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INTRODUCTION

It is estimated that the human haploid genome is composed of 3 x 10°
nucleotides and that only 10% .of it consists of coding and regulatory
sequences.'® If a gene is approximately 10* nucleotides in length, which
includes the coding region and the intervening and flanking sequences,
this estimate would predict that there are about 3—-10 x 10* human genes
coding for different protein products. Since gene clustering in humans
has become evident (for example, the hemoglobin, immunoglobin, and
HLA clusters), these estimated gene products may be grouped in from
3000 to 15,000 clusters.'> Further, based upon genetic and molecular
studies of microorganisms, Drosophila, and the mouse, there are perhaps
5 x 10* structural genes estimated in humans,'#1%0:183 which is in agree-
ment with the number of estimated protein products in the human genome.
Mapping the human genome involves partitioning the total number of
genes into individual maps representing the 24 different human nuclear
chromosomes and linearly ordering them on each chromosome. A similar
exercise has mapped the 37 genes encoded in the DNA of the mitochon-
drial genome.?
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As seen in more complete maps of microorganisms and viruses, a
precise molecular knowledge of the human gene map is a prerequisite for
comprehending each gene’s function and mode of expression, and for
revealing the genetic history of man in comparison with other animal
species. An understanding of the human gene map should promote a
genetic knowledge of how genes function individually and as coordinated
sets in man. Such information is essential for defining all aspects of normal
and abnormal human biology and development.

The ultimate goal for achieving this understanding is to determine
the nucleotide sequence of each chromosome and to delineate this se-
quence into specific genes. While this seemed utopian just a few years
ago, the rapid advances in technology portend that construction of a
molecular map of man will be possible. This goal has been achieved for
human mitochondrial DNA and for the SV40 genome, where the linear
order of its seven genes and their nucleotide sequence has been deter-
mined.?%%-2% This reality is approaching for the nuclear gene maps, since
a combination of classical Mendelian genetics, somatic cell genetics, and
recombinant DNA technologies has currently made it possible to deter-
mine the chromosome assignments of a great number of human genes
and, for some genes, their nucleotide sequences. Classical family studies
are limited because of generation time, size of sibships, and number of
genetic markers. Information is usually limited to linkage r:lationships
and the assignment of a few genes to specific chromosomes as a result
of abnormal chromosomes, X linkage, or gene dosage. The technology
of somatic cell genetics is a culmination of cytogenetics, cell culture, and
biochemical genetics, which in concert have contributed to an exponential
increase in the number of human genes assigned to specific chromosomes
and regions of chromosomes. Even with the limitation of having to deal
with gene markers expressed only in cell culture, currently about 85% of
the markers that have been mapped were mapped by the parasexual
technology of somatic cell genetics using man—rodent somatic cell hybrids
that retain only specific numbers and combinations of human chromo-
somes. Current development for cloning specific human genes and DNA
segments by recombinant DNA technology, coupled with the previously
mentioned methodology and now including in situ mapping, allows one
to predict that it will be possible to map the majority of the human genome
with few refinements in technology. Examination of human-rodent so-
matic cell hybrids segregating human chromosomes with a cloned gene
probe has recently made it possible to assign to chromosomal regions the
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genes for globin(s)’4,71.81.104.122.139.]50.228 insulin’48,85,l40,189,]9I grOWth hor_
mone,”®!*® chorionic somatomammotropin,’®-%'°® ACTH,'** leukocyte
interferon,'** and fibroblast interferon.'** Although only a relatively small
number of human genes have been cloned, rapid technological progress
in the identification and isolation of cloned genes will ensure that their
number will increase®!2>®* For example, it is now possible to sequence
polypeptides at the picomolar level.'®! Synthesizing oligonucleotide
primers corresponding in sequence to unique stretches of oligopeptides
in sequenced proteins provides a tool to ‘‘fish out” the corresponding
gene from a cDNA or genomic library or from cellular mRNA,80-201.
233.268 1 addition, the entire human genome has been cloned as nonspe-
cific DNA segments comprising a genomic library."*”-'>* By mapping
these cloned DN A segments of known nucleotide sequences, a molecular
map of man will be constructed.

As the human gene map (Appendix A) becomes more complete, its
usefulness in other areas of human biology will increase proportionally.
Since cloned genes and DNA segments have identified what appears to
be a high level of polymorphism at the DNA level,3?”° a very large
resource of useful genetic markers has become available. These DNA
polymorphisms will be mapped to specific chromosomes and be used in
Mendelian gene linkage studies. This will make it possible to construct
large numbers of genetic linkage groups, located on specific chromosomal
regions, for genetic counseling and prenatal diagnosis of inherited mo-
lecular disease. The framework of using these technologies for predicting
and recognizing carriers and for diagnosis of serious inherited disease has
been formulated.'®'® Also, knowing the location of genes will aid in their
isolation for possibilities of gene transfer, in perhaps altering a specific
gene for therapy, and in the isolation of specific genes for cloning and
production of a specific therapeutic product.

In this review, the identification, mapping, and significance of these
new markers and the beginnings of a molecular map will be presented.
This information will be integrated into and compared with the current
human gene map. The current status of the human nuclear and mito-
chondrial gene maps will be given, along with uses of the map, particularly
regarding the dissection of molecular disease, genetic counseling, and
prenatal diagnosis. Comparative genetic maps of other mammals will be
presented and considered for their important human gene mapping pre-
dictions regarding genetic and molecular markers and inherited disease.
The human genome is rapidly being mapped and its organizational features
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are being determined; this information will be very important for under-
standing human biology and molecular disease.

The Impact of Recombinant DNA on Human Genetics

The application of recombinant DNA techniques to human genetics
promises to have an impact unequalled in any other area of human biology.
The ability to clone individual genes and the use of restriction endonu-
cleases have allowed genetics to progress from a description of phenotypic
traits to the actual genotype of an individual.!®'% Present technology will
allow the determination of changes in DNA sequence that give rise to
variations in polymorphic proteins used in genetic linkage studies. More-
over, variations in DNA sequences among individuals can themselves
now be used as polymorphic markers in linkage analysis.®®114145 The
isolation and chromosomal assignment of polymorphic fragments of DNA
promises to be a powerful tool in analyzing the Mendelian inheritance of
linked genetic loci involved in inherited diseases.!® Recent advances in
chromosome isolation and separation?® have allowed the construction of
chromosome-specific recombinant libraries of DNA fragments.*?27¢ In-
dividual clones from these libraries will be useful for detecting restriction-
site polymorphisms on individual chromosomes, for a comparison of the
molecular organization of different chromosomes, and for analyzing re-
gions of chromosomes whose aberrations are thought to be involved in
certain forms of neoplastic disease.5”-143:216

There is perhaps no better example of the impact of recombinant
DNA on human genetics than the analysis of the B-like hemoglobin locus
in man. This locus has been localized to the short arm of chromosome
11 using somatic cell hybrids and molecular hybridization methods*¢-8!-
104.228 and also by using chromosomes isolated by flow cytometry.'?®
Linkage of the B-like genes had been predicted from genetic studies and
from the existence of polypeptide fusion products, termed hemoglobin
Lepore and hemoglobin Kenya.?** Recently, the entire locus has been
isolated by recombinant DNA techniques and the complete nucleotide
sequence determined.>*%® The B-like genes are arranged on the chro-
mosome in the order in which they are expressed during ontogenic de-
velopment: 5'-e-Sy-Ay-5-B-3'. The genes are all transcribed from the same
DNA strand. To the 5’ side of € and between “y and 3§ are two B-like
pseudogenes, UB-2 and YB-1, respectively, that apparently do not code
for functional proteins.®®
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The a-like globin gene cluster shares several structural similarities
with the B-like globin locus. As with B-like genes, the genes of the a-like
cluster are arranged in the order in which they are developmentally ex-
pressed: 5'-{2-{1-a2-a1-3'. In addition, al, an a-like pseudogene, is lo-
cated between {1 and «2. Gene mapping studies have localized the o-
globin genes to the chromosome 16 short arm.**>7!-122 The coding se-
quences of the a-like genes are interrupted by two introns that occur in
identical positions in the B-globin genes, and also in the globin genes of
the mouse.!3414!

The Sy, “y genes are virtually identical in nucleotide sequence, as
is also suggested by restriction mapping analysis for the a1 and o2 genes.
These structural similarities appear to be due to a mechanism of gene
matching and correction during mammalian evolution, perhaps through
unequal crossing over and/or gene conversion.?*® The occurrence of in-
dividuals in the human population who possess chromosomes with only
one or three a-globin genes would be consonant with the idea that ‘‘ed-
iting”’ of globin genes could occur by unequal crossing over.?>°

The occurrence and location of pseudogenes in the B-like and a-like
gene clusters of all mammals examined so far provides grist for specu-
lation that they are the result of gene duplication and sequence diver-
gence.'> None of the pseudogenes examined could encode a functional
globin polypeptide product due to small insertions or deletions that would
alter the translational reading frame. One of the two mouse a-pseudogenes
is unusual since each of the two introns normally present have been
excised in a manner conforming to the rules of RNA splicing, and the
coding sequences are therefore contiguous.'”2%> Furthermore, both the
a3 and a4 pseudogenes of the mouse are not syntenic with the active
mouse a-globin genes on chromosome 11. They are instead respectively
located on mouse chromosomes 15 and 17, as shown by blot hybridization
experiments using hamster—rodent somatic cell hybrids.'4?>2%* Several
mechanisms have been proposed to explain the dispersed arrangement
of the mouse a-like genes, the most interesting of which involves the
transposition of host genes by retroviruses.”*!*? Leder et al.'*? have
suggested that the a3 pseudogene in the form of a genomic fragment
could have been conveyed to chromosome 15 by a retrovirus. They sup-
port this idea with data demonstrating the presence of retroviral-like se-
quences in the vicinity of the a3 pseudogene. Comparative chromosomal
and molecular mapping of the a-globin loci in both man and mouse has
thus revealed the similarities (e.g., location and number of intervening
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sequences) and also the differences (e.g., location of pseudogenes) dis-
played by these gene clusters.

Chromosomal Mapping of the B-Globin Complex

The human B-globin gene was first mapped to chromosome 11 by
Deisseroth et al.,*® using liquid hybridization techniques and somatic cell
hybrids. Stringent hybridization conditions were used so that human DNA
preferentially annealed to the human mRNA for B-globin used as a probe.
After the B-globin gene had been cloned,'*? several laboratories set about
to confirm the location of the gene by using somatic cell hybrids containing
translocations of chromosome 11, and regionally assigned the B-globin
gene to the short arm (Fig. 1). These investigators used what was a
relatively new method for detecting single-copy sequences in DNA cut
with restriction endonucleases that in essence allows one DNA sequence
out of a million to be identified.'®->* In addition, hybridization in situ to
metaphase chromosomes'*® and to DNA isolated from chromosomes sep-
arated by flow sorting'*® exemplifies the varied methodology used to
assign the B-globin genes. Geneticists, armed with these techniques, have
begun to confront the task of constructing a molecular map of man.

Globin DNA Polymorphisms and Prenatal Diagnosis

Demonstration of linkage between a polymorphic DNA locus and an
inherited genetic disease locus could be used predictively to detect het-
erozygotes and individuals at risk for developing disease. DNA fragment
length polymorphisms have been used successfully in the prenatal diag-
nosis of sickle cell anemia®-'%%2%3 and B-thalassemia.!'!-'** By following
the segregation of the DN A polymorphism in families with these diseases,
the occurrence of an affected child was predicted antenatally.''*-'45 As
the taking of fetal red blood cells for prenatal diagnosis results in an
abortion rate of 7%, analysis of amniotic fluid cells using cloned DNA
probes provides a safer way of assessing diseases in utero. The use of
DNA polymorphisms for constructing a genetic linkage map of man and
its uses in prenatal and antenatal diagnosis of Mendelian disorders is
reviewed in a latter section.
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Fig. 1. Regional mapping of the B-globin gene. The original assignment of B-globin by
Deisseroth et al.*® was made using liquid hybridization techniques and cell hybrids. Various
methodologies using cloned DNA probes have been implemented in the regional location
of the B-globin gene (see text). A. Flow sorting (Lebo et al.'*). B. Chromosome specific
libraries and somatic cell hybrids (Gusella et al.®!). C. Somatic cell hybrids (Scott et al.?*®).
D. Somatic cell hybrids (Jeffreys et al.'®). E. In situ hybridization (Malcolm et al.'*®).

N

CONSTRUCTING THE MOLECULAR MAP

There is a great deal of optimism that the enormous complexity of
the human genome will be tamed and unraveled by a combination of
several experimental approaches. Recombinant DNA techniques allowing
isolation of specific genes, rapid DNA sequencing to provide a precise
nucleotide map, and mapping techniques to determine chromosomal lo-
cation of genes will complement one another in constructing a molecular
map of man. It is no longer fanciful to speculate that soon the nucleotide
sequence of large portions of human chromosomes, perhaps even whole
chromosomes, will be determined using present DNA sequencing stra-
tegies.'®>?2* Human geneticists will eventually have molecular informa-
tion about the 5000 kb of DNA residing in a chromosome band that could
provide an understanding of chromosome regions associated with neo-
plasia and inherited disease.%”-143:260

Assignment of Cloned Genes

Somatic cell hybrids have been used successfully to chromosomally
assign genes from several species of mammals by following the segre-
gation of gene products or phenotypes in hybrids losing chromosomes of
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one of the parental cells (see Ref. 240 for details). Mapping with cloned
probes overcomes a major drawback to the above method of gene as-
signment: Gene expression is required to map a protein, but the gene
itself can be assigned directly using a cloned DNA probe. Mapping struc-
tural gene sequences directly overcomes the uncertainty that a regulatory
gene is being assigned in hybrids. Many genes coding for proteins char-
acteristic of differentiated cells are not expressed in hybrid cells.*! These
same genes can be chromosomally assigned using cloned probes.

The methodology for mapping cloned genes using somatic cell hy-
brids is depicted in Fig. 2. Somatic cell hybrids are constructed by fusing
rodent cells possessing a selectable recessive mutation with human leu-
kocytes or fibroblasts.''” Fused cells are then placed in selective medium
to isolate hybrid clones.!#%-2%® These individual hybrid clones contain
different complements of human chromosomes, whose presence can be
detected karyotypically and by assaying for gene products assigned to
those chromosomes.?*” DNA is isolated from the same samples of hybrid
clones. The DNAs are digested with a restriction endonuclease and the
fragments are separated by electrophoresis in agarose.?>* The restriction
endonuclease chosen will be one that produces at least one human DNA
fragment with a unique mobility compared to the mouse DNA fragments
hybridizing with the probe. This is usually observed, since there has been
considerable divergence in nucleotide sequence in man and mouse in and
around homologous genes.**?%? Of course, if the human gene probe does
not hybridize to mouse DNA, this is no longer a consideration. It should
be mentioned that human genes can be mapped using probes derived from
other species as long as there is sufficient sequence homology to allow
detection by molecular hybridization.

To test a probe we usually use EcoRI, BamHI, and HindIII initially
to screen for differences in the size of human and mouse DNA fragments,
principally because these enzymes are inexpensive and frequently yield
simple hybridization patterns on Southern blots.?>* Once a suitable re-
striction enzyme is chosen, DNAs from a panel of hybrids are analyzed
by Southern blotting using the gene probe which has been radioactively
labeled with 2P by nick translation'32-2%° or by gap filling.'®' The hybrids
are chosen so that collectively all of the human autosomes and the X
chromosome are represented in a high proportion of the cells. The hy-
bridized blots are exposed to x-ray film, which is developed to reveal
specific bands representing fragments of DNA that have hybridized to
the probe (Fig. 3). A correlation between the presence of a specific hy-
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Fig. 2. Mapping of cloned genes in human-rodent somatic cell hybrids by Southern blotting.
Clones of cell hybrids are grown and harvested; some of the cells are used for preparing
DNA, ' cell-free homogenates,??® and for karyotyping.'”® Human enzyme markers previ-
ously assigned to each human autosome and the X chromosome are assayed by histochemical
staining (see Table VII). Human chromosome content of hybrids is confirmed by direct
karyotyping of hybrid cells. DNA from a group of cell hybrids is cleaved with a restriction
endonuclease, which gives a unique pattern of human and mouse fragments when hybridized
to a radiolabeled gene probe after Southern blotting. The segregation of the human-specific
bands on the blots is correlated with the results of histochemical staining and karyotyping
to assign the gene to a particular chromosome.
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Fig. 3. Hybridization of the rat chymotrypsinogen-B {CTRB) cDNA clone to cell hybrid
and parental DNAs. EcoRI-digested human DNA (WI-38) produces bands of 12 and 8.5 kb.
The 8.5-kb fragment can be distinguished from bands produced from mouse DNA (RAG
and LM/TK ™). DNA from the hybrids JSR-11 and REW-7 contained the 8.5-kb human
band, while REW-5 DNA did not. The CTRB probe also detects a fragment length poly-
morphism in mouse DNA (two bands in LM/TK ™, three bands in RAG).

bridization band with a single human chromosome assigns the gene to
that chromosome. For example, in Table I, it can be seen that the 8.5-kb
band specific for chymotrypsinogen B, a serine protease, is seen only
when human chromosome 16 is present in hybrid cells tested.??!

cDNA Probes for Specific Genes

The isolation of a recombinant DNA probe for a specific gene can
be accomplished by the synthesis of cDNA from specific messenger RNA
coding for the protein of interest.?*-?*> Messenger RNA is isolated from
a cell type that produces fairly large amounts of the protein. The specific
mRNA can be enriched by a combination of techniques, including (a) its
abundance in a specific tissue,** (b) isolation of specific message from
polysomes by antibody precipitation,” and (c) size fractionation of the
total message.?'* The purity of the mRNA can be tested by translating
the message in an in vitro system.'”%2!! A complementary cDNA is then
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made by using reverse transcriptase.'%-214267 After synthesizing the ho-
mologous strand, the cDNA is inserted into a bacterial plasmid and then
used to transform an appropriate bacterial host cell. Bacteria containing
the chimeric plasmid are selected by a unique property, often resistance
to certain antibiotics.'®

cDNAs coding for proteins that are not usually expressed in inter-
species hybrids have been isolated and used in gene mapping studies.
These include B-globin on chromosome 11,'%2*® growth hormone on
chromosome 17,7%'*° insulin on chromosome 11,**-'°! and the proopio-
cortin gene on chromosome 2.'*? Since many of these genes are members
of multigene families, one may actually be mapping a cluster of genes.
This is true for the interferons and p-globins. The probe used to map
growth hormone also hybridizes with the gene coding for chorionic so-
matomammotropin, which shares greater than 90% homology at the
mRNA level. Consequently, both genes were mapped together using the
GH probe.'®® Human insulin, however, appears to be a true single-copy
gene,” as had been suggested from genetic studies and amino acid se-
quencing data.

A fascinating complex has been isolated and characterized from the
pituitary gland. The entire proopiocortin (POC) complex of peptides is
contained within one precursor molecule.!”? Processing of the precursor
molecule yields adrenocorticotropic hormone (ACTH) and B-lipotropin
(BLPH). ACTH is further processed to a-melanocyte stimulating hormone
(«MSH) and corticotropin-like intermediate lobe peptide (CLIP), whereas
BLPH is processed to B-endophorin and a-lipotropin (¢LPH), which in
turn is cleaved to produce B-melanocyte stimulating hormone (BMSH).
The POC gene complex is contained on one 13-kb EcoRI fragment of
human DNA located on chromosome 2.'93

We have mapped chymotrypsinogen B, one of a family of serine
proteases that includes elastase and trypsin, to human chromosome 16
(Table I; Ref. 221). With the cDNA probes for trypsin and elastase, it
will be interesting to determine if these genes are syntenic with CTRB.
One or both genes could reside on another chromosome, a situation ob-
served with prolactin, which shares about 40% homology at the mRNA
level with GH and CSH but resides on chromosome 6.'”? It is worth
noting that a-haptoglobin, which shares some homology with the serine
proteases,®®> has been linked to chromosome 16 by family studies.'?-*!2
The haptoglobins are thought to have arisen from the serine proteases as
a result of gene duplication and subsequent divergence.'?®
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The occurrence of gene families and genes with partial homology can
complicate mapping studies in hybrids with molecular probes. It is nec-
essary for the investigator to determine by independent studies which
band on a Southern blot corresponds to the gene that is to be mapped in
hybrids. Otherwise, a related gene or pseudogene may actually be the
sequence being mapped.

Representatives of several gene families and single-copy genes have
been assigned using cloned probes and somatic cell hybrids (Table II).
These genes are involved in several different areas of cellular function,
including the translational apparatus (tRNA "), signal transmission (IFF,
IFL, GH, CSH, POC, PRL, INS), cellular homeostatis (CTRB, HBA,
HBB), cell social behavior (HLA), cellular architecture (COLIA2, his-
tones), and the immunological system (immunoglobulin genes).

In Situ Hybridization

The technique of in situ hybridization has been refined to the point
where it can now be used to map single-copy genes.”!-##-150 In this method
a radiolabeled RNA or DNA probe is hybridized to fixed metaphase
chromosomes. The preparations are exposed to autoradiographic emul-
sion to detect silver grains formed as the result of B-emission from the
radiolabeled probe. The grain distribution over the metaphase chromo-
somes is determined to localize the specific gene being mapped. The
preparations are stained to facilitate identification of specific chromosomes.

The sensitivity of the method has been increased by a number of
procedures. Malcolm et al.'>® used a 4.4-kb probe labeled to a specific
activity of 1.7 x 10® dpm/jg to confirm the mapping of the B-globin gene
to the short arm of chromosome 11. Probes of even higher specific activity
(10° dpm/p.g) were used along with dextran sulfate to confirm the mapping
of the a-globin genes on chromosome 16.”' In conjunction with larger
probes (=5 kb), dextran sulfate is thought to promote the formation of
probe networks and thereby increase the hybridization signal, perhaps
20-fold.”"-®* In spite of this, hybridization efficiencies may be as low as
1-2%:; and in an analysis of hybridization to the a-globin locus, Gerhard
et al.”* concluded that only 50% of the available sites had been saturated
with probe. These results emphasize the necessity of analyzing many
metaphase chromosomes to arrive at a statistically significant distribution
of silver grains allowing a single-copy assignment, since in most cases
only one or a few silver grains will be observed per chromosome. The



Thomas B. Shows, Alan Y. Sakaguchi, and Susan L. Naylor

354

LLT 9 YL
LLI 9 TAYL o' VN
€61 [ 20d unodordoold
61 9 Tdd unor[oig
$61 6 Ad1 1se]qOoIqIg
v6l 6 T4l 91400y na]
UoIdLIU]
$9¢
‘61T LTI ‘6 ‘8 + 161 681 0PI ‘S8 ‘8 dri SNI urnsug
6S1 w J191 JUBISUOD BpQUIRT]
76T “IST ‘6¢ 14! JHOI jue)suod eydpe ‘ewwes ‘n
IS1 dz AMDI a[qeLieA vddey]
6¢1 [4 19). (3] jueIsuod eddey]
urnqojSounuwy
96T ‘LT b, €H ‘VZIH
96T ‘LT by ¥H ‘9CH ‘TH SOUOISIH
€l + €S1 ‘001 dg vV 1H snooj g xardwod Ajiqredwosolsiy
061 b/ THO auag aYI[-uoWIOY Y1MOIn
00¢ + 061 ‘98 ‘0L bzy HD suouLIoy yimolrn
82T ‘6€1 ‘01 ‘I8 drp agH u1qo[n-Q
€02 + 6€1 ‘¥0I ‘I8 dn OdH urqojn-A
87T ‘081
L61 ‘111 ‘601 + ‘6E1 ‘POT ‘€8 *18 ‘9F drr g9H uqo[n-¢
65T + (440 VAN 27 doi VaH u1qo[n-»
L01 L V110D [ uagefjo) @
+ 12¢ 9] 9L g ualoursdAnowAiy)
(uagoyoe|
00T 061 ‘98 ‘0L bl HSD [e1usoe|d) UIdOOWWRWOIRWOS JIUOHOY))
ey by qa1v urunqry
90Uy sydiowAjod ERIEN B BN SWOSOWOoIY)) [OqUAS LI ELEYS)

sawosowoay) uewngy o3 paddepy sauany pauo) ‘If ATIVL



Chapter 5: Mapping the Human Genome 355

technique also requires careful attention in the preparation of metaphase
chromosomes, which can affect the efficiency of hybridization.

Originally, the usefulness of in situ hybridization was limited to re-
petitive sequences, such as the 18S and 28S ribosomal DNAs that in
humans are present at about 300 copies per diploid genome. The rDNA
genes were located at the secondary constrictions of chromosomes 13,
14, 15, 21, and 22 in humans as tandem repeats of ten or more genes.’-*
The 5S RNAs are also a repetitive cluster of genes localized by in situ
hybridization to the long arm of chromosome 1.'°>2*7 In Drosophila, in
situ hybridization has been a powerful tool for localizing genes on salivary
gland polytene chromosomes, in which genetic loci have been amplified
several hundredfold.'®®

The increasing number of single- and low-copy genes assigned by in
situ hybridization attests to its usefulness as a gene mapping tool (Table
IID). It is interesting to point out, however, that except for an undefined
DNA segment on chromosome 1,84 no original assignment of a single- or
low-copy gene has been made yet using in situ hybridization. It is im-
portant currently to use in situ hybridization in conjunction with somatic
cell hybrids and Southern blotting to map cloned probes. For example,
it might be difficult to determine by in situ hybridization the chromosomal
distribution of related genes that are dispersed in the genome, such as
the GH-CSH-PRL gene family'®%!? or the mouse a-like globin gene fam-
ily, which includes two pseudogenes.'**?** The chromosomal assign-
ments of these gene families have been accomplished using somatic cell
hybrids.

TABLE III. Genes Assigned by in Situ Hybridization

Chromosome Gene Symbol Reference
1 14.9-kb DNA segment D1S1 84
5S RNA RNSS 105, 257
2 Kappa light chain immunoglobulin ~ IGKC 151
4 Albumin ALB 84a
7 Histones H1, H2B, H4, 27,256
H2A, H3 27, 256
11 B-Globin HBB 150
Insulin INS 85
16 a-Globin HBA 4,71
17 Growth hormone GH 86
Chorionic somatomammotropin CSH 86

13, 14, 15, 21,22 Ribosomal RNA RNR 57, 89
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Undefined DNA Segments as Genetic Markers

The function of the vast majority of human DNA is still undefined.
Therefore, most of the clones that comprise a recombinant DNA library
of the human genome'?*” are simply ‘‘anonymous.”” They can be used,
however, as genetic markers that when mapped can serve as landmarks
to delineate a given region of a human chromosome.

Probes of undetermined coding capacity have been used successfully
to define specific segments of human chromosome 11,%% and the tech-
nology to isolate and map undefined probes is currently available.*>-3%
112.135 Determining the presence of a human undefined DNA segment by
hybridization to cell hybrid chromosomal DNA does not require a gene
product to be expressed, which is necessary for current mapping studies
with cell hybrids. Thus, not knowing the coding capacity of a single-copy
probe does not diminish its utility or importance as a gene marker. Once
an undefined probe has been mapped to a specific human chromosome,
it becomes a useful marker for genetic studies. As a marker, the undefined
probe should be as useful as protein products (e.g., G6PD) expressed in
hybrids and serves as a reliable marker for regional mapping and linear
ordering of chromosome regions.

Undefined DNA segments can be used to analyze chromosome
breaks,®? and have a great potential as tools to define the extent of chro-
mosome deletions and translocations involved in inherited disease and
neoplasia.’”"'4*21¢  For example, specific interstitial chromosome
deletions have been detected in some patients with Wilms’ tumor (del
[11p13])%7 and retinoblastoma (del [13q14]),'** and the absence of these
chromosomal regions could be determined using DNA probes. Further-
more, DNA probes might reveal smaller deletions or rearrangements in af-
fected patients with no cytologically detectable chromosome abnormality,
as has been done in the hemoglobinopathies,3:163.184.185.186.259

Sources of Undefined DNA Fragments

Complete genomic libraries are most often comprised of a collection
of recombinant bacteriophage or cosmid clones containing DNA segments
collectively representing an entire genome.?%'"* These libraries are im-
portant sources of defined and undefined DNA sequences for mapping
and are also valuable for isolating regions of DNA adjacent to structural
genes that may function in a regulatory manner.
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Undefined DNA probes can be isolated from recombinant DNA li-
braries prepared from human genomic DNA,"” from flow sorted chro-
mosomes,*>?’6 from somatic cell hybrids containing single or few human
chromosomes,*?82:112 and from cDNA libraries prepared from mRNA.3*
Complete libraries contain the entire human genome cloned into bacter-
iophage or cosmid vectors carrying 20-50-kb segments of DN A 80-102.137
To be useful in mapping studies, probes must contain single- or low-copy
sequences devoid of repetitive elements which are widely dispersed
throughout the human genome.*-#27-2¢! Techniques for identifying single-
copy sequences in recombinant bacteriophage or plasmid clones have
been described.??

To facilitate the isolation of single-copy clones, libraries of short
DNA pieces (1-2 kb) can be constructed.?”> A high proportion of clones
from such a library should be suitable single-copy probes without further
modification. An alternative approach is the construction of a cDNA
library derived from mRNA. Many of the cDNA clones should reflect
single- or low-copy gene sequences, although recently the existence of
repetitive sequence elements in such clones has been reported.>* The
suitability of any undefined DNA fragment should be evaluated by blot
hybridization to human DNA.

Several experimental approaches have been used to enrich for DNA
sequences specific for individual chromosomes. Recombinant libraries
prepared from cell hybrids containing a single human chromosome ef-
fectively isolate that set of human DNA from the rest of the genome, and
offer a short-cut to obtaining chromosome-specific markers. Gusella et
al.®? constructed a DNA library from a human-hamster hybrid containing
only human chromosome 11, and were able to identify and isolate several
human-specific DNA probes from this library. Five of these cloned DNA
probes could be regionally assigned to different segments of human chro-
mosome 11. In view of the genetic importance of chromosome 11 (Wilms
tumor, HBB, insulin), these DNA probes could be important markers in
fine structural analysis of this chromosome. A similar approach has been
used to construct recombinant libraries specific for the human X chro-
mosome?*??® and chromosomes 1242 and 21.!'?

Using a different approach, Wolf et al.?”* made a partial library of
cellular DNA from an individual polysomic for the X chromosome. Since
the X chromosome was more abundant than all the other chromosomes,
they were able to isolate several clones specific for the X chromosome.
The library was assayed using *?P-labeled plasmid clones to screen
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BamHI-digested DNA from a mouse-human hybrid containing the X
chromosome, and also one lacking the X. Since there are many chro-
mosome anomalies producing polysomy, this method is applicable for the
isolation of sequences specific for several chromosomes.

A technically difficult, if not expensive, approach utilizes chromo-
somes separated by flow sorting®® to construct DNA libraries.*>?’> The
majority of human chromosomes can be isolated in high purity by flow
sorting,”**? and this brings within the realm of feasibility DNA libraries
for each of the human chromosomes. Recombinant DNA libraries specific
for chromosomes 22 and X have been reported using this methodology,***"*
and undoubtedly more chromosomes will be cloned in the future.

Chromosome-specific DNA libraries are a short-cut to obtaining
markers for a given chromosome, yet even with these probes it is a good
idea to confirm their chromosomal location by mapping studies. This
applies especially to clones that might belong to a dispersed family of
related genes residing on several different chromosomes. The strategy for
chromosomal assignment of undefined DNA segments is virtually iden-
tical to that for mapping cloned genes (Fig. 2). As with cloned genes,
deletion chromosomes and translocations can be utilized for regional
mapping of undefined DNA segments. An example of the mapping of an
undefined DNA segment in hybrid cells is shown in Figure 4. HS-3, which
detects a 9-kb EcoRI fragment, identified a DNA segment on chromosome
3. Using hybrid cells made with a human fibroblast containing chromo-
some 3 translocations, D3S1 (DNA; chromosome 3; Segment /) was
localized to the 3p21 — q21 region.!”®

Several undefined DNA segments have already been assigned to

e . 4—9 kb

HM- — + + — + — +

Fig. 4. Hybridization of a cloned, undefined DNA segment to human and hybrid DNA. The
HS-3 probe detects a 9.0-kb band in human DNA digested with EcoRI but does not hybridize
to mouse DNA under moderately stringent conditions. The human band was detected only
in hybrids containing human chromosome 3.
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TABLE IV. Chromosomal Localization of Undefined DNA

Segments®
DNA segment” Name* Chromosome References

D1S1 H3 1 (p36) 84
DiZ1 AHS3 1(q12) 77
D6S1 B120 6 222
D10S1 P3-10 10 113
D11S2 11 (pter—pl3) 82
D11S3 11 (p13—p1208) 82
D11S4 11 (p1208—pll) 82
D11S5 11 (p11—ql3) 82
D11S6 11 82
D11S7 11 82
D11S8 11 82
D11S9 11 82
D11S10 11 82
D11S11 11 82
D12St L2.2 12 202
D14S2 L1.48 14 202
D16S2 L1.19 16 202
D19S1 3-10 19

D20S1 18BA 20 22
D20S2 46EA 20 22
D22S1 3-2 22 114
DXS1 S8EA X (pter—ql) 22
DXS2 33HA X (pter—ql) 22
DXS3 19HA X (q1—q21) 22
DXS4 12EA X (q21—q24) 22
DXSS5 14BA - X (q21—q24) 22
DXS6 32EA X (q2—qter) 22
DXS7 L1.28 X 202

“ Undefined segments which have not yer been found to be
polymorphic.

® The gene nomenclature for undefined DNA segments is DNA,
chromosome number, Segment (or Z for repetitive), and sequential
number.

¢ Designation of the laboratory that cloned the DNA fragment.

human chromosomes (Table 1V), and this number will grow rapidly as
more of the genome is dissected.

DNA Polymorphisms as Genetic Markers

Botstein et al.'® proposed that undefined fragments of DNA that
recognize restriction-site polymorphisms in human DNA could be used
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as genetic markers to study the Mendelian inheritance of human genetic
diseases. They reasoned that with a sufficient number of polymorphic
DNA markers spaced at 20-cM intervals in the genome any genetic disease
could be linked to one of them. By analyzing pedigrees in which poly-
morphic traits and inherited disease are segregating, it might be possible
to map the disease loci by demonstrating linkage to a particular DNA
polymorphism. This could be accomplished without any knowledge of
the biochemical defects involved in a particular disease. Successful ap-
plication of this system of linkage analysis would represent a monumental
methodological advance, since only 2-3% of all Mendelian disorders have
been chromosomally assigned.

Use of restriction endonucleases (=200 have now been identified?'?)
and the detection of single-copy DNA sequences by Southern blotting,
combined with recombinant DNA techniques, form the experimental
basis for the construction of a genetic linkage map of man using a col-
lection of random, polymorphic DNA fragments (see Ref. 19 for an ex-
tensive discussion).

Wyman and White?”” described the first highly polymorphic locus,
DI1451, in human DNA using an arbitrary restriction fragment of DNA.
At least eight alleles were observed, and >75% of individuals examined
were heterozygotes. The DNA fragment length polymorphisms displayed
Mendelian inheritance through a three-generation pedigree. Restriction
enzyme analysis suggested that the polymorphism at this locus was due
to DNA rearrangements rather than base-pair substitutions or modifica-
tions. This highly polymorphic locus is located on the q21 — qter region
of human chromosome 14.%°

DNA fragment length polymorphism due to DNA rearrangement ap-
proximately 700 bp upstream from the single human insulin gene has been
extensively analyzed.®® Restriction mapping and DNA sequencing stud-
ies indicate that the polymorphisms are due to insertions of DNA of two
general size classes, 0-600 and 1600-2000 bp. No correlation was ap-
parent that could distinguish normal individuals from individuals with
insulin dependent (Type I) or non-insulin-dependent (Type 1I) diabetes,
although such an association with Type II diabetes has been claimed.?'’
Based upon analysis of two cloned allelic insulin genes, one of which
possessed a 100-bp single-copy insert, Bell et al.® concluded that the
smaller class of polymorphic fragments probably was not due to a trans-
posable genetic element. Mechanisms other than those involving trans-
posable elements have been suggested to account for highly polymorphic
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loci in human DNA; for example, those observed in the a-globin gene
complex.*®

DNA Polymorphisms and Prenatal Diagnosis

In their original studies, Kan and Dozy!'% reported a polymorphism
for an Hpal restriction enzyme site, about 5 kb from the 3’ end of the
human B-globin gene. They observed that 87% of the B5-containing chro-
mosomes in their survey of American blacks lacked the Hpal site and
the gene was present in a 13-kb fragment of DNA. In contrast, B*-con-
taining chromosomes were largely associated with a 7.6-kb or, less often,
with a 7.0-kb fragment after Hpal digestion of DNA. Another group later
found in a study of American blacks in the Eastern United States that
the Hpal site was absent in 60% of BS chromosomes and 8% of B chro-
mosomes.?*® Prenatal diagnosis of sickle cell anemia using this linkage
disequilibrium of the 13-kb fragment and 5 gene would be exact in only
36% of fetuses at risk (AS X AS parents), and sickle cell anemia could
be excluded in an additional 24% of at-risk pregnancies where the BS gene
is segregating with the 13-kb fragment in only one parent.?®®> By combining
the Hpal polymorphism with a HindIII polymorphism located in the Sy
and “y intervening sequences, an exact diagnosis of sickle cell anemia
prenatally can be increased to 80%.

More recently, Geever et al.%® have demonstrated that the sickle cell
gene can be detected directly using the restriction enzyme Ddel. The g3
mutation converts the codon for glutamic acid (GAG) to that for valine
(GTG) at amino acid position 6, and changes a restriction endonuclease
recognition site for Ddel (CTNAG), where N = any nucleotide. Thus the
Ddel site is absent in the B gene and can be detected by Southern blotting.
The method of detecting the 85 gene should therefore be applicable for
all couples at risk and does not require family studies. Geever et al.®®
point out, however, that heterozygous HbC and nondeletion type B-thal-
assemia in a heterozygote for HbS, usually less severe disorders than
sickle cell anemia, would give identical blot hybridization patterns as
sickle cell trait; in these instances, family studies would be informative
in distinguishing the disorders.

It is also possible to use DNA polymorphisms in prenatal diagnosis
of B-thalassemia, in which B-globin synthesis is very low or absent, using
a 9y-globin gene probe'* or with a B-globin gene probe.!'" Kan et al.'"!
observed that the B°-thalassemia gene in Sardinians was associated with
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a 9.3-kb BamHI fragment, while in normal individuals the B-globin genes
reside in a 22-kb BamHI fragment. This polymorphism was due to vari-
ation in a BamHI site on the 3’ side of the B-globin gene, and allows the
presence of a B-thalassemia gene to be ruled out in Sardinians if a 22-kb
fragment is present in the DNA cleaved with BamHI. This is in contrast
to persons of West African origin, in whom the presence of a 13-kb Hpal
fragment suggests the presence of a B5 gene.!?”®

Thus, DNA polymorphic variants can be associated with the abnor-
mal gene (13 kb; BS) or the normal gene (22 kb; B°-thalassemia) and
depend upon the variant on the chromosome in which the mutation arose.
In Sardinians, the B°-thalassemia mutation arose on a chromosome car-
rying a 9.3-kb BamHI variant, while the sickle mutation in West Africans
arose on a chromosome with the 13-kb variant.''! DNA polymorphisms
are useful, thus, not only in prenatal diagnosis, but also for anthropol-
ogical studies.

Clearly, the power of prenatal diagnosis could be increased enor-
mously if polymorphic DNA loci linked to genetic disease, such as cystic
fibrosis, muscular dystrophy, or Huntington’s disease, could be isolated.
The methodologies reviewed here and being used in several laboratories
should result in rapid progress toward this goal.

Identification of DNA Polymorphisms

Based upon the number of sequence polymorphisms detected in the
B-globin cluster of man, it has been estimated that the human haploid
genome would contain 3 X 107 sequence variants, or one every 100 bp.'
Since there are 24 human chromosomes per haploid genome, there would
be on the average approximately 10° sequence polymorphisms per chro-
mosome. For example, Jeffreys'®® surveyed 60 individuals using eight
restriction enzymes for polymorphism in the B-globin complex. He found
three polymorphic fragments, one of which was found at a frequency of
0.23 in the population, and two of which were less common. Likewise,
Kan and Dozy and colleagues have found two polymorphisms near the
B-globin gene: One is segregated with the sickle cell trait in a West African
population,'® and the other can be used to monitor B-thalassemia in
Sardinian populations.'!!

Only a fraction of single-base changes will create or destroy a re-
striction enzyme site. Even if only 10% of such sequence polymorphisms
can be recognized by a restriction enzyme, there would still be 10° possible
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polymorphisms per chromosome that could be used as markers. If the
average chromosome contains 10® bp, a sequence polymorphism would
occur for each kb of DNA. Hence, a good chance exists that a given
undefined DNA fragment will identify a DNA polymorphism.

In order to determine whether a DNA marker is sufficiently poly-
morphic to be used in population studies, the DNA from cells of 10-20
individuals is tested for restriction site polymorphisms. This number of
individuals should reveal the common polymorphisms. For screening pur-
poses, DNA can be isolated from placentas, fibroblasts, and/or leuko-
cytes. The restriction enzymes used for screening include six-base cutters
(EcoRI, BamHI, and HindIII) and four-base cutters (Taql and Mspl).
White and co-workers’-??* reported that DNA polymorphisms were de-
tected frequently with the latter two restriction enzymes. They proposed
that the CpG dinucleotide in the recognition sequences for Taql and Mspl
(5'TCGA3’ and 5'CCGG3’, respectively) is a mutational hot spot in human
DNA. One to two percent of the cytosine residues in the CpG doublet
in animal cells are methylated. 5-Me-C can be deaminated to thymine,
and in bacteria this can produce base substitutions.3?

DNA polymorphisms give rise to fragment length variations that can
be visualized by Southern blotting.3-?’° The polymorphisms can arise from
single-base-pair substitutions that create or destroy a restriction enzyme
recognition site, from additions or deletions of DNA, or from other DNA
rearrangements, such as inversions. Such DNA fragment length variants
should segregate in a codominant Mendelian fashion, and a person could
be homozygous or heterozygous, depending upon the variant carried by
each chromosome homolog. Figure 5 shows a simple example of a DNA
polymorphism detected in three individuals, one of whom is a hetero-
zygote. As elegantly demonstrated by Kan and co-workers'® with the
sickle hemoglobin gene, this approach can form the basis for a genetic
analysis of pedigrees in which an inherited disease is segregating.3®2°7 A
major advantage of using random DNA polymorphisms in genetic linkage
studies is that the probes need not encode a known product, as was
required in studies involving the B-hemoglobin locus.

The search for DNA polymorphisms can be facilitated by the somatic
cell hybrid strategy. By mapping both specific and undefined probes, one
can produce a map with many markers, each of which may be polymorphic
either within the gene loci or in a neighboring area. By defining more
markers, there is a much greater chance of detecting linkage to an in-
herited disease. In addition, our laboratory has mapped the genetic lo-
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Fig. 5. Detection of DNA polymorphisms in humans. DNA is isolated from individuals,
cleaved with a restriction endonuclease, and the fragments are blotted using the Southern
procedure.”* The blot is hybridized to a radiolabeled probe which detects a specific site
in DNA (M). The normal distribution of restriction enzyme sites (¥) is shown for the DNA
of person A. Person C possesses DNA which has lost one of the restriction sites due to
mutation (e.g., single base substitution, or DNA rearrangement). Therefore the probe re-
cognizes only a fast migrating band in homozygote person A, and a slow migrating band in
homozygote person C. In contrast, person B is a heterozygote, since both fast and slow
bands are detected, arising from the different chromosome homologs.
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cation of 18 inherited metabolic diseases, and the chromosomal location
of some 50 metabolic diseases (not including X-linked disease) are known
(see section on Mapping of Disease). Identification of a polymorphic DNA
sequence that occurs frequently in the population and that maps in the
same region as an already mapped inherited metabolic disease locus would
suggest the feasibility of using family studies to demonstrate the closeness
of linkage between the two loci. Some of these diseases can be detected
prenatally; however, in those instances in which the genotype of an in-
dividual is ambiguous, polymorphic DNA markers would greatly facilitate
the reliability of the testing procedure. Table V lists undefined DNA
polymorphic loci that have been mapped to date.

Using somatic cell hybrids, we recently localized an undefined gen-
omic DNA fragment, D3S1, to human chromosome 3.'”° D3S1 detects
a HindIII polymorphism in human DNA (Fig. 6). In our initial studies
DNA from 15 individuals was surveyed: nine individuals had only a 26-
kb band, while six had both a 26-kb and a 15-kb band. To characterize
the polymorphism, somatic cell hybrids were constructed using human
cells from an individual whose DNA gave the two-band pattern. The 15-
kb band and the 26-kb band segregated independently in the hybrids,
suggesting that they are allelic, i.e., reside on different chromosome
homologs.

As an adjunct to mapping studies, any given cloned gene is also used
to screen human DNAs for polymorphism. As already mentioned, CTRB

TABLE V. Chromosomal Location of Polymorphic Undefined DNA

Segments
DNA segment” Name? Chromosome References
D2S1 L2.3 2 202
D3S1 HS-3 3 (p21—q21) 175
D5S1 L1.7 5 202
D11S1 11 (pl1—ql3) 82
D14S1 1016-18 14 (q21—qter) 49, 275
pAWI101
D16S1 L1.36 16 202
D17S1 pl2-2 17 5
DXS8 RB6 X (q) 42
DXS9 RC8 X (p) 42

“ The gene nomenclature for undefined DNA segments is DNA,
chromosome number, Segment, and sequential number.
® Designation of the laboratory that cloned the DNA fragment.
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Fig. 6. Detection of a restriction fragment length polymorphism located on chromosome
3. Human DNA digested with HindIIl yielded two patterns after hybridization with HS-3.
Variant 1 is 26 kb, while variant 2 is 15 kb. Studies with somatic cell hybrids suggest that
these are independent alleles.

Fig. 7. Polymorphism of chymotrypsinogen B (CTRB) in human DNA. DNA was isolated
from 12 unrelated individuals and cleaved with Taql. The fragments were analyzed by
Southern blotting using a 3?P-labeled rat CTRB probe. Blots were hybridized as described
by Owerbach e al.'™® Taql recognizes the sequence S'TCGA3’. Arrows indicate fragment
length variants detected by the CTRB probe.
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was assigned to human chromosome 16 using somatic cell hybrids. Fol-
lowing the experimental paradigm of White and co-workers,>?* we
screened 12 human DNAs digested with Tagl for CTRB polymorphism.
Since Taql is a four-base cutter (5'TCGA3’), a complex pattern was
observed, with several fragment length polymorphisms apparent (Fig. 7).
It is interesting to note that with EcoRI, the enzyme used in the mapping
studies, CTRB recognizes a polymorphism in the two mouse cell lines
used in the construction of hybrids (LM/TK ~ and RAG; see Fig. 3). Other
cloned genes that detect DNA polymorphisms are listed in Table II.

CONSTRUCTING THE GENETIC MAP

The genetic map is composed of markers that represent expressed
gene products, functions, and phenotypes. This is distinguished from the
molecular map, which is being constructed by restriction mapping and
sequencing an ever-increasing number of the genes themselves and un-
defined DNA fragments. For determining the genetic map, a rather large
variety of markers has been described (Table VI). These markers, which
represent a majority of cellular functions, are diverse and range from
defined gene products to biochemically undefined syndromes, as can be
observed in Table VI and Appendix A. In addition to their diversity, there
are a large number of markers that are available for mapping studies,
over 600 that have been or that will be mapped in the next year, and some
additional 2000 inherited traits that will be more difficult to map.'' For
example, roughly 100 additional markers that have become available re-
cently are the external membrane proteins and cytoplasmic proteins de-
tected by 2D electrophoresis*16%188 a5 well as surface antigens detected
by monoclonal antibodies.” Routinely, new classes of markers suitable
for mapping become available as new techniques for testing are described.
In many of these instances, additional polymorphisms will be identified
for genetic family studies.

The three principal strategies for determining close linkage and as-
signment of genes to chromosomes center around different methodologies
being used in family studies, somatic cell genetics, and in situ hybridi-
zation. These mapping procedures generally apply to contructing both
genetic and molecular maps. The success of these rapidly developing and
increasingly diverse methodologies in combination with classical genetic



Thomas B. Shows, Alan Y. Sakaguchi, and Susan L. Naylor

368

VNYL
(pauyapun) sjuowdas YNJ
swisiydiowAjod yNQ

(VEH ‘SNI ‘HD) sauag pauop)

(AJIADISULS SNIIABUOIOD

UBLINY) SIIBUW PAJRIDOSSE [RIIA

(urxoy
eLIYIYdIp) ANANISUIS UIXO],
(uage[oo) suroad [eanionng
suagdnue oy1oads-so10adg
suldjoId [ewosoqry
(VNQ sma1es “1ZXA)
saouanbas YN aannaday
VNI
VNYL
(SQWAzZUd
[eWOSOSA]) S1ayJewl s[jauesi()
(oudad Sunuowa(dwod
A|D) sydosioxne [euonnN
(urajoad Surxajdwod
JSBUIWEBIP SUISOUIPR) SISIPO
(z-oseinwsip apixotadns
Jea[onu) sIajJew [BLIPUOYIONA

(suagnue
aoerjuns) survjosd SuBIqQUDIA
sujjngojSounwuwij
(HSD “T¥d) SQuouLloy
(auag 101eN3al
LV.1) 1931w uoIssaidxa auan
(v
aseuagolpAyap 1e1oL|) sewAzuyg
(ureqeno) A)AnIsuds 3niqg
(paurgopun) sjuowdas YNJ
wsiydrowAjod yNJ
(s1axaew
198 ) surajoid omwse[dolf)
(HD *20d ‘gqH) s2uag pauo[)
(sauo3s1y) surajosd [ewosowory)
(401d2oa1 1030%)
yimol3 [euriapido) s103dasal 19D
(sIavJew jlodsuern
‘sIoyJew dANISUds-aInjeIadwo)
‘19jowoud sisolfooreyAjod)
SIayIeUW 3IM[Nd [[2)
(10718A13OR
uadounwse[d) si0jeAOY

(SSUPUI[Q-I0[0D ‘AdUDIOIJIP
-dd9D) sien payull-xag
(urqoj3oidey
‘urungpe) surajoad wnisg
(N-oseulwesuer)
21313080[EX0 S1weIn|3
Je3[onu) SIayIeWl [RLIPUOYION
(so1ydA[3orewiap)
sjreq; [esidojoydiop
(eunuolayjAuayd)
(UMOUY 103JoP) ISBASIP JIOqRIIN
(VTH) siayrew AJjignedwodolsiy
(( 9se19189
‘9SBRUILIBIP SUISOUIPE) SOWAZUT
(pauryapun) syuawdas YN(J
wsiydiowAjod vNQ
(SwolpuAs I[ip—Iapeid)
(umouun J03Jap) SaseasI(|
(QH [®19)) stayIew [ejuawdojaaa(
sjusuodwod juswsdwo)
(urnsur) souagd pauoj)
(11X 101084) s10108) 3unio))
(suons[ap ‘ousld
JI3[100Un) SI9YIBW [BWOSOWOo.IY))
(PWO)SB[QOUNAL) PIIRIDOSSB-I0URD)
(HY ‘0gV) sussnue dnois poojg

Suryios
MO[} pueB UOIIRZIPLIGAY nIIS UJ

$O1PUa3 [[99 JnRWOS

SaIpNIs AJIuey [ed1sse[)

SaIpn)S JRWUSISSY SWOSOWOIY) pue dFequry ul pas() (sajdurexy ym) sINIBIA Jo Sasse[) ‘TA TIAV.L



Chapter 5: Mapping the Human Genome 369

approaches for human gene mapping is evidenced by the exponentially
increasing genetic map of the human genome (Appendix A). Construction
of a genetic map has proceeded rapidly over the last 10 years, stimulated
by six biannual International Human Gene Mapping Workshops.?>~1%0
The evolution of the gene map is presented in those publications along
with methodology and marker detection for defining the map. The gene
map presented here is refined from those publications. Only selected
aspects of contructing the map are described here. Additional features

are found in the Workshop reports or numerous reviews,37-162:207.218.234.
235,240

Close Linkage

There are several procedures to determine if genes are closely linked
or adjacent to each other. If adjacent (not close enough to be linked) and
on the same chromosome, they are said to be syntenic.2%

Family Studies

When two loci are sufficiently close together on a chromosome such
that the segregation of their alleles in family members is not random,
these loci are said to be closely linked. The map distance between two
loci is determined by the frequency of recombination between the loci,
which is directly proportional to the distance between the loci. Poly-
morphic loci for these studies are identified in Table V and Appendix A.
Establishing linkage of loci in man has encompassed a highly sophisticated
statistical and computer technology taking into account the many param-
eters that can affect the segregation of traits. For a complete review of
linkage analysis in man and polymorphic markers used for this analysis,
see Conneally and Rivas.?®

Unequal Crossing Over and Amino Acid Sequencing

The now classical example of unequal crossing over is the observation
of hemoglobin Lepore involving the g and 8 hemoglobin loci.? In family
studies, recombination has not been observed for the g and 8 loci, indi-
cating close linkage.'®® Because of nonhomologous pairing, crossing over
has occurred within nonhomologous but adjacent B and 8 loci, resulting
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in a new fusion protein—Hb Lepore. Subsequent amino acid sequencing
of Hb Lepore revealed that the protein was composed of part of the B
and 3 peptides.®” This finding demonstrates that the two genes are
adjacent.

Gene Transfer

The ability to transfer small amounts of DNA to recipient somatic
cells in culture facilitates structural mapping of genes closely linked on
chromosomes. Chromosome-mediated gene transfer (CMGT) using iso-
lating metaphase chromosomes'>®24° and isolated interphase DNA for
DNA-mediated gene transfer (DMGT)?’' can be used in transferring a
selectable gene and closely linked genes to cultured somatic cells with
a growth requirement. With either technique, CMGT or DMGT, only a
small portion of donor genetic material containing at least the selectable
gene is ultimately stably retained in recipient cells with a growth require-
ment.?’2 The closer the two genes are, the greater is the likelihood that
they will both be transferred and stably retained in a recipient cell. The
selectable marker thymidine kinase (TK) is very close to galactokinase
(GALK) on human chromosome 17 in the q21 — 22 region.>® When CMGT
is used to transfer and select for 7K, a number of recipient cells also
retain the close marker GALK.?”* Since the band on chromosome 17
probably contains less than 5000 kb,?!® the TK and GALK genes are
estimated to be no more than 5000 kb apart. Mouse (HPRT ~) recipient
cells isolated after CMGT were found to contain human donor HPRT and
a cytologically detectable fragment of the X chromosome in different
recipient cells, an unusual occurrence, since donor genetic material usu-
ally has not been physically detectable after CMGT.!'*-'¢” These X chro-
mosome fragments were used to regionally localize the X-linked markers
HPRT, G6PD, and PGK. These studies give a semiquantitative measure
of physical distances between linked genes and allow gene order to be
determined. The transfer of mammalian genes has been reviewed.?*°

A different method of determining close synteny and gene order of
human genes has been reported by Goss and Harris,”®” and utilizes x-
rays to induce chromosome breaks in human cells before fusion with
mouse cells. This reduces the likelihood that any two syntenic or linked
genes will be cotransferred, the probability being inversely proportional
to the distance separating the genes. When irradiated human cells are
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fused with mouse cells having a growth requirement and cell hybrids are
isolated in selection medium, different sized fragments encoding the
human selectable marker are retained. The cotransfer of syntenic genes

gives results for linear order in good agreement with those obtained by
linkage analysis.

Nucleotide Sequences and Restriction Mapping

Although the linkage of the members of the B-globin family was
predicted earlier by fusion proteins (3-p Lepore and “y-g Kenya) and
family studies, the actual molecular relationships between the complex
were determined by the analysis of cloned genes.®®® In 65 kb isolated
as a set of overlapping DNA clones, the five B-like polypeptides were
determined to be arranged 5'e-Sy-2y-5-83’.® In addition, two B-like pseu-
dogenes were found: one between “y and & and the other 5’ to the € gene.

Assignment of Genes to Chromosomes and Regions of
Chromosomes

There are three major types of strategies, each with specific meth-
odologies, for assigning genes to chromosomes and regions of chromo-
somes. Family studies represent the classical Mendelian way; somatic
cell hybridization represents the parasexual approach; and Southern hy-
bridization combined with cell hybrids and in situ hybridization represent
the principal molecular approaches. A few biochemical-molecular stra-
tegies represent other specialized procedures. These are the principal
technologies which have been employed to generate the human nuclear
map in Appendix A.

Family Studies

Assignment of genes to specific chromosomes, using family study
data, requires the segregation of traits with an identifiable chromosome.
For X chromosomal inheritance, X-linked genes are assigned to the X by
the characteristic father to daughter or mother to son pattern of inherit-
ance over several generations. For autosomal loci it is necessary for a
trait to segregate with a chromosomal variant in a pedigree. For example,
a familial chromosome variation on chromosome 1, termed ‘‘uncoiler”’
and designated /gh, was used in family studies to show the first chro-
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mosome assignment of an autosomal locus, the Duffy blood group.’!
Familial translocations were also used for chromosome assignment and
regional location, as shown for the assignment of the a-haptoglobin locus
(HP) on chromosome 16.2'> A fragile site on chromosome 16 was used
to regionally map HP to the 16q22 region of the long arm.'*® This strategy
does have drawbacks, since there is a need for dominant inheritance, and
allelic variation of both the chromosome variation and the trait are
necessary.

Gene dosage has also been used in family studies to assign genes to
chromosomes. This involves quantitatively measuring a gene product in
individuals with a chromosome deletion, or individuals with monosomies
or trisomies. Deletion mapping has been employed to map red cell acid
phosphatase (ACPI) to 2p°® and adenylate kinase-1 (AKI) to 9q34.%° Three
copies of a gene in trisomies have also been employed to map a few
genes, for example, superoxide dismutase-1 to the long arm of 21 in
trisomy 21.%*°

Cell Hybridization for Gene Mapping

Development of the somatic cell hybrid strategy for mapping human
genes has resulted in an exponential increase in the number of human
genes assigned to specific chromosomes and regions of chromosomes.
The mapping of defined DNA sequences using cloned DNA combined
with cell hybrid strategy or isolated metaphase chromosomes allows one
to predict the rapid development of a molecular human gene map as well.
The somatic cell hybrid gene mapping methodology involves the fusion
of human and rodent cells, creating proliferating hybrid somatic cells that
contain reduced numbers of human chromosomes.?!”-234-26° A5 described
in Fig. 8, human cells (usually fibroblasts or leukocytes) are fused to
mouse or Chinese hamster cells that possess selectable markers. Appli-
cation of a selection system Kills the rodent cells; the human cells em-
ployed either do not divide or divide slowly; and hybrid cells grow if the
human gene that complements the rodent growth deficiency is retained.
The most important fact for human genetic studies is the preferential loss
of human chromosomes,?® resulting in man-rodent cell hybrids that are
characterized by different numbers and combinations of human chro-
mosomes. Any human gene or product that is expressed in cultured cells
(Table VI) and that can be distinguished from a rodent homologous gene
or product can be assigned to a specific human chromosome and syntenic
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Fig. 8. Somatic cell hybridization scheme featuring the human gene mapping strategy. After
cell fusion, human-mouse somatic cell hybrid clones are selected by the HAT selection
system. These cell hybrids lose human chromosomes, making it possible to isolate clones
with different numbers and combinations of human chromosomes. This partial human gen-
ome has made it possible to map human genes. (This figure is taken from Ref.?*’ with

permission of Excerpta Medica.)
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group.?3424° This is accomplished by correlating the presence of a human
gene product with the retention of a specific human chromosome.?'7-234
Using cells with human chromosome rearrangements ‘‘segregating’’ in
cell hybrids permits regional chromosome assignments when a gene
marker and a chromosome region are concordantly retained or lost.?34233-237
This capability for mapping human genes parasexually is the result of a
very timely culmination of three technologies: growth and selection of
mammalian cells in culture, gene marker identification such as isozyme
analyses, and chromosome identification and banding techniques to dis-
tinguish chromosomes within and between species. Several reviews have
described in detail the technologies necessary to isolate man-rodent cell
hybrids and to assign human genes and their products to specific chro-
mosomes.>”218:234 Chromosome and regional assignment is further optim-
ized by assembling chromosome assignment panels of cell hybrids*® and,
likewise, regional assignment panels. The chromosome assignment panels
consist of a minimum number of cell hydrids, each of which has a unique
combination of human chromosomes. In such a panel, only a single chro-
mosome unambiguously correlates with the distribution of the new marker
in the hybrid panel. Thus, a gene is assigned to a specific chromosome.
In order for a panel to be successful, a gene marker must be tested on
samples correlated on the same cell passage with karyotype and isozyme
marker analyses. A logical extension to this approach is to construct and
isolate regional assignment panels where each cell hybrid in a set contains
a different region of a specific chromosome. Twenty-four such panels of
cell hybrids would contribute to the linear ordering of genes and to fine
structural mapping.>** The chromosome rearrangements necessary for
these panels are being obtained from the human population as translo-
cations or deletions, often involving selectable markers, or from human
cultured cells that have been irradiated.”®”® (A variety of chromosomal
rearrangements in cultured cells can be obtained from the Mutant Human
Cell Repository in Camden, N.J.)

Isolation of Cell Hybrids with Single Human Chromosomes.
Obviously, a panel consisting of 24 cell hybrids, each with a single and
different human chromosome, would be ideal for human gene mapping.
If any human gene or product were expressed in a single human chro-
mosome hybrid, then the marker would be encoded on this chromosome.
Several such cell hybrids exist, but it is often necessary for the chro-
mosome retained to encode a selectable marker, such as HPRT on the
X or TK on chromosome 17. Some single-chromosome cell hybrids con-
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tain a translocated chromosome involving an autosomal segment and a
segment with a selectable marker, such as an X/15 or 3/17 transloca-
tion.!74?2° Isolation of single chromosome hybrids is usually generated
in three ways: (a) subcloning cell hybrids containing few human chro-
mosomes, no selectable marker involved; (b) subcloning and counterse-
lecting hybrids with selectable markers; and (c) generating microcells
with few human chromosomes for fusion to rodent cells.

Microcells are chromosomes which have been enclosed in nuclear
and plasma membrane fragments and can be isolated by centrifugation
of micronucleated cells in the presence of cytochalasin B.>* Since micro-
cells contain as few as a single chromosome, they can be used to transfer
small numbers of chromosomes by fusion to recipient cells.** Microcells
have been used to transfer mouse chromosomes containing the human
HPRT gene to HPRT-deficient recipient cells.®> Microcell hybrids were
selected on HAT medium and contained from one to five donor mouse
chromosomes. These results demonstrate the importance of the microcell
methodology for transferring small numbers of intact chromosomes for
chromosome assignments and rearranged chromosomes for regional as-
signments.%>-'¢” This topic has been reviewed.?*

Simple Isozyme Markers for Identifying Each Human Chromo-
some in Cell Hybrids. Using the cell hybrid protocol, it is necessary
to recognize the cosegregation of a specific human chromosome, with its
biochemical or molecular markers, and the gene to be mapped. This
requires identifying on the same cell passage each chromosome cytoge-
netically as well as the gene markers assigned to it. Karyotypic exami-
nation adds strength by demonstrating a specific human chromosome and
whether broken chromosomes are present; if appropriate and well-known
gene markers are chosen, a minimum of cytogenetic analysis may be
necessary. This is acceptable, since stable markers have now been as-
signed to each chromosome by several laboratories and human chro-
mosome dynamics in cell hybrids is not better understood, or if time is
a factor and cytogenetic capabilities are not available.

We have found it convenient and efficient to use isozyme markers
to rapidly map genes using cell hybrids.?** If a catalog of isozyme markers
whose genes are encoded on each chromosome is utilized, a large number
of cell hybrids can be tested very rapidly for the human chromosomes
retained. If isozyme markers encoded on each arm of a chromosome are
well chosen, then breakage that may occur can be detected. Since chro-
mosome analysis is time-consuming, we have chosen the isozymes listed
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in Table VII for rapid mapping before confirming the results with chro-
mosome analyses. If hybrid cells homogenized at 80 x 10° cells/ml in
0.05 M Tris, pH 7.5, are examined by starch-gel electrophoresis and
specific histochemical staining,®¥-?*® as many as 50 hybrids can be ex-
amined for their human chromosome content in a week’s time.?** Table
VII lists simple and repeatable isozyme markers for each chromosome,

TABLE VII. Enzyme Markers for Assigning Genes to Human Chromosomes

Chromosome Arm Enzyme marker®
1 p Enolase-1 (ENO1)'%
p Phosphoglucomutase-1 (PGM1)*#?
q Peptidase-C (PEPC)'44-24
q Fumarate hydratase (FH)**®
2 p Malate dehydrogenase-1 (MDH1)>*°
q Isocitrate dehydrogenase-1 (IDH1)*3°
3 p Aminoacylase-1 (ACY1)'7*
4 ? Peptidase-S (PEPS)**
p? Phosphoglucomutase-2 (PGM2)**
5 q B-Hexosaminidase-B (HEXB)'*®
6 p Glyoxalase I (GLO)!*'%
q Superoxide dimutase-2 (SOD2)*'
q Malic enzyme-1 (ME1)**
7 q B-Glucuronidase (GUSB)'*'
8 p Glutathione reductase (GSR)'®’
9 p Aconitase-1 (ACO1)*7
q Adenylate kinase-1 (AK1)®!
10 q -Glutamic-oxaloacetic transaminase-1 (GOT1)**?
11 p Lactate dehydrogenase-A (LDHA)**®
12 p Triosephosphate isomerase-1 (TPI1)'%*
q Peptidase-B (PEPB)'#*
13 q Esterase-D (ESD)??
14 q Nucleoside phosphorylase (NP)**®
15 q Mannose phosphate isomerase (MPI)!?°
q Pyruvate kinase-M2 (PKM2)>*!
16 q Adenosine phosphoribosyl transferase (APRT)!7!233
17 q Galactokinase (GALK)'™
18 q Peptidase-A (PEPA)'44245
19 ? Glucose phosphate isomerase (GPI)*
? Peptidase-D (PEPD)'’
20 q Adenosine deaminase (ADA)'°
21 q Superoxide dismutase-1 (SOD1)*!
22 q Aconitase-2 (AC02)**7
X q Glucose-6-phosphate dehydrogenase (G6PD)**!
q

Phosphoglycerate kinase (PGK)*®

¢ Reference is to methodology used in detecting an enzyme. The assignment of the genes
coding for these enzymes is given in the Human Gene Mapping Workshops.*>~'%
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which apply to both man-mouse and man—Chinese hamster hybrids. All
isozymes are examined by starch-gel electrophoresis, which required only
one electrophoretic technique to be developed. By testing as few as nine
starch gels made with different buffers and sliced in various horizontal
or vertical cuts after electrophoresis, a total of 35 isozymes are scorable
with different reaction mixtures specific for each isozyme (see Table VII
footnote). A total of 0.4 ml of the cell homogenate is required for a single
round of testing of all isozymes in Table VII. Thus, if one is interested
in mapping a gene expressed in cell hybrids, this can be accomplished
quite rapidly.

In Situ Hybridization and Flow Sorting for Assignment of Genes

The recent advances in in situ hybridization techniques has allowed
the mapping of single-copy DNA sequences by this method. As indicated
in previous sections, several genes have been mapped using this technique
(see Table I1I). Application of recent high-resolution banding techniques
may extend the power of in situ hybridization.?””

The fluorescence-activated cell sorter has been successfully used to
sort chromosomes.?* Most chromosomes can be isolated to approximately
90% purity,>-*? although it has been reported that chromosomes 10, 11,
and 12 are difficult to resolve.*> DNA has been isolated from sorted
chromosomes and made into single-chromosome libraries.*??7¢ In addi-
tion, DNA can be isolated from the fractionated chromosomes and then
analyzed for the presence of a specific gene by restriction endonuclease
digestion and Southern blotting. For example, confirmation of the location
of HBB and INS to the short arm of chromosome 11 has been done using
an X/11 translocation that could be distinguished from the normal chro-
mosome 11 by flow sorting."**-'*® As more laboratories become competent
in the art of separating chromosomes, flow sorting will become a signif-
icant means of mapping genes.

DISSECTION AND MAPPING OF HUMAN DISEASE

A genetic understanding of disease is gained by knowing where the
affected gene is located and its relationship to other and adjacent genes.
If a structural gene’s function, expression, or product is dependent on
additional genes, such as processing genes, temporal genes, or architec-
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tural genes, then a mutation in any of these steps in expression could
possibly result in a phenotype similar to one involving a structural gene
defect. Mutations of one gene that affect the expression of another gene
identify loci that function in the final realization of a structural gene
product. Thus, if mutant genes involved in a sequence of physiological
steps can be chromosomally located, it can be investigated whether di-
seases affecting the same tissue, pathway, or organelle or that result in
similar pathology are the result of mutations to genes that are closely
linked, clustered on the same chromosome, or under coordinate control.
In situations where genes are closely linked and have very similar amino
acid sequences and mRNA homology, such as growth hormone and cho-
rionic somatomammotropin, '*¢-178:1% but which are expressed in different
tissues, it is important to know if mutations in one gene or flanking
sequence affect the other gene. Such information will lead to a better
understanding of the different numbers and types of genes that are in-
volved in molecular disease and the organization and expression of the
human genome as well.

Mapping Inherited Disease

Many inherited diseases are known to have a defect in a specific
enzyme, protein, or other biochemical property. Only under certain con-
ditions can a disease of unknown etiology or even a structural gene mutant
be assigned to a specific chromosome by family studies (above). However,
the gene can be mapped using cell hybrids or in situ hybridization if a
cloned probe is available or the gene’s product is expressed in cultured
cells. Since many inherited diseases are the result of a structural gene
defect, mapping the normal structural gene identifies the chromosomal
location of the disorder. Many of the inborn errors associated with a
specific enzyme or molecular defect have been mapped (Table VIII). For
example, we have utilized the cell hybrid strategy to map the structural
genes of argininosuccinic aciduria (ASL),'” galactose-4-epimerase defi-
ciency (GALE),"" Gu,-gangliosidosis (GLBI),?*’ Tay-Sachs disease
(HEXA),"”®'?° mannosidosis (MANB),*® Sandhoff-Jatzkewitz disease
(HEXB),'?-130 metachromatic leukodystrophy (ARSA),*” Wolman’s dis-
ease (LIPA),'*' B-glucuronidase deficiency (GUSB),'*! Maroteaux—Lamy
syndrome (ARSB),*” growth hormone deficiency (GH),'® and several
others just to illustrate the straightforward and rapid approach to mapping
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structural genes expressed in cell hybrids and associated with disease
(Table VIII).

Disorders have been described and mapped (Table VIII) in amino
acid, carbohydrate, lipid, mucopolysaccharide, and nucleic acid metab-
olism. Affected genes functioning in pathways such as the heme, glycol-
ytic, and the citric acid cycle have been mapped. Genes expressed in
various tissues or organelles such as the red cell and serum or the lyso-
some and involved in disease have been mapped. Disorders in immu-
nodeficiency, endocrinopathies, hypercholesterolemia, and various di-
seases of unknown biochemical defect have also been mapped. To the
extent that some viruses cause disease, several viral phenotypes have
been mapped.

Although Table VIII represents a modest list of mapped diseases, it
represents a remarkable achievement in a short period of time and allows
one to predict that with the advent of cloned genes and DNA polymorph-
isms and through family and cell hybrid studies, such a list will rapidly
increase in number and become much more diverse as well.

DNA Polymorphisms for Mapping Disease

While Table VIII compiles a sizable number of diseases that are now
mapped, there are some 2000 inherited traits,'®! most rare, that have not
been mapped; without the appropriately mapped polymorphic marker
segregating in affected families, it would be difficult to do so. Previously
the potentially large numbers of DN A polymorphisms were discussed and
a strategy presented as to how they could be used to map virtually all
disease. If a mutant gene is closely linked to one or several polymorphic
loci, then in family studies it becomes possible to predict if an individual
carries the altered allele. Additionally, if a chromosomally assigned po-
lymorphism is found to be closely linked to a specific disease in family
studies, then the altered gene is assigned to a specific chromosome. It
appears to be possible to identify and assign DNA polymorphisms with
several alleles at roughly equal intervals of, say, 20-cM on all human
chromosomes. Soon, several markers in a catalog of assigned DNA po-
lymorphisms (i.e., Table V) will be available for testing in each family
with an inherited disorder, and a determination of close linkage can be
ascertained for one or more polymorphisms. Once close linkage and as-
signment have been made and a genotype determined, then it will be
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possible to provide adequate genetic counseling and prenatal diagnosis
for predicting affected individuals.

Most of the disorders in Table VIII are recessively inherited and the
heterozygote is often difficult to detect. This can cast doubt on prenatal
diagnosis and genetic counseling. Mapping a fragment length DNA po-
lymorphism near affected genes, listed in Table VIII, will aid in the de-
tection of these carriers. Fragment length polymorphisms also will be
important for mapping of fairly common autosomal dominant diseases,
such as Huntington’s disease, neurofibromatosis, and polycystic kidney
disease, which have yet to be assigned to a specific linkage group or
chromosome.

Genetics of Metabolic Pathways

Table VIII lists the chromosome assignments of structural and other
genes associated with inherited disease divided into various functional
categories. None of the genes in lipid metabolism have been assigned to
the same chromosome. Even those genes functioning in the same path-
way, such as GLA, GLBI, HEXA, HEXB, and ARSA, are not located on
the same chromosome. The same nonlinkage phenomenon is observed
for disease of carbohydrate and mucopolysaccharide metabolism. The
acid hydrolases GLA, GLBI, HEXA, HEXB, ARSA, LIPA, FUCA,
MANB, GAA, GUSB, and ARSB are found in the lysosome, and several
are fatal when deficient. Close linkage and assignment to the same chro-
mosome would suggest that genetic organization and subcellular organelle
localization were associated; however, Table VIII demonstrates lack of
clustering for these genes. Although some of the genes are located on the
same chromosome, they are not closely linked. Nonlinkage was also
observed for amino acid disorders, nucleic acid metabolism, and other
disorders with single-enzyme defects (Table VIII). Tissue-specific en-
zymes, such as the red cell glycolytic enzymes or serum proteins, do not
appear to be linked. However, at the molecular level the genome is be-
ginning to show some organizational characteristics. It is becoming ap-
parent that many genes are members of multigene families. For example,
certain families of genes appear to have arisen by tandem duplication,
and often these genes are still adjacent. The B-globin and a-globin gene
families have been described in previous sections. Other genes which
have been duplicated and remain together are 18S and 28S rDNA,?*7 58
RNA, 95257 histones,''® interferons (several leukocyte and at least one
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fibroblast type),'?* tRNAP, 177 GH-CSH-GHL,"° immunoglobulin gene
clusters,'’ and the histocompatibility complex.' Other structurally related
genes are located in different parts of the genome, such as the prolactin
gene located on chromosome 6 separated from the structurally very sim-
ilar GH-CSH-GHL complex on chromosome 17.'%%!%2 The regulation of
related genes may become apparent at the molecular level when both
structural and flanking regions have been sequenced. Common flanking
sequences involved in control of gene expression might precede each
related gene or those functioning in a metabolic pathway.

Genetic Dissection of Disease
Somatic Genetic Dissection

Mapping inherited disease when the altered gene is known is straight-
forward; however, identifying and mapping genes for a disorder of un-
known biochemical etiology often requires several somatic cell genetic
methodologies.

Genetic Complementation Studies. I-cell disease (ICD), or
mucolipidosis II, will be used as an example of this approach. This dis-
order is a fatal childhood disease with a complex phenotype of lysosomal
enzyme deficiencies in skin fibroblasts and elevated enzyme activities in
culture media.'*® In addition, a majority of lysosomal enzymes in fibro-
blasts from affected individuals is altered electrophoretically.?*°! In an
effort to identify and map the gene(s) involved in ICD, ICD fibroblasts
were fused with mouse cells and cell hybrids isolated.? In these hybrids
the abnormal enzyme phenotypes observed in ICD cells for B-galactos-
idase, B-hexosaminidase-A and -B, a-galactosidase, arylsulfatase-A and
-B, a-mannosidase, a-fucosidase, B-glucuronidase, and acid phosphatase
were corrected in ICD X mouse hybrids?®; that is, the normal human
electrophoretic patterns were recovered. The multiple enzyme defects in
ICD fibroblasts would suggest the mutation of a gene product important
in the expression of a large number of lysosomal enzymes rather than
structural gene mutations of all the individual lysosomal enzymes. Post-
translational modification of the lysosomal enzymes is suggested from
the hybrid data and from the restoration of normal electrophoretic pheno- ‘
types of the enzymes after neuraminidase treatment.?* These results dem-
onstrate that the mouse genome corrected the affected human enzyme
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expression in cell hybrids and suggest that the ICD mutation is a pro-
cessing defect common to the final expression of multiple lysosomal
enzymes.

The heterogeneity of enzyme activities and electrophoretic mobilities
observed in ICD fibroblasts suggested genetic heterogeneity. Genetic
complementation studies to identify possible complementation groups
were performed. Many different ICD fibroblasts were fused in 2 x 2
combinations, and multinucleated cells were isolated after a gravity se-
dimentation procedure.!'> Analysis of these cells for lysosomal enzyme
activities and electrophoretic mobilities revealed at least two and possibly
three complementation groups within I-cell disease.?*® Thus, at least two
mutations, probably involving different genes, result in similar pheno-
types. Using the same strategy, several genes have been identified that
when altered result in sialidase deficiency.®” In this way genetic hetero-
geneity and specific genes can be identified for mapping, genetic coun-
seling, and medical treatment.

Cell Hybrid Studies. Often by fusing enzyme-deficient cells with
rodent cells, characteristics of the disorder can be determined. In the
above example using I-cell disease, the altered gene was determined to
be involved in the processing of lysosomal enzymes by the recovery of
normal expression in somatic cell hybrids. Thus, the structural genes of
the affected lysosomal enzymes were not affected.

When Tay-Sachs disease (TSD) and Sandhoff-Jatzkewitz disease
(SJD) fibroblasts were fused with mouse cells, different results were ob-
tained. TSD fibroblasts, deficient in B-hexosaminidase a subunit (HEXA)
known to be encoded on chromosome 15, were fused to mouse cells; the
cell hybrids retaining chromosome 15 did not reexpress HEXB.?* This
result was also observed when SJD fibroblasts, deficient in the B-hexo-
saminidase B subunit (HEXB) encoded on chromosome 5, were fused to
mouse cells.?** If the enzyme deficiency is a structural gene defect, then
this observation is expected. If an enzyme deficiency results from the
involvement of another gene on a different chromosome, then this can
be investigated in cell hybrids. In cell hybrids, if the chromosome carrying
the known structural gene chromosome is retained and the affected en-
zyme continues to be deficient while all other human chromosomes seg-
regate independently, then the mutant gene is most likely a structural
gene defect, as is the case of TSD and SJD. However, when human
chromosomes segregate and the affected enzyme is recovered, then a
nonstructural gene may be responsible for the deficiency.
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Dissection Using Recombinant DNA

Genetic analysis and understanding of many Mendelian disorders is
hampered when no information is available about the precise molecular
defects involved. This was true for some of the hemoglobinopathies until
the genes of the a- and B-globin clusters could be isolated and analyzed
by recombinant DNA techniques.>*!5?

Those disorders in which a deficiency of a gene product occurs,
because of either suspected structural or regulatory mutation, are ame-
nable to analysis by gene cloning methods. Clearly, once a gene is isolated,
a comparison can be made between the normal and the defective gene
by DNA sequencing. Knowing the actual DNA sequence of a gene might
suggest modalities for prenatal diagnosis based upon restriction endon-
ucleases. A clear example of this is the detection of the BS gene using
Ddel.® Furthermore, a structural gene probe allows neighboring regions
of DNA to be tested for DNA polymorphisms.8-10-207

Some of the most important disorders, such as Tay-Sachs disease,
involve enzymes coded for by rare messenger RN As. The structural genes
for these diseases would be difficult, therefore, to isolate. However, with
several recent experimental strategies, it appears likely that genes coding
for rare mRNAs will be isolated,33-101:180.201.253.268 1t wqyld seem espe-
cially appropriate to apply cloning methods to isolate genes for lysosomal
enzymes involved in many heritable, often fatal, disorders. Molecular
analysis of these genes would help to clarify models for their regulation'?
and provide potentially useful probes for diagnostic purposes.

THE HUMAN GENE MAPS

The human nuclear genome is composed of 24 gene maps, one for
each of the different chromosomes. The gene maps are presented in Ap-
pendix A. Each chromosome has at least three genes assigned to it, exbept
the Y chromosome. Three chromosomes, 1, 6, and X, have more than
30 genes assigned to each. Most chromosomes encode a gene that is
polymorphic in the human population or that is a useful marker in genetic
studies. The assigned genes in Appendix A provide many reliable and
useful markers for human genetic studies, and the usefulness of the map
will increase in direct proportion to the number of markers mapped. As
the number of polymorphic markers assigned increases, more inherited
diseases linked to these polymorphic markers by family studies will be
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assigned to specific chromosomes. Such genetic information concerning
an inherited disease linked to polymorphic and mapped genes will be of
considerable importance for determining the genotype in affected and
heterozygous individuals, for diagnosing both pre- and post-natally, for
genetic counseling, and for possible therapeutic treatment.

It is estimated that less than 2% of all human genes have been iden-
tified and that less than 1% have been assigned to specific chromosomes.
More than 375 genes have been assigned and are listed by chromosome
in Appendix A and alphabetically in Appendix B. Approximately 100
additional traits that have X-linked patterns of inheritance are not included
in Appendices A and B because they are rare and have been catalogued
elsewhere.'®! Although only a small fraction of the total number of human
genes have been identified to date, the majority of these have been mapped
within the last five years.

In contrast, the entire human mitochondrial genome has been
mapped.? There are 37 genes encoded in a circular DNA molecule with
several unique features that distinguish it from nuclear chromosomes. It
will be necessary to understand the total human genome composed of
nuclear and mitochondrial maps and how each works in relation to each
other in order to understand human biology.

Markers for Mapping the Human Genome

The paucity of markers for mapping the human genome just 15 years
ago has been transformed into a galaxy of markers that now promises to
encompass the entire genome (Tables II-VIII). For previous Mendelian
genetic studies it was necessary to rely on a relatively small number of
polymorphic enzyme phenotypes, fairly common diseases, blood group
antigens, morphological traits, and sex-linked phenotypes.??” Using these
markers and chromosomal abnormalities, it was possible to assign only
genes responsible for phenotypes known to be X-linked or associated
with a particular chromosomal rearrangement to specific chromosomes;
the latter represented a very small number. An equally small number of
genes were demonstrated to be closely linked by statistical studies and
occasional molecular studies showing duplication of related genes and
therefore close linkage. For gene mapping and gene linkage studies in
families, it is necessary to have a large number of polymorphic loci to
identify each linkage group or chromosome and, additionally, to have a
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sufficient number of markers segregating in families to determine linkage
for the trait in question. This source of markers does not exist now, but
the identification of DNA polymorphisms (above) shows considerable
promise, along with current reliable markers, for providing a large supply
of the necessary polymorphic markers to adequately study inherited traits
and molecular disease.

With the advent of parasexual genetics embodied in man-rodent
somatic cell hybrids (Fig. 8), the usable gene markers for mapping human
genes increased exponentially as a result of the more than 80 million years
of evolutionary divergence between man and mouse or Chinese ham-
ster.?* Virtually every gene product that can be identified in cultured
somatic cells can be distinguished as being human or rodent because of
structural or other differences. As a result of the large number of markers,
and the cell hybrid system to dissect and reconstruct the human genome,
approximately 375 genes and DNA markers additional to those linked or
assigned by Mendelian genetics have been mapped. Gene markers that
have been used for human mapping studies represent a wide variety of
gene functions (Table VI), depending on whether a gene is identified by
somatic cell hybridization, biochemical-molecular, or recombinant DNA
methodologies, for example. A large number of markers have been de-
scribed, since man is the most observed and studied species. Many of
the gene markers studied in families (Table VI) can be utilized in somatic
cell hybrids. The notable exceptions include blood groups, various di-
seases, and morphological traits; yet many unique markers are expressed
in cultured somatic cells and cell hybrids.

The regional assignments of the B-globin locus in 19798!:104-228 gpd
the insulin,'®® growth hormone,'® and chorionic somatomammotropin'®°
genes in 1980 were the result of combining restriction endonuclease, re-
combinant DNA, and somatic cell hybrid methodologies. This heralded
a new era in human gene mapping and made possible an enormous res-
ervoir of gene markers. In fact, by joining the methodologies of recom-
binant DNA and somatic cell hybridization with the isolation of single
human chromosomes and family studies for identifying gene linkages, it
will be possible to map virtually the majority of the human genome.

Currently the most common genes assigned to human chromosomes
are those that code for enzymes or structural polypeptides.?** Mapping
these genes has been accomplished principally using the cell hybrid meth-
odology, although these markers can be mapped using other procedures.
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Gene linkage studies using family studies are usually restricted to markers
that comprise the blood groups, isozymes, serum proteins, clotting fac-
tors, sex-linked traits, and diseases. To expand this capability, it is often
necessary to combine several genetic methodologies to make an assign-
ment; for example, blood groups not recognizable in cultured cells but
known to be linked to enzyme markers or DNA polymorphisms from
family studies can be assigned to chromosomes when the enzyme gene
or DNA polymorphism is expressed and mapped in cell hybrids. Thus,
most types of gene markers recognized in man have been mapped to a
specific chromosome, demonstrating the efficiency and versatility of chro-
mosome assignment techniques.

The 24 Nuclear Gene Maps

Chromosome assignments, regional locations, and linkage informa-
tion of human genes are presented in Appendix A and are derived from
six Human Gene Mapping Workshops.”>~!% The original reference for
each gene assignment and regional localization has been cited in the
Workshop reports. The genes are arranged by chromosome, listed al-
phabetically, and the proposed linear gene order given for each chro-
mosome map. The polymorphic loci are indicated, representing variable
regions of each chromosome and markers for Mendelian gene linkage and
population studies. The most consistent smallest regional assignment is
given based on studies using rearranged chromosomes or in situ hybrid-
ization. Whether the assignment is confirmed, provisional (P), tentative
(T), or inconsistent (I) is indicated, but this rating does not necessarily
relate to the status of the regional location on a particular chromosome.
A confirmed assignment is indicated when two or more independent re-
ports assign a gene to the same chromosome and region; a provisional
assignment acknowledges an assignment from a single report; a tentative
assignment represents results based on inference or tenuous data; an
inconsistent assignment occurs when assignment results disagree. A sep-
arate dictionary (Appendix B) lists the genes alphabetically with their
recommended symbol.

For the first time, all gene symbols have been standardized in ac-
cordance with gene nomenclature guidelines proposed by the Gene Map-
ping Workshop Nomenclature Committee®*® and accepted by a majority
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vote in plenary session at the Human Gene Mapping Workshop 6.'% It
provides a uniform system for human gene nomenclature and is referred
to as the International System for Human Gene Nomenclature (1979), or
ISGN (1979). Amendments to this system have been published in Human
Gene Mapping 6.' In order to adopt this system, it was necessary to
change some gene symbols. However, most changes are minor and do
not significantly alter the sense of previous versions of the symbols.
Where major changes are made, the previously used symbol and addi-

tional symbols which have been used for a gene in the recent past are
given.238,238a,246

Chromosomal Benchmarks

There are those genes that have proven to be particularly useful and
important in human genetic studies, and serve as benchmarks for each
chromosome. Those markers that have been particularly useful in human
genetics will be identified and briefly discussed. The greatest number of
genes have been assigned to chromosomes 1, 6, and the X. Other large
chromosomes, namely 2, 3, 4, and 5, have fewer assigned genes than
chromosomes 1, 6, and X and illustrate the discrepancy in the observed
number of mapped genes and a chromosome’s size, where size apparently
reflects the relative DNA content. This unresolved observation is appar-
ent for several chromosomes with a disproportionately low number of
markers in relation to their size.

Chromosome 1. A variety of different gene markers have been
assigned to the largest of human chromosomes. They include viral, blood
group, several different types of disease, blood clotting, enzyme, DNA
segment, and molecular markers. Many of the markers are variant (al-
though some are rare) in the population, such as AMYI, AMY2, AT3,
CAE, Do, ELI, ENOI, FUCA, Fy, GALE, GDH, PEPC, PGD, PGMI1,
PKUI, Rh, RPI, SC, and UMPK. With this array of markers segregating
in families, extensive genetic studies at the Mendelian, somatic cell, and
molecular levels illustrate the usefulness of an extensive map of each
chromosome for use in molecular organization of the genome, genetic
counseling, prenatal diagnosis, and possible gene therapy. Polymorphic
markers exist at several locations on both long and short arms (see Ap-
pendix A), providing useful markers for gene linkage studies, that are
likely to be segregating in families with an unknown inherited disease.



392 Thomas B. Shows, Alan Y. Sakaguchi, and Susan L. Naylor

The short arm is the most extensively mapped and encodes useful and
easily assayable markers for family studies, comprising AMY, GDH,
PGD, PGM1, Rh, and UMPK, with Fy and PEPC being good markers
for the long arm. A rather extensive and accurate gene order has been
determined (Appendix A). For cultured somatic cells, AK2, DISI, ENOI,
FH, FUCA, GALE, PEPC, PGD, PGM1, and UMPK are excellent mark-
ers. These include markers on both arms and those which are poly-
morphic, a very useful characteristic for somatic cell genetic and cell
hybrid studies. The extensive genetic information on this chromosome
has allowed a probable gene order that will provide excellent benchmarks
for genetic studies. A detailed account of the chromosome 1 map has
been reported by Cook and Hamerton.?'

Chromosome 2. In contrast, this second largest of human chro-
mosomes possesses only four polymorphic markers: red cell acid phos-
phatase (ACPI) on the distal portion of the short arm; D251, a DNA
polymorphism; IGKC, a k-chain marker, and the Kidd blood group (Jk).
Many genes on this chromosome are not useful in Mendelian genetic
studies; however, cloned gene probes have been utilized for mapping
POC (proopiocortin), IGKC, and IGKV (immunoglobulin x-chain con-
stant and variable regions). A gene order is developing for this chromo-
some through regional mapping. The ACPI, IDHI, MDHI, and POC
markers are excellent for cell genetic studies.

Chromosome 3. The genes ACY! (aminoacylase-1), GLBI (B-
galactosidase-1), D3S1 (DNA restriction polymorphism), and GPX! (glu-
tathione peroxidase-1) are the most useful on this chromosome for map-
ping studies in both family and cell genetic studies because of their reliable
and relatively simple assay procedures. GPX] is polymorphic, and GLBI
is the lysosomal enzyme deficient in Gy, gangliosidosis. D3S1 is poly-
morphic and is located in the same chromosome region as ACYI and
GLBI1.'7*+175 The transferrin (TF) locus has been suggested to be located
on this chromosome by comparative gene mapping studies of aminoa-
cylase and B-galactosidase in the mouse.'”* It is of interest that the trans-
ferrin receptor gene is also located on this chromosome.

Chromosome 4. ALB (albumin), GC (group-specific compo-
nent), and MNS (blood groups) on the long arm in that order, and PGM?2
(phosphoglucomutase-2) and PLG (plasminogen), probably on the short
arm, are all polymorphic and have been excellent markers for gene linkage
studies. In cell genetic studies PGM2 and PEPS are used to identify this
chromosome. Although only a few genes have been assigned to this chro-
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mosome relative to its size, there are numerous polymorphic loci available
for family studies.

Chromosome 5. B-Hexosaminidase-B (HEXB) is deficient in
Sandhoff-Jatzkewitz disease, and arylsulfatase-B (ARSB) is deficient in
Maroteaux-Lamy syndrome. These are rare inherited disorders and are
the few markers on this chromosome that are variant and useful in family
studies. Markers for broad genetic studies have not been identified for
this chromosome, and the linear order is tentative at this stage. The
diphtheria toxin sensitivity locus is a good marker in somatic cell studies,
and its function can be utilized in a selection system against chromosome
5. An undefined DNA fragment, D551, which promises to be a useful
molecular marker, has been located on this chromosome and is polymorphic.

Chromosome 6. With the exception of chromosome 1, more
markers have been assigned to this chromosome than to any other au-
tosome. However, they are concentrated on the short arm (p) of the
chromosome. The predominant group of markers on 6p is the major his-
tocompatibility complex, which includes the HLA loci, the complement
components, glyoxalase I (GLOI), and the properdin factor B (BF). These
markers are highly polymorphic, which increases the possibility of finding
heterozygosity in families segregating rare Mendelian traits; hence the
preponderance of markers on the short arm. Rare traits that have been
linked, or provisionally linked, to the HLA loci by family studies are
congenital adrenal hyperplasia (CAH), and hypercholesterolemia (HC).
This degree of polymorphism has allowed linear ordering of the genes by
recombination studies in families and chromosome localization by chro-
mosomal rearrangements in cell hybrid studies. Other polymorphic loci
on chromosome 6 are phosphoglucomutase-3 (PGM3) and the P blood
group. Reliable markers for somatic cell genetic studies are GLO and
HLA loci on the short arm, and PGM3, MEI (malic enzyme-1), and SOD2
(superoxide dismutase-2) on the long arm. A DNA segment, D651, and
prolactin were assigned using cloned probes and the recombinant DNA

strategy.'9>222 A further account of the chromosome 6 genes has been
detailed.!®
Chromosome 7. This chromosome encodes genes with diverse

functions representative of many of the different activities of a cell. Mark-
ers encoded on 7 are involved in amino acid metabolism, nucleic acid
metabolism, blood groups, structural proteins, membrane proteins, chro-
mosomal proteins, hormones, mitochondria, surface antigens, the lyso-
some, and developmental markers. However, there is no polymorphic
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marker on this chromosome, although other markers associated with rarer
diseases are on this chromosome, such as mucopolysaccharidosis VII,
a B-glucuronidase deficiency. For cell hybrid studies, GUSB (B-glucu-
ronidase) and ASL (argininosuccinate lyase) are reliable markers that
identify this chromosome.

Chromosome 8. Although chromosomes 8, 9, 10, 11, and 12 are
similar in size, few informative markers have been assigned to chromo-
some 8, whereas the other chromosomes have 3—4 times the number of
markers assigned. This chromosome does carry the polymorphic marker
glutathione reductase (GSR), which is informative in family and cell ge-
netic studies. A fibronectin marker (FNS) appears to control the retention
of FN on the cell surface, which may be important in metastasizing cells,
some of which do not express FN.'®” Another gene on chromosome 11
is involved also in the fibronectin phenotype.!'!®

Chromosome 9. The important ABO blood group marker is lo-
cated at the q terminus of this chromosome. For family studies, this
marker and adenylate kinase-1 (AK!) are the most useful polymorphic
markers on the long arm, while ACO1 (aconitase-1) and GALT (galactose-
1-phosphate uridylyltransferase) are polymorphic in the population and
encoded on the short arm. It is of evolutionary interest that both fibroblast
and leukocyte interferon structural genes are located on this chromo-
some.'®* These and the ACOI and ASS (argininosuccinate synthetase)
markers are very useful for cell culture studies.

Chromosome 10. ~ Although this chromosome displays interest-
ing markers that have been used in somatic cell genetic studies, only
GOTI (glutamic-oxaloacetic transaminase, soluble form) has been used
for linkage studies. Reliable and simple to assay markers that are used
to identify the chromosome in cell genetic studies are GOTI, HKI (hex-
okinase-1), LIPA (acid lipase-A), and PP (pyrophosphatase). For cell
genetic studies, there is a curious nonviral gene called FUSE involved
in the important property of fusing cells.

Chromosome 11.  The short arm of this chromosome is being
extensively studied at the molecular level, since the hemoglobin €, v, 3,
and B chains have been localized to the p1208 — p1205 region. The use
of recombinant DNA technology (above) has determined the nucleotide
sequence of DNA segments within this region and the linear order to be
HBE-HBG2-HBGI1-HBD-HBB reading from 5' to 3'. In this same region
of DNA, several restriction enzyme site polymorphisms have been
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found.!%9-145-203 These non-alpha-hemoglobin loci have been utilized ex-
tensively in family linkage studies over the last 25 years. The DNA po-
lymorphisms will add a new dimension to these studies, including prenatal
diagnosis. On the same arm as the non-alpha loci, the insulin structural
gene has been assigned using recombinant DNA and somatic cell tech-
nology . 48-85.140.189.191 NG also appears to be near the LDHA (lactate
dehydrogenase-A) and ACP2 (acid phosphatase-2) loci.’”' A DNA po-
lymorphism near the INS gene has been described by Bell et al.® Use of
these DNA and protein polymorphisms should prove to be very inform-
ative for gene linkage studies and for prenatal diagnostic studies of chro-
mosome 11 markers. Isolation of a large number of cloned DNA segments
of chromosome 11 from a genomic library obtained from a cell hybrid
retaining only human 11 has provided important markers for the linear
order and sequence of the molecular map.5? A deletion in 11p13 occurs
in some patients with Wilms’ tumor.®’

Chromosome 12. Although genetic variants have been de-
scribed for several of the loci encoded on this chromosome, for example,
peptidase-B (PEPB) and lactate dehydrogenase-B (LDHB), none are po-
lymorphic or have played an extensive role in family gene linkage studies.
On this chromosome are such loci as LDHB, PEPB, and Di12S1, which
are excellent markers for cultured cells.

Chromosome 13. Few genes have been assigned to this acro-
centric chromosome and, of these, esterase-D (ESD) is the only poly-
morphic marker in populations. ESD is also a useful marker for somatic
cell studies. A deletion in 13q14 occurs in some retinoblastoma patients.
Ribosomal DNA genes (RNR) have been located on the five acrocentric
chromosomes, of which 13 is one. These rDNA genes are redundant on
each acrocentric chromosome and possess, within a nontranscribed
spacer region, a DNA polymorphism which has proven to be useful in
understanding the organization of rDNA genes on the telomeres of these
human chromosomes.'?:174

Chromosome 14. On this acrocentric chromosome resides the
rDNA cluster of repeated genes on the short arm and the nucleoside
phosphorylase (NP) gene on the long arm. Recently the immunoglobulin
heavy-chain markers**?1->2 and a DNA polymorphism (D/4SI) have
been assigned,*® both of which should be excellent markers for population
and family studies. The «;-antitrypsin (PI) marker has been assigned to
this chromosome and is very useful in population studies. The reliable
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NP marker has been used extensively to identify this chromosome in
cultured cells. Although several genes are now assigned to this chro-
mosome, their linear order is not well defined.

Chromosome 15. The rDNA cluster of genes is encoded on the
short arm, with several useful markers on the long arm. Of these, HEXA,
altered in Tay—Sachs disease, and B,-microglobulin are currently the most
important markers for investigating molecular disease on the long arm of
this chromosome. The Prader-Willi syndrome has been assigned also to
the long arm (q11). An interesting biological marker determining human
coronavirus 229E sensitivity in human-rodent hybrids has been located
on the long arm of chromosome 15.22° Heavily used cell genetic markers
for this chromosome include HEXA, MPI (mannose phosphate isomer-
ase), and PKM?2 [pyruvate kinase (M2)], all on the long arm.

Chromosome 16.  The important hemoglobin o locus (HBA), the
haptoglobin locus (HP), and GOT2 (glutamic oxaloacetic transaminase,
mitochondrial form) are polymorphic loci and have been used extensively
in human family studies. The cloned chymotrypsinogen B gene (CTRB)
was recently found to recognize a DNA polymorphism and should be
useful in family studies.??! In cell culture studies, the APRT locus is most
frequently used and separate selection systems are available to select for
and against this gene and chromosome. Excellent markers are available
for both arms of this chromosome.

Chromosome 17. This chromosome encodes the significant
genes thymidine kinase (TK), growth hormone (GH), and chorionic so-
matomammotropin hormone (CSH) and the polymorphic GAA (acid a-
glucosidase) locus. The closely related and linked GH and CSH genes
arose by gene duplication, and these loci have been regionally localized
by in situ hybridization using cloned probes.®® In cell genetic studies the
TK gene can be selected for and against,'*® and the closely syntenic locus
GALK (galactokinase) is widely used to identify 17.

Chromosome 18. Surprisingly, few genes have been assigned
to this chromosome, with peptidase-A being the most useful marker in
some populations and in somatic genetic studies.

Chromosome 19. Compared to chromosome 18, this smaller
chromosome encodes a relatively large number of genes. For Mendelian
genetic studies, C3 (complement component-3) and proline dipeptidase
(PEPD) are very useful markers. For cell genetic studies, GPI (glucose
phosphate isomerase) and lysosomal a-mannosidase-B (MANB) associ-
ated with mannosidosis are important markers. It is interesting to note
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that a gene controlling sensitivity of human cells to poliovirus infection
is encoded on this chromosome.

Chromosome 20. One of the most useful polymorphic markers
for population studies is red cell adenosine deaminase (ADA), which is
encoded on 20. This marker also identifies this chromosome in cell genetic
studies. Deficiency of this gene is associated with one form of severe
combined immunodeficiency disease (SCID). The multiple endocrine neo-
plasia-2 (MEN2) disorder and three undefined DNA segments have been
assigned to this chromosome recently.

Chromosome 21. One polymorphic locus, SODI (superoxide
dismutase-1, soluble form), has been assigned to this chromosome. An
interferon receptor (IFRC) and SODI are frequently used markers on this
chromosome for cell genetic studies.

Chromosome 22. This small acrocentric chromosome also en-
codes an rDNA gene cluster on its short arm. Although no polymorphic
markers have been assigned to this chromosome, arylsulfatase-A (ARSA),
associated with metachromatic leukodystrophy, and NADH diaphorase
(DIAI, cytochrome bs reductase) are encoded on this chromosome; each
is variant in the population, but not at the Ievel of a polymorphism. Both
markers can be recognized in cell genetic studies. Noteworthy new as-
signments are markers for the immunoglobulin A-chain constant and var-
iable regions (IGLC, IGLV) and the DiGeorge syndrome (DGS).

X Chromosome. There are over 100 X-linked traits listed in the
McKusick catalog.!s! Of these, the most used polymorphic markers in
family studies are glucose-6-phosphate dehydrogenase (G6PD), the Xg
blood group, and hypoxanthine phosphoribosyl transferase (HPRT). At
the somatic cell level, G6PD, HPRT, phosphoglycerate kinase (PGK),
and a-galactosidase (GLA) have been the most significant in mapping
studies. The HPRT locus can be selected for and against in cultured cells
using the HAT/8-azaguanine counterselection system,?*® which has made
it possible to select for the X-chromosome and, particularly, a region on
the X encoding the HPRT locus.?**?37 The X chromosome encodes a
wide variety of genes involved in disease, such as clotting factors, mus-
cular dystrophy, color-blindness, enzymes in purine metabolism, im-
munodeficiences, and disorders of the eye, nervous system, and skin.
Other markers are Y histocompatibility antigens, blood groups, and sur-
face antigens. At the molecular level, several DNA segments have been
mapped, which will contribute to a molecular description of this chro-
mosome and its genes altered in disease.
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The Y Chromosome. The male-determining Y chromosome is
known to encode the Y histocompatibility antigen.

It is clear that the number of genes assigned to each chromosome is
not proportional to chromosomal size; this relationship does not follow
a Poisson distribution.?*' However, all chromosomes encode reliable
markers for somatic cell genetic studies except the Y, and 84% of human
chromosomes encode a polymorphic marker suitable for gene linkage and
population studies. Most chromosomes encode markers associated with
rare genetic variation that also could be used in genetic studies. Although
the number of genes mapped is small compared with the total, those that
have been mapped represent an extremely useful set of benchmarks for
human family, population, and somatic cell genetic studies.

Unassigned Linkage Groups

Currently there are 11 linkage groups that are not assigned to a
specific chromosome (Appendix C). Closeness of the linkage and the
linkage methods are detailed in Human Gene Mapping 6.'°° The gene loci
code for markers that are recognized generally in family studies and have
not been associated with a specific chromosome using abnormal chro-
mosomes or are not expressed in cultured cells for cell hybrid mapping.

Chromosome assignment of these unassigned markers must await
linkage of at least one of the markers in the linkage groups to an already
assigned marker or to a known chromosomal rearrangement. Assignment
of these linkage groups represents an immediate addition of several loci
to a chromosome. Such assignments would bring valuable linkage data
to the gene map.

The Mitochondrial Gene Map

The human mitochondrial (mt) genome has been sequenced in its
entirety through a collaborative effort of many researchers at the MRC
Laboratory at Cambridge? (Fig. 9). The 16,529 base pairs sequenced re-
vealed several features unique to mitochondrial DNA. Human mt DNA
has been streamlined to a minimal amount of DNA, unlike DNA from
mitochondria of other organisms, such as yeast.'” Contained on one cir-
cular molecule are 37 genes including two for rRNAs, 22 for tRNAs, and
13 for proteins. Very few or no noncoding sequences were found between
each of these transcribed regions. Both rRNA genes are very small, and
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A6L K

Fig. 9. The gene map of human mitochondrial DNA. The 16,529 base pairs of mt DNA are
represented diagrammatically. There is an economy of material; very few noncoding se-
quences were found. () indicates locations of the 22 tRNA molecules, denoted by the one-
letter symbol for each amino acid. Co I, II, III indicate the three subunits of cytochrome
C oxidase; cyt b is cytochrome b. URF 1, 2, 3, 4L, 4, 5, 6, A6L are the eight unidentified
reading frames. Also shown are the loci for 12S and 16S rRNA and ATPase 6. Except for
the noted regions, transcription occurs clockwise. (Adapted from Anderson et al.?)

5S rRNA found in cellular ribosomes is lacking in the mitochondrial
ribosomes. In contrast to the approximately 3000 species of tRN As found
in the nucleus, only 22 tRNAs were found in mt DNA, although these 22
tRNAs were capable of reading all codons in the translation of mRNA.
The sets of two codons in the mRNA that signal for the same amino acid
are recognized by one anticodon on the tRNA that displays G:U wobble.
Even more unusual is the single tRNA that functions in the recognition
of four codons by having U in the first position of the anticodon.



400 Thomas B. Shows, Alan Y. Sakaguchi, and Susan L. Naylor

Messenger RN A was found for 13 proteins, eight of which code for
unidentified polypeptides.*'®® The genes for these mRNAs have been
reduced, so that there are no untranslated leader and trailing regions as
found in nuclear genes. In addition, a complete stop codon is not present
in some transcribed regions but is formed by polyadenylation. Only one
promoter was found for each strand, indicating that differential expression
of message does not occur at the level of transcription. Other mechanisms
such as stability of the message may control the expression of various
transcripts. Curiously, human genomic mt DNA, unlike other species,
does not contain intervening sequences in the coding regions.>!”

The genetic code for human mt DNA is different from that found for
other genomes. Specifically, UGA codes for tryptophan (not stop), AGA
and AGG code for stop (not arginine), AUA for methionine (not isoleu-
cine), and AUA and AUU both could initiate translation in addition to
AUG.

The DNA sequence of the mitochondrial genome has indicated that
perhaps different evolutionary constraints have operated on it compared
to the nuclear genome. This is even more striking in view of the fact that
both genomes have occupied the same environment, i.e., the mammalian
cell, for millions of years.

COMPARATIVE GENETICS OF THE HUMAN GENOME

Ohno'®? postulated that the genes located on the X chromosome
would be retained as a conserved linkage group throughout evolution.
Because of the selection pressure imposed on these genes by X inacti-
vation, this particular group of genes would remain together for reasons
of dosage compensation. An overwhelming amount of evidence now sup-
ports this hypothesis.”>~'% Several genes (G6PD, HPRT, GLA, PGK)
are linked in many species of mammals, ranging from Mus muculus to
the primates (Table IX).

A few years ago another observation was made: autosomal linkage
groups are also conserved over large spans of time.%¢-132:133 Thjs fact was
not so surprising in primates since their chromosomal banding patterns
are very similar.**>* Through systematic analysis of chromosomal rear-
rangements, the phylogeny of the primates has been traced and mimics
the phylogenetic tree produced by classifying various physical charac-
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teristics. As the evolutionary distance between species increases, a con-
comitant increase in the number of chromosomal rearrangements is ob-
served.** As expected, groups of genes are also linked in several primate
species (Table IX). The rearrangements found in the linkage groups are
a reflection of chromosomal rearrangements which have taken place in
the speciation process.**>* For example, the long and short arms of human
chromosome 2 have two separate chromosomal counterparts in other
primate species.>?

Several autosomal linkage groups have remained together after even
longer periods of evolution evident in present-day mammals as common
linkage groups. For example, the short arm of human chromosome 1
contains markers (ENOI, PGD, AK2) that are also linked in such diver-
gent species as mouse, monkey, sheep, and rat (Table IX).

Many other markers which are syntenic in man are also syntenic in
other species. The most extensive genetic studies have been with Mus
musculus. As seen in Table X, 14 autosomal syntenic groups of man show
at least partial homology in mouse. Often a human syntenic group will
be divided into smaller groups located on different chromosomes in other
species. For example, the human chromosome 10 markers PP, HKI,
GOTS, LIPA are located on two chromosomes in mouse: PP(Pyp-1) and
HKI1(Hk-1) on mouse chromosome 10 and GOTS(Got-1) and LIPA(Lip-
1) on mouse chromosome 19. These data suggest that in humans, PP is
located closer to HKI and LIPA is near GOTS.'?! Other species also
show this conservation of linkage groups; for example, the retention of
the LDHB-PEPB gene synteny is seen in many species, except pigs and
mice (see Table IX). Likewise, PKM2 and MPI are syntenic in several
species, but a splitting of these two genes has occurred in the ruminatory
ungulates (Table IX).

Rigorous criteria for establishing homology of gene products between
species has been established in the Gene Mapping Workshops'® so that
only those genes that are truly homologous will be compared. These
criteria include similar amino acid sequence, immunological cross-reac-
tivity, formation of heteropolymers of subunits between species, similar
tissue distribution, similar developmental induction time, similar response
to specific inhibitors, similar pleiotropic effects, and molecular hybridi-
zation to the same probe. These criteria become very important when the
comparative maps are used to predict the location of human genes.

Comparison of gene maps at the molecular level also gives an indi-
cation of the divergence between species.®>* In most species there is a
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TABLE X. Comparison of Mouse and Human Autosomal
Gene Maps“

Human Mouse
chromosome Locus? chromosome

ip ENO (Eno-1)
GDH (Gpd-1)
PGD (Pgd)
FUCA (Fuca)
AK2 (Ak-2)
PGM1 (Pgm-2)
AMYI (Amy-1)
AMY2 (Amy-2)

Iq PEPC (Dip-2)

3 ACYI (Acy-1)
GLBI (Bgs)
TF (Trf)

4 PGM?2 (Pgm-1)
PEPS (Pep-7)
ALB (Alb-1)

6 HLA (H-2) 17
C4 (Ss) 17
GLOI (Glo-1) 17
PGM3 (Pgm-3) 9
MEI (Mod-1) 9
SOD2 (Sod-2) 9

5
)

[V VIV JEV- TV TV Ry GU R TS S SO U N SO G

7 GUSB (Gus)
MDH?2 (Mor-1)
ASL (Asl) 5

10 PP (Pyp-1) 10

' HKI (Hk-1) 10

GOTI (Got-1) 19
LIPA (Lip-1) 19

11p LDHA (Ldh-1) 7
HBB (Hbb)
CAT (Cs-1)
ACP2 (Acp-2)

12 LDHB (Ldh-2)
TPI (Tpi)
GAPD (Gapd)
PEPB (Pep-2)
CS (Cis)

15 B2M (Bam)
SORD (Sdh-1)
MPI (Mpi-1)
PKM?2 (Pk-3)
IDH? (Idh-2)

16 CTRB (Prt-2)
GOT2 (Got-2)

——
0000 IV VNN DODOAD ¢+ NN

(Continued)
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TABLE X. (Continued)

Human Mouse
chromosome Locus® chromosome
APRT (Aprt) 8
HBA (Hba) 11
HPA (Hpa) 11
17 TK1 (Tk-1) 11
GALK (Glk) 11
19 GPI (Gpi-1) 7
PEPD (Pep4) 7
21 SODI (Sod-1) 16
IFRC (Ifrc) 16
PRGS (Prgs) 16
22 DIAI (Dia-1) 5
ARSA (As-1) 15

“ Compiled from Ref. 44, 53, and 95-100.
5 The human gene nomenclature is followed by the mouse
nomenclature in parentheses.

single insulin protein consisting of the A and B chains.” It is presumed
that there is a single gene which codes for insulin, and, in fact, the DNA
sequence of human insulin shows only one gene.” However, in mouse,
rat, and at least two species of fish, there are two forms of the insulin
molecule.'*® The two nonallelic rat preproinsulin genes have been isolated
and sequenced by Lomedico et al.'*® The similarity of the two rat insulin
genes had led the authors to hypothesize that this gene duplication is a
recent one.'*®

Likewise, the evolution of the primate B-globin gene cluster has been
studied by recombinant DNA methods. In humans the B-globin cluster
consists of the sequence 5'e¢°yAy3p3’; in addition, two pseudogenes for
B-globin were found.®® The restriction maps for gorilla and the yellow
baboon are indistinguishable from that of man, although no pseudogenes
were found.® A new-world monkey, the owl monkey, has only one «-
globin gene, suggesting that the vy-globin gene duplication occurred
~20-40 million years ago.® Even more distantly related to man is the
brown lemur, which has only the €, v, and 8 genes and a fusion product
of € and B.

In comparing the genome of one species to another, the unexpected
does occur. Now that molecular probes are available for many genes,
often a nontranscribed duplicate gene or pseudogene is discovered in the
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genome which has partial homology to a given probe. For example, in
the human B-globin complex there are also two B pseudogenes.®® From
this and other data, it seemed as though pseudogenes were located in a
cluster with their transcribed counterparts. In humans, a pseudogene was
found near the a-globin complex, as expected.'>> However, when the
mouse was analyzed for the location of the two a-globin pseudogenes
(a3 and od), it was found that unlike the transcribed genes on chromosome
11, the mouse a3 was on chromosome 15 and a4 on chromosome 17.!4%-204
This observation points out that interspecies comparison using molecular
hybridization must be analyzed and interpreted very carefully.

The reason why certain linkage groups are retained through long
periods of evolution while others are not is not yet clear. Whether ac-
cidental or because of some functional grouping, the identification of
conserved linkage groups will (i) give clues about the organization of the
genome, (ii) suggest mechanisms in evolution, and (iii) may predict the
location of human genes.

The comparison of gene linkage groups between species may lead
to the prediction of the location of genes. For example, we have mapped
the genes for B-galactosidase and aminoacylase-1 to the p21 — q21 region
of chromosome 3.'7# In addition, in collaboration with P. Lalley,'® we
assigned the gene for Acy-1 to chromosome 9 in the mouse. The mouse
B-galactosidase gene has also been mapped to chromosome 9. Between
these two genes lies the gene for transferrin in the mouse.'”* We would
predict, therefore, that transferrin also is located on chromosome 3 in
humans. Since we have mapped the DNA polymorphism D3S1 to the
same region of chromosome 3, we are currently testing families for linkage
of D3S1 and transferrin.

Caution must be exercised in predicting gene location, as all genes
used in the comparison must be homologous. Even when these require-
ments are met, it is always possible that a translocation may have occurred
near these genes. With these precautions in mind, however, comparative
mapping should be a useful tool for mapping the human genome.

MERGING THE GENETIC AND MOLECULAR MAPS

More than 60 cloned DNA segments have been assigned in humans
(see Table XI). Cloned DNA segments have been mapped to all but a few
chromosomes, and polymorphic loci (at the DNA level) are located on
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TABLE XI. The Human Molecular Map*“

Chromosome DNA marker
1 DIS1%; D1Z1¢
2 POC*¢; IGKC®; IGKV?; D2SI¢
3 D3S19; D3S2¢
4 ALB?
5 D5S1¢
6 PRL; TRM1; TRM2¢; HLA®; D6S1¢
7 COL1A2; HI, H2B, H4, H2A, H3*
8
9 IFF<; IFL¢
10 D10S1°
11 HBB?<“-¢; HBD; HBG®; INS*<*: D11S1-D11S11"
12 D12S1¢
13 RNR?*
14 IGHC¢; D14S1¢; D14S2¢; RNR?*
15 RNR?
16 CTRB¢; HBA"<9; D16S1¢; D16S2¢
17 CSH%*; GH®; GHL<; D17S1°¢
18
19 D19S1¢
20 D20S1, D20S2, D20S3”
21 RNR?
22 IGLC®; IGLV<; D22S1¢; RNR?
X DXS1-DXS7; DXS8¢; DXS9°; DXZ1¢

“ Sequenced or potential for being sequenced.

% In situ hybridization.

¢ Somatic cell hybrids with restriction endonucleases.
4 Liquid hybridization.

¢ Flow sorting.

f Library made from hybrid cell.

most chromosomes (Tables IV and V). Thus, each mapped DNA segment
can be sequenced to form a portion of the molecular map. Eventually the
genetic map will be superimposed on the nucleotide backbone constituting
the molecular map.

It is estimated that 1 cM, a unit of genetic recombination, represents
1 X 10° bp.?%® This is enough genetic material to code for perhaps several
hundred genes. Thus, Mendelian genetics and cytogenetics describe the
human genome at the 100-gene level. In contrast, the molecular geneticist
generates a high-resolution map measured in kilobases. As the human
genome contains 33 M, it is apparent that the genetic map and the mo-
lecular map describe gene clusters by converging along the chromosome
from two different levels of resolution.
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The genetic map as produced by sexual and parasexual studies and
other methods has provided hundreds of chromosomal markers, some of
which are useful for family studies. The molecular map should comple-
ment and extend the usefulness of the genetic map in its application to
human genetic disease. The use of DNA fragment length polymorphisms
for diagnosis of human disease (Table V) was the result of dissection of
genes at the molecular level. The current genetic map will be required
to chromosomally assign and assemble a useful library of DNA poly-
morphisms to be used predictively in genetic counseling.!® As already
described, previously assigned chromosomal markers and somatic cell
hybrid techniques will expedite the mapping of undefined DNA poly-
morphisms. To test for Mendelian segregation of DNA polymorphisms
and their usefulness as markers, pedigrees that have been well charac-
terized for polymorphic traits will be required.'®-*° It seemed necessary
and inevitable for the genetic and molecular approaches to meld, since
it has been difficult with family studies to assign to linkage groups diseases
such as cystic fibrosis or Huntington’s disease. In fact, only a very small
minority of inherited diseases have been mapped.

The methods used for determining the genetic map often reveal very
little about the molecular nature of the gene involved in the phenotype
being observed. Consequently, little information can be obtained from
the genetic map about the molecular mechanisms of expression of disease.
For example, until the B-globin and a-globin gene clusters could be ana-
lyzed at the molecular level, it was unknown that certain hemoglobino-
pathies were due to actual gene deletions!84185:186 or that a form of -
thalassemia is due to a base substitution in one of the introns of the B-
globin gene.?*?

Several features of the human genome could not have been predicted
from the Mendelian genetic map, including astonishing discoveries con-
cerning gene structure. The idea that the amino acid sequence of a po-
lypeptide is always colinear with the nucleotide sequence encoding it was
firmly laid to rest in 1977 with the discovery of splicing and intervening
sequences.'?2%73 It is now known that the coding sequence of some genes
contains introns,'? whereas others do not.!*® Speculation concerning the
role of introns in gene structure, function, and evolution has been
made®®7? and tested experimentally. '48-223-258 Another unexpected finding
was the occurrence of pseudogenes found associated with®® and disso-
ciated from'#%-2°* their homologous gene cluster.

The molecular map seems to exhibit more fluidity than the ‘‘stable”’
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genetic map. The occurrence of highly polymorphic regions of DNA,
perhaps associated with transposable genetic elements, indicates that the
mammalian genome is more dynamic than originally thought.®2">

CONCLUSIONS

The techniques of DNA cloning and sequencing will eventually make
it possible to determine the entire sequence of the human genome. With
the rapid advance of technology and the associated concepts, the achieve-
ment of this goal is now merely an exercise based on sheer effort that
should eventually yield the entire sequence. Interpreting the meaning of
the total sequence is a much more difficult question and one to which we
may not have the answers until long after the sequence has been deter-
mined. For example, knowing the total sequence might still not answer
how the genome functions as a unit. In the meantime, the genetic and
molecular maps are rapidly being described at an exponential rate. In
fact, the molecular map will soon overtake the genetic map in numbers
of markers assigned when considering the exceedingly large numbers of
undefined DNA segments that are available for mapping. Although not
crucial, it may be some time before we can delineate these DNA segments
into coding regions that define a function. What is important is that this
reservoir of markers will include enough DNA polymorphisms to enable
the human geneticist to assign inherited disease to linkage groups and
specific chromosome locations. Thus, the human gene map has reached
the point, with enough critical information, where it can be used for its
predictive value in counseling and diagnosis, for identifying disease loci,
and on a larger scale for understanding human biology. As more specific
gene loci are sequenced, it is anticipated that the map will yield answers
to models of gene regulation which will enhance disease therapy and
treatment.*°

It should be realized that utilizing the human genome, as in gene
transfer strategies, has enormous potential in several areas of biology,
such as in repair of genetic disease, in food production, in producing
therapeutic agents, and in energy production and industrial processes,?*°
This concept is not biologically unrealistic, since transfer of DNA is
evolutionarily very old, occurring naturally in diverse organisms. Ob-
viously, many obstacles must be surmounted before successful gene ther-
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apy becomes a reality in humans!’®; the most formidable is whether the
transferred gene can be expressed normally.

When comparing the gene maps of man and several species, it is
apparent that understanding the human genome allows us to comprehend
our biological past. At the same time, understanding our genome will
allow us to look to the future for comprehending both normal and ab-
normal biology and for treating human disease.
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APPENDIX B. Alphabetical Listing of Human Genes Assigned to Chromosomes

Gene Chromosome
Gene marker symbol® assignment®  Status®

ABO blood group ABO 9
Acid phosphatase-1 ACPI 2
Acid phosphatase-2 ACP2 11
Aconitase (mitochondrial) ACO2 22
Aconitase (soluble) ACOl 9
Adenine phosphoribosyltransferase APRT 16
Adenosine deaminase ADA 20
Adenosine deaminase complexing protein-1 ADCPI 6 P
Adenosine deaminase complexing protein-2 ADCP2 2
Adenosine kinase ADK 10
Adenovirus-12 chromosome modification site 1A AlI2M2 1 P
Adenovirus-12 chromosome modification site 1B Al2M3 1 P
Adenovirus-12 chromosome modification site 1C Al2M1 1 P
Adenovirus-12 chromosome modification site 17 AI2M4 17 P
Adenylate kinase-1 AKlI 9
Adenylate kinase-2 AK2 1
Adenylate kinase-3 AK3 9
Adrenoleukodystrophy ALD X
AF8 temperature sensitivity complementing AFS8T 3 P
Albumin ALB 4
B-Amino acid transport AABT 21 P
Aminoacylase-1 ACYI 3
a-Amylase (pancreatic) AMY2 1
a-Amylase (salivary) AMYI 1
Antigen identified by monoclonal antibody W6/34 MICI 11 P
Antigen identified by monoclonal antibody 12E7 MIC2 X P
Antigen identified by monoclonal antibody 602-29  MIC3 12 P
Antigen identified by monoclonal antibody MIC4 11 P

F10.44.2
Antihemophilic globulin A (factor VIII, hemo- HEMA X

philia A)
Antithrombin III AT3 1 P
a-Antitrypsin (a;-protease inhibitor) PI 14
Antiviral state repressor regulator AVRR h) P
Argininosuccinate lyase ASL 7 P
Argininosuccinate synthetase ASS 9 P
Arylhydrocarbon hydroxylase AHH 2 P
Arylsulfatase-A ARSA 22
Arylsulfatase-B ARSB 5
Baboon M7 virus infection BEVI 6
Baboon virus replication M7VI 19 P
BALB virus induction N-tropic (induction of N- BVIN 15 P

tropic oncornavirus)
BALB virus induction xenotropic (induction of BVIX 11 P

xenotropic oncornavirus)

(Continued)
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Gene Chromosome
Gene marker symbol“ assignment®  Status®

BALB/c 3T3 ts2 temperature sensitivity BA2R X P

complementing
Biliverdin reductase BLVR 7 P
Branched-chain aminotransferase-1 BCTI 12
Branched-chain aminotransferase-2 BCT2 19 P
C1AGOH temperature sensitivity complementing CIHR X P
Catalase CAT 11
Cataract, zonular pulverulent (Fy-linked) CAE 1
Cathepsin D CPSD 11 P
Charcot—Marie-Tooth disease (slow conduction CMTI 1

type)
Chorionic gonadotropin CGH 10 & 18 P
Chorionic somatomammotropin hormone CSH 17
Chronic granulomatous disease CGD X
Chymotrypsinogen B CTRB 16 P
Citrate synthase cS 12
Clotting factor XII (Hageman) HAF 6 P
Collagen, type 1, al COLIAI 7 P
Collagen, type I, a2 COLIA2 7
Collagen, type 111, a1 COL3Al 7 P
Collagen marker COLM 17 P
Color-blindness (deutan) CBD X
Color-blindness (protan) CBP X
Complement component-2 c2 6 P
Complement component-3 c3 19 P
Complement component-4F C4F 6
Complement component-4S c4S 6
Congenital adrenal hyperplasia III (21-hydroxylase = CAH 6

deficiency)
Creatine kinase BB isozyme CKBB 14
Cystathionase CTH 16 P
Dentinogenesis imperfecta DGI 4 P
Desmosterol-to-cholesterol enzyme DCE 20 P
Diaphorase (NADH) (cytochrome bs reductase) DIAI 22 P
Diaphorase (NADH/NADPH) DIA4 16
DiGeorge syndrome DGS 22 P
Dihydrotestosterone receptor DHTR X
Diphtheria toxin sensitivity DTS 5
DNA associated with cytoplasmic membrane DNCM 9 P
DNA satellite 3 DIZ1 1 P
DNA segment on chromosome 1| DiSi 1 P
DNA segment on chromosome 2 D251 2 P
DNA segment on chromosome 3 D3S1 3 P
DNA segment on chromosome 3 D382 3 P

(Continued)
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APPENDIX B. (Continued)

Gene Chromosome
Gene marker symbol“ assignment®  Status®

DNA segment on chromosome 5 D5S1 5 P
DNA segment on chromosome 6 D6S1 6 P
DNA segment on chromosome 10 DI0S1 10 P
DNA segment on chromosome 11 D11S1 11 P
DNA segment on chromosome 11 D1152 11 P
DNA segment on chromosome 11 DI11S§3 11 P
DNA segment on chromosome 11 DI11S4 11 P
DNA segment on chromosome 11 DI11S5 i1 P
DNA segment on chromosome 11 D1156 11 P
DNA segment on chromosome 11 D11§57 11 P
DNA segment on chromosome 11 DI11S8 11 P
DNA segment on chromosome 11 DI11S59 11 P
DNA segment on chromosome 11 DI11S10 11 P
DNA segment on chromosome 11 Di1iS11 11 P
DNA segment on chromosome 12 D281 12 P
DNA segment on chromosome 14 D14S1 14 P
DNA segment on chromosome 14 DI4S2 14 P
DNA segment on chromosome 16 Di6S1 16 P
DNA segment on chromosome 16 D16S2 16 P
DNA segment on chromosome 17 DI17S81 17 P
DNA segment on chromosome 19 DI9S1 19 P
DNA segment on chromosome 20 D20S1 20 P
DNA segment on chromosome 20 D20S2 20 P
DNA segment on chromosome 20 D20S3 20 P
DNA segment on chromosome 22 D2251 22 P
DNA segment on chromosome X DXS1 X P
DNA segment on chromosome X DXS2 X P
DNA segment on chromosome X DXS3 X P
DNA segment on chromosome X DXS4 X P
DNA segment on chromosome X DXS5 X P
DNA segment on chromosome X DXS6 X P
DNA segment on chromosome X DXS7 X P
DNA segment on chromosome X DXS8 X P
DNA segment on chromosome X DXS9 X P
DNA segment (repetitive) X DXZ1 X P
Dombrock blood group Do 1 T
Duffy blood group Fy 1

ECHO 11 virus sensitivity EllS 19 P
Elliptocytosis (Rh-linked) ELI 1

Elliptocytosis (not Rh-linked) EL2 1 T
Enolase-1 ENO1 1

Enolase-2 ENO2 12

Epidermal growth factor receptor EGFR 7

Epstein—Barr virus EBV 14 P

(Continued)
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Gene Chromosome
Gene marker symbol“ assignment®  Status®
Esterase-A4 ESA4 11
Esterase activator ESAT 14 P
Esterase-B3 ESB3 16 P
Esterase-D ESD 13
External membrane protein-130 (MW 130,000) MIi30 10 P
External membrane protein-195 (MW 195,000) M195 14 P
Fast kinetic complementation DNA repair in XPAC X P
Xeroderma pigmentosum, group A
Fibronectin FN 11
Fibronectin surface control FNS 8 P
Folylpolyglutamate synthetase FPGS 9
a-L-Fucosidase FUCA |
Fumarate hydratase FH i
Galactokinase GALK 17
Galactose enzyme activator GLAT 2 P
Galactose-1-phosphate uridylyltransferase GALT 9
a-Galactosidase GLA X
B-Galactosidase-1 GLBI 3
B-Galactosidase-2 GLB2 22 P
Glucose dehydrogenase GDH 1
Glucose phosphate isomerase GPI 19
Glucose-6-phosphate dehydrogenase G6PD X
a-Glucosidase, acid GAA 17
B-Glucosidase, acid GBA 1 P
a-Glucosidase (neutral)-C GANC 15 P
B-Glucuronidase GUSB 7
Glutamate-y-semialdehyde synthetase GSAS 10 P
Glutamic-oxaloacetic transaminase (mitochondrial) GOT2 16
Glutamic-oxaloacetic transaminase (soluble) GOTI! 10
Glutamic-pyruvic transaminase (alanine GPT 8or 16 I
aminotransferase)
Glutathione peroxidase-1 GPX1 3
Glutathione reductase GSR 8
Glutathione S-transferase-! GSTI 11 P
Glyceraldehyde-3-phosphate dehydrogenase GAPD 12
Glycerol-3-phosphate dehydrogenase GPDI 12 P
Glyoxalase 1 (lactoyl-glutathione lyase) GLO 6
Group-specific protein GC 4
Growth control factor-1 GCFI 7 P
Growth control factor-2 GCF2 16 P
Growth hormone GH 17
Growth hormone-like GHL 17 P
Guanylate kinase-1 GUKI 1
Guanylate kinase-2 GUK2 1

(Continued)
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APPENDIX B. (Continued)

Gene Chromosome
Gene marker symbol® assignment®  Status®
H1 Histone HI 7
H2A Histone H2A 7
H2B Histone H2B 7
H3 Histone H3 7
H4 Histone H4 7
Haptoglobin HP 16
Hemoglobin o HBA 16
Hemoglobin B HBB 11
Hemoglobin 3 HBD 11
Hemoglobin e HBE 11
Hemoglobin vy HBGI 11
Hemoglobin v° HBG2 11
Hemoglobin ¢ HBZ 16
Hemoglobin F cell production FCP 11
Herpes simplex virus type 1 sensitivity HVIS Jorll 1
Hexokinase-1 HKI 10
Hexosaminidase-A (a subunit) HEXA 15
Hexosaminidase-B (B subunit) HEXB 5
HLA-A HLA-A 6
HLA-B HLA-B 6
HLA-C HLA-C 6
HLA-D HLA-D 6
HLA-D related HLA-DR 6
Human coronavirus sensitivity HCVS 15 P
Hydroxyacyl glutathione HAGH 16 P
Hydroxyacyl-CoA dehydrogenase HADH 7 P
5-Hydroxytryptamine oxygenase regulator HTOR 21 P
Hypercholesterolemia HC 6 P
Hypoxanthine phosphoribosyl transferase HPRT X
Immune suppression IS 6 P
Immunoglobulin o' heavy chain IGHAI 14
Immunoglobulin o? heavy chain IGHA2 14
Immunoglobulin 8 heavy chain IGHD 14
Immunoglobulin € heavy chain IGHE 14
Immunoglobulin heavy-chain flanking region IGHF 14
Immunoglobulin vy' heavy chain IGHGI 14
Immunoglobulin y*> heavy chain IGHG? 14
Immunoglobulin v* heavy chain IGHG3 14
Immunoglobulin v* heavy chain IGHG4 14
Immunoglobulin p heavy chain IGHM 14
Immunoglobulin heavy chain, variable region IGHV 14
(chain not specified)
Immunoglobulin k chain, constant region IGKC 2 P
Immunoglobulin k chain, variable region IGKV 2 P

(Continued)
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Gene Chromosome
Gene marker symbol®  assignment®  Status®
Immunoglobulin A chain, constant region IGLC 22 P
Immunoglobulin A chain, variable region IGLV 22 P
Inosine triphosphatase (nucleoside triphosphate ITPA 20
pyrophosphatase)
Insulin INS 11
Interferon-1 IF] 2 P
Interferon-2 IF2 5 P
Interferon, fibroblast B type IFF 9
Interferon, leukocyte a type IFL 9 P
Interferon production regulator IFR 16 P
Interferon receptor IFRC 21
Isocitrate dehydrogenase (mitochondrial) IDH?2 15
Isocitrate dehydrogenase (soluble) IDH| 2
Kell blood group precursor Xk X
o-Keto acid (aromatic) reductase KAR 12 P
Kidd blood group Jk 2
Lactate dehydrogenase-A LDHA 11
Lactate dehydrogenase-B LDHB 12
Lecithin-cholesterol acyltransferase LCAT 16
Lentil agglutinin binding LCH 14 P
Lethal antigen-1 S1 11 P
Lethal antigen-2 S2 11 P
Lethal antigen-3 S3 il P
Leucyl-tRNA synthetase LARS 5 P
Lipase-A LIPA 10
Lipase-B LIPB 16 P
Lysosomal DNAse DNL 19 P
ay-Macroglobulin XM X
Malate dehydrogenase, NAD (mitochondrial) MDH?2 7
Malate dehydrogenase, NAD (soluble) MDHI 2
Malic enzyme (soluble) MEI 6
Mannose phosphate isomerase MPI 15
a-Mannosidase-A MANA 15 P
a-Mannosidase-B (lysosomal) MANB 19
B2-Microglobulin B2M 15
MN blood group MN 4
Monoamine oxidase MAOA X P
Monkey red blood cell receptor MRBC 6 P
Mouse B-glucuronidase modifier GUSM 19 P
Multiple endocrine neoplasia-2 MEN?2 20 P
Muscular dystrophy, Becker type MDB X
Muscular dystrophy, Duchenne type MDD X

(Continued)
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APPENDIX B. (Continued)

Gene Chromosome
Gene marker symbol* assignment®  Status®
a-N-acetyl-galactosaminidase NAGA 22 P
Nail-patella syndrome type 1 NPS1 9
Neutrophil migration NM 7 P
Non-histone chromosome protein NHCP 7 P
Nuclear RNA-1 RNNI X P
Nucleoside phosphorylase NP 14
Ocular albinism OA X
Ornithine transcarbamylase oT1C X
Orosomucoid ORM 9 P
P blood group P 6 P
Peptidase-A PEPA 18
Peptidase-B PEPB 12
Peptidase-C PEPC 1
Peptidase-D (proline dipeptidase) PEPD 19
Peptidase-S PEPS 4
Phenylketonuria PKUI 1 I
Phosphofructokinase, F subunit PFKF 10 P
Phosphofructokinase, liver type PFKL 21 P
Phosphofructokinase, M subunit PFKM 1 P
Phosphoglucomutase-1 PGM1 1
Phosphoglucomutase-2 PGM?2 4
Phosphoglucomutase-3 PGM3 6
Phosphogluconate dehydrogenase PGD 1
Phosphoglycerate kinase : PGK X
Phosphoglycollate phosphatase PGP 16
Phosphoribosyl pyrophosphate amidotransferase PPAT 4 P
Phosphoribosyl pyrophosphate synthetase PRPS X
Phosphoribosylaminoimidazole synthetase PAIS 21 P
Phosphoribosyiformylglycinamide synthetase PFGS 14 P
(formylglycinamide ribotide aminotransferase)
Phosphoribosylglycinamide formyltransferase PGFT 14 P
Phosphoribosylglycinamide synthetase PRGS 21
Phosphoserine phosphatase PSP 7 P
Plasminogen PLG 4 P
Plasminogen activator PLA 6 P
Poliovirus sensitivity PVS 19
Polykaryocytosis promoter FUSE 10 P
Prader—Willi syndrome PWS 15
Prolactin PRL 6 P
Proopiocortin (adrenocorticotropin/B-lipotropin) POC 2 P
Properdin factor B (glycine-rich-B-glycoprotein) BF 6
Pyrophosphatase (inorganic) PP 10
Pyruvate kinase (M2) PKM?2 15

(Continued)
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APPENDIX B. (Continued)

Gene Chromosome

Gene marker symbol®  assignment®  Status®

Quinoid dehydrogenase reductase QODPR 4 P
Radin blood group Rd 1 P
RD114 virus receptor RDRC 19 P
Regulator of acetylcholinesterase RACH 2 p
Regulator of antiviral state AVR 16 P
Retinitis pigmentosa-1 RPI 1 T
Retinoblastoma- 1 RBI 13
Retinoschisis RS X

Rhesus blood group Rh |

Ribosomal RNA RNR 13, 14, 15, 21,

22

Ribulose-5-phosphate 3-epimerase RPE 2 P
RNA, 58 RNS5S 1

Scianna blood group Sc 1 R
Sclerotylosis TYS 4 P
Serine hydroxymethyl transferase SHMT 12

Sorbitol dehydrogenase SORD 15 P
Species antigen S4 11 P
Spherocytosis-1 SPHI 8or 12 I
Spinal cerebellar ataxia SCAI 6 P
Ss blood group Ss 4

Steroid sulfatase (microsomal) STS X

Stoltzfus blood group Sf 4 P
Succinate dehydrogenase SDH | P
Superoxide dismutase (mitochondrial) SOD2 6

Superoxide dismutase (soluble) SODI 21

Surface antigen (chromosome 6) S5 6 P
Surface antigen (chromosome 7)-1 (MW 165,000) S6 7 P
Surface antigen (chromosome 7)-2 S7 7 P
Surface antigen (chromosome 12)-1 S8 12 P
Surface antigen (chromosome 17)-1 MY 17 P
Surface antigen (chromosome 22) Si3 22 P
Surface antigen (chromosome 21) Si4 21 P
Surface antigen (X-linked)-1 S10 X P
Surface antigen (X-linked)-2 Sii X P
Surface antigen (X-linked)-3 Si2 X P
Tetrahydropteroylglutamate methyltransferase MTR 1 P
Thymidine kinase (mitochondrial) K2 16 P
Thymidine kinase (soluble) TK1 17

Transferrin receptor TFRC 3 P
Triosephosphate isomerase; TPI! 12
Triosephosphate isomerase: TPI2 12

tRNA;™ TRM! 6 P

(Continued)
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APPENDIX B. (Continued)

Gene Chromosome
Gene marker symbol® assignment®  Status®
tRNA;™ TRM?2 6 P
Tryptophanyl-tRNA synthetase WARS 14
Tyrosine aminotransferase regulator TATR X
UDP glucose pyrophosphorylase-1 UGPI 1
UDP glucose pyrophosphorylase-2 UGP2 2 P
UDPGAL-4-epimerase GALE 1
Uridine monophosphate kinase UMPK 1
Uridine phosphorylase up 7
Uroporphyrinogen I synthase UPS I
Waardenburg syndrome, type 1 WS1 9 T
Wilms’ tumor—aniridia, genitourinary WAGR 11
abnormalities, and mental retardation triad
Xg blood group Xg X
Y histocompatibility antigen HYA Y
Y histocompatibility antigen, regulator HYB X P
Y histocompatibility antigen, receptor HYC X

“ The gene symbols follow nomenclature guidelines.

238.246

® The assignments have been compiled from the Human Gene Mapping Workships.®*~'®
¢ Status refers to whether an assignment is confirmed (blank), provisional (P), tentative (T),

or inconsistent (I) (see text).

APPENDIX C. Linkage Groups Not Assigned to Chromosomes”

Gene symbol Gene marker E.C. No. Linked genes
ATN Albinism, tyrosinase-negative CLA
C6 Complement component-6 Cc7
c7 Complement component-7 C6
CCAT Congenital cataract Ii
CHEl Cholinesterase (serum)-1 3.1.1.8 TF
CLA Cerebellar ataxia (autosomal ATN
recessive)
DB Double-band salivary protein GL, PA, PM, PR, PS
DM Myotonic dystrophy Lu, Se
EBR3 Epidermolysis bullosa progressiva HOAC
EBSI Epidermolysis bullosa simplex (Ogna) GPT

GL Parotid salivary glycoprotein
H H antigen

HHG Hypergonadotropic hypogonadism

DB, PA, PM, PR, PS
Se
MSS

(Continued)
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APPENDIX C. (Continued)

Gene symbol Gene marker E.C. No. Linked genes
HOAC  Hypoacusis-2 (recessive) EBR3
Ii 1i blood group CCAT
K Kell blood group PTC
Le Lewis blood group c3
Lu Lutheran blood group DM, Se
MSS Marinesco-Sjggren syndrome HHG
PA Parotid acidic salivary protein DB, GL, PM, PR, PS
PM Parotid middle band protein DB, GL, PA, PR, PS
PR Proline-rich salivary protein DB, GL, PA, PM, PS
PS Parotid (protein) size variant DB, GL, PA, PM, PR
PTC Phenylthiocarbamide tasting K
Se ABH secretion DM, H, Lu
1F Transferrin CHEI

¢ Compiled from Human Gene Mapping Workshop 6.'® Gene nomenclature follows the
system approved by the Workshop.?*®
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