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HE SONIC HEDGEHOG (SHH) GENE IS A HUMAN HOMOLOGUE OF THE

drosophila gene encoding inductive signals involved in patterning the early

embryo and which is highly functionally conserved in many species.! The gene
was mapped to chromosome 7 (7q36), the locus for the gene involved in holoprosen-
cephaly (HPE3).2 SHH mutations may cause the failure of cerebral hemispheres to sep-
arate into distinct left and right halves, leading to holoprosencephaly, which is one of
the most common developmental anomalies of the forebrain and midface in humans.3
Although the majority of cases of holoprosencephaly are sporadic, familial cases are not
rare, with a clear pattern of autosomal dominant inheritance.

There is great clinical variability of holoprosencephaly within families, ranging from
alobar holoprosencephaly and cyclopia to cleft lip and palate, microcephaly, ocular hy-
potelorism, and even to a normal phenotype. This variability suggests an interaction
between SHH and other genes expressed during craniofacial development and the pos-
sible involvement of environmental factors. Because almost one third of carriers of SHH
mutations may be clinically unaffected, even in affected families, the prenatal detection
of SHH mutations might notjustify termination of the pregnancy. Preimplantation genet-
ic diagnosis is thus a more attractive option for couples at risk for having a child with
holoprosencephaly.

We describe the use of preimplantation genetic diagnosis for SHH mutation in a fam-
ily with holoprosencephaly. The use of this technique, followed by confirmation of mu-
tation-free status by amniocentesis, resulted in the birth of a healthy girl.

CASE REPORT

A couple who had had two children with clinical signs of holoprosencephaly presented
for preimplantation genetic diagnosis (Fig. 1). Their second child, a girl with severe ho-
loprosencephaly and cleft lip and palate, died shortly after birth. The results of chromo-
somal analysis of peripheral-blood lymphocytes from this child and the parents were
normal. However, DNA analysis of samples obtained at autopsy showed that the girl had
an SHH nonsense mutation — a change from GAG to TAG — leading to the premature
termination of the protein at position 256 of exon 3 (Glu256stop)? (Fig. 2A). SHH pro-
tein is an intercellular signaling molecule. This precursor is cleaved internally into a high-
ly conserved domain (SHH-N) with signaling activity and a more divergent domain
(SHH-C), which in addition to precursor processing, acts as an intramolecular choles-
terol transferase crucial for proper patterning activity in animal development.® Although
the effect on SHH function of the nonsense mutation identified in the child is unknown,
the resulting protein may not have the expected signaling function in early morpho-
genesis.13
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Figure 1. Pedigree.

The father (Subject I-1) has a gonadal mosaicism for the sonic hedgehog
(SHH) mutation (M), which is linked to the 156-bp dinucleotide CA repeat al-
lele of the D7S550 polymorphic marker, whereas the mother (Subject I-2) is
normal (N), with one normal allele linked to a 158-bp repeat (158) and the oth-
erto a 138-bp repeat (138). Three previous pregnancies resulted in the birth of
a son with holoprosencephaly (Subject II-1), who carries the mutant gene; a
daughter who died soon after birth (Subject 11-2), who also carried the mutant
gene; and a spontaneously aborted fetus with Turner’s syndrome (Subject 11-3),
without the SHH mutation. A second daughter (Subject I1-4) was born after
preimplantation genetic diagnosis (PGD), as described in this article. Squares
indicate male subjects, circles female subjects, the triangle a spontaneous
abortion, solid symbols affected subjects (the spontaneously aborted fetus
was unaffected by holoprosencephaly but had Turner’s syndrome), open sym-
bols unaffected subjects, and the slash a deceased subject. The square with

the dot indicates that the father was an unaffected carrier of the mutation.
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The same mutation was found in the couple’s
five-year-old son, who had been born after a full-
term, normal pregnancy, weighing 2.7 kg (6 1b),
with a length of 45.7 cm (18.3 in.). This child had
less severe facial dysmorphism than his sister, in-
cluding microcephaly, Rathke’s pouch cyst, a single
central incisor, and choanal stenosis (the latter was
dilated surgically after birth). He also had clinodac-
tyly of the fifth fingers and incurved fourth toes bi-
laterally. His growth was slow during the first two
years but subsequently has been reasonably good,
and his social and cognitive development are appar-
ently normal.

The woman had had another pregnancy, which
ended in spontaneous abortion owing to Turner’s
syndrome (45,X). There was no evidence of inherit-
ance of the SHH mutation. The observation that the

mutation was not found in either parent’s genomic
DNA, although paternity testing showed that the
father was the biologic father of both affected chil-
dren, clearly suggested a new gonadal mutation in
one of the parents.

METHODS

Two cycles of preimplantation genetic diagnosis
were performed with use of a standard in vitro fer-
tilization protocol coupled with micromanipulation
procedures, as described elsewhere.# Single blas-
tomeres were removed from the eight-cell embryos
and tested by multiplex nested polymerase-chain-
reaction (PCR) analysis, involving simultaneous
testing for a specific mutation and linked marker
analysis.> Of 15 embryos in the first cycle, 12 were
available for blastomere biopsy at the eight-cell
stage. Blastomeres from four embryos failed to am-
plify, leaving eight with data available for mutation
analysis. Seven of these eight embryos appeared to
contain the mutant allele; only one embryo was free
of the mutation and was transferred back to the pa-
tient, yielding no clinical pregnancy.

The second cycle of preimplantation genetic di-
agnosis was performed a year later. Nineteen em-
bryos were available, 10 of which were acceptable
for blastomere biopsy and DNA analysis. Of these
10 single blastomeres, only 1 failed to amplify. The
remaining nine had data available for SHH gene and
linked marker analysis, to identify the mutation-free
embryos appropriate for transfer (Fig. 2C).

Before preimplantation genetic diagnosis cycles,
single-sperm testing was performed that identified
mosaicism for the SHH mutation in the father. The
mutation led to the addition of an Xbal restriction
site3; the normal allele was thus identified on the ba-
sis of the undigested PCR product, and the mutant
allele was represented by two fragments, as a result
of Xbal digestion (Fig. 2B).

To avoid misdiagnosis in mutation analysis
owing to preferential amplification of certain alleles
(also termed “allele dropout”), the rate of which ex-
ceeds 10 percent in single-blastomere DNA analy-
sis,® a closely linked microsatellite DNA marker
D7S8550 was used as an internal control. Table 1 lists
the primers used in the first- and second-round PCR
for mutation and linked marker analysis and the re-
action conditions. A haplotype analysis showed that
the mutant allele was linked to a 156-bp dinucle-
otide CA repeat and that the normal gene was linked
to a 152-bp repeat allele in 7q36 (Fig. 1). Although
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Figure 2. Preimplantation Diagnosis for Nonsense Mutation Glu256stop in Exon 3 of the Sonic Hedgehog (SHH) Gene.

Panel A shows the location of the mutation in SHH and the D7S550 linked marker on chromosome 7. The arrows demon-
strate the positions of heminested primers. Panel B shows the restriction map for Xbal digestion. The mutant allele has
an additional Xbal restriction site. Panel C shows the polyacrylamide-gel electrophoregram of Xbal-digested polymerase-
chain-reaction (PCR) products of nine blastomeres from the second cycle of preimplantation genetic diagnosis, paternal
DNA from sperm, maternal (normal) DNA, DNA from the couple’s affected son, and undigested PCR product. The lad-
der is the 100-bp standard; ADO denotes allele dropout. Panel D shows the results of follow-up analysis of genomic DNA
from five embryos predicted to have the SHH mutation on the basis of blastomere testing. Panels E, F, G, and H show
capillary electrophoregrams of fluorescently labeled PCR products of tightly linked marker D7S550. Paternally derived

156-bp dinucleotide indicative of the SHH mutation (“Paternal”) is evident in blastomeres of Embryos 2, 9, 10, and 17.
A maternally derived 158-bp CA repeat (“Maternal”) is also evident in blastomeres of Embryos 2, 9, and 10, and the other
maternally derived 138-bp repeat is evident in the blastomere of Embryo 17 (Panel H).
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Table 1. Primers for the Detection of the Glu256stop Mutation in the Sonic Hedgehog Gene (SHH) and Linked Marker
D7S550 in Heminested Polymerase-Chain-Reaction Analysis.

Gene or Marker Upper Primer

SHH
Outside GAGCAGGGCGGCACCAA
Inside GGCACCAAGCTGGTGAAG
D7S550
Outside ACTATCATCCACAATCCACTCC
Inside ACTATCATCCACAATCCACTCC

Annealing
Temperature
Lower Primer (°C)
GGCCGAGTCGTTGTGC 62-55
GGCCGAGTCGTTGTGC 56
GCAGTTGGGTTATTTCAAGTCT 62-55
GATGTTGTGATTAGAGTTGCTGTA 56

other linked markers have also been described,?
they were not informative.

The protocol was approved by the institutional
review board, and the parents provided written in-
formed consent. On the basis of both mutation and
linked-marker analyses, unaffected embryos were
identified and selected to be transferred back to the
woman, whereas those predicted to have the SHH
mutation underwent confirmatory analysis with the
use of whole-embryo DNA to evaluate the accura-
cy of preimplantation genetic diagnosis based on
analysis of a single cell.

RESULTS

Four allele dropouts were identified in analysis of
the mutantallele in Embryos 2,9, and 17 and in the
normal allele in Embryo 10 (Fig. 2C and 2D and Ta-
ble 2). This result was based on the marker analysis,
showing that all four of these embryos were hetero-
zygous for the mutation (Fig. 2E, 2F, 2G, and 2H).
In other words, three of these four embryos (Em-
bryos 2, 9, and 17) could have been misidentified as
normal in the absence of linked marker analysis. In
addition to these three embryos, Embryos 10 and 19
also contained the mutant gene.

The remaining four embryos were free of the mu-
tant gene, as confirmed by marker analysis show-
ing thatall contained two normal alleles, the pater-
nal one linked to the 152-bp repeat and either the
normal maternal allele linked to the 138-bp repeat
(Embryos 4 and 5) or the normal maternal allele
linked to the 158-bp repeat (Embryos 8 and 16).
Two of these embryos (Embryos 4 and 5) were trans-
ferred back to the woman, resulting in a singleton

pregnancy, followed by confirmation of the muta-
tion-free status of the fetus by amniocentesis and
the birth of a healthy girl. The other two mutation-
free embryos (Embryos 8 and 16) were frozen for
subsequent use by the couple.

DISCUSSION

Our data demonstrate that multiplex PCR-based
blastomere analysis can accurately identify SHH mu-
tations, despite the well-known high rate of allele
dropout in this type of single-cell analysis.® Allele-
specific amplification failure is particularly com-
mon in single-blastomere analysis, as compared
with analysis of single fibroblasts and polar bodies.
The follow-up analysis of the mutant embryos con-
firmed the results of preimplantation genetic di-
agnosis, consistent with previous data.> Although,
ideally, three linked markers are needed to eliminate
the risk of misdiagnosis resulting from allele drop-
out,5 we found that the use of only one linked mark-
er was reliable, probably because the identification
of mutation-free embryos was based on the pres-
ence not only of the paternally derived normal allele,
but also of the maternally derived normal allele. In
this case, the absence of the mutant gene together
with the presence of the two normal alleles, identi-
fied by different linked markers, led to the correct
identification of embryos as either normal or carry-
ing the SHH mutation.

Our findings demonstrate the clinical relevance
of the use of preimplantation genetic diagnosis for
familial holoprosencephaly. Because of the high
prevalence of congenital craniofacial anomalies,
preimplantation genetic diagnosis may have prac-
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Table 2. Results of Multiplex Polymerase-Chain-Reaction (PCR) Analysis, Involving Simultaneous Testing for the Sonic
Hedgehog Gene (SHH) Mutation and Linked Marker Analysis and Confirmatory Embryo Analysis.
Linked Marker
Source of DNA Analysis for SHH (D75550) Predicted
Embryo No. Mutation Analysis* Genotype Follow-up Analysis
2 Normal/Allele 2/4 Carrier affected Confirmed by DNA analysis
dropout
4 Normal/Normal 1/3 Normal Confirmed by amniocentesisT
5 Normal/Normal 1/3 Normal Confirmed by amniocentesisT
8 Normal/Normal 2/3 Normal Frozen
9 Normal/Allele 2/4 Carrier affected Confirmed by DNA analysis
dropout
10 Allele dropout/ 1/4 Carrier affected Confirmed by DNA analysis
Mutation
16 Normal/Normal 2/3 Normal Frozen
17 Normal/Allele 1/4 Carrier affected Confirmed by DNA analysis
dropout
19 Normal/Mutation 1/4 Carrier affected Confirmed by DNA analysis
Mother Normal/Normal 1/2 Normal —
Father Normal/Mutation 3/4 Carrier mosaic —

* The linked markers were as follows: maternal PCR product of 138 bp (1); maternal PCR product of 158 bp (2); paternal
PCR product of 152 bp (3), linked to the normal gene; and paternal PCR product of 156 bp (4), linked to the mutant gene.

T Embryos 4 and 5 were transferred, but it is not known which one resulted in the singleton pregnancy and thus was con-
firmed by amniocentesis as having a normal genotype.

tical implications for couples at risk. Initiated first
for severe mendelian disorders,?-12 preimplantation

genetic diagnosis was then used

euploidy?3-16 and has recently been used for dis-
eases for which there is a genetic predisposi-
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