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Abstract Meckel–Gruber syndrome (MKS) is a reces-
sively inherited, lethal disorder characterized by renal cys-
tic dysplasia, occipital encephalocele, polydactyly and
biliary dysgenesis. MKS is genetically heterogeneous with
three loci mapped and two identiWed; MKS1 (17q23) and
MKS3 (8q22.1). MKS1 is part of the Finnish disease heri-
tage, while MKS3 has been described exclusively in con-
sanguineous Asian families. Here we aimed to establish
molecular diagnostics for MKS, determine the importance
of MKS1 and MKS3 in non-consanguineous populations,
and study genotype/phenotype correlations. The coding
regions of MKS1 and MKS3 were screened for mutations by
direct sequencing in 17 families clinically diagnosed with

MKS in the US or The Netherlands. The clinical phenotype
was compared to genic and allelic eVects. Both mutations
were identiWed in ten families; Wve MKS1 and Wve MKS3.
All but two were compound heterozygotes, consistent with
their non-consanguineous nature. The MKS1-Finmajor muta-
tion accounted for 7/10 MKS1 mutations; two novel
changes were additionally detected. Seven novel mutations
were found in MKS3, including three missense changes.
We concluded that MKS1 and MKS3 account for the
majority of MKS in non-consanguineous populations of
European origin. Polydactyly is usually found in MKS1 but
rare in MKS3. Cases with no, or milder, CNS phenotypes
were only found in MKS3; hypomorphic missense muta-
tions may be associated with less severe CNS outcomes.
This study is consistent with further genetic heterogeneity
of MKS, but underlines the value of molecular diagnostics
of the known genes to aid family planning decisions.
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Introduction

Meckel–Gruber syndrome (MKS) is a lethal, autosomal
recessive disorder in which aVected fetuses present with the
MKS triad; renal cystic dysplasia (RCD), occipital enceph-
alocele, and postaxial polydactyly of the hands/feet (Alex-
iev et al. 2006; Salonen 1984; Salonen and Paavola 1998),
as well as ductal plate malformations of the liver (Salonen
1984; Sergi et al. 2000). The initial diagnosis is typically
obtained between 11 and 16 weeks gestation during routine
ultrasound examinations by detection of the central nervous
system (CNS) and renal phenotypes (Mittermayer et al.
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2004). Phenotypic variability is evident in MKS, with
polydactyly observed in 55–83% (Alexiev et al. 2006) of
cases, and other CNS malformations, such as hydrocepha-
lus and the Dandy–Walker malformation (DWM) (Cincin-
nati et al. 2000; Summers and Donnenfeld 1995; Walpole
et al. 1991), also linked to MKS. A number of other syn-
dromes present with similar phenotypes (Alexiev et al.
2006): trisomy 13 (holoprosencephaly, cleft lip/palate, con-
genital heart disease and polydactyly); trisomy 18 (choroid
plexus cysts, congenital heart and kidney disease, clenched
hands and rocker-bottom feet); Joubert syndrome (JS; ver-
mis hypoplasia/dysplasia, facial abnormalities, cystic renal
disease, polydactyly and cleft palate) (Maria et al. 1999),
Bardet–Biedl syndrome (BBS; vision loss, mental retarda-
tion, renal disease, polydactyly and obesity) (Green et al.
1989), and Smith–Lemli–Opitz syndrome (microcephaly/
mental retardation, cardia-pulmonary-renal malformations,
and polydactyly). The complexity of the diVerential diagno-
ses underlines the need for molecular testing for this
syndrome.

The high degree of phenotypic variability suggested
genetic heterogeneity (Alexiev et al. 2006; Paavola et al.
1997; Salonen 1984), and linkage analysis of families of
various origins mapped three gene loci: MKS1 (Finnish),
17q23 (Paavola et al. 1995); MKS2 (Middle Eastern/North
African), 11q13 (Roume et al. 1998); and MKS3 (South
Asian), 8q21-24 (Morgan et al. 2002). Positional cloning in
aVected families and the discovery of an animal model for
MKS3 (the wpk rat) led to the identiWcation of the MKS1
(Kyttala et al. 2006) and MKS3 (Smith et al. 2006) genes.
Provisional analysis of the MKS proteins, MKS1 and
meckelin, suggests involvement in the ciliary/basal body
axis, similar to other disorders involving cystic kidneys
(Dawe et al. 2007; Kyttala et al. 2006; Smith et al. 2006).

IdentiWcation of two MKS genes allows mutation-based
molecular diagnostics. Complexity in obtaining a Wrm diag-
nosis is illustrated by the Wnding of BBS mutations in
patients with MKS-like phenotypes (Karmous-Benailly
et al. 2005) and the recent description of MKS3 (but not
MKS1) mutations associated with JS (Baala et al. 2007).
These highlight the utility of molecular methods for deter-
mining a clear diagnosis, and for deWning the full pheno-
typic characteristics associated with each gene. This paper
illustrates the value of molecular diagnostics for MKS1 and
MKS3 in typical US/European populations.

Methods

Mutation screening of MKS1 and MKS3

This study was approved by relevant Institutional Review
Boards or Ethics Committees, and all participants gave

informed consent. Patient families were referred for
research testing by genetic counselors or medical geneti-
cists from the US and Europe. Clinical records on each
pregnancy were reviewed by an experienced clinician.
Blood samples were collected from each parent, and mate-
rial as available from the fetus, for DNA extraction.

DNA was isolated from whole blood, cultured Wbro-
blasts, or frozen or paraYn-embedded tissue using standard
DNA extraction methods (Puregene DNA PuriWcation Sys-
tem; Gentra Systems, Minneapolis, MN); paraYn-embed-
ded tissue was digested with Proteinase K for 7 days at
55°C (Diaz-Cano and Brady 1997).

MacVector software (Accelrys Software Co.; San Diego,
CA) was used to design exonic primer pairs with a mini-
mum Xanking region of 50 bp (Supplemental Tables S1,
S2). PCR amplicons were generated using standard reaction
methods: 50 ng DNA was ampliWed using 5 pmol of each
primer (Illumina, Inc.; San Diego, CA), 2 pmol of each
dNTP (Invitrogen), 2.0–2.5 mM MgCl2, 2.5 �l of 10x reac-
tion buVer, and 0.5 U of Pt-Taq polymerase (Invitrogen), in
a total volume of 25 �l. The PCR ampliWcation program
consisted of: 94°C, 2 min., 35 cycles of: 94°C, 30 s; 57–
62°C, 30 s; 72°C, 30 s, followed by 72°C, 10 min. and 4°C,
5 min. For the GC-rich exon 1 of MKS1, a DMSO contain-
ing PCR reaction buVer (Dodé et al. 1990) was used.

PCR products were puriWed and sequenced at Agencourt
Bioscience Corporation (Beverly, MA) utilizing the Agen-
court AMPure puriWcation reagent. Sequencing was with
Big Dye Terminator V3.1, followed by puriWcation with
Agencourt CleanSeq and injection on an ABI 3730xl DNA
Sequencer (Applied Biosystems; Foster City, CA).
Sequence was analyzed using the Mutation Surveyor pro-
gram (SoftGenetics LLC; State College, PA). The signiW-
cance of possible splicing mutations was tested using the
Splice Site Prediction by Neural Network website: http://
www.fruitXy.org/seq_tools/splice.html. Multi-sequence
alignments were generated with the ClustalW software
(MacVector) employing vertebrate orthologs as previously
described (Smith et al. 2006) plus other meckelin ortholo-
gous sequences: Drosophila melanogaster (D.m), Caenor-
habditis elegans (C.e) and Trypanosoma brucei (T.b)
obtained from NCBI or Ensembl. Previous description of
SNPs was tested at GeneCards: http://www.genecards.org/
info.shtml#snp.

RNA analysis

Total RNA was isolated from Wbroblasts using TRIzol
(Invitrogen Life Technologies; Carlsbad, CA). First-strand
cDNA was synthesized from total RNA using the Super-
Script III cDNA Synthesis Kit (Invitrogen). Primers within
exons 3 and 8 for MKS1 and exons 1 and 4 for MKS3 (Sup-
plemental Tables S1, S2) were designed to study putative
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splice site mutations. The PCR reactions were similar to
those for DNA ampliWcation.

Histology

ParaYn embedded kidney and liver samples from an MKS3
proband (family M329, R1682) were sectioned and stained
with hematoxylin and eosin according to standard methods.

Results

Clinical description of the cohort

Descriptions of the 30 MKS diagnosed cases from 17 fami-
lies are shown in Table 1. Twelve families were from the
US (M designation) and Wve from Europe. Each family had
a clinical diagnosis of MKS in at least one pregnancy,
which was conWrmed by the clinical record. Two families
were consanguineous and one from an isolated population.
Seven had multiple aVected family members, including Wve
in one pedigree (M361). Twenty-six patients had a CNS
phenotype; 18 (14 families) had an occipital encephalocele.
Other CNS phenotypes included DWM (7 cases; 3 fami-
lies) and hydrocephalus (1 case). All patients of signiWcant
age had RCD that was variously described as polycystic,
cystic dysplastic or multicystic. Polydactyly was seen in 10
cases (10 families), with documented involvement of hands
and feet in 6. No digital abnormalities were described in 15
cases (7 families), and conclusive information was not
available in 5. Histological analysis for liver abnormalities
was only performed on a minority of cases, where a ductal
plate malformation was noted.

Mutation analysis of MKS1 and MKS3

Proband samples were available for screening in 10 cases
(8 families); parents were screened for mutations in the
remaining families. All samples were initially screened for
the MKS1-Finmajor mutation (IVS15-7_35del; G470fsX562)
by PCR and visualized on a 2.5% agarose gel, with wild-
type and MKS1-Finmajor bands at 342 and 313 bp, respec-
tively (Fig. 1c). Samples heterozygous for the MKS1-
Finmajor deletion were sequenced for just MKS1 to identify
the second mutation, while those negative for this mutation
were screened for both MKS1 and MKS3.

Five families were MKS1-Finmajor positive (M338, M340
and 55875 were heterozygous; M380 and M383 homozy-
gous; Table 1; Fig. 1c). MKS1 sequence analysis identiWed
two additional mutations: a typical splicing change,
IVS11 + 1G > A, in M338 (Fig. 1b), and a synonymous
variant, 417G > A, in M340 and 55875 (Fig. 1a; Tables 1,
2). In each family, the MKS1-Finmajor and other mutation

were found to originate from diVerent parents, consistent
with recessive inheritance.

The 417G > A substitution, aVecting the last nucleotide
of exon 4 (Fig. 1a), was analyzed for its possible eVect on
splicing, which predicted the loss of the exon 4 donor site
(normal score 0.14). RT-PCR of Wbroblasts from the M340
proband (R1646) showed a smaller abnormal band
(»450 bp; Fig. 1a). Sequencing of the excised abnormal
product conWrmed exon 4 was skipped due to the 417G > A
mutation. In total, Wve families were shown to be MKS1.

Sequencing the twelve MKS1 negative families identi-
Wed seven novel MKS3 changes in Wve families (Fig. 2a–g;
Tables 1, 2). Segregation analysis showed that all changes
were derived from separate parents, consistent with their
pathogenic status. Family M329 had two nonsense muta-
tions: R208X (exon 6; Fig. 2f) and R451X (exon 13;
Fig. 2g), and family 68408 had a nonsense (R208X) and a
frameshifting deletion (579delA; Fig. 2e) mutation in exon
6.

The proband (R1726) of family M376 had a splicing
mutation (IVS1-2delA) that RT-PCR analysis and sequenc-
ing showed resulted in the skipping of exon 2 (Fig. 2a).
Interestingly, the delA immediately follows a run of 24 T-
nucleotides preceding exon 2. In this case, the second likely
mutation was the M252T substitution in exon 8. Compara-
tive mapping of meckelin orthologs shows M252 is highly
conserved in vertebrates as well as nematode (methionine is
conservatively replaced with leucine in Drosophila and
Trypanosoma), supporting its pathogenic role (Fig. 2b).
This conclusion was reinforced by Wnding the same M252T
mutation in a second family (M360), which also had the
R208X nonsense mutation (Table 1).

Two missense changes were found in family M361:
R440Q (exon 13) and L966P (exon 27). R440 is located in
the N-terminal extracellular domain, »15 aa before the start
of the Wrst transmembrane domain. Homology mapping
showed that this residue is conserved in all species save
Drosophila, where arginine is replaced by lysine (Fig. 2c).
L966, the last amino acid of the Wnal transmembrane
domain of meckelin, is conserved to chicken, and is substi-
tuted to a similarly hydrophobic valine or alanine in other
species (Fig. 2d). Proline is a kinking amino acid and may
disrupt the �-helical transmembrane tertiary structure of
this domain. Further support that these two missense muta-
tions are pathogenic was provided by direct sequencing
segregation analysis using genomic DNA from three termi-
nated fetuses of this family (R1730–R1732).

A number of intronic and exonic polymorphisms were
also identiWed in MKS1 and MKS3 and their frequencies
determined in the US and Dutch populations (Table S3).
Four were common, described SNPs (Table S3). Two oth-
ers were splicing changes distant from the splice sites,
which were not predicted to alter splicing (Reese et al.
123
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Table 1 Clinical and molecular details of analyzed families

a All cases presented with oligohydraminos and various features associated with the Potter’s sequence
b 9Parents are Wrst cousins
c M (maternal), P (paternal), C (Caucasian), AA (African American), Ger (German), Ir (Irish), UK (United Kingdom), NAm (Native American),
It (Italian), Du (Dutch), FC (French Canadian), Swe (Swedish), Pol (Polish), AzJ (Ashkenazi Jewish), Med (Mediterranean)
d  NMD (no mutation detected)
e Preg (pregnancy number and sample number if DNA available)
f RCD (renal cystic dysplasia), N/A (no information available), * Omphalocele noted; too early to see clear renal phenotype
g Hep (hepatic phenotype), DPM (ductal plate malformation), E (enlarged), N/A (no information available)
h OE (occipital encephalocele), H (hydrocephalus), DWM (Dandy–Walker malformation), EH (elongated head), N/A (no information available),
NAD (no abnormality detected)
i PP (postaxial polydactyly), PPH (postaxial polydactyly–hands), PPF (postaxial polydactyly–feet), PPRF (postaxial polydactyly–right foot), N/
A (no information available), NAD (no abnormality detected)
j Diag (method of diagnosis), US (ultrasound), A (autopsy), MR (magnetic resonance)
k Other (additional phenotypes), 3£18 (trisomy), CP (cleft palate), GM (genital malformation)

Family data Genetic data Phenotypic dataa

Numberb Originc Gene Mutationsd Prege Age (weeks) Renalf Hepg CNSh Digiti Diagj Otherk

M338 M–AA
P–C

MKS1 IVS11 + 1G > A
IVS15-7_35del

1 16 RCD N/A OE PP US

M340 M–Ger
P–Ger

MKS1 IVS15-7_35del
417G > A

2
3 (R1646)

15
16

RCD
RCD

N/A
N/A

OE
OE

PPF
N/A

US
US

M380 M–Ger; Ir; UK
P–NAm; Ir; Ger; UK

MKS1 IVS15-7_35del
IVS15-7_35del

1 (R1740) 19 RCD N/A OE PPH; PPF US; A

M383 M–Ger; Ir; UK
P–It

MKS1 IVS15-7_35del
IVS15-7_35del

3 (R1755) 11 N/A* N/A OE PPH; PPF US; A

55875 M–Du
P–Du

MKS1 417G > A
IVS15-7_35del

1 (5/12542) 16 RCD DPM OE PPH; PPF US; A

M329 M–Swe
P–Ger

MKS3 R451X
R208X

1 (R1682)
2
5

20
13
12

RCD
RCD
RCD

DPM
N/A
N/A

OE
OE
N/A

NAD
NAD
N/A

US; A
US
US

M360 M–FC; Ir; UK
P–Ir; UK

MKS3 R208X
M252T

1
2

20
14

RCD
RCD

E
N/A

EH
OE

NAD
PPRF

US; A
US

M361 M–Ger; UK; Swe
P–Ger; Ir

MKS3 L966P
R440Q

1
2
3 (R1731)
4 (R1730)
5 (R1732)

18
15
16
20
15

RCD
RCD
RCD
RCD
RCD

N/A
N/A
N/A
DPM
DPM

OE
OE
NAD
DWM
NAD

NAD
NAD
NAD
NAD
NAD

US; A
US
US; A
US; A; MR
US; A

M376 M–Ger
P–Pol

MKS3 IVS1-2delA
M252T

3 (R1726) 26 RCD E, DPM OE NAD US; A

68408 M–Du
P–Du

MKS3 R208X
579delA

1 (6/8912)
2 (6/8913)

13
15

N/A
RCD

N/A
N/A

OE
OE

N/A
NAD

US
US; A

M337 M–Ger; Du
P–Ir

NMD 1
3
5

18
19
14

RCD
RCD
RCD

N/A
N/A
N/A

DWM
DWM
DWM

NAD
NAD
N/A

US
US; A
US

3X18

M339 M–AzJ
P–AzJ

NMD 5
6
7

23
17
15

RCD
RCD
RCD

N/A
N/A
N/A

DWM
DWM
DWM

N/A
N/A
NAD

US
US
US

M345 M–C
P–Ger; Ir

NMD 1 22 RCD DPM OE PPH; PPF US; A CP

M381 M–Ger; Pol
P–Pol; Ger

NMD 3 (R1727) 19 RCD N/A OE PPH; PPF US

635319 M–Med
P–Med

NMD 1 (4/6152) 19 RCD N/A OE PPH; PPF US

682819 M–Du
P–Du

NMD 1 15 RCD N/A OE PPF US; A

68420 M–Du
P–Du

NMD 1 (6/1851) 31 RCD N/A H NAD US GM
123
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1997). The one rare change, IVS12 + 19G > A, was hetero-
zygous in a consanguineous family and therefore unlikely
disease related. One silent MKS3 change, 2397T/C, was
found in a parent in M345. As no other MKS3 change was
found in the other parent, and the change was synonymous
we judged it unlikely to be pathogenic. One rare missense
change, D/E71, in MKS1: is highly conservative; at a resi-
due that is glutamic acid (E) in all other tested mammalian
species; and was found in a patient with a more likely
MKS1 mutation (IVS11 + 1G > A).

MKS3 kidney and liver histology

Material from a 20 week MKS3 fetus allowed the renal and
liver phenotypes associated with this genotype to be ana-

lyzed. The renal architecture was distorted by numerous,
haphazardly arranged and variably-sized cortical and med-
ullary cysts with intervening, loose edematous stroma that
was variably cellular, typical of RCD. A subcapsular nephr-
ogenic zone was present only focally, and showed normal
maturation; however, nephron number appeared markedly
decreased (Fig. 3a). Cysts were variably sized, with smaller
cysts lined by more cuboidal cells with eosinophilic cyto-
plasm, while larger cysts were lined by Xattened epithe-
lium. Within a number of cysts the lining epithelium
transitioned from cells with eosinophilic or cleared cyto-
plasm to more Xattened cells with basophilic cytoplasm.

The liver architecture was intact without grossly evident
cysts. The portal regions were expanded by loose connec-
tive tissue stroma with peripherally arranged proliferating

Fig. 1 Details of MKS1 mutations. a The synonymous 417G > A
mutation (family M340), showing (bottom) genomic DNA sequence
(wildtype; wt and mutant; M); and (top) RT-PCR (ex 3–8) indicating
that exon 4 is skipped in the proband (P) but not the wildtype (WT). b
Sequence change IVS11 + 1G > A in pedigree M338. c Agarose gel

electrophoresis of IVS15-Ex16 (Table S1) PCR product. The proband
in M380 is homozygous and the parents heterozygous for the deletion.
The larger product in the heterozygotes is a heteroduplex. The posi-
tions of the mutations are shown at the bottom against the MKS1 intron/
exon structure

Table 2 Details of MKS1 and MKS3 pathogenic mutations

a Skips exon 4
b Predicted to skip exon 11
c Skips exon 2

Gene Location Codon Mutation 
Designation

cDNA change Protein change Variant aVect Times 
detected

Previous 
description

MKS1 Ex 4 88 417G > A 262del156a F88_E139del In-frame deletion 2 Novel

MKS1 IVS 11 320 IVS11 + 1G > A 959del66b V320_H342delinsD In-frame deletion 1 Novel

MKS1 IVS 15 470 IVS15-7_35del 1408del83 G470fsX562 Truncation 7 (Kyttala et al. 2006)

MKS3 IVS1 75 IVS1-2delA 224del89c G75fsX89 Truncation 1 Novel

MKS3 Ex 6 193 579delA 579delA T193fsX221 Truncation 1 Novel

MKS3 Ex 6 208 R208X 622A > T R208X Truncation 3 Novel

MKS3 Ex 8 252 M252T 755T > C M252T Missense 2 Novel

MKS3 Ex 13 440 R440Q 1319G > A R440Q Missense 1 Novel

MKS3 Ex 13 451 R451X 1351C > T R451X Truncation 1 Novel

MKS3 Ex 27 966 L966P 2897T > C L966P Missense 1 Novel
123



596 Hum Genet (2007) 121:591–599
bile ducts (Fig. 3b). The bile ducts were focally ectatic, but
only minimally dilated. There was no signiWcant portal
inXammation and the portal vein and hepatic artery
appeared normal.

Discussion

We have developed a molecular diagnostic screen for MKS
that couples PCR screening of the MKS1-Finmajor founder
mutation with direct sequence analysis of MKS1 and
MKS3. Most genetic and epidemiological studies of MKS
have concentrated on isolated populations (i.e. Finnish), or
ones with a high level of consanguinity. In this study, most
families were typical (non-consanguineous) and diagnosed
in the US or The Netherlands. The out-bred nature of the
population was reXected in the fact that all but two of the
ten mutation proven cases were compound heterozygotes.
The prevalence of MKS in Finland has been estimated at
1:9,000 (Salonen and Norio 1984), but Wgures have varied
widely from 1:13,250 (Holmes et al. 1976) to 1:140,000
(Seller 1978) for the US or other European populations. A

relatively high rate is supported by the fact that MKS is the
most common syndromic form of neural tube defects and
polydactyly (Castilla et al. 1998; Simpson et al. 1991; Ste-
venson et al. 2000). Recent data showing the prevalence of
MKS in fetuses diagnosed with hyperechoic cystic kidneys
at about one-third the incidence of autosomal recessive
polycystic kidney disease (ARPKD) in the same population
(frequency »1:20,000) (Chaumoitre et al. 2006) suggests a
level of »1:60,000 could be used for estimating risk, with a
carrier rate of »1:250. This may be higher when JS cases
associated with MKS3 mutations (Baala et al. 2007) are
included, indicating a moderate level of demand for molec-
ular diagnostics.

Of the ten families molecularly diagnosed with MKS, 5
were MKS1 and 5 MKS3, indicating equal representation of
the two diseases in this population. All MKS1 cases had at
least one MKS1-Finmajor allele (7/10 mutant alleles; 2 were
homozygous). This level is similar to the non-Finnish fami-
lies in the previous MKS1 study (6/8) (Kyttala et al. 2006),
indicating this is a common mutation in European derived
populations, and prescreening patients for this readily
detectible change is helpful in a diagnostics setting. Two

Fig. 2 Details of MKS3 mutations (a–g) as indicated. Sequence of
each change is indicated (wildtype; wt and mutant; M). The amino acid
sequence is shown below and the intron/exon boundary as a vertical
red line in a. Reverse sequence is shown in a and so the deletion is not
evident in adjacent nucleotides because of the poly-T tract. b–d Con-
servation of substitutions (red base) in alignment of mecklin orthologs

in: human (H.s); rat (R.n); mouse (M.m); chicken (G.g); Wsh (Tetra-
odon nigroviridis; T.n); Drosophila melanogaster (D.m); nematode
(Caenorhabditis elegans; C.e) and Trypanosoma brucei (T.b). The end
of the seventh transmembrane domain is shown in green in d. The po-
sition of each mutation against the intron/exon structure of MKS3 is
shown in the center
123
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novel MKS1 mutations were also identiWed: 417G > A in 2
patients, and IVS11 + 1G > A in an African American
patient.

Although MKS3 was previously only described in con-
sanguineous families from South Asia and the Middle East,
it is clear that it is a common cause of MKS in Western
populations. A total of seven novel mutations were identi-
Wed, two of which were found on Wve alleles. There is
strong evidence that the three MKS3 missense changes are
pathogenic: they were not found on 50 control chromo-
somes from the same populations; they are at highly con-
served sites (Fig. 2); M252T was found in two separate
families with a MKS3 nonsense or typical splicing change;
L966P and R440Q segregated with the disease in three
aVected oVspring; one previously described homozygous
missense change, Q376P, was found in a consanguineous
MKS3 family (Smith et al. 2006); and only two very con-
servative amino acid polymorphisms were found in MKS3
(Table S3). While there is clearly more allelic heterogene-
ity in this population, the Wnding of some ancestral changes
may prioritize exons that are initially analyzed; 4/10 mutant
alleles were in exon 6.

All patients where data was available had RCD. Analy-
sis of the MKS3 phenotype showed cortical and medullary

cysts with just focal regions of nephrogenic development,
similar to previous descriptions of RCD in MKS kidneys
(Fig. 3a) (Bernstein et al. 1974). Only a minority of patients
had histological data available on the liver, but each of
those showed ductal plate malformations. The illustrated
MKS3 liver shows the ductal plate malformation, with bile
duct proliferation, characteristic of MKS (Sergi et al.
2000), although little dilatation is seen in this case
(Fig. 3b).

In all the mutation characterized families, at least one
case had an occipital encephalocele. Previous studies have
indicated an encephalocele in »90% of MKS cases (Sergi
et al. 2000), but that it may be less common in MKS3 fami-
lies (Morgan et al. 2002). Here, this abnormality was found
in all MKS1 fetuses (6), but four MKS3 cases from two
families did not have an encephalocele, one having DWM,
two having no CNS defect, and one described as having an
elongated head. Interestingly, three of these were from the
same family (M361), which had two MKS3 missense muta-
tions. This raises the possibility that allelic eVects may be
important to the severity of the CNS phenotype, and that
missense changes may be hypomorphic alleles. This is
analogous to ARPKD where all cases with two truncating
mutations die by the neonatal period, but those with one or
more missense change more often survive (Bergmann et al.
2003). A Wnding that further strengthens this possibility is
that MKS3 mutations can also cause JS, a non-lethal disor-
der with a CNS phenotype of cerebellar vermis hypoplasia
(Baala et al. 2007). In JS cases, most mutations are mis-
sense or atypical splicing, which might be hypomorphic
alleles and explain the milder phenotype; although, oligo-
genic inheritance could also play a role in the phenotypic
expression (Baala et al. 2007).

The phenotype that was most clearly diVerent between
MKS1 and MKS3 was the digital abnormalities. Of the Wve
MKS1 cases where data was available, all showed polydac-
tyly, many of both Wngers and toes (Table 1). In contrast, of
the 11 MKS3 fetuses where digits could be visualized, only
1 had polydactyly; six toes on one foot. Previous studies
suggested polydactyly to be less common in MKS3 (Mor-
gan et al. 2002; Smith et al. 2006), and this is now clearly
demonstrated. Such is the phenotypic diVerence that this
feature provides an early clue to the gene involved before
molecular analysis is initiated. Although roles in the ciliary/
basal body axis are suspected for the MKS proteins (Dawe
et al. 2007; Kyttala et al. 2006; Smith et al. 2006), it seems
from the phenotypic diVerences between MKS1 and MKS3
that some diVerences in protein function can be expected.

Mutations at either gene were not identiWed in seven
families. While it is possible that these represent missed
mutations (i.e. large deletions or splicing mutations distant
from the intron/exon boundaries), the fact that two muta-
tions were identiWed in all our molecularly diagnosed cases

Fig. 3 Histology of MKS3 tissue: kidney (a) and liver (b) from 20-
week fetus (R1682). a Cortical region showing large cysts and focal
residual nephrogenic reigon. b Cross-section of portal region showing
ductal plate malformation with proliferation of bile ducts
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makes this unlikely. There was some doubt regarding the
MKS diagnosis in four of these families. In family 68420,
no frank neural tube defect or polydactyly was present, plus
other congenital abnormalities (such as genital abnormali-
ties) were present. In M337, DWM was observed in three
cases, with no clear polydactyly; and one fetus was diag-
nosed with trisomy 18 (the other two were karyotypically
normal). A third family of Ashkenazi Jewish decent had
three cases presenting with DWM and no polydactyly.
M345 was atypical in that cleft palate was detected. The
remaining mutation negative cases, two consanguineous
families (63531 and 68281) and one non-consanguineous
family (M381), presented with the typical MKS triad. A
further MKS locus (such as MKS2) is therefore supported
by these cases, but family samples were not available for
linkage analysis.

The schema that we have described here will be useful
for determining a Wrm diagnosis in typical MKS cases, as
well as allowing testing of atypical phenotypes, such as JS.
The devastating nature of MKS indicates that preimplanta-
tion genetic diagnostics (PGD) is an important option for
these families, which a Wrm molecular diagnosis makes
possible.
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