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ABSTRACT: Adams–Oliver syndrome (AOS) is char-
acterized by the association of aplasia cutis congenita
with terminal transverse limb defects, often accompa-
nied by additional cardiovascular or neurological features.
Both autosomal-dominant and autosomal-recessive disease
transmission have been observed, with recent gene discov-
eries indicating extensive genetic heterogeneity. Mutations
of the DOCK6 gene were first described in autosomal-
recessive cases of AOS and only five DOCK6-related fam-
ilies have been reported to date. Recently, a second type
of autosomal-recessive AOS has been attributed to EOGT
mutations in three consanguineous families. Here, we de-
scribe the identification of 13 DOCK6 mutations, the ma-
jority of which are novel, across 10 unrelated individuals
from a large cohort comprising 47 sporadic cases and 31
AOS pedigrees suggestive of autosomal-recessive inheri-
tance. DOCK6 mutations were strongly associated with
structural brain abnormalities, ocular anomalies, and in-
tellectual disability, thus suggesting that DOCK6-linked
disease represents a variant of AOS with a particularly
poor prognosis.
Hum Mutat 36:593–598, 2015. C© 2015 Wiley Periodicals, Inc.
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First described in 1945, Adams–Oliver syndrome (AOS) is char-
acterized by the combination of terminal transverse limb defects
(TTLD) and aplasia cutis congenita (ACC) typically located in
the midline parietal and/or occipital region of the scalp [Adams
and Oliver, 1945]. Structures underlying these defects (skull bones,
meninges, sinus) may also be involved. AOS is often associated
with additional congenital vascular anomalies such as cutis mar-
morata telangiectatica congenita, reported in around 20% of pa-
tients, pulmonary hypertension, and lesions of presumed vascular
etiology in other organs. Moreover, around 20% of patients with
AOS have congenital cardiac defects including – among others –
aortic valve anomalies, septal defects, and tetralogy of Fallot [Snape
et al., 2009]. The spectrum of congenital anomalies observed in AOS
has led to the hypothesis that disturbed vasculogenesis may underlie
this disorder [Swartz et al., 1999]. AOS is emerging as a very het-
erogeneous disorder, both clinically and genetically. To date, three
genes have already been identified as causative for the autosomal-
dominant form, namely, ARHGAP31 (MIM #610911; AOS1; MIM
#100300) [Southgate et al., 2011], RBPJ (MIM #147183; AOS3; MIM
#614814) [Hassed et al., 2012], and NOTCH1 (MIM #190198; AOS5;
MIM #616028) [Stittrich et al., 2014]. Two genes, DOCK6 (MIM
#614194; AOS2; MIM #614219) [Shaheen et al., 2011] and EOGT
(MIM #614789; AOS4; MIM #615297) [Shaheen et al., 2013], have
been reported in pedigrees with autosomal-recessive transmission
of AOS. Each of these genes apparently accounts for only a minor
proportion of patients. It is therefore likely that further AOS genes
will be identified in the future.

Homozygous or compound heterozygous DOCK6 mutations
have so far been reported in only four inbred Arab families [Shaheen
et al., 2011, 2013] and in a single sporadic patient [Lehman et al.,
2014], respectively. The DOCK6 protein belongs to the conserved
dedicator of cytokinesis family and has a role in remodeling the actin
cytoskeleton by acting as a guanine nucleotide exchange factor for
two members of the Rho GTPase family, Cdc42 and Rac1 [Miyamoto
et al., 2007]. This regulation of Cdc42 and Rac1 complements the
GTPase-activating protein (GAP) activity of the gene product of
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ARHGAP31 [Tcherkezian et al., 2006], mutations of which underlie
some autosomal-dominant cases of AOS [Southgate et al., 2011; Is-
rie et al., 2014], thus pointing at abnormal cytoskeleton remodeling
as one of the basic pathogenic mechanisms leading to AOS.

To further understand the role of DOCK6 in the etiology of
this disorder and to establish possible phenotype correlations, we
performed a comprehensive mutation screen of this gene in a large
and heterogeneous patient cohort. The study cohort consisted of 88
patients from 78 unrelated families recruited by the partners of the
AOS Collaborative Group. The presence of both ACC and TTLD
in at least one affected family member served as minimal clinical
inclusion criteria for this study, with the exception of one case that
has been previously published as a variant of AOS with cognitive
impairment, but without scalp defect [Brancati et al., 2008].
Additional physical abnormalities were reported in a considerable
proportion of patients and included cerebral (N = 19), ocular
(N = 13), neurodevelopmental (N = 25), and cardiac anomalies
(N = 14). Either sporadic cases of AOS (N = 47) or those with a
pedigree constellation suggestive of autosomal-recessive disease
transmission (N = 31) were included. Parental consanguinity and/or
the presence of multiple affected children of clinically unaffected
parents were regarded as possible indicators of autosomal-recessive
inheritance. Families with parent-child transmission of the
phenotype, suggesting autosomal-dominant inheritance were
excluded. DOCK6 mutation screening was performed by PCR
and conventional sequencing of all 48 coding exons and flanking
intronic regions (Supp. Materials and Methods). The study was
approved by the institutional review boards of the participating
centers, University of Magdeburg/Erlangen, Guy’s and St Thomas’
Hospitals London, and University of Antwerp. Written informed
consent was obtained from the patients and/or the parents. Muta-
tions, unclassified variants, and phenotype data were submitted to
the Leiden Open Variation Database (http://databases.lovd.nl/).

In this cohort, we detected 10 unrelated individuals with bial-
lelic sequence changes in DOCK6 that were classified as probable
pathogenic mutations. Seven of those patients were offspring of
consanguineous parents, two originated from nonconsanguineous
families with multiple affected children, and one was a sporadic case
with no known parental consanguinity (Supp. Fig. S1). The overall
proportion of DOCK6-related AOS across our complete cohort was
13%, with a frequency of 29% (9/31) among the families suggestive
of autosomal-recessive inheritance and 2% (1/47) in sporadic cases
with no parental consanguinity. Our findings thus underscore the
importance of DOCK6 as a gene for autosomal-recessive AOS. They
also suggest that a small proportion of apparently sporadic cases are
in fact recessive with DOCK6 as the underlying etiology.

The mutations observed in these 10 families included nonsense
(N = 1), missense (N = 4), frameshift (N = 4), and splice-site mu-
tations (N = 3), as well as one larger intragenic deletion–insertion
resulting in deletion of exons 42–47. The latter was identified
through the failure to amplify the terminal exons by PCR and
confirmed by focused MLPA and breakpoint sequencing (Supp. Fig.
S1, family 9). Eleven of these 13 mutations were novel and two have
been previously described as causative of AOS [Shaheen et al., 2011,
2013] (Fig. 1A; Supp. Table S1). Seven index patients had homozy-
gous mutations consistent with self-stated parental consanguinity,
whereas the remaining three had compound heterozygous changes.
Of the four missense mutations observed in this cohort, three were
homozygous in affected children from consanguineous families
(c.3047T>C, p.Leu1016Pro; c.3154G>A, p.Glu1052Lys; c.4786C>T,
p.Arg1596Trp) and one (c.788T>A, p.Val263Asp) occurred in
compound heterozygosity with a splice-site mutation on the second
allele. All four missense variations were classified as likely causative

mutations on the basis of conservation of the affected residue,
as assessed by various online prediction tools (Supp. Table S2).
Moreover, in the consanguineous family harboring the missense
mutation p.Leu1016Pro (c.3047T>C, family 1), previous homozy-
gosity mapping using a SNP array had been consistent with linkage
to the DOCK6 locus in the index patient, demonstrating a 22-Mb
stretch of autozygosity on chromosome 19 (data not shown). In one
pedigree (family 6), segregation of compound heterozygosity for
the missense mutation p.Val263Asp and a splice-site mutation on
the second allele (c.5939+2T>C) was confirmed in the two affected
siblings (Table 1; Supp. Fig. S1). Of the three splice-site mutations
observed in this study, one (c.4106+5G>T) is outside of the
canonical splice-site dinucleotide. Unfortunately, no appropriate
material could be obtained to prove the splicing effect on the mRNA
level. However, compound heterozygosity for this change and a
frameshift mutation on the other allele was found to segregate with
the phenotype in family 7 (Table 1; Supp. Fig. S1). Furthermore,
splice prediction tools consistently calculated that this change likely
abrogated splice donor function at this site (Supp. Table S3), thus
supporting the likely pathogenic role of this variation. To date, six
distinct DOCK6 mutations have been reported to underlie the AOS
type 2 (Fig. 1A; Supp. Table S1), with loss-of-function or expression
of the DOCK6 protein suggested as the basic pathogenic mechanism
[Shaheen et al., 2011, 2013; Lehman et al., 2014]. Taken together with
previous reports, this study demonstrates that DOCK6 mutations
are distributed over the entire gene with no obvious clustering to cer-
tain domains of the encoded protein (Fig. 1A). A deleterious effect
on the gene product is plausible for most of these changes, as they are
predicted to lead to either a truncated protein or nonsense-mediated
mRNA decay. However, the precise functional consequences of the
novel missense mutations presented here remain to be explored.

In addition to the pathogenic mutations described above, we also
identified 16 heterozygous DOCK6 sequence variations in our co-
hort, which remained as unclassified due to either uncertain clinical
significance or annotation in dbSNP (build 139) as rare variants
(MAF < 0.01) (Supp. Table S4). These variants included predicted
amino acid substitutions (N = 8), synonymous alterations in the
coding sequence (N = 5), and intronic substitutions within 20 bp of
the splice site (N = 3). None of these variations were unambiguously
classified as disease causing by prediction tools. Thirteen unrelated
sporadic cases harbored a single heterozygous unclassified DOCK6
variant, whereas two patients were found to have two or more vari-
ants. Of these, one case had inherited both variants (c.885C>T, p.( = )
and c.2104G>A, p.Gly702Ser) from the mother on the same allele
(data not shown). Another patient was found to harbor three unclas-
sified variants (c.885C>T, p.( = ); c.1289G>A, p.Arg430His; c.1833-
19C>G), the segregation of which could not be studied. Notably, this
patient was previously reported in the literature as a variant subtype
of AOS associated with cerebral anomalies, seizures, and severe MR,
but without ACC of the scalp [Brancati et al., 2008]. While most of
these variations are more likely to be nonpathogenic (Supp. Table
S5), we cannot fully exclude any contribution to the observed phe-
notype. Our mutation screening strategy did not assess mutations
of the promoter and intronic changes. We also did not systemat-
ically screen for larger genomic deletions/duplications. Therefore,
it remains possible that additional pathogenic variants may have
been missed in this cohort and that the given figure of the con-
tribution of DOCK6-related disease is somewhat underestimated.
However, for the DOCK6 mutation-negative patients originating
from consanguineous families, we can state that five had a previous
SNP array analysis showing no suggestive stretch of homozygosity
at the DOCK6 locus (data not shown). In two out of four fur-
ther subjects who had no previous homozygosity mapping, DOCK6
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Figure 1. A: DOCK6 protein with known functional domains and distribution of mutations. The protein contains two DOCK homology regions,
DHR-1 and DHR-2. DHR-1 spans about 200 amino acids at the N-terminal end of the protein, whereas DHR-2 is located toward the C-terminus
and has an approximate length of 500 amino acids [Cote and Vuori, 2002]. All currently known mutations are displayed according to their location
in the DOCK6 protein. Red represents nonsense mutations (N = 3), black indicates frameshift mutations (N = 5), missense mutations are shown
in green (N = 4), splice-site mutations are colored in orange (N = 4), and the blue line represents one large deletion insertion at the C-terminal
end of the DOCK6 protein-spanning exons 42–47. Novel mutations reported in this paper are written in italics. B: Clinical photographs of three
DOCK6-positive individuals with AOS from this cohort showing areas of alopecia on the vertex resulting from aplasia cutis congenita and terminal
defects of the digits of varying severity. C: Brain imaging of AOS patients with DOCK6 mutations. Cranial MRI of patient 2.1 at the age of 1 year:
T2-weighted axial section showing enlarged lateral ventricles and cerebral atrophy particularly affecting the frontal lobe, and contrast enhanced
T1-weighted median sagittal section illustrating thin corpus callosum and enlarged basal subarachnoid spaces. CT scan of patient 3.1 at the
age of 6 years: axial sections showing ventriculomegaly and periventricular calcifications, and orbital section showing right microphthalmia with
interocular hyperdensities representing retinal detachment and cystic malformation of the anterior chamber. T1-weighted MRI of patient 5.1 at
the age of 3 years: axial sections showing irregularly shaped and slightly dilated lateral ventricles. Axial CT scan of patient 6.1 in neonatal period
showing ventricular dilatation and multiple periventricular calcifications. Brain imaging of patient 10.1: CT scan at the age of 2 years showing
periventricular calcifications, and T2-weighted MRI axial section age 3 years showing irregularly shaped, slightly enlarged ventricles, and mild
atrophy of the brain. MRI, magnetic resonance imaging; CT, computed tomography.
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sequencing revealed at least one heterozygous SNP, whereas for two
cases, sequencing results were uninformative in excluding homozy-
gosity at the DOCK6 gene locus. Thus, at least for our consan-
guineous families, we can conclude that genes other than DOCK6
are very likely involved in the pathogenesis of AOS. Mutations of
the EOGT gene may account for part of our DOCK6-negative AOS
cases [Shaheen et al., 2013]; however, mutation screening of this
gene was not within the scope of this study. It also remains to be
seen whether further recessive AOS genes will be identified in due
course. Moreover, considering the inclusion criteria for this study,
it is possible that a proportion of our cohort may in fact represent
dominant de novo mutations or, in the case of affected siblings
with asymptomatic parents, autosomal-dominant inheritance with
incomplete penetrance.

The main clinical findings of the DOCK6-positive individuals
from our cohort are summarized in Table 1. Detailed clinical data
could be obtained from 10 patients originating from eight families.
The patients’ ages ranged between 1 week and 20 years (median
4.3 years). All except one affected individual from these families
had ACC of the scalp and TTLD of variable expression; patient
7.2 presented only with mild hypoplasia of toenails along with a
congenital heart defect, impaired vision, and mild cognitive im-
pairment, whereas his sister presented with classic AOS features
including ACC and TTLD. Across our DOCK6-positive cohort, the
limb defects ranged from minimal hypoplasia of terminal phalanges
to severe transverse reduction defects (Fig. 1B). Notably, aside from
ACC typically located on the scalp vertex, four patients had addi-
tional areas of ACC on the abdomen. Further associated anomalies,
primarily related to the nervous system, were present in all indi-
viduals carrying homozygous or compound heterozygous DOCK6
mutations. Specifically, all patients from whom sufficient data could
be obtained were reported with developmental delay or mental re-
tardation, ranging from mild to severe (Table 1). A broad range of
additional neurological abnormalities were reported in most cases,
including cerebral palsy, spasticity, contractures, and epilepsy. Only
one patient aged �4 years had achieved the ability to walk with-
out support. Behavioral abnormalities including autistic behavior
or temper tantrums were reported in two patients. Brain MRI or CT
had been performed for seven patients and was abnormal in all cases.
The most frequent changes observed on brain imaging included
ventriculomegaly, periventricular leukomalacia/calcifications, and
hypoplasia/atrophy of the corpus callosum (Table 1). Images from
five affected individuals are exemplarily shown in Figure 1C. Pa-
tient 4.1 underwent cerebral ultrasonography at 3 months of age,
which also showed ventriculomegaly. A further patient (6.2) was
previously reported with ventricular dilatation, partial agenesis of
the corpus callosum, and periventricular leukomalacia on autopsy
[Orstavik et al., 1995]. Where available, measurements of head cir-
cumference were in the microcephalic range for all eight patients.
Ocular anomalies including microphthalmia, retinal detachment,
and visual impairment were reported in all patients for whom clini-
cal information was obtainable. In contrast, cardiac anomalies were
observed in only three cases.

Taken together, the most striking phenotypic attribute of
DOCK6-related AOS in the presented cohort is the strong associ-
ation with important neurodevelopmental and ocular anomalies.
The pattern of neurological impairment and most of the reported
morphological changes (microcephaly, ventricular dilatation,
periventricular calcifications, cortical changes) are suggestive of a
disruptive vascular pathogenesis rather than a primary maldevel-
opment of the brain. Lesions classified as calcifications according to
density analysis may represent primary calcifications but can in fact
also have resulted from previous microbleeds. Likewise, the main

ocular anomalies observed in our DOCK6-positive patients, namely,
microphthalmia and retinal detachment, are compatible with a
disruptive vasculogenesis. The high prevalence of brain and eye ab-
normalities as well as the pattern of cerebral and ocular involvement
is in line with previous case reports (Table 1). However, the data on
the previously reported patients do not provide specific detail to def-
initely state that brain involvement is a constant feature in AOS type
2. While DOCK6 mutations are generally a rare cause of AOS, in our
cohort they accounted for 8/25 (32%) cases presenting with major
neurodevelopmental defects and for 9/19 (47%) cases with docu-
mented brain abnormalities. Taken together, these data suggest that
DOCK6 mutations are particularly responsible for a variant of AOS
characterized by ACC, TTLD plus cerebral, and ocular abnormali-
ties. The existence of such a variant was previously postulated nearly
20 years ago [Orstavik et al., 1995] and our study now confirms
that DOCK6 is indeed the gene responsible for the disease in that
family (family 6). The strong association of DOCK6 mutations with
anomalies of the brain and eye implies that deleterious effects on an-
giogenesis caused by DOCK6 deficiency also affect development of
these particular structures. In their review, Snape et al. (2009) con-
cluded that abnormal brain and ocular findings are more common
in autosomal-recessive AOS. It is becoming clear that the individuals
with DOCK6 mutations account for a substantial part for this obser-
vation. By contrast, among five patients with EOGT mutations, only
one patient was reported to have brain anomalies and no abnormal
ocular findings were reported in any subject [Shaheen et al., 2013].
Nonetheless, across our complete cohort, approximately two-thirds
of the AOS patients with major neurodevelopmental disorders
and about half of the cases with structural brain anomalies could
not be explained by DOCK6 mutations, thus suggesting that the
association with a neurological phenotype is not specific to AOS
type 2.

In summary, by presenting 10 novel families with DOCK6 muta-
tions, we substantially expand the clinical and mutational spectrum
of AOS type 2. Our findings provide independent corroboration
that mutations in DOCK6 are responsible for nearly one third of
autosomal-recessively inherited AOS and that this genetic entity also
accounts for a minority of sporadic cases. AOS type 2 is particularly
if not consistently associated with cerebral and ocular anomalies in
addition to ACC and TTLD. In patients with such a constellation of
symptoms, DOCK6 should therefore be the primary candidate gene
for molecular investigation.

Acknowledgments

The authors thank the participating families and the clinicians who recruited
patients to the European AOS Consortium (M. Aglam, L. Al-Gazali, D. Amor,
S. Beekman, F. Brancati, G. Breisch-Lotz, W. Coerdt, B. De Vries, J. Desir,
L. Fayol, L. Graul-Neumann, Z. Gucev, U. Hehr, M. Holder, D. Horn, E.
Jacquemin, S. Janssens, A. Kariminejad, E. Kinning, Y. Lacassie, C. Li, V.
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