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Table 4 Comparison of holoprosencephaly (HPE) type distribution among the three ‘classic’ HPE types for the patients with intragenic ZIC2
mutations, as well as two sources from the literature and a source obtained from our database: Lazaro et a/ (2004) described a cohort of both livin
patients and deceased fetuses with non-chromosomal, non-syndromic HPE, while Orioli et al (2007) describes a cohort of patients born with HPE.”
We also compare our cohort of patients with mutations in Z/C2 with a cohort of prospectively ascertained probands with non-chromosomal,
non-syndromic HPE whose samples were sent to the National Institutes of Health (NIH) over approximately a 3 year period. Due to low prevalence,
middle interhemispheric variant (MIHV) was not considered

Intragenic ZIC2 Orioli and Castilla®
mutations n (%) Lazaro et al” n (%) n (%) NIH n (%)
Alobar 28 (32) 15 (22) 33 (40) 10 (13)
Semilobar 48 (55) 31 (45) 36 (43) 45 (6)
Lobar 11 (13) 23 (33) 14 (17) 20 (27)
Total 87 69 83 75
Comparison vs ZIC2 cohort ¢%2=9.88, p=0.0077 c%»=2.39, p=0.30 €%2=10.4, p=0.0055

Figure 2 Patients with mutations in ZIC2, arranged by holoprosencephaly (HPE) type. Letters link to patients described in tables 2 and 5. Note the
pattern of facial findings in patients with mutations in ZIC2, consisting of bitemporal narrowing, upslanting palpebral fissures, flat nasal bridge, a short
nose with upturned nares, a broad and/or deep philtrum, and the appearance of large ears. MIHV, middle interhemispheric variant.
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Table 5 Description of common dysmorphic features in probands with photos available for review. Image references are shown in the far right
column, with the corresponding identifier for table 2 and figure 2. Images were independently reviewed by three co-authors (KR, BS, MM)

Reference
Patient HPEtype BN USPF FNB SNAN BDP LE*  Other (for images) figure 2 table 2
1 A + + + + + Synophrys This report a 49
2 A + + + This report b 108
3 A + + + + + Tall forehead This report N/A 24
4 A + + + This report N/A 21
5 A + + + + + 17 N/A 52
6 A + + Sloping forehead 17 N/A 82a
7 A + + + Sloping forehead This report N/A 82b
8 S + + This report c 2
9 S + + Tall, narrow head, exotropia This report d 62
10 S + + + + This report e 28a
" S + + Synophrys This report f 102
12 S + + + + This report g 68a
13 S + + + + Slight synophrys, cupid-bow upper lip  This report h 22
14 S + + Broad forehead This report i 45
15 S + + + This report i 91
16 S + + + This report k 26
17 S + + + Synophrys This report | 59
18 S + + + This report m 99
19 S + + + This report n 48
20 S + + + + + + Tall, broad forehead This report 0 58
21 S + + + Tall forehead, dysplastic ears This report N/A 64
22 S + + This report N/A 19a
23 S + + + This report N/A 19b
24 S + + + + Tall forehead 24 N/A 89
25 S + + + + 24 N/A 61a
26 S + + + + Triangular mouth, myopathic facies 24 N/A 43
27 L + + + + 24 N/A 16a
28 MIHV + + + This report p 93
29 MIHV + + This report (pictured in reference®® g 79
at younger age)
30 Unknown  + + + + Tall forehead This report N/A 110

*Measurements not universally available; and are the subjective judgement of independent dysmorphologists.
BDP, broad or deep philtrum; BN, bitemporal narrowing; FNB, flat nasal bridge; LE, large ears; MIHV, middle interhemispheric variant; SNAN, short nose and/or anteverted nares; USPF,

upslanting palpebral fissures.

more commonly associated with HPE, such as severe hypo-
telorism, flat nasal bridge, cleft lip/palate, or SMCI, is striking.
Although the retrospective data do not allow certain comparisons
to be made, available statistical calculations show evidence that
the facial phenotype in patients with Z/C2 mutations is different
than that of other cohorts of patients with HPE.

Second, unlike other genes associated with HPE, the majority
of mutations in ZIC2 occur de novo. Our data suggest the
presence of at least five families in which germline mosaicism
appears to be causative of HPE in a child, which has important
implications for genetic counselling. Parents who test negative
for ZIC2 mutations through analysis of peripheral blood may
still be at risk for having other affected children.

Third, along these lines, we did not identify any large pedi-
grees in which numerous individuals from multiple generations
were found to have a mutation, which is strikingly different
from what has been observed with other common HPE associ-
ated genes such as SHH or SIX3. This could imply that muta-
tions in ZIC2 are less likely to result in mildly affected
individuals than mutations in other HPE associated genes, and
again is important for genetic counselling.

Finally, our findings show that non-chromosomal,
non-syndromic HPE is not simply an ‘above-the-neck’ diagnosis.
Patients with mutations in Z/C2 frequently have other organ
systems involved, and clinicians must look beyond craniofacial
and structural brain anomalies in their clinical assessment.
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While skeletal anomalies may be more frequent in patients with
ZIC2 than in other types of non-chromosomal, non-syndromic
HEPE, no clear overall pattern emerges except that it is important
to be aware that congenital anomalies may be found in other
major organ systems.

One shortcoming of this report is that the available retro-
spective collection of clinical data was not uniform. For this
reason, it is likely that we underestimate the prevalence of many
of the findings (such as neural tube defects and other congenital
anomalies). Despite the challenges in synthesising the data, the
availability of a large cohort of patients with mutations
affecting the same gene greatly enriches our understanding of
HPE in general and ZIC2 in particular. This analysis reveals
a previously unnoticed ZIC2 specific phenotype and highlights
the importance of a comprehensive and collaborative approach
in studying HPE and other complex genetic disorders.
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Table 6 Findings (beyond holoprosencephaly (HPE) type) in patients with mutations in ZIC2 with sufficient data for analysis of findings versus
reported findings in patients with mutations in SIX3 (n=91 for facial findings, n=83 for other findings) and separately for a cohort of patients with
non-syndromic HPE (n=258).2 2" In this latter comparison, non-syndromic HPE includes patients in whom HPE does not occur in the context of

a broader syndrome, but patients may still present with findings beyond the traditional craniofacial and structural brain anomalies most commonly
recognised as classic features of autosomal dominant monogenic HPE?'

Intragenic ZIC2 Intragenic SIX3
mutations mutations®' Non-syndromic HPE® ZIC2 deletions
% % (p value)* % (p value)* % (p value)*

(n=91 for facial
findings; n=283 for

(n=59 for facial
findings; n=64 for

other features) other features) (n=258) (n=15)
Hypotelorism 19 44 (0.0015) N/A N/A
Hypertelorism 12 1 (0.0063) 2 (0.0008) N/A
Upslanting palpebral fissures 97 10 (<0.0001) N/A N/A
Flat nasal bridge 33 18 (0.0780) N/A N/A
Single maxillary central incisor 1 9 (0.0399) N/A N/A
Cleft lip/palate 10 35 (0.0003) 30 (0.0003) 20 (0.3814)
Hydrocephalus 12 4 (0.0705) 31 (0.0006) N/A
Neural tube defects 4 2 (0.6705) 2 (0.3887) N/A
Skeletal 14 4 (0.0230) 5 (0.0075) N/A
Cardiac 9 2 (0.0878) 16 (0.1429) 33 (0.0247)
Renal 7 2 (0.2603) 4 (0.3788) 13 (0.3247)
Genital 7 5 (0.7379) 17 (0.0175) 33 (0.0097)
Gastrointestinal 4 1(0.3493) 12 (0.0503) 33 (0.0097)
Pulmonary 4 0 (0.0500) 0.4 (0.0381) 13 (0.1889)

Statistical significance is shown in the right-most column, and statistically significant differences are shown in bold. Certain features were not analysed in all cohorts, so a comparison was not

possible. Values with significantly different p values are shown in bold.

*Two-tailed p value by Fisher's exact test, compared to cohort of patients with mutations in ZIC2.
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