
ei
n

su
pp

re
ss
es

os
te
ob

la
st

di
ff
er
en

tia
tio

n,
an
d

ne
ga
tiv

el
y
re
gu

la
te
s
bo

ne

de
ns
ity

,b
y
m
od

ul
at
in
g

TG
F‐
be

ta
re
ce
pt
or

av
ai
la
bi
lit
y
to

ot
he

r

lig
an
ds
.

4
q
2
1
.2
1

B
M
P
3
(r
s1

4
9
5
-

6
4
3
)

In
cr
ea

se
d

as
ym

m
et
ri
c

p
he

no
ty
p
ic

va
ri
at
io
ns

in
th
e

d
en

ta
l

ar
ch

es
w
it
h

m
o
re

co
p
ie
s
o
f

th
e
ra
re

al
le
le

W
ea
ve
r

et
al
.(
20

17
)

32 | DEHESA‐SANTOS ET AL.

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
(C
o
nt
in
ue

d
)

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

2
0
1
7

M
ar
ch

an
t

et
al
.

G
W

A
S (Q
ua

nt
i-

ta
ti
ve

T
ra
it

Lo
cu

s)

P
ur
eb

re
d
an

d

m
ix
ed

p
ed

ig
re
e

d
o
gs

(C
an

is

fa
m
ili
ar
is
)

B
ra
ch

yc
ep

ha
ly

G
eo

m
et
ri
c

m
o
r-

p
ho

-

m
et
ri
cs

(P
ro
-

cr
us
te
s

fi
t,

P
C
A
,

an
d

re
si
-

d
ua

ls
)

SM
O
C
2

SM
O
C
2

d
ys
fu
nc

ti
o
n
is

re
sp
o
ns
ib
le

fo
r
ca
ni
ne

b
ra
ch

y-

ce
p
ha

ly

P
ri
m
ar
y_
as
se
m
b
ly
‐

La
b
ra
d
o
r

re
tr
ie
ve

r

1
:5
6
,0
0
9
,3
6
6
‐

5
6
,1
6
8
,2
3
3

fo
rw

ar
d

st
ra
nd

‐

B
o
xe

-

r1
:5
6
,6
1
7
,3
9
9
‐

5
6
,7
7
7
,5
9
1

fo
rw

ar
d
st
ra
nd

SM
O
C
2

SM
O
C
2
:T

hi
s
ge

ne
en

co
d
es

a

m
em

b
er

o
f
th
e
SP

A
R
C

fa
m
ily

(s
ec

re
te
d
p
ro
te
in

ac
id
ic

an
d
ri
ch

in

cy
st
ei
ne

/o
st
eo

ne
ct
in
/

B
M
‐4
0
),
w
hi
ch

ar
e

hi
gh

ly
ex

p
re
ss
ed

d
ur
in
g

em
b
ry
o
ge

ne
si
s
an

d

w
o
un

d
he

al
in
g.

T
he

ge
ne

p
ro
d
uc

t
is

a

m
at
ri
ce

llu
la
r
p
ro
te
in

w
hi
ch

p
ro
m
o
te
s
m
at
ri
x

as
se
m
b
ly

an
d
ca
n

st
im

ul
at
e
en

d
o
th
el
ia
l

ce
ll
p
ro
lif
er
at
io
n
an

d

m
ig
ra
ti
o
n,

as
w
el
l
as

an
gi
o
ge

ni
c
ac
ti
vi
ty
.

A
ss
o
ci
at
ed

w
it
h

p
ul
m
o
na

ry
fu
nc

ti
o
n,

th
is

se
cr
et
o
ry

ge
ne

p
ro
d
uc

t

co
nt
ai
ns

a
K
az
al

d
o
m
ai
n,

tw
o

th
ym

o
gl
o
b
ul
in

ty
p
e‐
1

d
o
m
ai
ns
,a

nd
tw

o
E
F

ha
nd

ca
lc
iu
m
‐b
in
d
in
g

d
o
m
ai
ns
.
T
he

en
co

d
ed

p
ro
te
in

m
ay

se
rv
e
as

a

ta
rg
et

fo
r
co

nt
ro
lli
ng

an
gi
o
ge

ne
si
s
in

tu
m
o
r

gr
o
w
th

an
d
m
yo

ca
rd
ia
l

is
ch

em
ia
.
A
lt
er
na

ti
ve

sp
lic
in
g
re
su
lt
s
in

m
ul
ti
p
le

tr
an

sc
ri
p
t

va
ri
an

ts
.

6
q
2
7

TC
F2

1
(6
q
2
3
.2
)

as
so

c.

M
P
IG
F2

R

(6
q
2
5
.3
)

rs
6
9
2
0
1
4
1

↓
G
o
‐P
g

an
d
P
tm

‐A

m
ea

su
re
s)

rs
2
2
7
7
0
7
1

↓
m
ax
ill
ar
y

le
ng

th
(P
tm

′‐
A
′)

Sa
it
o
et

al
.

(2
0
1
7
).

M
ar
añ

ó
n‐

V
ás
q
ue

z

et
al
.
(2
0
2
0
)

2
0
2
0

So
p
ho

cl
eo

us

et
al
.

G
en

et
ic

as
so

ci
a-

ti
o
n

st
ud

y

P
ur
eb

re
d
an

d

m
ix
ed

p
ed

ig
re
e

d
o
gs

(C
an

is

fa
m
ili
ar
is
)

B
ra
ch

yc
ep

ha
ly

P
ed

ig
re
e

d
o
gs
:

cl
as
si
-

fi
ed

as

b
ra
ch

y-

ce
p
ha

l-

ic
as

re
p
o
r-

te
d
in

o
th
er
-

P
2
R
X
7 (r
-

s2
3
3
1
4
-

7
1
3
)
(p
.

P
he

1
0
3
-

Le
u)

as
so

ci
at
io
n
w
it
h

b
ra
ch

y-

ce
p
ha

lic

b
re
ed

s

P
ri
m
ar
y_
as
se
m
b
ly
‐

La
b
ra
d
o
r

re
tr
ie
ve

-

r2
6
:8
2
2
4
1
0
6

fo
rw

ar
d
st
ra
nd

P
2
R
X
7

P
2
R
X
7
:
T
he

p
ro
d
uc

t
o
f
th
is

ge
ne

b
el
o
ng

s
to

th
e

fa
m
ily

o
f
p
ur
in
o
ce

p
to
rs

fo
r
A
T
P
.
T
hi
s
re
ce

p
to
r

fu
nc

ti
o
ns

as
a
lig
an

d‐

ga
te
d
io
n
ch

an
ne

la
nd

is

re
sp
o
ns
ib
le

fo
r
A
T
P
‐

d
ep

en
d
en

t
ly
si
s
o
f

m
ac
ro
p
ha

ge
s
th
ro
ug

h

th
e
fo
rm

at
io
n
o
f

m
em

b
ra
ne

p
o
re
s

1
2
q
2
4
.3
1

M
Y
O
1
H

(1
2
q
2
4
.1
1
)

as
so

c.
M
P
,

↑
ri
sk

M
P

an
d

ho
ri
zo

nt
al

an
d

ve
rt
ic
al

m
ax
ill
o
-

m
an

d
ib
ul
ar

T
as
so

p
o
ul
o
u‐

F
is
he

ll
et

al
.

(2
0
1
2
).
Su

n

et
al
.
(2
0
1
8
).

C
ru
z

et
al
.
(2
0
1
7
)

(C
o
nt
in
ue

s)

DEHESA‐SANTOS ET AL. | 33

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
(C
o
nt
in
ue

d
)

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

st
u-

d
ie
s-

M
ix
ed

‐

p
ed

i-

gr
ee

d
o
gs
:

cl
as
si
-

fi
ed

as

b
ra
ch

y-

ce
p
ha

l-

ic b
as
ed

o
n

kn
o
w
-

na
n-

ce
st
ry

an
d
/o

r

d
is
p
la
y

o
f

b
ra
ch

y-

ce
p
ha

l-

ic ch
ar
ac
-

te
r-

is
ti
cs

p
er
m
ea

b
le

to
la
rg
e

m
o
le
cu

le
s.

d
is
cr
ep

-

an
ci
es

2
0
1
2

Sa
ka

ta
‐

G
o
to

et
al
.

K
no

ck
o
ut

st
ud

y
o
f

in
hi
b
it
o
rs

o
f
th
e

d
if
fe
re
n-

ti
at
io
n

2
(Id

2
)

M
ic
e
(M

us

m
us
cu
lu
s)

M
ax
ill
ar
y

hy
p
o
p
la
si
a

C
ep

ha
lo
m
e-

tr
yc
al

an
al
y-

si
s:

E
uc

li-

d
ea

n

D
is
-

ta
nc

e

M
at
ri
x

A
na

ly
s-

is

Id
2

na
rr
o
w
er

hy
p
er
tr
o
p
hi
c

zo
ne

an
d
an

in
hi
b
it
ed

p
ro
lif
er
at
iv
e

zo
ne

in

p
re
sp
he

no
id

sy
nc

ho
nd

ro
si
s

(P
SS

)
an

d

sp
he

no
‐

o
cc
ip
it
al

sy
nc

ho
nd

ro
-

si
s(
SO

S)
w
it
h

m
ax
ill
ar
y

hy
p
o
p
la
si
a

w
er
e

id
en

ti
fi
ed

in

th
e
Id
2

m
ut
an

t
m
ic
e

d
ur
in
g
th
e

1
2
q

Id
2

ID
2
:T

he
p
ro
te
in

en
co

d
ed

b
y

th
is
ge

ne
b
el
o
ng

s
to

th
e

in
hi
b
it
o
r
o
f
D
N
A

b
in
d
in
g
fa
m
ily
,m

em
b
er
s

o
f
w
hi
ch

ar
e

tr
an

sc
ri
p
ti
o
na

re
gu

la
to
rs

th
at

co
nt
ai
n
a

he
lix
‐l
o
o
p
‐h
el
ix

(H
LH

)

d
o
m
ai
n
b
ut

no
t
a
b
as
ic

d
o
m
ai
n.

M
em

b
er
s
o
f

th
e
in
hi
b
it
o
r
o
f
D
N
A

b
in
d
in
g
fa
m
ily

in
hi
b
it

th
e
fu
nc

ti
o
ns

o
f
b
as
ic

he
lix
‐l
o
o
p
‐h
el
ix

tr
an

sc
ri
p
ti
o
n
fa
ct
o
rs

in
a

d
o
m
in
an

t‐
ne

ga
ti
ve

m
an

ne
r
b
y
su
p
p
re
ss
in
g

th
ei
r
he

te
ro
d
im

er
iz
at
io
n

p
ar
tn
er
s
th
ro
ug

h
th
e

H
LH

d
o
m
ai
ns
.
T
hi
s

2
p
2
5
.1

SA
TB

2
(2
q
3
3
.1
)

rs
7
5
9
3
4
2
2

as
so

c.

un
ila
te
ra
l

p
o
st
er
io
r

cr
o
ss
b
it
es

W
ea

ve
r

et
al
.
(2
0
1
7
)

34 | DEHESA‐SANTOS ET AL.

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
A
B
L
E

1
(C
o
nt
in
ue

d
)

Y
ea

r
A
ut
ho

r
St
ud

y
ty
p
e

A
ni
m
al

m
o
d
el

P
he

no
ty
p
e

d
ef
in
it
io
n

P
he

no
ty
p
-

in
g
m
et
ho

d

G
en

et
ic

va
ri
an

t/
A
R
N

tr
an

sc
ri
p
t

R
es
ul
t

A
ni
m
al

ge
no

m
e

Lo
ca
ti
o
n

H
ar
b
o
ri
ng

ge
ne

/c
o
d
in
g

p
ro
te
in

M
o
le
cu

la
r
fu
nc

ti
o
ns

o
f

hu
m
an

ho
m
o
lo
gu

s
ge

ne
sa

H
um

an

ho
m
o
lo
gu

s

ge
no

m
e
lo
ca
ti
o
n

C
lo
se
st

ge
ne

s

as
so

ci
at
ed

to

SC
II
I

m
al
o
cc
lu
si
o
n
in

hu
m
an

sb
So

ur
ce

p
o
st
na

ta
l

gr
o
w
th

p
er
io
d

p
ro
te
in

m
ay

p
la
y
a
ro
le

in
ne

ga
ti
ve

ly
re
gu

la
ti
ng

ce
ll
d
if
fe
re
nt
ia
ti
o
n.

A

p
se
ud

o
ge

ne
o
f
th
is
ge

ne

is
lo
ca
te
d
o
n

ch
ro
m
o
so

m
e
3
.

2
0
1
6

B
er
to
lin

ie
t
al
.

Se
le
ct
iv
e

sw
ee

p

an
al
ys
is

C
at
s
(F
el
is

si
lv
es
tr
is

ca
tu
s)

B
ra
ch

yc
ep

ha
ly

B
y
b
re
ed

s

b
ra
ch

y-

ce
p
ha

l-

ic
:

P
er
-

si
an

,

no
n‐

P
er
si
an

an
d

P
er
si
an

d
er
iv
ed

b
re
ed

s

C
H
L1

,
C
N
TN

6
H
ig
he

r

ho
m
o
zy
go

si
ty

in
P
er
si
an

ca
ts

an
d
hi
gh

es
t

d
iv
er
ge

nc
e

fr
o
m

th
e
no

n
‐

P
er
si
an

b
re
ed

s

A
2

C
H
L1

C
N
TN

6
C
H
L1

:T
he

p
ro
te
in

en
co

d
ed

b
y
th
is

ge
ne

is
a

m
em

b
er

o
f
th
e
L1

ge
ne

fa
m
ily

o
f
ne

ur
al

ce
ll

ad
he

si
o
n
m
o
le
cu

le
s.
It
is

a
ne

ur
al
re
co

gn
it
io
n

m
o
le
cu

le
th
at

m
ay

b
e

in
vo

lv
ed

in
si
gn

al

tr
an

sd
uc

ti
o
n
p
at
hw

ay
s.

T
he

d
el
et
io
n
o
f
o
ne

co
p
y
o
f
th
is

ge
ne

m
ay

b
e
re
sp
o
ns
ib
le

fo
r

m
en

ta
l
d
ef
ec

ts
in

p
at
ie
nt
s
w
it
h
3
p
‐

sy
nd

ro
m
e.

T
hi
s
p
ro
te
in

m
ay

al
so

p
la
y
a
ro
le

in

th
e
gr
o
w
th

o
f
ce

rt
ai
n

ca
nc

er
s.

A
lt
er
na

te

sp
lic
in
g
re
su
lt
s
in

b
o
th

co
d
in
g
an

d
no

nc
o
d
in
g

va
ri
an

ts
.
C
N
TN

6:
T
he

p
ro
te
in

en
co

d
ed

b
y
th
is

ge
ne

is
a
m
em

b
er

o
f
th
e

im
m
un

o
gl
o
b
ul
in

su
p
er
fa
m
ily
.
It
is

a

gl
yc
o
sy
lp
ho

sp
ha

ti
d
yl
i-

no
si
to
l
(G
P
I)‐
an

ch
o
re
d

ne
ur
o
na

l
m
em

b
ra
ne

p
ro
te
in

th
at

fu
nc

ti
o
ns

as

a
ce

ll
ad

he
si
o
n

m
o
le
cu

le
.
It
m
ay

p
la
y
a

ro
le

in
th
e
fo
rm

at
io
n
o
f

ax
o
n
co

nn
ec

ti
o
ns

in
th
e

d
ev

el
o
p
in
g
ne

rv
o
us

sy
st
em

.
A
lt
er
na

ti
ve

sp
lic
in
gr
es
ul
ts

in

m
ul
ti
p
le

tr
an

sc
ri
p
t

va
ri
an

ts
.

3
p
2
6
.1
3
p
2
6
.3

R
A
SA

2
(3
q
2
3
)

as
so

c.

M
P
F
G
F
1
2

(3
q
2
8
)

r- s7
9
1
7
6
0
5
-

1
↑
ri
sk

M
P

Sa
it
o
et

al
.

(2
0
1
7
).

X
io
ng

et
al
.
(2
0
1
7
)

(C
o
nt
in
ue

s)

DEHESA‐SANTOS ET AL. | 35

 15525015, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jez.b.23230 by C

ochrane Portugal, W
iley O

nline L
ibrary on [03/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



maxillary deficiency (MD) phenotypes were described in the studies using

animal models as follows: fishes, Dicentrarchus labrax (Babbucci

et al., 2016b; Ferraresso et al., 2010), Danio rerio (Sun et al., 2018), Salmo

trutta L (Palmas et al., 2020), dogs (Canis familiaris) (Bannasch et al., 2010;

Hünemeier et al., 2009; Marchant et al., 2017; Quilez et al., 2011;

Schoenebeck et al., 2012; Sophocleous et al., 2020), cats (Felis

silvestris catus) (Bertolini et al., 2016), mice (Mus musculus) (Sakata‐Goto

et al., 2012), and donkeys (Equus africanus asinus) (Rodrigues et al., 2013).

Danio rerio (Sun et al., 2018), Dicentrarchus labrax (Babbucci et al., 2016b;

Ferraresso et al., 2010), and Equus africanus asinus (Rodrigues et al., 2013)

were used to model the MP phenotype. The MD phenotype was

described as brachycephaly in Felis silvestris catus (Bertolini et al., 2016)

and Canis familiaris (Bannasch et al., 2010; Hünemeier et al., 2009;

Marchant et al., 2017; Quilez et al., 2011; Schoenebeck et al., 2012;

Sophocleous et al., 2020), pug‐headedness in Salmo trutta L (Palmas

et al., 2020), and maxillary deficiency in Mus musculus (Sakata‐Goto

et al., 2012).

3.2 | Findings associated with MP phenotype

The genetic variant matrilin 1 (MATN1) (g503G > A) (Rodrigues

et al., 2013) showed a preventive effect on MP expression in a case‐

control study of Equus africanus asinus (Table 1), indicating one of

the highest levels of homology (Figure 2). A non‐synonymous

common variant of myosin IH (MYO1H), rs3825393, C > T, p.

Pro1001Leu, was significantly associated with MP in a Danio rerio

model (Sun et al., 2018). In this model, the paralogous genes myo1ha

and myo1hb were knocked down, resulting in an underdeveloped

jaw and gaped‐mouth phenotype (Table 1). An mRNA expression

study using the Dicentrarchus labrax model showed that 242

transcripts were differentially expressed in prognathous individuals

compared with controls. Table 1 displays the DLPD08826 tran-

scripts corresponding to the calcitonin gene‐related peptide

(CALCA). Its importance was highlighted by the authors, and the

other six transcripts that had a fold‐change ratio lower than 0.118 (q

value = 3.275) were used to assess the variability between the

experimental and control probes. Finally, in a case‐control allelic

association analysis of the same model, an association between the

MP phenotype and two regions related to the NCC was found,

harboring a cluster of conserved noncoding elements and the

coding region of SOBP (sine oculis‐binding protein homolog)

(Babbucci et al., 2016b).

3.3 | Findings associated with MD phenotype

In a knockout model of inhibitors of the differentiation 2 gene (Id2) in

Mus musculus, the maxillary hypoplasia phenotype was observed as a

result of abnormal endochondral ossification in the cranial base

synchondroses during the postnatal growth period (Table 1).

ID2 showed one of the highest homology levels (Figure 2).
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maxilla, premaxilla, infraorbital bones, and ethmoid region, was

studied in Salmo trutta L (Palmas et al., 2020). No association with

the genetic basis was found, and environmental factors during

larval development were identified as the most likely factors

triggering this malformation. In two genome‐wide association

studies (GWAS) on purebred Canis familiaris (Table 1), brachy-

cephaly, a phenotype characterized by severe shortening of the

muzzle, was associated with THBS2 and secreted modular calcium‐

binding protein 2 (SMOC2) (Bannasch et al., 2010), and a missense

mutation (p. Phe452Leu) (Schoenebeck et al., 2012) in BMP3, a

highly homologous gene (Figure 2). In a genetic association study,

TCOF1 c.396 C > T (p. Pro117Ser) was found to be associated

with brachycephalic breeds (Hünemeier et al., 2009). Two other

GWAS on purebred and mixed pedigree Canis familiaris found a

similar association with SMOC2 (Marchant et al., 2017) and

P2RX7 (rs23314713), including a variant causing a phenylalanine

to leucine change (p. Phe103Leu) (Table 1). Additionally, a GWAS

on purebred pedigrees of Canis familiaris identified a region of

homozygosity (ROH) harboring HIP1R, P2RX4, P2RX7, ATP2A2,

POLE, and MYL2 as candidates for strong artificial selection for

brachycephaly in the boxer pedigree (Quilez et al., 2011)

(Table 1). A selective sweep analysis of Felis silvestris catus

(Bertolini et al., 2016) comparing Persian, non‐Persian, and

Persian‐derived breeds indicated that the region containing the

neuronal genes CHL1, CNTN6, and LRRN1 had the highest

homozygosity in the Persian breed, which was the brachycephalic

phenotype, and had the highest divergence from the non‐Persian

breeds (Table 1).

F IGURE 2 Human and animal homologous loci and variants identified. GOC and WGA scores express human and animal gene conservation.
The APD score expresses interspecies evolutionary diversity. Detailed information on each protein result can be consulted in Supporting
Information 3.
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3.4 | Functional interactions

The human homologous locus for each animal variant described

above is shown in Figure 2. Among all identified variants, ID2, BMP3,

and MATN1 showed the highest homology scores (100/100 GOC and

WGA scores) between the animal and human genomes. In terms of

protein conservation, the average pairwise distance (APD, which

represents the average number of replacements between any two

sequences in the alignment) oscillated between 0.25 and 1.06. A

detailed description of each protein analysis is provided in Supporting

Information 3. Gene enrichment analysis results are displayed in

Table 2, where overexpression of the biological processes surpassing

the threshold for FDR (p > 0.05) is shown.

A visual representation of the genetic interactions, pathways,

co‐expression, and shared protein domains of all identified genes,

along with software‐predicted genes (Warde‐Farley et al., 2010), is

shown in Figure 3. The identified genes exhibited genetic interac-

tions between ID2 and SMOC2, THBS2, and TCOF1; BMP3 and

ROCK2; and CNTN6 and MYO1H, SMOC2, SOBP, and PHLDA1. Co‐

expression was observed between MYL2 and ATP2A2, MYL2 and

POLE, and THBS2, FABP7, and PHLDA1. CNTN6 and CHL1 shared

pathways and protein domains, whereas P2RX7 and P2RX4 shared

protein domains.

3.5 | Discussion

This scoping review aimed to identify available evidence from animal

studies that examined the genetic variants underlying maxilloman-

dibular discrepancies resulting in a SCIII malocclusion phenotype.

The MD phenotype, which was associated with SMOC2, TCOF1,

THBS2, and ID2 in dogs and cats, displayed genetic interactions, as

depicted in Figure 3. Based on the study by Sakata‐Goto et al.

(Sakata‐Goto et al., 2012). ID2 (GOC and WGA:100/100), coding for

DNA‐binding protein inhibitor ID‐2 (APD:0.56), interacts with the

BMP‐Smad signaling pathway. It acts downstream of bone morpho-

genetic protein (BMP) signaling, regulating cartilage formation during

postnatal growth and development by enhancing BMP signaling and

inhibiting Smad7 expression. These are expressed in the proliferating

and differentiating chondrocytes of the presphenoid synchondrosis

(PSS) and spheno‐occipital synchondrosis (SOS). Similarly, SMOC2

(GOC:100/100; WGA:71.77/100), coding for SPARC‐related modu-

lar calcium‐binding protein 2 (APD:0.69) is related to BMP signaling

because the matricellular protein SMOC inhibits BMP signaling

downstream of its receptor (Thomas et al., 2017). SMOC2, which

was associated with brachycephalic breeds (Bannasch et al., 2010;

Marchant et al., 2017; Quilez et al., 2011), has a genetic interaction

(Figure 3) with CNTN6, which is adjacent to CHL1 in both the feline

and human genomes. These genes were identified in a region of high

homozygosity in Persian cats, characterized by an extreme brachy-

cephalic phenotype. Consistently, our enrichment analysis (Table 2)

showed that ID2, CNTN6, and CHL1 are involved in anatomical

structure development and morphogenesis.

BMP3 (GOC and WGA:100/100), coding for bone morphoge-

netic protein 3 (APD:0.76), a member of the BMP family, was

associated with the brachycephalic phenotype in canines

(Schoenebeck et al., 2012). In addition, our enrichment analysis

revealed the involvement of anatomical structural development

(Table 2). Bone morphogenetic proteins (BMPs) may play critical

roles in mediating chondrocyte proliferation and differentiation,

possibly regulating chondrocyte‐to‐osteoblast transition in synchon-

droses, as they are expressed in the presumptive central hypertrophic

zone of the SOS (Kettunen et al., 2006; Schoenebeck et al., 2012). To

test this hypothesis regarding the role of Bmp3 in cranioskeletal

development, Schoenebeck et al. used a knockdown zebrafish model

and found severe deficiencies in jaw development in knockdown

individuals, indicating that Bmp3 is required for zebrafish craniofacial

development and that its role in craniofacial development has been

prevalent since ancient times (Schoenebeck et al., 2012). Signaling

proteins from the BMP subfamily (BMPs) have been reported to

influence the development of dentary bone, as ectopic expression of

Bmp on the oral side of the mandibular process results in the

formation of a mirror‐image dentary bone (Fabik et al., 2021). BMPs

comprise approximately 20 structurally related members of the

transforming growth factor β (TGF‐β) superfamily, which are crucial

for growth and differentiation events that determine body structure

(Wu & Hill, 2009). TGF‐β is regulated by the fibrillin protein family,

and is primarily associated with the modulation of bone marrow stem

cells and bone growth during development. FBN genes encode this

protein family. A recent meta‐analysis showed an overall association

between fibrillin‐3 precursor gene (FBN3–rs7351083) and SCIII

malocclusion (Dehesa‐Santos et al., 2021).

Regarding the MP phenotype, MATN1 (GOC and WGA:100/

100) coding for cartilage matrix protein (APD:0.41), showed a

decreased risk of presenting the MP phenotype in the presence

of the g503G > A variant in the animal model (Rodrigues

et al., 2013). This result agreed with the preventive effect

described in a human study on the presence of the AA genotype

of rs20566 (Jang et al., 2010), and was in line with the association

of rs1149042 with mandibular retrognathism (Balkhande

et al., 2018). In contrast, other human studies have shown an

increased risk of mandibular prognathism in the presence of

rs1065755 and an association of MATN1 with SCIII malocclusion

in Korean (Jang et al., 2010), Indian (Kulkarni et al., 2021), and

Deutero‐Malay (Laviana et al., 2021) populations. Similar results

were observed for MYO1H (GOC:100/100; WGA:60.8/100)

coding for unconventional myosin‐Ih APD:1.05), in which an

increased risk of presenting with MP in the presence of

rs3825393, a non‐synonymous common variant, C > T, p.

Pro1001Leu, was reported by Sun et al. in a knockdown zebrafish

model (Sun et al., 2018). Consistent with human studies, MYO1H

polymorphism rs10850110 has also been associated with MP

(Tassopoulou‐Fishell et al., 2012) and vertical and horizontal

maxillomandibular discrepancies in the Brazilian population (Cruz

et al., 2017). Conversely, the same polymorphisms, rs10850110

(Cunha et al., 2019) and rs3825393 (Arun et al., 2016), were also
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associated with a skeletal Class II phenotype. This evidence

suggests that these two genes play key regulatory roles in the

sagittal dimension of craniofacial growth (Gershater et al., 2021),

and not exclusively in SCIII malocclusion expression.

The complexity of the manifestations of the genes discussed

herein is also reflected in their association with other conditions

associated with craniofacial or skeletal alterations. SMOC2 is a

candidate gene for craniosynostosis and midface hypoplasia in

humans (Marchant et al., 2017). Several studies have established a

relationship between premature ossification of the intersphenoid

synchondrosis (ISS), SOS, and various forms of craniofacial deformi-

ties, which often present craniosynostosis (Hallett et al., 2022). The

role of TCOF1 in the development of Treacher Collins Syndrome has

been extensively studied for its participation in regulatory processes

related to the facial skeleton and nervous system (Grzanka &

Piekiełko‐Witkowska, 2021). Consistently, in mouse embryos, the

expression of TCOF1 peaks at E8.5‐9.5, and is particularly pro-

nounced in the first pharyngeal arch (which develops into the

mandible and maxilla), as well as in the neuroepithelium and

developing brain (Grzanka & Piekiełko‐Witkowska, 2021).

In this same line, the important roles of TGFβ and BMPs during

embryogenesis give rise to a diverse spectrum of skeletal and

craniofacial dysmorphologies through mutations in pathway‐related

genes (Brito et al., 2009; Oka et al., 2007; Wu et al., 2016). BMPs',

particularly BMP2', BMP4', and BMP7', are prominently expressed in

early craniofacial development (Francis‐West et al., 1998), collaborating

with FGF, HH, andWNT pathways to regulate key transcription factors

crucial for craniofacial skeletogenesis (Karsenty, 2003). Likewise, BMP/

GDF (growth differentiation factor) pathway's dysregulation contri-

butes to distinct conditions (Katagiri & Watabe, 2016): BMP/GDF

overactivity, stemming from noggin protein loss‐of‐function or GDF‐5

gain‐of‐function mutations, leads to multiple synostoses syndrome

characterized by multiple joints fusion (Dawson et al., 2006; Gong

et al., 1999); conversely, BMP/GDF inhibition due to GDF‐5 or ALK‐6

receptor loss‐of‐function mutations is linked to brachydactylies

(Lehmann et al., 2006; Polinkovsky et al., 1997; Thomas et al., 2017).

Interspecies comparisons have significantly improved in recent

years because of the better quality of genome assemblies, orthology

mapping between organisms, and increasingly available tissue

expression data (Doncheva et al., 2021). However, the application

of animal models to humans and the inference of their conclusions

has certain limitations.

Comparing human and animal models is still defiant considering that

functions, pathways, and protein interactions are still behind the quality

of human data (Doncheva et al., 2021). Notably, in this review, the

decision to exclude animal models analyzing syndromic conditions or

other genetic diseases with SCIII as a secondary trait was made.

Although this may produce a reduction in the possibly implicated

pathways identified, an analysis of the conserved pathways affecting the

SCIII phenotype related to syndromic conditions was attempted.

This review aimed to contribute to the craniofacial research field

by gathering evidence from studies on animal models to identify

possible susceptible regions in the human genome and postulateT
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pathways that are likely responsible for the expression of the SCIII

malocclusion phenotype. In conclusion, twenty genetic variants were

identified as isolated traits in animal models that studied the SCIII

malocclusion phenotype: MATN1, ID2, CHL1, CNTN6, BMP3, TCOF1,

SMOC2, THBS2, SOBP, ROCK2, FABP7, CALCA, PHLDA1, MYO1H,

HIP1R, P2RX4, P2RX7, POLE, MYL2 and ATP2A2. Many of these genes

are related to BMP and TGF‐β signaling, especially in the regulation

of postnatal synchondrosis ossification.

F IGURE 3 Displays 20 identified genes (indicated with stripes) and 20 related genes. (a) Genetic interactions, pathways, co‐expression, and
shared protein domains are shown. (b) Common functions are shown. Gene networks generated through GeneMANIA.
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