
Abstract Holoprosencephaly (HPE) is the most com-
monly occurring congenital structural forebrain anomaly
in humans. HPE is associated with mental retardation and
craniofacial malformations. The genetic causes of HPE
have recently begun to be identified, and we have previ-
ously shown that HPE can be caused by haploinsufficiency
for SONIC HEDGEHOG (SHH). We hypothesize that mu-
tations in genes encoding other components of the SHH
signaling pathway could also be associated with HPE.

PATCHED-1 (PTCH), the receptor for SHH, normally
acts to repress SHH signaling. This repression is relieved
when SHH binds to PTCH. We analyzed PTCH as a can-
didate gene for HPE. Four different mutations in PTCH
were detected in five unrelated affected individuals. We
predict that by enhancing the repressive activity of PTCH
on the SHH pathway, these mutations cause decreased
SHH signaling, and HPE results. The mutations could af-
fect the ability of PTCH to bind SHH or perturb the intra-
cellular interactions of PTCH with other proteins involved
in SHH signaling. These findings further demonstrate the
genetic heterogeneity associated with HPE, as well as
showing that mutations in different components of a sin-
gle signaling pathway can result in the same clinical con-
dition.

Introduction

Holoprosencephaly (HPE) is the most common congenital
forebrain anomaly in humans. It is characterized by a fail-
ure of complete separation of the forebrain into distinct
right and left halves. Thus, there may be incomplete sepa-
ration of the cerebral hemispheres, thalami, and lateral
ventricles. While the live-birth prevalence is estimated at
1 in 10,000 infants, it may occur as frequently as 1 in 250
conceptuses (Croen et al. 1996; Matsunaga and Shiota
1977). HPE is associated with mental retardation and strik-
ing craniofacial anomalies, including cyclopia, ocular hy-
potelorism, nose anomalies, and cleft lip/palate (Muenke
and Beachy 2001). The condition is etiologically very het-
erogeneous, and a number of genetic defects and environ-
mental exposures are causally associated with HPE. Al-
though HPE usually occurs sporadically, it can also be
transmitted in an autosomal dominant fashion. Haploin-
sufficiency for SONIC HEDGEHOG (SHH) can cause hu-
man HPE (Roessler et al. 1996, 1997). Mutations in SHH
are the most common identified cause of both autosomal
dominant and sporadic HPE (Nanni et al. 1999). We hy-
pothesized that mutations in genes encoding other compo-
nents of the SHH pathway could also cause HPE.
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Patched-1 (Ptch), the multipass transmembrane recep-
tor for Shh (Chen and Struhl 1996; Marigo et al. 1996;
Stone et al. 1996), acts to repress Shh signaling in the ab-
sence of ligand. Upon binding of Shh, the repressive ac-
tivity of Ptch is relieved, and the Shh signaling pathway is
activated. Haploinsufficiency for PTCH has been shown
to cause the nevoid basal cell carcinoma syndrome (Gor-
lin syndrome) (Hahn et al. 1996; Johnson et al. 1996). Mu-
tations leading to loss of PTCH function have also been
identified in sporadic basal cell carcinomas and a number
of other tumors (reviewed by Saldanha 2001). Loss of Ptch
leads to increased Shh signaling activity (Goodrich et al.
1997). In contrast to the conditions resulting from loss of
PTCH function (and subsequent constitutive activation of
the SHH pathway), we hypothesized that mutations in
PTCH resulting in a gain of repressive function would
mimic loss of SHH activity and cause HPE. Thus, we ex-
pect PTCH mutations that cause HPE will result in mis-
sense mutations that lead to enhanced repressive activity
of PTCH on the SHH pathway. In this study, we per-
formed mutation analysis of PTCH in both familial and
sporadic HPE cases.

Materials and methods

Patient samples

All of the patients were evaluated by a clinical geneticist prior to
enrollment in the study. All patients had a normal karyotype. The
genomic DNA from HPE patients and family members (when
available) was extracted from lymphocytes or established lym-
phoblastoid cell lines by routine methods. All samples were ob-
tained by informed consent according to the guidelines of our in-
stitutional review board.

PCR methods, single strand conformational polymorphism (SSCP)
analysis, and sequencing

Human PTCH is composed of 23 exons. Utilizing previously de-
scribed primer sets (Hahn et al. 1996; Xie et al. 1997), we PCR-am-
plified the complete coding region and exon-intron boundaries of
PTCH in 100 unrelated patients with HPE. We used 25 pairs of
primers (two overlapping amplicons were generated for exons 13
and 23) and the published conditions to perform the mutation analy-
sis. The PCR reactions were carried out in a Perkin-Elmer thermal
cycler.

Single strand conformational polymorphism (SSCP) analysis
was performed as previously described (Nanni et al. 1999). Products
demonstrating a band-shift were purified and subjected to DNA se-
quence analysis by the Nucleic Acid and Protein Core Facility of
the Children’s Hospital of Philadelphia on an ABI Prism 377 ana-
lyzer. Exons in which nucleotide changes were detected that re-
sulted in an amino acid substitution were assayed for mutations in
over 200 control chromosomes from unrelated normal individuals.

Nomenclature

Gene mutation nomenclature used in this article follows the rec-
ommendations of den Dunnen and Antonarakis (2001). Gene sym-
bols used in this article follow the recommendations of the HUGO
Gene Nomenclature Committee (Povey et al. 2001)
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Fig.1 Patient 180 (PTCH A393T) with bilateral cleft lip and palate
(a), and semilobar HPE on cranial CT (b). Additional findings in-
clude hypopituitarism, absent anterior and partly absent posterior
interhemispheric fissure, continuity of the frontal lobe including
continuous gyri across the midline, a midline ventricle with a sin-
gle frontal horn but partial separation of the posterior horns, and at
least partial separation of the parietal and occipital lobes (white
bar=1 cm). c, d Frontal and lateral facial views of patient 329
(PTCH T728M) with severe midfacial hypoplasia including mid-
line cleft of the lip and palate. e Patient 83 (PTCH T1052M) with
macrocephaly due to alobar HPE and hydrocephalus. Facial find-
ings include hypotelorism and upward slanting palpebral fissures.
f Brother of patient 1335, both of whom carry the PTCH T728M
mutation. Note the repaired bilateral cleft of the lip



Results

We analyzed the complete coding sequence and intron-
exon boundaries of PTCH in DNA samples derived from
100 probands with HPE. We detected four different mis-
sense mutations in five unrelated individuals with HPE
(Fig.1, Table 1). The first mutation (1165G>A) predicted
a substitution of a threonine for an alanine (A393T), and
was present in an affected female (patient 180 in Table 1,
Fig.1a, b) and her clinically normal father. The second
mutation (2171C>T, T728M) was present in two unrelated
probands. In the first pedigree, the mutation was present
in a girl with semilobar HPE, absence of the corpus callo-
sum, and fusion of the thalami (patient 1335 in Table 1).
Her brother has a single central maxillary incisor, bilateral
cleft lip/palate, and developmental delay (Fig.2f). Their
clinically normal mother did not carry the mutation, and
their father was not available for testing. In the second
pedigree, the mutation was present in a female with HPE
and partial agenesis of the corpus callosum, panhypopitu-
itarism, midline cleft lip and palate, a small omphalocele,
and mild to moderate developmental delay (patient 329 in
Table 1, Fig.1c, d). Her phenotypically normal mother did
not have the mutation, and the girl’s father was not avail-
able for testing.

The third mutation (2471A>G, S827G) was present in a
female with HPE, seizures, and bilateral cleft lip, and in her
clinically normal mother. The fourth mutation (3143C>T,
T1052M) was detected in a male with alobar HPE and
hypotelorism (patient 83 in Table 1, Fig.1e) and in his
brother with hypotelorism and developmental delay. Their
clinically normal father also carried the mutation. Their
sister and mother, both of whom have normal cognitive
development, did not carry the mutation.

All of the affected amino acids are conserved in both
the chick and mouse orthologs of PTCH. These mutations
were not detected in over 200 normal control chromo-
somes and have not been reported in the screening for
PTCH mutations in conditions associated with loss of
PTCH activity (basal cell carcinomas, Gorlin syndrome,
and other tumors) (830 patients/tumors screened in the 31
reports reviewed) (reviewed by Saldanha 2001 and oth-
ers). Thus, the mutations detected in the HPE patients are
unlikely to be rare polymorphisms.

In addition, we identified 24 other nucleotide changes
that are likely to be polymorphisms without functional
significance. These nucleotide changes either occurred in
an intronic sequence, were not predicted to result in an
amino acid substitution, did not segregate with the pheno-

type in familial cases, and/or were found in the normal
control population (data not shown).

Discussion

We detected four different mutations in five unrelated pedi-
grees with HPE. Since the constitutive activity of PTCH
is to repress the SHH pathway, we expected that a muta-
tion which causes a gain of repressive function of PTCH
would mimic loss of SHH activity, and lead to HPE. Thus,
we anticipated that the PTCH mutations would result in
missense mutations affecting discrete functional regions of
the predicted PTCH protein (Goodrich et al. 1996). Two
of the detected mutations (1165G>A, 2471A>G) would be
expected to reside in the large extracellular loops that may
act to bind SHH (Marigo et al. 1996) (Fig.2). We expect
that these two mutations affect the ability of PTCH to bind
SHH. In this case, even if SHH is present, if PTCH cannot
bind the SHH, the signal will not be transmitted. Deletion
of one of these extracellular loops was shown in a mouse
model to result in a PTCH protein that suppressed SHH
signal transduction and did not respond to SHH protein
(Briscoe et al. 2001).

Two additional mutations (2171C>T, 3143C>T) are ex-
pected to affect amino acids that are in adjacent intracel-
lular loops. Although these amino acids are separated by
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Table 1 PTCH mutations de-
tected in patients with HPE Mutation no. Patient no. Mutation Effect Location in protein

1 180 1165G>A A393T Extracellular loop
2 329 2171C>T T728M Intracellular loop

1335 2171C>T T728M Intracellular loop
3 775 2471A>G S827G Extracellular loop
4 83 3143C>T T1052M Intracellular loop

Fig.2 Model of the PTCH protein. The predicted position of the
four mutations (1: A393T; 2: T728M; 3: S827G; 4: T1052M; as
numbered in Table 1), is indicated



some distance in the primary amino acid sequence and
cDNA sequence, in the PTCH protein the affected amino
acids lie in adjacent intracellular loops and may in fact lie
in close proximity to each other in the cell (Fig.2). We
suspect that these residues are normally involved in con-
verting PTCH to an inactive state when SHH is present,
thus relieving the repression of the SHH pathway and al-
lowing SHH signaling to proceed. We predict that these
mutations could perturb interactions of the intracellular
domains of PTCH with Smoothened or other proteins in-
volved in SHH signal transduction. This could alter respon-
siveness of PTCH to the SHH signal such that the repres-
sive activity of PTCH is maintained even in the presence
of SHH. These mutations could yield information regard-
ing functional domains of the PTCH protein. Studies ex-
amining the functional effect of these mutations will be re-
quired to confirm that these mutations alter responsiveness
to SHH and are being pursued.

The finding of PTCH mutations in clinically normal in-
dividuals in the HPE pedigrees is consistent with the phe-
notype described in pedigree analysis of autosomal domi-
nant HPE, including kindreds with SHH mutations. It is
estimated that approximately one-third of obligate carriers
of autosomal dominant forms of HPE are asymptomatic
with normal cognitive function (Cohen 1989). In addition,
SHH mutations have been detected in probands with HPE
that were also present in clinically normal members of the
same kindred that are obligate carriers of the defective
HPE gene (Roessler et al. 1996). Similar to the patients
with mutations in SHH, craniofacial anomalies were pre-
sent in patients with PTCH mutations. There are no clini-
cal features that distinguish the individuals with PTCH
mutations compared to the HPE population as a whole or
those with identified SHH mutations.

Animal models also support the concept that mutations
resulting in enhanced PTCH activity can cause HPE. A
proportion of mice with increased Ptch activity driven by
the nestin enhancer showed fusion of the lateral ventricles,
consistent with HPE (Goodrich et al. 1999). This finding
is similar to the phenotype of null mutant mice for Shh,
which show HPE and cyclopia (Chiang et al. 1996). Both
the Shh and Ptch mutant mice show similar cellular de-
fects in specification of ventral cell types in the neural tube.

The identification of PTCH mutations in patients with
HPE demonstrates that alterations in two components of
the same signaling pathway that are expected to lead to
decreased SHH signaling can result in the same clinical
phenotype, HPE. This concept is also supported in animal
models of HPE. In addition to the finding of HPE in Shh
and Ptch mutant mice, homozygous null mutant mice for
the gene Smo, which encodes the transmembrane protein
Smoothened that is involved in Shh signaling, have cy-
clopia and holoprosencephaly (Zhang et al. 2001). Null
mutant mice for Gli2, which encodes a transcription fac-
tor that regulates expression of SHH target genes, show a
single central maxillary incisor (Hardcastle et al. 1998),
which is a microform of human HPE. Interestingly, muta-
tions in several components of the SHH pathway that lead
to increased SHH signaling can all lead to skin tumors

with characteristics of basal cell carcinomas in humans
and animal models (Dahmane et al. 1997; Fan et al. 1997;
Grachtchouk et al. 2000; Oro et al. 1997). Overall, these
data demonstrate that mutations in different components
of the Shh pathway that lead to a common effect on Shh
signaling can each result in the same phenotype: decreased
Shh activity causing HPE, and increased Shh activity caus-
ing tumors.

Based on the mouse model, we suspect that the PTCH
mutations cause abnormal dorsal-ventral patterning of the
forebrain. There are multiple lines of evidence indicating
that loss of normal ventral specification in the forebrain
can result in HPE. Homozygous null mutant mice for Shh
show HPE and loss of ventral cell types in the forebrain
(Chiang et al. 1996). In addition to HPE-like features,
mice with increased Ptch activity have dorsal-ventral pat-
terning defects in the neural tube (Goodrich et al. 1999).
Similarly, loss of the ventrally-expressed transcription
factor Nkx2.1 in the mouse can lead to abnormal dorsal-
ventral specification of the forebrain (Sussel et al. 1999)
and midline fusion of forebrain structures (Kimura et al.
1996). In addition, ectopic expression of the bone mor-
phogenetic proteins, which mediate dorsal induction, can
also cause HPE in a chick model (Golden et al. 1999). Ex-
posure to ectopic bone morphogenetic protein caused loss
of ventral cells, possibly mediated by increased cell death.
Thus, there are a number of animal models indicating that
HPE may be caused by defects in dorsal-ventral pattern-
ing. The hypothesized increased activity of PTCH con-
ferred by the identified mutations would be expected to
cause loss of ventral cell types in the developing fore-
brain, resulting in HPE. We predict that alterations in the
activity of other proteins that regulate this process, includ-
ing other components of the SHH signaling pathway, could
also result in HPE.
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