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ABSTRACT
مرتبط  مرض  هو   )1 )نوع  والأصابع  والوجه  الفم  متلازمة 
بكروموسوم X والمتلازمة لها العديد من المظاهر السريرية في الوجه 
إلى  الأحيان  من  كثير  في  يأتون  المرضى  فإن  وبالتالي  والأطراف. 
وتسبب  التجميل.  جراحين  وكذلك  والفكين  الجمجمة  جراحين 
هذه المتلازمة طفرات في الجين CXORF5. منتج الجين هو واحد 
)الأهداب  أنابيب ضئيلة تسمى  من  قاعدية  الجسم  بروتينات  من 
في  خلل  إلى  للمرضى  السريرية  المظاهر  معظم  ترتبط  الأساسية(. 
طبيعي  غير  نقل  إلى  يؤدي  الخلل  وهذا  الرئيسية  الأهداب  هذه 
لإشارة )Hedgehog( وخلل في المسار القطبي للخلية وأخطاء في 

السيطرة على دورة الخلية.

Oral-facial-digital syndrome type I )OFDI( is an 
X-linked syndrome, which has several craniofacial and 
limb features; and hence, patients frequently present 
to craniofacial and plastic surgeons. Oral-facial-
digital syndrome type I is caused by mutations in the 
CXORF5 gene. The gene product is one of the basal 
body proteins of a slim microtubule-based organelle 
called the “primary cilium”. Most of the clinical features 
of OFDI patients are related to dysfunctions of the 
primary cilium leading to abnormal Hedgehog signal 
transduction, depressed planar cell polarity pathway, 
and errors in cell cycle control.
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Oral-facial-digital syndrome type I )OFDI( is 
inherited as an X-linked dominant trait, lethal 

in males. Its incidence is approximately one in 50,000 
live births.1,2 Affected patients have craniofacial 
features )forme fruste median cleft lip, cleft palate, 
bifid/lobulated tongue, lingual hamartomas, teeth 
abnormalities, hypertelorism, brittle scalp hair, alopecia, 
milia of face/ears, hypoplasia of ala of the nose, central 
nervous system malformations, and mental retardation(; 
limb anomalies )brachydactyly, clinodactyly, syndactyly, 
and rarely polydactyly of hands and feet(; and cyst 
formation of internal organs )the brain, kidneys, liver, 
and pancreas(.3-11 The syndrome is caused by mutations 
of the CXORF5 gene.12 Mutations in the same gene also 
cause Joubert syndrome and Simpson-Golabi-Behmel 
syndrome. We aim to review the pathogenesis of the 
clinical features of OFDI to enhance our understanding 
of the pathogenesis of craniofacial deformities, median 
clefts, and various limb features of OFDI patients.

Localization of the CXORF5 gene product. The 
OFDI protein is present in 3 main areas within the 
cell organelles: the centrioles of the mitotic spindle, 
the nucleus, and the “primary cilium”. Centrioles/
centrosomes are involved in the mitotic spindle of cell 
division. Each centriole is a barrel-shaped structure 
made of 9 triplets of microtubules. The centrosome 
is made up of one pair of centrioles, which are 
surrounded by an amorphous mass of dense material 
)pericentriolar material(. Singla et al13 showed that 
OFDI protein controls the length of centriole, is 
required for microtubule stability, and is important in 
recruiting intraflagellar transport protein 88 )IFT 88( 
to the centrosome. In the nucleus, the DNA combines 
with chromatin proteins forming the chromatin. 
This combination serves several functions, such as 
the package of DNA into a smaller volume and the 
prevention of DNA damage. During the interphase of 
the cell cycle, chromatin becomes loose to allow access to 
RNA/DNA polymerases for transcription/translation. 
Giorgio et al14 showed that OFDI protein localizes to 
the nucleus through physical interaction with subunits 
of the chromatin remodeling complex.
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The “primary cilium” is a slim microtubule-based 
organelle that projects from the surface of many 
embryonic cells )Figure 1(.15 It is composed of 3 parts: 
the basal body )a base that is attached to the apical 
actin network of the cell(, the axoneme )a projecting 

part, which is made of 9 microtubule doublets with, or 
without a pair of central microtubules(, and the ciliary 
membrane )the cell membrane around the axoneme(. 
Oral-facial-digital syndrom type I is one of the basal 
body proteins )Figure 1(. Note should be given that 
there are many other basal body proteins, such as the 
BBsomes )mutations of BBsomes cause Bradet-Biedle 
syndrome(, FTM )Fantom, mutations cause Joubert 
syndrome(, MKSI )mutations cause Meckel syndrome 
type I(, and EVC )mutations cause Ellis Van Creveld 
syndrome(. As expected, all these syndromes have 
overlapping clinical features with OFDI syndrome, and 
hence, they are all known as human “ciliopathies”.

The primary cilium is the site of intraflagellar 
protein transport )IFT( )Figure 1(.15,16 The ciliary basal 
body influences trafficking of proteins to the cilia. 
Antegrade IFT occurs when the protein is transported 
from the base to the tip, and is mediated by “Kinesin-2 
motor” and 2 IFT proteins )IFT A and B(. “Dynein 
motor” is also attached to the IFT proteins and this will 
be required for the retrograde IFT. Various proteins are 
modified and/or activated during this transport.

Functions of the primary cilium. Most of the clinical 
features of OFDI patients are related to dysfunctions of 
the primary cilium. The primary cilium is involved in 
3 main functions: the Hedgehog signal transduction; 
the balance between 2 WNT pathways; the canonical 
)beta catenin( pathway, and the non-canonical planar 
cell polarity )PCP( pathway; the pathways of cell cycle 
control are as follows: 

Figure 1 - The structure of the primary cilium and the intraflagellar 
transport within the cilium. IFT - intraflagellar protein 
transport, ARL 13B - ADP-Ribosylation factor like 13B, 
OFD 1 - oral-facial digital protein I

Figure 2 - Hedgehog signal transduction within the primary cilium. In the unstimulated state, SMO is blocked. With 
Hh stimulation of the receptor PTCH1, SMO enter the cilium and intraflagellar protein transport is initiated. 
SUFU - suppressor of fused homolog )ensures efficient protein processing(, PTCH1 - patched 1 )receptor for 
hedgehog(, SMO - smoothened, KIF 7 - Kinesin family member 7 )involved in the up-going ante-grade protein 
transport(, GLI - glioma-associated oncogene family zinc finger protein, GLI R - the repressor form of GLI, 
GLI A - the activator form of GLI, Hh - Hedgehog
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A) The Hedgehog signal transduction and OFDI. 
The primary cilium is the site of both Sonic Hedgehog 
)SHH( and Indian Hedgehog )IHH( signalling.15,16 The 
receptor for both SHH and IHH is called Patched 1 
)PTCH1(, which is located at the base of the ciliary 
membrane. In the absence of Hedgehog legends, the 
presence of PTCH1 at the base blocks smoothened 
)SMO(. When the Hedgehog legend binds to PTCH1, 
the receptor moves away from the base of the cilium; 
and this allows entry of SMO to the ciliary membrane; 
allowing processing of proteins through the IFT 
)Figure 2(. There are 2 forms of the GLI 3 protein: the 
activator )GLI 3A( and the repressor )GLI 3R( forms. 
GLI 3A is the full-length protein and GLI 3R is the short 
form. The GLI 3 activator/repressor ratio is dependent 
on SHH activation; the higher the SHH, the higher the 
GLI 3 activator/repressor ratio. 

(i) The neural tube and SHH in OFDI. The neural 
tube forms the brain, spinal cord, and the nervous 
system. The neural crest cells )cranial ectoderm( will 
migrate to form the bones and cartilages of the face, 
as well as the teeth. The neural tube starts as a neural 
plate, which folds into a tube )Figure 3(. The dorsal 
part of the neural tube )roof plate( forms the sensory 
neurons and expresses bone morphogenetic proteins 
4 and 7 )BMP 4 & 7(, growth and differentiation 
factor 7 )GDF 7(, wingless mammary tumor virus 
1 & 3A )WNT 1, 3A(, and the repressor form of GLI 3 
)GLI 3R(. In contrast, the notochord )present ventral to 
the neural tube( and the ventral part of the neural tube 
)floor plate( form the motor neurons, and express SHH 
and NOG )NOG or Noggin is an inhibitor of BMPs(. 
As expected, GLI 3 is processed in the primary cilia 
into the active form )GLI 3A( ventrally. The gradients 
)SHH/GLI 3A ventrally versus BMPs/GLI 3R dorsally( 
are essential for normal brain development/patterning 
)Figure 3(.17 Cerebral/cerebellar abnormalities and 
mental retardation in OFDI patients18 are attributed to 
abnormal SHH signal transduction within the neural 
tube.

(ii) The limb buds and SHH in OFDI. Sonic 
hedgehog is expressed in the posterior mesenchyme of 
the limb bud )in an area called the zone of polarizing 
activity(.19 Similar to the neural tube, the SHH protein 
acts as a diffusible morphogen with a gradient. The 
highest concentration of SHH )and GLI 3A( is present 
in the posterior part of the upper and lower limb buds, 
and the concentration decreases as one approaches 
anteriorly. At the most anterior part of the limb bud, 
there is no SHH; and GLI 3R predominates. Abnormal 
SHH signaling )leading to a predominance of GLI 3R( 
leads to polydactyly,20,21 which is occasionally seen 

in OFDI patients. Sonic hedgehog has complex 
interactions with BMPs and fibroblast growth factors 
)FGFs(.22,23 Syndactyly is frequently seen in OFDI 
patients. Syndactyly occurs secondary to errors of inter-
digital apoptosis, which are partly mediated by BMPs 
and FGFs.19

Homeobox )HOX( genes are found in 4 clusters 
)HOX A, B, C, and D( in humans. There are 13 
HOX genes in each cluster; but several of them are 
lost during development leaving a total of 39 instead 
of the expected 52. Individual genes are numbered 
according to their order in the cluster, with one being 

Figure 3 - Neural tube development from the neural plate. Primary cilia 
are present wherever SHH is expressed )namely, the floor 
plate and notochord(. BMP - bone morphogenetic protein, 
GDF - growth and differentiation factor, WNT - wingless 
tumor virus protein, GLI - glioma-associated oncogene family 
zinc finger protein, SHH - sonic hedgehog, NOG - noggin
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at the 3’ end and 13 being at the 5’ end of the cluster.24 
Hence, the term “5’ HOX genes” means HOX 10-13. 
Sonic hedgehog induces a specific pattern of expression 
of the 5’ HOX genes, and this plays a role in digital 
patterning including digital length.24 Brachydactyly is 
the most frequently observed feature in the hands and 
feet of OFDI patients. Brachydactyly is known to be 
induced by errors of IHH, GDF5, BMP Receptor 1B, 
ROR 2 )tyrosine kinase receptor(, and HOX D13.25 
Ferrante et al,26 generated knock out animals lacking 
OFDI, and found altered expression of 5’ HOX A and 
5’ HOX D genes in the limb buds. This suggests that 
the frequently observed brachydactyly in OFDI patients 
is probably related to errors of 5’ HOX gene expression.

(iii) The limb buds and IHH in OFDI syndrome. 
Indian hedgehog signal transduction also occurs in 
the primary cilium. Indian hedgehog is essential in 
coordinating chondrocyte proliferation/differentiation, 
and is mainly expressed in the pre-hypertrophic 
chondrocytes. Parathormone-related protein )PTHrP( 
helps mediates the effects of IHH through the formation 
of a biofeed-back loop.27 Interactions of FGFs, BMPs, 
IHH, and PTHrP integrate chondrocyte proliferation 
and hypertrophic differentiation.28 Abnormal IHH 
signaling in animals with ciliary dysfunction resulted in 
growth plate dysfunction and cartilage abnormalities.29 

This suggests that the frequently observed clinodactyly 
and cone-shaped epiphysis10 in OFDI patients is 
secondary to errors of IHH signaling.

B) Oral-facial-digital syndrom type I and 
the balance between WNT pathways. Wingless 
mammary tumor virus pathways are important for 
development, proliferation, and cellular orientation.22 
Oral-facial-digital syndrom type I )and other basal 
body proteins, such as the BBsomes( are involved in the 
normal balance between 2 WNT pathways within the 
cell: the canonical )beta catenin( and the non-canonical 
PCP pathways )Figure 4(.30 The former )canonical( 
pathway controls cell proliferation and differentiation, 
while the latter PCP is essential for positional clues to 
the cells including the proper orientation of the mitotic 
spindle and the correct organization of tissues. As 
seen in Figure 4, Dishevelled )DVL( is important for 
the canonical pathway, while VANGL2 )Vang Like 2 
within the ciliary membrane( is important for the PCP 
pathway. Oral-facial-digital syndrome type I and other 
BBsomes enhance the PCP pathway, and depress the 
canonical pathway. Similarly, “Seahorse” and KIF3A 
)KIF3A is a subunit of kinesin 2 motor( depress the 
canonical pathway, and hence, enhance “switching” to 
the PCP pathway. Inversin )INV( is also expressed on 
the ciliary membrane and it degrades DVL, as well as, 
enhances “switching” to the PCP pathway.30

Figure 4 - Oral-facial digital protein I )OFDI( is involved in the balance between wingless tumor virus )WNT( canonical 
and planar cell polarity )PCP( pathways. Dishevelled )DVL( is important for the canonical pathway, while 
Vang Like 2 within the ciliary membrane )VANGL2( is important for the PCP pathway.  OFDI and other 
BBsomes enhance the PCP pathway and depress the canonical pathway.  Similarly, “Seahorse” and a subunit 
of kinesin 2 motor )KIF3A( depress the canonical pathway and hence enhance “switching” to the PCP 
pathway.  Inversin )INV( is also expressed on the ciliary membrane and it degrades DVL and hence it also 
enhances “switching” to the PCP pathway.
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A suppression of the PCP pathway explains the 
median cleft of the upper lip, the median cleft palate, 
the alar hypoplasia, the bifid/lobulated tongue, and 
the hypertelorism in OFDI patients, because the PCP 
pathway is responsible for proper tissue migration and 
intercalation of cells in the embryonic midline.15,16

The upper lip develops at the inferior aspect of 
the fronto-nasal process. The neural crest condenses 
forming the nasal pit with the development of 2 medial 
and 2 lateral nasal processes. The maxillary processes 
of the first branchial arch migrate toward the medial 
nasal processes )Figure 5(. The secondary palate and the 
lateral parts of the upper lip develop from the maxillary 
processes. The philtrum and pre-maxilla develop from 
the merging of the 2 medial nasal processes with each 
other toward the midline. The cleft lip in all reported 
cases of OFDI have been in the midline and are 
secondary to an error of the merging process in the 
midline. The lateral nasal processes also migrate toward 
the midline forming the nasal ala. The hypoplastic nasal 
ala seen in OFDI patients is also secondary to poor 
migration of the lateral nasal processes.

The anterior two-thirds of the tongue develop from 
2 lateral lingual swellings and the median tuberculum 
impar )from the first branchial arch(. The 2 lateral 
swellings migrate and unite in the midline, and improper 
migration explains the bifid/lobulated tongue in OFDI 
patients. Similarly, incomplete migration of the orbits 
toward the midline may also explain the hypertelorism 
in these patients.

The exact pathogenesis of polycystic kidneys31,32 and 
fibrocystic disease of other internal organs, such as 
the liver and pancreas33 is unknown. One theory of 
pathogenesis is related to defective PCP.34-36 During 
normal kidney development, dividing cells in the 
renal tubules orient their mitotic spindles parallel to 
the lumen and thus, the net result of cell division is 
tubular “elongation” and not “dilation”. With PCP 
defects, mitotic spindles are miss-oriented leading to 
the formation of cysts.34-36

C) Defective cell cycle control in OFDI patients. 
The primary cilium plays an important role in cell 
cycle control )Figure 6(. Polycystin 1 and 2 )PC1 and 
PC2( localize to the ciliary membrane. In response 
to fluid flow, PCI and 2 are able to influence the cell 
cycle. Furthermore, the platelet derived growth factor 
receptor alpha )PDGFR Alpha( also localizes on the 
ciliary membrane. When platelet derived growth factor 
AA )PDGF-AA( binds into its receptor, secondary 
activation of )MEK ½ - ERK ½ )mitogen activated 
protein kinase ½ - extracellular signal regulated kinase 
½( which, in turn, affects cell cycle control )Figure 6(. 
Ciliary dysfunction of OFDI results in errors of cell 
cycle control and this participates in the pathogenesis of 
several of the clinical features of OFDI.

The polycystic kidney disease genes )PKDI&2( 
encode PCI&2. Hence, abnormal cell cycle control is an 
important factor in the pathogenesis of cysts of internal 

Figure 5 - Merging toward the “midline” during the development of the 
cranio-facial skeleton.

Figure 6 - The primary cilium and cell cycle control. Polycystin 1 and 2 
)PC1 and PC2( localize to the ciliary membrane.  In response 
to fluid flow, PCI and 2 are able to influence the cell cycle.  
Furthermore, the platelet derived growth factor receptor 
alpha )PDGFR Alpha( also localizes on the ciliary membrane.  
When platelet derived growth factor AA )PDGF-AA( binds 
into its receptor, secondary activation of )MEK ½ - ERK 
½ )mitogen activated protein kinase ½ - extracellular signal 
regulated kinase ½(, which, in turn, affects cell cycle control.
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organs.30 Similarly, abnormal teeth including the absence 
of the mandibular lateral incisors may also be related to 
abnormal cell cycle control.1,2 Primary cilia are present 
in hair follicles throughout morphogenesis and during 
hair follicle cycling after birth. Disruption of cilia of the 
hair follicles results in severe hypotrichosis because the 
follicles arrest at the second stage of hair development.37 
Therefore, it is of no surprise that alopecia is a feature 
of OFDI. Milia are the result of cystic alterations of the 
trichoepitheliomatous bulge proliferation, and hence 
milia are also related to abnormal cell cycle control.38 
Finally, lingual hamartomas are abnormal proliferations 
related to defective cell cycle control.

Discussion. The role of the vertebrate primary cilium 
in development, homeostasis, and disease is complex.39 
In this paper, the literature on the pathogenesis of the 
clinical features of OFDI syndrome is reviewed and 
a summary is shown in Table 1. Abnormal Hedgehog 
signaling is responsible for neural and limb features. 
It is important to realize that SHH and IHH are both 
expressed in OFDI patients. However, trafficking of 
proteins and transcription factor activation )such as, GLI 
1& 3( are deficient because of the mutated CXORF5 
gene. This will also affect the complex interactions of 
SHH in the neural tube and limb bud, as well as the IHH 
interactions during cartilage and bone development. 

Animal models of OFDI reproduced the main features 
of OFDI syndrome in humans.26 However, polydactyly 
is almost a constant feature in mutant mice;26,40 whereas 
brachydactyly and clindodactyly are far more common 
than polydactyly in the human phenotype. This may 
be attributed to different interactions in animals and 
humans. Recent experiments showed that OFDI protein 
is not only involved in patterning of the brain, but also 
is involved in the regulation of neuronal differentiation 
of embryonic stem cells.41 This recent work will open 
new insights on the pathogenesis of brain anomalies 
and mental retardation in OFDI patients.

The PCP pathway is not only responsible for 
proper tissue/muscle spindle orientation, but also 
for intercalation of cells in the embryonic midline. 
CXORF5 mutations result in defects in this “midline” 
intercalation, and this is responsible for most of facial 
features, as well as, the bifid tongue deformity. It is 
interesting to note that migration to areas away from 
the “midline” is not affected. For example, the lateral lip 
component of the maxillary process migrates to meet 
the lateral aspect of the medial nasal process away from 
the midline. An error of such a migration will result in 
unilateral or bilateral cleft lip. The clefts of all reported 
cases of OFDI have been in the midline. In mice 
models, “split sternum” in the midline has also been 
observed.42 Finally, defective cell cycle control explains 

Table 1 - Summary of the pathogenesis of the clinical features of oral-facial digital protein I.

Clinical features Pathogenesis
Cerebral/cerebellar abnormalities, mental retardation Abnormal SHH signal transduction in the floor plate of the neural tube
Polydactyly Abnormal SHH/GLI 3R in the limb bud
Syndactyly Abnormal SHH interactions with BMPs and ectodermal FGFs leading to errors of inter-digital 

apoptosis
Brachydactyly Abnormal induction of 5’ HOX genes by SHH in the limb bud
Clinodactyly, cone-shaped epiphysis Abnormal IHH signal transduction
Median cleft lip Deficiency of the PCP pathway leading to deficient migration of the 2 medial nasal processes 

toward the midline.
Median cleft palate Deficiency of the PCP pathway leading to deficient migration of the palatal shelves )maxillary 

arch( toward the midline.
Alar hypoplasia Deficiency of the PCP pathway leading to deficient migration of the lateral nasal processes 

toward the midline.
Bifid/lobulated tongues Deficiency of the PCP pathway leading to deficient migration of lateral lingual swellings.
Hypertelorism Deficiency of the PCP pathway leading to deficient migration of orbits toward midline
Polycystic kidneys Two theories of pathogenesis. One theory is abnormal orientation of the mitotic spindles of 

the renal tubule.  Another theory is abnormal cell cycle proliferation.
Fibrocystic disease of liver and pancreas Probably related to abnormal cell cycle control.
Teeth abnormalities, missing mandibular lateral incisors Abnormal proliferation of neural crest cells.
Alopecia Arrest of hair follicles at second stage of hair cycle
Milia Abnormal cell cycle control leading to cystic changes of the trichoepitheliomatous bulge.
Lingual hamartoma Abnormal cell proliferation )cell cycle control( 

SHH -  sonic hedgehog, GLI 3R - glioma-associated oncogene family zinc finger protein 3-repressor, BMP - bone morphogenetic protein, 
FGFs - fibroblast growth factors, IHH - Indian hedgehog, PCP - planar cell polarity
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the formation of cysts of internal organs, milia )milia 
are cystic changes of the trichoepitheliomatous bulge(, 
as well as some of the oral features, such as the missing 
teeth and lingual hamartomas )Table 1(.

In conclusion, our review defines the pathogenesis 
of the clinical features of the OFDI syndrome to be 
related to dysfunctions of the primary cilium leading 
to abnormal Hedgehog signal transduction, depressed 
PCP pathway, and errors in cell cycle control.

Acknowledgment. The authors would like to thank 
Mr. Virgilio Salvador, Medical Illustrator at King Khalid University 
Hospital, Riyadh, Kingdom of Saudi Arabia for drawing Figures 1-6.

References

  1. Tagliani MM, Gomide MR, Carrara CF. Oral-facial-digital 
syndrome type 1: oral features in 12 patients submitted to 
clinical and radiographic examination. Cleft Palate Craniofac J 
2010; 47: 162-166.

  2. Romero M, Franco B, del Pozo JS, Romance A. Buccal 
anomalies, cephalometric analysis and genetic study of two 
sisters with orofaciodigital syndrome type I. Cleft Palate 
Craniofac J 2007; 44: 660-666.

  3. Thauvin-Robinet C, Cossée M, Cormier-Daire V, Van 
Maldergem L, Toutain A, Alembik Y, et al. Clinical, molecular, 
and genotype-phenotype correlation studies from 25 cases 
of oral-facial-digital syndrome type 1: a French and Belgian 
collaborative study. J Med Genet 2006; 43: 54-61.

  4. Annerén G, Arvidson B, Gustavson KH, Jorulf H, Carlsson 
G. Oro-facio-digital syndromes I and II: radiological methods 
for diagnosis and the clinical variations. Clin Genet 1984; 26: 
178-186.

  5. Donnai D, Kerzin-Storrar L, Harris R. Familial orofaciodigital 
syndrome type I presenting as adult polycystic kidney disease. 
J Med Genet 1987; 24: 84-87.

  6. Odent S, Le Marec B, Toutain A, David A, Vigneron J, Tréguier 
C, et al. Central nervous system malformations and early 
end-stage renal disease in oro-facio-digital syndrome type I: a 
review. Am J Med Genet 1998; 75: 389-394.

  7. Salinas CF, Pai GS, Vera CL, Milutinovic J, Hagerty R, 
Cooper JD, et al. Variability of expression of the orofaciodigital 
syndrome type I in black females: six cases. Am J Med Genet 
1991; 38: 574-582.

  8. King NM, Sanares AM. Oral-facial-digital syndrome, Type I: a 
case report. J Clin Pediatr Dent 2002; 26: 211-215.

  9. Al-Qattan MM, Hassanain JM. Classification of limb anomalies 
in oral-facial-digital syndromes. J Hand Surg Br 1997; 22: 
250-252.

10. Al-Qattan MM. Cone-shaped epiphyses in the toes and 
trifurcation of the soft palate in oral-facial-digital syndrome 
type-I. Br J Plast Surg 1998; 51: 476-479.

11. Driva T, Franklin D, Crawford PJ. Variations in expression of 
oral-facial-digital syndrome )type I(: report of two cases. Int J 
Pediatr Dent 2004; 14: 61-68.

12. Ferrante MI, Giorgio G, Feather SA, Bulfone A, Wright V, 
Ghiani M, et al. Identification of the gene for oral-facial-digital 
type I syndrome. Am J Hum Genet 2001; 68: 569-576.

13. Singla V, Romaguera-Ros M, Garcia-Verdugo JM, Reiter JF. 
Ofd1, a human disease gene, regulates the length and distal 
structure of centrioles. Dev Cell 2010; 18: 410-424.

14. Giorgio G, Alfieri M, Prattichizzo C, Zullo A, Cairo S, Franco 
B. Functional characterization of the OFD1 protein reveals a 
nuclear localization and physical interaction with subunits of 
a chromatin remodeling complex. Mol Biol Cell 2007; 18: 
4397-4404.

15. Goetz SC, Anderson KV. The primary cilium: a signalling 
centre during vertebrate development. Nat Rev Genet 2010; 11: 
331-344.

16. Cardenas-Rodriguez M, Badano JL. Ciliary biology: 
understanding the cellular and genetic basis of human 
ciliopathies. Am J Med Genet C Semin Med Genet 2009; 151C: 
263-280.

17. Dessaud E, McMahon AP, Briscoe J. Pattern formation in the 
vertebrate neural tube: a sonic hedgehog morphogen-regulated 
transcriptional network. Development 2008; 135: 2489-2503.

18. Wood BP, Young LW, Townes PL. Cerebral abnormalities in the 
oral-facial-digital syndrome. Pediatr Radiol 1975; 3: 130-136.

19. Al-Qattan MM, Yang Y, Kozin SH. Embryology of the upper 
limb. J Hand Surg Am 2009; 34: 1340-1350.

20. Butterfield NC, Metzis V, Mc Glinn E, Bruce SJ, Wainwright 
BJ, Wicking C. Patched 1 is a crucial determinant of asymmetry 
and digit number in the vertebrate limb. Development 2009; 
136: 3515-3524.

21. Yang Y, Drossopoulou G, Chuang PT, Duprez D, Marti E, 
Bumcrot D, et al. Relationship between dose, distance and time 
in Sonic Hedgehog-mediated regulation of anteroposterior 
polarity in the chick limb. Development 1997; 124: 4393-4404.

22. Al-Qattan MM. WNT pathways and upper limb anomalies. 
J Hand Surg Eur Vol 2011; 36: 9-22.

23. Bastida MF, Sheth R, Ros MA. A BMP-Shh negative-feedback 
loop restricts Shh expression during limb development. 
Development 2009; 136: 3779-3789.

24. Zakany J, Duboule D. The role of Hox genes during vertebrate 
limb development. Curr Opin Genet Dev 2007; 17: 359-366.

25. Temtamy SA, Aglan MS. Brachydactyly. Orphanet J Rare Dis 
2008; 3: 15. 

26. Ferrante MI, Zullo A, Barra A, Bimonte S, Messaddeq N, 
Studer M, et al. Oral-facial-digital type I protein is required 
for primary cilia formation and left-right axis specification. 
Nat Genet 2006; 38: 112-117.

27. Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM, 
Tabin CJ. Regulation of rate of cartilage differentiation by 
Indian hedgehog and PTH-related protein. Science 1996; 273: 
613-622.

28. Minina E, Kreschel C, Naski MC, Ornitz DM, Vortkamp A. 
Interaction of FGF, Ihh/Pthlh, and BMP signaling integrates 
chondrocyte proliferation and hypertrophic differentiation. 
Dev Cell 2002; 3: 439-449.

29. Koyama E, Young B, Nagayama M, Shibukawa Y, Enomoto-
Iwamoto M, Iwamoto M, et al. Conditional Kif3a ablation 
causes abnormal hedgehog signaling topography, growth plate 
dysfunction, and excessive bone and cartilage formation during 
mouse skeletogenesis. Development 2007; 134: 2159-2169.

30. D’Angelo A, Franco B. The dynamic cilium in human diseases. 
Pathogenetics 2009; 2: 3.

31. Nishimura G, Kuwashima S, Kohno T, Teramoto C, Watanabe 
H, Kubota T. Fetal polycystic kidney disease in oro-facio-digital 
syndrome type I. Pediatr Radiol 1999; 29: 506-508.

http://dx.doi.org/10.1597/08-200.1 
http://dx.doi.org/10.1597/08-200.1 
http://dx.doi.org/10.1597/08-200.1 
http://dx.doi.org/10.1597/08-200.1 
http://dx.doi.org/10.1597/06-225.1 
http://dx.doi.org/10.1597/06-225.1 
http://dx.doi.org/10.1597/06-225.1 
http://dx.doi.org/10.1597/06-225.1 
http://dx.doi.org/10.1136/jmg.2004.027672 
http://dx.doi.org/10.1136/jmg.2004.027672 
http://dx.doi.org/10.1136/jmg.2004.027672 
http://dx.doi.org/10.1136/jmg.2004.027672 
http://dx.doi.org/10.1136/jmg.2004.027672 
http://dx.doi.org/10.1111/j.1399-0004.1984.tb04365.x 
http://dx.doi.org/10.1111/j.1399-0004.1984.tb04365.x 
http://dx.doi.org/10.1111/j.1399-0004.1984.tb04365.x 
http://dx.doi.org/10.1111/j.1399-0004.1984.tb04365.x 
http://dx.doi.org/10.1136/jmg.24.2.84 
http://dx.doi.org/10.1136/jmg.24.2.84 
http://dx.doi.org/10.1136/jmg.24.2.84 
http://dx.doi.org/10.1002/(SICI)1096-8628(19980203)75:4<389::AID-AJMG8>3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1096-8628(19980203)75:4<389::AID-AJMG8>3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1096-8628(19980203)75:4<389::AID-AJMG8>3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1096-8628(19980203)75:4<389::AID-AJMG8>3.0.CO;2-L
http://dx.doi.org/10.1002/ajmg.1320380416 
http://dx.doi.org/10.1002/ajmg.1320380416 
http://dx.doi.org/10.1002/ajmg.1320380416 
http://dx.doi.org/10.1002/ajmg.1320380416 
http://dx.doi.org/10.17796/jcpd.26.2.d34417040174j35x 
http://dx.doi.org/10.17796/jcpd.26.2.d34417040174j35x 
http://dx.doi.org/10.1016/S0266-7681(97)80074-5 
http://dx.doi.org/10.1016/S0266-7681(97)80074-5 
http://dx.doi.org/10.1016/S0266-7681(97)80074-5 
http://dx.doi.org/10.1054/bjps.1997.0297 
http://dx.doi.org/10.1054/bjps.1997.0297 
http://dx.doi.org/10.1054/bjps.1997.0297 
http://dx.doi.org/10.1111/j.1365-263X.2004.00503.x 
http://dx.doi.org/10.1111/j.1365-263X.2004.00503.x 
http://dx.doi.org/10.1111/j.1365-263X.2004.00503.x 
http://dx.doi.org/10.1086/318802 
http://dx.doi.org/10.1086/318802 
http://dx.doi.org/10.1086/318802 
http://dx.doi.org/10.1016/j.devcel.2009.12.022 
http://dx.doi.org/10.1016/j.devcel.2009.12.022 
http://dx.doi.org/10.1016/j.devcel.2009.12.022 
http://dx.doi.org/10.1091/mbc.E07-03-0198 
http://dx.doi.org/10.1091/mbc.E07-03-0198 
http://dx.doi.org/10.1091/mbc.E07-03-0198 
http://dx.doi.org/10.1091/mbc.E07-03-0198 
http://dx.doi.org/10.1091/mbc.E07-03-0198 
http://dx.doi.org/10.1038/nrg2774 
http://dx.doi.org/10.1038/nrg2774 
http://dx.doi.org/10.1038/nrg2774 
http://dx.doi.org/10.1002/ajmg.c.30227 
http://dx.doi.org/10.1002/ajmg.c.30227 
http://dx.doi.org/10.1002/ajmg.c.30227 
http://dx.doi.org/10.1002/ajmg.c.30227 
http://dx.doi.org/10.1242/dev.009324 
http://dx.doi.org/10.1242/dev.009324 
http://dx.doi.org/10.1242/dev.009324 
http://dx.doi.org/10.1007/BF01006897
http://dx.doi.org/10.1007/BF01006897
http://dx.doi.org/10.1016/j.jhsa.2009.06.013 
http://dx.doi.org/10.1016/j.jhsa.2009.06.013 
http://dx.doi.org/10.1242/dev.037507 
http://dx.doi.org/10.1242/dev.037507 
http://dx.doi.org/10.1242/dev.037507 
http://dx.doi.org/10.1242/dev.037507 
http://dev.biologists.org/content/124/21/4393.long 
http://dev.biologists.org/content/124/21/4393.long 
http://dev.biologists.org/content/124/21/4393.long 
http://dev.biologists.org/content/124/21/4393.long 
http://dx.doi.org/10.1177/1753193410380502 
http://dx.doi.org/10.1177/1753193410380502 
http://dx.doi.org/10.1242/dev.036418 
http://dx.doi.org/10.1242/dev.036418 
http://dx.doi.org/10.1242/dev.036418 
http://dx.doi.org/10.1016/j.gde.2007.05.011 
http://dx.doi.org/10.1016/j.gde.2007.05.011 
http://dx.doi.org/10.1186/1750-1172-3-15 
http://dx.doi.org/10.1186/1750-1172-3-15 
http://dx.doi.org/10.1038/ng1684 
http://dx.doi.org/10.1038/ng1684 
http://dx.doi.org/10.1038/ng1684 
http://dx.doi.org/10.1038/ng1684 
http://dx.doi.org/10.1126/science.273.5275.613 
http://dx.doi.org/10.1126/science.273.5275.613 
http://dx.doi.org/10.1126/science.273.5275.613 
http://dx.doi.org/10.1126/science.273.5275.613 
http://dx.doi.org/10.1016/S1534-5807(02)00261-7 
http://dx.doi.org/10.1016/S1534-5807(02)00261-7 
http://dx.doi.org/10.1016/S1534-5807(02)00261-7 
http://dx.doi.org/10.1016/S1534-5807(02)00261-7 
http://dx.doi.org/10.1242/dev.001586 
http://dx.doi.org/10.1242/dev.001586 
http://dx.doi.org/10.1242/dev.001586 
http://dx.doi.org/10.1242/dev.001586 
http://dx.doi.org/10.1242/dev.001586 
http://dx.doi.org/10.1186/1755-8417-2-3 
http://dx.doi.org/10.1186/1755-8417-2-3 
http://dx.doi.org/10.1007/s002470050631 
http://dx.doi.org/10.1007/s002470050631 
http://dx.doi.org/10.1007/s002470050631 


Oral-facial-digital syndrome type I ... AlKattan et al

1284 Saudi Med J 2015; Vol. 36 )11(     www.smj.org.sa

32. Stapleton FB, Bernstein J, Koh G, Roy S 3rd, Wilroy RS. Cystic 
kidneys in a patient with oral-facial-digital syndrome type I. Am 
J Kidney Dis 1982; 1: 288-293.

33. Chetty-John S, Piwnica-Worms K, Bryant J, Bernardini I, 
Fischer RE, Heller T, et al. Fibrocystic disease of liver and 
pancreas; under-recognized features of the X-linked ciliopathy 
oral-facial-digital syndrome type 1 )OFD I(. Am J Med Genet A 
2010; 152A: 2640-2645.

34. Fischer E, Legue E, Doyen A, Nato F, Nicolas JF, Torres V, et 
al. Defective planar cell polarity in polycystic kidney disease. 
Nat Genet 2006; 38: 21-23.

35. Simons M, Walz G. Polycystic kidney disease: cell division 
without a c)l(ue? Kidney Int 2006; 70: 854-864.

36. Bacallao RL, McNeill H, Cystic kidney diseases and planar cell 
polarity signaling. Clin Genet 2009; 75: 107-117.

37. Lehman JM, Laag E, Michaud EJ, Yoder BK. An essential role 
for dermal primary cilia in hair follicle morphogenesis. J Invest 
Dermatol 2009; 129: 438-448.

38. van der Putte SC. The pathogenesis of familial multiple 
cylindromas, trichoepitheliomas, milia and spiradenomas. 
Am J Dermatopathol 1995; 17: 271-280.

39. Gerdes JM, Davis EE, Katsanis N. The vertebrate primary 
cilium in development, homeostasis, and disease. Cell 2009; 
137: 32-45.

40. Bimonte S, De Angelis A, Quagliata L, Giusti F, Tammaro 
R, Dallai R, et al. Ofd1 is required in limb bud patterning 
and endochondral bone development. Dev Biol 2011; 349: 
179-191.

41. Hunkapiller J, Singla V, Seol A, Reiter JF. The ciliogenic protein 
Oral-Facial-Digital 1 regulates the neuronal differentiation of 
embryonic stem cells. Stem Cells Dev 2011; 20: 831-841.

42. Kolpakova-Hart E, Jinnin M, Hou B, Fukai N, Olsen BR. 
Kinesin-2 controls development and patterning of the vertebrate 
skeleton by Hedgehog- and Gli3-dependent mechanisms. 
Dev Biol 2007; 309: 273-284.

References

* References should be primary source and numbered in the order in which 
they appear in the text. At the end of the article the full list of references 
should follow the Vancouver style.

     * Unpublished data and personal communications should be cited only in 
       the text, not as a formal reference.

     * The author is responsible for the accuracy and completeness of references        
        and for their correct textual citation.

     * When a citation is referred to in the text by name, the accompanying 
       reference must be from the original source.

* Upon acceptance of a paper all authors must be able to provide the full paper 
for each reference cited upon request at any time up to publication. 

* Only 1-2 up to date references should be used for each particular point in 
the text.

 Sample references are available from: 
 http://www.nlm.nih.gov/bsd/uniform_requirements.html

http://dx.doi.org/10.1016/S0272-6386(82)80027-9 
http://dx.doi.org/10.1016/S0272-6386(82)80027-9 
http://dx.doi.org/10.1016/S0272-6386(82)80027-9 
http://dx.doi.org/10.1002/ajmg.a.33666 
http://dx.doi.org/10.1002/ajmg.a.33666 
http://dx.doi.org/10.1002/ajmg.a.33666 
http://dx.doi.org/10.1002/ajmg.a.33666 
http://dx.doi.org/10.1002/ajmg.a.33666 
http://dx.doi.org/10.1038/ng1701 
http://dx.doi.org/10.1038/ng1701 
http://dx.doi.org/10.1038/ng1701 
http://dx.doi.org/10.1038/sj.ki.5001534 
http://dx.doi.org/10.1038/sj.ki.5001534 
http://dx.doi.org/10.1111/j.1399-0004.2008.01148.x 
http://dx.doi.org/10.1111/j.1399-0004.2008.01148.x 
http://dx.doi.org/10.1038/jid.2008.279 
http://dx.doi.org/10.1038/jid.2008.279 
http://dx.doi.org/10.1038/jid.2008.279 
http://dx.doi.org/10.1097/00000372-199506000-00010 
http://dx.doi.org/10.1097/00000372-199506000-00010 
http://dx.doi.org/10.1097/00000372-199506000-00010 
http://dx.doi.org/10.1016/j.cell.2009.03.023 
http://dx.doi.org/10.1016/j.cell.2009.03.023 
http://dx.doi.org/10.1016/j.cell.2009.03.023 
http://dx.doi.org/10.1016/j.ydbio.2010.09.020 
http://dx.doi.org/10.1016/j.ydbio.2010.09.020 
http://dx.doi.org/10.1016/j.ydbio.2010.09.020 
http://dx.doi.org/10.1016/j.ydbio.2010.09.020 
http://dx.doi.org/10.1089/scd.2010.0362 
http://dx.doi.org/10.1089/scd.2010.0362 
http://dx.doi.org/10.1089/scd.2010.0362 
http://dx.doi.org/10.1016/j.ydbio.2007.07.018 
http://dx.doi.org/10.1016/j.ydbio.2007.07.018 
http://dx.doi.org/10.1016/j.ydbio.2007.07.018 
http://dx.doi.org/10.1016/j.ydbio.2007.07.018 

	Title
	Authors
	Abstract
	Affiliation
	Correspondence
	Disclosure
	Introduction
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Discussion
	Acknowledgment
	References

