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ABSTRACT

Background: Holoprosencephaly (HPE) is the most
common structural malformation of the human forebrain.
There are several important HPE mutational target genes,
including the transcription factor SIX3, which encodes an
early regulator of Shh, Wnt, Bmp and Nodal signalling
expressed in the developing forebrain and eyes of all
vertebrates.

Objective: To characterise genetic and clinical findings in
patients with SIX3 mutations.

Methods: Patients with HPE and their family members
were tested for mutations in HPE-associated genes and
the genetic and clinical findings, including those for
additional cases found in the literature, were analysed.
The results were correlated with a mutation-specific
functional assay in zebrafish.

Results: In a cohort of patients (n = 800) with HPE, SIX3
mutations were found in 4.7% of probands and additional
cases were found through testing of relatives. In total,
138 cases of HPE were identified, 59 of whom had not
previously been clinically presented. Mutations in SIX3
result in more severe HPE than in other cases of non-
chromosomal, non-syndromic HPE. An over-representation
of severe HPE was found in patients whose mutations
confer greater loss of function, as measured by the
functional zebrafish assay. The gender ratio in this
combined set of patients was 1.5:1 (F:M) and maternal
inheritance was almost twice as common as paternal.
About 14% of SIX3 mutations in probands occur de novo.
There is a wide intrafamilial clinical range of features and
classical penetrance is estimated to be at least 62%.
Conclusions: Our data suggest that SIX3 mutations
result in relatively severe HPE and that there is a
genotype—phenatype correlation, as shown by functional
studies using animal models.

Holoprosencephaly (HPE) is the most common
structural malformation of the human forebrain
and occurs after failed or abbreviated midline
cleavage of the developing brain (cortex and
subcortical structures) during the third and fourth
weeks of gestation. HPE occurs in up to 1 in 250
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gestations, but only 1 in 8000 live births.'?
Classically, three degrees of severity, defined by
the extent of brain malformation, have been
described. In the most severe form, alobar HPE,
there is a single ventricle and no interhemispheric
fissure. The olfactory bulbs and tracts and the
corpus callosum are typically absent and dark-grey
nuclei are not separated. In semilobar HPE, the
most common type of HPE in neonates who
survive to clinical examination, findings include
partial cortical separation with absent or hypo-
plastic olfactory structures and corpus callosum. In
lobar HPE, findings include separate ventricles but
incomplete frontal cortical separation. Recently, an
additional milder form, called middle interhemi-
spheric variant (MIHV) has been delineated, in
which the posterior frontal and parietal lobes are
incompletely separated and the corpus callosum
may be hypoplastic.** Of patients with HPE who
survived the neonatal period, alobar, semilobar and
lobar HPE occurred in 21%, 60% and 19%,
respectively.” A separate study showed that of
patients with non-chromosomal, non-syndromic
HPE (including both living children and deceased
fetuses), alobar, semilobar and lobar HPE occurred
in 22%, 45% and 33%, respectively.®

Clinical features may be qualitatively predicted
by the specific neuroanatomical abnormalities
present. These features can include characteristic
craniofacial anomalies, ophthalmological abnorm-
alities such as colobomata or microphthalmia,
severe mental retardation or developmental delay,
pituitary dysfunction including diabetes insipidus,
oromotor dysfunction, dysautonomia and seizures.
Severely affected patients do not typically survive
beyond early infancy; however, less severely
affected patients may have normal life-spans.
Though there are exceptions, more severe brain
anomalies correlate with more severe clinical
sequelae and shorter life-spans.”

Craniofacial findings tend to correlate with the
type and severity of brain anomalies. In HPE caused
by single-gene mutations, facial findings may
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Patients with mutations in SIX3, arranged by HPE type (neuroimaging does not correspond with patients). All patients had point mutations in
SIX3 with the exception of the patient shown in the lower row, second from left, who had a complex cytogenetic rearrangement including deletion of
2p21. MRI on patients in row 2 courtesy of the Carter Centers.' ** MIHV, middle interhemispheric variant.

Figure 1

additionally correlate with the causative gene. Patients with
alobar HPE may be found to have cyclopia or synophthalmia
(fusion of the optic vesicles and incomplete development of
separate eyes), proboscis (a tubular nasal appendage appearing
above the fused eyes), severe microcephaly and bilateral cleft lip
and palate. Features in less severely affected patients may include
microcephaly, hypotelorism, a flat nasal bridge and cleft lip or
palate. Findings at the least severe end of the phenotypically
recognisable spectrum (sometimes termed a “microform’ of HPE,
seen in patients without the cardinal central nervous system
findings of HPE) may include solitary maxillary central incisor,
hypotelorism and microcephaly. However, exceptions are often
seen; a patient with severe HPE may have relatively subtle facial
dysmorphisms and can have macrocephaly (as opposed to the
more common microcephaly) due to hydrocephalus.*® Overall,
facial anomalies have been reported in approximately 80% of
patients with HPE and often lead to the diagnosis.®

HPE is aetiologically associated with teratogens such as
maternal diabetes mellitus and alcohol, and has been reported in
cases of prenatal exposure to pharmaceutical agents such as
retinoic acid and the statin class of drugs, and to infections
including cytomegalovirus, toxoplasmosis, and rubella.” "' ** Up
to half of patients with HPE have a numerical or structural
chromosomal abnormality, whereas up to a quarter have HPE as
part of a recognisable syndrome.”** HPE may also be due to
single-gene mutations; < 25% of cases of HPE result from
single-gene mutations in the currently commercially tested
HPE-associated genes SHH, ZIC2, SIX3 and TGIF.®

Sonic Hedgehog (SHH) was the first causative gene identified
in human HPE.”® Since then, single mutations in at least 10
other genes have been purported to cause HPE.” 7 In families
in which these mutations were found, HPE seems to be
inherited in an autosomal dominant fashion. Large kindreds
segregating HPE-associated mutations show both incomplete
penetrance and highly variable expressivity, suggesting addi-
tional environmental or genetic influences superimposed on the
haploinsufficent state.” According to this “multiple-hit” model,
a mutation in a HPE-associated gene is necessary but not
sufficient for HPE, and other genes or environmental factors are
required for complete phenotypic feature.”
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SIX3 has been reported as the third most common cause of
HPE due to single-gene mutations.® The vertebrate Six genes
encode a family of related transcription factors that are
orthologues of the sine oculis (“without eyes”) gene in
Drosophila, and are expressed in the developing fly’s visual
system, suggesting partially conserved phylogenetic roles.
Indeed, vertebrate Six3 has been shown to be involved in
midline forebrain and eye formation in several organisms
including mouse, chick, Xenopus and zebrafish.*** Proteins
encoded by the Six genes characteristically contain a DNA-
binding homeobox domain, and an upstream SIX domain that
can recruit additional factors to accomplish transcriptional
activation or repression.”” * Known biological properties of
vertebrate Six3 include transcriptional repression of BMP, Wnt
and Nodal targets through complex(s) formed with the general
co-repressor Groucho.” ™ It also forms a complex with a
different factor, geminin, which can influence a cell’s fate
towards differentiation rather than proliferation in the early
expanding forebrain territory.* Presumably through a distinct
set of co-factors, the Six3 transcription factor can instead
activate lens specification genes during eye formation.” Finally,
Six3 acts as a direct regulator of Sonic hedgehog expression in
the ventral forebrain.® ¥

SIX3 was first identified as a candidate gene because of
patients with HPE who had cytogenetic anomalies involving
2p21. SIX3, which has the appropriate spatial and temporal
expression pattern to result in HPE, was the most attractive
candidate gene in the interval.” *

We report our findings in 59 new patients with SIX3
mutations and an additional 79 cases collected from the
literature, and correlate the clinical phenotypes with SIX3
genotypes and functional studies in the zebrafish."” **' The
clinical findings echo the incomplete penetrance and highly
variable expressivity seen in HPE due to mutations in other
genes. Recent work in animal models specifically supports the
multiple-hit model in mammalian SIX3-associated HPE.* It has
been suggested that SIX3 mutations result in a more severe
holoprosencephaly phenotype than do mutations in the other
HPE-related genes although a mechanism that would explain
this is not yet clear.* ? *
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Table 1 Patient characteristics, mutations and functional data

DNA alteration Predicted protein Functional Proband/
Patient* HPE type (location) in SIX3 alteration in SIX3 studies "’ Gender relative Ref.
1 Not specified ¢.109G—T (NTD) p.G37C 0.5-0.9 Female Proband NA
2% Lobar ¢.109G—T (NTD) p.G37C 0.5-0.9 Male Proband “
3af MIHV ¢.109G—T (NTD) p.G37C 0.5-0.9 Female Proband NA
3bi None ¢.109G—T (NTD) p.G37C 0.5-0.9 Female Mother NA
dat Alobar ¢.206G—A (NTD) ¢.G69D >0.9 Female Proband °
¢.406dupGC (SD) FS <0.5
4b} None ¢.206G—A (NTD) ¢.G69D >0.9 Male Father ®
¢.406dupGC (SD) FS <0.5 “®
4c None ¢.206G—A (NTD) ¢.G69D >0.9 Female Paternal ®
grandmother
¢.406dupGC (SD) FS <0.5 Female ®
5af Alobar c. 214G—C (NTD) p.A72P <0.5 Female Proband °
5bi None ¢. 214G—C (NTD) p.A72P <0.5 Female Mother ®
6 Alobar ¢.235A—G (NTD) p.M79V Unknown Not specified Proband ¢
7Taj Alobar Not specified (SD) p.V92G <05 Male Proband ®
Tbt Alobar Not specified (SD) p.V92G <0.5 Male Brother ®
Tct Alobar Not specified (SD) p.V92G <0.5 Male Brother "5
7dt Microform Not specified (SD) p.V92G <05 Female Mother ®
81 Semilobar ¢.275T—G (SD) p.vV92G <0.5 Female Proband ®
9 Semilobar ¢.278C—A (SD) p.A93D <0.5 Female Proband e
(PTCHT: c.1165G—A) (PTCH1: p.A393T)
10aj Alobar ¢.311A—G (SD) p.D104G 0.5-0.9 Male Proband “®
10b3 None ¢.311A—G (SD) p.D104G 0.5-0.9 Male Father °
13 Not specified ¢.313A—G (SD) p.1105V >0.9 Not specified Proband “
12 Lobar ¢.338G—A (SD) p.W113X <05 Male Proband “
13ai Not specified ¢.339G—A (SD) p.W113X <0.5 Male Proband NA
13bi Not specified Not tested Not tested Not tested Male Brother NA
13ci Microform ¢.339G—A (SD) p.W113X <05 Female Mother NA
14aj Alobar ¢.339G—T (SD) p.W113C <0.5 Female Proband “
14b} Microform ¢.339G—T (SD) p.W113C <0.5 Female Mother 2
14c} Microform ¢.339G—T (SD) p.W113C <05 Female Maternal aunt “
14d} Microform ¢.339G—T (SD) p.W113C <0.5 Male Maternal uncle “
14e} None ¢.339G—T (SD) p.W113C <0.5 Female Maternal aunt @
14f% Microform ¢.339G—T (SD) p.W113C <0.5 Female Maternal “
grandmother
1491 Microform Linkage only Linkage only Linkage only Male Maternal great “
uncle
14hi None Linkage only Linkage only Linkage only Female Maternal first “
cousin
14it Not specified Linkage only Linkage only Linkage only Female Maternal half- “
sister
14j Not specified Not tested Not tested Not tested Female Maternal first “Z
cousin
14k Not specified Not tested Not tested Not tested Male Maternal first 2
cousin
1413 Not specified Not tested Not tested Not tested Female Maternal first “
cousin
14m Not specified Not tested Not tested Not tested Female Maternal first “
cousin, once
removed
14n Not specified Not tested Not tested Not tested Male Maternal great “
uncle
140 Not specified Not tested Not tested Not tested Not specified Maternal great-
grandparent
155 Semilobar ¢.341C—T (SD) p.S114L <05 Female Proband “
16at Lobar ¢.385G—T (SD) p.E129X <0.5 Male Proband “
16b} Alobar ¢.385G—T (SD) p.E129X <0.5 Female Sister “
16ct Microform ¢.385G—T (SD) p.E129X <05 Male Father “
17 Not specified ¢.389C—A (SD) p.S130X <0.5 Male Proband 2
18ai Alobar ¢.404G—C (SD) p.R135P <0.5 Male Proband ‘“‘

Continued
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Table 1 Continued
DNA alteration Predicted protein Functional Proband/
Patient* HPE type (location) in SIX3 alteration in SIX3 studies "’ Gender relative Ref.
18b} None ¢.404G—C (SD) p.R135P <0.5 Female Mother @
19 Not specified ¢.404_407dupGCGC (SD) FS <05 Female Proband “
20% Semilobar ¢.405_409CGCCG (SD) FS <0.5 Male Proband “
21a Not specified ¢.463_465delCAC (SD) p.H155del Unknown Not specified Proband 7
21b Not specified c.463_465delCAC (SD) p.H155del Unknown Female Mother 7
22% Not specified c.469T—A (SD) p.F1571 <0.5 Male Proband “
23at Alobar ¢.507delG (SD) FS <05 Female Proband °
23b} None ¢.507delG (SD) FS <0.5 Male Father “®
24at Lobar ¢.515C—T (SD) p.A172V 0.5-0.9 Male Proband “
24b} Semilobar Not tested Not tested Not tested Female Sister “
24¢} Not specified Not tested Not tested Not tested Female Mother “
25a Alobar ¢.518A—C (SD) p.H173P 0.5-0.9 Female Proband ®
25b None ¢.518A—C (SD) p.H173P 0.5-0.9 Female Mother ®
26a Semilobar ¢.518A—C (SD) p.H173P 0.5-0.9 Female Proband “
26b None ¢.518A—C (SD) p.H173P 0.5-0.9 Female Mother “
26c None ¢.518A—C (SD) p.H173P 0.5-0.9 Female Maternal aunt “
26d Not specified Not tested Not tested Not tested Not specified Maternal first “
cousin
26e Not specified Not tested Not tested Not tested Not specified Maternal first “
cousin
26f Not specified Not tested Not tested Not tested Not specified Maternal first “
cousin
27% Not specified ¢.520T—C (SD) p.Y174H 0.5-0.9 Female Proband “
28ai Alobar ¢.542_576dup (SD) FS Unknown Female Proband 8-
28b} None ¢.542_576dup (SD) FS Unknown Male Father s
29% Semilobar ¢.551delC (SD) FS <0.5 Female Proband “
30a; Alobar ¢.556_557dupGG (SD) FS <0.5 Female Proband A
30bi Alobar ¢.556_557dupGG (SD) FS <05 Male Brother e
30c] Alobar ¢.556_557dupGG (SD) FS <05 Female Sister e
30d; Not specified ¢.556_557dupGG (SD) FS <05 Female Sister e
30ei Microform ¢.556_557dupGG (SD) FS <0.5 Male Father s
31a} Alobar Not tested Not tested Not tested Female Proband “
31bi Semilobar ¢.582dup C (SD) FS <0.5 Female Sister 2
31c Microform ¢.582dup C (SD) FS <0.5 Male Father “
32aj Semilobar ¢.605C—T (SD) p.T202I <05 Female Proband 9.
32bi None ¢.605C—T (SD) p.1202 <0.5 Female Mother 34
33aj Semilobar ¢.619G—T (HD) p.E207X <0.5 Male Proband “
33bj Alobar ¢.619G—T (HD) p.E207X <0.5 Female Sister 2
34 Not specified ¢.637T—G (HD) p.F213V <0.5 Male Proband 2
35% Lobar ¢.652C—T (HD) p.R218W 0.5-0.9 Female Proband “
365 Not specified ¢. 653G—C (HD) p.R218P <0.5 Female Proband “?
37% Not specified ¢.676C—G (HD) p.L226V >0.9 Female Proband 199
38 Not specified ¢.680A—C (HD) p.Q227P 0.5-0.9 Not specified Proband “
39% Microform ¢.686C—T (HD) p.P229L Unknown Male Proband “®
40% Alobar ¢.692C—G (HD) p.P231R <05 Female Proband ®
4t Alobar ¢.698_706del (HD) p.N233_S235del <05 Female Proband 199
42 Not specified ¢.GC718_719AA (HD) p.A240K <05 Not specified Proband “
43af Not specified ¢.721C—T (HD) p.Q241X Unknown Male Proband “
43b Not specified Not tested Not tested Unknown Not specified Sibling “
43ct None ¢.721C—T (HD) p.Q241X Unknown Female Mother 2
44 Not specified ¢.730G—T (HD) p.G244C <0.5 Not specified Proband 2
45 Not specified c.736delA (HD) FS Unknown Not specified Proband v
46 Not specified €.743_745delCAG (HD) p.248K delQ Unknown Female Proband NA
(TGIF: c.478C—T) (TGIF: p.160S)
47a7 Microform ¢.749T—C (HD) p.V250A 0.5-0.9 Male Proband 1
47b} None ¢.749T—C (HD) p.V250A 0.5-0.9 Female Mother 1
47ct None ¢.749T—C (HD) p.V250A 0.5-0.9 Female Maternal aunt "
47d; Alobar ¢.749T—C (HD) p.V250A 0.5-0.9 Not specified Sibling "
Continued
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Table 1 Continued

DNA alteration Predicted protein Functional Proband/
Patient* HPE type (location) in SIX3 alteration in SIX3 studies "’ Gender relative Ref.
47et Alobar ¢.749T—C (HD) p.V250A 0.5-0.9 Not specified Sibling 1
47f Alobar ¢.749T—C (HD) p.V250A 0.5-0.9 Not specified Sibling b
48 Not specified ¢.762T—A (HD) p.F254L 0.5-0.9 Male Proband “
491 Not specified ¢.769C—T (HD) p.R257W <0.5 Female Proband 2
50a Semilobar ¢c. 769C—T (HD) p.R257W <05 Female Proband 9.
50b Alobar Not tested Not tested Not tested Male Brother e
50c} None c. 769C—T (HD) p.R257W <05 Male Father 8w
51a Lobar ¢c. 769C—G (HD) p.R257G Unknown Not specified Proband ¢
51b Not specified ¢. 769C—G (HD) p.R257G Unknown Male Father 7
52} Semilobar ¢.770G—C (HD) p.R257P >0.9 Female Proband 1952
53 Not specified ¢.773G—C (HD) p.R258L <0.5 Not specified Proband “
54 Not specified c.785G—A (HD) p.R262H 0.5-0.9 Not specified Proband 2
55a Not specified Not tested Not tested Unknown Not specified Proband ¢
55b None Not tested Not tested Unknown Not specified Obligate carrier 7
55¢ Not specified ¢.806G—C (CTD) p.R269T Unknown Male Grandfather ¢
56a; Semilobar ¢.806G—T (CTD) p.R269M Unknown Female Proband e
56b] Alobar Not tested Not tested Unknown Male Sibling 7
56ci Lobar ¢.806G—T (CTD) p.R269M Unknown Male Sibling v
56d; Microform ¢.806G—T (CTD) p.R269M Unknown Female Mother o
57 Semilobar ¢.806+1G—T (CTD) Splice Unknown Not specified Proband ¢
58% Not specified ¢.G807C (CTD) p.R269S 0.5-0.9 Male Proband 2
59 Not specified ¢.820_832delinsCTGGACCT p.A274X Unknown Male Proband NA

(CTD)
60 Semilobar ¢.850G—C (CTD) p.A284P Unknown Female Proband NA

(ZIC2: ¢.910T—C) (ZIC2: p.W304R)
611 Semilobar ¢.890C—T (CTD) p.P297L 0.5-0.9 Female Proband “
621 Semilobar ¢.944C—T (CTD) p.T3151 Unknown Female Proband °
63 Not specified Deletion NA Unknown Not specified Proband ¢
64 Not specified Microdeletion by qPCR NA Unknown Not specified Proband ou
65 Not specified Microdeletion by gPCR NA Unknown Not specified Proband o
66 Not specified Microdeletion by qPCR NA Unknown Not specified Proband “
67 Not specified Microdeletion by qPCR NA Unknown Female Proband “
681 Semilobar del(2)(p2101p2109) NA Unknown Female Proband 49
691 None del(2)(p21) NA Unknown Male Proband *®
70% Semilobar del(2)(p21p23) NA Unknown Male Proband *®
1% Semilobar del(2)(p16p22) NA Unknown Female Proband *®
72 Lobar del(2)(p21p22.2) NA Unknown Female Proband 850
73% Alobar del(2)(p21p22.1) NA Unknown Male Proband *®
74% Semilobar inv ins(2)(p21q24q13) NA Unknown Female Proband %
75% Semilobar t(1;2)(p21;p21) NA Unknown Male Proband *®
76 Alobar t(1;2)(p22.3;p21) NA Unknown Male Proband *®
17% Lobar del(2)(p16.3p21)8 NA Unknown Male Proband NA

CTD, C-terminal domain; HD, homeodomain; HPE, holoprosencephaly; MIHV, middle interhemispheric variant; NA, not applicable (unpublished when seeming in the Reference

column); NTD, N-terminal domain; gPCR, quantitative PCR: SD, SIX domain.

*Each kindred is numbered separately; within a kindred, individual members have separate letter identifier.

TProtein Activity Index.
iClinical information available.

§Complex rearrangement additionally resulting in chromosome 2 inversion, translocation involving chromosomes 7, 13 and 18 and deletions of regions of chromosomes 7

and 18.

METHODS

The study protocol was approved by the National Human
Genome Research Institute, and informed consent was obtained
from all participants or their guardians.

Of the 65 cases for whom inheritance was known, 57.8% had
maternal inheritance, 26.6% had paternal inheritance, 13.8%
were de novo and the condition in 2 maternal half-siblings in
one family seems to be due either an undetected germline
mutation or parental mosaicism (the mother had negative
mutation testing on peripheral blood analysis). We found no
significant association between HPE severity and the parent of
origin.

J Med Genet 2009;46:389-398. doi:10.1136/jmg.2008.063818

Of the 113 patients for whom gender was known, 40.7% were
male and 59.3% were female, giving male:female ratio of 1:1.5.
By %2 analysis, there was a statistically significant difference in
the increased prevalence of affected females overall (3? = 3.903,
p=0.0482). Of the 61 kindreds in which the gender of the
proband was known, 59.0% were female and 41.0% were male,
giving a male:female ratio of 1:1.4. There was no significant
difference in the increased prevalence of affected female
probands (y*=1.984, p = 0.159).

Of those kindreds with molecularly identified specific muta-
tions in the proband, 40.3% had multiple affected family
members identified, though familial testing or clinical description
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Table 2 Mutations (n = 63)

n (%)
Location
N-terminal domain 6 (9.5)
SIX domain 27 (42.9)
Homeodomain 22 (34.9)
C-terminal domain 8 (12.7)
Exon 1 57 (90.5)
Exon 2 6 (9.5)
Mutation type
Missense 44 (69.8)
Nonsense 6 (9.5)
Duplication— FS 6 (9.5)
Deletion—FS 3(4.8)
Splice mutation 1(1.6)
9 bp deletion — 3 aa deletion 1(1.6)
3 bp deletion — 1 aa deletion 1(1.6)
Deletion/insertion — nonsense 1(1.6)

aa, Amino acid; FS, frameshift; MIHV, middle interhemispheric variant.

was not available in all cases. Of the cases with described
phenotypes, the penetrance of recognised phenotypic effect of
mutations in SIX3 was estimated to be at least 82% (n=111).
Within kindreds with multiple affected members and where
clinical description was available, penetrance was estimated at
73% (n=61). However, testing was often performed only on
individuals with the phenotype and their parents. Many others
were ascertained only because of the presence of a relative with
severe HPE and only on later examination were considered to
have microform HPE (eg, hypotelorism). Considering these
patients to be “unaffected” results in a penetrance estimate of
62% (n=61) (fig 1, table 1).

Mutations

Of those with molecularly identified mutations, the 62 kindreds
encompassed 63 mutations in SIX3 (kindred 4 had two mutations
in SIX3), of which 93.7% were unique. Three unrelated kindreds
had the same mutation in the N-terminal domain, two had the
same mutation in the SIX domain and two had the same
mutation in the homeodomain. Three patients had mutations in

Figure 2 Results of mutation studies.

two HPE genes: one (patient 9) in both SIX3 and PTCH, one
(patient 46) in both SIX3 and TGIF and one (patient 60) in both
SIX3 and ZIC2 (tables 1, 2; figs 2, 3).

Clinical features

Patients with mutations in SIX3 (not including cytogenetic
cases) had a significantly different distribution of HPE types
than previously published cases of non-chromosomal, non-
syndromic HPE (y3*=24.179, p<1-107%).° Overall, patients
with SIX3 mutations had a higher proportion of severe HPE
(table 3).

The quality of patient data was highly variable, so it is
difficult to accurately calculate the prevalence of specific
phenotypic features. However, we present the most commonly
reported craniofacial anomalies (table 4). Severe craniofacial
findings such as cyclopia and proboscis were only reported with
alobar HPE. Overall, the severity of facial dysmorphisms seemed
to correlate with the degree of brain anomalies—for example,
the degree of hypotelorism was more pronounced in patients
with alobar HPE.

In terms of clinical features other than craniofacial anomalies,
the most commonly reported findings, in decreasing order of
prevalence are: mental retardation or developmental delay,
seizure disorder and diabetes insipidus (supplemental tables 1a,b
online).

Functional studies
Using the functional analysis developed by Domené er al,* 46
mutations (representing 99 patients with HPE who had
neuroimaging performed or who were neurologically normal
with S[X3 mutations) had functional studies performed using a
zebrafish assay.” Functional study results were divided into
three categories, with protein activity described relative to a
normal control (value of 1.0): (1) protein activity <0.5 (alleles
with the least functional activity), (2) protein activity 0.5-0.9
(alleles with moderate functional activity) and (3) protein
activity >0.9 (alleles with near-normal functional activity). One
kindred (kindred 4) had two separate mutations in SIX3 and
was categorised as belonging to the functional group with the
more severe impairment of the two.

Including those patients who had alobar, semilobar and lobar
HPE types with a functional protein index <0.5, there was an

138 individuals (77 kindreds)
I

'

!} '

5 individuals
(5 kindreds):
microdeletions by
qPCR

L 10 individuals
123 individuals .
(62 kindreds): molecularly- (10 kindreds):

identified mutations cytogenfetlc
anomalies

59 distinct mutations

:

! ! !

56 mutations:

family-specific

(1 kindred with
2 mutations)

1 mutation: same 1 mutation: 1 mutation: same
mutation in same mutation mutation in
N-terminal in SIX domain homeodomain in
domainin 3 in 2 kindreds 2 kindreds

unrelated kindreds
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Figure 3 Known mutations in S/X3, showing holoprosencephaly and mutation type. MIHV, middle interhemispheric variant. Numbers refer to

kindreds.

unequal distribution of HPE types (x?>=12.071, p =0.0039),
with more severe HPE over-represented. Of those with
functional protein index <0.5 and HPE on neuroimaging,
60.7% had alobar, 32.1% had semilobar and 7.1% had lobar
HPE. Within the group of patients whose mutations had a
functional protein index of 0.5-0.9, a significantly unequal
distribution of HPE types was not found (x*>=0.727,
p =0.8054). (fig 4, table 5).

Including those with the most severe types of HPE (alobar,
semilobar and lobar) and functional protein index either <0.5
and 0.5-0.9, we performed the linear trend alternative to
independence test,” using SAS V9.1 software. As there was only
one person with functional protein index >0.9 whose HPE type
was known, this category was not included in the statistical
analysis. Our results showed that, within the group of patients
whose mutations had a functional protein index <0.9 there was
a significant correlation between HPE types and the functional
protein index (y?>=12.99, p=0.0003). That is, the functional
protein index is an explanatory variable with ordered categories
for traditional HPE types.

DISCUSSION

We present 138 cases of HPE with mutations in SIX3, many of
whom have not been previously clinically described; this is the
largest comprehensive evaluation of a cohort of patients with
mutations in a gene involved in HPE. Analysis of this group
allows several conclusions to be made.

Table 3 Distribution of HPE types (n = 138)

n (% of total)
(% of cases

with known
HPE type HPE type)
Alobar 27 (19.6, 29.3)
Semilobar 22 (15.9, 23.9)
Lobar 9 (6.5, 9.8)
MIHV 1(0.7,1.1)
Microform 13 (9.4, 14.1)
None* 20 (14.5, 21.7)
Not specified 46 (33.3)

MIHV, middle interhemispheric variant.
*No evidence for penetrance.

J Med Genet 2009;46:389-398. doi:10.1136/jmg.2008.063818

First, as has been previously posited, our study shows that
mutations in SIX3 correlate with more severe HPE than with
non-chromosomal, non-syndromic HPE overall.* * ** Despite the
overall high severity, the clinical features are highly variable.
Within large kindreds, people with SIX3 mutations include both
phenotypically normal people and people with severe holopro-
sencephaly incompatible with life. The basis of this variable
expressivity is largely unknown. One potential explanation is a
multi-hit mechanism, examples of which are the three cases
where mutations were found in SIX3 and in one other HPE-
associated gene. In these patients, mutations in SIX3 may be
necessary but not sufficient for HPE. Another insult, either
genetic (eg, changes in at least one other HPE-associated gene)
or environmental (eg, gestational diabetes mellitus) must also
occur.

Second, mutations in SIX3 result in holoprosencephaly
through a loss-of-function mechanism. Of patients whose
mutations result in the greatest functional impairment in the
zebrafish assay, protein activity correlates with human HPE
severity.” This analysis allows for a more refined genotype—
phenotype discussion. Instead of correlating the gene involved
or the location or type of the mutation with severity of
phenotype, we can begin to predict features based on functional
analyses.

Third, these patients do confirm the idea that in HPE, “the
face predicts the brain”. That is, more severe facial dysmorph-
isms (such as cyclopia) tend to correlate with more severe HPE.

Table 4 Reported® phenotypic findings (n = 91)

Prevalence
Finding (%)
Craniofacial anomalies
Hypotelorism 44.0
Microcephaly 36.3
Cleft lip and/or palate 35.2
Flat nasal bridge/absent nasal septum 17.6
Philtral agenesis/hypoplasia 13.2
Coloboma 9.9
Solitary maxillary central incisor 8.8
Cyclopia 6.6

*It is likely that many of these findings, such as hypotelorism, occur more often than
was reported.
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Figure 4 Functional results and HPE types, showing overrepresentation
of severe HPE of whose mutation resulted in the greatest functional
impairment by zebrafish assay.* MIHV, middle interhemispheric
variant.

Although this adage does not apply to all cases of HPE, it does
seem to hold true in HPE due to SIX3 mutations.

Fourth, we estimated penetrance at 82% of all cases, 73% of
cases from well-described families with multiple mutation
carriers and 62% of those diagnosed on clinical grounds alone.
In the practice of clinical genetics, this lowest estimate could be
considered the most accurate. However, this latter penetrance
estimate may be inaccurate for at least two reasons. First, the
quality of clinical data was variable and subtle signs of midline
defects may have been missed, resulting in an under-estimate of
penetrance. Second, as full testing was not available on family
members in many cases, there may have been many cases with
SIX3 mutations who were not ascertained. This would result in
an overestimate of penetrance. If more members of families
could be tested, it would be possible to better calculate the
penetrance, quantify expressivity and calculate the rate of
sporadic mutations.

Fifth, it is interesting that more female patients have been
reported with SIX3 mutations. The female predominance has
been reported in some, but not all studies of HPE.* ® The fact
that the difference does reach significance when all mutation

Table 5 Functional result vs. HPE type (n = 99)

<0.5 0.5-0.9 >0.9 Total
Alobar 17 5 0 22
Semilobar 3 1 13
Lobar 2 3 0 5
MIHV 0 1 0 1
Microform 10 1 0 1
None 9 7 0 16
Not specified 19 10 2 31
Total 66 30 3 99

MIHV, middle interhemispheric variant.
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carriers are considered lends credence to the idea that being
female is somehow protective. One explanation is that the SIX3
mutations in males may be more likely to be embryonic-lethal.
However, in patients who survived long enough to have the
type of HPE identified, the correlation between gender and
severity of HPE was not significant.

One shortcoming of this report is that most of the patients
discussed here were not seen in person, although we did perform
the laboratory analysis to identify the SIX3 mutation in
approximately half the cases. Details of the data available from
referring clinicians varied greatly; in some cases, extensive
medical records were sent, whereas in other cases, relatively
little was available. For this reason, it is difficult to make certain
genotype—phenotype correlations. However, it can be noted
that in cases for which more clinical information was available,
the severity of features often seemed more impressive. Thus,
these data may under-represent the severity of the clinical
features of SIX3 mutations. On the other hand, many people
who had either no or very subtle features were ascertained only
because they were related to a person with the same mutation
but much more severe presenting signs. Following this logic,
these data may over-represent severity.

Despite the challenges interpreting the large and varied data,
the number of patients and families described here greatly
enriches our understanding of the spectrum of features in
patients with mutations in SIX3. These considerations argue for
the importance of a combined and comprehensive approach to
clinical and genetic studies of complex genetic disorders such as
HPE.
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BMJ Careers Fair

2-3 October 2009, Business Design Centre, London, UK

9-10 October 2009, Thinktank, Birmingham, UK

BMJ is the largest organiser of medical recruitment fairs across the UK. This year we are organising

two careers fairs, in partnership with the London Deanery on 2-3 October in London, and the West

Midlands Deanery on 9-10 October in Birmingham.

Whatever your grade or specialty there is a careers fair for you. You can:

» attend seminars on topics such as CV writing, interview skills, planning your career and working
abroad

» visit exhibition stands to get careers advice, find a new job, identify alternative career pathways

It's free to attend the exhibition if you register online in advance. There is a small fee for attending our
seminar programme.
Register online today at www.careersfair.omj.com
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