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Abstract

Craniofacial development requires a complex series of coordinated and 
finely tuned events to take place, during a relatively short time frame. 
These events are set in motion by switching on and off transcriptional 
cascades that involve the use of numerous signalling pathways and a mul-
titude of factors that act at the site of gene transcription. It is now well 
known that amidst the subtlety of this process lies the intricate world of 
protein modification, and the posttranslational addition of the small 
ubiquitin-like modifier, SUMO, is an example that has been implicated in 
this process. Many proteins that are required for formation of various 
structures in the embryonic head and face adapt specific functions with 
SUMO modification. Interestingly, the main clinical phenotype reported 
for a disruption of the SUMO1 locus is the common birth defect cleft lip 
and palate. In this chapter therefore, we discuss the role of SUMO1  in 
craniofacial development, with emphasis on orofacial clefts. We suggest 
that these defects can be a sensitive indication of down regulated SUMO 
modification at a critical stage during embryogenesis. As well as specific 
mutations affecting the ability of particular proteins to be sumoylated, 
non-genetic events may have the effect of down-regulating the SUMO 
pathway to give the same result. Enzymes regulating the SUMO pathway 
may become important therapeutic targets in the preventative and treat-
ment therapies for craniofacial defects in the future.
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19.1	 �Key Role for Sumo 
in Development

Post-translational protein modifications can have 
many and variable consequences, but in general, 
they play a key role in regulating and expanding 
the diversity of function in the proteome. As doc-
umented in this book, the reversible conjugation 
of SUMO to protein substrates (sumoylation) has 
emerged as a major post-translational regulatory 
process. In the last two decades, numerous pro-
teins have been identified that undergo SUMO 
modification and this list has been greatly 
expanded with the advent of mass spectroscopy 
approaches to study the SUMO proteasome 
(Seeler and Dejean 2003; Geiss-Friedlander and 
Melchior 2007; Eifler and Vertegaal 2015). The 
precise action of SUMO modification can vary 
considerably depending upon the substrate, but in 
many cases the specific functional effect still 
remains to be elucidated. For those proteins 
involved in regulation of gene transcription, 
SUMO modification usually plays an important 
role either with (sub)nuclear localisation or the 
functional activity of the transcription factor in 
the nucleus. It is therefore not surprising that 
sumoylation is now being increasingly recog-
nised as a crucial regulator of embryonic mor-
phogenesis. Overall the biological significance of 
the SUMO pathway in mammalian development 
can be judged as essential, based on observations 
of mice deficient for the key E2 conjugating 
enzyme Ubc9 (Nacerddine et al. 2005). Although 
heterozygous animals are essentially normal, null 
embryos die during the period between the early 
postimplantation stage and prior to embryonal 
day (E)7.5. In C. elegans, knock down of ubc-9 
causes severe pharyngeal defects, partly resulting 
from an altered sub-nuclear distribution of the 
sumoylated transcription factor tbx-2 (Roy 
Chowdhuri et al. 2006; Crum and Okkema 2007). 
The ability to successfully sumoylate individual 
target proteins and precisely regulate this process 
is likely to be more subtle but will nevertheless 
be an essential part of embryonic development. 
As suggested by the C. elegans data and the over-
representation of sumoylated proteins involved in 
craniofacial development, the most sensitive 

readout of this process in developmental terms 
may occur during formation of the embryonic 
head (Pauws and Stanier 2007).

19.2	 �Sumo1 Haploinsufficiency 
Causes Cleft Lip and/or 
Palate

The most direct evidence implicating a role for 
SUMO in craniofacial development came origi-
nally from the analysis of a female patient with a 
cleft lip and palate who was found to be carrying 
a balanced reciprocal translocation between 
human chromosomes 2q and 8q (Alkuraya et al. 
2006). Mapping the breakpoint on chromosome 2 
revealed an interruption within the gene encoding 
SUMO1, and was predicted to result in haploin-
sufficiency. The functional significance was then 
investigated in mice. In wild-type animals, strong 
Sumo1 expression in the upper lip, primary palate 
and medial edge epithelia of the secondary palate 
was demonstrated by whole mount in situ hybrid-
isation (Alkuraya et  al. 2006). Next, a mouse 
with a GeneTrap mutation (RRQ016) in Sumo1 
that generated a null allele was investigated. A 
low penetrance (8.7%) of cleft palate (CP) was 
observed in heterozygote animals, while homo-
zygote embryos were embryonic lethal prior to 
palate closure, indicating that SUMO1 is required 
for other important developmental functions. 
EYA1 is a homolog of the Drosophila absent eyes 
gene, which is mutated in human patients with 
brachio-oto-renal syndrome (Abdelhak et  al. 
1997). Eya1 is important for palate development 
as evidenced by the fact that it is expressed in the 
developing mouse palate and mice completely 
lacking Eya1 have a cleft palate (amongst other 
defects) ( Xu et al. 1999b). This is in contrast to 
heterozygous animals that show normal palate 
development. The expression of Eya1 was noted 
to overlap with that of Sumo1 and it has been 
shown to be a SUMO1 substrate (Alkuraya et al. 
2006). Moreover, a significant increase (36%) in 
the penetrance of CP was observed in compound 
heterozygous mutants of Eya1 and Sumo1, sug-
gesting a genetic interaction between the two.
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This data is not without controversy though, 
since two independent reports describe how 
SUMO1 is dispensable throughout development 
and question the validity of the original findings 
in the gene trap model. In the first of these, Zhang 
et al. (2008), describe a mouse in which Sumo1 
was targeted by homologous recombination to 
make either heterozygous (haploinsufficient) or 
homozygous null animals. These null animals do 
not produce any SUMO1 protein, yet they do not 
have an overt palate defect, nor do they have any 
disruption to adipogenesis, postnatal growth rate, 
reproductive function or any other noticeable 
phenotype. Interestingly, RanGAP1, usually 
modified by SUMO1, was demonstrated to show 
increased modification by the SUMO2 paralog 
instead. Many proteins are specifically modified 
with one paralog or another, and mechanisms 
regulating this specificity are only just coming to 
light (Meulmeester et  al. 2008). In the Zhang 
et al. study, it seems that SUMO2 is able to res-
cue the SUMO1 deficient mice. However, as the 
authors point out, their Sumo1 knockout mice are 
on a different genetic background to the animals 
described by Alkuraya et al. (2006) and a differ-
ent set of genetic modifiers might be involved. 
This is not unusual when comparing inbred labo-
ratory strains as evidenced by the differences to 
palate defects seen in C57BL/6  J Eya−/− mice 
compared to those seen for 129/Sv and Balb/C 
Eya1−/− mice (Xu et al. 1999b). Perhaps most sig-
nificantly, the type of gene disruption is also dif-
ferent in the two reports. Unlike the targeted 
homologous gene targeting strategy employed by 
Zhang et al. (2008), Alkuraya et al. (2006) used 
mice generated using a gene trapping strategy, 
which can be leaky through processes such as 
mis-splicing (Galy et al. 2004). Whilst it is pos-
sible that a gain of function mutant may have 
been generated, it is also possible that the level of 
available SUMO1 protein may impact on the 
ability of other SUMO paralogs to compensate. 
Alternatively, environmental variables such as 
diet or stress factors may differ between laborato-
ries and are not taken into account.

These ideas were further brought into ques-
tion by a third study, where Evdokimov et  al. 
(2008) investigated an independent Sumo1 

GeneTrap (XA024). It was found that resulting 
homozygous mice were phenotypically normal. 
This could partially be explained by alternate 
splicing leading to leaky translation, albeit of a 
protein lacking 25 amino acids which was pre-
dicted to be a loss-of-function allele. Interestingly, 
like Zhang et al. (2008), these authors also found 
that RanGAP1 sumoylation could be compen-
sated for by SUMO2/3  in the absence or down 
regulation of SUMO1  in the XA024 GeneTrap. 
In order to try to resolve the developmental 
inconsistencies, Evdokimov et  al., went on to 
reinvestigate the original GeneTrap mice derived 
from the same RRQ016 ES cells used by Alkuraya 
et al. (2006). Surprisingly, they found that these 
mice were normal and fertile. However, a possi-
ble explanation to the lack of phenotype was a 
complex rearrangement at this locus, potentially 
disrupting the GeneTrap. This was supported by 
the detection of normal SUMO1-RanGAP1 con-
jugation in these animals. They surmise that an 
independent mutation of another gene may have 
been present and the fundamental cause in the 
mice analysed by Alkuraya et al. (2006). It now 
appears that SUMO2 is the most important iso-
form during development, where embryonic defi-
ciency in mice resulted in severe developmental 
delay and death at around E10.5 (Wang et  al. 
2014). As previously suggested by Zhang et al. 
(2008) and Evdokimov et  al. (2008), SUMO2 
appears to have some ability to compensate for 
loss of other SUMO isoforms, all though the 
reciprocal arrangement is less obvious. Moreover, 
the precise role of the SUMO pathway in embry-
onic development still remains to be fully eluci-
dated since embryos deficient for other 
components of the SUMO regulatory machinery 
are observed to result in lethality at different 
stages of embryonic development, presumably 
acting through different mechanisms (Nacerddine 
et al. 2005; Cheng et al. 2007; Kang et al. 2010; 
Sharma et al. 2013).

Despite the controversies over the effect of 
SUMO1 in mice, independent evidence for a role 
in cleft lip and palate has come from genetic 
studies in human CL/P cohorts. It was noted that 
2q32-q33 where the SUMO1 gene resides was 
previously reported as a region where copy 
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number variants or translocations were impli-
cated in craniofacial dysmorphology (Brewer 
et  al. 1998, 1999; Van Buggenhout  et al. 2005; 
Shi et  al. 2009). The 2q32-q35 locus was also 
was identified by a meta-analysis of GWAS stud-
ies for NSCL/P (Marazita et al. 2004). Therefore, 
along with the Alkuraya et al. (2006) report, these 
collective findings prompted a closer look at the 
SUMO1 locus, primarily by association studies. 
The first of these was from Song et  al. (2008), 
who reported a positive association with NSCLP 
especially between a common haplotype of 4 
SNPs within the SUMO1 gene. This was fol-
lowed by several further reports finding either 
association (Carter et  al. 2010; Jia et  al. 2010; 
Guo et  al. 2012), borderline association 
(Mostowska et  al. 2010) or no association (de 
Assis et al. 2011; Carta et al. 2012). In addition, 
de Assis et  al. Sanger-sequenced SUMO1 in a 
cohort of NSCL/P patients as did Carta et al. who 
also included SUMO2, SUMO3, PIAS1 and 
PIAS2 but both failed to identify sequence vari-
ants that could be implicated as disease causing. 
To analyse these apparently conflicting results 
further, a meta-analysis including 1381 NSCL/P 
patients and 2054 controls reports empirical evi-
dence implicating a role for SUMO1 in the etiol-
ogy of NSCL/P in both Caucasian and Asian 
populations (Tang et al. 2014).

19.3	 �Sumoylation Regulates 
Craniofacial Developmental 
Genes

The underlying cause of cleft lip and/or cleft pal-
ate (CL/P) has been the subject of a great deal of 
attention (Murray and Schutte 2004: Stanier and 
Moore 2004; Lidral and Moreno 2005; Setó–
Salvia and Stanier 2014). In general, oral clefts 
can be classified as non-syndromic (NS) when 
they occur as isolated defects or syndromic, when 
they occur together with one or more other anom-
aly. The underlying cause of NSCL/P still remain 
elusive, partly because they appear to be a sensi-
tive developmental effect accruing from many 
different genetic and environmental factors. 
Consequently, any large collection of patients is 

likely to be extremely heterogeneous and refrac-
tory to the standard techniques of genome wide 
association studies frequently employed to inves-
tigate their aetiology. The study of syndromic 
cases has been much more successful since it has 
been possible to categorise patients more accu-
rately according to the presence of a second phe-
notypic feature, such as hypodontia, lip pits, 
ectodermal dysplasia or ankyloglossia (Stanier 
and Moore 2004). This has allowed specific 
genes and etiologic mutations to be identified, 
but has also had the bonus of identifying the 
molecular basis of some forms of NSCL/P too, 
most notably for IRF6 (Kondo et  al. 2002) and 
TBX22 (Braybrook et  al. 2001). In addition to 
the direct role of SUMO1 in lip and palate devel-
opment described above, it is now becoming 
apparent that many of the proteins associated 
with clefts are targets of SUMO modification 
(Table 19.1).

The sumoylated protein SATB2 is a homeo-
box transcription factor that was first implicated 
in NS cleft palate (NSCP) in a patient with a 
translocation in 2q32-q33 interrupting the gene 
(FitzPatrick et al. 2003). More recently mutations 
in SATB2 were found in syndromic patients with 
CP, osteoporosis and mental retardation 
(Leoyklang et al. 2007) as well as NSCP (Vieira 
et  al. 2005). Satb2 knockout mice also show a 
distinct CP phenotype combined with skeletal 
defects (Dobreva et  al. 2006). SATB2 has been 
shown to require SUMO conjugation to mediate 
its sub-nuclear localisation, protein stability and 
its transcriptional activity as a repressor (Dobreva 
et al. 2006).

Another sumoylation target that can result in 
CL/P when mutated is the MSX1 homeobox 
transcription factor. Initially, a transgenic mouse 
devoid of Msx1 was found to have a CP pheno-
type as well as hypodontia (Satokata and 
Mass1994). As a result, this gene was considered 
a good candidate in a 3 generation Dutch family 
who presented with combinations of tooth agen-
esis and CP or CLP. This was confirmed by the 
finding of a nonsense mutation (S105X) which 
segregated with the affected family members 
(van den Boogaard et  al. 2000). Since then, 
numerous studies have investigated MSX1 as a 
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candidate gene for NSCL/P, both by direct 
sequencing of patient DNA and in association 
studies (Lidral and Moreno 2005). It has been 
suggested that mutations in MSX1 account for up 
to 2% of all CL/P (Jezewski et  al. 2003). Like 
SATB2, MSX1 is a transcriptional repressor 
(Gupta and Bei 2006). Studies suggest that 
sumoylation is not only required for their repres-
sion activity but also plays an important role in 
sub-nuclear localisation (Lee et al. 2006). Thus, 
the mode of action might be through appropriate 
access to its target genes during the period of cra-
niofacial development.

By contrast, TP63, a p53 homolog, is a tran-
scriptional activator, which has several isoforms 
associated with different disorders affecting ecto-
dermal dysplasia, limb malformations and CL/P 
(Ghioni et  al. 2005). These include split hand/
foot malformation (SHFM4), ectodermal dyspla-
sia and CL/P syndrome (EEC3), ankyloblepharon-
ectodermal defects-cleft lip/palate syndrome 
(AEC), Limb mammary syndrome (LMS) and 
Rapp-Hodgkin syndrome (RHS). Mice deficient 
for Tp63 have previously been described with 
severe craniofacial, limb and skin abnormalities, 
reflecting loss of the ectodermal cell lineage 
(Mills et  al. 1999; Yang et  al. 1999). A recent 
description of the craniofacial defects in mice 
deficient for Tp63, showed that they had bilateral 
cleft lip and cleft palate, which at least in part 
resulted from downstream effects on Bmp4, Fgf8 
and Shh expression (Thomason et  al. 2008). 
Numerous mutations have been identified 
throughout the gene, with some evidence of 
genotype-phenotype correlations (Rinne et  al. 
2007). The prevalence of a cleft phenotype varies 
from 30–80% between these syndromes, whereas 
mutations in TP63 are also found in NSCL/P 
patients (Rinne et al. 2007). SUMO1 conjugation 
of TP63 regulates its transcriptional activity and 
protein stability but not its intracellular localiza-
tion (Ghioni et  al. 2005). Several studies have 
now shown that naturally occurring mutations 
alter its sumoylation potential thereby strongly 
upregulating its normal transcriptional activity 
(Ghioni et al. 2005; Huang et al. 2004).

TBX22 is another SUMO1 target, and this 
modification has a profound regulatory effect on 

its transcriptional activity (Andreou et al. 2007). 
Mutations in TBX22 were first identified follow-
ing the study of several large X-linked families 
(CPX) and then later in collections of isolated CP 
patients with insufficient family history to predict 
inheritance (Braybrook et  al. 2001; Marçano 
et al. 2004). Mutations are found in 4–8% of all 
NSCP patients and, as expected for an X-linked 
condition, males carrying mutations are most 
severely affected although 17% of heterozygous 
females also exhibit CP (Marçano et  al. 2004; 
Suphapeetiporn et  al. 2007). TBX22 has been 
shown to function as a transcriptional repressor 
with SUMO1 conjugation a necessary require-
ment for this activity. Functional studies show 
that most missense mutations in the T-box inter-
fere with DNA-binding, while sumoylation and 
transcriptional repression are also compromised 
(Andreou et  al. 2007). None of the mutations 
were located close to the K63 site of SUMO 
attachment though, which suggests a more gen-
eral mechanism may be involved. In this case, a 
more subtle effect on protein conformation might 
inhibit the process of SUMO conjugation, lead-
ing to loss of TBX22 function and the resulting 
CP phenotype. The recruitment of transcriptional 
co-factors by SUMO and/or the modified protein 
seems a likely mechanism, although SUMO 
interacting motifs (SIMs) haven’t been identified 
in the TBX22 protein yet. This may affect the 
remodelling of the chromatin structure, resulting 
in loss of transcriptional repression. These pro-
posed mechanisms might also explain why a low-
level sumoylation can be sufficient 
(Geiss-Friedlander and Melchior 2007).

19.4	 �Sumo in Developmental 
Pathways and Syndromes

The importance of SUMO1 for normal craniofa-
cial development in addition to lip and palate for-
mation has also been demonstrated through 
effects both on specific genes and signalling 
pathways, For example, the Xenopus SUMO1 
(XSUMO-1) specific knockdown, using a mor-
pholino antisense oligonucleotide, showed a 
striking effect, significantly decreasing body axis 
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formation and causing microcephaly (Yukita 
et al. 2007). These results appeared to be associ-
ated with an inhibitory effect on activin/nodal 
signalling since injection of XSUMO-1-MO sup-
pressed expression of activin-response genes 
such as Xbra, XGoosecoid and Chordin. 
Meanwhile the observed down regulation was 
clearly rescued by myc-XSUMO-1 mRNA. 
Goosecoid (Gsc) has itself been identified as 
post-translationally modified by SUMO in mice, 
(Izzi et al. 2008), while it is known to be essential 
for the development of mesenchymal-derived 
craniofacial tissues, with its deletion mainly 
causing skeletal defects (Rivera-Perez et  al. 
1999).

The Wnt pathway is essential for correct 
migration of cranial neural crest cells during 
development. Wnt signalling molecules Axin, 
LEF1 and Tcf4 are all modified by Sumo, sug-
gesting that Wnt signal transduction is directly 
regulated by sumoylation (Rui et  al. 2002; 
Sachdev et  al. 2001; Yamamoto et  al. 2003). 
Axin, which acts as a scaffold protein in the 
canonical Wnt signaling, effectively down-
regulates β-catenin but fails to activate JNK when 
mutated at the SUMO attachment site (Rui et al. 
2002). The Wnt activated transcription factors 
LEF1 and Tcf4 are oppositely affected, with 
sumoylation of LEF1 inhibiting its transcription 
activity, while sumoylation of Tcf4 promotes it 
(Sachdev et  al. 2001; Yamamoto et  al. 2003). 
More recently, over expression of the SUMO-
specific protease XSENP1 was found to cause 
head defects in Xenopus embryos as a conse-
quence of suppressing Wnt signaling (Yukita 
et al. 2004).

The process of sumoylation also plays an 
important role in the regulation of Tgfβ signal-
ling and includes both Smad3 and Smad4 as 
direct targets (Lin et al. 2003). Ubc9 is known to 
promote the stability of Smad4 and the nuclear 
accumulation of Smad1 in osteoblast-like Saos-2 
cells (Lin et al. 2003; Shimada et al. 2008) with 
overexpression of E3 ligases upregulating 
Smad4- or TGFβ -mediated transcriptional activ-
ity (Lin et al. 2003; Long et al. 2004; Liang et al. 
2004). SUMO1 conjugation of Smad4 also 
recruits the binding of the transcriptional core-

pressor, Daxx through its SIM, which downregu-
lates its transcriptional activity (Chang et  al. 
2005). In Xenopus, XPIASy interacts with 
XSmad2, which enhances its sumoylation, and 
suppresses its activity required for proper meso-
derm induction (Daniels et al. 2004). These find-
ings together suggested that sumoylation of 
Smads is important for mesoderm formation in 
Xenopus development. The oncoproteins, c-Ski 
and related SnoN potently repress Tgfβ signaling 
through interaction with Smads. Their overex-
pression can result in the induction of skeletal 
muscle differentiation. SnoN is now also known 
to be sumoylated (Hsu et  al. 2006; Wrighton 
et al. 2007). However, SUMO modification itself 
does not alter its ability to repress Tgfβ signaling, 
instead, it is loss of sumoylation that activates 
muscle-specific gene expression. Sumoylation of 
the TGFβ receptor, TGFbRI, meanwhile, con-
trols responsiveness to TGFβ (Kang et al. 2008), 
with implications for tumor progression, although 
its role in embryonic development is yet to be 
investigated.

There are also a number of other human syn-
dromes with a craniofacial involvement that 
involve sumoylated proteins. TRPS1, named after 
tricho-rhino-phalangeal syndrome (TRPS) is also 
a transcriptional repressor whose function 
depends on sumoylation (Kaiser et  al. 2007). 
Mutations in TRPS1 result in characteristic skel-
etal and craniofacial malformations including a 
bulbous nose tip and a long and flat philtrum 
(Momeni et al. 2000). Mice that are heterozygous 
for deletions of the Trps1 GATA-DNA binding 
domain display facial abnormalities that overlap 
with those seen in human patients, and consis-
tently have a high-arched palate (Malik et  al. 
2002).

Several members of the Sox protein family are 
sumoylated and also function in craniofacial 
development include Sox2 which is important in 
eye development and can result in anophthalmia 
(Tsuruzoe et al. 2006), Sox9 and Sox10, which 
are both important for neural crest migration and 
inner ear development (Taylor and Labonne 
2005).

The DNA methyltransferase 3B 
(DNMTDNMTs3B) gene is mutated in 
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immunodeficiency, centromere instability, and 
facial anomalies (ICF) syndrome (Xu et  al. 
1999a; Hansen et al. 1999). It has been demon-
strated that Dnmt3b is post translationally modi-
fied by SUMO1 (Kang et al. 2001). Most reported 
ICF mutations of DNMT3B are missense changes 
in the C-terminal region, which directly reduce 
enzymatic activity, however, one exception is the 
S270P mutation, which has been shown to abro-
gate SUMO1 attachment (Park et  al. 2008). It 
appears that S270 is important for a non-covalent 
interaction with SUMO1 and is also the location 
for interaction with the E3 ligase, PIAS1. 
Interestingly, the interactions between DNMT3B 
and either PIAS1 or SUMO1 are inversely 
affected by increasing concentrations of H2O2 
treatment, emulating conditions of oxidative 
stress.

19.5	 �Sumo, Stress, and CL/P

An environmental component to orofacial clefts 
has long been recognised with an estimated 
50–75% of cases having no recognisable familial 
history, and monozygotic twins are only concor-
dant for the phenotype approximately 40% of the 
time (Murray 2002; Wyszynski et al. 1996). It is 
clear that although the interactions between 
genes and the environment that are crucial in 
CL/P development remain elusive, they do con-
verge on the same developmental pathways 
(Chakravarti and Little 2003). Environmental 
risk factors thought to play a role in NSCL/P 
include maternal alcohol use and smoking, 
whereas exposure to environmental toxins, such 
as dioxin, folic acid deficiency and increased 
vitamin A intake during pregnancy have also 
been suggested to induce syndromic craniofacial 
abnormalities such as CL/P (Murray 2002). 
Among these, a study on the effects of maternal 
smoking in 1244 cleft patients supported a role 
for genetic-environmental interactions in the 
pathogenesis of CL/P and suggested that detoxi-
fication gene variants were possible risk factors 
(Shi et al. 2007).

Interestingly, the process of SUMO modifica-
tion is known to be susceptible to environmental 

effects that are strikingly similar to some of the 
risk factors described for orofacial clefts. These 
include stresses such as heat shock, osmotic and 
oxidative stress conditions and viral infection, 
which all trigger changes to the cellular SUMO1 
conjugation/deconjugation pathway (Bossis and 
Melchior 2006; Tempe et al. 2008). Severe oxida-
tive stress is usually associated with an increase 
in SUMO1 conjugation but lower, more physio-
logically relevant concentrations of free radicals 
induce an almost complete loss of SUMO1 modi-
fication of target proteins (Bossis and Melchior 
2006). A study into the stress response of the 
transcription factor c-Myb shows that SUMO2/3, 
rather than SUMO1 conjugation can rapidly 
inactivate the transcriptional activity of the 
SUMO target (Sramko et  al. 2006). Although 
SUMO isoforms are similar, it is not clear 
whether SUMO1 and SUMO2/3 respond simi-
larly to stress within cells. There appears to be a 
developing link resulting from the interrelation-
ships of environmental stresses with both SUMO 
and CL/P risk. The finding that several genetic 
risk factors are regulated by SUMO modification, 
suggests that further investigation is warranted. 
This might initially focus on a destabilisation of 
the normal balance of expression and activity for 
genes such as TBX22, MSX1, SATB2 and TP63 
during early pregnancy that might provide a 
high-risk environment for CL/P occurrence.

19.6	 �Conclusions

As described in this chapter and elsewhere in this 
book, sumoylation is required for many cellular 
functions. From a developmental perspective, 
evidence suggests that formation of various cra-
niofacial structures, especially the upper lip and 
palate are sensitive to varying SUMO1 levels. 
Moreover, the efficiency of normal SUMO modi-
fication in response to local oxidative and osmotic 
conditions or infection status suggest a potential 
explanation as to how environmental factors may 
impact on this birth defect risk. These responses 
will need to be much more thoroughly investi-
gated, starting with cell based systems and ani-
mal models. It is not clear why proteins involved 

19  Sumoylation in Craniofacial Disorders



332

in craniofacial development are predominantly 
modified by SUMO1, as opposed to SUMO2/3 
has also not yet been addressed, especially since 
all of these SUMO paralogs are ubiquitously 
expressed. As demonstrated for the SUMO1 
knockout, SUMO2/3 do seem to be able to rescue 
the phenotype, at least in some circumstances 
(Zhang et al. 2008; Evdokimov et al. 2008). It is 
not yet known if these paralogs regularly share 
targets with SUMO1 or if there is a level of 
redundancy built in to act as a buffer against cata-
strophic developmental aberration. Another alter-
native explanation for discrepancies reported in 
different animal studies may include local expo-
sure to stress factors such as pathogen load. 
Global analyses of sumoylated proteins at differ-
ent stages and sites of development and under 
different environmental conditions can be used to 
investigate such effects. Nevertheless, taken 
together with current evidence from a variety of 
genes and networks, the process of SUMO pro-
tein modification can be seen to play an impor-
tant role in fine-tuning developmental events 
required for normal craniofacial morphogenesis. 
Given the dependency on the SUMO pathway 
during development, it is likely that we will see 
future research investigating the regulation of 
SUMO pathway enzymes as a means of deliver-
ing therapeutic and preventative treatments, 
potentially targeting craniofacial defects 
specifically.

References

Abdelhak S, Kalatzis V, Heilig R, Compain S, Samson D, 
Vincent C, Weil D, Cruaud C, Sahly I, Leibovici M, 
Bitner-Glindzicz M, Francis M, Lacombe D, Vigneron 
J, Charachon R, Boven K, Bedbeder P, Van Regemorter 
N, Weissenbach J, Petit C (1997) A human homologue 
of the Drosophila eyes absent gene underlies branchio-
oto-renal (BOR) syndrome and identifies a novel gene 
family. Nat Genet 15:157–164

Alkuraya FS, Saadi I, Lund JJ, Turbe-Doan A, Morton 
CC, Maas RL (2006) SUMO1 haploinsufficiency 
leads to cleft lip and palate. Science 313:1751

Andreou AM, Pauws E, Jones MC, Singh MK, Bussen M, 
Doudney K, Moore GE, Kispert A, Brosens JJ, Stanier 
P (2007) TBX22 missense mutations found in patients 
with X-linked cleft palate affect DNA binding, 

sumoylation, and transcriptional repression. Am 
J Hum Genet 81:700–712

Bossis G, Melchior F (2006) Regulation of SUMOylation 
by reversible oxidation of SUMO conjugating 
enzymes. Mol Cell 21:349–357

Braybrook C, Doudney K, Marçano AC, Arnason A, 
Bjornsson A, Patton MA, Goodfellow PJ, Moore GE, 
Stanier P (2001) The T-box transcription factor gene 
TBX22 is mutated in X-linked cleft palate and ankylo-
glossia. Nat Genet 29:179–183

Brewer C, Holloway S, Zawalnyski P, Schinzel A, 
FitzPatrick D (1998) A chromosomal deletion map of 
human malformations. Am J  Hum Genet 
63:1153–1159

Brewer CM, Leek JP, Green AJ, Holloway S, Bonthron 
DT, Markham AF, FitzPatrick DR (1999) A locus for 
isolated cleft palate, located on human chromosome 
2q32. Am J Hum Genet 65:387–396

Carta E, Pauws E, Thomas AC, Mengrelis K, Moore GE, 
Lees M, Stanier P (2012) Investigation of SUMO 
pathway genes in the etiology of nonsyndromic cleft 
lip with or without cleft palate. Birth Defects Res A 
Clin Mol Teratol 94:459–463

Carter TC, Molloy AM, Pangilinan F, Troendle JF, Kirke 
PN, Conley MR, Orr DJ, Earley M, McKiernan E, 
Lynn EC, Doyle A, Scott JM, Brody LC, Mills JL 
(2010) Testing reported associations of genetic risk 
factors for oral clefts in a large Irish study population. 
Birth Defects Res A Clin Mol Teratol 88:84–93

Chakravarti A, Little P (2003) Nature, nurture and human 
disease. Nature 421:412–414

Chang CC, Lin DY, Fang HI, Chen RH, Shih HM (2005) 
Daxx mediates the small ubiquitin-like modifier-
dependent transcriptional repression of Smad4. J Biol 
Chem 280:10164–10173

Cheng J, Kang X, Zhang S, Yeh ET (2007) SUMO-
specific protease 1 is essential for stabilization of 
HIF1alpha during hypoxia. Cell 131:584–595

Crum TL, Okkema PG (2007) SUMOylation-dependant 
function of a T-box transcriptional repressor in 
Caenorhabditis elegans. Biochem Soc Trans 
35:1424–1426

Daniels M, Shimizu K, Zorn AM, Ohnuma S (2004) 
Negative regulation of Smad2 by PIASy is required 
for proper Xenopus mesoderm formation. Development 
131:5613–5626

de Assis NA, Nowak S, Ludwig KU, Reutter H, Vollmer 
J, Heilmann S, Kluck N, Lauster C, Braumann B, 
Reich RH, Hemprich A, Knapp M, Wienker TF, 
Kramer FJ, Hoffmann P, Nöthen MM, Mangold E 
(2011) SUMO1 as a candidate gene for non-syndromic 
cleft lip with or without cleft palate: no evidence for 
the involvement of common or rare variants in Central 
European patients. Int J  Pediatr Otorhinolaryngol 
B75:49–52

Dobreva G, Chahrour M, Dautzenberg M, Chirivella L, 
Kanzler B, Fariñas I, Karsenty G, Grosschedl R (2006) 
SATB2 is a multifunctional determinant of craniofa-

E. Pauws and P. Stanier



333

cial patterning and osteoblast differentiation. Cell 
125:971–986

Eifler K, Vertegaal ACO (2015) Mapping the SUMOylated 
landscape. FEBS J 282:3669–3680

Evdokimov E, Sharma P, Lockett SJ, Lualdi M, Keuhn 
MR (2008) Loss of SUMO1 in mice affects RanGAP1 
localization and formation of PML nuclear bodies, but 
is not lethal as it can be compensated by SUMO2 or 
SUMO3. J Cell Sci 121:4106–4113

FitzPatrick DR, Carr IM, McLaren L, Leek JP, Wightman 
P, Williamson K, Gautier P, McGill N, Hayward C, 
Firth H, Markham AF, Fantes JA, Bonthron DT (2003) 
Identification of SATB2 as the cleft palate gene on 
2q32-q33. Hum Mol Genet 12:2491–2501

Galy B, Ferring D, Benesova M, Benes V, Hentze MW 
(2004) Targeted mutagenesis of the murine IRP1 and 
IRP2 genes reveals context- RNA processing differ-
ences in vivo. RNA 10:1019–1025

Geiss-Friedlander R, Melchior F (2007) Concepts in 
sumoylation: a decade on. Nat Rev Mol Cell Biol 
8:947–956

Ghioni P, D’Alessandra Y, Mansueto G, Jaffray E, Hay 
RT, La Mantia G, Guerrini L (2005) The protein stabil-
ity and transcriptional activity of p63alpha are regu-
lated by SUMO-1 conjugation. Cell Cycle 4:183–190

Guo S, Zhang G, Wang Y, Ma J, Ren H, Zhao G, Li Y, Shi 
B, Huang Y (2012) Association between small 
ubiquitin-related modifier-1 gene polymorphism and 
non-syndromic oral clefting. West China J  Stomatol 
30:97–102

Gupta V, Bei M (2006) Modification of Msx1 by SUMO-
1. Biochem Biophys Res Commun 345:74–77

Hansen RS, Wijmenga C, Luo P, Stanek AM, Canfield 
TK, Weemaes CMR, Gartler SM (1999) The DNMT3B 
DNA methyltransferase gene is mutated in the ICF 
immunodeficiency syndrome. Proc Natl Acad Sci  
U S A 96:14412–14417

Hsu YH, Sarker KP, Pot I, Chan A, Netherton SJ, Bonni S 
(2006) Sumoylated SnoN represses transcription in a 
promoter-specific manner. J  Biol Chem 
281:33008–33018

Huang YP, Wu G, Guo Z, Osada M, Fomenkov T, Park 
HL, Trink B, Sidransky D, Fomenkov A, Ratovitski 
EA (2004) Altered sumoylation of p63alpha contrib-
utes to the split-hand/foot malformation phenotype. 
Cell Cycle 3:1587–1596

Izzi L, Narimatsu M, Attisano L (2008) Sumoylation dif-
ferentially regulates Goosecoid-mediated transcrip-
tional repression. Exp Cell Res 314:1585–1594

Jezewski PA, Vieira AR, Nishimura C, Ludwig B, Johnson 
M, O’Brien SE, Daack-Hirsch S, Schultz RE, Weber 
A, Nepomucena B, Romitti PA, Christensen K, Orioli 
IM, Castilla EE, Machida J, Natsume N, Murray JC 
(2003) Complete sequencing shows a role for MSX1 in 
non-syndromic cleft lip and palate. J  Med Genet 
40:399–407

Jia ZL, Li Y, Meng T, Shi B (2010) Association between 
polymorphisms at small ubiquitin-like modifier-1 and 
non-syndromic orofacial clefts in Western China. 
DNA Cell Biol 29:675–680

Kaiser FJ, Lüdecke HJ, Weger S (2007) SUMOylation 
modulates transcriptional repression by TRPS1. Biol 
Chem 388:381–390

Kang ES, Park CW, Chung JH (2001) Dnmt3b, de novo 
DNA methyltransferase, interacts with SUMO-1 and 
Ubc9 through its N-terminal region and is subject to 
modification by SUMO-1. Biochem Biophys Res 
Commun 289:862–868

Kang JS, Saunier EF, Akhurst RJ, Derynck R (2008) The 
I TGFb receptor is covalently modified and regulated 
by sumoylation. Nat Cell Biol 10:654–664

Kang X, Qi Y, Zuo Y, Wang Q, Zou Y, Schwartz RJ, 
Cheng J, Yeh ET (2010) SUMO-specific protease 2 is 
essential for suppression of polycomb group protein-
mediated gene silencing during embryonic 
development. Mol Cell 38:191–201

Kondo S, Schutte BC, Richardson RJ, Bjork BC, Knight 
AS, Watanabe Y, Howard E, de Lima RL, Daack-
Hirsch S, Sander A, McDonald-McGinn DM, Zackai 
EH, Lammer EJ, Aylsworth AS, Ardinger HH, Lidral 
AC, Pober BR, Moreno L, Arcos-Burgos M, Valencia 
C, Houdayer C, Bahuau M, Moretti-Ferreira D, 
Richieri-Costa A, Dixon MJ, Murray JC (2002) 
Mutations in IRF6 cause Van der Woude, and popliteal 
pterygium syndromes. Nat Genet 32:285–289

Lee H, Quinn JC, Prasanth KV, Swiss VA, Economides 
KD, Camacho MM, Spector DL, Abate-Shen C (2006) 
PIAS1 confers DNA-binding specificity on the Msx1 
homeoprotein. Genes Dev 20:784–794

Leoyklang P, Suphapeetiporn K, Siriwan P, Desudchit T, 
Chaowanapanja P, Gahl WA, Shotelersuk V (2007) 
Heterozygous nonsense mutation SATB2 associated 
with cleft palate, osteoporosis, and cognitive defects. 
Hum Mutat 28:732–738

Liang M, Melchior F, Feng XH, Lin H (2004) Regulation 
of Smad4 sumoylation and transforming growth 
factor-beta signalling by protein inhibitor of activated 
STAT1. J Biol Chem 279:22857–22865

Lidral AC, Moreno LM (2005) Progress toward discern-
ing the genetics of cleft lip. Curr Opin Pediatr 
17:731–739

Lin X, Liang M, Liang YY, Brunicardi FC, Melchior F, 
Feng XH (2003) Activation of transforming growth 
factor-beta signaling by SUMO-1 modification of 
tumor suppressor Smad4/DPC4. J  Biol Chem 
278:18714–18719

Long J, Wang G, He D, Liu F (2004) Repression of Smad4 
transcriptional activity by SUMO modification. 
Biochem J 379:232–229

Malik TH, Von Stechow D, Bronson RT, Shivdasani RA 
(2002) Deletion of the GATA domain of TRPS1 causes 
an absence of facial hair and provides new insights 
into the bone disorder in inherited tricho-rhino-
phalangeal syndromes. Mol Cell Biol 22:8592–8600

Marazita ML, Murray JC, Lidral AC, Arcos-Burgos M, 
Cooper ME, Goldstein T, Maher BS, Daack-Hirsch S, 
Schultz R, Mansilla MA, Field LL, Liu YE, Prescott 
N, Malcolm S, Winter R, Ray A, Moreno L, Valencia 
C, Neiswanger K, Wyszynski DF, Bailey-Wilson JE, 
Albacha-Hejazi H, Beaty TH, McIntosh I, Hetmanski 
JB, Tunçbilek G, Edwards M, Harkin L, Scott R, 

19  Sumoylation in Craniofacial Disorders



334

Roddick LG (2004) Meta-analysis of 13 genome scans 
reveals multiple cleft lip/palate genes with novel loci 
on 9q21 and 2q32-35. Am J Hum Genet 75:161–173

Marçano AC, Doudney K, Braybrook C, Squires R, Patton 
MA, Lees MM, Richieri-Costa A, Lidral AC, Murray 
JC, Moore GE, Stanier P (2004) TBX22 mutations are 
a frequent cause of cleft palate. J  Med Genet 
41:68–74

Meulmeester E, Kunze M, Hsiao HH, Urlab H, Melchior 
F (2008) Mechanisms and consequences for paralog-
specific sumoylation of ubiquitin-specific protease 25. 
MolCell 30:539–540

Mills AA, Zheng B, Wang XJ, Vogel H, Roop DR, 
Bradley A (1999) p63 is a p53 homologue required for 
limb and epidermal morphogenesis. Nature 
398:708–713

Momeni P, Glöckner G, Schmidt O, von Holtum D, 
Albrecht B, Gillessen-Kaesbach G, Hennekam R, 
Meinecke P, Zabel B, Rosenthal A, Horsthemke B, 
Lüdecke HJ (2000) Mutations in a new gene, encoding 
a zinc-finger protein, cause tricho-rhino-phalangeal 
syndrome type I. Nat Genet 24:71–74

Mostowska A, Hozyasz KK, Wojcicki P, Biedziak B, 
Paradowska P, Jagodzinski PP (2010) Association 
between genetic variants of reported candidate genes 
or regions and risk of cleft lip with or without cleft 
palate in the polish population. Birth Defects Res A 
Clin Mol Teratol 88:538–545

Murray JC (2002) Gene/environment causes of cleft lip 
and/or palate. Clin Genet 61:248–256

Murray JC, Schutte BC (2004) Cleft palate: players, path-
ways, and pursits. J Clin Invest 12:1676–1678

Nacerddine K, Lehembre F, Bhumik M, Artus J, Cohen-
Tannoudji M, Babinet C, Pandolfi PP, Dejean A (2005) 
The SUMO pathway is essential for nuclear integrity 
and chromosome segregation in mice. Dev Cell 
9:769–799

Park J, Kim TY, Jung Y, Song SH, Oh DY, Im SA, Bang 
YJ (2008) DNA methyltransferase 3B mutant in ICF 
syndrome interacts non-covalently with SUMO-1. 
J Mol Med 86:1269–1277

Pauws E, Stanier P (2007) FGF signalling and SUMO 
modification: new players in the aetiology of cleft lip 
and/or palate. Trends Genet 12:631–640

Rinne T, Brunner HG, van Bokhoven H (2007) p63-
associated disorders. Cell Cycle 6:262–268

Rivera-Perez JA, Mallo M, Gendon-Maguire M, Gridley 
T, Behringer RR (1999) Goosecoid acts cell autono-
mously in mesenchyme-derived tissues during cranio-
facial development. Development 121:3005–3012

Roy Chowdhuri S, Crum T, Woollard A, Aslam S, 
Okkema PG (2006) The T-box transcription factor 
TBX-2 and the SUMO conjugating enzyme UBC-9 
are required for ABa-derived pharyngeal muscle in C. 
elegans. Dev Biol 295:664–677

Rui HL, Fan E, Zhou HM, Xu Z, Zhang Y, Lin SC (2002) 
SUMO-1 modification of the C-terminal KVEKVD of 
Axin is required for JNK activation but has no effect 
on Wnt signaling. J Biol Chem 277:42981–42986

Sachdev S, Bruhn L, Sieber H, Pichler A, Melchior F, 
Grosschedl R (2001) PIASy, a nuclear matrix-
associated SUMO E3 ligase, represses LEF1 activity 
by sequestration into nuclear bodies. Genes Dev 
15:3088–3103

Satokata I, Maas R (1994) Msx1 deficient mice exhibit 
cleft palate and abnormalities of craniofacial and tooth 
development. Nat Genet 6:348–356

Seeler JS, Dejean A (2003) Nuclear and unclear functions 
of SUMO. Nat Rev Mol Cell Biol 4:690–699

Setó–Salvia N, Stanier P (2014) Genetics of cleft lip and/
or cleft palate: association with other common anoma-
lies. Eur J Med Genet 57:381–393

Sharma P, Yamada S, Lualdi M, Dasso M, Kuehn MR 
(2013) Senp1 is essential for desumoylating Sumo1-
modified proteins but dispensable for Sumo2 and 
Sumo3 deconjugation in the mouse embryo. Cell Rep 
3:1640–1650

Shi M, Christensen K, Weinberg CR, Romitti P, Bathum 
L, Lozada A, Morris RW, Lovett M, Murray JC (2007) 
Orofacial cleft risk is increased with maternal smok-
ing and specific detoxification-gene variants. Am 
J Hum Genet 80:76–90

Shi M, Mostowska A, Jugessur A, Johnson MK, Mansilla 
MA, Christensen K, Lie RT, Wilcox AJ, Murray JC 
(2009) Identification of microdeletions in candidate 
genes for cleft lip and/or palate. Birth Defects Res A 
Clin Mol Teratol 85:42–51

Shimada K, Suzuki N, Ono Y, Tanaka K, Maeno M, Ito K 
(2008) Ubc9 promotes the stability of SMad4 and the 
nuclear accumulation of Smad1  in osteoblast-like 
saos-2 cells. Bone 42:886–893

Song T, Li G, Jing G, Jiao X, Shi J, Zhang B, Wang L, Ye 
X, Cao F (2008) SUMO1 polymorphisms are associ-
ated with non-syndromic cleft lip with or without cleft 
palate. Biochem Biophys Res Commun 
377:1265–1268

Sramko M, Markus J, Kabát J, Wolff L, Bies J  (2006) 
Stress-induced inactivation of the c-Myb transcription 
factor through conjugation of SUMO-2/3 proteins. 
J Biol Chem 281:40065–40075

Stanier P, Moore GE (2004) Genetics of cleft lip and pal-
ate: syndromic genes contribute to the incidence of 
non-syndromic clefts. Hum Mol Genet 13:R73–R81

Suphapeetiporn K, Tongkobpetch S, Siriwan P, 
Shotelersuk V (2007) TBX22 mutations are a frequent 
cause of non-syndromic cleft palate in the Thai popu-
lation. Clin Genet 72:78–83

Tang MR, Wang YX, Han SY, Guo S, Wang D (2014) 
SUMO1 genetic polymorphisms may contribute to the 
risk of nonsyndromic cleft lip with or without palate: a 
meta-analysis. Genet Test Mol Biomarkers 
18:616–624

Taylor KM, Labonne C (2005) SoxE factors function 
equivalently during neural crest and inner ear develop-
ment and their activity is regulated by SUMOylation. 
Dev Cell 9:593–603

Tempe D, Piechaczyk M, Bossis G (2008) SUMO under 
stress. Biochem Soc Trans 36:874–878

E. Pauws and P. Stanier



335

Thomason HA, Dixon MJ, Dixon J (2008) Facial clefting 
in Tp63 deficient mice results from altered Bmp4, 
Fgf8 and Shh signalling. Dev Biol 321:273–282

Tsuruzoe S, Ishihara K, Uchimura Y, Watanabe S, Sekita 
Y, Aoto T, Saitoh H, Yuasa Y, Niwa H, Kawasuji M, 
Baba H, Nakao M (2006) Inhibition of DNA binding 
of Sox2 by the SUMO conjugation. Biochem Biophys 
Res Commun 351:920–926

Van Buggenhout G, Van Ravenswaaij-Arts C, Mc Maas 
N, Thoelen R, Vogels A, Smeets D, Salden I, Matthijs 
G, Fryns JP, Vermeesch JR (2005) The del(2)
(q32.2q33) deletion syndrome defined by clinical and 
molecular characterization of four patients. Eur J Med 
Genet 48:276–289

Van den Boogaard M-JH, Dorland M, Beemer FA, van 
Amstel HKP (2000) MSX1 mutation is associated 
with orofacial clefting and tooth agenesis in humans. 
Nat Genet 24:342–343

Vieira AR, Avila JR, Daack-Hirsch S, Dragan E, Félix 
TM, Rahimov F, Harrington J, Schultz RR, Watanabe 
Y, Johnson M, Fang J, O’Brien SE, Orioli IM, Castilla 
EE, Fitzpatrick DR, Jiang R, Marazita ML, Murray JC 
(2005) Medical sequencing of candidate genes for 
nonsyndromic cleft lip and palate. PLoS Genet 1:e64

Wang L, Wansleeben C, Zhao S, Miao P, Paschen W, Yang 
W (2014) SUMO2 is essential while SUMO3 is dis-
pensable for mouse embryonic development. EMBO 
Rep 15:878–885

Wrighton KH, Liang M, Bryan B, Luo K, Liu M, Feng 
XH, Lin X (2007) Transforming growth factor-beta-
independent regulation of myogenesis by SnoN 
sumoylation. J Biol Chem 282:6517–6524

Wyszynski DF, Beaty TH, Maestri NE (1996) Genetics of 
nonsyndromic oral clefts revisited. Cleft Palate 
J 33:406–417

Xu GL, Bestor TH, Bourc’his D, Hsieh CL, Tommerup N, 
Bugge M, Hulten M, Qu X, Russo JJ, Viegas-
Pequignot E (1999a) Chromosome instability and 
immunodeficiency syndrome caused by mutations in a 
DNA methyltransferase gene. Nature 402:187–191

Xu P-X, Adams J, Peters H, Brown MC, Heaney S, Maas 
R (1999b) Eya1-deficient mice lack ears and kidneys 
and show abnormal apoptosis of organ primordia Nat. 
Gen Dent 23:113–117

Yamamoto H, Ihara M, Matsuura Y, Kikuchi A (2003) 
Sumoylation is involved in β-catenin-dependent acti-
vation of Tcf-4. EMBO J 22:2047–2059

Yang A, Schweitzer R, Sun D, Kaghad M, Walker N, 
Bronson RT, Tabin C, Sharpe A, Caput D, Crum C, 
McKeon F (1999) p63 is essential for regenerative 
proliferation in limb, craniofacial and epithelial devel-
opment. Nature 398:714–718

Yukita A, Michiue T, Asashima M, Sakurai K, Yamamoto 
H, Ihara M, Kikuchi A, Asashima M (2004) XSENP1, 
a novel SUMO-specific protease in Xenopus, inhibits 
normal head formation by down-regulation of Wnt/β--
catenin signalling. Genes Cells 9:723–736

Yukita A, Michiue T, Danno H, Asashima M (2007) 
XSUMO-1 is required for normal mesoderm induction 
and axis elongation during early Xenopus develop-
ment. Dev Dyn 236:2757–2766

Zhang F-P, Mikkonen L, Toppari J, Palvimo JJ, Thesleff I, 
Janne OA (2008) SUMO-1 function is dispensable in nor-
mal mouse development. Mol Cell Biol 28:5381–5390

19  Sumoylation in Craniofacial Disorders


	19: Sumoylation in Craniofacial Disorders
	19.1	 Key Role for Sumo in Development
	19.2	 Sumo1 Haploinsufficiency Causes Cleft Lip and/or Palate
	19.3	 Sumoylation Regulates Craniofacial Developmental Genes
	19.4	 Sumo in Developmental Pathways and Syndromes
	19.5	 Sumo, Stress, and CL/P
	19.6	 Conclusions
	References


