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Types of Maps
o Meiotic Linkage Map

Distance between markers/genes measured as a function of
recombination

o Radiation Hybrid Map
Distance is measured as a function of chromosome breakage

o Cytogenetic Maps
Distance is measured by assignment of large clones or chromosomal

paints to ordered cytogenetic bands
o Comparative Maps

Chromosomal segments compared between species and segments
containing genes of conserved order identified

2



Example: RH, Meiotic Linkage and Cytogenetic Maps for Canine 
Chromosome 5
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Meiotic Linkage
Maps

o Basic tool of genetics
o Sets of polymorphic markers that are used to follow

inheritance of segments of a chromosome through
generations within families

o Ideally, markers are evenly distributed and highly
polymorphic in population under study

o Distance is measured indirectly as a function of
recombination

o 1cM is equivalent to about 1 million bp in human genome

 Marker 1

 Marker 3
 Marker 4
 Marker 5

 Marker 2

4Portion of Chromosome



1 attctgggggaatctcttgcatatagtcc
taagacccccttagagaacgtatatcagg

 2 attctgggggaacctcttgcatatagtcc
taagacccccttggagaacgtatatcagg 

Polymorphism
o Positions in the genome where there is variation in

DNA sequence
o Stable for tracking Mendelian inheritance
o Variants are termed alleles
o May be in either coding or non coding regions
o Insertions, deletions, rearrangements, variable length

repeats
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Single Nucleotide
Polymorphism-SNP

Kinds Of Genetic Markers
o RFLP--Restriction Fragment Length Polymorphism (RFLP)

Addition, deletion, or change of base pair results in gain or
loss of restriction enzyme site
• Two allele systems
• Detection by Southern blot analysis

o Microsatellites--Simple sequence repeats-small di, tri, or
tetra nucleotide repeats that are reiterated in tandem-(CA)n,
(GAAA)n, (CAG)n, etc.
• Highly polymorphic--large numbers of alleles in population, n = 2-40
• Stable within pedigrees (0.0004 mutations/gamete)
• Common-50,000/genome

o Single Nucleotide Polymorphisms (SNPs)
• Very frequent (1/kb)
• Assays through sequencing or SNP chips
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Genetic Mapping With Microsatellite Markers
PCR is used to follow inheritance of length alleles

and adjacent portions of chromosome

CACACACACACAC
GTGTGTGTCGTGT
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Two Common Measures of
Polymorphism

o Heterozygosity
– For a locus with n alleles,  H = 1-1/n
– So a locus with three alleles has a maximum heterozygosity

of H =1-1/3 = 2/3 = 0.67
o Polymorphic Information Content (PIC)

– PIC - (n-1)2 (N +1)
N3

– PIC 0 > P <1
– Most “good” markers have PIC > 0.7

o “Polymorphic locus” is defined as one with Het or 
PIC >10%
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Use Linkage Map to Localize Trait-
Associated Locus

o Take advantage of principles of
linkage analysis:
• Meiotic linkage map
• Families with disease in question

clearly phenotyped
• Ability to accurately screen

(genotype) families with markers
placed at least every 5-10 cM

• Analysis--error checking and
linkage

o Analysis of 250 families with about 7
sampled individuals per family will
require close to 1 million genotypes
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Genetic Linkage
o Linkage
• Two loci (e.g. marker and a putative disease gene)

are physically close on a chromosome
• Will be transmitted together from parent to child more

often then expected by chance
o No Linkage

– Two loci have a 50% chance of being co-inherited
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Genetic Mapping

Mutation Carrying
Chromosome

Microsatellite 1 
Microsatellite 2 
Microsatellite 3 
Microsatellite 4 
Microsatellite 5 

MX 6 

MX 3-4 

MX 2 

Microsatellite 6 
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Assume we know phase

A

B

a

b

Genetic Distance

For a given area of the genome,

the recombination fraction, ! , is proportional

to the distance between the loci

Genetic distance is measured in Morgans (M) or cM

If, for example, the recombination fraction

between two loci is ! = 0.06 the genetic distance

between them is simply 0.06 Morgan (6cM)
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Lots of Things Affect Recombination

Unit of map distance is a Morgan

o A Morgan is the length of chromosomal segment which, on
average, experiences one exchange per strand

o For short intervals the frequency of recombination will be
directly proportional to the map interval since the number of
double crossovers will be negligible

o For longer intervals relationship is more complex
o Occurrence of multiple crossover is no longer negligible
o Phenomena of “interference”
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A “Linked” Marker

1
2
3
4

DN NN NN NN NN NN NNDN DN DN DNDD

D = Disease
N = Normal

Putative linked allele
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Terminology
oPhenocopy--Individual with the same disease or
trait, but it is associated with a different cause
oPenetrance--How likely one is to get a disease
(trait) if they carry a genetic variant
oSporadic--Disease (trait) due to factors other then
those under consideration

environmental factors
weakly penetrant alleles
stochastic events
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Hypothetical Marker

2
3
4
5

D = Disease
N = Normal

Is there evidence for linkage?
1
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Three Possibilities (ok, Four)
to Explain Data

o Explain inconsistencies by:
o Age dependent penetrance
o Presence of sporadics and phenocopies
o Recombination
o Simply wrongo!
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Estimates of Linkage
o Genome-wide scan

• Testing for linkage between markers and disease state
o LOD score - Log of Odds

• Do number of recombinants between marker and
putative disease locus differ significantly over chance?

• Underlying model of inheritance
• LOD score ≥ 3.3 significant
• Indicate greater then 1000:1 odds in favor of linkage

o NPL - Nonparametric Linkage Analysis
• Significant allele sharing among affected individuals?
• No model of inheritance
• Assessed as P value
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Lod scores-Calculation to help assess if the
association you observe differs significantly

over what is expected by chance.

o While lod scores > 3.3 are generally accepted as
evidence of linkage, Lod scores <-2.0 are
accepted as evidence against linkage.

o Because they are calculated as Log of the Odds,
lod scores may be summed across families.

o Adding families allows us to increase power.
o Lod scores are calculated for multiple values of θ.

o The value of θ at which the peak lod is obtained
is taken as the maximum likelihood value of θ.
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Recombination creates non-parental genotypes

Parental Genotypes
AB, ab

Recombinant genotypes

Ab, aB

A

B

a

b

A

B

a

b

Linked Loci Unlinked Loci

Gametes  AB or ab Gametes AB, ab, Ab or aB

Genetic Recombination

n = total number of
loci
k = number of
recombinant alleles

Recombination
fraction = θ = k/n

For linked loci θ
<0.5
For unlinked loci θ
= 0.5
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! = 0.3

! < 0.5 but is it significant?
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Dreaded Linkage Summary
o Estimate of recombination frequency is only valid if number of

offspring is sufficient to be certain the observed ratio of
nonrecombinants/recombinants is statistically different from the
50:50 ratio expected by chance.

o To evaluate this--Calculate a series of likelihood ratios (relative
odds) at various values of θ ranging from 0 (no recombination) to θ =
0.5 (random assortment).

o Thus, the likelihood at a given value of θ =
Likelihood of data if loci unlinked at θ /likehood of data if loci unlinked

o The computed likelihood are usually expressed as the log10 of this
ratio and called a “lod score” (Z) for “logarithm of the odds.”

o Value at which Z is greatest is accepted as the best estimate of the
recombination fraction and called the maximum likelihood estimate.
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Linkage Application
_ To calculate whether two loci are linked or unlinked calculate:

The Likelihood (L) for linkage (θ<0.5)
Versus L (non-linkage)  (θ >0.5)
The Lod score method (the likelihood odds ratio):

Z (θ) = log10  L (θ)
L(0.5)

Example: 
n = 10 k=3     n-k=7 θ = 0.3

Z (θ) = log10 0.33 X0.7 7

       (0.5)10

Z θ = n log(2) + klog (θ) + (n-k)log(1- θ) if θ >0
10 log (2) + 3 (log) 0.3 + (7) log (0.7) =

3.01 + (-1.6) + (-1) =
lod score = 0.357

Generally,
Lod scores
>3.3 are
accepted
as
evidence
for linkage
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Do we have linkage?

Types of Analyses
o Parametric

Derive “transmission model” where assumptions are made regarding:
• Age-dependent penetrance
• Frequency of mutant allele in population
• Mode of transmission

o Non parametric
“model free”

• Association between disease state and chromosome sharing
• Omit data from unaffected individuals
• When is this a problem?

24



Kidney cancer maps to chromosome 5 with
Lod = 16.7 (θ = 0.016)

Jonnasdottir et al., (2003) PNAS  100: 5296-5301
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Linkage Analysis Using
Founder Effects: Two Strategies

o One large pedigree with disease
derived from single founder
• Leon et al., (1992) PNAS 89: 5281-5284

o Many smaller pedigrees with similar
features that share common heritage
• Ruiz-Perez et al., (2000) Nature Genetics

24: 283-286.
283-286.
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Ancestral
Chromosome

Present Day 
Chromosomes

Linkage Disequilibrium
27

Founder Effect Model

Small number
of founders

Expansion

10-100
generations

Long Bottleneck

Isolated Population Model

Initial 
Population

Bottleneck
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Leon et al., 1992

o See Table 1--What is it telling you about?
o Information content and polymorphism

o See Table 2.  How do you explain the lod scores going
up and down?
• Hint: map order and/or marker informativeness

o See Figure 1
• What markers is the gene between?
• Right side of pedigree allows us to narrow region of linkage

to between what markers?
• How do you explains persons D and E?
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Leon et al., 1992 
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Leon et al., 1992
31

Leon et al., 1992 32



Leon et al., 1992 Pedigree
33

Leon et al.,1992
o What are problems associated with mapping deafness

genes?
 Number of forms of disease
 Mating not random
 Association with other congenital problems
 Incomplete penetrance

o What other genes would you imagine would be this
hard to map?

 Cancer, epilepsy, behavioral (alcoholism), mental
illness (schizophrenia)

o Where would you find other families like this to map
other diseases?

 Iceland, Finland, Bedouins, etc.
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What specific advantages did this pedigree
(Leon et al.,1992 )offer?

o Autosomal dominant
o Highly penetrant
o Single founder (Felix Monge born in 1754)
o Low mobility of family members (Cartago, Costa Rica)
o Societal acceptance so families opt for multiple

children
o Statistical power--150 people available-99 in this

report
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Ruiz-Perez et al., 2000
o What is the disease?

 Recessive form of dwarfism found in Old Order Amish
o What features of Amish populations make them

ideal for studies like this one?
 Descended from small number of founders
 Strict endogamy
 Centrifigal gene flow
 Genealogical records
 Large families

o In this case, how far back could lineage be traced?
 All 50 cases trace to single couple who immigrated in in

1744 to Lancaster county
 Amish are distributed into 3 consanguineous groups

(demes) that live in Pennsylvania, Ohio, Northern Indiana
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Ruiz-Perez et al., 2000
37

What is the Primary Result?

Ellis-van Creveld syndrome is an autosomal recessive skeletal dysplasia
characterized by short limbs, short ribs, postaxial polydactyly and dysplastic nails
and teeth.

Mapped to chromosome 4p16 in nine Amish sub pedigrees and pedigrees from
Mexico, Ecuador and Brazil.

Weyers acrodental dysostosis is an autosomal dominant disorder with a similar
but milder phenotype, has been mapped in a single pedigree to an area including
the EvC critical region.

Researchers identified a new gene (EVC), encoding a 992-amino-acid protein, 
mutated in EvC patients.

Observed a splice-donor change in an Amish pedigree and six truncating
mutations and a single amino acid deletion in seven pedigrees.
The heterozygous carriers of these mutations did not manifest features of EvC.
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What is the problem?
However, they also found two heterozygous missense mutations
associated with Weyers acrodental dysostosis in a single
individual and a father/daughter pair.

How do they know the missense are not neutral polymorphisms?
•Not observed in 200 chromosomes
•In critical region of protein

How do you explain these results?
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Summary
o There are several kinds of maps.  Those composed of

large numbers of well spaced polymorphic markers are
used for genetic mapping studies.

o Pedigree analysis and accurate phenotypes are key for
successful linkage studies.

o Multiple kinds of analyses can be done. In general,
however, one is looking to find markers whose alleles
segregate faithfully with phenotypes in families.

o The LOD method allows you to group data from similar
families together, thus increasing power to accurately
map loci genes or exclude regions of the genome.

o Making use of founder effects is a way to increase
power and reduce locus heterogeneity problems in
linkage mapping.

40
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Ellis-van Creveld syndrome (EvC, MIM 225500) is an autosomal
recessive skeletal dysplasia characterized by short limbs, short
ribs, postaxial polydactyly and dysplastic nails and teeth1,2. Con-
genital cardiac defects, most commonly a defect of primary atrial
septation producing a common atrium, occur in 60% of affected
individuals. The disease was mapped to chromosome 4p16 in
nine Amish subpedigrees and single pedigrees from Mexico,
Ecuador and Brazil3. Weyers acrodental dysostosis (MIM 193530),
an autosomal dominant disorder with a similar but milder phe-
notype, has been mapped in a single pedigree to an area includ-
ing the EvC critical region4. We have identified a new gene (EVC),
encoding a 992–amino-acid protein, that is mutated in individu-
als with EvC. We identified a splice-donor change in an Amish
pedigree and six truncating mutations and a single amino acid
deletion in seven pedigrees. The heterozygous carriers of these
mutations did not manifest features of EvC. We found two het-
erozygous missense mutations associated with a phenotype, one
in a man with Weyers acrodental dysostosis and another in a

father and his daughter, who both have the heart defect charac-
teristic of EvC and polydactyly, but not short stature. We suggest
that EvC and Weyers acrodental dysostosis are allelic conditions.
The EvC locus was localized between D4S2957 and D4S827 in
Amish and Brazilian pedigrees3,5. We constructed a physical map
of this region by searching the MIT database (http://
www.genome.wi.mit.edu) for YAC clones and the Stanford
Human Genome Center (SHGC) database for BAC clones
(Fig. 1a, http://www-shgc.stanford.edu). We analysed the avail-
able genomic sequence from these BACs (http://www.shgc.stan-
ford.edu) for microsatellite repeats and identified two
polymorphic markers, 500H20P5 and 164F16P2. We analysed
microsatellites in the Amish and Brazilian pedigrees in the region
initially defined as segregating with the disease3. Recombinations
in the Amish and Brazilian pedigrees placed the disease cen-
tromeric to D4S2375 and a recombination in the Brazilian pedi-
gree placed the disease telomeric to 164F16P2 (Fig. 2), refining
the EvC region to an interval of less than 1 Mb (Fig. 1a).

Fig. 1 Physical map of the
region and genomic organiza-
tion of EVC. a, Physical map of
the region showing STSs, poly-
morphic markers (larger type)
and gene transcripts. Clone
ends are denoted by circles
where there is a corresponding
end clone and arrows where
the end clones have not been
identified. b, Genomic organi-
zation of EVC and cDNA contig
assembly. RACE products are
shown above the exons and
RT–PCR products beneath. The
arrow indicates the alternative
splicing at the start of exon 21.
ATG, translation initiation co-
don; TAG, stop codon. The two
IMAGE clones are shown.

a

b
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We analysed unfinished genomic sequence from BACs 135O5,
69D13, 164F16 and 565K5 (http://www-shgc.stanford.edu) using
exon-prediction programmes. This revealed two previously identi-
fied genes, aC1 and CRMP1 (encoding collapsin response mediator
protein), neither of which were mutated in our EvC families.
Sequence analysis also predicted a gene encoding a protein with
homology to serine-threonine kinases, which was confirmed by
RACE and RT–PCR (Fig. 1a). We also screened orphan predicted
exons in the region, and identified a homozygous nonsense muta-
tion in an affected individual (NCL12) which led us to focus our
attention on BAC 69D13. There were two groups of predicted exons
in the sequence available from BAC 69D13 (Fig. 1b, labelled exons
8–11 and 14–20). We linked these by RT–PCR and used the result-
ing product, RT1, to probe northern blots of fetal and adult tissue to
estimate the size of the gene. A 7-kb transcript was seen in fetal kid-
ney and a fainter 7-kb band in fetal lung. A faint transcript of the
same size was seen in adult kidney following a one-week exposure.

Sequence analysis identified two ESTs (IMAGE clones 2168182
and 365528) downstream of exons 8–20. Northern-blot analysis
of clone 2168182 showed that it had the same tissue distribution
and transcript size as RT1, indicating they are part of the same
gene. The IMAGE clones 2168182 and 365528, derived from
adult brain and 19-week fetal heart, respectively, are identical at
the 5´ end, but their 3´ ends differ (Fig. 1b). Clone 2168182

aligned directly with the genomic sequence. Alignment of clone
365528 with the genomic sequence indicated the presence of
introns within the 3´ UTR. Moreover, sequence from the cen-
tromeric end of 365528 was complementary to the coding
sequence of CRMP1 exon 12. RT–PCR between exon 18 and
unique sequence from each IMAGE clone confirmed the alter-
nate 3´ ends of this gene (Fig. 1b), identified the stop codon and
also revealed an alternative splice acceptor at the beginning of
exon 21, leading to the presence or absence of a serine residue.
We obtained the 5´ sequence of the gene by 5´-RACE and con-
firmed it by RT–PCR using primers upstream of the initiation
codon. We identified an ATG within a KOZAK sequence with loss
of the ORF 12 bases upstream of the ATG. The length of the
cDNA is 6.43 kb or 7.06 kb depending on 3´ end usage, consistent
with the transcript seen on northern-blot analysis.

We identified a mouse EST (AI615515) by ESTblast searching
that was 82% identical to EVC. We completed the mouse Evc
cDNA by 5´- and 3´-RACE. There is 79% similarity and 66.8%
identity between mouse and human EVC at the amino acid level.
As seen in the human cDNA, there is alternate splicing of the
mouse transcript at the position corresponding to the beginning of
human exon 21. This leads to the presence of 13 additional amino
acids in some mouse transcripts (Fig. 3). The intron between exons
20 and 21 has been sequenced in human and there is no sequence

that corresponds with these amino acids.
Translation of the human coding sequence

gives a 992–amino-acid protein. Motif searching
identified a leucine zipper, three putative nuclear
localization signals and a putative transmem-
brane domain (Fig. 3).

We designed intronic primers to amplify the
coding exons (1–21) and screened samples by
SSCP, sequencing the products with altered migra-
tion patterns. We found four homozygous muta-
tions in the coding sequence: Q879X in exon 18, a
1-nt insertion in exon 7 (nt910-911 insA), dele-
tion of 3 nt from exon 7 (∆K302; Fig. 4) and dele-
tion of exons 12–21 (Fig. 5). We identified two
truncating mutations, R340X and 734delT, in
patient 16086, whose parents were not available
for study. An affected child, whose father has Wey-
ers acrodental dysostosis6, was a compound het-
erozygote with a missense mutation (S307P)
inherited from her father and a 1-nt deletion
(2456delG) on the maternal allele. We tested a
panel of 100 normal control chromosomes for
each of the mutations. We identified another het-
erozygous missense change, R443Q, in a father
and his daughter, who both have postaxial poly-
dactyly of hands and feet, partial atrioventricular
canal with common atrium and agenesis of the
upper lateral incisors bilaterally with enamel
abnormalities7. We did not find the R443Q change
in a larger panel of 194 normal chromosomes.

We sequenced the entire coding sequence in
affected individuals from the Amish and Brazil-
ian pedigrees. We observed two variants in the
Amish, a missense change and a splice-donor-site
change, R760Q and a G→T substitution in
intron IVS13+5, respectively. Both variants seg-
regate with the disease in all nine branches of the
family. We found the R760Q change in 1 British
control and 1 CEPH control of 97 normal con-
trols (194 chromosomes) tested. As the gene is
not transcribed in lymphocytes, we have not yet

Fig. 2 Haplotype analysis in Amish family 3 and Brazilian family 12. The markers are ordered from
telomere to centromere. The disease haplotypes are boxed and regions of homozygosity are shaded.
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Amish family 3

Brazilian family 12

MSX1

MSX1
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been able to demonstrate that the intronic change leads to alter-
nate splicing. A change at this position has been reported in asso-
ciation with disease in a number of genes and alternate splicing
has been shown for CAT (intron 4), APC (intron 9), COL1A1
(introns 8, 14) and COL2A1 (intron 20; ref. 8; http://www.
uwcm.ac.ukuwcm/mg/hgmd0.html). We have not found a muta-
tion in the Brazilian pedigree or in two consanguineous families
in which the affected individuals were homozygous across the
region. We found many polymorphisms, and those that change
the amino acid sequence are listed (Table 1).

We have undertaken a limited study to determine EVC expres-
sion in human embryonic tissue using in situ hybridization. At
Carnegie stages 19 and 21, we detected low levels of EVC expres-

sion in developing bone, heart, kidney and lung.
In bone, EVC was expressed in the developing
vertebral bodies, ribs and both upper and lower
limbs. The expression was higher in the distal
limb compared with the proximal limb. In addi-
tion, we detected EVC expression in the branch-
ing epithelium and surrounding mesenchyme of
the lung, metanephros and atrial and ventricular
myocardium, including both atrial and inter-
ventricular septa.

We have identified a new gene that is mutated
in patients with EvC syndrome. The predicted
protein has no homology to known proteins
other than in a short region that may be a
leucine zipper. We have seen alternate splicing
in the 3´ UTR and overlap between EVC and
CRMP1. In addition, a 2.6-kb fetal brain cDNA
has been described, one end of which is identi-

cal to EVC exon 21 and the other, complementary to the CRMP1
3´ UTR (ref. 9). From the size of this clone we deduce that there
is another 3´ splice variant. Alternate splicing in the 3´ UTR has
been reported in other genes and may lead to differences in
mRNA stability, thus affecting expression levels10. There are also
examples of other genes transcribed from opposite DNA strands
overlapping at the 3´ end11, and in vivo interaction between two
mRNAs may influence their stability and thus expression12. In
this instance, the overlap is not confined to the 3´ UTR but
includes CRMP1 coding sequence. As CRMP1 is expressed in the
developing limb and ectoderm, it is possible that this 3´ comple-
mentarity has functional significance.

Methods
Patients. We obtained samples from the Amish and Brazilian pedigrees3, a
child with EvC whose father had features of Weyers acrodental dysostosis6,
an individual from the island of Barra13, and a father and daughter with an
EvC-like phenotype7. We obtained samples from a further six EvC families,
five of whom were known to be consanguineous.

Physical map. We confirmed the presence or absence of chromosome
4p16.1 STSs as indicated in the SHGC map by PCR (data not shown). We
identified a gap between BACs 135O5 and 69D13 in the Stanford map.
We designed STSs by directly sequencing the ends of clones 135O5 and
69D13 using Sp6 and T7 primers and used them to identify BAC clone
565K5, which has now been integrated into the Stanford contig. We iso-
lated BAC 338F6 by screening the Research Genetics library using
D4S527. We developed the sequence-based map using the CrossMatch
sequence alignment program (http://www.phrap.org).

Microsatellite analysis. We carried out saturation genotyping using repeat-con-
taining microsatellite markers located in the EvC region. The position of these
microsatellites is shown on the Stanford chromosome 4 YAC map (http://www-
shgc.stanford.edu/Mapping/phys_map/Chr4YAC.html). We isolated markers
500H20P5 and 164F16P2 by analysing the BAC sequence for microsatellites.

EVC cDNA cloning. We performed 5´-RACE using marathon ready human
brain cDNA (Clontech) or human fetal kidney poly(A)+ RNA, age 16–32
weeks (Clontech), in conjunction with the 5´-RACE kit (Gibco-BRL). To
achieve 5´-RACE or RT–PCR products containing the GC-rich exon 1,
PCR mixtures were supplemented with betaine (2 M). All other RT–PCR
reactions were carried out by standard methods.

Fig. 3 Comparison of human and mouse protein sequence.
The leucine zipper region is shaded, the putative transmem-
brane domain is boxed and the putative nuclear localization
signals are underlined. Serine residue 965 is not present in
all human transcripts. The 13 aa (TTYSASPPIRVHS) in the
mouse protein sequence are not present in all transcripts.

Control NCL 12

A TGCA TGC

C

A TGC A TGC A TGC A TGC

Control NCL 14 Control NCL 16

∆TTC
insT

T

Fig. 4 DNA sequence showing homozygous mutations in three patients. The
sequence in NCL14 and NCL16 are from the reverse strand. NCL 14 has a single-
nucleotide insertion. NCL 16 has a single-codon deletion. Patient NCL12 has a
C→T transversion, leading to Q879X.
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Computer analysis. We used the integrated NIX programme (http://
www.hgmp.mrc.ac.uk) or the integrated RUMMAGE programme (http://
gen100.imb-jena.de/rummage) for DNA analysis and PSORTII for protein
sequence analysis.

Northern-blot analysis. We amplified RT–PCR product RT1 from human
brain cDNA using primers 5´–TCCAGCGAGGCAAAGACC–3´ and
5´–GCCGTGTCTGCTGTGCTTCCTC–3´, and TA subcloned RT1 in plas-
mid pCR 2.1 (Invitrogen). We purified RT1 insert from low-melting-point
agarose gel, random primer labelled with [32P] α-dCTP and used it as a
probe on a human fetal multiple-tissue northern blot (Clontech, MTN
Fetal II) as well as on a human adult northern blot (Clontech MTN-I).
After removal of the previous probe, we probed the human fetal II north-
ern blot again with the NotI-EcoRI 609-bp insert of the IMAGE clone
2168182. We performed all hybridizations following the manufacturer’s
protocols and checked lane loading in the northern blot by hybridizing
with the human β-actin control probe supplied by the manufacturer.

Tissue in situ hybridization. We obtained ethical permission for the collec-
tion and use of human embryos. We collected the embryos following either
surgical or medically induced termination of pregnancy and determined
their developmental stage by stereomicroscopy14. They were then fixed in
paraformaldehyde and embedded in paraffin. We cloned the RT–PCR
product RT-1 in both orientations in pCR2.1 (Invitrogen) and linearized it
with BamHI to provide sense and antisense riboprobes. We carried out
RNA tissue in situ using a standard technique15.

Mutation analysis. We designed intronic primers to amplify 20 of the
coding exons by aligning the cDNA sequence with genomic sequence
(http://www-shgc.stanford.edu). Genomic sequence corresponding to
exon 13 was not in the database and we obtained it by direct BAC
sequencing using exon-13–specific primers by direct BAC sequencing in
order to design intronic primers. We extracted genomic DNA from
peripheral blood leucocytes or fetal tissue and undertook mutation
screening by SSCP. We sequenced PCR fragments showing aberrant
migration patterns. We tested the changes identified in a panel of 100
normal control chromosomes by sequencing, SSCP or on the basis of
altered restriction sites. We sequenced exons 1–21 in affected individuals
from the Amish and Brazilian pedigrees. We performed Southern-blot
analysis by standard methods.

GenBank accession numbers. EVC, AF216184, AF216185; Evc, AJ250841;
human serine/threonine protein kinase, AJ250839; Mus musculus
serine/threonine protein kinase, AJ250840; microsatellites, AF195414,
AF195415, AF195416.
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Fig. 5 Deletion analysis of family EVC015. A dosage blot of HindIII digests of
genomic DNA was hybridized with an RT–PCR product comprising exons 11–14.
Autoradiography revealed the absence of a 1-kb fragment corresponding to
exon 12 and the absence of a 12-kb fragment corresponding to exons 13 and
14 from patient 16218. The 7-kb fragment corresponding to exon 11 is present
in this patient. Individual 16216 is heterozygous for an exon 11 RFLP (3.5 kb/7
kb). Carrier status of individuals 16215, 16216 and 16217 is demonstrated by
half dosage of both 1-kb and 12-kb fragments compared with controls.
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Table 1 • EVC mutations and polymorphisms

Patient number Sequence change Exon Protein effect
mutations
16086 (compound heterozygous) 734delT 6

1018C→T 8 R340X

ncl-16 (homozygous) 904–906delAAG 7 ∆K302v

ncl-14 (homozygous) 910–911InsA 7

15219 (compound heterozygous) 919T→C 7 S307P
2456delG 17

I-1 (heterozygous) 1328G→A 10 R443Q

16218 (homozygous) deletion 12-21

Amish (homozygous) IVS13+5G→T intron13

ncl-12 (homozygous) 2635C→T 18 Q879X

polymorphisms
221A→C 2 Q74P
772T→C 6 Y258H
1207G→A 9 G403S
1346C→A 10 T449K
1727G→A 12 R576Q
2279G→A 15 R760Q
2858A→G 20 D953G

Mutations in patients where the mutation on each allele has been identified and a list of
polymorphisms that lead to amino acid changes. The R760Q change, observed in 2 of 194 nor-
mal chromosomes, segregated with the disease allele in the Amish pedigree.
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