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In the past 25 years, enormous effort 
has gone into the construction of genetic 
maps in humans and mice. What infor- 
mation concerning gene function derives 
from such an anatomization of mammali- 
an genomes? Extensive changes in gene 
order and chromosome structure are 
possible even between closely related 
species. At the same time, conservation 
of linkage groups between species has 
also been found. For example, 23 groups 
conserved between humans and mice 
have been described (I). While function- 
al relationships among members of a 
linkage group are not always clear, pres- 
ervation of the linkage over the evolu- 
tionary time separating humans and mice 
suggests that a functional relationship 
exists. If the mammalian genome is a 
patchwork, understanding its evolution 
and present function must be grounded 
in knowing the contents and the bound- 
aries of the patches. 

Mendelian genetic analysis in mam- 
mals, especially humans, is difficult, 
however. Generation times are long, 
numbers of progeny are small, and mat- 
i n g ~  involving genetic polymorphisms of 
interest can be found only by inspection. 
The genetic analysis of somatic cells in 
culture has provided a useful alternative 
approach. The experimental strategy is 
straightforward. Hybrid cell lines that 
carry various numbers and combinations 
of chromosomes derived from two differ- 
ent mammalian species are constructed 
in culture. Determining which species- 
specific markers such a somatic cell hy- 
brid expresses as a function of which 
chromosomes from each species it re- 
tains often allows the chromosomal loca- 
tions of the genes encoding the markers 
to be deduced. 

This strategy is limited to phenotypes 
detectable in individual cells in culture, 
such as constitutively expressed en- 
zymes and cell surface markers-for ex- 
ample, major histocompatibility antigens 
(2, 3). It is therefore no surprise that 
recombinant DNA methodology has rev- 
olutionized the genetic analysis of so- 

matic cell hybrids. Any gene-indeed, 
any DNA sequence-for which a recom- 
binant DNA probe exists can now be 
mapped. In this article, after a brief 
review of the basic methodology, we 
discuss the kinds of results obtained by 
DNA-level analysis of somatic cell hy- 
brids. These have been especially strik- 
ing in the cases of oncogenes and of 
multigene families. 

chromosomes is largely random (5). The 
physiological basis of this phenomenon 
is poorly understood, but the phenome- 
non is reproducible. Hybrids between 
human and rodent cells tend to lose 
human chromosomes. Those between 
mouse and Chinese hamster tend to lose 
mouse chromosomes. The chromosomal 
content of a hybrid cell clone at any 
point in its growth can be assessed in two 
ways. First, it can be scored for donor- 
specific isoenzyme markers whose chro- 
mosomal location is known, a rapid but 
qualitative assay. Second, karyotypic 
analysis, by standard banding proce- 
dures to identify chromosomes in hybrid 
cells in metaphase allows the exact fre- 
quency of each donor chromosome to be 
determined (2, 3). 

Panels of hybrid cell clones carrying 
various combinations of human or 
mouse chromosomes on constant mouse 
or Chinese hamster backgrounds, re- 
spectively, have thus been assembled. 
By scoring panel members for the pres- 

Summary. The utility of somatic cell genetic analysis for the chromosomal 
localization of genes in mammals is well established. With the development of 
recombinant DNA probes and efficient blotting techniques that allow visualization of 
single-copy cellular genes, somatic cell genetics has been extended from the level of 
phenotypes expressed by whole cells to the level of the cellular genome itself. This 
extension has proved invaluable for the analysis of genes not readily expressed in 
somatic cell hybrids and for the study of multigene families, especially pseudogenes 
dispersed in different chromosomes throughout the genome. 

Gene mapping in .somatic cell hy brids. 
The experimental strategy is dia- 
grammed in Fig. l (4). A mixture of two 
different cell types is treated with an 
agent that induces membrane fusion, 
such as polyethylene glycol or inactivat- 
ed Sendai virus. The nuclei of the fused 
cells can themselves fuse to yield a single 
nucleus carrying all of the chromosomes 
from the parental cells. Hybrids contain- 
ing one or two sets of chromosomes from 
each parental cell type are recovered by 
culturing the fused cell mixture under 
selective conditions. If the parental cells 
contain complementing auxotrophic 
markers, the fusion mixture is cultured 
in minimal medium. If parental cells con- 
tain dominant drug-resistance markers, 
those drugs are added. Unfused cells and 
fusions of like cells die, while hybrids 
between unlike cells survive. Fusions of 
multiple cells of both types typically are 
viable but unable to divide. 

The crucial point is that, as the hybrid 
cells grow in culture, chromosomes of 
one parental type (by convention, the 
donor) are lost while a complete set of 
chromosomes from the other parent (the 
recipient) is retained. Loss of donor 

ence or absence of a donor cell pheno- 
type and the presence or absence of the 
various donor chromosomes, phenotypic 
markers are assigned to specific chromo- 
somes. 

Mapping recombinant DNA probes in 
somatic cell hybrids. Here, the marker is 
a donor-specific DNA sequence. The 
technique was first applied to map a- and 
P-globin genes in human x mouse so- 
matic cell hybrids. These were detected 
by DNA hybridization in solution. Hu- 
man a- and P-globin complementary 
DNA (cDNA) probes reanneal to form 
stable duplexes with the corresponding 
human genomic DNA sequences, and do 
not cross-react with each other or with 
mouse globin genes. The presence or 
absence of duplex material in a hybrid- 
ization reaction containing human globin 
cDNA and hybrid cell genomic DNA 
thus indicates the presence or absence of 
the human globin gene in the hybrid. 
Scoring panels of hybrids in this way, a- 
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globin genes were assigned to chromo- 
some 16 and P-globin genes to  chromo- 
some 1 1 (6). 

Liquid hybridization has two draw- 
backs. First, it requires large amounts of 
DNA. More important, if the donor gene 
probe cross-reacts with the homologous 
recipient cell gene, interpreting the assay 
is difficult. The range of genes assayable 
by liquid hybridization is thus limited. 
The blotting procedure of Southern 
(called Southern blotting) avoids these 
difficulties (7). Genomic DNA isolated 
from somatic cell hybrids is digested 
with restriction endonucleases to  yield 
specific DNA fragments. These are frac- 
tionated according to size by means of 
agarose gel electrophoresis. The frac- 
tions are denatured, transferred to  nitro- 
cellulose filters, and hybridized on the 
filter with isotopically labeled DNA 
probes (7,  8). Noncoding sequences 
flanking and intervening in a structural 
gene diverge rapidly, so that even genes 
highly conserved between two species 
can usually be resolved as  DNA frag- 
ments of different size. In this way, the 
chromosomal locations of numerous 
genes and gene clusters in humans (Ta- 
ble 1) and mice (Table 2) have been 
determined. 

Southern blotting is as  sensitive as  
other methods for gene mapping in so- 
matic cell hybrids, for example, isoen- 
zyme assays. Donor genes present a t  

primary cells 

dosages of 0.2 per pseudodiploid hybrid 
cell can reliably be detected. This sensi- 
tivity varies only slightly from gene to 
gene, and from laboratory to  laboratory. 
The technique is especially useful for 
comparative gene mapping experiments 
within a species. Once a panel of somatic 
cell hybrids is assembled, the small 
amount of DNA used for any one map- 
ping experiment (30 micrograms or  less) 
allows extensive, internally consistent 
mapping experiments to  be carried out 
with material obtained from a somatic 
cell hybrid population of moderate size. 
Purified genomic DNA is stable, and 
therefore experiments can be carried out 
over a period of years on material de- 
rived from a hybrid at a single stage of 
donor chromosome segregation (9). 

These mapping procedures are equally 
applicable to  DNA sequences whose 
functions are unknown. Fragments cho- 
sen a t  random from genomic DNA librar- 
ies have been systematically screened to 
identify those containing a single-copy 
sequence DNA derived from the murine 
X chromosome (10) and from human 
chromosomes 10 and 22 (11). 

Is gene organization on a donor chro- 
mosome faithfully preserved in somatic 
cell hybrids? The mapping procedure 
itself is a sensitive assay for gene rear- 
rangement. Any mutation at  a restriction 
site and any insertion or  deletion of more 
than a few hundred base pairs of DNA 
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Fig. 1. Gene assign- 
ment by restriction 
mapping in somatic 
cell hybrids. Human 
genes assigned to 
chromosomes in this 
way, with human 
(A) x rodent (B) hy- 
brids are listed in Ta- 
ble 1; mouse genes as- 
signed with mouse 
(A) x Chinese ham- 
ster (B) hybrids are 
listed in Table 2. 

would yield restriction fragments of al- 
tered mobility. N o  rearranged genes 
have been found. The fractions of the 
human and murine genomes tested in 
this way so far are small. Nevertheless, 
the results are consistent with the idea 
that donor DNA sequences are pre- 
served unaltered in somatic cell hybrids 
even in the absence of any identifiable 
selective pressure for their conserva- 
tion. 

Cloned DNA markers from somatic 
cell hybrids. A DNA cloning strategy 
based on the use of somatic cell hybrids 
has been developed that allows a large 
number of DNA markers to  be localized 
to a particular chromosome or chromo- 
somal region. Genomic DNA fragments 
isolated from a somatic cell hybrid con- 
taining a single human donor chromo- 
some or chromosome fragment are 
cloned into bacteriophage to generate a 
library. Species-specific reiterated se- 
quences are widely dispersed throughout 
both the human and rodent genomes 
(12), and a typical recombinant phage 
contains several. The few percent of 
recombinant phage containing human 
DNA is identified by transferring DNA 
from phage plaques onto a nitrocellulose 
filter and hybridizing the filter with an 
isotopically labeled probe corresponding 
to human reiterated DNA sequences 
(13). This procedure allowed DNA frag- 
ments from human chromosomes 2, 3, 5, 
6, 11, 12, 14, 16, 20, and X to be isolated 
(13-16). We now have data suggesting 
that the same technique can be used to 
isolate mouse DNA fragments from 
mouse x Chinese hamster somatic hy- 
brid cell lines. Application of these tech- 
niques to  hybrid cell lines generated by 
chromosome- or DNA-mediated gene 
transfer, which typically contain small 
donor chromosome fragments incorpo- 
rating a selectable marker gene ( 1 3 ,  has 
led to  the cloning of such markers (18). It 
should be possible to  work out the struc- 
ture of the surrounding chromosomal 
regions at  a level of resolution not previ- 
ously attainable in higher eukaryotes. 

In situ hybridization. The procedures 
discussed so far allow a gene to be 
localized to a chromosome or chromo- 
somal region indirectly, as  a result of a 
multistep analysis. In situ hybridization 
techniques permit genes to  be visualized 
directly on metaphase chromosomes, af- 
ter hybridization with labeled probes. In 
mammals, repeated DNA sequences oc- 
curring in tandem arrays such as  ribo- 
somal RNA genes have been localized 
(19). Recent results suggest that single- 
copy DNA sequences may likewise be 
detectable. Harper and Saunders 
mapped a cloned 14.9-kilobase (kb) hu- 
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known function to the telomeric region 
of  the short arm o f  chromosome 1 ( 20 ) .  
Wahl et al. ,  using a cloned 8.6-kb probe 
have mapped aspartate transcarbamy- 
lase to the short arm of  chromosome B9 
in the Syrian hamster (21) .  

The technique is subject to two limita- 
tions. First, long stretches o f  single-copy 
sequence DNA are generally required as 
probes. Second, dextran sulfate, needed 
to enhance hybridization sensitivity, in- 
terferes with chromosome banding, 
needed for precise gene localization. 
Nevertheless, the technique has been 
used to confirm chromosomal assign- 
ments o f  several human genes (Table 3). 
The technique may prove most powerful 
in conjunction with somatic genetic and 
Mendelian analysis. Analysis o f  somatic 
cell hybrids provides a rapid chromo- 
somal assignment; in situ hybridization 
allows confirmation and more precise 
localization; and with this information in 
hand appropriate material can be sought 
for family studies and pedigree analysis. 
Human immunoglobulin heavy chain 
constant region genes are a paradigm, 
having been mapped in this way to band 
q32.3 o f  chromosome 14 (22) .  

Recombinant DNA techniques have 
led, then, to several general and rapid 
gene mapping procedures. Beyond expe- 
diting the process o f  gene cataloging, 
they provide access to genes not readily 
studied otherwise. Products o f  differenti- 
ated cells are easily mapped, as are high- 
ly conserved genes and DNA sequences 
not expressed in normal tissues. Gene 
mapping carried out at the level o f  phe- 
notypic markers is ambiguous in that 
polymorphism in structural genes cannot 
be distinguished from polymorphism in a 
regulatory gene acting on a constant set 
o f  structural genes. DNA-level mapping 
can detect structural genes unambig- 
uously. The possibility thus arises not 
only o f  mapping structural genes, but o f  
then constructing breeding experiments, 
or studies o f  gene expression in somatic 
cell hybrids, to define and map these 
regulatory genes as well. The comple- 
mentary mapping strategy-the use of  
recombinant DNA probes derived from 
somatic cell hybrids to define markers o f  
particular chromosomes-makes the en- 
tire genomes of  humans and mice acces- 
sible for detailed genetic analysis. 

The mapping data alone can give some 
hints as to gene function. Oncogenes 
provide a striking example. These genes 
were originally identified in murine and 
avian RNA tumor viruses, where they 
encode the malignant transformation o f  
the infected host cells. These viral onco- 
gene sequences have seen shown to be 
homologous to sequences in the germline 
genomes o f  humans and mice. Several o f  

Table 1. Human genes assigned by restriction analysis. The capital letters in parentheses are the 
gene names tentatively suggested for adoption (I) .  

Name 
Chromo- DNA 

soma1 ~ 0 1 ~ -  Refer- 

location Type morph- ence ism 

Single-copy genes (S) and compact families (C) 
C-fos homolog (CFOS) 2 (s )  - 
Ig K light chains (IGK) 2 ( c )  - 

(26) 

Proopiocortin (POC) - 
(49) 

2~ 
C-myb homolog (CMYB) 6 ( 3  - 

(50) 

Prolactin (PRL) 6 ( c )  - 
(26) 

- 
(50) 

Collagen, type I ,  a2  (COLlA2) 7 
- 

(51) 
C-mos homolog (CMOS) 8 (s )  

- 
(26) 

C-myc homolog (CMYC) 8 (s)  
- 

(26) 
a-Interferon (IFL) 9pter-q12 ( c )  
p-Interferon (IFF) 9pter-q12 (s)  - 

(36) 

C-abl homolog (CABL) 9 (s )  - (26) 
(36) 

C-rasH homolog (CRASH) 1 1 ~ 1 3  (s)  + (26) 
Insulin (INS) 11~15.5-p13 (s)  + (52) 
p-Globins (HBB) 11~1208-p1205 (C) + 

- 
(6, 53) 

C-rusk homolog (CRASK) 12 ( 3  (26) 
Ig heavy chains (IGH) 14q32.3 ( c )  + 

- 
(22) 

C-fes homolog (CFES) 15 (s)  (26) 
a-Globins (HBA) 16pter-p11 ( c )  + 

- 
(6, 54) 

Chymotrypsinogen B (CTRB) 16 
Growth hormone (GH), chorionic so- 17q21-qter ( c )  - 

(55) 

matomammotropin (CSH), and 
(56) 

placental lactogen (PL) 
Collagen, type I, a1  (COLIAI) 17q21-qter ( 9  - 
C-src homolog (CSRC) 20 (s)  - 

(5 7 )  

- 
(26) 

C-sis homolog (CS 1C) 22qll-qter (S) (26) 

Dispersed families 
Argininosuccinate synthetase (ASS) 6,9,X,Y,* + 
Immunoglobulin A light chains (IGL) 

(32) 
22,* + 

* - 
(46, 49) 

p-Tubulin (44) 

*Family members reside on chromosomes in addition to the ones named, but cannot be definitively assigned 
on the basis of available data. The chromosome carrying the functional gene is in italics. 

Table 2. Murine genes assigned by restriction analysis. 

Name 
Chromo- DNA 

poly- Refer- 
Type morph- ence location ism 

Single-copy gene (S) and compact families (C) 
Proto-oncogene c-abl 2 (s )  - 

- 
(23) 

Major urinary protein (Mup) 4 ( c )  
- 

(58) 
Proto-oncogene c-mos 4 (S) (24) 
Kidney cDNA (that is, pMKA11, locus RP1) 4 (s )  + 

- (59) 
a- ,  p-, 7-caseins; casein-like cDNA (that is, 5 ( c )  (3 7 )  

pCM 40) 
J protein 5 (s )  - 

- 
(60) 

a-Fetoprotein (Afp), albumin (Alb) 5 (c )  
- 

(38) 
Ig K light chains (Igk) 6 ( c )  

- 
(34) 

p-Actin 6 ? 
- 

(47) 
Myosin light chain 2 7 (s )  (4 7 )  
Kidney cDNA (pMK208,908; locus RP2) 7 (s )  + 

- 
(59) 

Myosin heavy chain 11 ( c )  (4 7 )  
Ig heavy chains (Igh) 12C2-ter (C) + (35) 
Nonimmunoglobulin-associated rearranging 15 ? - (25,27) 

DNA fragments (2) 
Proto-oncogene c-myc 15 ( s )  - 

- 
(25) 

A light chains (Igl) 16cen-zB5 (C) (33) 

Dispersed families 
Ribosomal protein S16 5 * - 

- 
(30) 

Ribosomal protein L18 7,12* 
- 

(30) 
Ribosomal protein L19 6* 

- 
(30) 

Ribosomal protein L30 3,12* 
- 

(30) 
a-Globins 11,15,17 

- 
(31) 

Pro-opiomelanocorticotropin (POMC) 12,19 (6 7 )  
Kidney cDNA pMKA17 14* + 

- 
(59) 

a-Actin 2,3,17* (4 7 )  

*Additional family members are present on chromosomes other than the one or those named, but cannot be 
definitively mapped on the basis of available data. Chromosomes carrying functional genes are indicated in 
italics, if known. 



Table 3. Human genes and DNA fragn ients assigned by in situ hybridization. 

Name 
Chromo- 

somal 
location 

Refer- 
ence 

DNA fragment DlSl 
Immunoglobulin K light chains (IGK) 
Histones (HI, H2A, H2B, H3, H4) 
C-mos homolog (CMOS) 
C-myc homolog (CMYC) 
a- and p-Interferons (IFL, IFF) 
Insulin (INS) 
?-Interferon 
Immunoglobulin heavy chains (IGH) 
a-Globin (HBA) 
Collagen, type I, a l  (COLIAI) 
Growth hormone (GH) gene cluster 

l p36 
2~ 

7q21 + 36 
8q22 
8q24 

9p21 + pter 
l lp15 

12q24.1 
l4q32 

16 
17q21 + q22 
17q22 + q24 

these cellular sequences have well-char- 
acterized RNA and protein products. In 
no case, however, has a normal cell 
function been associated with any of 
these genes. The murine and human on- 
cogene homologs are widely scattered 
throughout their respective genomes 
(23-27). Strikingly, three of them, human 
C-CIS and C-ABL, and murine c-myc, 
lie in chromosomal regions associated 
with specific translocations of lymphoid 
neovlasms. Two other mouse DNA se- 
quences, discovered because of their as- 
sociation with aberrantly rearranged 
immunoglabulin heavy chain genes in 
myeloma cell lines, have been shown by 
mapping experiments to contain subre- 
gions derived from chromosome 15 in 
one case, and from chromosome 6 and 15 
in the other covalently attached to subre- 
gions derived from the Igh region of 
chromosome 12. These fragments may 
be the junction sequences formed in my- 
eloma-specific translocations involving 
chromosomes 6 ,  12, and 15 (25). 

Intraspecies polymorphisms in the 
mapped DNA sequences are crucial in 
these mapping analyses. They provide 
the link between the physical maps gen- 
erated by the techniques discussed so far 
and the linkage maps of Mendelian ge- 
netics. The data in Tables l and 2 proba- 
bly underestimate the frequency of poly- 
morphism. In many cases, limited 
searches for polymorphic variants were 
made. More important, the DNA se- 
quences listed may not be representative 
of the genome as a whole. Many were 
isolated because they contain unusually 
extended regions of single-copy se- 
quence DNA. Many human and murine 
DNA polymorphisms, however, appear 
to be due to insertions, deletions, or 
rearrangement of reiterated sequences 
(28, 28a). The calculation of Botstein et 
al. (29) that about 15 percent of all re- 
striction fragments in both humans and 
mice should contain polymorphic re- 
gions may prove correct. 

Multigene families. The most striking 
results to emerge from these studies to 
date concern multigene families. The ex- 
istence of families of related DNA se- 
quences, such as those encoding immu- 
noglobulins, globins, major histocom- 
patibility antigens, and so forth, is well 
established. It is likewise well estab- 
lished that many of these families include 
pseudogenes--closely homologous DNA 
sequences altered so as to prevent tran- 
scription of functional messenger RNA's 
(mRNA) or translation of functional pro- 
teins (or both). The surprising result 
yielded by DNA-level mapping of these 
families was that many were widely dis- 
persed in the genome. Members of four 

Eco R1 d ~ q e s t  

Fig. 2. Analysis of the human argininosucci- 
nate synthetase multigene family. Human 
x Chinese hamster somatic cell hybrids were 
generated as outlined in Fig. 1 .  Total genomic 
DNA extracted from each of ten hybrid 
clones (tracks 4a-20, . . . ,4a), Chinese ham- 
ster cells (Cm, and human cells was digested 
to completion with Eco RI restriction endo- 
nuclease, fractionated by size in an agarose 
gel (direction of migration is from top to 
bottom as shown), blotted, and hybridized 
with a cDNA probe corresponding to human 
argininosuccinate synthetase. Dierent hy- 
brids contain different subsets of the complex 
of DNA fragments found in the human parent, 
indicating wide dispersion of this gene family 
over the human genome. [Courtesy of Cell; 
from Beaudet et al., in (32)] 

murine ribosomal protein gene families 
have been mapped. All are dispersed to 
two or more chromosomes (30). Like- 
wise, the two functional murine adult a- 
globin genes and one embryonic a-globin 
gene form a tightly linked cluster on 
chromosome 11. Two pseudo-a-globin 
genes have been identified that clearly 
do not map to chromosome 11, but to 
chromosomes 15 and 17 (31). At least ten 
DNA sequences homologous to an argin- 
inosuccinate synthetase cDNA probe ex- 
ist in the human genome, dispersed over 
at least eight autosomes and both sex 
chromosomes (32) (Fig. 2). 

Not all gene families are dispersed. In 
the mouse, all immunoglobulin A light 
chain genes so far detected-three func- 
tional constant region (C) A genes, one 
pseudo C A gene, and two functional 
variable region (V) A genes--are clus- 
tered on the proximal portion of chromo- 
some 16 (33). All K light chain genes are 
clustered on mouse chromosome 6 (34). 
Likewise, all murine heavy (H) chain C 
genes, and all heavy chain V genes so far 
examined, form a linked cluster on the 
distal portion of chromosome 12 (35). 
Attempts to find VH-like DNA se- 
quences elsewhere in the genome have 
so far been unsuccessful. All detectable 
members of the human a-interferon gene 
family reside on chromosome 9 (36). 
Three murine casein genes, and one ca- 
sein-like gene, are clustered on chromo- 
some 5 (38, as are the pair of evolution- 
arily and functionally linked genes a- 
fetoprotein and albumin (38). Similarly, 
all human and murine DNA fragments 
detected by cDNA probes corresponding 
to major histocompatibility complex 
genes map to human chromosome 6 and 
mouse chromosome 17, respectively (39, 
40). 

The possibility remains that genes are 
dispersed from these families to novel 
locations on the same chromosome, al- 
though mechanisms for such specific dis- 
persion are hard to envision. Chromo- 
some walking experiments directly sup- 
port the notion of clustering for substan- 
tial parts of the murine gene families 
encoding immunoglobulin heavy chains 
and the major histocompatibility com- 
plex (40,41). More data are needed, but 
it is attractive to speculate that gene 
families differ significantly from one 
another in their susceptibility to disper- 
sion. 

Mechanisms for gene dispersion. On 
the basis of recent structural studies of 
dispersed genes four mechanisms seem 
relevant to account for the presence of 
differentially mobile genes. The first is 
rescue of a host cell gene by recombina- 
tion with a retroviral sequence (42). Inte- 
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gration of the recombinant retrovirus analysis of pseudogenes from families chromosome except 6 and Y translocated onto a 
selectable one [M. C. Green, Ed., Genetic Van- 

into the genome of a germ cell would some functional members of which are ants and Strains of the Lfiboratop Mouse ( F ~ -  
give rise to a dispersed copy of the expressed in germ cells and some mem- Scher Verlag, Stuttgart, 1981)1. Human primary 

fibroblast lines carrylng translocations involv~ng 
original host cell gene. The copy would bers of which are expressed only in these selectable markers and various other chro- 

lack intervening sequences and be 
flanked by retroviral long terminal re- 
peats. All host cell sequences could be 
dispersed in this way. Nevertheless, no 
dispersed gene exactly fitting this de- 
scription has been found, although the 

' murine 4 3  globin gene differs from it 
only in the orientation of the flanking 
long terminal repeat sequences with re- 
spect to one another (28a). 

Second, DNA sequences with the or- 
ganization of transposons might mediate 
the generation of additional exact copies 
of themselves widely dispersed over the 
genome. The interspersed short repeated 
sequences characteristic of mammalian 
genornes, such as the Alu family, may 
themselves form transposons (12, 43). 
Any stretch of DNA flanked by such 
repeated elements could be moved unal- 
tered, although it would be flanked in its 
new location by an additional small di- 
rectly repeated DNA sequence (43). No 
case of gene dispersion by this mecha- 
nism in mammals has been described. 

The third mechanism, like the first, 
involves an RNA intermediate. Here, 
however, a cellular RNA species is pre- 
sumed to program synthesis of a cDNA 
molecule that is inserted into a chromo- 
some. Several dispersed human P-tubu- 
lin pseudogenes have a cDNA-like struc- 
ture. Their homology to the functional 
gene begins at a point corresponding to 
the normal poly(A) (polyadenylate) addi- 
tion site. In the pseudogene, this site is 
followed by an A-rich nucleotide stretch. 
Intervening sequences found in the func- 
tional gene are precisely deleted in the 
pseudogenes (44). Weiner and colleagues 
have shown that the human small nucle- 
ar RNA U3 can take on a secondary 
structure that, in vitro, programs the 
synthesis of a cDNA corresponding to its 
5' 72-nucleotide residues. This 72-bp nu- 
cleotide is found widely dispersed in the 
human genome (45). DNA sequences 
transcriptionally active in germ cells 
should be susceptible to dispersion by 
this mechanism. It is striking that gene 
families such as immunoglobulins, the 
major histocompatibility complex, glo- 
bins, and a-interferons, which largely 
lack dispersed members, are also tran- 
scribed only at very low levels, if they 
are transcribed at all, in germ cells (46). 
Extensively dispersed families such as 
human p-tubulin and argininosuccinate 
synthetase are transcriptionally active in 
germ cells. A crucial test of the general- 
ity of this model will come with the 
chromosomal mapping and structural 

somatic tissue (47). 
The fourth mechanism is gene conver- 

sion. Originally described in fungi, gene 
conversion has been invoked as a mech- 
anism to explain very highly homologous 
regions within human globin gene clus- 
ters. It may have a general role in gener- 
ating sequence homogeneity within gene 
clusters, and closely related events could 
be responsible for variation in the sizes 
of these clusters. The apparent require- 
ment for regions of perfect homology 
flanking the two sequences involved in 
the conversion event, however, appears 
incompatible with gene conversion being 
a mechanism for exporting sequences 
from such a cluster to unrelated, distant 
sites in the genome (48). 

All these models are based on exami- 
nation of a tiny fraction of the genome. 
Nevertheless, the gene mapping tech- 
niques described in the first part of this 
article provide a rapid, general method 
for identifying compact and dispersed 
gene families and for dissecting apart the 
members of the latter. In conjunction 
with DNA cloning and sequencing ap- 
proaches, they should allow the struc- 
tures of these families to be worked out 
in detail and thus begin to provide an 
insight into their evolutionary origins 
and present-day functions. 
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RESEARCH ARTICLE 

Genetic Expression in the Developing Brain 

Nirupa Chaudhari and William E. Hahn 

Abstract. The adult mouse brain contains complex populations of polyadenylated 
[poly(A)+] and nonpolyadenylated [poly(A)-] messenger RNA's (mRNAJs).  These 
mRNAJs are separate sequence populations, similar in complexity, and in combina- 
tion are equivalent to - 150,000 different mRNA sequences, of average length. 
Essentially all of the "adult" poly(A)+ mRNA's are present in the brain at birth. In 
contrast, most of the poly(A)- mRNA's are absent. Brain poly(A)- tvRNA's begin to 
appear soon after birth, but the full adult complement is not reached until young 
adulthood. This suggests that these poly(A)- mRNA's specifi proteins required for 
the biological capabilities of the brain that emerge during the course of postnatal 
development. 

A major fraction of the DNA that is 
thought to code for protein ( I )  is ex- 
pressed as messenger RNA (mRNA) in 
the mammalian (rodent) brain (2, 3). It 
seems likely that as many, or perhaps 
more, structural genes are required for 
the formation and function of the brain 
than are necessary for all other tissues 
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and organs combined. The complexity of 
whole brain polysomal RNA is equiva- 
lent to about 150,000 different se- 
quences, 1500 nucleotides in length (2, 
3). The diversity of mRNA molecules in 
the brain is biologically consistent with 
the extensive cellular heterogeneity and 
microdifferentiation of the various cell 
types that occur in this organ. In addi- 
tion, the greater complexity of brain 
RNA might be due to the inherent com- 
plexity of neurons. Studies on tumor 
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cells of neural origin and nuclear RNA 
prepared from the neuronal fraction indi- 
cate that neurons contain RNA of higher 
sequence complexity than do other types 
of mammalian cells (4). 

Measurements of the complexity of 
brain polysomal RNA have shown that 
nonhomologous populations of poly- 
adenylated [poly(A)+] and nonpolyade- 
nylated [poly(A)-] mRNA are present. 
The sequence complexity of these 
mRNA populations is about the same (2, 
3). Also, in Drosophila a complex po- 
ly(A)- mRNA population is present, 
many species of which are present in the 
head of the fly (5). 

Although poly(A)- mRNA's have 
been identified in various systems (6),  a 
highly complex population of poly(A)- 
mRNA's appears to be characteristic of 
the brain since, in other mammalian cells, 
tissues, and organs that have been exam- 
ined, essentially all of the sequence com- 
plexity is present in the poly(A)+ RNA 
fraction of polysomal RNA (7). Most of 
the rare, complex class mRNA species in 
the brain are present at much less than 
one copy per cell (3), and, although little 
is known regarding anatomical localiza- 
tion of specific mRNA's, we can sup- 
pose that many of the rare copy species 
are restricted to given cell types, or 
subpopulations of cells, where they are 
present in relatively high copy frequency 
(8). The translational efficiency in cell 
free systems of brain poly(A)- mRNA's, 
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