
of the hurqan X chromosome (3). In 
some instances, both techniques were 
used. 

We determined the genetic linkage re- 
The Genetic Linkage Map d the lationships among 21 DNA markers (Ta- 

ble 1) by examining DNA from 38 normal 

Human X Chromosome families. These families are character- 
ized by the presence of all four arandpar- 
ents and by large sibships, averaging 

Dennis Drayna and Ray White nine children each (4). We gathered com- 
plete genotypic information for each 
marker in each family in which the mark- 
er was informative-that is, the mother 

The X chromosome has been studied the genetic linkage relationships among a was heterozygous. Because the maternal 
more intensively than any other h u m a ~  number of X chromosome RFLP mark- grandfather in each family passes an 
chromosome, because its unique inheri- ers in a series of normal families, be- exact copy of his only X chromosome to 
tance allows identification of recessive cause a normal population is the beqt his daughter, the genotype of the mater- 
X-linked traits. A linkage map provides source of families with pedigree struc- nal grandfather explicitly determines the 
an essential framework for understand- tures optimal for efficient accumulation disposition of alleles on the two maternal 
ing and predicting chromosome behavior of linkage data. These markers serve to chromosomes (that is, their haplotype 
at the molecular genetic level. Because identify loci of genes associated with phase). When phase is known, the re- 
of the importance of the X chromosome 
for the study of burnan genetics, we have 
devoted our efforts to the construction of Summary. A database useful for mapping the human X chromosome has been 
a genetic linkage map for this chromo- established. The data consist of the genotypic characterizations obtained at more 
some. The map is based on meiotic re- than 20 DNA marker loci from a set of 38 selected families. Multilocus linkage analysis 
combination frequencies rather than on has provided an initial genetic map completely spanning the distance from the distal 
physical localization. A widely applica- short arm to the distal long arm of the chromosome, for a total genetic length of at 
ble genetic map of this chromosome will least 185 recombination units. Analysis of the recombinational behavior of fully 
be useful in the diagnosis and prediction marked chromosomes suggests that the number of recombination events on the X 
of many X-linked genetic diseases. chromosome may be nonrandom. Linkage studies of six families that carry the 

The primary genetic defect is un- mutation which causes Duchenne muscular dystrophy were combined with linkage 
known for many X-linked diseases, data from a large number of normal families. This permitted mapping of the locus for 
Some of these disorders, such as Du- Duchenne muscular dystrophy with greater precision and statistical confidence than 
chenne muscular dystrophy and fragile studies in which disease families alone provided the genotypic database. This 
X-linked mental retardation, are genetic observation suggests that the normal linkage map of this ~hromosome should be 
diseases of major importance. A genetic especially valuable in the mapping of rare X-linked diseases. 
trait can be mapped by linkage without a 
detailed knowledge of the biochemical 
defect causing the disease. Specifically, disease (OTC, HPRT, FVIII, and FIX) combination frequency between two 
even in the absence of a direct test for a as well as arbitrary loci defined solely by marker loci can be estimated by counting 
specific mutant gene, it is possible to DNA. The DNA marker loci used in our the recombinant and nonrecombinant 
diagnose or predict a disease if ubiqui- study together with their characteristics chromosomes. 
tous closely linked markers are avail- and sources are listed in Table 1. In the construction of the linkage map 
able. For such markers, we have relied The X chromosome map resulting from our genotypic data we considered 
on cloned DNA segments that reveal from our linkage studies (Fig. 1) has two features, genetic distance and genet- 
polymorphism in the length of the frag- allowed us to examine the meiotic be- ic order. The distinction between these 
ments produced by cleavage of genomic havior of X chromosomes as a popula- two parameters is important, for while 
DNA with certain bacterial endonu- tion and to improve the resolution of gene distances are expected to change as 
cleases (restriction enzymes). These linkages between DNA markers and X- the data set enlarges, it would be useful 
restriction fragment length polymor- linked diseases. for the gene order to remain largely 
phisms (RFLP's) can be detected in hu- invariant (5). 
man DNA by hybridization of a single- Gene distances. We obtained a first 
copy DNA probe to a Southern blot of Building the Map estimate of genetic linkage distance be- 
total genomic DNA digested with restric- tween loci by examining the recombina- 
tion enzymes ( I ) .  RFLP's have several Two types of information contribute to tion frequency between pairs of marker 
important advantages as 4enetic markers. the construction of a genetic map of the loci. The number of meioses generating 
They can be found in virtually all regions X chromosome: localization of the DNA X chromosomes in which recombination 
of the genome, and they act as codomi- markers by physical methods, and deter- could be scored between any two marker 
nant systems, prqviding complete geno- mination of the various genetic linkage loci ranged from 0 to 88, with a mean of 
typic information at their respective loci. relationships among them. The physical 

Dennis Drayna was formerly at the Howard Furthermore, a high degree of polymor- locations of these markers were approxi- Hughes Medical Inst~tute,  Un~ver s~ ty  of Utah Medi- 
phism can often be developed in mated by in situ hybridization to meta- cal Center, Salt Lake City 84132, and 1s now in the 

Department of Molecular B~ology, Genentech, 
RFLI"s, and this makes them useful as phase chromosomes (2)  or by hybridiza- south San Francisco, Caltfornia 94080. Ray Wh~te  is 
genetic markers for most families. tion to the DNA of a panel of hybrid cell assoc~ated with the Howard Hughes Medical Insti- 

tute and the Department of Human Genet~cs, Unl- 
To construct the map, we determined lines, each containing a different portion verslty of Utah Med~cal Center. 
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26.5. Listed in 'l'able 2 are the recombi- iacilitate these analyses. We have made 21 loci, The most distal and highly poly- 
nation fractions observed between each 
marker locus and the four marker loci 
that emerged as the closest adjacent loci 

extensive use of the linkage analysis 
program ILINK for this purpose (7). The 
ILINK program iteratively calculates 

morphic locus, St14, was chosen as the 
zero point of the map. 

For each set of four marker loci, the 
results of multifactor analysis with 
ILINK are listed in Table 2, which gives 
the most likely gene order within each 
successive group of four loci. Table 2 
also lists the likelihood of that order 
when compared to the second most like- 
ly order. The second most likely order 
was usually that of the middle two loci 
inverted. In some cases, pairwise cross 
information on one interval was limited; 

in the final map. Examining pairwise 
cross data alone, we can often estimate a 
consistent marker order. However, the 

the most likely recombination fraction 
for several loci considered jointly, taking 
into account information available from 
both pairwise and multifactor crosses. 
We have analyzed each successive set of 
four loci with ILINK. The program was 

standard errors associated with each 
linkage distance are frequently such that 
several different orders are possible. 

Gene order. To determine gene order, 
we began by considering the physical 
evidence for localization of our 21 DNA 

run serially, each time specifying a dif- 
ferent gene order consistent with known 
physical locations. This analysis pro- 

markers. As shown in Table 1, the physi- 
cal order of many markers along the 
chromosome is known with sufficient 
resolution that order is left uncertain for 

duced a series of likelihoods, one for 
each marker order. ILINK analysis also 
provided the most likely genetic dis- 
tances among the four loci; in conse- 

either there were no informative meioses 
(such as in the case of 58 x L1.28), or we 
observed no recombinants in a small 
number of meioses (as in D2 x RC8). In 
these cases, the genetic evidence for 
relative order had to be based solely on 

only a subset of markers in certain re- 
gions. On the long arm, for example, the 
physical order is cen-DXYS1-S21- 
HPRT-52A-DX13 (2); this establishes a 
framework that can be used to order 
other loci on the long arm. 

quence, we were able to build the map 
with the most likely parameters for both 
distance and order, based on markers 
taken four at a time. 

Examination of markers four at a time 
allows the map locations for one group of 

two-factor cross information with neigh- 
boring markers. This relatively weak 
method of determining gene order results 

When physical methods were insuffi- 
cient for resolving marker order, we re- 
lied on genetic evidence derived from 

four loci to be conditional on the infor- 
mation from the previous, overlapping 
group of four loci. For example, in a 

in limited support for a given order, and 
the order shown in Fig. 1 is in some 
instances based solely on physical loca- 
tion, as noted in Table 2. In these cases, multifactor crosses. These can be scored given set of four loci, the most likely 

order and distances between loci 1, 2, 3, 
and 4 were determined. The resulting 
distance between loci 2 and 3 was then 

in progeny chromosomes from mothers 
simultaneously informative for three or 
more linked markers. Multifactor cross- 

the confidence in the gene order is pre- 
sented with respect to the second most 
likely order that is consistent with the 

es are particularly powerful for deter- 
mining gene order because they provide 
an internal accounting of crossover 

fixed and used to determine the most 
likely order and distahces for loci 2, 3, 4, 
and 5. The map produced by this tech- 

physical locations of those markers. 
Where the loglo of the odds for a unique 
order is less than 3, we must consider the 

events among the loci being examined. 
If, for example, the order of three loci is 
A-B-C, then a crossover between A and 
B will reveal recombination between A 

nique integrates the information on 
marker order and marker distance for all 

most likely order as only tentative. How- 
ever, this method does provide evidence 
as to where the map is strong and where 
it is weak. 

and B and between A and C, but not 
between B and C, neglecting double ex- 
changes. Likewise, a single crossover 

In regions of the map in which genetic 
evidence for order was limited, loci were 
analyzed five at a time with ILINK to 

between B and C will show recombina- 
tion between B and C and between A and 
C, but not between A and B (Fig. 2). The 
likelihood of the order A-B-C over the 

=;E8 

- 99-6  

- OTCase 

extract the most information possible 
from the genotypic data available. For 
example, the position of marker 754 was 
determined by analyzing 754 with RC8, 
99-6, OTCase, and L1.28, and again with 
99-6, OTCase, L1.28, and 58. The final 

alternative orders can then be quantified 
on the basis that chromosome classes 
requiring double exchanges will be the 
least frequently observed. This logic can 
be extended to more than three markers, 
and confidence in gene order can be 

man reveals that the human X chromo- 
some is at least 185 recombination units 
in length; the short arm displays roughly 
the same genetic length as the long arm. 

The results obtained in 38 normal Utah 
kindreds are generally consistent within 
the set. However, one instance repre- 

\ , CEN 

- Pa 
'- D X Y S I  
- 19-2 -- S21  
' 22-33  

- HPRT 
- 52A 
' F IX 

- DX13  
' St-14,  F Vlll 

quantified in the same fashion. 

Likelihood Calculations sented striking inconsistency between 
families in the interval DX13 to St14. In 
seven families, no recombinants were The support for a gene order can be 

quantified by the method of maximum 
likelihood; the relative likelihood of each 
order is calculated at the most likely 
recombination fractions between the 
markers (6). These overall likelihoods 
can ther. be compared to determine the 
relative support for one gene order over 
another. Computerized systems for mul- 
tilocus likelihood calculations, recently 
developed by Lathrop et al. (7), greatly 

observed in 47 meioses. In the eighth 
family, these two markers displayed 
three recombinants in seven meioses. A 
recombination fraction of 0 obtained in 
47 meioses would place these two mark- 
ers within 5.6 recombination units of 
each other (95 percent confidence inter- 
val). The probability of observing three 

Fig. 1. Linkage map of the human X chromo- 
some. Genetic distances are represented in 
recombination units, and physical locations of 
selected markers are indicated on the ideo- 
gram. 

recombinants out of seven if the true 
recombination fraction was 0.056 is less 
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Findings were similar in a recent collabo- Using the Normal Map to Refine than 2.0 x It is difficult, however, 
to determine whether this inconsistency 
is the result of statistical fluctuation or of 
some fundamental heterogeneity. 

Distribution of Crossover Events 

The current data set contains 285 X 
chromosomes in the third generation- 
that is, chromosomes in which recombi- 
nation can be scored. The average X 
chromosome in this set is informative for 
7.3 markers, with a fraction of this set 
(105 chromosomes) informative for eight 
or more markers evenly distributed 
throughout the length of the chromo- 
some. When this subset of well-marked 
chromosomes was examined for the 
number and distribution of recombina- 
tion breakpoints, we found that chromo- 
somes can undergo zero to four recombi- 
nation events per meiosis, as illustrated 
in Fig. 3. At this level of resolution, the 
X chromosomes displayed a mean of 1.5 
recombination events per chromosome, 
with 14 percent of the X chromosomes 
showing no recombination, 34 percent 
showing a single exchange, 35 percent 
showing two exchanges, 12 percent 
showing three exchanges, and 1 percent 
showing four exchanges. The distribu- 
tion of crossover events shows deviation 
from the Poisson expectation which is 
significant at a level of 0.05, according to 
the X 2  test. The deviation indicates that 
the number of recombination events on 
the X chromosome may be nonrandom. 

Mapping Genetic Diseases 

The current distribution of RFLP 
markers on the X chromosome is such 
that any X-linked disease locus will map 
within ten recombination units of at least 
two markers. Because of this proximity 
of markers, we should be able to locate 
disease loci whose ultimate genetic de- 
fect is unknown. Toward this end, we 
have studied linkage relationships among 
a number of DNA markers and several 
X-linked diseases. 

For example, we sampled six families 
in Utah with Duchenne muscular dystro- 
phy (DMD). Each family contained three 
or four generations. These six families 
provided information on the linkages be- 
tween DMD and the markers 99-6, 754, 
OTCase, and 58. The most likely linkage 
distances and marker order, calculated 
with ILINK, indicate that the DMD lo- 
cus lies between the markers 754 and 99- 
6, being 15 + 6 (standard error of the 
mean) recombination units proximal to 
99-6 and 21 + 11 units distal to 754. 

rative study (8). Disease Linkages 
Disease families have also been stud- 

ied for linkage between DNA markers The linkage results obtained for the 
and several other X-linked diseases, in- diseases Duchenne muscular dystrophy, 
cluding X-linked retinitis pigmentosa (9), hemophilia A, and X-linked retinitis pig- 
hemophilia A (lo), X-linked retinoschisis mentosa indicate that a reasonable level 
(I]), and choroideremia (12). of certainty of genetic location (and thus 

4 B 
Y 

F Recombinant  in intervals  AB a n d  A C  Fig. 2. for defi- 
Nonrecombinant  in interval  B C  nition of gene order 

a 6 c when multifactor 
4 5 R e c o m b i n a n t  in intervals  A C  a n d  B C  CrOSSeS are used. 

Nonrecombinant  In interval  AB 
a 6 Gene orders other 

C than A-B-C will re- 
quire double exchanges to produce chromosomes that display this distribution of recombination 
and nonrecombination among the three markers. 

Fig. 3. Distribution of 
recombination break- 
points among X chro- 
mosomes in one fam- 
ily. The contribution 
of each maternal X 
chromosome toward 
the constitution of the 
X chromosomes in 
her progeny is shown 
by shading. Since the 
precise locations of 
recombination break- 
points between any 
two loci in the proge- 
ny X chromosomes 
are not known, the 
breakpoints are indi- 
cated by wavy lines. 

Kindred 1 3 5 4  

Table 1. DNA markers on human chromosome X. 

HGM8 

Marker Physical Poly- Allele Refer- 
location morphism frequency ence 

symbol 

dic56 
P D ~  
RC8 
p99-6 
754 
OTCase 

L1.28 
~ 5 8  
~8 
DXYS 1 
p 19-2 
S21 

22-23 
HPRT 
43-15 
52A 
F IX 
DX13 
F VIII 
St14 

DXS 143 
DXS43 
DXS9 
DXS41 
DXS84 
OTC 

DXS7 
DXS14 
DXS 1 
DXYS 1 
DXS3 
DXSl7 

DXS11 
HPRT 
DXS42 

Protein poly- 
morphism 

Bcl I 
Pvu I1 
Taq I 
Pst I 
Pst I 
Msp I 
Bam HI 
Taq I 
Msp I 
Taq I 
Taq I 
Msp I 
Taq I 
Msp I 
Taq I 
Bam HI 
Bgl I1 
Taq I 
Taq I 
Bgl I1 
Bcl I 
Taq I 

Msp I 
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Marker 

Table 2. Linkage data between DNA markers on the human X chromosome. N.I., not informative. 

Log,, of ratio of Recombinants Two-factor Recombination likelihood of most per informa- fraction Most likely gene order likely order to next crosses tive meioses most likely order 

FVIII 

DX13 

FIX 

52A 

43-15 

HPRT 

22-33 

S21 

19-2 

DXYSl 

~8 

58 

L1.28 

OTCase 

754 

F VIII 
DX13 
F IX 
52A 
43-15 

DX13 
52A 
43-14 
HPRT 

FIX 
52A 
43-15 
HPRT 

52A 
43- 15 
HPRT 
22-33 

43-15 
HPRT 
22-23 
S2 1 

HPRT 
22-33 
S21 
19-2 

22-33 
S2 1 
19-2 
DXYSl 

S21 
19-2 
DXY S 1 
~8 
19-2 
DXYS 1 
~8 
58 

DXYS 1 
P8 
58 
L1.28 

P8 
58 
L1.28 
OTCase 

58 
L1.28 
OTCase 
754 

L1.28 
OTCase 
754 
99-6 

OTCase 
754 
99-6 
RC8 

754 
99-6 
RC8 
D2 

99-6 
RC8 
D2 
782 

0157 
3154 

17157 
3 1188 
23153 

0127 
6127 

12126 
6/20 

13133 
20169 
6119 
5113 

1155 
017 
1113 
117 

3135 
1120 
4122 
7129 

1125 
3114 
2116 
318 

4114 
217 
211 1 
417 

017 
018 
5115 

N.I. 

1117 
4132 

N.I. 
1\10 

1123 
N.I. 
1119 
6116 

N.I. 
0116 
8115 

19173 

N.I. 
418 
6116 
318 

N.I. 
119 
3110 
519 

4122 
4132 
316 
7120 

4188 
12167 
9127 

16140 

3137 
5/19 

18162 
9133 

No recombinants 
between St14 and 
FVIII; order not 
determined 

(St14, FVIII) DX13 FIX 

52A FIX DX13 St14 

43-15 52A FIX DX13 

HPRT 43-15 52A FIX 

22-33 HPRT 43-15 52A 

S21 22-23 HPRT 43-15 

19-2 S21 22-23 HPRT 

DXYSl 19-2 S21 22-23 

p8 DXYSl 19-2 S21 

L1.28 58 p8 DXYSl 

58 p8 DXYSl 19-2 

OTC L1.28 58 p8 

754 OTC L1.28 58 

99-6 754 OTC L1.28 

RC8 99-6 754 OTC 

Order based on 
physical location 

Order based on 
physical location 

Order based on 
physical location 
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Table 2 (continued). 

Marker 
Recombinants Recombination 

Two-factor per informa- 
fraction Most likely gene order 

crosses tive meioses 

Log,, of ratio of 
likelihood of most 

likely order to next 
most likely order 

5134 
4117 
9130 
8123 

017 
2112 
2112 
5114 

3116 
2117 

N . I .  

2118 
318 

016 

certainty of predictive value of the DNA 
markers) is possible if large numbers of 
families are available to build linkage 
data. Most X-linked diseases, however, 
are much less common than DMD, he- 
mophilia A, or retinitis pigmentosa, and 
frequently occur in only one family or a 
few families (13). How can such diseases 
be accurately mapped and predicted? 

We suggest that RFLP linkage data 
gathered in normal families can great- 
ly improve the quality of linkage infor- 
mation in cases of rare genetic diseases. 
When only a few informative meioses 
are available, the linkage distances from 
RFL,P markers to a disease locus will be 
characterized by a large variance. This 
variance can be constrained, however, 
by the relatively large amount of infor- 
mation available on the linkage distance 
between the RFLP markers themselves, 
obtained from normal families. 

An example of the usefulness of the 
normal map is provided by our analysis 
of the limited amount of linkage informa- 
tion we obtained in the six Utah DMD 
kindreds. These families were genotyped 
at the loci RC8, D2,99-6,754, L1.28, and 
58. The number of meioses informative 
for DMD and for each of the DNA 
markers ranged from none (for RC8 and 
L1.28) to 11 for 99-6; very little informa- 
tion on linkage between DNA markers 
was obtained. From these families alone, 
information on the pairwise linkage dis- 
tances between each marker and DMD 
(calculated with LINKMAP) was very 
weak, as shown in Fig. 4A; the pairwise 
LOD scores for linkage to DMD did not 
exceed +0.40 for any DNA marker. 

By contrast, the linkage database gath- 
ered on the same DNA markers in nor- 
mal families is substantial. We took ad- 
vantage of the information in the larger 
database by examining the genetic link- 
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ages between the DMD locus and the 
four closest loci-namely, RC8 and 99-6 
distal, and 754 and OTCase proximal- 
pooling the DMD and normal family 
data. We analyzed the entire data set 
with ILINK to determine the most likely 
genetic distances between the loci taken 
five at a time. With normal and DMD 
data sets combined, the most likely posi- 
tion of the DMD locus was established 
between 99-6 and 754, with the distance 
from 99-6 to DMD now estimated at 
9.1 2 3.6 units, and the distance from 
DMD to 754 at 12.9 +- 3.5 units (Fig. 
4B). This example demonstrates the po- 
tential usefulness of combining in a mul- 
tifactor analysis the normal map with 
data from disease families in the effort to 
map rare genetic diseases accurately. 

Discussion 

A genetic map represents a description 
of an important part of the fundamental 
biology of an organism. In addition, it 

DMD alone 
Pairwise l inkage d is tances  

- 
DMD + normal 
Multilocus analysis 

serves as a tool for the experimental 
study, and ultimately for experimental 
manipulation, of that organism. While 
technical and ethical considerations 
make experimental modification of the 
human genome problematic, the genetic 
map of the human X chromosome is of 
immediate value in the study and diagno- 
sis of human X-linked genetic diseases. 

The data set on which the X chromo- 
some linkage map is based is sufficiently 
developed to allow efficient mapping of 
new markers. The average X chromo- 
some in our set is currently informative 
for more than seven markers, and it will 
be possible to add new markers rapidly 
by observing their segregation in X chro- 
mosomes that contain defined crossover 
breakpoints. The genotypic data derived 
from this study, as well as DNA samples 
from family members, will be made 
available through the Centre d'Etude du 
Polymorphisme Humain in Paris, to as- 
sist in an international collaboration to 
construct a linkage map of the human 
genome. 

Fig. 4. Refinement of 
estimates of gene dis- 
tance by combining 
the normal mao with 
linkage informaiion on 
DMD disease fam- 

DyD 0 2 1  t o , j  7T4 ilies. The numbers on 
L O O =  + O  38 the distance map rep- 

DMD 58 resent the recombin- 
LO 61 t o  12 I 

L O O  211 negafwe 
ation fractions with 
standard errors. Place- 
ment of DNA markers 
proximal or distal to 
the DMD locus was 
based on vhvsical 
mapping (25). 

D 2 99-6 DMD 754 OTCase 

0.138 I I t0 .041 
0 .08l  1 0.128 100451 

f 0 . 0 3 6  f O 0 3 5  f O O l 6  

757 



Finally, the genetic map will provide 
information important to the task of 
spanning large regions of the chromo- 
some by physical methods now being 
developed (14, 15). The defined loci will 
provide essential reference points for 
studies that seek to "walk"a1ong the X 
chromosome. 
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Plasticity of the Differentiated State 
Helen M. Blau, Grace K. Pavlath, Edna C. Hardeman 

Choy-Pik Chiu, Laura Silberstein, Steven G. Webster 

Steven C. Miller, Cecelia Webster 

Tissue-specific phenotypes result from 
a sequence of developmental stages. To- 
tipotent cells in the early embryo give 
rise to stem cells specific to three distinct 
layers-endoderm, ectoderm, and meso- 
derm. Although the lineage, or progres- 
sion from stem cell to tissue-specific 
phenotype is not always fixed (I), once a 
cell is determined, it is generally des- 
tined for specialization along a specific 
pathway, such as erythropoiesis or myo- 
genesis. The option to generate other 
phenotypes no longer exists for the de- 
termined vertebrate cell, and its progeny 
stably inherit its limited potential. The 
determined cell will give rise to other 
phenotypes only under unusual experi- 
mental conditions, such as at sites of 
regeneration in amphibian limbs where 
transdifferentiation has occurred or after 
treatment with a drug such as 5-azacyti- 
dine; even then, only derivatives of the 
same embryonic lineage are obtained (2). 
At some point in development, the deter- 
mined cell expresses its phenotype, and 
the genes necessary for its role in the 
function of a particular tissue are tran- 
scribed. 

To obtain tissue-specific phenotypes, 
a sequence of regulatory mechanisms 
must exist that determine when in a 

cell's history specific genes are tran- 
scribed. The genetic composition of eu- 
karyotic cells is generally stable and her- 
itable. Chromosomes are not lost in the 
course of cell specialization. This is evi- 
dent since entire frogs can be generated 
from the transplantation of nuclei of spe- 
cialized intestine cells into enucleated 
oocytes and since a diversity of normal 
tissue-specific cell types can be generat- 
ed from malignant tumor cells intro- 
duced into early mouse embryos (3). The 
current model for the differential expres- 
sion of genes characteristic of tissues at 
different points in development requires 
regulation by DNA sequences on the 
same chromosome (cis-acting) and on 
different chromosomes (trans-acting). 
Cis-acting DNA sequences that impart 
tissue-specific regulation have been 
identified from the study of the expres- 
sion of cloned genes after transfection 
into cultured cells (4). The diffusible 
products of trans-acting genes are as- 
sumed to be negative or positive regula- 
tors of the cis-acting gene sequences. 
Although some general mediators of 
gene transcription and gene-specific 
binding proteins have been characterized 
in eukaryotes (3, with the exception of 
the factors that bind the Drosophila alco- 
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hol dehydrogenase gene (6 ) ,  no tissue- 
specific trans-acting regulators have yet 
been isolated. An understanding of how 
the expression of tissue-specific genes is 
activated is not only of fundamental bio- 
logical interest but also of practical im- 
portance in implementing genetic engi- 
neering and possibly gene therapy. 

Muscle provides a model system for 
studies of the mechanisms controlling 
the appearance of tissue-specific func- 
tions. For a number of species, develop- 
mentally distinct stages are readily rec- 
ognized by their morphological and bio- 
chemical properties, and conversion 
from one stage to another can be mim- 
icked under the controlled conditions of 
tissue culture (7) (Fig. 1). First, a meso- 
dermal stem cell gives rise to a myoblast, 
destined for myogenesis. The deter- 
mined myoblast is capable of recognizing 
and spontaneously fusing with other 
myoblasts leading to the production of a 
differentiated myotube. The multinucle- 
ated myotube no longer divides or syn- 
thesizes DNA but produces muscle pro- 
teins in large quantity. These include 
constituents of the contractile apparatus 
and specialized cell-surface components 
essential to neuromuscular transmiss'ion. 
Eventually the differentiated muscle cell 
exhibits characteristic striations and 
rhythmic contractions. A further step in 
this pathway is maturation: the contrac- 
tile apparatus ip muscle at different 
stages of development contains distinct 
isoforms of muscle proteins such as my- 
osin and actin, encoded by different 
members of multigene families (8, 9). 
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