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Construction of a Genetic Linkage Map in Man Using Restriction
Fragment Length Polymorphisms

b; L
DAVID BOTSTEIN,! RAYMOND L. WHITE,2 MARK SKOLNICK,? AND RONALD W. Davis* é Enzyme  Emiyme
o- : —/4 T e
" by by 3%
i1
SUMMARY % 3
We describe a new basis for the construction of a genetic linkage map of the O-:-e T v T o
human genome. The basic principle of the mapping scheme is to develop, by : o
recombinant DNA techniques, random single-copy DNA probes capable of i
detecting DNA sequence polymorphisms, when hybridized to restriction a. Chromosomal Arrangement b. Hybridization Pattern

digests of an individual’s DNA. Each of these probes will define a locus.
Loci can be expanded or contracted to include more or less polymorphism by
further application of recombinant DNA technology. Suitably polymorphic

T = restriction endonuclease A

loci can be tested for linkage relationships in human pedigrees by established = restriction endonuclease B

methods; and loci can be arranged into linkage groups to form a true genetic = probed single copy region

map of ‘‘DNA marker loci.”’ Pedigrees in which inherited traits are known to

be segregating can then be analyzed, making possible the mapplng of the FIG. 1.—a, Cuts made in pair of homologous chromosomes by enzyme A and enzyme B; b, hybridization

pattern of enzymes A and B given cuts of a.

gene(s) responsible for the trait with respect to the DNA marker loci, without
requiring direct access to a specified gene’s DNA. For inherited diseases
mapped in this way, linked DNA marker loci can be used predictively for
genetic counseling.
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A polymorphic DNA marker genetically linked
to Huntington’s disease

James F. Gusella’, Nancy S. Wexler", P. Michael Conneally’, Susan L. Naylor’,
Mary Anne Anderson’, Rudolph E. Tanzi', Paul C. Watkins ', Kathleen Ottina’,
Margaret R. Wallace®, Alan Y. Sakaguchi’, Anne B. Young', Ira Shoulson',
Ernesto Bonilla' & Joseph B. Martin"

* Neurology Department and Genetics Unit, Massachusetts General Hospital and Harvard Medical School, Boston, Massachusetts 02114, USA
t Hereditary Disease Foundation, 9701 Wilshire Blvd, Beverley Hills, California 90212, USA
§ Department of Medical Genetics, Indiana University Medical Center, Indianapolis, Indiana 46223, USA
§ Department of Human Genetics, Roswell Park Memorial Institute, Buffalo, New York 14263, USA
| Venezuela Collaborative Huntington’s Disease Project™

Family studies show that the Huntington’s disease gene is linked to a polymorphic DNA marker that maps to human
chromosome 4. The chromosomal localization of the Huntington’s disease gene is the first step in using recombinant
DNA technology to identify the primary genetic defect in this disorder.

JRREBEETFHITHRIE I NS DIZ10EE

Table 2 lod scores

Recombination fraction (8)

0.0 0.05 0.1 0.2 0.3 0.4
A 181 1.59 1.36 0.90 0.48 0.16
Huntington'’s disease against G8 vV 6.72 5.96 5.16 3.46 1.71 0.33
T 8.53 7.55 6.52 4.36 2.19 0.49
Huntington’s disease against MNS -0 -3.22 -1.70 —0.43 —0.01 0.07
Huntington's disease against GC —0 =229 -1.20 -0.32 0.00 0.07
G8 against MNS —00 —8.38 -3.97 —0.55 0.45 0.37
G8 against GC ) -2.73 —1.17 -0.08 0.14 0.08

A, American pedigree; V, Venezuelan pedigree; T, total.
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Exome sequencing identifies the cause of a mendelian
disorder

Sarah B Ngb 19, Kati ] Buckingham?10, Choli Lee!, Abigail W Bigham?, Holly K Tabor??, Karin M Dent?,
Chad D Huff’, Paul T Shannon®, Ethylin Wang Jabs”8, Deborah A Nickerson!, Jay Shendure! &
Michael ] Bamshad!%>?

We demonstrate the first successful application of exome sequencing to discover the gene for a rare mendelian disorder of
unknown cause, Miller syndrome (MIM%263750). For four affected individuals in three independent kindreds, we captured

and sequenced coding regions to a mean coverage of 40x and sufficient depth to call variants at ~97 % of each targeted exome.
Filtering against public SNP databases and eight HapMap exomes for genes with two previously unknown variants in each of the
four individuals identified a single candidate gene, DHODH, which encodes a key enzyme in the pyrimidine de novo biosynthesis
pathway. Sanger sequencing confirmed the presence of DHODH mutations in three additional families with Miller syndrome.
Exome sequencing of a small number of unrelated affected individuals is a powerful, efficient strategy for identifying the genes
underlying rare mendelian disorders and will likely transform the genetic analysis of monogenic traits.

Table 1 Direct identification of the gene for a mendelian disorder by exome resequencing

Kindred 1-A Kindred 1-B Kindred 1 (A+B) Kindreds 1+2 Kindreds 1+2+3
Filter Dominant Recessive Dominant Recessive Dominant Recessive Dominant  Recessive Dominant Recessive
NS/SS/I 4,670 2,863 4,687 2,859 3,940 2,362 3,099 1,810 2,654 1,525
Not in dbSNP129 641 102 647 114 369 53 105 25 63 21
Not in HapMap 8 898 123 923 128 506 46 117 7 38 4
Not in either 456 31 464 33 228 9 26 _1x 8 _1*
Predicted damaging 204 6 204 12 83 1 5 0 2 0

Each cell indicates the number of genes with nonsynonymous (NS) variants, splice acceptor and donor site mutations (SS) and coding indels (). Filtering either by requiring the
presence of NS/SS/I variants in siblings (kindred 1 (A+B)) or of multiple unrelated individuals (columns) or by excluding annotated variants (rows) identifies 26 and 8 candidate
genes under a dominant model and only a single candidate gene, DHODH, under a recessive model (light gray cells). Exclusion of mutations predicted to be benign using PolyPhen
(row B) increases sensitivity under a dominant model but excludes DHODH under a recessive model because a variant in kindred 1 is predicted to be benign. A single candidate
gene is identified in kindred 1 under a recessive model and excluding benign mutations (dark gray cell), but this candidate is excluded in comparisons with unrelated cases of
Miller syndrome. Mutations in this candidate, DNAH5, were found to cause a primary ciliary dyskinesia in kindred 1. The asterisk indicates that a second gene, CDC27, was also
identified as a candidate gene, but this is due to the presence of multiple copies of a processed pseudogene that recurrently gave rise to a false positive signal in exome analyses.
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The Future of Genetic Studies of
Complex Human Diseases

Neil Risch and Kathleen Merikangas

| |
Has the genetic study of complex disorders Sindlstons Sib pairs
reaChed itS ]_lmlts? The persistent lack Of Genotypic Frequency Probability No. of Probability of Proportion of
1, bl f th s f 1 k b risk ratio  of ﬂisiea:e oLaIIeIe fami_lieg = transmllt:iTgA heterozytgous
replicability o ese reports of linkage be- allele sharing required disease allele parents
P tY : b g M (p) (84) (N) Ptr-A) (Het) (N) (Het) (N)
tween various loci and complex diseases 40 oo 0520 4260 0.800 0.048 1098 0.112 235
might imply that it has. We argue below that 010 | 0597 185 0.800 0346 150 0537 48
the method that has been used successfull e SRR Rl DA e RS
) . : ) 1y 0.80 0529 2013 0.800 0235 222 0.163 161
(linkage analysis) to find major genes has lim-
but th diff h ( - 0.10 0518 5382 0.667 0.245 695 0.323 264
ut that a dilterent approach {association 050 | 0526 2408 0.667 0500 340 0474 180
studies) that utilizes candidate genes has far 080 | 0512 11917 0.667 0.267 640 0.217 394
greater power, even if one needs to test every 15 0,01 0501 4620807  0.600 0.025 19320 0.031 7776
gene in the genome. Thus, the future of the 0.10 0.505 67,816 0.600 0.197 2218 0.253 941
genetics of complex diseases is likely to require 0.50 0510 17,997 0.600 0500 949  0.490 484
0.80 0505 67,816 0.600 0.086 1663 0.253 941

large-scale testing by association analysis.

Comparison of linkage and association studies. Number of families needed for identification of a
disease gene.
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CHARGE  Nat Genet 41:677 2009 3 3 8 8
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COGENT  Am J Hum Genet 93545 2013 3 10 5 3
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ExomeBP, Nat Genet 48:1151 2016 17 3 16 51 30
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