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Abstract

Meckel syndrome (MKS) is a lethal malformation syndrome that belongs to the group of disorders
that are associated with primary cilia dysfunction. Total of five genes are known to be involved in
the molecular background of MKS. Here we have systematically analyzed all these genes in a total
of 29 MKS families. Seven of the families were Finnish and the rest originated from elsewhere in
Europe. We found 12 novel mutations in 13 families. Mutations in the MKS genes are also found
in other syndromes and it seems reasonable to assume that there is a correlation between the
syndromes and the mutations. To obtain some supportive information, we collected all the
previously published mutations in the genes to see whether the different syndromes are dictated by
the nature of the mutations. Based on this study, mutations play a role in the clinical phenotype,
given that the same allelic combination of mutations has never been reported in two clinically
distinct syndromes.
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INTRODUCTION

Meckel syndrome (MKS; MIM# 249000) is an autosomal recessive lethal disorder
characterized by a combination of malformations. Death occurs already before or shortly
after birth. Cystic dysplasia of the kidneys with fibrotic changes in the liver and an occipital
encephalocele or other central nervous system malformations are considered as the minimal
diagnostic criteria for Meckel syndrome [Salonen, 1984]. In addition, polydactyly is a
frequent feature of the phenotype. It is possible to detect and diagnose MKS by ultrasound
already at 11t to 14t weeks of gestation [Pachi et al., 1989]. Later during the pregnancy,
oligohydramnion might make it more difficult to establish the diagnosis by ultrasound only.
The identification of the disease causing genes has enabled the DNA based diagnostic for
MKS. Five genes and six loci have been identified in MKS so far [Baala et al., 2007a;
Delous et al., 2007; Kyttala et al., 2006; Roume et al., 1998; Smith et al., 2006; Tallila et al.,
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2008] and the number will evidently increase since these genes explain only a fraction of
known MKS cases. Identification of the disease genes and mutations has demonstrated that
they are not restricted to certain populations and that MKS is an allelic disorder with Joubert
syndrome, Leber congenital amaurosis, Senior-Loken syndrome, nephronophthisis and
Bardet-Biedl syndrome, since all five of the identified genes MKS1 (BBS13), TMEMG67
(MKS3, JBTS6), CEP290 (MKS4, NPHPS6, JBTS5, SLSN6, LCA10, BBS14), RPGRIPIL
(MKS5, JBTS7, NPHPS, CORS3) and CC2D2A (MKS6, JBTS9) are known to be mutated
also in other syndromes with overlapping clinical features. A common pathogenic pathway
provides the molecular basis for the overlap, since all of these disorders are caused by
primary cilia dysfunction and therefore termed as ciliopathies.

Joubert syndrome (JS; MIM#s 610688, 610188, 611560) is a clinically and genetically
heterogeneous group of disorders characterized by hypoplasia of the cerebellar vermis with
the characteristic neuroradiologic ‘molar tooth sign,” and accompanying neurologic
symptoms, including dysregulation of breathing pattern and developmental delay.
Additional features sometimes associated with JS include retinal anomalies, polydactyly,
hepatic fibrosis, and renal disease. This group of related disorders is often referred to as
‘cerebello-oculo-renal syndromes’ (CORSSs). Several features overlap with the classic MKS
features including polydactyly, fibrotic changes of the liver and CNS malformation
(encephalocele). Seven genes behind Joubert syndrome and related disorders have been
identified to date (MPHP1, AHI1, CEP290, RPGRIPIL, TMEM67, ARL13B and CC2DZ2A).
In addition, there are two loci, where the disease causing gene is unknown [Gorden et al.,
2008; Valente et al., 2008].

Leber congenital amaurosis (LCA; MIM# 204000) is generally inherited in an autosomal
recessive manner and is characterized by a severe retinal dystrophy, causing blindness or
severe visual impairment at birth or during the first months of life. LCA represents the most
common genetic cause of congenital visual impairment in infants and children.
Identification of 14 genes mutated in patients with LCA and juvenile retinal degeneration
explain approximately 70% of the cases. Several of these genes have also been implicated in
other non-syndromic or syndromic retinal diseases, such as retinitis pigmentosa and JS,
respectively. CEP290is one of the most frequently mutated LCA genes; one CEP290
mutation (p.Cys998X) is found in approximately 20% of all LCA patients from north-
western Europe [den Hollander et al., 2008].

Nephronophthisis (NPHP; MIM# 256100) is a heterogenous group of autosomal recessive
cystic kidney disorders and is one of the most common reasons for end stage renal disease in
children and adolescents [Hildebrandt and Zhou, 2007]. Nine genes behind NPHP have been
identified to date [Salomon et al., 2008]. NPHP may also be associated with other clinical
features. Senior-Loken syndrome (SLSN; MIM# 610189) is also known as juvenile
nephronophthisis with retinis pigmentosa (Leber amaurosis). It is an autosomal recessive
renal-retinal disorder, characterized by progressive wasting of the filtering unit of the
kidney, with or without medullary cystic renal disease, and progressive eye disease.
Mutations for SLSN have been identified in the MPHP genes [Salomon et al., 2008].

Bardet-Biedl syndrome (BBS; MIM# 209900) is an important genetic cause of chronic and
end-stage renal disease. It is a multi-system disorder, which consists of obesity, retinal
degeneration, cognitive impairment, genitourinary tract malformations, and polydactyly.
Correspondent to the variety of malformations, a number of genes behind BBS have been
detected, and to date there have been reports of 14 disease causing genes [Leitch et al., 2008;
Tobin and Beales, 2007].
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Phenotypic overlap of the syndromes caused by mutations in the MKS genes is distinct, but
significant differences can also be observed that makes this puzzle very challenging. As a
lethal condition MKS represents the most severe end of the syndromes. The aim of this
study was to identify disease causing mutations in MKS families where the mutations were
not known. We collected all the reported mutations in MKS genes (Table 1) as well, since
we were interested in seeing whether the different syndromes are associated with specific
mutations in these genes.

SUBJECTS AND METHODS
Study Cohort

This study has been approved by the ethical committee of the Joint Authority of the Hospital
District of Helsinki and Uusimaa, Finland. We had DNA samples from 22 non-Finnish MKS
families in total. In some cases DNA was available only from the parents or from the
affected fetus. In addition, we analyzed seven Finnish MKS families without MKSZ1 or
CC2D2A (MKS6) Finmajor-mutations. DNA samples were available from parents and
affected fetuses in all these families. It was not possible to obtain exact clinical data from the
cases included in this study, but all the samples have been sent to us with MKS diagnosis.

Mutation Analysis

RESULTS

Mutational screening of all the known MKS genes (MKS1; MIM# 609883; GenBank
NM_017777.2, gi: 89242136), TMEM6E7 (MKS3; MIM# 609884; GenBank NM_153704.5,
gi: 214830731), CEP290 (MKS4, MIM# 610142; GenBank NM_025114.3, gi: 109255233),
RPGRIPIL (MKS5, MIM# 610937; GenBank NM_015272.2, gi: 118442833) and CC2D2A
(MKS6; MIM# 612013; GenBank NM_001080522.2, gi: 197209973) was performed by
direct sequencing of all the coding exons and exon-intron boundaries. Primers for
amplifying the genomic DNA were designed using Primer3 software (http://
frodo.wi.mit.edu/) and provided by Sigma-Genosys. Primer sequences are available upon
request. The PCR reactions were done with AmpliTag Gold and PCR products were treated
with shrimp alkaline phosphatase (SAP) and Exonuclease | (Amersham) before sequencing.
Sequencing was carried out using ABI BigDye chemistry with AB13730 automated
sequencer (Applied Biosystems, Darmstadt, Germany) and sequences were analyzed using
Sequencher software (Gene Codes). Computational analyses of novel missense mutations
were performed with PolyPhen (http://genetics.bwh.harvard.edu/pph/) and SIFT (http://
blocks.fherc.org/sift/SIFT.html) softwares. Nucleotide numbering in Table 1 and Supp.
Table S1 reflects cDNA numbering with +1 corresponding to the A of the ATG translation
initiation codon in the reference sequence. The initiation codon is codon 1. All mutation
descriptions were checked using the Mutalyzer software (http://www.humgen.nl/mutalyzer/
1.0.1/) [Wildeman et al., 2008].

We identified mutations in 13 of the 29 families included in the study. Some of the detected
mutations have been reported previously in MKS cases, but 12 of them were novel (Table
1). To help further studies and to see whether there is a genotype-syndrome correlation
between different syndromes and mutations, we collected all the previously reported
mutations in the MKS genes (Table 1 and Supp. Table S1). The novel mutations are
presented in bold (Table 1). PolyPhen and SIFT predictions of amino acid substitutions are
presented in Supp. Table S2.
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One Finnish MKS case (FIM 48) was a compound heterozygote for two likely pathogenic
mutations that segregated in an autosomal recessive fashion in the family and have not been
reported previously: maternal mutation is a two base pair deletion that leads to a stop codon
(c.392_393delCT, p.Ser131X) and paternal mutation is an Arginine to Tryptophan
substitution (c.496C>T, p.Arg166Trp). The amino acid change is predicted to be probably
damaging by PolyPhen, but tolerated by SIFT.

TMEM67 (MKS3)

Mutations in the TMEMG67 (MKS3) gene were present in four non-Finnish families.
Altogether eight different mutations were found of which four were novel. In the first family
(UMZ1) the fetus was a compound heterozygote for two novel amino acid changes located in
exons 8 and 9 (c.734C>T, p.Ser245Phe and ¢.888G>T, p.Trp296Cys). Ser245Phe is possibly
damaging by PolyPhen and not tolerated by SIFT. Trp296Cys is probably damaging by
PolyPhen, but predicted to be tolerated by SIFT. In the second family (UM2) the fetus was a
compound heterozygote for two amino acid changes, a novel Tyrosine to Cysteine
substitution (c.161A>G, p.Tyr54Cys) and previously reported Tyrosine to Cysteine
substitution (c.1538A>G, p.Tyr513Cys). The novel Tyr54Cys is probably damaging by
PolyPhen and not tolerated by SIFT. In the third family (UM4) the father carried the
Met252Thr change and the mother carried a novel Cys615Arg change (c.1843T>C,
p.Cys615Arg), which is predicted to be probably damaging by Polyphen and tolerated by
SIFT. In the fourth family (UM5) the fetus was a heterozygote for two previously identified
amino acid changes (¢.1319G>A, p.Arg440GIn and ¢.2897T>C, p.Leu966Pro). Except for
family UM4, where the DNA sample from the fetus could not be analyzed, the segregation
of mutations was confirmed in the families.

CEP290 (MKS4)

In one of the Finnish MKS families (FIM 221) we identified compound heterozygote
mutations in the CEP290 (MKS4), which segregated in the family. The first mutation was a
novel deletion in exon 29 (c.3444_3445delAA, p.Lys1149fs) and the second mutation was a
previously reported AT-deletion in exon 14 (¢.1219_1220delAT, p.Met407fs). Furthermore,
we detected mutations in CEP290in four non-Finnish families. In the first family (UM6) we
identified two nonsense mutations, a novel G>T change in exon 5 (¢.289G>T, p.Glu97X)
and a C>T substitution in exon 20 (¢.1984C>T, p.GIn662X) that has been reported
previously in a case with CORS [Baala et al., 2007a]. In the second family (UM7) both
parents were heterozygous for the AT-deletion observed also in the Finnish family. The
father of the third family (UM8) had this same deletion (¢.1219_1220del AT, p.Met407fs),
the mother having ¢.5850delT in exon 40 (c.5850delT, p.Phe1950fs). In the fourth family
(UMD9) the fetus was homozygous for the same deletion (c.5850delT) in exon 40.

RPGRIP1L (MKS5)

The analysis of this gene did not reveal any mutations in the families included in the study.

CC2D2A (MK S6)

We identified three different pairs of compound heterozygote mutations in three non-Finnish
MKS families originating from Europe. All except one of the mutations were novel. In the
first case the fetus (UM10) had two deletions, one in exon 25 that causes a frameshift and
results in an early stop codon (c.3084delG, p. Lys1029fs) and one in the end of exon 32 (c.
4179delG, p.Gly1394fs). In the second family (UM11) we detected an earlier identified
deletion locating in the beginning of exon 27 (¢.3289delG, p.Val1097fs) and an amino acid
substitution in exon 27 (¢.3341C>T, p.Thr1114Met). The change is predicted to be possibly
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damaging by PolyPhen and tolerated by SIFT, but the fact that it is located in the C2 domain
further supports the pathogenic nature of the change. In the third family (UM12) two
deletions were found, the one being the same as in the second family (c.3289delG) and a
four base pair deletion in the end of exon 30 (c.3975delA+1_3delGTA). This deletion is
predicted to destroy a highly conserved splice site residue, since the splice site predictor
program NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/) recognizes the normal
splice donor site, but due to the deletion the splice site is lost. Unfortunately, the cDNA was
not available in order to confirm the splice defects. In conclusion, five different mutations
were discovered of which three are located in the functional calcium binding domain of
CC2D2A.

Analysis of mutation descriptions by Mutalyzer

Mutation Analyzer (Mutalyzer) sequence variation nomenclature checker has been
developed for automated analysis and correction of sequence variant descriptions using
reference sequences from any organism. Mutalyzer generates variant descriptions at DNA
level and the deduce outcome at protein level following recommendations of the Human
Genome Variation Society (HGVS) [Wildeman et al., 2008]. We used the program to check
all our novel mutations as well as the previously reported mutations and noticed some
differences between the reported mutations and the results given by Mutalyzer. In cases
where a discrepancy between the Mutalyzer description and the previously reported
mutation was observed, we have marked both descriptions in Table 1 and Supp. Table S1.
The description of the mutation given by Mutalyzer is marked above the reported mutation
and marked with either c. (coding sequence) or p. (protein level).

DISCUSSION

The Mutalyzer program is a very useful and valuable tool in creating and checking correct
sequence variant descriptions and should be used when reporting mutations in order to unify
the mutation nomenclature. When checking reported mutations by Mutalyzer we observed
inconsistencies in the descriptions. Most of the differences were seen in reported insertions
and deletions. Many of the previously reported deletions have been determined so, that if
there is more than one of the same nucleotide or a repeat, the numbering refers to the first
nucleotide of the stretch, whereas Mutalyzer describes the last nucleotide or the repeat to be
the deleted one. In most cases this causes the shift of the change on protein level to the next
amino acid. Few of the reported insertions were described as duplications by Mutalyzer. We
did not succeed in analyzing intronic variants using Mutalyzer, but it should be noticed that
in silico analyses of intronic variants provide only “good guesses” and studies on RNA level
tell the real consequence. In addition to intronic variants, the mutations in first and last
nucleotides of exons can /n vivoresult in a splicing error, but Mutalyzer is not able to make
this kind of analysis. In cases where RNA is available and can be studied it would be very
valuable if researchers reported findings both from DNA (c.) and RNA (r.). As an example
when a substitution causes a new splice site instead of changing the amino acid, like the c.
1762C>T in CCZ2DZA, Mutalyzer predicts this mutation to result in an early stop codon on
protein level (p.GIn588X), but actually it creates a cryptic splice site that is used in the
patient transcript and causes a four bp deletion seen as r.1761_1764delGCAA which leads to
p.Val587fs on protein level.

The sequence analysis of all the five MKS genes revealed mutations in 13 out of the 29
MKS families included in the study. We identified altogether 20 different mutations of
which 12 were novel. When examining all the collected MKS mutations (Table 1), one can
see that in the MKSI gene the major mutation is the intronic deletion (c.1408-7_35del) that
disrupts the splicing in MKS patients. This single mutation appears to be also the most
frequent MKS mutation. There is no single major mutation in TMEMG67 except c.
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1575+1G>A in the Pakistani population, but some mutations (c.622A>T, ¢.755T>C, c.
1319G>A) have been reported in several families. In CEP290the major MKS mutation is
the deletion in exon 14 (c.1219_1220del AT). It is interesting to note how the mutation types
vary between genes, since e.g. most of the mutations in TMEM67 are amino acid changes,
whereas in CEP290the most common mutation type seems to be small deletions. In
CC2D2ZA the MKS mutations are mostly small deletions and interestingly the vast majority
of them are located in the Ca2* binding domain region.

In some reports there have been cases where researchers sequenced only one MKS gene,
identified only one mutation and reported this gene as a causative gene even if the second
mutation was not found (see e.g. Gorden et al., 2008; Frank et al., 2008). Based on our
findings, this is not ideal, since while conducting this study we observed that one mutation
in one gene might not be enough for the determination of the true causative gene. In one
Finnish MKS family both parents are heterozygous and the fetus homozygous for the c.
1762C>T mutation (p.Val587fs) in the MKS6 gene. Interestingly, the mother carries also the
Finmajor mutation in the MKSI gene. The MKS fetus inherited only the MKS6 mutations.
The Finnish family case demonstrates well the fact that the inheritance pattern of MKS is
autosomal recessive and that it is a monogenic disorder. We therefore postulate that two
mutations need to be identified in the same gene in order to report the gene in question as a
disease causing gene for a MKS case. Because of this we have not marked the cases with
only one reported pathogenic mutation in Table 1 and Supp. Table S1.

However, mutations in other genes may modify the phenotype, even if they are not the
primary disease mutations. For example, Tory and colleagues found out that patients with
NPHP and JS-related neurological symptoms have the homozygous NPHPI deletion in
combination with a heterozygous truncation mutation in CEP290and a heterozygous
missense mutation in AHI1 [Tory et al., 2007]. Similarly mutations in the MKS genes are
also found to modify the BBS phenotype [Leitch et al., 2008]. Five out of six BBS patients
who manifested seizures had in addition a heterozygous mutation in the MKSZ gene. The
modifying effect is also possible in Meckel syndrome and might be one explanation for the
differences in the clinical presentation. A large study, where all the known MKS genes
would be sequenced in numerous samples, would make it possible to draw conclusions
about the possible influence of polymorphisms or mutations in other genes on the
phenotype.

MKS mutations represent every type of mutations: missense, nonsense, frameshift and
splice-site mutations, all except the missense mutations most likely resulting in null alleles.
A genotype-phenotype correlation has been hypothesized, but Frank et al. noted that due to
the small number of cases, it is currently impossible to predict an individual's phenotype by
the mutations' type, location, and/or affected protein [Frank et al., 2008]. Our findings
additionally support their assumption. Frank et al. also noted that intrafamilial phenotypic
variability argues against the genotype-phenotype correlations [Frank et al., 2008].
However, it is very interesting that there is a clear distinction between the mutations and
syndromes, since none of the reported combinations of the mutations in MKS genes have
been reported across different syndromes. For example the ¢.5850del T mutation in CEP290
has been reported in patients with MKS, JS (MKS-like), CORS and LCA. One of the MKS
fetuses in our sample collection (UM9) was homozygous for this mutation, while in the
other cases with other syndromes the mutation has been a compound heterozygote with
another variant. This indicates that there is a functional role for the type and the location of
the mutation. Further understanding of the character of the mutations is needed in order to
understand their role in pathogenesis of these related syndromes.
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In some studies genotype-phenotype correlation has been observed, depending on the
mutated gene, since postaxial polydactyly is rare in MKS3 mutated cases compared to
MKS1 mutated cases. There is also difference between the type of CNS malformation
between MKS1 and MKS3 mutated cases, since occipital encephalocele is typically seen in
the MKS1 fetuses, but not in the MKS3 fetuses [Khaddour et al., 2007]. In contrast, no
distinct phenotype differences can be seen between MKSI mutated cases and MKS6
mutated cases. Neither, there is a strong difference between the Finnish cases were the
mutation has not yet been identified compared to the MKSZ and MKS6 mutated cases. The
MKS4 mutated Finnish case lacked polydactyly, which is also a common feature of MKS3
mutated cases, but it should be noticed that polydactyly is not found in all MKSZ or MKS6
cases either.

Making the right diagnosis can be occasionally rather difficult due to the overlap of clinical
features between the different syndromes with similar clinical picture. The identification of
the disease causing mutations might be a valuable tool in making the right diagnosis in such
cases and it is possible that the reported mutations might help to define the diagnosis in
cases where the clinical picture is not apparent. In a paper by Paavola et al. the authors
discussed that not all patients with encephalocele, cystic kidneys and polydactyly have
MKS, but if strict diagnostic criteria are applied, the diagnosis should be quite unambiguous.
They further hypothesized if atypical cases still really represent true MKS or a distinct
cerebro-reno-digital syndrome? Or, could MKS itself be considered a very heterogeneous
syndrome with a wide spectrum of mutations in different genes resulting in deviating
phenotypes [Paavola et al., 1997]? The identification of the disease genes and the realization
that several syndromes, earlier reported as distinct clinical entities are actually allelic makes
this question again relevant. Since all the syndromes have the same molecular background,
should they be called collectively e.g. CORSs or CDKs (cystic diseases of the kidney)?
Conversely, one cannot exclude the fact that even though the diseases are caused by
mutations in the same genes, there can still be seen a clear difference between the mutations
and the syndromes. In addition, most of the syndromes caused by MKS genes also have their
own specific disease causing genes and characteristics. For example, one of the
characteristics that clearly separates MKS from other related disorders with similar
phenotypes is inevitable perinatal death. We therefore feel that each syndrome still can and
should have their own specific criteria and should not be considered as one group.

Functional studies on the different mutation types will give interesting information on the
disease mechanisms, e.g. do all the MKS mutations result in null alleles as expected. Other
than the protein co-localization to cilia or basal bodies, there is currently very little known
about the genes and proteins encoded by them. The functional relation of the proteins
associated with these syndromes and how mutations in one of the genes affect the
localization or function of the other, is not known. In the future, functional studies will
undoubtedly shed some light on the relationship between the genotype and phenotype and
MKS related syndromes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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