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Preface 

The development of innovative molecular techniques such as pulse-field gel electro
phoresis, cDNA subtraction libraries and chromosome hopping libraries coupled 
with the increasing popularity in the prospect of sequencing mammalian genomes, 
has triggered a resurgence of interest in finding and characterizing genes that 
playa role in modifying immune processes and diseases. Genetically defined strains 
of mice (e.g., inbred strains and recently derived stocks of wild mice) provide 
ideal models for examining the genetic control of diseases as a result of their 
syntenic relationship with man in genetic composition as well as linkage conserva
tion. Due to the relative ease of producing a specific genotype via appropriate 
breeding schedules, murine models may provide the only hope for unravelling those 
complex disease processes under mUltigenic control. 

This issue of CTMI is a collection of papers on the characterization and mapping 
of genes involved in mutations and dysregulated immune responses which produce 
disease phenotypes. These papers were presented at a workshop which was devoted 
to examining reverse genetic approaches at localizing, cloning and characterizing 
genes involved in a variety of developmental, autoimmune, neoplastic and infectious 
disease processes. 

In the first of three sections, a series of papers outline the most currently 
used methods of mapping and isolating genes whose products are unknown. The 
papers, following, are devoted to specific gene systems whose dysregulation is 
likely to produce mutant or disease phenotypes. In this section, gene regulation, 
ranging from evolutionary constraints on structure and function to control via 
cis- and trans-acting elements, is examined in a variety of developmental and 
immunological systems. The final section is devoted to a collection of elusive 
disease genes involved in the control of host resistance and susceptibility. 

We wish to thank Professor Dietrich Goetze, Ms. Anna Deus and the staff of Springer
Verlag for their assistance in publishing this collection of papers, the authors 
of which participated in a workshop on this subject in Bethesda, Maryland from 
27-29 October, 1987. We thank the National Cancer Institute and Dr. Alan S. Rabson 
for sponsoring and encouraging this workshop which brought together a diverse array 
of investigators in mouse genetics. We are grateful to Ms. Victoria Rogers for 
her editorial and administrative help in preparing this book. 

Beverly A. Mock, Ph.D. 

and 

Michael Potter, M.D. 
National Cancer Institute 
National Institutes of Health 
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I. LocaIizing and Cloning Genes 



The Long-Range Mapping of Mammalian Chromosomes 

S.D.M. Brown, N. Brockdorff, J.S. Cavanna, E.M.C. Fisher, A.J. Greenfield, M.F. Lyon i , and J. Nasir 

INTRODUCTION 

Very little is known of the long-range sequence organisation 
of mammalian chromosomes; or of the relationship of long-range 
sequence organisation. to the physical and genetic properi tes of. 
mammalian chromosomes. While the organisation of sequences of 
varying repetition in individual DNA clones of limited size « 50 
kb) is well documented, the detailed physical and genetic 
relationships of unique and repeat sequences over long distances 
on the mammalian chromosome is poorly characterised. In order to 
allow us to determine the physical and genetic relationships of 
individual DNA sequences over long distances it has been 
necessary to construct long-range genetic and physical maps that 
encompass chromosome regions much greater in size than the 
average DNA clone. At the same time such long-range genetic and 
physical maps can determine the genetic and physical limits on 
the chromosome of a number of genetic loci of known phenotype and 
unknown gene product and provide a number of mOlecular start
points for the isolation of such genes, which are not 
approachable by classical genetic engineering techniques. 

Recently, a number of novel techniques have become available 
to obtain clones from specific chromosomal regions that can be 
used as markers in the long-range mapping of mammalian 
chromosomes. Coupled with advances in methods for the rapid 
long-range genetic and physical mapping of DNA clones on 
mammalian chromosomes, many chromosome regions are mapped in fine 
detail. We describe here the detailed long-range mapping of two 
mouse chromosomes, the X and 7, that has enabled us not only to 
determine the genetic relationships of a number of interesting 
loci but has also uncovered novel long-range sequence 
organisations that would have remained undetectable by classical 
techniques. 

LONG RANGE MAPPING OF MAMMALIAN CHROMOSOMES 

The Mouse and H~man haploid genomes each contain of the 
order of 3 x 10 bp of DNA. Given the genetic length of the 
mouse genome as 1600 cM, it is easy to calculate that on average 
every 1 cM of the mouse genome corresponds to 1.7 megabases (Mb). 

Department of Biochemistry and Molecular Genetics, St. Mary's 
Hospital Medical School, London W2 1PG, U.K. 

1 MRC Radiobiology Unit, Chilton, Didcot, Oxon OX11 ORD, U.K. 
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From ENU mutagenesis experiments lShedlovsky et al., 1986) a 
conservative estimate of 10,000 genes in the MOUs.e genome has 
been arrived at and would indicate that genes are spaced every 
0.1-0.2 cM, or every 300 kb approximately. However, it has been 
suggested (Dove, 1987) that the frequency of transcribed regions 
is probably more frequent by a factor of 3-5 indicating a spacing 
of genes, on average, every 100 kb or less. The presence of 
-30,000 methylation-free or HTF islands (CpG clusters 500-2,000 
bp long that are highly undermethylated) in the mouse genome, 
many of which appear to be highly associated with transcribed 
sequences, would support this (Bird, 1986; Lindsday & Bird, 
1987). The assumption is that any molecular map that could 
analyse the rich diversity of sequence organisation in the 
mammalian genome would need molecular map information spaced at 
least as frequently as the simplest functional sequence module we 
have so far observed - the gene. This implies that molecular 
maps would require markers every 100 kb or every 0.06 cM in 
genetic terms. Genetic mapping in mice to the level of 0.06 cM 
would require the analysis of at least 1,000 progeny from a 
suitable cross. Such experiments can only be performed on a 
limi ted basis. 

However, new technologies which allow us to construct long-
range physical restriction maps up to 5 Mb (see below) have meant 
that in preparing long-range molecular maps it has been 
sufficient to space clones genetically at the order of 1 cM and 
then to link them by physical means. Genetically-mapped clones 
provide start-points for the examination of neighbouring regions 
by physical mapping and the process of physical mapping itself 
identifies the HTF islands that are indicative of genic sequences 
and links the map into a coherent, continuous whole. The exact 
physical relationship of sequences, e.g. repeat sequences, in 
this map will allow us to pursue the nature of their interactions 
and the relationship of interaction to physical position. 

Although we have assumed that our maps should be at least as 
detailed as the average gene spacing, this is not to imply that 
all the hierarchical sequence organisations are to be found at 
this level. The calculations above are merely averages and the 
absence of knowledge of their standard errors reflects our 
ignorance of the overall long-range organisation of mammalian 
chromosomes. But we have some hints. For example, it is known 
that a single human gene at the Duchenne muscular dystrophy locus 
extends over at least 1 Mb (Monaco & Kunkel, 1986) and, as we 
will see below, there appear to be very large (-1 Mb) euchromatic 
regions of the mouse genome highly saturated with non-genic 
repeat sequences. 

Microdissection and Microcloning of Clones for the Genetic 

Mapping of Mouse Chromosomes 

In order to map a particular region of a mammalian 
chromosome, we require a set of molecular clones from that region 
of the chromosome. Molecular clones specific to an individual 



chromosome have in the past been produced by flow-sorting of 
chromosomes (Davies tl al., 1981); species-specific repeat 
screening of a library Of clones from a somatic cell hybrid 
containing the chromosome on a background of unrelated 
chromosomes (Bishop et al., 1983); similar analyses of DNA 
libraries produced from-Selected chromosome mediated gene 
transfectants of somatic cells (Pritchard & Goodfellow, 1987). 
However, the most direct technique is that of microdissection and 
microcloning (Brown, 1985). Microdissection involves the direct 
physical dissection of the pertinent chromosome region and 
microcloning of the DNA isolated from the collected chromosome 
fragments utilising special microprocedures. A number of 
mammalian chromosome regions have been microcloned by us and 
others, notably the mouse t-complex on chromosome 17 (Rohme et 
al., 1984); a proximal region of the mouse X chromosome (Fisher 
et al., 1985; see Fig. 1); a proximal region of mouse chromosome 
~(Greenfield & Brown, 1987) and the distal half of the short arm 
of human chromosome 2 (Bates et al., 1986). In order to 
genetically map the clones from Chromosomes 7 and X in the mouse 
we have taken advantage of the ability to perform an 
interspecific backcross utilising wild Mus spretus mice and 
inbred Mus domesticus strains (Robert etal., 1985). The high 
level of divergence between domesticus-an~spretus allows the 
detection of abundant restriction fragment length variants 
between the genomes of the two species. Domesticus females mated 
with spretus males produce fertile female progeny which can be 
backcrossed to domesticus males and the segregation of spretus 
and domesticus variants scored. Incorporation of known coat
texture or coat-colour mutations in the cross provides a ready 
system for positioning microclones on the genetic map. On the 
mouse X chromosome (see Fig. 1) microclones have been mapped with 
respect to the Tabby (Ta) and Harlequin (Hq) mutations 
(Brockdorff et al., 1987a, b) and on mousechromosome 7 (see Fig. 
2) with respect~o the pink-eye (p) and chinchilla (c~) 
mutations (Greenfield & Brown, 1987). In addition, the genetic 
linkage of microclones with respect to each other is determined 
and, by utilising a simple multipoint analysis the genetic and, 
of course, the physical order of clones is uncovered. In this 
way on the mouse X chromosome (Fig. 1) a large number of clones 
have been mapped and ordered to the proximal region. 

The genetic mapping of a number of microclones and other DNA 
probes to the proximal region of the mouse X chromosome and mouse 
chromosome 7 has already begun to delineate some interesting 
genetic relationships. On the mouse X, an exonic probe from the 
human Duchenne muscular dystrophy gene (DMD, Fig. 1) maps 
provocatively close to a mouse X-linked muscular dystrophy 
mutation (mdx) and surprisingly distant from spf, the mouse 
homologue ~the aTe (ornithine transcarbamylase) gene 
(Brockdorff et al., 1987a). On the human X chromosome aTe and 
DMD are close1y-=-iinked. Whether or not DMD and mdx are 
homologous genetic loci, on the mouse X chromosome there appears 
to be some clustering of genes involved in muscle phenotype: DMD 
and mdx, Phk (a locus controlling expression of phosphorylase 
kinase-in-skeletal muscle) and the mouse homologue to Emery-
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Fig. 1. Molecular map of the mouse X chromosome. 
The genetic map positions of microclones and gene probes on the 
mouse X chromosome are illustrated to the left of the genetic 
map. To the right of the genetic map is shown the relative 
positions of the Hq and Ta loci used in the interspecific cross. 
The concordance between the physical and genetic maps of the X 
chromosome is indicated in two instances. 



Dreifuss muscular dystrophy which likely maps in t~e mouse-human 
conserved linkage group Hprt-G6pd. On mouse chromosome 7, it has 
been reported that a Na,K-ATPase subunit gene (Atpa-2) maps to 
the proximal region (Kent et a1., 1987). We have confirmed this 
mapping: the gene must mapclose to the ~ locus - a locus 
involved in somitogenesis. Pudgy mutants show defective 
segmentation during somite formation and the ensuing adults have 
a fused, chaotic vertebral skeleton. Interestingly, it has been 
reported that ATPase antagonists can interfere with proper somite 
segregation (Gruneberg, 1961). 

PFGE Mapping - Long Range Physical Mapping of Chromosomes 

On the mouse X chromosome, 17 clones have been mapped over a 
proximal region of some 30 cM that extends from 141 to Ta (Fig. 
1). On average the clones are spaced less than 2 cM apart and at 
a distance whereby the clones may be physically linked by Pulse 
Field Gel Electrophoresis (PGFE) mapping. 

As a result of the extensive CpG methylation in mammalian 
genomes, a number of restriction enzymes, particularly those with 
recognition sequences rich in CpG, cut infrequently in the genome 
and mainly at the HTF islands associated with genes (see above). 
These so-called rare cutter enzymes produce very large 
restriction fragments ranging from 100 kb to >5 Mb. The large 
rare cutter restriction fragments are separable on agarose gels 
by PFGE. In this way, restriction maps can be constructed over 
very large genetic distances (Burmeister & Lehrach, 1986). The 
density of microclones mapped on the mouse X chromosome means 
that there is a good possibility of physically linking these 
clones by PFGE and incorporating them into a long-range, 
genetically-orientated, physical map of the mouse X chromosome. 
This work has already begun to identify unusual long-range 
sequence structures on the mouse X chromosome. 

A REPEAT SEQUENCE ISLAND ON THE MOUSE X CHROMOSOME 

One of the microclones, 141, mapped to the X chromosome (Fig. 1) 
detects a novel sequence organisation - a repeat sequence island: 
a small family of repeat sequences that is genetically and 
physically localised to a small euchromatic region of the X 
chromosome. The 141 sequence is itself part of a longer complex 
repeat unit of which there are approximatley 50 copies in the Mus 
domesticus genome. All fifty copies are inherited as a single--
Mendelian locus in the interspecific backcrosses used for X
chromosome mapping indicating they are genetically finely
localised on the mouse X. In addition, pulse-field restriction 
mapping of the 141 sequences indicates they are physically 
finely-localised on the X chromosome. All 141 sequences are 
localised within a single SacII restriction fragment less than 
Mb in size (Fig. 3). Three other rare cutter restriction enzymes 
also fail to cut within the island (Fig. 3) - all 141 sequences 
are contained within single large (>1 Mb) restriction fragments. 
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indicated on the left-hand side of the genetic map (NaK = Na,K
ATPase probe). The translocation breakpoints T5R1 and T50H offer 
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Nru M Mlu M 

A 

Nru Mlu 

B 

s.c 
Nat M II M 

Nat; Sac II 

1.5 
I 

Mb 

-1.5 
-I 

Fig. 3. a) Pulse-field gel electrophoresis of four rare cutter 
digests (Nru I, Mlu I, Not I, Sac II) of mouse C57Bl/10 high 
molecular weight DNA. Large restriction fragments (>500 kb) were 
separated in an agarose gel on an orthogonal field gel 
electrophoresis apparatus using a long pulse time (1 hour). 
Marker tracks (M) carry yeast chromosomes from H. wingei. Three 
groups of chromosomes are observed - the two larger groups of 
approximately 1 Mb and 1.5 Mb in size. 
b) Southern hybridisation of the 141 microclone to 
Nru I, Mlu I, Not I and Sac II digests of C57Bl/10 DNA separated 
by PFGE as shown above (Fig.2a). In each case, only a single 
hybridising band is observed. 

There appears to be a low abundance of rare cutter sites within 
the repeat island and therefore an absence of detectable HTF 
islands that is in contrast to the calculated average separation 
of transcribed sequences and HTF islands on the genome of 100 kb 
(see above) suggesting this is a relatively large, euchromatic 
region of the mouse genome devoid of expressed sequences. 
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Fig_ 4 Diagrammatic organisation oC the 141 repeat island_ 
Fifty copies of a Long Complex Repeat Unit (LCR) containing the 
141 island sequence are localised within a small region of the 
mouse X chromosome flanked by a number of rare cutter sites: Not 
I, Mlu I, Nru I, Sac II and Bssh. The LCRs are not tandemly 
repeated but are dispersed amongst a variety of unrelated 
sequences of differing degrees of repetition. Arrows at the 
left-hand end of the LCR indicate the variable extension of the 
complex repeat unit beyond the left-hand Pvu II site that is 
reflected in the variable sequence organisation found at the 
left-hand end of the LCR: high copy or low copy sequences can 
found in restriction fragments directly adjacent to the LCR. 
limits of the LCR in the other direction are not established 
(indicated by dashes). 
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Interestingly, in the spretus genome only a few copies of the 
homologous sequence are present again entirely at the same X 
chromosomal locus. No 141 homologous sequences are found in 
chinese hamster or human genomes indicating that the repeat 
island has arisen recently in evolutionary time. 

the 

The long complex repeat unit that contains the 141 sequence is 
not tandemly organised within the repeat island but dispersed 
within the island amongst a variety of sequences of differing 
degrees of repetition (Fig. 4). However, the close physical 
proximity of the complex repeat units suggests that the 141 
island may have arisen by a process of unequal crossing-over. 



Nevertheless, the dispersion of 141 sequences amongst other 
unrelated sequences suggests that a concommitant scrambling 
process of integration or transposition is occurring within the 
is 1 and. In suppor t of thi s, it appear s that there is 
considerable variability amongst the members of the repeat family 
at one end of the complex repeat unit, and this is in contrast to 
the relatively conserved organisation at the core of the repeat 
unit (Fig. 4). This suggests that during evolution of the repeat 
island there may have been frequent encroachment or rearrangement 
of sequences at one end of the unit. 

What has predisposed this sequence region to such rapid 
amplification is not yet clear. Whether it is the 141 sequence 
itself or other sequences within the long complex repeat unit or, 
alternatively, unrelated sequences within the island is not 
known. Perhaps a comparison with sequences at the homologous 
locus in spretus may yet resolve this point and also identify 
what consequences the amplified domesticus island has for 
chromosome structure. The genetic consequences to the chromosome 
of such a repeat sequence organisation are unclear at present. 

CONCLUSIONS 

Long range genetic and physical mapping of the mouse genome has 
not only begun to define the genetic and physical relationship of 
a number of genetic loci but has also delineated unusual 
organisations of small localised families of complex repeat 
units. It is clear that this fresh panoramic view of the genome 
has begun to uncover long-range chromosomal properties previously 
unobserved by classic DNA studies. 
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The Use of Interspecitic Mouse Crosses for Gene Localization: 
Present Status and Future Perspectives 

J.L. Guenett, D. Simon-Chazottest, and P.R. Arne? 

INTRODUCTION 

The advent of recombinant DNA technology has suggested a new way 
to define a very large number of polymorphic marker loci using 
restriction endonucleases and specific DNA probes. 
DNA restriction enzymes recognize specific DNA sequences and 
catalyze endonucleolytic cleavages yielding fragments of various 
(defined) lengths which may be visualized after size separation 
by electrophoresis in agarose gels. 
Using the method first reported by SOUTHERN et al (1975) the 
fragments encoding specific sequences can be detected within a 
large and complex population of DNA fragments by hybridization 
with DNA probes labelled to very high specific radioactivity 
allowing identification of single copy sequences in mammalian 
DNA. 
Restriction fragments are inherited as simple Mendelian 
codominant markers and thus can be used for the purpose of 
cartography. 
For a specific endonuclease the restriction fragments produced 
are, by definition, invariant within a given inbred mouse strain 
whilst polymorphism sometimes occurs between two or more 
different inbred strains. This results from many kinds of 
genotypic differences: one or more individual bases can differ 
resulting in loss of a cleavage site or, on the contrary, 
formation of a new one ; alternatively insertion or deletion of 
blocks of DNA (such as retroviruses, pseudogenes, etc •• ) within 
a fragment can alter its size. 
In the mouse, Restriction Fragment Length Polymorphisms (RFLP's) 
can be detected in recombinant DNA's of different origins. DNA 
from individual Recombinant Inbred Strains, for example, have 
been studied in several laboratories where appropriate 
polymorphisms exist between the two parental strains. The 
quality of the information collected depends upon the number of 
Recombinant Inbred Strains available. 
This number unfortunately is generally not very large and, as 
for a given set, the number of strains is generally small the 
technique is of rather limited value. 
"Sweeping" a much greater length of the chromosome by the use of 
interstrain mouse backcrosses has proven more useful for the 
localization of new probes especially when the parental strains 
have been preselected for the existence of suitable RFLP's. 
Unfortunately interstrain genetic divergence within laboratory 
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animals is limited to such an extent (BONHOMME et al 1987)that 
some probes cannot be mapped using laboratory mouse strains 
while others require the use of rare (and expensive!) enzymes to 
produce useful RFLP's. 
For this reason, we and others, have developed a new approach to 
cartography using both RFLP's and interspecific mouse crosses. 

DIVERSITY WITHIN THE GENUS Mus. 

Based on studies of the genetic variability of wild mice, and 
using both DNA and biochemical markers, the genus Mus can be 
divided up into a complex of species containing the four major 
biochemical groupings Mus m. domesticus, Mus m. musculus, Mus m. 
castaneus and Mus m. bactrianus (all of which can be treated as 
sub-species) and at least eight other species including three 
European species, the mound building mouse Mus spicilegus, the 
western Mediterranean mouse Mus spretus and the eastern 
Mediterranean short tailed mouse known as Mus spretoides. 
The degree of fertility between the various groupings is 
correlated to the degree of taxa divergence, and ranges from 
complete sterility to reduced fertility. 
None of the mice belonging to the different groupings within the 
complex species containing Mus m. musculus and Mus m. domesticus 
ever produce hybrids in the wild with mice belonging to other 
species even though, for example, Mus m. domesticus and Mus 
spretus mice can be found living sympatrically in France, Spain, 
Portugal, and North Africa. Mus m. domesticus and, of course, 
laboratory mice are however able to produce viable hybrids under 
laboratory conditions (natural matings or artificial 
insemination) with Mus spretus, Mus spicilegus and Mus 
spretoides mice. 
This last observation has opened up the way for exploiting the 
considerable polymorphism and genetic variation accumulated in 
each of these species for genetic studies and particularly for 
the purpose of cartography. 

INTERSPECIFIC BACKCROSSES INVOLVING Mus spretus 

The major part of genetic analysis carried out using 
interspecies crosses has centered around Mus spretus derived 
strains since, compared to the other species or sub-species 
allowing the production of viable and fertile hybrids under 
standard laboratory conditions, Mus spretus shows the greatest 
degree of allelic variation when compared to laboratory mouse 
strains. 
Interspecies crosses involving Mus spretus and laboratory mice 
are, for reasons of efficiency, normally set up using the 
laboratory mouse as female, although progeny can be obtained in 
both cross configurations. While the Fl females resulting are 
fertile and used to produce the backcross generation, Fl males 
are sterile. 
Segregating backcross progeny born to such Fl females are first 
typed for all known and localized markers segregating, such as 
coat color alleles, cell surface antigens, biochemical markers 
and unique or anonymous cloned DNA fragments. A "Species Distri
bution Pattern" of the segregating polymorphism is then 
established by analogy with the Strain Distribution Pattern 
established for the Recombinant Inbred Strains (R. I. S.) of 
laboratory mice. 
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The RFLP obtained with a given probe and a given endonuclease 
is, in the same way, translated in terms of + or - according to 
whether the segment of DNA characteristic of the Mus spretus 
species is present or not. The +/- distribution pattern is 
matched to that of the already existing panel and with the help 
of a computer program, linkage with other loci eventually 
detected. 
As increasing numbers of loci are placed on each individual 
chromosome, the entire haplotype of any given backcross animal 
becomes known and, with it, a knowledge of the recombination 
breakpoints-having occurred on each chromosome during the single 
round of meiosis the animals have gone through. 

VALIDITY AND ADVANTAGES OF THE MAPPING SYSTEM USING Mus 
INTERSPECIFIC CROSSES. 

Over 50 different autosomal genes have been localized, in our 
laboratory, using a DNA panel obtained from 75 C57BL/6 X Mus 
spretus mice or 50 BALB/c X Mus spretus mice DNA panel. Each 
chromosome is now covered by at least one marker and certain 
autosomes such as chromosome 1,7,11,12,13,17 by considerably 
more. The chromosome which has been most extensively mapped using 
the Mus spretus system is however the X chromosome (AVNER et aI, 
BROWN et aI, CHAPMAN et al etc .. ) where over a 60 probes have 
been localized. 
The mapping system using Mus spretus Hybrids seems to be ~ 
reliable. We, and others, have accumulated evidence that it 
probably does not introduce any widespread bias into gene 
localization. We have found, for example, that genes known to be 
syntenic on the basis of intraspecific genetic crosses also show 
cosegregation in interspecific crosses. Moreover the estimated 
genetic distances computed between certain loci using 
interspecific mouse crosses closely parallel those observed 
using classical crosses or R. I. S. analysis. CHAPMAN and 
coworkers have focussed on the use of known genetic markers on 
the X chromosome to map genes in inter- specific hybrids using 
both C57BL/6 x Mus spretus F1 females and C57BL/6 x Mus musculus 
F1 females. These markers include cDNA probes for ornithine 
transcarbamylase (Ote) , tissue inhibitor of metallo-proteinases 
(Timp) , hypoxanthine phosphoribosyl transferase (Hprt) , 
coagulation factor IX (Cf-9) , coagulation factor VIII (Cf-B) , 
red-sensitive visual pigment (Rsvp), a genomic fragment closely 
associated with the human glucose-6-phosphate dehydrogenase 
(G6pd) locus, and an enzyme activity variant for alpha
galactosidase (Ags). The gene order for the 8 markers used did 
not differ between the two crosses and the overall frequency of 
recombination was the same in both backcrosses, with the 
established map distance of 52 cM between the two most distant 
markers (Otc and Ags) in both crosses. 
Despite these results, the presence of localized and limited 
recombination "hot spots" in the Mus spretus genome, absent from 
laboratory mice, and affecting genetic distance evaluation 
cannot be totally excluded. 
Mapping using Mus spretus hybrids is almost universal] y 
applicable. It can be applied in all circumstances where a probe 
is available since the discovery of a suitable restriction 
polymorphism is generally not a problem even with the cheapest 
and most common restriction enzymes. Moreover results collected 
from former analysis substantiate future ones. 
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The mapping system using Mus spretus hybrids is easy to apply 
since it only requires repetitive use of a single simple 
technique. DNA "blots" can be used over and over as long as 
hybridization is not impaired by repeated washings. 
The mapping system using Mus spretus hybrids moreover has llQ 

upper limit since results from experiment n can be added to 
those of experiments n-1, n-2, etc ... It must be kept in mind 
however that the resolution of the genetic map depends exclusi
~ upon the total number of cross-overs collected within the 
backcross genomes. Ordering loci on a map requires, by 
definition, that at least one recombination event split the 
parental arrangements. 

DRAWBACKS OF THE MAPPING SYSTEM USING Mus INTERSPECIFIC CROSSES. 

The mapping system using Mus spretus hybrids, aside from its 
several advantages, has however a few drawbacks that must be 
mentioned here. 
It must be noted first that, F1 males being sterile, it is not 
possible to investigate meiotic products produced by them. The 
genetic distances computed thus results exclusively from 
analysis of the female gametes. 
For the same reason it is not possible to analyze the X-Y 
pairing region and it is not possible to develop efficiently, at 
least with Mus spretus as a sexual partner, Recombinant Inbred 
Strains in order to preserve and propagate forever the 
"scrambled" genomes that geneticists are so fond of. 
Finally the main drawback concerning the use of the mouse inter
specific hybrids for the purpose of mapping is due to the fact 
that DNA stocks prepared from the backcross progeny are limited 
in amount and become exhausted precisely when the "Species 
Distribution Pattern" characterizing a set of animals is 
extensively documented. 

POSSIBLE IMPROVEMENTS TO THE MAPPING SYSTEM USING Mus 
INTERSPECIFIC CROSSES. 

While Mus spretus interspecific hybrids are regularly male 
sterile and sometimes relatively difficult to produce under 
laboratory conditions it must be kept in mind that several 
highly inbred lines of Mus musculus musculus are available. 
These lines represent an interesting source of polymorphism 
which should be borne in mind, even if hybrid sterility problems 
can again occur, for making R.I.Strains the DNA of which would 
be available in unlimited quantities. 
Technical "tricks", like developing extensively re-usable blots, 
simultaneously hybridizing with several non-overlapping DNA 
probes on the same blot, using moderately repeated DNA sequences 
dispersed within the mouse genome or using Mus spretus specific 
DNA sequences on "dot-blots" may be considered as valuable 
improvements aimed at saving DNA particularly when a rough 
localization is sufficient. 
We have recently undertaken the production of embryos,trisomic 
for specific chromosomes that are compatible with a long 
lifespan, the triplicated chromosome having three different 
origins (Mus spretus, Mus m.musculus, Mus m. domesticus), with 
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the idea that it should be possible to use these unbalanced 
genomes for the detection of chromosomal syntenies. 

CONCLUSIONS 

The technique of cartography using Mus spretus hybrids does not 
represents the sort of breakthrough in mouse mapping methodology 
that the discovery of RFLP's did seven years ago. It should be 
considered more as an improvement taking advantage of a 
favorable situation, which may be specific to the mouse: the 
possibility to obtain viable and fertile interspecific hybrids. 
It has nevertheless opened the way for considerable refinements 
in establishing the mouse genetic map since, due to considerable 
evolutionary divergence, the genetic polymorphism between this 
species and laboratory strains is very great. 
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X-Chromosome Gene Order in Different Mus Species Crosses 

D.A. Stephenson, S.G. Grant, L.J. Mullins, A.E. Scolese, A.J. O'Reilly, and V.M. Chapman 

INTRODUCTION 

The advent of moIecular genetics heralds a new era in linkage analysis. It is now 
possible to map any locus and define its linkage relationship within the mammalian 
genome using a single set of informative offspring. This new mapping methodology. 
which has been used successfully to map both autosomal genes (Roberts et al .• 1985; 
Bucan et al .• 1986; Heidmann et al .• 1986; Nadeau et al •• 1986; Reeves~t~l .• 1987; 
Seldin~t~l .• 1987) and sex-linked loci (Amar et al.~1985; Avner et a1:.-r987a; 
Avner e~a1:. 1987b; Brockdorff et al •• 1987; Chamberlain et al .• 1987;-Heilig et 
al •• 1987~ utilizes naturally o~u~ing polymorphisms at the-revel of the nucleotide 
sequence between inbred strains of mice and those derived from the wild species Mus 
spretus and Mus musculus (Brown. 1985; Guenet. this publication). ---

In their study of chromosome 4. Nadeau et al. (1986) suggested there was a potential 
rearrangement in gene order between the laboratory mouse and wild-derived ~. spretus. 
Additional data now suggests that there may also be a difference in the arrangement 
of genes within the !-complex on chromosome 17 (Silver. this publication). The! 
complex. however. is quite unusual in that inversional rearrangements have been 
reported even among closely related M. musculus and M. domesticus populations in the 
wild (Klein et al .• 1984). If rearr~ngements in gen~ order have occurred between the 
more evoluti~ary divergent Mus species it may limit the usefulness of interspecific 
crosses for ordering genes within the mouse genome. Structural rearrangements in the 
genome may be an important mechanism for the maintenance of speciation since they (i) 
inhibit illegitimate recombination which might otherwise lead to a loss or 
duplication of information and (ii) affect normal chromosomal assortment. Presumably 
the more divergent the species the greater the probability of structural 
rearrangements in the organization of genetic information. If there are such 
rearrangements among the Mus species they are not cytogenetically detectable. since 
karyotypic analysis suggests that there is little if any difference in the physical 
appearance of chromosomes between diverse Mus species (Hsu et al .• 1978). In fact. 
the inversional events associated with the t complex escape cytogenetic detection 
(Womack and Roderick. 1974). The inbred anJ wild-derived genomes also differ at the 
molecular level in the number. type and placement of repeated sequence families 
(Sutton and McCallum. 1972; Siracusa. 1983). perhaps to the extent that they may 
interfere with normal syncptonemal pairing during meiotic prophase. This reduced 
homology could affect chromosome pairing at meiosis. and produce significant changes 
in the frequency of recombinations. leading to alterations in map distances across a 
chromosome. 

In an attempt to address the issues of (i) interspecies variation in gene order. and 
(ii) possible differences in relative recombination frequencies within interspecific 
crosses. such crosses were constructed between the inbred laboratory strain 
C57BL/6JRos and two different wild-derived Mus species: ~. musculus and ~. spretus. 
The ~. musculus stock was an outbred colony originally established from three 
trapping locations in Denmark (Nielsen and Chapman. 1977). These mice readily 
interbreed with laboratory strains in reciprocal crosses. and both sexes of the 
resulting F1 progeny are fertile. Analysis of major and minor satellite sequences 
and dispersed repeated elements shows no qualitative differences between these mice 
and laboratory strains (Siracusa. 1983). The~. spretus stock was an outbred colony 
originally trapped in Spain and France (Chapman et al .• 1983). Interbreeding with 
laboratory strains is restricted in these mice. ~d-;nly the F1 females are fertile. 
Furthermore. ~. spretus differs from laboratory strains in the relative abundance of 
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centromeric major and minor satellite sequences (Brown and Dover, 1980; Siracusa, 
1983), and in the cross-reactivity of dispersed repeated sequence probes from 
laboratory strain genomic DNA. 

For reasons of historical interest, we began our study by exam1n1ng markers on the 
mouse X chromosome. The region examined in our study extends from the most proximal 
marker ornithine transcarbamoylase (Otc/~; sparse-fur) to alpha-galactosidase 
(~), spanning an estimated 60 cM of the mouse X chromosome (Lyon, 1987), with the 
intervening markers hypoxanthine phosphoribosyl transferase (Hprt), clotting factor-9 
(Cf-9), clotting factor-8 (Cf-8), glucose-6-phosphate dehydrogenase (G6pd) and 
red-sensitive visual pigment (Rsvp). 

In excess of one hundred males (with an equivalent number of females) were generated 
in each backcross study between Fl females and C57BL/6JRos males (Figure 1). Genomic 
DNA from the spleen of each mouse was prepared for analysis. The DNA was digested 
with a restriction endonuclease which revealed species-specific polymorphisms for 
Otc, Hprt, Cf-9, Cf-8, G6pd, Rsvp and ~ upon Southern analysis (Mullins et al., 
manuscript submitted). Restriction fragment length polymorphisms were detected in 
both wild-derived Mus species using a battery of five commonly available restriction 
endonucleases. Enzyme activity and stability assays were also used in the 
classification of the ~ locus, and Hprt results were confirmed by isozyme analysis 
(Chapman et al., 1983). Males were used exclusively in this instance to provide 
unequivocal characterization of each locus. 

FIGURE 1: Breeding protocol used in the generation of backcross progeny 
involving the inbred strain C57BL/6JRos and either M. spretus or ~. musculus. 

C57BL/6JRos female 

Fl male discarded 
NO OPPORTUNITY FOR 

X-CHROMOSOMAL RECOMBINATION 
(Xi/y) 

Bl female 

(Xi/Xw) 

Bl female 

(Xi/Xi) 

X 

I 
Fl 

~. spretus male 
OR 

M. musculus male 
(Xw/y) 

female X C57BL/6JRos male 

(Xi/Xw) (Xi/y) 

Xi'Xw'Xr : inbred, wild-derived, and recombinant X chromosomes respectively 

SEGREGATION OF ALLELES 

It is important to assure that proper segregation of alleles is occurring in these 
interspecific crosses, because any deviation from the expected Mendelian mode of 
inheritance would suggest a selective bias in the sample, as is frequently seen with 
certain! haplotypes (Lyon and Meredith, 1964). Such a distortion could, if 
unrecognized, have a significant impact on both gene order and estimated map 
distances. Although it is difficult to perceive that the loci examined in our study 
would have an impact on the segregation of alleles, the use of wild-derived mouse 
species could introduce factors, as yet undefined, which in turn could lead to the 
selection of a biased sample. A reduction in fecundity, as seen in some crosses 
involving ~. spretus, such as BALB/cJ x ~. spretus (unpublished observations), may be 
indicative of such selection factors. 
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As demonstrated in Table 1, no significant deviations from the expected Mendelian 
segregation- ratios were observed for any of the seven loci examined in either 
backcross, suggesting there was no overt bias in the mice sampled. Furthermore, no 
distortion in sex ratio was detected in the progeny of either cross. Similarly, 
segregation of alleles for loci spanning an estimated 30 cM on chromosome 6 involving 
a tl. spretus backcross (Bucan et al., 1987) are consistent with a Mendelian mode of 
inheritance. Analysis of a limited number of autosomal loci encompassing chromosomes 
2, 7 and 8 suggest that chromosomal assortment may also be occurring normally 
(unpublished data). We conclude, therefore, that there is little evidence to suggest 
that the use of the wild-derived Mus species have any significant impact on sample 
bias. 

TABLE 1: Segregation of sex-linked genes in backcrosses using wild-derived tl. spretus 
and tl. musculus. 

Locus tl· spretus X2 M. musculus X2 

Otc 50 0.00 50 0.09 
Hprt 52 0.16 54 0.24 
Cf-9 55 1.00 58 1.64 
Cf-8 58 2.56 57 1.17 
G6pd 58 2.56 57 1.17 
Rsvp 58 2.56 57 1.17 
~ 49 0.04 58 1.64 

N = 100 N = 103 

X-CHROMOSOMAL GENE ORDER 

The gene order for all seven X-linked marker loci was determined by mlnlmlzlng the 
number of multiple recombinant events across the chromosome. The most likely gene 
order was the same for both crosses, and minimized the number of multiple recombinant 
events to four double recombinations in the tl. spretus cross and two double 
recombinations in the M. musculus cross. With this gene order there are no triple or 
greater recombinations in either cross. Alternate gene orders greatly increased the 
number of double recombinations required, or introduced triple recombinations. 

Our results indicate a 
the tl. spretus and the 
between G6pd, Cf-8 and 
order for these loci. 

gene order of Otc, Hprt, Cf-9, (Cf-8/G6pd/Rsvp), ~ for both 
M. musculus backcrosses. No recombinants were observed 
Rsvp in either cro~s, which precludes the assignment of a gene 
The absence of recombination between these three loci in both 

crosses indicates either that they are tightly linked on the X chromosomes of both 
wild-derived species, or that there may be some undetermined factor, such as a small 
chromosomal rearrangement, impairing recombination in this region. The identical 
ordering of loci along the length of the chromosome, however, indicates that no major 
rearrangements in X-chromosomal genetic material has taken place since the divergence 
of the two wild-derived parental species. 

RECOMBINATION DISTANCES 

A comparison of overall recombination across the X chromosome between our two crosses 
demonstrates that the frequency of recombination between the two most distant markers 
tested, Otc and ~, does not significantly differ (X 2=2.264). Indeed, there were no 
significant differences apparent in any pairwise comparison between the two crosses, 
suggesting that the overall pattern of recombination was the same in both systems 
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(Table 2). A statistical treatment of certain intervals is given in Table 3. Thus, 
not only do our two crosses yield the same absolute gene order, but, based on 
recombination frequencies, these genes are similarly spaced along the chromosome. We 
can therefore detect no evolutionary alterations between the tl. spretus and tl. 
musculus X chromosomes. It must be noted that we can make no such conclusions about 
either wild-derived X chromosome and that of the inbred C57BL/6JRos laboratory 
strain. Indeed, if the clustering of the three loci for G6pd, Cf-8 and Rsvp is due 
to a small chromosomal rearrangement, then the two wild-derived stocks must have 
similar rearrangements in this region. 

TABLE 2: Frequency of recombinants between marker loci. 

Interval tl. spretus 

N 

12 
3 
9 

28 

100 

* G6pd/Cf-8/Rsvp cluster 

PERSPECTIVE AND CONCLUSIONS 

tl. musculus 

15 
6 
7 

22 

N = 103 

The use of two diverse Mus species, M. musculus and tl. spretus, in crosses with a 
single inbred strain, C57BL/6JRos, h~s resulted in backcross progeny which provide 
identical X-chromosome gene orders and very similar gene maps. No evidence was found 
to suggest the selection of a biased sample in either backcross. These findings 
suggest that the basic order of X-chromosome genes is similar between evolutionarily 
distinct Mus species. 

The map order of Otc, Hprt, Cf-9, (Cf-8/G6pd/Rsvp), ~ was established by mlnlmlzlng 
the number of multiple recombinant events. Any other combination merely served to 
increase the frequency of multiple recombinants. This approach is only feasible 
following complete analysis of the data set, as it provides unequivocal evidence for 
the appropriate order, without resorting to statistical estimations of "best-fit". 
Moreover, multilocus characterization of each recombinant establishes a valid 
secondary linkage testing scheme to place additional loci on the X chromosome 
relative to other genes. In that sense, these are cumulative resources which can 
contribute to the eventual establishment of a fully delineated X chromosome. 

The order defined for Otc, Hprt, G6pd, and ~ in these backcrosses is consistent 
with that on the current linkage map of the mouse (Lyon, 1987). Similarly, the 
relative position of Cf-9 between Hprt and G6pd in our studies is in agreement with 
that reported by Avner et al., (1987a), also employing ~. spretus in a backcross 
study. Thus our observations, in which all genes were mapped concurrently in the 
same set of animals, substantiate the putative gene order obtained from the 
compilation of data generated by many independent mapping studies, using two, three 
and four point crosses among inbred strains. Although gene order appears to be 
maintained within our two crosses, it should be emphasized that genetic information 
may be specifically conserved across species barriers on the X chromosome (Ohno, 
1969; Lalley and McKusick, 1985), and as such, rearrangements in gene order may be 
less likely to occur on this chromosome than on the autosomes. 

Comparison of the recombination fractions with those observed in both backcrosses of 
the present study suggest that they are consistent with published data (Table 3). 
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The Hprt-Cf-9 and Hprt-G6pd comparisons were again based upon data presented by Avner 
et al., (1987a), using ~. spretus in a backcross study, and therefore would not be 
expected to yield very different results, unless there were significant differences 
between the two ~. spretus stocks. The fact that the data are comparable 
demonstrates the cumulative nature of these two independent interspecific crosses, 
making it possible to amalgamate the data and thus generate a better estimate of map 
distance for the common loci. Similarly, the Hprt-~ recombination fractions were 
in concordance with the published data using congenic strains carrying enzymic 
polymorphisms for these two loci (Chapman et al., 1983). Whilst this might be 
perceived as evidence supporting the use o~wild-derived species in mapping studies 
of the mouse genome, it should be noted that the allelic variants used by Chapman et 
al., (1983) were originally derived from feral stocks, and as such do not necessarily 
~nstitute a significant deviation from the crosses used in the present study. 

TABLE 3: Comparison of the number of recombinants between Hprt and ~. 

INTERVAL PRESENT STUDY PUBLISHED 
!i.:.. spretus !i.:.. musculus X2 DATA J{2 

Hprt-~ 40/100 35/103 0.789 27/ 82b 1. 210 

Hprt-Cf-9 3/100 6/103 0.405a 3/98c 1.382 

Hprt-G6pd 12/100 13/103 0.018 21/186c 0.116 

a with Yates I correction 
b Chapman et al., (1983) d.f. 2 
c Avner et al., (1987a) d.f. 2 

Our results suggest that the relatively greater period of separation between M. 
spretus and C57BL/6JRos compared with ~. musculus or other laboratory strains-does 
not impair meiotic recombination to a significant degree. Whether this is true of 
the entire X chromosome, particularly the X:Y pairing region, remains to be tested. 

While in our study we have confined ourselves to an examination of gene order and 
recombination on the X chromosome, these backcross animals should be equally 
polymorphic for autosomal markers. Numerous examples exist, in both mouse (Davisson 
& Roderick, 1981) and man (Donis-Keller et al., 1987), of differences in the 
recombination frequency between loci depending upon the gender of the informative 
heterozygote. Why this should be is a matter for speculation, but it may well 
reflect differences in gametogenesis between the two sexes. Such observations 
emphasize the importance of performing reciprocal crosses for mapping autosomal loci. 
Such considerations are not important for X-linked genes, since recombination between 
X chromosomes can only occur in the female. Thus far only~. spretus has been used 
extensively in interspecific crosses to map a large number of genes. This species 
was chosen because of its evolutionary distance from the laboratory derived mouse 
strains, thus increasing the possibility of sequence divergence (Brown, 1985). In 
our hands, M. musculus has proven equally useful, yielding as much detectable 
sequence polymorphism with common restriction enzymes as ~. spretus (unpublished 
observations). ~. musculus is potentially more closely related to ~. domesticus, 
from which the inbred strains are purported to be derived (Marshall, 1981; Ferns et 
al., 1982) than~. spretus (Bonhomme et a1., 1984). It has been suggested, however, 
that laboratory mice may in fact be "multi-racial", in that they are derived from 
several different Mus species, including ~. musculus (Blank et al., 1986). Un1ike~. 
spretus, ~. musculus interbreeds freely with the laboratory derived mouse strains. 
Thus, ~. musculus may prove as useful as ~. spretus for mapping studies, if not more 
so, because of the possibility of performing reciprocal crosses. 
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Bayesian Multilocus Linkage Mapping 

R.D. Blank, G.R. Campbell, M. Pollak, and P. D'Eustacbio 

INTRODUCTION 

The construction of mammalian genetic maps entails finding solutions 
to a number of distinct but interrelated problems. First, linkage to 
the correct chromosome and chromosomal region must be established, and 
linkage to other chromosomal regions must be excluded. Second, the 
map distances separating a new marker from a set of previously mapped 
markers must be calculated. Third, all the markers must be ordered 
correctly. Fourth, during the above operations, the effects of 
interference must be assessed and, if significant, corrected for. 
Finally, in cases which do not allow unambiguous maps to be 
constructed, it is useful to know how much additional data must be 
gathered. In solving these problems, it is desirable that the data be 
used efficiently and that the analysis proceed rapidly. 

Here, we describe a package of computational tools which satisfy these 
objectives. These materials are based on the algorithm BAYLOC, which 
performs Bayesian multilocus linkage analysis. The FORTRAN programs 
described below are available on request. 

ASSIGNMENT TO CORRECT LINKAGE GROUP 

Determination of genetic linkage depends on the fact that unlinked 
loci will assort randomly, while linked loci will cosegregate more 
than 50% of the time. Inference about linkage is based on the 
observation of a statistically significant correlation between the 
segregation of a test locus and one or more markers. Silver and 
Buckler (1986) have argued that the appropriate statistical question 
is framed in terms of conditional probability and is therefore 
amenable to analysis through the use of Bayes' theorem. The 
consequence of this analysis is that establishment of linkage at the 
95% confidence level require~4that the observed data have a binomial 
probability of less than -10 of being drawn from a sample in which 
a test locus and a marker are assorting independently. The Bayesian 
approach also allows correlation of the map distance 'between a test 
locus and a marker and the number of informative chromosomes needed to 
establish linkage at a given confidence level. Use of Bayes' Theorem 
provides a straightforward method for deciding on the degree of 
superiority of the best order to the second best order (see also 
Bishop 1985), unlike another rapid mu1tilocus mapping strategy (Lander 
and Green 1987; Lander et al. to be published). 

Multilocus mapping solves two important practical problems. The first 
is construction of maps from limited data (Lathrop et al. 1985). Use 
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of a multi locus rather than a pairwise strategy requires fewer 
informative individuals for establishing linkage or limiting a locus's 
position to a small range. The second is elimination of some kinds of 
false positive linkages. Due to the large number of mapped markers a 
new test locus may, by chance alone, cosegregate with an unlinked 
marker well enough to satisfy the statistical test of linkage. 
Multipoint mapping is of significant help here because the test locus 
must then not only cosegregate frequently with the markers, but must 
also find a position within the map defined by the markers. 

We maintain a-number of files containing typing data from recombinant 
inbred (RI) (Taylor 1978) and backcross mice. These files store the 
data as a 2-dimensional matrix, with one dimension representing 
individuals and the other representing loci, sorted by chromosome and 
with loci assigned to each chromosome listed in tentative map order. 
As additional loci are typed and maps are revised, the appropriate 
matrix can be modified as required. Loci that cannot be mapped to a 
chromosome are assigned to 'chromosome 21' and listed in alphabetical 
order. 

After gathering typing data for a new locus, the first step in mapping 
it is to seek an obvious chromosomal assignment. We do this using the 
program LINKBOD, which is based on the BAYLOC algorithm. LINKBOD 
contains routines for computing the probability of linkage (both 
Bayesian and binomial) for two loci, given input numbers of discordant 
and informative mice; for two loci, using marker data in files; for 
one locus vs. all loci with typing data in files (LINKALL option); or 
for one locus vs. all pairs of loci on a single chromosome (LINKPR 
option). The-rnitial efforts are best carried out using the LINKALL 
option. Early in a mapping project definitive assertions of 
successful, unambiguous mapping are unnecessary. Rather, the goal is 
to direct further analysis to the most promising regions of the genome 
and to proceed in a systematic manner to refine the analysis. Initial 
confidence limits should therefore be lenient (e.g. pairwise BOD 
scores> 0.20 are generally worth saving). 

As an example, Table 1A shows summary data of running the LINKALL 
option of LINKBOD for the locus Mtv-9 in seven RI panels. These data 
resemble the output of a sequence homology search. While there is a 
strong suggestion that Mtv-9 resides on chromosome 12, the best 
pairwise comparison fairs-to reach even the 90% confidence level. 
Indeed, five chromosomes carry markers satisfying the conditions of 
the search. As in homology searches, a strongly favored relationship 
and several weaker relationships are uncovered between the test object 
and the database entries. 

Table 1A. 
DISCORDANT / BAYESIAN BINOMIAL NOMINAL 

LOCUS (CHROMOSOME) INFORMATIVE LINK PROB LINK PROB MAP DIST 
D12 ny8 (12 ) 2 / 17 87.707 99.883 3.57 
c-Fos (12 ) 2 / 15 72 .190 99.631 4.17 
B2m ( 2 ) 13 / 44 50.034 99.522 13 .27 
HIs (13 ) 10 / 35 40.825 99.166 12.50 
H3f2 ( ? ) 2 / 11 28.897 96.729 6.25 
I11a ( 2) 30 / 82 25.793 99.009 20.27 
Bmn ( 3 ) 6 / 22 24.292 97.376 11. 54 
Fcs-2 (12) 6 / 22 24.292 97.376 11. 54 
MLC1,3*F ( 1) 7 / 24 20.228 96.804 12.96 

A total of 337 loci were tested for linkage to Mtv-9 at 20.0% confidence. 
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CHR 
12 
12 
12 

lB. 
I 

D12 ny1 
D12-nyS 
D12-nyS 

J 
D12 ny8 
D12-ny8 
Igh-Cf 

BAYES % PROB 
93.79 
92.01 
90.82 
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BINOM % PROB 
91.18 
93.17 
98.23 

Given the failure to establish linkage of Mtv-9 to any chromosome 
unambiguously using this data set and pairwrse-analysis, we then use 
the LINKPR option of LINKBOD to investigate chromosomes 2 and 12, the 
two yielding muYtiple presumptive matches. The results are displayed 
in Table lB. These results illustrate the power of the multilocus 
approach, as it is now possible to map Mtv-9 to three pairs of 
chromosome 12 loci at a confidence leve~>90%. No pairs of 
chromosome 2 loci meet even this degree of confidence. Of course, if 
linkage to a particular chromosome is established by pairwise 
analysis, the three locus comparisons may be omitted. At this point, 
it is appropriate to proceed to calculations using BAYLOC or its 
automated version, AUTOBLOC, to construct a genetic map. 

CONSTRUCTION OF A CHROMOSOMAL GENETIC MAP 

The BAYLOC program (Blank and D'Eustachio to be published) can be 
summarized briefly. The program calculates multilocus Bayesian genetic 
maps for a test locus given recombination data between it and a set of 
previously mapped markers. The results are tabulated as probabilities 
of the test locus's residence at each 1 cM interval along the length 
of the chromosome given the positions of the markers and the actual 
recombination data. The results of a single run of BAYLOC are in 
effect a Bayes' Theorem transformed version of the maximum likelihood 
multilocus method (Lathrop et al. 1984). The transformation 
normalizes the distribution-of-Probabilities of a test locus's map 
position to a sum of lover the entire genome. This transformation is 
useful in that it allows the confidence intervals, exclusion 
intervals, and assessments of marker order to be calculated 
explicitly. Confidence intervals are found by summing the best 
positions' probabilities until the confidence criterion is exceeded. 
Exclusion ranges are calculated in similar fashion, starting from the 
worst positions and proceeding until the confidence criterion is 
exceeded. 

Detailed maps are constructed by sequential addition of loci to a 
preexisting framework of linked loci. The strategy leading to the most 
complete maps is to begin with a trio of loci whose linkage is 
well-established but are nevertheless separated by an appreciable 
distance. Appreciable distance, in this context, means IS - 20 % 
recombination fractions for backcrosses and -S cM apparent map 
distance for RI's. In such cases, the central marker will be linked 
to both outside markers, while the outside markers will be 
approximately unlinked to each other. Loci believed to reside very 
close to previously mapped markers should be added late, as these most 
often result in ambiguity as to order. 

There are several advantages to using a sequential approach. First, 
many potential locus orders need never be considered. For a map of n 
distinguishable loci, n!/2 locus orders are possible. Multilocus 
strategies that require systematic evaluation of all possible orders 
thus become unwieldy even for small (-10) numbers of loci {>1.8 x 
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106 orders), even if the unit steps in the procedure are rapid. The 
sequential approach considers only t(i=3,n)i = (n - 2)(n + 3)/2 orders 
(52 for 10 loci), a far smaller number than n!/2. Second, sequential 
map construction allows the adequacy of the map to be assessed as each 
locus is added. Third, when order fails to be determined with 
certainty, BAYLOC can be used to estimate the data needed to resolve 
the ambiguity. The necessary data can take two general forms: the 
number of individuals required with the loci already included in the 
map, or the approximate location of a marker not yet included in the 
map whose segregation with the unorderable locus would provide 
sufficient information for unambiguous mapping. Thus failure to map a 
locus successfully leads to a prescription for future experiments. 

Many of the steps outlined above have been automated in AUTOBLOC. 
This program optimizes each marker's position as each new locus is 
added to the map, assigning each to its maximum BOD location. For 
each marker after each addition to the map, the conditional 
probability of the marker's lying between its nearest flanking 
informative markers given the remainder of the data is computed. 
Nearest informative markers are those which in addition to being typed 
for both the test locus and the flanking marker, also display at least 
1 recombination event between the marker and the test locus. We 
generally use a 99% confidence as to marker order as the criterion for 
establishing order. 

An eight marker map of chromosome 12 based on a C57BL/6J x SWR 
backcross illustrates the use of AUTOBLOC. The mapping strategy and 
the results of adding each locus are shown in Fig. 1. Panel B was 
included to illustrate failure to establish order at 99%, our 
criterion for continuing to add to the map. In the remaining panels, 
additional markers are added successfully, ending with D12-ny4, the 
locus that failed to map earlier. This once again demonstrates the 
practical import of the multilocus approach, as addition of markers to 
the map rather than enlargement of the sample allowed the locus to be 
placed. Figure 1 also shows 95% and 99% confidence intervals for the 
loci. These become narrower as markers are added to the map and are 
discontinuous when order is not established at that confidence level. 

ASSUMPTIONS ABOUT INTERFERENCE 

BAYLOC and AUTOBLOC use data expressed as recombinants/informative 
chromosomes. The calculation does not attempt to distinguish 
even-numbered crossover events from noncrossovers nor to distinguish 
higher odd-rank crossovers from single crossovers. This approach is 
taken consciously, as it considers the data without asserting an 
implicit assumption about order. The practical consequence of this 
simplification is threefold. First, running of the program is greatly 
accelerated. Second, the final optimized maps generated are slightly 
compressed compared to maps generated by pairwise mapping. Third, 
multilocus mapping can be carried out for data sets in which it is 
impossible to reconstruct the haplotypes generated at a single 
meiosis. This is particularly useful for RI strain analysis and 
incomplete backcross data, such as those obtained by pooling several 
2- and 3-point crosses. 

At the final stages of map construction, however, it is desirable to 
be able to reconstruct the distribution of chromosomes generated 
during the experiment so that the frequency of multiple crossover 
events can be compared with the map. We have developed a version of 
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Fig 1. Construction of a linkage map from a chromosome 12 C57BL/6J x SWR/J 
backcross informative for all 8 marker loci. Each panel shows addition of a 
locus, as noted. Up to 316 mice were informative for any pair of loci. 
Vertical lines show best locations for the markers, double horizontal lines 
show 95% confidence intervals for those locations, and single horizontal 
lines show 99% confidence intervals. Discontinuous confidence intervals 
result when the marker order is ambiguous. 
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BAYLOC which does this. It is important when using this program to 
have a very high level of confidence in the marker order, as the 
program assumes the order to be correct. The program works by 
recalculating the data as crossover events/informative chromosomes in 
a genetic interval defined by each pair of loci and finding the 
maximum BOD for the test locus. By counting events rather than 
recombinants, the compression of the BAYLOC map relative to the 
pairwise map is reversed. The event-based map is shown in Fig. IH. 

The versions of BAYLOC and AUTOBLOC now in use allow the user to 
invoke either-the Haldane(1919) or Kosambi(1944) mapping functions. 
Various other mapping functions have also been devised (e.g. Carter 
and Falconer 1951; Rao et al. 1977) and could be incorporated into the 
programs. 

CONCLUSIONS AND PROSPECTS 

We have described a package of computer programs for generating high 
resolution linkage maps rapidly. The central calculation is a 
multilocus Bayesian mapping routine, BAYLOC. We have illustrated the 
application of these computational tools to several cases using actual 
data. 

Experimental study of interference in a chromosome 12 multipoint 
backcross is currently underway in our laboratory. This is but one of 
several biological questions whose answers depend on complete, 
accurate maps. Our preliminary results suggest that the occurrence of 
crossovers is significantly nonrandom, as there are too few 
noncrossover and multiple crossover chromosomes and too many single 
crossover chromosomes. Similar calculations using others' M. 
domesticus x M. spretus backcross data (e.g. Bucan et al. 1986; Robert 
et al. 1985) Indicate that this is a common phenomenon-rn this 
oreeding system. Biological characterization of interference in this 
setting may yield clues as to the differences in chromosomal structure 
or genomic organization which exist between sibling species. The 
issue of genomic organization also bears on attempts to understand the 
origins of inbred mice (Blank et al. 1986; Bonhomme et al. 1984; 
Figueroa et al. 1987; Fitch ana-Atchley 1985; Rice ana O'Brien 1980). 
We speculate~hat inbred mice differ not only at genetic points, but 
that numerous small insertions, deletions, and other rearrangements 
exist between the genomes of various inbred mouse strains. 

Several other avenues of research rely critically on genetic maps. 
These include phylogenetic comparisons of genomic organization (Lyon 
1987; Nadeau and Taylor 1984) and attempts to correlate genetic and 
physical chromosome maps (e.g. Burmeister and Lehrach 1986; Poustka et 
al. 1986; Barlow et al. 1987). These formidable tasks require that 
genetic data be available in useful form and amenable to rapid, 
efficient, and accurate analysis. 
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The Rat Gene Map 

C. Szpirer, J. Szpirer, M.Q. Islam!, and G. Levan! 

INTRODUCTION 

Rat genetics is much less developed than mouse (or human) genetics. 
Since the rat is used as an experimental animal in several fields, 
such as cancer research, this lack of genetic information is often 
frustrating. It would thus be helpful to extend the knowledge of the 
rat gene map. In addition, such data would allow comparisons with 
the gene map of other species and favor the study of chromosome 
evolution. 

During the last few years, in collaboration with other groups, we 
have been able to map about 30 rat genes, on 14 of the 22 different 
rat chromosomes (see Levan et al., 1986). These assignments were 
obtained by the methods of somatic cell genetics, using a panel of 
mouse hepatoma - rat hepatocyte hybrids that segregate rat 
chromosomes (Szpirer et al., 1980). The rat chromosomes retained in 
the hybrid clones or subclones were identified by G-banding and most 
genes mapped were sought for in DNA extracted from the hybrids, by 
Southern blot analysis. 

GENE ASSIGNMENTS AND CONSERVED SYNTENY 

Our data, including unpublished .results (IGL, ORM, NEU, MISl, ALDOB, 
A2UG) are summarized in Tables 1, 2 and 3. Some of these 
assignments are briefly commented below. These localizations, 
combined with results obtained by other authors (using somatic cell 
hybrids or in situ hybridization; for references, see Levan et al., 
1986; Cramer, 1987; Lalley and O'Brien, 1987) have led to new 
knowledge of conserved synteny between man, mouse and rat; these 
data are summarized in Table 4. 

Among the first rat genes we mapped are the albumin and 
alpha-fetoprotein (AFP) genes, that we assigned to chromosome 14 
(see Table 1). In man and mouse (for references on mouse and human 
gene localizations, see Mouse News Letter, 78, 1987; Lalley and 
O'Brien, 1987; McAlpine et al., 1985, and HGM9, Cytogenet Cell 
Genet, in press) these genes are closely linked on chromosomes 4 and 
5, respectively. We also assigned to rat chromosome 14, the gene 
coding for the vitamine D binding protein (VDBP, or Gc globulin), 
the third member of the albumin-AFP family; in man, the VDBP (GC) 
gene is linked to to the albumin-AFP cluster, in the region qll-13 
of chromosome 4. Interestingly, the structural genes coding for the 
fibrinogen (FB) chains are also on the long arm of human chromosome 
4, in the region q26-28. In the rat, these genes are not syntenic 
with the albumin-AFP-VDBP genes: the FB genes were assigned to rat 
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chromosome 2 by in situ hybridization and by the analysis of our 
mouse - rat hybrids (Szpirer et al., 1987). The localization of the 
rat FG genes is one of the few rat gene assignments that are 
confirmed (i.e. made by two independent laboratories). 

Table 1. Rat Ig and plasma protein genes, and comparative mapping. 

Locus 

IGH 
IGK 
IGL 

ALB 
AFP 
VDPB(GC) 

FGA 
FGB 
FGG 

TF 

C3 

ORM(AGP) 

RNO 

6q32(LGVIII) 
4 
11 

14(LGIX) 
14 
14 

2q31-34 
2q31-34 
2q31-34 

8 

9 

5 

MMU 

12 
6 
16 

5 
5 

9 

17 

4 

HSA 

l4q32 
2p12 
22q11 

4qll-13 
4qll-13 
4q11-13 

4q26-28 
4q26-28 
4q26-28 

3q21-26 

19p13 

9q34 

RNO = rat chromosomes; MMU = mouse chromosomes; HSA = human 
chromosomes. LG = linkage group. 

Several rat oncogenes have been mapped; our localizations are 
summarized in Table 2. The HRAS1 oncogene assignment (RNO 1) is one 
of the confirmed rat gene assignments. The MYC oncogene is 
particularly interesting. Indeed, this oncogene is known to be 
involved in specific chomosome rearangements in B- and T-cell 
tumors. In most cases of B-cell neoplasia (human Burkitt's lymphomas 
and murine plasmacytomas), the MYC oncogene (on HSA 8 and MMU 15) is 
transposed to the chromosome that carries the immunnoglobulin heavy 
chain (IGH) locus (HSA 14, MMU 12; for a review, see Cory, 1986). 
In the rat, immunocytomas of spontaneous origin show a reciprocal 
translocation between chromosomes 6 and 7 (Wiener et al., 1982). The 
rat MYC oncogene was assigned to chromosome 7 and the rat IGH locus 
to chromosome 6. In addition, the MYC oncogene is generally 
rearranged in rat immunocytomas (Sumegi et al., 1983), and 
juxtaposition of MYC to IGH has been demonstrated in such tumor 
cells (Pear et al., 1986). Chromosomal trans locations juxtaposing 
MYC and immunoglobulin DNA sequences thus occur in three types of 
B-cell tumors, of different etiology, and in three species, man, 
mouse and rat. The assignments of MYC to rat chromosome 7, and of 
IGH to rat chromosome 6 is in line with banding homology between RNO 
7 and MMU 15, and between RNO 6 and MMU 12 (see Fig. 1 and Nesbitt, 
1974; Yoshida, 1978). 

T-cell neoplasia can be induced in the mouse by retrovirus 
integration in the vicinity of Myc, at a site called Pvt-1 (Graham 



Table 2. Rat oncogenes and common MoMuLV integration sites, and 
comparative mapping. 

Locus RNO MMU HSA 

HRAS1 I(LGI) 7 llpter-15 
HRAS2 X Xpter-q28 

KRAS2 4 6 12pl2 

ERBAI 15 11 17qll-21 
ERBBI 14 11 7p14-12 
NEU(ERBB2) 10 17q21 

MYC 7 15 8q24 
MYCL 5 Ip 
MYCN 6 2p23-24 

MLVIl 7 15 
MLVI2 2 15 5p14 
MLVI3 15 
MISI 7 15(Pvt-l) 8q24 

Table 3. Rat genes: miscellaneous, and comparative mapping. 

Locus RNO 

GH 10 
PRL 17 

ALDOB 5 

A2UG(MUP) 5(LGII) 

CRYG 9(LGX) 

TG 7 

MMU 

4 

1 (Len-I) 

15 

HSA 

17p22-24 
6p23-q12 

9q31-32 

2q33-35 

8q24 
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et al., 1985). In the rat, thymomas are induced by the Moloney 
murine leukemia virus (MoMuLV), and many of them bear a retroviral 
insert at one of several common but distinct integration sites: MIS1 
(homologous to the mouse Pvt-l locus; Villeneuve et al., 1986), 
MLVIl, MLVI2 and MLVI3 (for references, see Tsichlis et al., 1985). 
The rat MIS1 and MLVII regions are localized on chromosome 7 
(Ingvarsson et al., 1987; Tsichlis et al., 1985), like MYC. Provirus 
insertion in MISI or MLVII may deregulate MYC expression in rat 
thymomas, like in retrovirus-induced mouse T-Iymphomas or in mouse 
plasmacytomas carrying Igk-Pvt-1 translocations (Graham et al., 
1985). The rat MLVI2 and MLVI3 loci are located on chromosomes 2 and 
15, respectively; therefore, these sites cannot be involved in 
cis-acting deregulation of MYC. However, since MLVI3 is syntenic 
with ERBA, the possibility that retrovirus integration in the MLVI3 
locus could alter the expression of ERBA should be considered. 
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RN01 MMU7 

RN04 6 
MMU 

RN07 
MMU15 

RN013 
MMU1 

RN02 MMU3 

RN05 MMU4 

RN08 MMU9 

RN014 
MMU5 

RN03 MMU2 

RN06 MMU12 

RN010 
MMU11 

RNOX 
MMUX 

Fig. 1. G-banding 
homology between 
rat (RNO) and 
mouse (MMU) 
chromosomes. 

Some mouse and rat chromosomes show striking banding homologies, as 
illustrated by Fig. 1 (see also Nesbitt, 1974; Yoshida, 1978). The 
present data on the rat gene map (Levan at al., 1986, and this 
paper) allows us to deduce genetic homologies between these two 
species. Table 4 shows a list of chromosomes that carry conserved 
synteny groups containing at least two genes; this comparison 
confirms, at the gene level most morphological similarities between 
mouse and rat chromosomes. Comparison with the human gene map 
extends, not unexpectedly, to rat chromosomes, syntenic homologies 
already known between mouse and human chromosomes; in addition, the 
data obtained in the rat define new regions of conserved linkage in 
rodents and man, such as the MYC - thyroglobulin (TG) group (RNO 7 -
HSA 8q24), the fibrinogen genes (RNO 2 - HSA 4q26-28), and the 
growth hormone - NEU (ERBB2) group (RNO 10 - HSA 17q21-24). The 
available information on the known homologies between different 
species, including rat, mouse and man, has recently been reviewed by 
Lalley and O'Brien (1987). 



Table 4: Conserved syntenyic groups in rat, mouse and man. 

Locus RNO MMU HSA 

HPRT,HRAS2 X X X 

INS,HRASl,HBB l(LGI) 1 IIp 

FGA,-B,-G 2 4q26-28 
2 1 

ABL ,AKl 3 2 9q34 

IGK 4 6 
KRAS2, TPIl I; 6" l2p 

ENOl,FUCA 5 4 lp 
ORM,ALDOB 5 9q 

ACPl,IGK 6 12 2p25 
ACPl,MYCN 6" 2p 

MYC,TG 7 1.2 8q24 

TF,MPI 8 2 

TK,GALK 10 11 l7q2l-22 
GH,ERBB2 TO l7q2l-24 

11 1 

ALB,AFP 14 .2. 4qll-13 
VDBP(GC) 14 4qlI-13 

This table summarizes the homologies between rat, mouse and human 
chromosomes and shows the chromosomes exhibiting banding homomogy 
(underlined) and/or carrying at least two genes (first column) that 
are syntenic in rat, mouse and/or man 

NON-RANDOM CHROMOSOME LOSS IN MOUSE HEPATOMA - RAT HEPATOCYTE 
HYBRIDS. 
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The chromosome analysis of the mouse hepatoma - rat hepatocyte 
hybrids revealed that rat chromosome loss is not random (see Szpirer 
et al. 1984, 1987). The fusion of mouse hepatoma cells with normal 
adult rat hepatocytes yielded proliferating hybrids at a very low 
rate (about 0.001 hybrid per 100 treated cells). However 45 hybrid 
clones could be isolated (LB hybrids; Szpirer et al., 1980). Most of 
them (31 out 45) had doubled the number of mouse chromosomes (2S 
hybrids). The remaining 14 hybrids were subjected to detailed 
chromosome analysis (Szpirer et al., 1984) (and used to map rat 
genes, as summarized above). This analysis revealed that the IS LB 
hybrids preferentially retained 2 unselected rat chromosomes, RNO 4 
and RNO 7 (retained in 13 and 12 clones, respectively) and 
preferentially lost RNO 8 (absent in 12 clones). On the other hand, 
among the 31 2S clones, 13 retained rat chromosome 8 (they secreted 
rat transferrin, the structural gene of which is on RNO 8; Szpirer 
et al., 1980, 1987). Rat chromosome 8 is thus preferentially lost in 
the mouse hepatoma - rat hepatocyte hybrids that did not double the 
mouse hepatoma genome. 
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From these results, we conclude that rat chromosome 8 confers 
specifically a growth disadvantage to the hepatoma - hepatocyte 
hybrids. The non-mitotic state of the normal adult hepatocyte 
appears to block proliferation of the hy~rids and the loss of rat 
chromosome 8 seems to be required to allow their continuous growth; 
alternatively, doubling the hepatoma genome seems to counterbalance 
the negative effect of rat chromosome 8. We suppose that this 
chromosome carries a growth control gene. 
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Linkage and Synteny Homologies in Mouse and Man 

J.H. Nadeau and A.H. Reiner 

The following map shows the chromosomal location of genes that have been 
mapped in both mouse and man. The chromosomal location of the homologous gene 
in man is indicated after each mouse gene. Chromosome arm assignment is also 
given when known. Highlighted are chromosome segments that are marked by two 
or more genes whose homologues in man are located on the same chromosome and 
that are not interrupted by genes whose homologues in man are located on other 
chromosomes. Synteny assignments are given below each chromosome. 

We maintain a database of linkage and synteny data for all mammals and welcome 
information concerning errors of commission or omission and inquiries 
concerning comparative gene mapping data. 
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Molecular Analysis of the Aniridia - Wilms' Tumor Syndrome 

N.D. Hastie, D.J. Porteous, W. Bickmore, J. Maule, and V. van Heyniogen 

INTRODUCTION 

Wilms' tumor is an embryonic nephroblastoma which occurs at a 
frequency of 1/10,000 children and usually manifests within the first 
three years of life. 1/50 of the individuals with Wilms' tumor also 
suffers from congenital aniridia (no iris), a condition which 
ultimately leads to blindness if untreated. Conversely 1/2 to 1/3 
children with sporadic aniridia will go on to develop Wilms' tumor. 
Individuals with both these conditions are almost invariably mentally 
retarded and will often have other genitourinary abnormalities such as 
ambiguous genitalia, gonadoblastoma and a variety of kidney defects. 
This syndrome, the WAGR syndrome (Wilms' tumor, Aniridia, Genito
urinary abnormalities, Mental Retardation) is associated frequently 
with a constitutional deletion-of the short arm of one chromosome 11 
which always involves the distal part of band Ilp13 (Riccardi et al., 
1978). 

There is a considerable body of genetic and molecular evidence to 
support the idea that the Wilms' tumor mutation is recessive at the 
cellular level (Knudson and Strong, 1972; Koufos et al., 1984). Thus 
if a deletion or mutation of one copy of the gene is inherited the 
second copy must undergo a similar event in the tumor tissue itself. 
It seems reasonable to hypothesise that the Wilms' tumor (WT) gene 
product is essential for differentiation of embryonic nephroblasts 
into nephrons; if the gene product is lacking these stem cells fail 
to differentiate and continue to proliferate leading to the formation 
of malignant tumors which mayor may not require other genetic changes 
for their progression. Manifestation of aniridia on the other hand 
only requires a 50% reduction in the level of the aniridia (AN) gene 
product; this is an example of haploid insufficiency. It is unclear 
at present whether other genitourinary abnormalities associated with 
this syndrome are a direct consequence of mutations in the WT gene or 
reflect mutations in different genes within Ilp13. 

En route to isolating these interesting genes we are first identifying 
markers which map to the critical Ilp13 region, as evidenced by their 
absence from the deleted chromosomes. To facilitate this analysis we 
have established a panel of somatic cell hybrids in which the rearranged 
chromosomes have been segregated from their normal counterparts. 
Translocations associated with a particular phenotype are of special 
interest as they may have breakpoints which lie within the gene 
itself. We are working with two reciprocal trans locations with break
points in Ilp13, one found in all the affected members of a family 
segregating for aniridia (4;11 translocation), the other in a still
born individual with renal dysplasia (2;11 translocation). Again 
somatic cell hybrids containing the different parts of these trans
locations have been established. These panels of somatic hybrids with 
rearranged chromosome lIs not only help to identify markers close to 
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the genes of interest but also are invaluable aids for constructing 
physical linkage maps of the short arm of chromosome 11. In order to 
enrich for markers located in the short arm of the chromosome we have 
exploited the technique of chromosome-mediated gene transfer (CMGT). 

Establishing the Panel of Somatic Cell Hybrids Containing Rearranged 
Chromosome lIs 

In order to identify patients who were likely to have Ilp13 deletions 
we located individuals who had suffered from both aniridia and Wilms' 
tumor or patients with mental retardation and aniridia. We first 
identified 5 individuals determined by Giemsa and reverse banding to 
have deletions in Ilp13 ranging in size from half the short arm of the 
chromosome to barely detectable deficiencies encompassing just part of 
the Ilp13 band (van Heyningen et al., 1985). Lymphoblastoid cell 
lines were established from these patients by transformation of 
lymphocytes with Epstein Barr virus. These cell lines were fused to 
mouse plasmacytoma cells and individual clones resulting from the 
fusion were scored for the presence of the deleted or normal chromo
some. In the case of the smallest detectable deletions we could only 
identify correctly the cell line containing the deleted chromosome by 
subsequent marker loss analysis. To facilitate this onerous task we 
have used FACS to select for hybrids containing chromosome 11 using 
monoclonal antibodies to cell surface markers encoded by genes located 
on chromosome 11 (Seawright et al., 1988). Obviously the smallest 
detectable deletions are most useful in pinpointing markers to the 
critical region of Ilp13. We now have hybrids containing chromosomes 
with 3 such barely detectable deletions which involve only part of 
chromosome Ilp13; these are ANX6.4, SAX3.10 and MAXIS. In addition, 
we have established hybrids in which the different parts of the 
translocations associated with aniridia (SIMX hybrids) and renal 
dysplasia (POR hybrids) have been segregated from each other and the 
normal chromosome 11. 
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Fig. 1. Southern analysis to determine the status of IIp genes in a 
large deletion. 
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Mapping Genes to the Panel of Hybrids 

We were first interested in determining whether any genes known to map 
on chromosome 11 are located in the 11p13 region and thus useful 
starting points for isolating the WT and AN genes. At the time we 
initiated our study the Beta haemoglobin chain (HBB) gene, the calci
tonin (CALC) gene and the parathyroid hormone (PTR) gene were all 
known to map on chromosome 11 and probes for all these were available. 
Of most interest however was the as yet uncloned gene for catalase 
(CAT) the levels of which were reduced in many WAGR patients. We used 
an oligonucleotide probe predicted from the amino acid sequence to 
isolate the catalase gene (van Heyningen et al., 1985). Figure 1 
shows the results of a Southern blot analysis in which radioactive 
probes for these genes were hybridised to DNA from somatic cell 
hybrids containing the normal (NYX5.6) or deleted (11p13 to 11pI5.4; 
NYX3.1) chromosome 11 from one of our patients. Of these four genes 
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Fig. 2. A physical map of the short arm of chromosome 11 and the WAGR 
region. On the left hand side the positions of genes are indicated: 
INS is the insulin gene, MICll and MIC4 are the genes encoding cell 
surface markers. The numbers on the right hand side refer to the 
positions of anonymous DNA markers obtained from the chromosome trans
fectants E67-1 and E65-6. The narrow lines represent chromosomes with 
deletions, the hatched broad lines represent translocated chromosomes. 
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only the CAT gene is absent from the deleted chromosome. This gene 
must be located between Ilpl3 and Ilpls.4 and the other genes must map 
below IlpI3 or between IIpl3 to Ilpter. Similar data from other labo
ratories and in situ hybridisation analysis showed that these genes 
map between ITPI~and llpter. Figure 2 (left side) summarises the 
mapping data for a number of genes using our panel of hybrids. Data 
obtained from hybrids containing the translocated chromosomes (PaR and 
SIMa) is particularly helpful when combined with deletion analysis. 
For example, from analysing the deletions the lactate dehydrogenase A 
(LDHA) gene ceuld map to Ilpis-lipter or below Ilpl3. The former 
alternative must be correct as the LDHA gene is located in the upper 
translocated segment in each case. 

We can now start to order the genes within the Ilpl3 band itself. For 
example, the CAT gene is deleted in NYX3.1, GOX2, SAX3.10 and MAXIS 
but not deleted from ANX6.I4. The ANX deletion extends from the 
middle part of IlpI3 to the Ilpl3-llpl4 boundary. So we can say the 
CAT gene is in the proximal half of Ilpl3 and closer to the centromere 
than the WT and AN genes. 

Recently the beta subunit of the follicle stimulating hormone gene 
(FSHB) was shown to be located in IlpI3 and deleted from all WAGR 
patients studied (Glaser et al., 1986). Our analysis confirms this 
location and shows that the FSHB gene must be distal to the WT and AN 
genes as it is not deleted in SAX3.10 and MAXIS. 

H-ras Mediated Chromosome Transfer Generates New Markers for 1lp13 

The CAT and FSHB genes are the closest known markers to the WT and AN 
genes but are still likely to be several megabases away as evidenced 
by their maintenance in several chromosomes containing cytologically 
detectable Ilp13 deletions. Thus we had to devise a way to select for 
clones which mapped to IIp and to the p13 band in particular. To this 
end we chose to use the procedure known as chromosome mediated gene 
transfer (for review see Porteous, 1987) to introduce fragments of IIp 
into mouse cells. In brief we first prepared mitotic chromosomes from 
the human bladder carcinoma cell line in which the H-ras oncogene on 
chromosome 11p1s is active. These chromosomes were introduced into 
mouse C127 cells by the calcium phosphate procedure and transformed 
foci were obtained at the frequency of 1/500,000 cells (Porteous et 
al., 1986). We then proceeded to show that the transfected cells had 
taken up stably fragments of chromosome 11 ranging in size from 1 to 
50 megabases. Analysis of the patterns of cotransfer of IIp markers 
along with H-ras showed that in each case large scale deletions accom
panied the chromosome transfer process (Table 1). However in both 
transformed clones E671 (~30mb human DNA) and E6s6 (-s-10mb human DNA) 
markers flanking the WAGR locus were transferred intact (MIC11 maps 
closer than CAT) so we decided to make genomic DNA libraries from both 
these transfectants with the hope that these would be enriched for IIp 
and 11p13 markers. This indeed proved to be the case; phage or cos
mids containing human inserts were isolated from these libraries using 
a labeled "alu" or total human DNA probe and then mapped to our panel 
of deletions and trans locations (Porteous et al., 1987). All 100 or so 
new markers isolated this way mapped to chromosome 11 and the majority 
of these to IIp (Figure 2, right side). These markers now allow us to 
distinguish the end points of the different deletions which appear to 
be a nested set. The new markers establish that our panel can be used 
to divide the short arm of chromosome 11 into 10 contiguous segments. 
Most importantly we now have 12 new markers mapping to 11p13, at least 
2 of these closer than FSHB to the WAGR genes. 



CO ·TRANSFER OF SYNTENIC GENE MARKERS IN HRAS1·CMGT. 

HRAS1·CMGT HRASl INS HBB PTH CALCl LDHA FSHB MlCll CAT MIC4 PGAAPOAl Mica 

E65·6 

E67·l 
E67·4 

+ + + 
+ 
+ 
+ 

+ 

Table 1. Co-transfer of syntenic gene markers in HRAS1-CMGT. The 
genes are listed according to the consensus map order. PGA is the 
pepsinogen-A gene, Apo-A1 is the apolipoprotein-A1 gene and MIC8 is 
the gene encoding a cell surface antigen. 

Future Plans to Isolate the Genes 
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We now have 14 markers which map to the 11p13 band, a spacing on 
average of 300-400 kb pairs per marker. Thus some of these markers 
may be very close to or within one of the WAGR genes if the latter are 
several hundred kb in size. The clones marked with an asterisk 
(Figure 2) hybridise to mouse as well as human DNA and so might con
stitute exons of genes. We are using these to look for transcripts 
and using all the clones to look for rearrangements within Wilms' 
tumors, a property expected of the WT gene by analogy with the retino
blastoma gene (Friend et al., 1986). However before looking for genes 
it is perhaps best to build up a large scale map of this region using 
pulsed field gel electrophoresis (PFGE) (Schwarz and Cantor, 1984). 
We have succeeded in linking up the FSHB gene and the API2C9 clone. 
It is crucial to link markers which flank the WT and AN genes by PFGE 
in order to obtain an idea of the limits of the problem. 

Perhaps the best way to isolate the aniridia gene is to attempt to 
identify clones which map to the SIMX translocation breakpoint itself. 
Again PFGE should allow us to pick up the translocation and deletion 
breakpoints at distance. The POR translocation was associated with 
renal dysplasia, a condition characterised by failure of nephron 
differentiation. This breakpoint might well be within the WT gene 
itself or another closely linked gene involved in kidney differenti
ation. If deemed practicable we will start to walk or jump (Poustka 
and Lehrach, 1986) from our closest markers to these translocation 
breakpoints. If we need to obtain more markers we will construct 
libraries from large fragments containing our closest markers and 
isolated from preparative pulsed field gels. As an alternative we 
have successfully carried out CMGT using, this time, antibodies to 
MIC4 and MIC11 to select mouse cells containing the p13 region using 
the FACS. 
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Approaching the Mouse Steel Locus from Closely Linked 
Molecular Markers 

L. Stubbs ,A. Poustka*, D. Rohme**, L.B. Russell'**, and H. Lehrach 

INTRODUCTION 

The mouse Steel locus is involved in a crucial step of the early development of three important 
stem cell types: skin melanocytes, erythropoietic stem cells, and primordial germ cells. 
Homozygotes of the more severe alleles are typically white with black eyes, sterile, and suffer 
from a severe macrocytic anemia which often results in the death of affected animals in utero, or 
shortly after birth (Sarvella and Russell, 1956). The effects of SI mutations can first be detected 
during the period when the three stem cell populations begin to migrate from their distinct sites 
of origin to colonize specific target tissues, within which their proliferation and further 
differentiation will be completed. In SI homozygotes, the migrating cells apparently do not 
reach their targets in sufficient numbers to allow continued normal development (Bennett, 
1956). The stem cells themselves are not defective, and can develop normally when placed 
into the proper wild type environment (McCulloch et ai, 1965; Mayer, 1973); instead it is the 
tissues with which the stem cells interact as they proliferate and differentiate, during migration 
and beyond, that are responsible for expression of the mutant phenotype. Although no simple 
plan for the isolation of SI coding sequences can be currently envisioned, the extensive genetic 
analysis of the locus makes it a good candidate for the application of recently developed 
"reverse genetic" approaches. Toward the goal of the isolation and analysis of DNA sequences 
at SI, we have initiated such a molecular approach, beginning with the mapping of the locus 
relative to closely linked markers, and the directed movement from the markers toward the gene 
using chromosome jumping (Poustka and Lehrach, 1986) and related techniques. 

RESULTS AND DISCUSSION 

Mapping the T(10;17) breakpoint 

Our approach requires that cloned markers exist which lie relatively close to the gene in 
question; in practical terms, maximally within one centimorgan. Since SI has been mapped to 
a region of chromosome 10 devoid of such closely linked markers, we have used mice 
carrying a 10;17 translocation which is itself a Steel mutation (T11 RI; Cacheiro and Russell, 
1975), to bring the locus into close linkage with markers mapping within the proximal third of 
chromosome 17. Due to efforts by a number of laboratories over the past several years, this 
region of chromosome 17, containing the Tit complex and the MHC, is well saturated with 
closely-spaced and well-mapped molecular markers (Steinmetz et ai, 1982; Herrmann et ai, 
1986). It was therefore likely that we might find markers lying close enough to the 
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Figure 1. Schematic outline of the derivation of hybrid cell lines used for mapping, and Southern blot comparing 
EcoR1 digested DNA derived from T11 RI mice, V79 hamster cells, and the two mouse-hamster hybrid lines, after 
hybridization with w1 and Crya-1 probes. 

chromosome 17 translocation breakpoint to allow eventual access to associated sequences on 
chromosome 10. In order to map the site of translocation on chromosome 17, we fused lung 
fibroblasts derived from heterozygous T11 RI 1+ mice to transformed hamster cells, and passed 
independent clonal lines for several generations. We then screened DNA isolated from a 
number of lines on Southern blots with probes located either very distally or proximally on 
chromosome 17, in order to identify cell lines which had lost one or the other of the two 
reciprocal translocation chromosomes, along with the wild type copy of chromosome 17. 
In this way one cell line, HMTA 9:19, was identified, which carried DNA sequences derived 
from the distal portion of mouse chromosome 17 but not from the from the proximal region. 
After hybridization of a number of cloned markers to DNA derived from HMTA 9:19, we were 
able to locate two markers which are closely neighboring on wild type chromosome17, but 
separated onto different chromosomes by the T11 RI translocation. Figure 1 shows a Southern 
blot analysis of DNA derived from a spleen of an T11 RI homozygous mouse, compared with 
DNA from HMTA 9:19, HMTA 9 (the parent cell line of HMTA 9, containing both translocation 
chromosomes), and V79 hamster cells. As can be seen, the probe w1, derived from the most 
proximal cloned portion of the MHC (Weiss et ai, 1984), detects a mouse-specific EcoR1 
fragment in both of the hybrid cell lines, while the cDNA for alpha-A-crystallin (Crya-1; King et al 
1982) recognizes mouse-specific EcoR1 fragments only in HMTA 9, and not in the HMTA 9:19 
cell line. Crya-1 has been shown to map 1 cM proximal to the H2K gene, which lies just 70 kb 
distal of the w1 probe. These results thus place the T11 RI translocation breakpoint within a 1 
cM region lying between Crya-1 and the proximal end of the MHC. 



49 

A physical map of the w1 to Crya-1 Interval 

Before beginning a series of jumps between flanking markers w1 and Crya-1 toward the 
translocation breakpoint, it was necessary to establish a long-range restriction map around the 
two probes. Establishment of the map was necessary for the localization of nearby sites for 
rare-cutting restriction enzymes, which represent the startpoints and endpoints in our jumping 
libraries, as well as for the determination of a minimal distance between the two markers in wild 
type DNA, and from the markers to the site of translocation. Cos mid clones immediately 
surrounding w1 show_an unusual concentration of rare-cutting enzyme sites, most of which are 
very well cut in genomic DNA ( L.Stubbs, unpublished). One cluster of sites lying 7 kb 
proximal of w1 provides an endpoint for many different restriction fragments, so that most 
fragments detected by the w1 probe on Southern blots are quite short, or extend distally toward 
H2K. The one exception is a restriction fragment generated by the enzyme Not I, which 
measures approximately 1.5 million base pairs (Mbp) in length; since a very well-cut Not I site 
lies just 20 kb proximal to w1 , we can determine that this very long fragment extends away from 
the MHC, and toward Crya-1 (Figure 2, figure 3). The Crya-1 probe detects a separate pair of 
partially cut fragments of 800-900 kbp (fig.3), and so it is possible to establish that the interval 
between the two neighboring probes is at least 1.5 Mbp in length. We have not yet been able 
to determine the position of the Crya-1 probe relative to the ends of the restriction fragments 
which it detects on Southern blots, nor to find fragments generated by either complete or partial 
digests which physically link the w1 and Crya-1 sequences. Therefore the exact distance 
between these two markers is as yet unknown. 
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Figure 2. Southern blots comparing DNA from T11 RI and C3H mice, separated on pulsed-field gels after restriction 
with rare-cutting enzymes. Left: Complete digests, hybridized with w1 or Crya-1 probes. Right: DNA treated with a 
range of concentrations of the enzyme Not I, to yeild partially cut fragments, and hybridized with the w1 probe. 
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Figure 3. A restriction map extending proximally from the w1 probe toward Crya-1, including data from probes 
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Mapping the distance between the flanking markers and the site of translocation 

T11 RI arose spontaneously on a C3Hx1 01 F1 hybrid, and has since been continously 
backcrossed with C3H. It is therefore possible, when comparing maps of DNA from mice of 
these wild type strains to that of T11 RI, to relate restriction fragment length polymorphisms 
(RFLPs) detected by a flanking probe to the DNA rearrangement caused by translocation. 
Since we have found that the C3H and 101 strains give identical restriction maps for rare
cutting enzyme sites in this region (L Stubbs, unpublished) , we will show only the comparison 
between DNA of C3H and T11 RI mice. Neither flanking probe detects polymorphic fragments 
between mutant and wild type DNA after complete digestion with any enzymes tested (figure 2), 
including Not I. This suggests that the translocation breakpoint is at least 1.5 Mbp from the w1 
probe, although it should be noted that our resolution of fragments of this size is not good 
enough to detect a polymorphism of several hundred kbp in either direction. 

We next examined DNA samples cut partially by Not I, in order to yield larger fragments that 
might possibly cross the site of translocation. Since the Not I site lying just distal of w1 is so 
well cut, and since Not I fragments extending further distal into the MHC are relatively short, it 
was possible to orientate a partial fragment of approximately 2.5 Mbp detected by the w1 probe 
in wild type DNA as extending in the proximal direction (Figure 2). A fragment of comparable 
size is not detected in T11 RI DNA after the same partial digest with Not I. In fact, no obvious 
partially cut fragment is detected with the w1 probe in T11 RI DNA. Such a results suggests that 
the next well-cut Not I site brought in by translocation is either very close or very far from the end 
of the Not I band includina w1 : in the first case. the differences between the sizes of the 
complete and partially cut fragments would be too small to be detected, while a very large band 
>6 Mbp) would not enter our gel under these running conditions. Further experiments will 
favor one of the two alternative explanations, but data thus far do suggest that the T11 RI 
translocation has occurred within the Not I band neighboring that containing w1 , and within a 
distance of 1.5 to 2.5 Mbp from that probe. No RFLPs are detected by the Crya-1 probe 
between DNA from the translocation mutant and wild type mice, and so the distance from this 
marker to the site of translocation cannot be determined. 

Closing the Gap between w1 and the Site of Translocation 

A distance such as that predicted between w1 and the T11 RI translocation breakpoint can only 
be bridged with innovations in even the most recent technologies. We are moving toward that 
goal by a series of jumps between neighboring rare-cutting enzyme sites within the region 
proximal to w1. Attempts to retrieve a jumping clone containing the endpoints of the 1.5 kb Not 
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I fragment have not yet been successful; most progress has been made so far with libraries 
constructed with the enzymes Mlu I and BSSH \I (fig. 3), covering a total distance of 400 kb thus 
far. At present it is quite possible, given the appropriate spacing of useful restriction sites, to 
jump at least 450 kbp at a single step (T. Pohl and A. Poustka, unpublished) ; methods to 
increase the potential sizes of steps spanned by jumping clones are currently being explored. 
The cloning of fragments exicised from low-melting agarose gels (Michelis et ai, 1986) , 
although more difficult for a single step, is a complementing strategy which can also be applied 
to longer DNA fragments. We are now in the process of applying all of these techniques to the 
region surrounding tRe T11 RI translocation. 

Jumping as a Means of Finding Genes 

Recently, Bird (1986) has described sequences near the 5' end of many mammalian genes, 
which are highly enriched for undermethylated CpG doublets. Recognition sequences for the 
rare-cutting enzymes used in the construction of jumping libraries contain one or more CpGs, 
and are therefore often found clustered these CpG-rich "islands". This fact makes it likely that 
sequential jumps will quite frequently lead us directly to into the vicinity of neighboring genes 
within a genomic segment. Our data thus far supports the notion that jumping with libraries 
constructed with rare-cutting enzymes biases our movement into close proximity of transcribed 
sequences; jumping startpoints and endpoints, are often highly conserved in a variety of 
species, and frequently detect specific RNA species when applied as a probe to Northern blots 
containing RNA from selected mouse tissues (L. Stubbs, unpublished). These "islands" 
within the w1-Crya-1 interval and their associated transcripts are of great interest, since they 
may be related to certain genetic loci which have been mapped to this region. Of particular 
interest is the gene corresponding totw5 , one of the t -complex embryonic lethal mutations, 
which is closely linked to, and thought to lie just proximal to, the H2K gene (Shin et ai, 1984). 
For this reason, as we proceed toward the T11 RI translocation breakpoint, and thus toward SI, 
we are carefully analyzing all sequences lying close to our jumping endpoints for possible 
evidence of transcriptional activity. 

CONCLUSION AND SUMMARY 

Toward the goal of the isolation and analysis of the functions of the mouse Steel locus, we have 
initiated a strategy using chromosome jumping and related techniques to move toward the gene 
from closely linked flanking markers. Since no cloned markers lie very near to SI in 
wild type chromosome 10, we have used mice carrying a (10;17) translocation to bring the 

gene into close linkage with markers on chromosome 17. From the closest of the identified 
flanking markers, we have derived a series of probes closer and closer to the translocation 
breakpoint, with the eventual goal of jumping across the breakpoint into SI. The fact that our 
libraries bias our movement directly into adjacent HTF islands may be helpful in the eventual 
identification of SI coding sequences. Since TIIRI translocation is itself a SI allele, it is likely 
that the breakpoint lies close to or within the gene. Therefore it is possible that our first jump 
over the breakpoint, with libraries constructed from T11 RI DNA, will lead us directly into the 
Steel locus. If not, it is likely that we will be close enough to the gene to use the extensive 
collection of induced and spontaneous SI mutations to guide us to the gene. 
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The Mouse t Complex 

Probing Mouse Origins with Random DNA Probes 

J. KJein,,2, V. Vincek', M. Kasahara2, and F. Figueroa 

Reading in chapter 17 of the mouse DNA chronicle 

Until not so long ago, many villages and towns used to have their 
own chroniclers who took it upon themselves to record for posterity 
those events which they believed to be the most important in the 
life of the community. They were, of course, no professionals; they 
were farmers, bakers, shoemakers, or pursued whatever occupation 
happened to be in their family tradition, and none of them were 
particularly literate. The chronicles they kept were therefore a 
mixture of trivia, as well as a source of important information 
about the events that had molded the population. 

The DNA of a species is much like a village chronicle. It, too, has 
a touch of immediacy about it because it has recorded both inconse
quential and notable events. ThE mouse DNA has 20 chapters, alto
gether comprising some 1.1 x 10 letters. It makes fascinating as 
well as challenging reading, and our ambition has been to read the 
first half of Chapter 17 which records the events on the proximal 
part of chromosome 17. Why this particular part? Because it records 
the origin of one of the most enthralling group of genes -- the t 
complex. We have not come very far as yet, mainly because we still 
have the problem of distinguishing the trivia from the important 
events, but what we have learnt thus far sheds light not only on the 
! complex but also on the origin of the mouse species. 

Random and Nonrandom DNA Probes 

The problem we faced after having resolved to read Chapter 17 was 
how to find it and how to obtain copies of the pages we wanted to 
read. We could use the genes already isolated from the chromosome 
17 as probes, and this we did (Figueroa et al. 1985; Bukara et al. 
1985; Golubic et al. 1985). These probes, however, are limited in 
number and cover only a very short segment of chromosome 17; we were 
therefore anxious to find other ways of reading in the chronicle. 
One such way has been pioneered by Lehrach and his associates (Fox 
et al. 1985; Roehme et al. 1984), who isolated chromosome 17 under 
the dissecting microscope and cloned parts of it in a plasmid. We 
have used these probes (Figueroa et al. 1987a), too, but even they 
are limited to only small bits of chromosome 17 and the need for a 
broader access to the chromosome remained. To satisfy this need we 
have embarked on a random cloning of chromosome 17. 

The cloning has been made possible by the existence of a hybrid cell 
line that carries Chinese hamster chromosomes and a single pair of 
mouse chromosomes (Smiley et al. 1987). The pair is a metacentric 
chromosome which combines chromosomes 17 and 18, as well as bits of 
chromatin from unspecified origin (Richards et al. 1985). The idea 
was to make a genomic library from DNA isolated from this cell line, 
screen the library with mouse repetitive sequences that do not 
hybridize with hamster DNA and hence identify mouse clones, and then 
find clones derived from mouse chromosome 17 (Kasahara et al. 1987a, 
1987b, Fig. 1). This last step could be accomplished with the help 
of another cell line, JS17, produced in our laboratory (Szymura et 
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Fig. 1. Experimental design used to isolate chromosome 17 specific 
sequences. Clones were identified by their positive hybridization 
with mouse and R44-l derived DNA and their lack of hybridization 
with DNA derived from the JS17 cell line. These two mouse x hamster 
cell lines differ in that the former does and the latter does not 
carry the mouse chromosome 17. 
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al. 1981). This hybrid cell line contains Syrian hamster chromosomes 
and all mouse chromosomes except number 17. Any DNA clone hybridi
zing with total mouse DNA but not with the DNA isolated from the 
JS17 line should derive from mouse chromosome 17. The position of 
the DNA on chromosome 17 can then be determined by testing a set of 
recombinants involving different segments of this chromosome. 

The random cloning approach has the potential for providing two 
kinds of DNA probes -- probes for genes and probes for unique, 
noncoding sequences. The genes can be detected by screening RNA or 
cDNA libraries obtained from different mouse tissues. The unique 
noncoding sequences can be detected by hybridization with total 
mouse DNA. The main problem with this approach is the abundancy of 
repetitive DNA in the mammalian genome. For a molecular biologist, 
repetitive DNA may be an interesting material to study, but for a 
geneticist it is a curse he has not yet learnt to avoid. Repetitive 
DNA is found allover the clones and even in the cDNA. Its over-re
presentation in the genome means that genes and other unique se
quences are masked by thick bands or smears formed by this junk 
material on both Southern and Northern blots. There are various ways 
in which to deal with it but no foolproof way of avoiding it alto
gether. The method we use is to compete out the repetitive DNA with 
genomic mouse DNA and thus reveal the unique sequences, which then 
could be used as probes. Using this method we have thus far been 
able to isolate one new gene (Kasahara et al. 1987a, b) and two non
coding probes (Kasahara et al. 1987b; Figueroa et al. 1987b) mapping 
to chromosome 17. It will be the latter that we shall concentrate on 
in this communication. 

Polymorphism of D17Tul and D17Tu2 Probes 

The two noncoding probes, designated D17Tul and D17Tu2 and abbre
viated here to Tu1 and Tu2, are located on the opposite borders of 
the segment that we are interested in (Fig. 2). The Tul element is 
located near the centromere of the acrocentric chromosome 17, 
whereas the Tu2 element maps into the S region of the H-2 complex 
(in fact, the cosmid clone from which the Tu2 probe was isolated 
carries the C4 gene). These two elements are therefore not very 
useful for probing the t complex, but they have provided interesting 
information about the mouse populations. 

Leh108, ~ 
Tu1 Leh66 Leh119 Tcp-\ Leh122 Tpx-1 

0--+1---'1 t I ( I 1 cb 1 I III I Cllr----t-I--'<t 
",Aery K A E Tu2\~ 

~~ 
Fig. 2. Genetical map of the proximal part of the mouse chromosome 
17. Tu1 and Tu2 refer to the D17Tul and D17Tu2 markers as described 
in the text. The Leh numbers refer to the markers described in 
Roehme et al. (1984); ~Acry corresponds to the a-crystalline gene; 
K, A, E, and Dare Mhc loci and Tpx-1 is a gene described by Kasa
hara et al. (1987a, b). 
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Both elements are polymorphic in the laboratory and the wild mouse 
(Figueroa et al. 1987b, Fig. 3 and 4). The polymorphism of the Tu2 
element correlates well with the H-2 polymorphism in the sense 
that all strains having a particular H-2 haplotype carry the same 
form of the Tu2 element. This finding is not surprising considering 
the location of the element within the H-2 complex. Since, however, 
the same form of Tu2 is always shared by several H-2 haplotypes, it 
is possible to group these H-2 haplotypes into higher-order cate
gories presumably reflecting their evolutionary relationships. 
Using this probe, as well as other markers and the sequences of the 
H-2 loci themselves, it should therefore be possible to construct an 
evolutionary tree not only of H-2 genes, but also H-2 haplotypes. 
This tree would tell us a great deal about the origin of H-2 and 
also of the mouse populations. ---

Fig. 3. Geographical distribution of the RFLP patterns defined by 
hybridization with the D17Tu2 probe. The different patterns are 
represented by different symbols. 
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Fig. 4. Geographical distribution of the RFLP patterns defined 
by hybridization with the Dl7Tul probe. The different patterns 
are represented by different symbols. 
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The polymorphism of the Tul element does not, and this fact is not 
surprising, correlate with the H-2 polymorphism. By studying the 
distribution of this polymorphism, we could make two interesting 
observations. First, the polymorphisms present in the laboratory 
mouse are absent in European wild mice and vice versa. Second, while 
the populations of Mus domesticus show high Tul polymorphism, the 
populations of Mus musculus are monomorphic (with the restriction 
endonucleases that we used). The former observation suggests that 
European wild mice have not contributed in a significant way to the 
derivation of the laboratory mouse. The second observation has 
important implications for the origin of the mouse populations. 
However, before we discuss these implications, we shall mention two 
other observations of a similar nature. 
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Chromosomal and ~-complex Polymorphisms 

The standard mouse karyotype consists of 20 pairs of acrocentric 
chromosomes. About half of the European wild mice, however, have 
less than 40 chromosomes in their somatic cells because some of the 
chromosomes are of the metacentric type and are derived by Robert
sonian fusions of the centromeres of the corresponding acrocentric 
chromosomes (reviewed in Winking 1986). Most Central and South 
European populations belonging to the species M. domesticus have 
individuals wJth at least one pair of metacentric chromosomes but 
the number is as high as 11 pairs in some of the populations. In 
striking contrast to this situation, no metacentric chromosomes have 
as yet been discovered in mice of the species Mus musculus. 
Another similar difference between M. domesticus and M. musculus 
concerns the lethal genes of the t complex. The genes can be dis
tinguished by a genetic complementation test: genes that complement 
each other and permit the survival of the "homozygotes" presumably 
belong to different loci. At least 16 lethal genes have been identi
fied and mapped to the different regions of the t complex (reviewed 
in Klein 1986). The various lethal genes are present in wild mice, 
sometimes in frequencies as high as 40%, but here again there is a 
striking asymmetry in their distribution among the two major species 
of Mus: wild mice belonging to M. domesticus may carry anyone of 16 
lethal genes, whereas when M. musculus ind4~iduals carry a ! haplo
type, one of the lethal genes is always ~ (Klein et al. 1984). 

Implications for the Origin of Mice 

In these three examples, the populations of M. domesticus are poly
morphic for a given trait, whereas the populations of M. musculus 
are monomorphic. For other traits, however, both populations are 
polymorphic. The !, Q, ~B' and ~B loci of the H-2 complex, for 
example, are polymorphic in both species (Klein and Figueroa 1981~ 
Figueroa and Klein, unpublished data). How can this situation be 
explained? 

The two species are geographically clearly separated: M. domesticus 
occupies western Europe, the Americas, and Australia, whereas M. 
musculus is distributed in eastern Europe and northern Asia. In
Europe the species meet in a narrow hybrid zone that runs across the 
Jutland peninsula, then across Holstein, south to the Elbe, and then 
roughly follows the line Dessau-NUrnberg-Regensburg-MUnchen-Salzburg 
(Zimmermann 1958~ Reichstein 1978). It is believed that the distri
bution in Europe was attained some 5,000 to 8,000 years ago, after 
the retreat of the last glacials and spreading of farming from the 
Middle East. This belief is based on the supposition that no mice 
could have survived in central and northern Europe during the 
glacial periods, and on the lack of any mouse remains at European 
archeological sites dat~d before the spreading of agriculture. It is 
further believed that mice colonized Europe on the heels of man and 
with the spreading of farming. It is inconceivable that the two 
species separated after their emigration from the Middle East 8,000 
years ago, first, because molecular data indicate their age to be 
more than one million years, and second, because it is difficult to 
think of a mechanism that would isolate them along their present 
border, where there is no unsurmountable physical barrier. One must 
assume, therefore, that the two species were separated long before 
the introduction of agriculture and that they moved into Europe in 
two separate waves. The present-day border between M. domesticus and 
M. musculus in Europe represents the area where the two waves met. 
It is commonly assumed that the two waves originated in the "fertile 
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crescent", but we consider this assumption extremely improbable. 
What barrier would have kept the two species apart in the Middle 
East and why is this region now occupied only by M. domesticus? What 
happened to M. musculus in the Middle East if it used to exit there 
and why is there no trace of it now? Why is M. musculus so homo
geneous in certain traits and M. domesticus heterogeneous? These and 
other questions cannot be answered by the hypothesis which postulates 
the origin of both species from the Middle East. 

To reconcile the available data, we propose an alternative explana
tion of how mice reached Europe (Klein et al. 1987). We postulate 
that house mice originated from an ancestral stock that lived in the 
area of present-day Pakistan, where the murids seem to have origi
nated. Some two million years ago, changes in the climatic conditions 
made the Iranean plateau traversable for mice, and a group of them 
crossed it to reach the steppes of Central Asia, only to become 
separated from the main stock when the plateau became impassable 
again. An alternative possibility -- that the mice reached Central 
Asia by migrating into India and then north along the coast -- seems 
less likely to us since the Himalayas send out high crests that run 
almost all the way into the ocean over a broad area of the South-east 
Asian coast. The two populations then existed either independently 
or transiently associated with man in both regions, but isolated 
from each other and thus they evolved into two different species, 
the population in present-day Pakistan into M. domesticus and the 
population in present-day China into M. musculus. During the neo
lithic revolution, the association with man began to assume a 
tighter form and occurred independently in the two major agricultural 
centers: in the near East (the mice spread from Pakistan to the 
fertile crescent either before the introduction of farming or after 
farming diffused into Pakistan and India) and in China. As farming 
began to spread into Europe, so did the mice: M. domesticus from the 
near East and M. musculus from China. There was, however, a basic 
difference in the way this spreading took place. For the most part, 
M. domesticus hitched a ride on ships sailing along the Mediterranean 
coast and began to colonize the shores of Greece, Yugoslavia, Italy, 
France, Spain, Portugal, Holland, Denmark, and Great Britain. Only 
later did it begin to move inland. The colonization occurred in 
spurts and erratically because of the dependence on ships. Small 
colonies became established at different places along the coast, 
isolated from one another and from the parental population. A 
considerable mixing of the populat~ons occurred when the colonies 
spread out and began contacting neighboring colonies and when the 
ships brought new immigrants into the region. When the mice began to 
move inland, they spread primarily along the main north south trading 
routes. Again, they spread erratically, first establishing isolated 
colonies that frequently went through population bottlenecks and 
were continually replenished with new immigrants. This mode of 
dispersal favored mixing of populations and thus laid the founda
tions for the great genetic heterogeneity observed today in M. 
domesticus. 

M. musculus spread to Europe in an entirely different manner. The 
migration took place on a single great wave that progressed from 
China across the Asiatic part of the Soviet Union and into Eastern 
Europe. The wave moved westward without losing contact with the 
parental population, exchanging genes with this population for a 
long time. This mode of colonization, therefore, involved less 
intermixing of populations and hence tended to keep the populations 
more homogeneous. 
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Why did the advance of M. musculus stop at the present border with 
M. domesticus? Most likely because of the climatic conditions. The 
border between the two species coincides almost exactly with the 
are of transition from the oceanic to the continental climate, and 
is also the border for several other closely related species of 
animals and plants. As M. musculus still shows a tendency to 
live outdoors for part of the year (Tupikova 1947), it may, in the 
northern zones, be more dependent on climatic conditions than M. 
domesticus. --

And that is what we believe the few passages we have been able to 
read in Chapter 17 of the Mouse Chronicle tell us. 
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The Mouse t Complex 

Mouse t Haplotypes: A Tale ofThils and a Misunderstood Selfish 
Chromosome 

L.M. Silver 

INTRODUCTION 

The mouse t haplotype system has aroused the curiosity of 
numerous biologists over the last half century. It has been used as 
a model system to probe questions in fields as diversified as 
embryonic development, spermatogenesis, meiotic recombination, 
chromosome organization and evolution, population biology and selfish 
genes (see Silver, 1985, Frischauf, 1985 and Klein, 1986 for 
original references and more detailed reviews of the background 
'material presented here). until the last decade, the t system 
appeared to be unnaturally complex and enigmatic, even to the few 
workers brave enough to study it. But with the advent of molecular 
biology, the secrets of the t haplotype have been exposed, and a 
unified understanding of what-were-once unrelated properties has 
been attained. Although t haplotypes have lost their original sex 
appeal as enigmatic entities, they have gained status as a 
prototypical system for the study of both the genetic control of 
differentiative events, and general aspects of genomic organization 
and evolution. 

HISTORICAL PERSPECTIVES AND MISPERCEPTIONS 

Mouse t haplotypes were first discovered by a quirk of fate in 
the Parisian laboratory of Dobrovoloskaia-Zavadskaia in 1932. Fate 
had to play a hand in this discovery because mice that carry t 
haplotypes (both tit homo zygotes and t/+ heterozygotes) are 
indistinguishable to the eye from "wild-type" mice, and the eye was 
the major piece of equipment used by geneticists in 1932. The 
fateful turn of events that brought t haplotypes to light began with 
the appearance of a spontaneous mutation at the T locus (later shown 
to be on mouse chromosome 17) that caused a shortening of tail 
length in T/+ heterozygotes. To keep her stock of T-mutant mice 
going, Dobrovoloskaia-zavadskaia was forced to collect wild mice 
for use as mating partners. t haplotypes are present in up to 20% 
of mice in wild populations, and consequently 
Dobrovoloskaia-Zavadskaia unknowingly set up matings between 
T-carrying animals and t-carrying animals. NOW, although t 
haplotypes are invisible when they are in genomic isolation, they 
are uncovered by their ability to enhance the tail shortening 
effect of T mutations, such that doubly heterozygous Tit animals have 
no tail at all. 

Since the T mutation and t haplotypes were originally discovered 
because of their effects on tail length, their names are based on 
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this property (t stands for tail). Early genetic experiments 
(carried out mostly by L. C. Dunn and his colleagues) brought out 
several additional features of this system. First, no recombination 
was observed between T and t. From this result, it appeared that the 
spontaneous T mutation and the wild-derived t haplotype were 
alleles at a single genetic locus. (The t haplotype was originally 
called a t mutation or a t allele.) Second, when tailless Tit 
animals were mated to each other, only tailless Tit offspring were 
born. Neither TIT nor tit animals were born because both T and 
t acted as recessive lethal mutations. Later, through the capture 
and breeding of additional wild mice from around the world, it 
became clear that different wild-derived t haplotypes could carry 
non-complementing lethal mutations such that t 1/t2 animals were 
viable. 

Further experiments by Dunn's group led to the discovery of two 
unrelated, bizarre phenotypes expressed by all wild-derived t 
haplotypes - transmission ratio distortion (TRD) and recombination 
suppression. TRD refers to the inheritance of the t-carrying 
chromosome from a heterozygous +/t male by 95% or more of his 
offspring (rather than the expected 50%). Recombination suppression 
occurs along the region of chromosome 17 extending from the T locus 
distally to the major histocompatibility complex (MHC) in both males 
and females heterozygous for a t haplotype - the observed frequency 
of crossing over along this region is reduced from the expected 
15% to 0.1%. Finally, with the discovery that viable t 1/t2 
males were sterile, a complete picture of the phenotypes expressed by 
t haplotypes was in place. The problem was that no one could 
understand how the various parts of the picture tail 
length effects, lethality, transmission ratio distortion, 
recombination suppression and sterility - all fit together. 

Although fate allowed for the early discovery of t haplotypes, 
fate was also responsible for a series of long-lived misperceptions 
concerning the true nature of these genetic entities. The first 
misperception was that t haplotypes were "recessive" mutations at a 
single locus - the T locus which could also be mutated to 
produce dominant T mutations. The seemingly-unrelated phenotypes 
expressed by t haplotypes were considered to be the pleiotropic 
effects of a single mutant allele. The second misperception was 
that the effects of t haplotypes on embryogenesis were the "primary 
t effects". (In retrospect, it would appear that this 
misperception came about because the embryonic effects [both 
taillessness and lethality] were the first of the various t 
phenotypes to be discovered.) with the accumulation of data 
demonstrating the action of different lethal t mutations at 
different points during embryogenesis, it was suggested that the "T 
locus" could be the master regulatory gene which controlled 
early developmental decisions. How else could different alleles at 
the same locus affect such an array of developmental stages? 

MOUSE t HAPLOTYPES ARE DEFINED BY STRUCTURE RATHER THAN FUNCTION. 

Although Lyon (1960) was the first to suggest that the single 
locus model of t haplotypes was incorrect, this work went largely 
unnoticed in the field until over a decade later. We now know 
that all t haplotypes are closely related, structurally-variant 
forms of a portion of mouse chromosome 17 that includes the "simple" 
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T locus, as well as the entire MHC, and extends over 20-30,000 kb. 
within this structurally- variant region are all of the 
normally-functioning genes found on the wild-type form of this 
chromosome with the exception of a small number of independent mutant 
loci that mediate the characteristic t effects. The length of 
the t haplotype is defined by the region of chromosome held 
together as a single genetic entity from generation to generation 
by recombination suppression. Lethal mutations associated with 
different complementing t haplotypes are unrelated to each other 
and map to di·fferent positions along the length of t haplotypes (none 
are true alleles of the T locus), but because of recombination 
suppression, they do not usually recombine with mutations at the T 
locus. 

with this new understanding of structure-function relationships 
in t haplotypes, the hypothesis of the T locus as a master regulatory 
gene in control of development feil apart. In fact, as discussed 
later, it now seems clear that the lethal mutations are a peripheral 
characteristic associated with some t haplotypes, while transmission 
ratio distortion and recombination suppression are the primary 
features necessary for their continued existence in wild populations 
of mice. 

MOLECULAR PROBES PROVIDE TOOLS FOR DISSECTION OF t HAPLOTYPES 

As a genetic entity extending over 20,000 kb of DNA, the mouse 
t haplotype presented a unique problem for molecular analysis. The 
various genetic components of the t haplotype were not well 
characterized and could not provide a handle for molecular forays. 
Instead, a novel approach (at that time) was used to obtain molecular 
clones from the t haplotype (Frischauf, 1985). This approach, called 
"microcloning", involved the direct micro-dissection of the t 
haplotype region of chromosome 17 with the use of a micropipet 
operated under a microscope. Several hundred chromosomal fragments 
could be dissected from a metaphase plate and placed together in 
a micro-droplet where they were de-proteinized, cut with a 
restriction enzyme and ligated to arms of a lambda-derived cloning 
vector. In this way, it was possible to obtain a large number 
of molecular markers distributed randomly along the length of t 
haplotypes. With the subsequent explosion in the general cloning and 
mapping of genes in mice, additional t haplotype markers have 
been defined. The accumulated molecular probes have been used to 
great success in exposing the secrets of the t haplotype which are 
described in the next section. 

WHAT IS A t HAPLOTYPE? 

1. All are derived from a single ancestor. 

All t haplotypes present in mice around the world today are 
descendents of a single ancestral chromosome which had evolved apart 
from the wild-type form of mouse chromosome 17. The separate 
evolution of these two forms of chromosome 17 (which reside in the 
same nucleus) was dependent on the generation of several (from two 
to four) large non-overlapping inversions which distinguish the 
t haplotype from its wild-type counterpart. These inversions 
provide an explanation for the recombination properties 
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characteristic of t haplotypes. 

2. Selective mechanisms must act in favor of their existence. 

But why did t haplotypes come into existence in the first place 
and why are they present at such a high frequency in wild mice? The 
answer must be that selective forces acted in favor of the formation 
of these variant genetic elements. Natural selection is usually 
viewed in the cQntext of increased reproductive fitness of individual 
animals. However, none of the phenotypes expressed by t 
haplotypes would appear to be beneficial in any way to the t-carrying 
mice. On the contrary, lethality and sterility are both 
serious detriments to reproductive fitness. It has been 
suggested that lethal t haplotypes increase the chances of 
heterozygosity at the MHC [matings between two +/t heterozygotes with 
lethal mutations will produce primarily heterozygous offspring] 
and that MHC heterozygosity increases fitness. This suggestion is 
not valid for two reasons: first, even in the absence of t 
haplotypes, nearly 100% of wild mice are heterozygous at the MHC, and 
second, t haplotypes in some populations of mice do not carry 
lethal mutations and are still present at high frequencies. 
Therefore, selection must operate at a level other than the whole 
animal. 

The obvious solution to this apparent paradox is that selection 
has operated at the level of the chromosome itself - the t form of 
mouse chromosome 17 has evolved the ability to propagate itself at 
the expense of its wild-type counterpart. In anthropomorphic terms, 
the t haplotype is a selfish chromosome [actually its a selfish 
subchromosomal region]. It is in this context that all of the 
varied phenotypes expressed by t haplotypes come together in a 
unified manner. 

3. Evolution as a selfish chromosome. 

The evolution of t haplotypes can now be envisaged as follows. 
First, by chance, mutations occurred at a number of testes-expressed 
genes in the proximal portion of chromosome 17. Second, when by 
chance these mutations were brought together onto a single chromosome 
through normal events of recombination, they interacted to increase 
the probability of their own transmission by depressing the 
fertilizing ability of sperm that carried their wild-type 
counterpart. A group of linked alleles acting in this manner would 
have an obvious selective advantage relative to a wild-type 
chromosome, and as such, this mutant allele group would be able to 
reproduce itself (within the context of mice of course) in large 
numbers. Once significant numbers of the allele group were in 
existence, subsequent mutations would allow divergence to occur 
between them. Those allele groups which evolved a relatively 
higher level of transmission ratio distortion would have a 
selective advantage over other allele groups. 

In the form just described, the allele groups could never attain 
a transmission ratio of greater than 65%. This is because the 
individual genes involved in TRD are spread out over a genetic 
distance of 15 cM which means that approximately 15% of the time, 
recombination would occur between various members of the group. Only 
those chromosomes that carried a complete set of alleles express 
TRD at the maximal level. Therefore, recombination would destroy 
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the selective advantage held by an allele group. An allele group 
able to suppress recombination between its members would clearly 
be at a great advantage relative to all other allele groups. This 
was accomplished by the accumulation of several non-overlapping 
inversions which served to lock together the allele group such 
that it was now transmitted essentially as a single genetic entity. 

with the accumulation of inversions, the allele group would now 
be recognizable as a t haplotype, and all of the DNA included in the 
inverted regions would be free to evolve apart from the wild-type 
form of the chromosome. A comprehensive phylogenetic analysis 
indicates that this event occurred at least 2 to 4 million years ago 
(Mike Hammer and LM Silver, unpublished data). with TRD and 
recombination suppression alone, one would expect the t haplotype 
to be so successful that it should ultimately displace the wild-type 
form of chromosome 17 entirely. It is interesting to note that if 
this had happened, all evidence for the existence of the original 
variant allele group would have vanished, since the variant group 
would now be considered to be wild-type. What prevented this 
scenario from playing itself out? 

The answer is that an unavoidable consequence of the genes 
involved in TRD is that males homozygous for t haplotypes are sterile 
(Lyon, 1986). Therefore, the t haplotype can never become fixed in a 
population of mice. From the viewpoint of the t haplotype, it is 
even worse, because sterile tit males will compete for females and 
resources with +/t heterozygotes, without providing for the further 
propagation of the variant chromosome. Alas, the t haplotype has 
one more trick up its sleeve. By picking up a spontaneous recessive 
lethal mutation anywhere along the length of the inverted regions, 
all potentially sterile tit males will die in utero. contrary to 
what would be considered common sense, in the t haplotype system, 
selection favors lethal mutations. 

All naturally-occurring t haplotypes are virtually identical in 
all expressed phenotypes with the exception of lethality. Of the 
naturally- derived t haplotypes analyzed to date, approximately 20% 
do not carry lethal mutations, whereas the others are associated with 
one or more of 
sixteen independent, complementing, lethal mutations (Klein, 1986). 
The simplest explanation of the existing situation is that t 
haplotypes began to diverge apart from a highly evolved, common 
ancestor that possessed all of the properties characteristic of t 
haplotypes save one - lethality. Only when t haplotypes reached 
significant frequencies in individual populations (such that 
homozygous males became frequent) would selective pressure favor the 
addition of a lethal mutation. This phase of the evolution of 
t haplotypes is clearly still in progress since some populations 
remain devoid of lethal mutations. Selective pressure to 
accumulate lethal mutations provides an explanation for the 
observation that they are the most polymorphic genetic feature of t 
haplotypes. 

4. A tale of tails. 

The only property of t haplotypes left 
selfish chromosome model is (as fate would 
property discovered and the one responsible for 
haplotypes enhance the effect of mutations at 

unexplained by the 
have it) the first 

its name. Why do t 
the T locus to cause 
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taillessness? It is difficult to explain the rationale for a 
phenotype that will rarely be expressed in wild mouse populations. 
The only explanation is an ad hoc one - without taillessness, it is 
possible that no one would ever have discovered this remarkable 
little piece of chromosome that has kept so many of us entertained 
for so many years. 
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The Mouse t Complex 

Contrasting Patterns of Evolution in the Proximal and Distal 
Regions of the Mouse t Complex 

M.A. Erhart, S.J. Phillips, and J.H. Nadeau 

INTRODUCTION 

One of the most perplexing but fascinating segments of the mouse genome is the t 
complex, a 12-15 cM region of Chromosome 17. A number of alternative allelic -
combinations called t haplotypes characterize this segment. Yild-derived t 
haplotypes affect a wide variety of biological properties including embryogenesis, 
male fertility, male transmission ratio, meiotic recombination, and tail length 
(Silver 1985). Since the discovery of t haplotypes 55 years ago (Dobrovoloskaia
Zavadskaia and Kobozieff 1932), many investigators have tried to account for this 
diverse array of attributes. It is evident that t haplotypes carry mutant alleles 
at loci such as tct (t complex tail) that interacts with the dominant mutation T 
(brachyury) to produce tailless offspring, tcr (t complex responder) and tcd-1 -
through tcd-4 (t complex distorter) that interact to distort transmission ratio in 
t/+ males (Lyon-1984, 1987; Silver and Remis 1987), tcs-1 through tcs-3 (t complex 
sterility) that cause male sterility (Lyon 1986, 1987), and recessive lethal 
mutations that map to 16 different loci and that affect different stages of 
embryonic development (Bennett 1975; Klein et al., 1984). 

As a result of a combination of classical and molecular genetic approaches, the 
genetic organization of t haplotypes has begun to emerge. Artzt et al. (1982), PIa 
and Condamine (1984) and-Herrmann et al. (1986) showed that at least two non
overlapping chromosomal inversions are associated with the t complex. These 
inversions encompass a large portion of the t complex and suppress recombination 
50-100 fold between t-bearing and wild-type chromosomes (Forejt 1972; Lyon et al., 
1979). An important consequence of recombination suppression is a "locking 
together" of mutant alleles in the t complex. Included among these alleles are 
those causing segregation distortion and sterility in males as well as variant 
alleles of "neutral" loci, i.e., loci not involved in the function of the t 
complex (such as H-2), that serve as markers for studying the organization-and 
evolution of ! haplotypes. 

Despite the barrier to recombination, partial t haplotypes have been identified 
among offspring of crosses between wild-type and t-bearing individuals. There is 
evidence that partial t haplotypes can arise in natural mouse populations (Silver 
et al., 1987). In this-chapter, we examine the structure of these exceptional 
recombinant haplotypes and discuss hypotheses concerning the origin of partial t 
haplotypes. Ye also describe how neutral marker loci within the t complex can be 
used to study recombination between t-bearing and wild-type chromosomes in natural 
populations. It is apparent from these data that the nature of recombination 
within the proximal inversion is fundamentally different from that occurring in 
the distal inversion. This has resulted in contrasting patterns of linkage 
disequilibrium in the two regions and suggests that different kinds of chromosome 
rearrangements occur in the proximal and distal portions of the t complex. 

FORMATION AND CHARACTERIZATION OF PARTIAL t HAPLOTYPES 

The composition of partial t haplotypes that arise in laboratory mice is 
intriguing in that 'most appear to result from an unequal exchange between a 
complete t haplotype and a wild-type version of Chromosome 17. As a result of 
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unequal crossing-over within an inverted region, these partial t haplotypes have 
either expanded or contracted their total length when compared to parental 
chromosomes (Herrmann et al., 1986; Sarvetnick et al., 1986). Recently, Lehrach 
and his colleagues (Herrmann et al., 1987) and Silver and his colleagues 
(Schimenti et al., 1987) described the way in which repeated DNA sequences may 
have been involved in the recombination events that gave rise to these partial t 

ae5 h4"5 haplotypes. Specifically, they showed that the partial t haplotypes t--- and t---
arose by recombination involving a segment of DNA contaIning the Chromosome 17-
specific elements D17Leh66 and D17Leh119, both of which map to the proximal region 
of the t complex. In addition, the vast majority of partial t haplotypes arising 
in the laboratory have resulted from recombination either within the proximal 
inversion or between the proximal and distal inversions (Klein and Hammerberg 
1977). The only examples of partial t haplotypes that arose in laboratory mice 

with recombination breakpoints in th; distal inversion are the members of the t~ 
. w18 4 ks1 -complementatIon group, t---, t-, and t--- (Bucan et a1., 1987). There is no 

evidence for the involvement of repetItive DNA elements in the formation of these 
distal partial! haplotypes. 

Naturally occurring partial t haplotypes may have escaped detection because of a 
bias in the way t haplotypes-are identified (Klein 1979). A cross between a normal 
tailed wild mouse (+11) and a mouse carrying the brachyury mutation (T/+) should 
yield tailless offspring (Tit) because of the t complex tail-interactIon component 
(tct) present in complete t haplotypes and in many proximal partial t haplotypes. 
Mice lacking the tct segment of the t complex are undetectable even though they 
might retain a signIficant portion or the t complex. Vith molecular probes now 
available for the t complex (Rohme et al.,-1983), the discovery of RFLPs between t 
haplotypes and wild-type chromosomes (Silver 1982; Shin et al., 1982; Fox et al.,-
1984; Skow et al., 1987; Nadeau and Phillips 1987), and the presence of 
biochemical (Silver et al., 1983; Nadeau 1986) and serological (Hammerberg and 
Klein, 1975; Hammerberg et al., 1976) variants unique to the t complex, a wild 
mouse can be screened for any portion of the ! complex. This has provided an 
unbiased and efficient way of identifying partial! haplotypes. 

CONTRASTING LEVELS OF VARIATION IN THE PROXIMAL AND DISTAL REGIONS 

The numerous markers for the t complex could prove very useful in elucidating the 
evolutionary history of t haplotypes. Although polymorphisms have been documented 
between t haplotypes and-wild-type chromosomes, however, very little variation has 
been detected among different t haplotypes (Silver et al., 1987). This is believed 
to be the result of both the recent origin of the t complex (Silver et al., 1987) 
and recombination suppression between t haplotypes-and wild-type chromosomes, 
which creates strong linkage disequilibrium. In the proximal inversion, for 
example, the DNA markers D17Leh48, D17Leh66, D17Rp17 and the polypeptide marker 
Tcp-1 are each represented by indistinguishable forms among! haplotypes. By 
contrast, loci in the distal inversion do not exhibit complete linkage 
disequilibrium among t haplotypes. Pim-1 (Nadeau and Phillips 1987), Crya-1 (Skow 
et al., 1987), and H-2 (Dembic et a~984, 1985) are all examples of genes that 
vary among t haplotypes. To date, the only locus in the distal inversion that does 
not vary among t haplotypes is the allozyme glyoxalase-1 (Glo-1; Nadeau, 1986). 
The difference In variability must reflect different modes-or-evolution between 
the two inversions. 

EVIDENCE FOR SEGMENTAL EXCHANGE IN THE DISTAL REGION 

Three separate surveys suggest that recombination between wild-type and t 
haplotypes in the distal inversion accounts for the contrasting patterns-of 
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variation between the proximal and distal regions. The three surveys involved the 
alpha-crystallin (JrYfi-1) locus (Skow et al., 1987), the Pim-1 locus (Nadeau and 
Phillips 1987), an t e MHC Class I locus ~« (Dembic et a~984, 1985). Each of 

these loci has an allele that is associated either exclusively or predominantly 
with t haplotypes (called t-specific alleles). The order of these three loci on 
wild-type chromosomes is believed to be: centromere - Pim-1 - Crya-1 - ~« (Nadeau 

and Phillips 1987). Because all three loci map within the distal inversion, their 
order in ! haplotypes is reversed with respect to the centromere. 

The data from these surveys show that not all t haplotypes have the t-specific 
alleles at the Crya-l, Pim-l, and ~« loci, and-that there is no linkage 

disequilibrium among alleles at these loci in the! haplotypes examined. Skow et 

al. (1987) identified three different alpha-crystallin alleles (Crya-l~, crya-l~, 
and Crya-l!) among laboratory mice. The majority of t-bearing mice have an allele 

(Crya-l!) which is found only in ! haplotypes (Table I). A few! haplotypes, 

however, contain an allele (Crya-l~) which is prevalent in inbred mice, and one! 
w121 b d . b d haplotype (t----) has another allele (Crya-l-) also found among standar In re 

strains. Nadeau and Phillips (1987) have similarly categorized t haplotypes with 
respect to Pim-l alleles. As with alpha-crystallin, the Pim-l locus has an allele 

(Pim-I!) that is found only among t haplotypes. Strikingly, only three of the ten 
t~otypes examined have this allele. The majority of t haplotypes have an 

~llele (Pim-l~) which is widespread in laboratory strai~s of mice. Finally, the 
MHC Class-r-Iocus ~« has a null allele whose molecular defect is a 627 bp deletion 

spanning the promoter region and the signal peptide exon. This EO deletion is 
found in many t haplotypes (Dembic et al., 1984, 1985) as well as in several 

inbred strains~ The fact that the three markers crya-~~, Pim-l~, and EO are not 
found in all t haplotypes suggests that the widesprea occurrence of the three 
markers is not simply due to common ancestry among t haplotypes, but that they 
have been spread by segmental exchange (either gene-conversion or double crossing
over) between t haplotypes and their wild-type homologues. Whether these alleles 
arose on wild-type or t-bearing chromosomes is uncertain, and consequently, the 
direction of spread for each is unknown. 

Strong linkage disequilibrium among alleles at the Crya-l, Pim-l, and ~« loci in ! 

haplotypes is expected because these loci lie within an inversion, and thus would 
be associated with one another, reflecting a history of presumed genetic isolation 
by recombination suppression (Nadeau 1983, Silver et al., 19B7). Contrary to 
expectation, however, there is no concordance between alleles at the Crya-l, Pim
l, and ~« loci among! haplotypes (table I). The !-specific allele 

of one locus is often associated with the wild-type allele of another locus, 
suggesting that the distal region of t haplotypes has experienced segmental 
exchanges with wild-type homologues. -

To examine the variability of loci throughout the t complex and to document more 
fully the apparent segmental recombination in the distal region, we have begun a 
survey of wild mice (M. musculus and M. domesticus) from Europe (M.A. Erhart, S.J. 
Phillips, F. Bonhomme~ F. Figueroa, G~ Gaechelin, J. Klein, E. Wakeland, and J.H. 
Nadeau, in preparation). Using molecular probes for the structural loci Pim-l and 
Crya-l, anonymous loci DI7Leh4B, D17Leh54, and D17Leh66, and the alpha-globin 
pseudogene Hba-4ps, chromosomes were scored as having the wild-type or !-type RFLP 
at each of the six loci. This was done by using one or two restriction enzymes 
that distinguish variant markers at each locus. The chromosomes can be placed in 



Table 1. Distribution of ~~, Crya-1, and Pim-1 alleles in !-haplotypes. 

!-haplotype tcl 

t2 0 
~~ 0 
~w32 12 
~w1 w1 
~12 w1 
~w12 w1 
~w71 w1 
~w75 w1,w5 
~w2 w2 
~w8 w2 
~w73 w73 
~LUB-1 Lub-1 
~w120 

~w121 

E a 
-~ 

+ 

+ 

+ 

+ 

Crya-1 

a 

a 

t 

t 

t 

a 

t 

t 

t 

t 

a 

a 

b 

Pim-1 

t 

t 

t 

b 

b 

b 

b 

b 

b 

aScored by presence (+) or absence (-) of the E molecule on the cell surface. 

Sources of data are as follows: E. Vakeland, personal communication (for ~~); 

Skow et al., 1987 (for Crya-1); Nadeau and Phillips 1987 (for Pim-1). 

The symbols a, b, and t denote which allelic form of either Crya-1 or Pim-1 is 
present in each haplotype. 

Dots denote data not available. 
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one of three categories: wild-type (+) at every locus, t-type (t) at every locus, 
or mosaic with (+) at some loci and (t) at others. Members of this third class are 
most interesting because they may represent naturally occurring partial t 
haplotypes. -

Of nearly 100 wild-derived chromosomes examined, less than 5% possessed the t
specific RFLP at all six loci. This percentage is significantly smaller than-the 
10 to 40% estimate of t haplotype frequency in natural populations (Bennett 1975). 
There were, however, numerous examples of mosaic haplotypes containing a mixture 
of wild-type and t-specific RFLPs. These mosaic haplotypes can be sub-divided into 
different classes~ depending on the specific distribution of t-specific RFLPs on 
the chromosome. One particular class may represent chromosomes with only the 
proximal inversion because its members possess t-specific markers only in the 
proximal region. Another class is characterized-by t-specific RFLPs at a single 
locus, whereas wild-type alleles are present at the-remaining loci. The majority 
of these examples exhibit t-specific alleles at either the Hba-4ps or the D17Leh54 
locus, both of which Probably lie in the region between the inversions (H. 
Lehrach, personal communication; J.H. Nadeau and M.-B. Tchetgen, unpublished). A 
third class of wild-derived chromosomes with !-specific markers at four or five 
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out of six loci surveyed were found. In these instances, a wild-type RFLP of 
either Pim-l or Crya-l (or both) is present in a putative! haplotype. 

The mosaic patterns observed suggest that segmental exchange and not single 
crossovers are the predominant means of recombination between t haplotypes and 
their wild-type homologues in the region distal to the proximal inversion. 
Segmental recombination can result from either double crossover or gene 
conversion. Our population survey would seem to suggest that non-reciprocal gene 
conversion is the primary mechanism of recombination. For instance, there are 

several examples of the wild-type allele Pim-l~ in t haplotypes, but no examples 

of the reciprocal product Pim-l! in a normal chromo~ome (M.A. Erhart, S.J. 
Phillips, F. Bonhomme, F. Figueroa, G. Gaechelin, J. Klein, E. Yakeland, and J.H. 
Nadeau, in preparation). This implies a unidirectional transfer from wild-type 
chromosomes to t haplotypes. The outcomes of double crossing-over and gene 
conversion are difficult to distinguish, because one can only be certain of the 
nature of the process by examining all the products of a given meiosis. The 
situation is complicated by the fact that "hitch-hiking" of a Wild-type allele on 
a t haplotype invariably increases the frequency of the wild-type allele in mouse 
populations. Conversely, the t-specific allele in a wild-type chromosome would 
usually suffer the fate of most mutations, i.e. it would be lost by random drift. 
It is noteworthy that both gene conversion (Chovnick 1973) and double crossing 
over (Levine 1956) occur at appreciable frequencies in inversion heterozygotes in 
Drosophila. 

SUMMARY 

Comparison of the proximal and distal regions of the t complex reveals a number of 
contrasting features. First, the number of partial t haplotypes arising in 
laboratory mice with breakpoints in or near the proximal inversion greatly 
outnumber those with breakpoints in the distal inversion. Of all the partial t 

haplotypes characterized to date, only the six members of the t~ complementation 
group (Bucan et al., 1987) arose by recombination in the distal inversion. Second, 
the level of disequilibrium among loci in the proximal inversion is very high in 
all t haplotypes that have been examined, whereas it is low for loci in the distal 
inversion. This suggests that distally recombinant chromosomes may have gone 
undetected because of the size and nature of the region involved in the exchange. 
Yith the discovery of polymorphic markers in the distal inversion, the 
identification of these small segments has been made possible. Interestingly, 
evidence of segmental exchange has not been observed in the proximal inversion. 
Thus, although unequal single crossovers leading to partial t haplotypes occur 
readily in the proximal inversion, segmental exchange has taken place only between 
the two inversions or within the distal inversion. One could argue that the number 
of tcr, tcd, and tcs loci is higher in the proximal inversion, making segmental 
exchanges-ihere unfavorable in terms of t haplotype propagation. Alternatively, 
segmental recombination in the distal region may be inherently higher perhaps due 
to DNA sequences that act as recombination "hot spots". Sequences of this nature 
have been discovered in the MHC region of both M.m. molossinus (Shiroishi et al., 
1982) and M.m. castaneus (Steinmetz et al., 1986)~ However, a higher level of 
recombinatIon in the distal region may be more apparent than real, owing to the 
fact that the distal inversion encompasses a larger region than the proximal 
inversion (6 cM compared to 4 cM). A third, and most intriguing possibility, is 
that the structure of the proximal and the distal inversions may be different. The 
distal region may be a simple, continuous inversion while the proximal region may 
consist of a number of smaller "inversions within an inversion" as suggested by 
recent analyses (Herrmann et al., 1987; Schimenti et al., 1987). This hypothesized 
difference in structure could have a profound effect on the type and frequency of 
recombination in each region. 
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The Mouse t Complex 

From Phenotype to Gene: Molecular Cloning in the Brachyury 
(1) Locus Region 

B.G. Herrmann and H. Lehrach* 

INTRODUcnON 

The t complex of the mouse is located on the proximal half of chromosome 17 and spans approximately 
1 % of the genome (for Review see Frischauf 1985; Silver 1985). Wild mouse populations of the species 
Mus.m.musculus and M.m.domesticus carry two variant forms of this chromosomal region, designated 
wild type (+) and t haplotype (t). The t haplotype form has several very unusual properties. If a mouse 
is heterozygous for a t haplotype (+/t), meiotic recombination is strongly suppressed between the 
markers T and H-2 that are separated by 12cM. Therefore a t haplotype behaves as a genetic unit. In 
heterozygous (+/t) males the t chromosome has a selective advantage. Up to 99% of the offspring of 
such a male will inherit the t chromosome. Several factors have been shown to be responsible for this 
property of t haplotypes (Lyon 1984), but no biochemical explanation has been found so far. 

Most t haplotypes that were isolated from wild mouse populations carry recessive embryonic lethality 
factors. 16 different factors have been identified (Klein et al. 1984) and a few of them have been 
mapped to specific subregions of the t haplotype (Artzt et al. 1982; Shin et al. 1984). Several t lethal 
factors affecting a variety of embryonic structures have been studied in more detail (Mc Laren 1976). 
In addition to these factors in the t haplotype a number of interesting gene loci have been mapped to the 
wild type form of the t complex. Among those are recessive lethals (T, Ki), a maternal effect gene 
(Tme)(Johnson 1975) and an autosomal sex determining factor (Tas) (Washburn and Eicher 1983). 12 
new embryonic lethal factors have recently been generated in the wild type t complex by chemical 
mutagenesis (Shedlovsky et al. 1988). 

There are therefore well over 30 different gene loci known in the t complex region which are defined 
by the phenotype of their mutant forms. The molecular isolation and analysis of these genetic disease 
loci would clearly provide important insights into embryonic development, sex determination and 
spermatogenesis of mammals. We have therefore decided to undertake a detailed analysis of the t 
complex in order to isolate some of these factors. 

In particular we have focussed our attention on the molecular cloning of the Brachyury (T) locus 
gene. The T mutation affects the organization of the body axis of the mouse. Heterozygotes are usually 
short tailed. Homozygotes die at about 8-10 days of gestation. They lack the notochord and are deficient 
in somite formation. Larger parts of the posterior region including hind limb buds are missing in TIT 
embryos (Grlineberg 1958). 

How Can a Genetic Disease Locus Be Cloned ? 

The molecular cloning of a genetic disease gene requires the chromosomal localization of the trait and 
DNA probes from the genome fragment encoding the gene. These probes can be used as tools to clone 
the entire region of the gene. The cloned region can then be screened for coding sequences by various 
ways. Finally the identity of the cloned gene with the genetic disease locus must be established, e.g. by 
complementation of the mutant phenotype by providing the wild type gene product. 

The major constraints of this approach to gene cloning is the size of the genome, the accuracy of 
localization of the trait and the degree of selectivity of cloning of specific regions. For instance the giant 
polytene chromosomes in Drosophila allow the precise localization of genetic traits to specific bands of 
only a few hundred kb or less in size; such bands can be selectively cloned by microdissection which 
allows direct entry to the gene locus (Scalenghe et al. 1981). The major step for cloning in Drosophila is 
therefore the precise localization of the trait to a chromosomal band by genetic means. 

The large size of mammalian genomes allows at present only the isolation of random DNA fragments 
from chromosomal regions of minimally a few thousand kb. Laborious linkage analyses have to be 
carried out to obtain the positions of these fragments on the chromosome and with respect to the genetic 
trait. Once markers in the vicinity of the gene have been identified, pulsed field gel analysis 
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Fig. 1. Mouse metaphase chromosomes before (upper panel) and after (lower panel) microdissection of 
a proximal fragment of chromosome 17 (arrows). The two examples represent extremes of the range of 
excised fragments. The Fig. is reprinted, with permission (© Cell Press), from Rohme et al. (1984). 

(Schwartz and Cantor 1984; Barlow and Lehrach 1987) can be used to obtain a physical map of the 
relevant region. Chromosome walking and novel jumping techniques (Poustka and Lehrach 1986) can 
then be applied to clone the region containing the gene of interest. We would like to stress that the 
genetic definition of this region is the crucial step in this approach of gene cloning, since the "assay" for 
the gene is to look for coding sequences on the DNA cloned. The more precisely the gene region is 
defined, the less sequences have to be assayed to identify the "right" gene. This constraint may be 
overcome once a functional assay for the presence of the "right" gene becomes available. 

RESULTS AND DISCUSSION 

Genetic Analysis of the t Complex with Molecular Probes 

We have made use of the microcloning technique to obtain random DNA markers from the t complex. 
Pieces of minimally several thousand kb in size can be dissected from spread mammalian metaphase 
chromosomes using fine glass needles. Figure 1 demonstrates the size range of fragments that are 
usually cut from the chromosomes. In a typical experiment several hundred chromosomal fragments are 
cut out, collected and processed in nanoliter droplets. The restricted DNA is cloned into a lambda 
insertion vector. 

We have obtained a large number of random DNA fragments from the proximal part of chromosome 
17 using this technique (Rohme et al. 1984). Low copy number fragments were selected and 
investigated for their ability to recognize polymorphic restriction fragments in genomic DNA of strains 
used for genetic mapping. Polymorphic markers were then localized to chromosomal subregions of the t 
haplotype using a panel of overlapping partial t haplotypes (analogous to intra H-2 recombinant 
haplotypes ) (Fox et al. 1985), and to subregions of the wild type chromosome using recombinant 
inbred strains (BXD lines) and partial t haplotypes. 

Several important findings resulted from this analysis. We showed that the proximal region of the t 
complex is inverted in t haplotypes with respect to the wild type. This inversion is independent from the 
earlier detected inversion in the distal region of the t complex (Artzt et al.1982). From these results one 
of the phenomena associated with the mouse t complex, the strong suppression of meiotic recombination 
between t and wild type chromosomes could be explained (Herrmann et al. 1986). Furthermore we were 
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Fig. 2. Schematic representation of the genetic fine structure of the proximal region of the wild type (+) 
and t haplotype (t) form of mouse chromosome 17. Dashed lines indicate an undefined distance. Black 
bars above the chromosomes represent cloned regions. The thin lines and arrowheads between the t and 
+ chromosome indicate the joining of chromosome parts in the recombination events producing th45 and 
tAE5. Brackets represent intervals. DNA loci are shown above the maps and the probes defining the 
markers and cloned regions are shown beneath. The Fig. is reprinted, with permission (© Cell Press), 
from Herrmann et al. (1987). 

able to explain on a molecular level how chromosomes can recombine across an inversion. This 
phenomenon has already been described in Drosophila in the 1930s by Sturtevant and Beadle(1936). 
Nonhomologous recombination was generally assumed to be the mechanism allowing such crossover 
events. We could show that recombination between the t haplotype and the wild type chromosome 
across the proximal inversion is in fact homologous and is mediated by an element of 650kb that is 
present in the same orientation in both forms of the chromosome (see Fig. 2). The wild type 
chromosome contains an inverted duplication of this element. The chromosomes resulting from such 
recombination events contain a duplication of 3-5cM (6-10 x 103kb) (Herrmann et al. 1987). These 
duplication chromosomes have provided important additional information about the position of the T 
gene (see below). 

Positioning of the T Locus Region with Respect to Molecular Markers 

The location of the T gene has been determined by several sets of data. The comparison of data on the 
genetic linkage of T to tf and the MHC, derived from classical breeding analyses, with data on linkage 
of cloned DNA markers to the MHC, derived by RI strain mapping, showed that the markers T48, 
T1191 and T66E are located in the vicinity of the T locus. To establish the genetic linkage and position 
of these markers with respect to the T mutation we then carried out a classical genetic mapping cross 
involving the T mutation as a marker. The centromere (marked by a Robertsonian translocation and 
assayed in metaphase chromosome spreads) and the recessive hair loss mutation tf were used as 
flanking markers. 380 offspring were scored for recombination in the interval centromere -T, 808 
offspring were scored for recombination within the interval T-tf. None of the recombinant chromosomes 
had separated any of the markers of the inverted duplication shown in Fig. 2 from the T mutation. The 
marker T48, however, could be localized proximal to T (Herrmann and Lehrach, manuscript in 
preparation). On this level of analysis the T mutation can not be positioned more accurately with respect 
to the cloned markers. 
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A more precise localization was achieved by the analysis of the deletion chromosome Thp. This 
chromosome contains an allele of the T mutation due to the deletion of a large region of the chromosome 
(Johnson 1975). We were able to place the proximal deletion breakpoint between the markers T66E and 
T66Ell (see Fig. 2). Therefore the markers T119I and T66E could be excluded from being adjacent to 
the T mutation, leaving the other half of the inverted duplication and more distal parts of the 
chromosome defIning the region containing the T gene. 

The analysis of a particular partial t haplotype, t Tu3, allowed an even more ~ecise positioning of T. 
This chromosome complements the T mutation. Animals of the genotype Tit u3 are phenotypically 
normal. We were able to show that this chromosome arose by a homologous recombination event across 
the~roximal t complex inversion, similar to the events generating the duplication chromosomes th45 and 
tA 5 shown on Fig. 2. Therefore this chromosome contains a large duplication including the normal T 
gene. It thus possesses two doses of the normal gene (Herrmann, Bode and Lehrach, manuscript in 
preparation). These data allowed us to position the T gene proximal to the recombination breakpoint of 
tTu3 in the t haplotype, and (since the crossover event was homologous) distal to the corresponding 
point in the wild type chromosome. This point is located in the cloned region T119ll (see Fig. 2). In 
addition the two duplication chromosomes shown on Fig. 2 fail to complement the T mutation because 
they contain the mutant gene in the distal part of the duplication and therefore possess only a single dose 
of the normal gene. 

Molecular Cloning of a Gene from the T Locus Region 

Using several systems of genetic mapping we were therefore able to defIne the proximal border of the 
region containing the T gene. We had reached the present limit of accuracy of defming this border. The 
distal border of the relevant region could not be defined with the markers available at the time. However, 
we have obtained data showing that the cloned region T119ll is in linkage disequilibrium with the T 
mutation suggesting that it is very close to the T gene. This finding encouraged us to screen the cloned 
T119ll region (distal to the tTu3 breakpoint) for the presence of coding sequences. Our approach was to 
look for DNA fragments detecting homologous sequences in other vertebrates such as man, monkey, 
dog, chicken and xenopus. We found a fragment that detected a band in genomic chicken DNA upon 
hybridization. This probe was then used to screen a mouse embryo eDNA library (Fahrner et al. 1987). 
We isolated several eDNA clones originating from a gene located in the T119 regions. This gene is 
presently being investigated (Herrmann, Labeit, Carr, Hogan and Lehrach, manuscript in preparation). 
Although the isolated gene is located in the region genetically defmed to contain the T gene, it appears at 
present unlikely to be identical with the T gene, since this gene is duplicated in the wild type 
chromosome. An inactivation of one copy would still leave an intact gene copy. Homozygous lethality 
of TIT embryos would thus be hard to explain, especially since t haplotypes have only one copy and are 
homozygous normal. There is a slight possibility that the one copy in the wild type chromosome is 
inactivated. However, we have not found any evidence for that possibility. 

CONCLUSION 

We have described a genetic and molecular approach to the cloning of genetic disease loci in mammalian 
genomes. We have genetically analyzed the mouse t complex using molecular probes as markers. This 
and similar analyses will provide tl)e basis for the molecular cloning of factors of the t complex involved 
in mouse embryogenesis, spermatogenesis and sex determination. In particular we have focussed our 
attention to the cloning of the T gene involved in the formation of the embryonic body axis. We have 
genetically defIned the T locus region and isolated a gene. We are therefore optimistic that this approach 
of cloning specific genes from the t complex will be successful. 
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Mouse Borneo Box Genes 

Murine Hox Genes - A Multigene Family 

M. Fibi, M. Kessel, and P. Gruss 

INTRODUCTION 

The embryonal development of higher organisms is conducted by a network of many different 
structural and regulatory gene functions whose complexity is yet poorly understood. Some genetic 
elements identified as being involved in specifying segment identity of the fruit fly Drosophila 
melanogaster are the homeotic genes (OuweneeI1976). Several homeotic genes of Drosophila 
belonging to either the engrailed gene complex (EN-C; Garcia-Bellido and Santamaria 1972) or the 
antennapedia and bithorax complex (ANT-C/BX-C; Regulski et al. 1985) contain a 180 bp 
conserved region, the "homeo box", coding for a protein domain of the helix-turn-helix type 
(McGinnis et a1. 1984a, b; Scott and Weiner 1984). This type of DNA-binding domain was first 
detected in procaryotes. Interestingly, the two yeast mating-type proteins MAT a-I and MAT a2 
(Shepherd et a1. 1984; Laughon and Scott 1984) show significant similarities to the consensus 
homeodomain sequence. MAT a2 is a transcriptional repressor (Wilson and Hershkowitz 1984; 
Hartig et al. 1986). It was therefore hypothesized that the Drosophila homeodomain proteins might 
also have regulatory functions, e.g., by interacting directly or indirectly in trans with their own 
promoter regions or those of other genes (Desplan et a1. 1985). 

Using Drosophila probes several homeo box-containing genes could also be identified in the mouse. 
Because of their high degree of homology «90% amino acid level) these mouse genes are suggested 
to possess functions of similar importance for embryonal development of the mouse as the insect 
genes have for the development of the fly. 

Up to today morphological mutations could not be shown by restriction mapping to be connected 
with mutational defects of Hox genes. Therefore, the investigation of functional traits of murine 
homeodomain proteins is based on expressional analyses of wild-type animals. 

Since the development of the mouse leads from a single cell, the zygote, to an organism with many 
different tissues and organs, there must be a sufficiency of specific gene functions to direct 
morphogenesis. On the other hand, for primitive eucaryotes such as yeast one would expect only 
specific functional requirements for generation of a limited number of distinct cellular phenotypes 
(Hershkowitz and Oshima 1981; Sprague et a1. 1983; Hershkowitz 1986) where mating type genes 
with the helix-tum-helix motif are involved (Laughon and Scott 1984). If the homeo box-containing 
genes of higher organisms are evolutionarily derived from helix-tum-helix type genes like the yeast 
MAT genes, the requirement for more gene functions must have been met by mechanisms such as 
tandem duplication and moderate alteration of existing genetic information generating new 
morphogenetic functions. In the following evidence is provided from the mouse Hox genes and the 
human Hox genes that such mechanisms did occur during evolution to generate a multigene family 
directing correct pattern formation in higher animals. 

ANTENNAPEDIA-LIKE GENES OF THE MOUSE (HOX) ARE ARRANGED IN CLUSTERS 
AND LOCATED ON DIFFERENT CHROMOSOMES 

So far 20 Hox genes have been mapped on the murine genome (Martin et a1. 1987) and from five 
murine Hox genes cDNA sequences are described (Krumlauf et a1. 1987; Odenwald et al. 1987; 
Kessel et al. 1987a; Meijlink et al. 1987; Baron et al. 1987; Fibi et a1. 1987). 
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Table 1. Murine Hox genes - overview of those detected so far 

Chromosome Locus Genes and antp homologies Reference 
of the homeodomain with the 
Antennapedia domain 

6 Hox 1 1.1 1.2 1.3 1.4 1.5 1.6 1,2 
82% 81% 74% 73% 72% 64% 

11 'Hox2 2.5 2.4 2.3 2.2 2.1 2.6 3 
97% 90% 90% ? 

15 Hox3 3.2 3.1 4,5 
79% 

12 Hox4 4.1 6 
72% 

The different murine Hox loci on the different chromosomes are listed and the percentage of 
homology of the respective homeo box regions to antennapedia is indicated. The references are: 1 = 
Colberg-Poley et al. 1985; 2 = Ouboule et al. 1986; 3 = Ruddle et al. 1985; 4 = Breier et al. 1986; 5 = 
Awgulewitsch et al. 198?; 6 = Lonai et al. 1987 

The murine Hox genes are arranged in clusters of up to seven genes in one locus and each locus is 
located on a different chromosome (Table 1). It seems likely that more Hox genes will be detected. A 
sequence comparison of the homeo boxes in the murine Hox 1 cluster with the prototype 
Antennapedia homeo box of Drosophila reveals that the similarity decreases stepwise in the 
direction of transcription. Thus, the Hox 1.1 box is very similar to the Antennapedia box while the 
Hox 1.6 box only shows a loose relationship. This suggests the 5' gene of the Hox 1 cluster is an 
ancestral gene from times of the phylogenetic division of insects and animals and the genes 
following in the 3' direction are the duplicated derivatives generated in later times of evolution. 
Although there are no cognate gene clusters in the fly and the mouse genome based on linkage to the 
same genes, they can be delineated by comparison of the mouse and the human genome (Bucan et al. 
1986; Rabin et al. 1986), indicating that the clustered genes must have existed before the 
phylogenetic division of mouse and man. 

HOX GENES EXPRESS A VARIABLE AND A CONSTANT REGION 

Comparing homeodomain proteins encoded in the Hox 1 cluster, strong homologies exist only in the 
homeo box (region E, Fig. 1) and in a short hexapeptide (region c, a sequence at the 3' end of exon 1 
(Fig. 1; for detailed information on Hox protein domains see Kessel et al. 1987b)). Besides these 
generally conserved domains there are variable regions in Hox proteins in the N-terminal half and at 
the carboxy terminus (regions A, B, 0; and F). However, between homologous proteins from 
different species and proteins otherwise related (see below) the regions at the N-terrninus (A) 
between the hexapeptide and the box (0) and at the carboxy terminus (F) may also be conserved. 
Region B, however, seems not to be conserved and varies also between related proteins. Assuming a 

A B C D E F 

Fig. 1. Hox protein regions 
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certain function of a Hox protein being different from that of another Hox protein, the variable 
region B becomes a candidate. The high degree of conservation in the homeodomain indicates a 
more general function common to all proteins with a helix-tum-helix motif containing the 
homeodomain recognition helix. If the homeodomain provides the sites for DNA binding (Laughon 
and Scott 1984; Desplan et al. 1985) and for oligomerization with homologous molecules the 
variable regions might be responsible for the binding of further specific factors. If variable regions 
provide evolutionary advantages, organisms develop mechanisms to raise the variability to use a 
basic function (Ig genes). Simeone and co-workers (A. Simeone, D. Acampora, M. D'Esperito, M. 
Pannese, and E. Boncinelli, manuscript submitted) recently showed that for human Hox 3 genes 
there exist different transcripts generated by differential splicing. Since also for other Hox genes of 
other chromosomes more than one transcript of different size exists differential splicing or 
differential promoter usage seems to be a common mechanism (Odenwald et al. 1987; Krurnlauf et 
al. 1987; Fibi et al. 1987) that might increase the variability ofHox genes .. 

DIFFERENT SETS OF HOX GENES WERE GENERA TED DURING EVOLUTION BY 
CLUSTER DUPLICATION 

If the protein coding sequences of some Hox genes of different chromosomes are compared, there 
are extended homologies in region C and E and additional homologies in the N-terminal variable 
region of exon 1 (region A) and the splice region (region D, Fig. 1), which are not detected in genes 
of one cluster. Since this is the case not only for one gene of a cluster but rather for a set of genes, 
namely Hox 1.1, Hox 1.2, Hox 1.3 on chromosome 6 and Hox 2.3, Hox 2.2, and Hox 2.1 on 
chromosome 11 (Fig. 2), it seems likely that a part of the Hox 1 cluster on chromosome 6 has been 
duplicated and segregated to chromosome 11, generating a part of the Hox 2 cluster. Furthermore, 
Hox 1.5 has its most homologous counter gene Hox 4.1 on chromosome 12, suggesting a further 
duplication event. This seems also to be the case for the pair Hox 2.4 on chromosome 11 (Lonai et 
al. 1987) and Hox 3.1 on chromosome 15 (Awgulewitsch et al. 1986; Breier et al. 1986). 

Hex 1.1 Hex 1.2 Hex 1.3 Hex 1.4 Hox 1.5 Hox 1.6 

chromosome 6 • • • • • 
I I I 

Hox2.S Hox2.4 Hox2.3 Hox2.2 Hox2.1 Hox2.6 

• • • • • • chromosome 11 

Fig. 2. Duplication of the Hox gene cluster 

HOX GENES ARE SPATIALLY EXPRESSED IN EMBRYO AND ADULT MlCE 

Although the structural features of Hox genes are straightforward to delineate, it is much more 
complicated to interpret the in situ expression data of the murine Hox genes and even more 
complicated to come to a conclusion about gene function. Since appropriate analogs of the 
Drosophila mutants are not available to study the mouse homeo box genes, the information has to be 
drawn from the spatial expression pattern of the genes during the time course of embryonal 
development and adult life. In Table 2 we give an overview of Northern expression data published so 
far from different laboratories (Awgulewitsch et al. 1986; Baron et al. 1987; Breier et al. 1986; 
Colberg-Poley et al. 1985; Duboule et al. 1986; Fibi et al. 1986; Kessel et al. 1987a; Krumlauf et al. 
1987; Meijlink et al. 1987; Odenwald et al. 1987; Ruddle et al. 1985). Obviously there are murine 
Hox genes which are highly expressed in many adult tissues, e.g., Hox 1.3, and others expressed at 
low levels in a limited number of tissues such as Hox 2.1, Hox 2.3, Hox 1.1, and Hox 3.1. Most 
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strikingly, however, genes also exist that are expressed only in one specific tissue as in the case of 
Hox 1.4 in testis and Hox 1.6 in intestine. Another interesting result comes from the comparison of 
the very similar genes Hox 1.3 and Hox 2.1. Although both genes are expressed in spinal cord only 
Hox 1.3 is expressed in liver and testis. Furthermore, it becomes evident from the data that there are 
genes only expressed in one organ, such as Hox 1.3 in adult liver and Hox 2.1 in adult lung, and 
there are tissues in which a combination of Hox genes seems to be expressed simultaneously. Thus, 
Hox genes could be involved in the specific maintenance of adult tissue functions and this could be 
accomplished either by the expression of one Hox gene or by a combination of different Hox genes. 
In embryonal tissue all known Hox genes are expressed and there seems to be a peak of expression 
on day 12. However, the data are preliminary and in the near future a large amount of data will have 
to be collected and compared to gain greater insight into the Hox gene expression pattern and to 
delineate the basic mechanisms of Hox gene function during embryonal development and adult life 
of the mouse. 

Table 2. Hox gene expression in different tissues of adult mice detected by Northem and in situ 
hybridization analysis 

Hox Hox Hox Hox Hox Hox Hox 
1.3 2.1 2.3 1.1 3.1 1.6 1.4 

Liver ++ 
Kidney ++ (+) ++ ++ (+) 
Ovary ++ n.d. n.d. n.d. 
Testis ++ ++ ++ n.d. ++ 
Spinal cord +++ ++ ++ n.d. ++ n.d. n.d. 
Brain ++ n.d. n.d. 
Lung n.d. +++ n.d. n.d. 
Spleen n.d. 
Heart n.d. n.d. n.d. 
Intestine n.d. n.d. n.d. + n.d. 

n.d. = not done 
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Mouse Horneo Box Genes 

Expression of the Homeobox Genes Hox 2.1 and 2.6 During 
Mouse Development 

A. Graham, P. W.H. HoUand2, A. Lumsden3, R. Krumlauf, and B.L.M. Hogan! 

I NTRODUCTI ON 

The homeobox is a conserved DNA sequence of about 183 nucleotides identified 
within a number of Drosophila genes which regulate certain aspects of early 
development. The homeobox sequence encodes a 61 amino acid homeodomain containing 
a helix-turn-helix motif which is probably involved in DNA binding. Drosophila 
genes containing a homeobox include some segmentation genes which are involved in 
generating a metameric pattern, and many homeotic genes (Gehring 1987). Homeotic 
genes have roles in establishing segment identity, ~Ihich involves the specificat
ion of positional values along the anteroposterior body axis - a process which 
must occur in the embryos of all bilateral animals, not only those with a seg
mented Dody plan. It is therefore significant that several Drosophila homeobox
containing genes are expressed in patterns which suggest roles in positional 
specification independent of the process of segmentation (Doyle 1986; floey et al., 
1986; Aka~ 1987; Gehring 1987). 

About 20 homeobox-containing genes have been identified in Drosophila (Akam 1987; 
Gehring 1987). Most of the homeotic genes which are involved in the specification 
of segment identity or positional value are organised into blo clusters, the 
Antennapaedia and bithorax complexes. Homeobox sequences have also been iGentif
ied in a wide range of segmented and non-segmented animals besides insects, 
including molluscs, annelids, echinoderms and vertebrates (McGinnis 1985; 
Holland and Hogan 1986). 

In the mouse, more than 20 homeobox-containing genes have so far been identified 
(Colberg-Poley et al., 1987). Several of these genes are organised in two 
clusters, known as Hox 1 and Hox 2, on chromosomes 6 and 11 respectively. At 
present the Hox 1 cluster contains 7 characterised genes and the Hox 2 cluster 
contains 6 (Colberg-Poley et al., 1987; Rubin et al., 1987). It see~s likely 
that the genes within these clusters have evolved via duplication and divergence 
of an ancestral gene (or part of a gene). Sequence analysis and restriction 
enzyme mapping of the Hox 1 and Hox 2 clusters have allowed sow.e insight into the 
possible genealogy of these duplication events. 

The distances (in kilobase pairs) between the homeoboxes of four neighbouring 
genes within the Hox 1 cluster (Hox 1.1, 1.2, 1.3 and 1.4) are very similar to 
the distances between the homeoboxes of four genes within the Hox 2 cluster 
(Hox 2.3, 2.2, 2.1 and 2.6). Thus, there may have been a relatively recent 
duplication of an ancestral cluster containing at least four genes, which gave 
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Fig. 1. Genomic organization of the Hox 1 and Hox 2 clusters. For details, see 
text. 

rise to part of the Hox 1 and Hox 2 clusters. The other genes may be accounted 
for by later rearrangement and duplication events. This hypothesis is consistent 
with evidence from comparisons of Hox 1 and Hox 2 homeobox sequences, which reveal 
high degrees of sequence identity between Hox 1.1 and 2.3 (82% nucleotide identity, 
93% amino acid identity) (Kessel et al., 1987; ~1eijl ink et al., 1987), between 
Hox 1.3 and 2.1 (84% nucleotide, 100% amino acid) (Krumlauf et al., 1987; 
Odenwald et al., 1987), and between Hox 1.4 and 2.6 (82% nucleotide, 90% amino 
acid) (Duboule et al., 1986, and data not shown). Where more extensive sequence 
is available for comparison, high degrees of identity are also observed between 
the N-terminal regions of the coding sequences of these gene pairs (e.g. Hox 1.3 
versus 2.1 (Krumlauf et al., 1987; Odenwald et al., 1987) and Hox 1.t versus 2.3 
(Kessel et al., 1987; t~eijlink et al., 1987)). These additional domains of 
identity are consistent with the suggestion that duplication of an ancestral gene 
cluster has contributed to the evolution of the Hox 1 and Hox 2 clusters. 
However, the high degree of conservation in gene organization may also reflect 
functional constraints on the spacing and structure of mouse homeobox-containing 
genes, perhaps related to transcription, RNA processing and protein functions. 
Such constraints could lead to convergent evolution, such that precise evolution
ary history may be obscured. 

EMBRYONIC EXPRESSION OF HOX 2.1 AND HOX 2.6 

Hox 2.1 and Hox 2.6 are 13kb apart at the 3' end of the Hox 2 cluster, which maps 
at the distal end of mouse chromosome 11, near the Dlb-1 locus (Jackson et al., 
1985; Holland and Hogan 1987). As discussed above, sequence analysis indicates 
that the genes may be more closely related to Hox 1.3 and Hox 1.4 respectively, 
than they are to each other. It was therefore of interest to compare the 
patterns of Hox 2.1 and 2.6 expression in the embryo. This was achieved using 
in situ hybridization with 35S-l abelled single-stranded RNA probes (Holland and 
Hogan 1987). With both genes, expression is detected in regions of the central 
nervous system (CNS), peripheral nervous system (PHS), and in the mesodermal 
component of several visceral organs. 
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Expression in the CNS and PNS 

Within the CNS at 12.5 days post coitum, Hox 2.1 expression is detected in a 
single continuous domain, with a sharp anterior boundary in the hindbrain, just 
posterior to the otic vesicle. This limit does not seem to correlate with any 
visible change in cell phenotype, and corresponds to about the level of the first 
occipital somite. There is no clear posterior boundary, and expression in the 
spinal cord extends at least to the level of the thirtieth somite. At 13.5 to 
15.5d p.c., the region of expression in the CNS becomes more restricted, and 
extends posteriorly only to the level of the seventh somite (Holland and Hogan 
1987). 

Expression of Hox 2.1 is also detected in specific ganglia of the PNS which are 
derived from the neural crest. At 12.5d p.c. high levels of Hox 2.1 are seen in 
all dorsal root ganglia and in ganglia of the myenteric plexus, but only in one 
cranial ganglion, situated in the post-otic region, dorsal to the anterior 
oesophagus. We have previously suggested that this is the inferior (or nodose) 
ganglion of the Xth (or vagus) nerve (Holland and Hogan 1987). 

We have now examined this ex~ression in more detail, using specific antibodies 
against neurofilament proteins to identify the expressing structures. Immuno
staining of whole and partially dissected mouse embryos with antineurofilament anti
bodies reveals the positions of the cranial nerves and ganglia. This approach 
indicated that the inferior ganglia of the IXth and Xth cranial nerves are very 
closely apposed at 12.5d p.c., and lie in the position of the paired structure 
expressing Hox 2.1 RNA (Fig. 2). 

Fig. 2. Distribution of neurofilament in whole mouse embryos (12.5d p.c.) 
revealed by immunocytochemistry. Embryos were fixed in 4% paraformaldehyde in PBS 
(16 hr, 4oC), rinsed in P~S and incubated in PBS, 0.3% Triton X-l00 (PBST buffer) 
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containing 0.09% hydrogen peroxide (24 hr, 40 C). After washing in PBST (4 x 2 hr, 
40 C), specimens were incubated in serum containing the anti-155kD neurofilament mono
clonal antibody, 2H3, and 0.3% Triton X-100 (4 days, 40 C). Embryos were washed in 
PBST, 1% goat serum (3 x 2 hr, 40 C) and incubated in peroxidase conjugated goat 
anti-mouse IgG (Pharmacia) diluted 1 :100 in PBST, 1% goat serum (20 hr, 40 C), 
incubated in 0.1M Tris-HCl (pH 7.2) (30 min, 40 C), pretreated with 0.05% (w/v) 
diaminobenzidene (DAB) in 0.1M Tris-HCl (pH 7.2) (3 hr, 40 C in the dark), and then 
transferred to fresh Tris-HC1, DAB containing 0.018% hydrogen peroxide. The 
reaction was allowed to develop in the dark for 3 to 10 min and stopped in PBS. 
Abbreviations: -IX, X, XI, XII, cranial nerves. A = anterior, P = posterior. sg, 
pg, superior and inferior (petrosal) ganglia of the IXth cranial nerve. jg, ng, 
superior (jugular) and inferior (nodose) ganglia of the Xth cranial nerve 

To ascertain if the hybridizing structure corresponds to one (or both) of these 
cranial ganglia, adjacent face-to-face parasagittal sections were taken from a 
12.5d p.c. embryo. One section was stained with an anti-neurofilament antibody 
(Fig. 3a,c), and the other hybridized with Hox 2.1 antisense probe (Fig. 3b,d,e). 
This revealed that cells within the hybridizing structure express neurofilament 
protein, and that associated with the structure are several major nerve tracts. 
This strengthens the suggestion that the hybridizing structure is a ganglion. 
Figure 3c,d,e also clearly shows that the intensely hybridizing ganglion is the 
larger, and the more posterior of the two closely associated ganglia. Within this 
ganglion, hybridization is not seen in the nerve tracts, but is localized to the 
region containing nerve cell bodies and accessory cells. The smaller ganglion 
(which does not hybridize to Hox 2.1 antisense probe) is associated with a major 
nerve leading caudally and ventrally (Fig. 3). Comparison with whole embryos 
stained with an anti-neurofilament antibody indicates that the inferior ganglion 
of the IXth nerve is associated with a nerve tract in this position, leading to 
the third branchial arch. This suggests that the smaller (non-hybridizing) 
ganglion is the inferior ganglion of the IXth cranial nerve. The relative 
position, and nerve associations of the larger, more posterior, ganglion indicate 
that it is the inferior (or nodose) ganglion of the Xth cranial nerve. 

Fig. 3. Neurofilament distribution and Hox 2.1 expression visualised in sections 
of a 12.5d p.c. embryo. Embryos were fixed and frozen sections prepared as 



described (Hogan et al., 1986). One of a pair of adjacent sections (A,C) was 
stained with an anti 200-155kD neurofilament antibody, RT97 (Wood and Anderton 
1981). After fixation, slides were incubated in PBS, 0.1% Triton X-l00 (10 min, 
200 C), washed in PBS, and endogenous peroxidase blocked in 0.3% hydrogen peroxide 
in methanol (30 min, 200 C). Slides were washed in PBS, blocked with 10% rabbit 
serum in PBS (45 min, 200 C) and incubated in 1/250 dilution of RT97 in PBS (20 hr, 
40 C). Slides were washed in PBS, treated with 1/100 biotinylated sheep anti-mouse 
Ig (Amersham) (1 hr, 200 C), washed and overlayed with 1/200 streptavidin-peroxidase 
conjugate (Amersham) (lhr, 200 C). Peroxidase was detected utilizing DAB as a sub
strate (Hume and Gordon 1983), followed by silver enhancement using a kit supplied 
by Amersham International. The other section of each pair was hybridized with an 
antisense probe for Hox 2.1 RNA (probe 2, Krumlauf et al., 1987) as previously 
described (Holland and Hogan 1987), and exposed for 5 days. A, low magnification, 
neurofilament staining. Scale bar lmm. B, adjacent section to A, distribution of 
Hox 2.1 RNA. Dark ground illumination. Note hybridization to lung, stomach, 
spinal cord and nodose ganglion (ng). Scale as for A. C, higher magnification of 
the occipital region in A, showing the inferior ganglia of the IXth and Xth cranial 
nerves. a = accessory nerve, nt = nerve tract, mn = mandible. Scale bar 150~m. 
D and E, higher magnification of occipital region in B. D, dark ground; E, 
bright field. Scale as for C. 

Thus, comparison of Figures 2 and 3 indicates that Hox 2.1 RNA is expressed in the 
nodose ganglion, but not in the inferior ganglion of the IXth cranial nerve. At 
least in the chick, the nodose ganglion has a mixed origin, with the neurones 
being predominantly of placodal origin, and the neuroglia of neural crest origin 
(Le Douarin 1982). Hence, this expression may be comparable with that seen in the 
neural crest-derived dorsal root ganglia and myenteric plexus. 

The embryonic expression of Hox 2.6 in the CNS and PNS is very similar to that 
described for Hox 2.1, except that the ganglia of the myenteric plexus may be 
negative. 

Expression in the mesoderm 

Both in situ hybridization and Northern analysis show that Hox 2.6 and Hox 2.1 are 
expressed in a subset of mesodermal cells. These include nephrotome derivatives, 
lung and stomach mesoderm and, for Hox 2.6 only, the longitudinal muscle of the 
gut. We have never seen expression of either gene in mesodermal cells of the 
heart, somite derivatives or limb, or in cells of endodermal origin. 

DISCUSSION 

Both Hox 2.1 and Hox 2.6 are clearly expressed in a specific anteroposterior 
domain of the CNS. In addition, since the dorsal root ganglia, myenteric plexus 
(at least for Hox 2.1) and nodose ganglion receive neural crest contributions from 
posterior to the first somite (Narayanan and Narayanan 1980; Le Douarin 1982), we 
would suggest that a similar anteroposterior restriction is imposed upon express
ion in the PNS. 

Expression of Hox 2.1 and 2.6 in cells of mesodermal orlgln is not uniform, but 
appears to be restricted to a subset of derivatives from the medial lateral plate 
and intermediate mesoderm derived from a domain extending posterior to the 
occipital region (Holland and Hogan 1987; Graham et al., in preparation). The 
heart, for example, originates from a region anterior of this point and it does 
not express either of these genes. However, anteroposterior position alone cannot 
account for the observed patterns of mesodermal expression. Hox 2.1 and Hox 2.6 
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are not expressed in somite derivative.s or in the 1 imbs, both of which arise 
posterior of the occipital region. Thus, while position appears to be an element 
in determining expression, it cannot be viewea in a simple anteroposterior 
restriction. j~ore detailed analysis must await accurate mapping of the er,lbryonic 
origin of the mesodermal components of organs such as the stomach and lungs (see 
Holland and Hogan 1987 for discussion). 

This description of the embryonic expression patterns of Hox 2.1 and L.b has 
para 11 e 1 s with the express ion of some Drosophila hOhleoDox-conta i ni ng genes, in 
particular those which have been implicated in the control of anteroposterior 
positional specification independent of the process of segmentation (Hoey et al., 
1986; Akam 1987; Gehring 1987). 

In conc 1 us i on, the horneobox-conta i ni ng genes of the mouse SeelJI to have dup 1 i ca ted 
and diversified via a complex pathway. Tight clustering of these genes may 
reflect their evolutionary history, but also seems to have functional ilOplications. 
For example, Hox 2.1 and 2.6 are in close proximity and seem to De expressed in 
very similar patterns in the embryo. These patterns of expression are themselves 
of great interest, since they are consistent with mouse horlleobox-containing genes 
playing a role in specifying positional values along the anteroposterior axis of 
the erllbryo. 
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Immunoglobulin Superfamily Genes 

Studies of V (D)J Recombination with Extrachromosomal 
Substrates 

M.R. Lieber, J.E. Hesse, K. Mizuuchi, and M. Gellert 

INTRODUCTION 

We have developed a series of new substrates to study the mechanism and 
regulation of lymphoid V (D) J recombination. The substrates remain 
extrachromosomal and are recovered and analyzed for recombination within one 
to two days after transfection into murine cells. Extrachromosomal substrates 
have several advantages over substrates that integrate into the genome. 
Because integrating substrates incorporate into the genome at different sites 
in each host cell, recombination may be variably influenced by different 
chromosomal contexts, thereby introducing an uncontrolled parameter into 
comparisons between different host lines or substrates. Also, a considerable 
length of time is required to establish cells with integrated exogenous DNA, 
and drug selection or cellular subcloning steps are necessary to isolate the 
recombinant clones. Quantitative studies are thus difficult or in many cases 
impossible. 
The family of substrates that we have described recently (Hesse et al., 1987) 
allows an assay that is sensitive and rapid; a frequency of rearrangement can 
easily be measured, so that experiments that vary the host cells or the 
recombination substrates can be meaningfully compared (Lieber et al., 1987). 
We have thus begun to study the way in which the level of V(D)J recombination 
activity and its sites of action are regulated, as well as some aspects of the 
reaction mechanism. The following sections briefly describe the experimental 
system and our results on the distribution of the recombination activity among 
cell lines representative of various tissues and developmental stages. 
Details can be found in two recent papers (Hesse et al., 1987; Lieber et al., 
1987) . 

DESCRIPTION OF THE ASSAY 

The strategy used to measure levels of recombination activity employs a 
plasmid, pJH200 (Fig. 1), which contains the heptamer/nonamer joining signals 
as well as genes conferring antibiotic resistance. This substrate DNA is 
transfected into the eukaryotic cells to be tested, recovered 48 hrs later, 
and introduced into .li/.. S<9.li by transformation (Fig. 2). All plasmid DNA 
confers ampicillin resistance (Ampr). Because recombination excises a 
transcription stop signal upstream of the ~ gene in pJH200, recombinant 
molecules also confer chloramphenicol resistance (Camr ). Thus, the ratio of 
doubly resistant (AmprCamr ) colonies to Ampr colonies reflects the fraction of 
DNA which is rearranged at the heptamer/nonamer )okning signals. HgiAl 
restriction analysis of plasmids recovered from doubly resistant colonies 
confirmed that a precise signal junction (heptamer to heptamer fusion) was 
formed in the large majority of recombinants (Hesse et al., 1987). Some 
exceptions to this rule will be discussed in a later paper. 
Several useful features of this assay deserve mention: 
1) It is quite sensitive. In cell lines where plasmid transfection is 
efficient, recombination can easily be detected down to a level of 0.1% or 
less. 
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2) In some cell lines the recombination frequency is quite high, in excess of 
20%. 
3) Recombination is seen only among DNA molecules which have replicated in 
the eukaryotic cells. Although the mechanism is not yet understood, this 
requirement is very useful in comparing recombination frequencies between 
different cell lines, because it allows one to ignore DNA molecules which are 
merely adsorbed to the cells. 

VIDIJ Recombination in the Lymphoid Lineage 

We have used this assay to ask some questions about the regulation of the 
recombination activity. Is the activity really present only in lymphoid 
cells? Is the activity merely switched on and then off during B lymphoid 

pJH200 

1 

I I 
HgiA I 

Figure 1. Outline of Recombination Reaction 
Plasmid pJH200 contains two heptamer/nonamer immunoglobulin J01ning signal 

sequences flanking a prokaryotic transcription terminator (labelled "stop"). 
The signals in turn are flanked by the ~. £Q1i ~ promoter on one side and 
the gene for chloramphenicol acetyl transferase (CAT) on the other. The 
terminator prevents expression of the ~ gene when the plasmid is in ~ £Qli. 
After V(D)J rcombination in lymphoid cells (lower part of Figure), the 
terminator has been deleted, allowing ~ expression in ~. £Q1i, and the 
joining signals have been fused, heptamer to heptamer. The signal joint 
contains a novel HgiA1 restriction site. 

Plasmid pJIl200 is identical to pJIl201 previously described (Hesse et al., 
1987), except that pJH200 lacks the kappa transcription enhancer. 
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differentiation, or is its l.evel. al.so modul.ated? And to what extent is the 
activity present in cell. l.ines which are no l.onger rearranging their 
endogenous v, D, and J l.oci? After measuring recombination in more than 
thirty mouse cel.l. l.ines, we have arrived at a fairl.y coherent picture (Lieber 
et al.., 1987; Figs. 3 and 4). 
First of al.l., no activity was found outszde the hematopoietic lineage. Cell. 
l.ines we tested included neural., embryonic l.iver, epithel.ial., fibroblast, and 
smooth muscl.e. Recombination was found at a l.ow l.evel. in a myel.o-monocyte 
precursor cel.l. l.ine (see Fig. 4). Thus the activity persists beyond the 
branching of the myel.o4nonocytic lineage from the l.ymphoid l.ineage. Activity 
was not found in l.ater granul.ocytic or monocytic cel.l.s. 
Second, there are major changes in the l.evel. of recombination activity during 
B lymphoid devel.opment. Resul.ts from the 24 cel.l. l.ines surveyed in this 
pathway are summarized in Fig. 3. Activity is l.ow in pro-GMB cel.l. l.ines, but 
then increases greatl.y in pro-B cells. The two cel.l. l.ines representing this 

Input Plasmid 
DNA: Amp' 

<18 HOurs' 37"C 

c-::;~: • 
, Recovet' Plasmid DNA 

~~~ 
~-
~~ 
~~ 

Amp Amp + Cam 

Figure 2 Outl.ine of the 
Recombination Assay. 
Pl.asmid DNA is introduced into 
eukaryotic cel.ls by the DEAE
dextran transfection method. This 
input recombination substrate 
(circles) encodes both Amp 
resistance and Cam resistance, but 
transcription of the l.atter gene in 
an E. col.i host would be bl.ocked by 
the presence of the prokaryotic 
transcription terminator l.ocated 
between the ~ gene and the l.ac 
promoter. Recombinant plasmids 
(squares), which arise during the 
48 hr residence in the eukaryotic 
cel.l.s, have del.eted or rel.ocated 
the terminator and have thereby 
restored the potential. for 
transcription of the ~ gene (no 
selection for Cam resistance is 
imposed during this period). 
Plasmid DNA is recovered from the 
transfected cel.l.s and 
introduced into E. coli by 
transformation. Aliquots of 
each transformation mix are 
dispensed to two types of sol.id 
growth media, one containing Amp 
and one containing Amp and Cam. 
Only recombinant plasmids can give 
rise to Ampr Camr transformants. 

Plas~id DNA is isolated from Ampr Camr trans formants and structurally 
characterized. A frequency of recombination is given by the ratio of the 
number of Ampr Camr transformants to the number of Ampr trans formants after 
correction for dil.ution. 
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latter stage (BASC6 and NFS70) had the highest recombination frequencies 
found. From there on, the level of activity declines progressively, with pre
B cells at the stage of heavy chain rearrangement generally higher than those 
that are rearranging their light chains, with mature B cell lines showing even 
lower or zero activity, and with no activity detectable at the later 
inununoblast and plasma cell stages. The one exception to this apparent 
progression is the A-rearranging line ABC-I, which has much higher activity 
than any It-rearranging line. However, in the light of a recent suggestion 
that some A-rearranging cells form a distinct B-lymphoid sub-lineage, this may 
not be a real exception. 
Recombination was also found in pre-T cell lines, but not in a mature T cell 
line, indicating that the activity may also be developmentally regulated in 
the T-cell lineage. 

10 

O~~ __________ ~LL-uu-~ __ ~~ 
Pro- Pre-B Pr&-B Pre-B Mature Immuno- Plasma Pro

GMB B IHI IN IKI B blast Cell 

Figure 3. Recombination Frequency in Cell lines of the B Lineage. 
Recombination frequencies (R) are plotted as a function of the 

developmental stage of the cell lines; each point represents one cell line. 
The boxes enclose the range of R in that category of cells. For each stage, 
the current or most recent locus of Ig recombination is indicated: 
chain locus; A, lambda locus; It, kappa locus. 

H, heavy 
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Third, it is clear from our results that extrachromosomal DNA can recombine in 
some cell lines that are no longer rearranging their endogenous 19 genes. We 
focused on the cell lines 38B7 (which has undergone nonproductive VDJ 
rearrangement on both heavy chain alleles and has exhausted the D segments), 
and 1-8 (which has a nonproductive VDJ rearrangement at one heavy chain allele 
and a DJ rearrangement on its other); both recombine our introduced substrate 
rather efficiently. 

From these results, one can conclude that V(D)J recombination is controlled in 
at least two ways. The level of the activity is modulated during lymphoid 
development, and within a single cell, some substrate regions are available 
for recombination while others are blocked. 
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Figure 4. Distribution of V(D)J Recombination Activity Among Hematopoietic 
Cell Types. 

The pathway of hematopoietic differentiation is summarized. Known 
lineage relationships are indicated by solid lines, more tenuous relationships by 
dashed lines. Specific cell lines representing each stage are named below it. A 

circled (+) or (-) above the cell stage indicates the presence or absence 
of detectable V(D)J recombination activity in the corresponding cell lines. 
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Immunoglobulin Superfamily Genes 

Thmscription Factors in Tenninally Differentiated B Cells 

C.L. Peterson, B. 1liao, E. Kakkis, and K.L. Calame 

INTRODUCTION 

During B cell development differentiation is accompanied by the selec
tive activation of some genes and the repression of other genes. We 
wish to identify and characterize transcription factors responsible 
for the activation and repression of gene expression. 

Early in B cell development, an immunoglobulin heavy chain (Ig1l) gene 
is activated by rearrangment, positioning the promoter close to a 
transcriptional enhancer that is crucial for tissue-specific expres
sion of Ig1l genes (Calame 1985). In vivo and in vitro studies show 
the IgH enhancer interacts with cellular proteins to activate tran
scription (Mercola et al 1985; Scholer and Gruss 1985). We report a 
functional analysis of protein binding sites within the IgH enhancer 
as well as the purification of two of these enhancer binding proteins. 

The c-myc proto-oncogene is expressed in early proliferating B cells, 
but in plasma cells, c-myc expression is repressed (Kakkis et al 
1987). Somatic cell hybrid studies suggest that the c-myc gene is 
controlled by a trans-dominant repressor in Human Burkitt lymphoma 
cells (Feo et al 1985). We have identified a protein (myc-PCF) which 
recognizes sequences in the c-myc promoter region and whose binding 
activity is restricted to plasmacytomas which do not express the nor
mal unrearranged c-myc gene (Kakkis and Calame 1987). We report fur
ther characterization of myc-PCF and of a common upstream factor (myc
CUF1) binding nearby. The myc-PCF protein is a likely candidate for a 
developmental repressor of c-myc expression. 

FUNCTIONAL ANALYSIS OF THE IG1I ENHANCER 

We have identified eight binding sites within the mouse immunoglobulin 
heavy chain enhancer which bind a minimum of six different proteins 
(Peterson and Calame 1987). We created deletions of each binding 
site by oligonucleotide-directed mutagenesis and cloned the mutated 
enhancers 3' to the chloramphenicol acetyltransferase (CAT) gene in 
the vector pA10CAT-2. Wild type and mutant enhancers were tested for 
enhancer function after transient transfection into plasmacytoma 
P3X63-Ag8 cells (Mercola et al. 1985), using a cotransfected B
galactosidase plasmid to normalize for transfection efficiency. 

Deletion of site E, B, C1 or C2 from the 1 kb mouse IgH enhancer sig
nificantly reduces enhancer activity, demonstrating that each of these 
sites is important for enhancer function (Fig.1). Deletions of sites 
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Fig.1 Functional analysis of protein binding sites on the IgH enhancer 

C3 or D showed no significant diminution of enhancer activity. Simul 
taneous deletion of sites Band C2 reduced enhancer activity to a 
level similar to that observed with the individual deletion mutants. 
However, combining C1 and C3 deletions resulted in less activity than 
either individual mutant, suggesting both sites may be functionally 
important. Since no single site deletion completely abolished enhan
cer activity, and deletion of two binding sites was not always ad
ditive, there appears to be functional redundancy within the enhancer 
element, a conclusion also reached by others (Kadesch et al 1986; 
Lenardo et al 1937). 

In addition to testing internal deletions of the IgH enhancer, we also 
examined several truncated enhancer fragments (Fig. 1). A 600 bp Pvu 
II-Xba I fragment, which contains sites C2, C3, octamer, and D, was 
50% as active as the 1kb Xba I enhancer fragment. When the C3 and D 
sites were deleted from this fragment, no large decreases in enhancer 
activity were observed in comparison to the wild type Pvu II-Xba I 
fragment. Therefore, truncation of the 1 Kb Xba I enhancer did not 
reveal any importance for sites D and C3. We also divided the 1 Kb 
Xba I fragment into about two equal parts with Dde I. To our 
surprise, neither half contained much enhancer activity, even though 
the Xba I-Dde I enhancer fragment contained six of the eight identi
fied protein binding sites. This result suggests that there might be 
interactions between proteins bound to sites on each half of the en
hancer which may be important for enhancer function. 

PURIFICATION AND CHARACTERIZATION OF IGH ENHANCER PROTEINS 

We have reported the partial purification and characterization of 
proteins which bind to sites E, B, and C2 on the IgH enhancer 
(Peterson and Calame 1987). Proteins which bind to sites E and C2 
were designated uEBP-E and uEBP-C2, respectively. We determined the 
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Figure 2. Characterization and purification of uEBP-E. (A) Glycerol 
gradient sedimentation analysis. Gradient fractions were assayed by 
gel retardation for uEBP-E. Lane 1 is the load. Arrows indicate 
positions of marker proteins cytochrome C, catalase, and E. coli Pol 
I. (B) UV crosslinking. Lane 1 contains probe without DNAse I, lane 2 
contains probe treated with UV for 30 min. without protein, lane 3 
contains a complete reaction mixture not treated with UV, lane 4, 5, 
6, 7, and 8 contain complete reaction mixtures treated with UV for 5 
min., 15 min., 30 min., and 30 min., respectively. The reaction in 
lane 7 also contained a 50-fold molar excess of the 1 kb Xba I frag
ment, and the reaction in lane 8 contained a 300-fold molar excess of 
salmon sperm DNA. (C).Affinity purification. Fractions were assayed 
by gel retardation. (D) Silver stained SDS PAGE of affinity 
purification. Samples were precipitated with 10% TCA, and each lane 
contained: load and ft 50 ul, .2M and 1M fractions 200 ul. 

sedimentation coefficients for these proteins by glycerol gradient 
sedimentation. The results using proteins partially purified by FPLC 
Mono Q or Mono S chromatography (Peterson and Calame 1987) are shown 
in Fig. 2A for uEBP-E, and Fig. 3A for uEBP-C2. uEBP-E migrated with 
a sedimentation coefficient of 3.5 S, and uEBP-C2 migrated at 4.5 S. 
Assuoing globular proteins with average partial specific volume and 
hydration, this corresponds to molecular weights of approximately 
40,000 to 45,000 daltons for uEBP-E, and 62,000 to 67,000 daltons for 
uEBP-C2. 

We have used a modified version of the UV crosslinking procedure of 
Chodish et al (1987) to further characterize the molecular weight of 
uEBP-E. A 60 bp Dra I-Pst I DNA fragment which contains site E was 
labelled by nick-translation and used in a binding reaction with par
tially purified uEBP-E. The binding reactions were exposed to UV 
light, treated with DNAase I, and electrophoresed on SDS PAGE. The 
results (Fig. 2g) show that after 5 minutes of UV treatment, one 
protein is crosslinked to the enhancer fragment (lane 4). The 
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Figure 3. Characterization and purification of uEBP-C2. (A) Glycerol 
gradient sedimentation analysis. (B) Affinity purification. (C) SDS 
PAGE of affinity purification step. Lane labeled PI represents the 
pool of uEBP-C2 from the first pass on the affinity resin. P2 desig
nates the second pass on the affinity resin. Refer to the figure 2 
legend for details. Samples were treated as in Fig. 2, each lane con
tained 200 ul, except for the PI load and ft which contained 100 ul. 

crosslinking of this protein is due to sequence specific interactions, 
since unlabelled enhancer DNA is able to compete for crosslinking 
whereas salmon sperm DNA is unable to compete (compare lanes 7 and 8). 
This crosslinked protein likely represents uEBP-E. Assuming that 10 
bp of labelled DNA is bound to protein, the approximate molecular 
weight for uEBP-E is 45,000 daltons, consistent with t~e size 
predicted from glycerol gradient sedimentation analysis (Fig. 2A). 

We then initiated further purification using oligonucleotide affinity 
columns (Kadonaga and Tjian 1987) for sites E and C2. Nuclear extract 
obtained from approxiDately 80 grams of plasmacytoma tumor tissue was 
purified through the FPLC Mono Q step essentially as described pre
viously, except t~at the heat step was omitted. Mono Q pools contain
ing uEBP-E or uEBP-C2 were then chromatographed on 3 ml affinity 
columns. The binding assay from an affinity chromatography step are 
shown in Fig. 2C for uEBP-E, and Fig. 3B for uEBP-C2. 

Both uEBP-E and uEBP-C2 are effectively purified by a factor greater 
than 100-fold, with greater than 60% yields. A protein gel of frac
tions from the site E affinity column (Fig. 2D) shows that one protein 
of 45,000 daltons is specifically retained. We believe this protein 
to be uEBP-E since (i) it corresponds to the size predicted for uEBP-E 
by glycerol gradient sedimentation and UV crosslinking, (ii) it spe
cifically binds and elutes from site E affinity matrix, and (iii) 
Scatchard analysis of uEBP-E binding activity from the column yields a 
concentration of active protein very similar to the quantities of 
45,000 dalton protein present in this fraction (C.P. in prep.). 
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Figure 4. Analysis of myc-PCF distribution and binding. (A) Restric
tion map of the mouse c-myc gene. Exons are shown as boxes, and the 
two start sites for transcription are indicated by arrows. The se
quence of the myc-PCF and myc-CUF1 binding sites is expanded. The 
binding site boundaries as determined by in vitro footprinting are in
dicated by brackets below the sequence, and regions of sequence 
homology between the mouse and human c-myc genes are indicated above 
the sequence by lines. (B) Distribution of myc-PCF and myc-CUF1 using 
gel retardation. Complexes A,C,D,E are due to myc-PCF; complex B is 
due to myc-CUF1. (C) Mixing experiments with myc-PCF and myc-CUF1. 
"PCF" indicates the addition of oligo column-purified PCF and EL4 in
dicates the addition of crude EL4 nuclear extract. 

When uEBP-C2, eluted from the first pass on the affinity column (Fig. 
3C) and still containing Qultiple proteins, was chromatographed again 
on the affinity matrix many contaminating proteins were removed and 
the active fractions contain primarily three proteins of 65 kd, 43 kd, 
and 20 kd. Based upon the predicted size of 62-67 kd for uEBP-C2, we 
believe that the 65 kd protein represents intact uEBP-C2. Further 
purification is necessary to determine whether the additional proteins 
are proteolytic fragments of uEBP-C2 or proteins which copurify. 

AN ANALYSIS OF MYC-PCF, A POTENTIAL REPRESSOR OF TRANSCRIPTION 

We have identified a protein (myc-PCF) in plasmacytomas which binds to 
sequences within the normal murine c-myc gene promoter and may be in
volved in repression of c-myc (Kakkis and Calame 1987). We previously 
showed that gel shift complexes C,D and E were due to plasmacytoma
specific binding at a single site by myc-PCF; complex B was due to 
binding of another protein to a site 10 bp 3' to the myc-PCF site 
(Kakkis and Calame 1987). We have investigated the distribution of 
myc-PCF and of protein producing complex B in different cell lines and 
tissues (Fig. 4). Oligonucleotide competition for myc-PCF binding was 
used as a control to confirm the presence of myc-PCF (data not shown). 
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In combination with previous results (Kakkis and Calame 1987). we find 
that 4 plasmacytomas contain myc-PCF (P3X63-Ag and S107. complexes A. 
C. D. and E in Fig. 4b) while it is not found in 4 early B cell lines 
(38B9). 2 fibroblast lines (3T3. L). 2 T cell lines (EL4. AOIT). 
liver. spleen. kidney and brain (not shown). Cell line 1414 is a B 
cell line with an amplified c-myc gene. and it does contain a small 
amount of myc-PCF (complex A. Fig. 4b). Protein binding at the ad
jacent site (complex B) occurs in all tissues tested except brain 
(Fig. 4). thus w~ denote it myc-CUFI (common upstream factor 1). 

Myc-PCF and myc-CUFI bind to sequences separated by only 10 bp of DNA 
and previous footprinting data suggested that the slowest migrating 
complex (complex A) was due to binding of both proteins. To confirm 
this. we tested whether addition of affinity purified myc-PCF. which 
does not form complex A (lane 1. Fig. 4c). to a T cell extract con
taining myc-CUF1 would generate complex A. The results in Fig. 4C 
show that as increasing a~ounts of myc-PCF are added. complex A is 
generated with the concommitant disappearance of complex B. These 
data suggest that myc-PCF and myc-CUFI may bind cooperatively within 
the promoter of the c-myc gene. and lead us to postulate that this in
teraction may be important for the repressor function of myc-PCF. 

CONCLUSION 

Site-directed mutagenesis of the IgH enhancer has demonstrated that 
protein binding sites E. B. C1. and C2 are required for optimal enhan
cer function in vivo and suggests that protein-protein interactions 
are functionally important. Proteins binding to sites E and C2. uEBP
E and uEBP-C2. have been purified and characterized by sedimentation 
analysis. The availability of purified enhancer proteins will allow 
investigation into potential protein-protein interactions between en
hancer factors. Repressors of transcription may also function through 
protein-protein interactions. We have presented preliminary evidence 
that a potential repressor of c-myc transcription. myc-PCF, interacts 
with an adjacent DNA binding protein, myc-CUFI. It seems probable 
that myc-CUF1 might be an activator of c-myc transcription. and that 
interaction with myc-PCF disrupts this activating function. 
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Immunoglobulin Superfamily Genes 

Selective and Neutral Evolution in the Murine Jgh-V Locus 

A. Thtteri ,2 and R. Riblet i 

INTRODUCTION 

The Igh-V locus in the mouse is comprised of at least nine families of homologous 
genes encoding immunoglobulin heavy chain variable (Vh) regions (Brodeur and 
Riblet 1984; Dildrop 1984; Brodeur et al. 1985; Winter et al. 1985). These gene 
families are, for the most part, organized into discrete clusters with little interspersion; 
in addition, they are highly polymorphic. These features make this locus a good system 
for the study of the evolutionary mechanisms and constraints operative on a complex 
multi-gene system. Our studies show that both selective and neutral forces contribute 
to the evolution of the Igh-V locus; here, we focus on the evolution of Vh family size, 
or copy number, and Vh family divergence. 

RESULTS AND DISCUSSION 

Evolution of Vh Family Copy Number 

A survey of the Igh-V locus in 72 inbred strains of mice, using blot hybridization 
techniques and probes specific for 8 of the 9 known Vh families, has shown that 
variation in the Igh-V locus characteristically involves the gain or loss of one or few 
cross-hybridizing bands from a single family (Tutter and Riblet, submitted). For 
example, Fig.1 demonstrates variation in the Vh3609P family. Changes were found in 
the four largest Vh families, and appear to have occurred at random. Tandemly 
repeated genes are subject to duplication and deletion through homologous, but 
unequal recombination (reviewed in Maeda and Smithies 1986), and it is likely that 
recombination between closely linked, homologous genes has generated the small 
changes in copy number observed. In contrast, coupled duplications involving 
members of different families have been observed in the human Vk and Vh regions 
(Pech et at. 1985; Kodaira et at. 1986). These patterns reflect the organizations of the 
different V region loci, the murine Vh gene families being predominantly clustered, 
while the human Vh and Vk families are extensively interspersed (reviewed in Brodeur 
1987). We suggest that the clustered organization of the murine Vh families imposes 
constraints on not only the number of Vh genes, but also the number of Vh families that 
may be affected by a single unequal recombination event within this locus, as 
diagrammed in Fig. 2. 

The examination and comparison of Vh family content in various Mus species 
(representing all four Mus subgenera), Rattus and Peromyscus has allowed us to infer 

1 Medical Biology Institute, La Jolla, CA 92037 and the 
l University of Pennsy lvanja, Philadelphia, P A 19104 
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Fig. 1. Variation in the content of the Vh3609P family in inbred 
strains of mice. All other Vh families in these strains appear identical. 
The variable 1.5 and 1.7 kb bands are indicated with arrows. In this 
and in all Southern blots, EcoRI digested DNA was electrophoresed 
through 0.7% agarose gels, blotted onto nitrocellulose, and 
hybridized in the presence of 10% dextran sulphate, 0.1 % SDS, and 
106 cpm/mllabelled probe, with final wash at 0.2XSSC, 0.1 % SDS 
at 650 C. 

homologous, unequal recombination within a clustered family 

x 

homologous, unequal recombination within a dispersed family 

x 
-D 1111 011 

..v 

-D II II D---II 11-0 mil 

--o---a--
Fig. 2. Influence of clustered versus dispersed organizations on the 
families affected by homologous, unequal recombination between 
members of the same family. Open and shaded boxes represent 
members of two different families. Unequal recombination within an 
interspersed family can result in copy number changes in several gene 
families. 

the evolutionary history of individual Vh family copy number (Tutter and Riblet, 
submitted). By correlating the range of Vh family size seen in a given species with the 
phylogenetic distance of that species from M. domesticus, certain trends of Vh family 
copy number are made apparent. As shown in Fig. 3, the size of VhJ558 has gradually 
increased in the lineage leading to M. domesticus, while that of Vh7183 has decreased; 
on the other hand, VhQ52N appears to have remained relatively stable in size since the 
divergence of Mus, Rattus and Peromyscus from their common ancestor. Similar 
trends are also seen i?- other Vh families of M. domesticus. In addition, different 
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families have expanded or contracted in various lineages. Figure 4 shows that the 
VhJ558 family is contracted in both Rattus and Peromyscus, relative to Mus; however, 
while the Vh36-60 family is similar in size in Mus and Rattus, this family is expanded in 
Peromyscus. 

Several points can be made from these results. First, the gradual evolutionary trends 
observed are consistent with the notion of incremental variation in Vh gene copy 
number, as seen in iilbred strains (Fig. 1). Large or frequent gene loss and gain would 
be expected to result in wider ranges of Vh family size within and between species, with 
little relationship to phylogenetic distance. Second, the fact that individual Vh families 
have experienced different trends of expansion or contraction in the M. domesticus 
lineage supports the notion that the clustered organization of the murine Igh-V locus 
generally precludes the coupled expansion and contraction of different families, 
allowing the copy number of different Vh families to evolve independently (Fig.2). 
Implicit in this argument is the supposition that all examined muroid Igh-V loci are 
similarly organized. Third, because different Vh families have expanded or contracted 
differently in separate lineages, we conclude that Vh family copy number variation is 
essentially stochastic. This apparently neutral evolution of individual Vh gene family 
size argues against any direct selection for the amplification of particularly large 
families inM. domesticus, or in other species. 

Divergence and Selection of Vh Families 

Kabat (1979) originally grouped murine N-terminal Vh protein sequences into five 
groups; subsequently, Vh genes were redivided into smaller groups, or families, on the 
basis of both cross-hybridization (Brodeur and Riblet 1984; Brodeur et al. 1985) and 
similarity of full length protein sequences (Dildrop 1984). We thought it reasonable 
that families that are more similar to each other than to other families might be related 
by common divergence from ancestral families, subsequent to the divergence of these 
ancestral families. A proposed Vh family divergence tree is presented in Fig. 5, in 
which we have grouped the nine known murine Vh families on the basis of nucleotide 
similarity into three groups (I, II, and III) which correspond roughly, but not entirely, 
with those of of Kabat (1987). The 
presence of sequences homologous to 
these three groups in both mouse and man 
(Rechavi et al. 1982, 1983; Takahashi et 
al. 1984; Kodaira et al. 1986) indicates 
that the divergence of these groups 
occurred prior to the mammalian 
radiation, 60-80 million years ago (MY A; 
Sarich 1985). 

Fig. 5. Proposed divergence of murine Vh 
families, inferred from coding region nucleotide 
similarity. These families are divided into groups 
I, n, and ill, which correspond roughly, but not 
entirely, to the grouping of Kabat (1987). 
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Oryctolagus Marmota Peromyscus Rattus 
5107 7183 5107 7183 5107 7183 5107 7183 

.----Mus 

...... --Rattus 

..... ---- Peromyscus 

..... ------- Marmota 

..... ----------- Oryctolagus 

I 
60·80 

I 
50 

I I 
30 20 MYA 

Fig. 6. The progressive divergence of the murine VhS107 and Vh7l83 
(group III) families in Oryctolagus cuniculus (rabbit), Marmota monax 
(woodchuck), Peromyscus maniculatus (deer mouse), and Rattus 
norvegicus (rat). References for divergence times are listed in the text. 
Other exposures reveal that only four bands crosshybridize in Rattus. 

We have obtained evidence for the common ancestry of the four murine group III 
families by hybridizing probes for these families with progressively distant mammalian 
taxa (Tutter and Riblet, submitted). As shown in Fig. 6, probes for the group III 
families VhS107 and Vh7183 detect the same set of RFLPs in both Oryctolagus 
(rabbit) and Marmota (woodchuck), which diverged from Mus 60-80 and 50 MY A, 
respectively (Hafner 1984; Sarich 1985). In Peromyscus (deer mouse), which diverged 
from Mus 30 MYA (Brownell 1983; Sarich 1985), these probes detect overlapping sets 
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of bands, with most bands shared in common, and others detected uniquely. Only a few 
cross-hybridizing bands are seen in Rattus, which separated from Mus appx 20 MYA 
(Brownell 1983; Sarich 1985). In Mus, by the definition of Vh gene families (Brodeur 
and Riblet 1984), these two families have diverged such that no bands are detected in 
common. Taken together, these data indicate that the divergence of Vh7183 and 
VhS107 from a common, ancestral group III family began after the Mus/Marmota 
divergence 50 MY A, and was essentially complete before the Mus/Rattus divergence 20 
MYA. 

This analysis has been extended to the other group III families, and also to the group I 
families VhQ52N and Vh36-60, which all appear to have diverged subsequent to the 
Marmota/Mus divergence (not shown). However, hybridization of the VhQ52N and 
Vh36-60 murine families in Marmota is considerably weaker than that obtained with 
the group III families discussed above, and they fail entirely to crosshybridize with 
species more distantly related to Mus than Marmota, while another group I family, 
Vh3609P, and the group II family VhJ558 fail to detect crosshybridizing sequences in 
species more distant than Peromyscus (Tutter and Riblet, submitted). This differential 
conservation is illustrated by the hybridization analysis of Marmota DNA, using 
murine Vh family probes 
representing the three major 
groups (Fig. 7). As discussed 
above, these groups of Vh gene 
families diverged prior to the 
mammalian radiation, and thus 
the lack of high-stringency 
crosshybridization in certain 
species reflects either the 
divergence or loss of these 
sequences in these lineages. For 
example, sequencing of rabbit Vh 
genes indicates that all Vh genes 
are of group III, and that groups I 
and II have apparently been lost 
(Bernstein et al. 1983, 1984; 
Gallarda et al. 1985). 

Fig. 7. Differential conservation of 
representative group I (Vh36-60), 
group II (VhJ558), and group III 
(Vh7183) families in Marmota monax. 
Blots were washed under stringent 
conditions. Note the overexposure of 
the BALB/c control lane in the Vh36-60 
and VhJ558 blots. 
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The conservation of group ill sequences in species in which group I and/or group II 
sequences are lost or diverged has been consistently observed in different mammalian 
orders, and argues strongly for the selective preservation of these sequences. The 
conservation of group III sequences across Mammalia is underscored by the 
identification of group ill sequences in such remote lineages as the crocodile and shark 
(Litman 1983, 1985). This suggests that group ill sequences are in fact the modem 
descendants of the primordial Vh family. Unfortunately, there is no clear evidence for 
any specific selective advantage that group ill sequences may confer. In the mouse, 
group III sequences encode binding specificities for a variety of bacterial capsid 
carbohydrate antigens (Brodeur and Riblet 1984), and confer protection against 
infection (Briles et al. 1982), but a similar role has not been documented in other 
mammals. The comparison of different Vh group homologues from different species 
should help to elucidate the particular structures that are conserved by selection. 

SUMMARY 

The evolution of Vh family copy number in the mouse is primarily stochastic, achieved 
through small, random duplication/deletion events usually restricted to a single family. 
The analysis of homologous Vh families in other species reveals that the group III Vh 
families have been conserved across widely separated mammalian lineages, while 
group I and II families have evolved more freely, and in one case, disappeared. These 
results show that both selective and neutral forces of evolution are operative in the Igh
V locus, and illustrate the diversity of constraints imposed on this multi-gene system. 
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The Organization of the ImmunogiobuJin Kappa Locus in Mice 

L. D'Hoostelaere1,2, K. Huppjl, B. Mock!, C. Mallett!, D. Gibson3, J. Hilgers\ and M. Potter I 

The genetic locus that codes for the immunoglobulin kappa (IgKl 
1 ight chains in the mouse is located on chromosome 6 approximately 
32 centimorgans from the centromere (Hengartner et al., 1978; Gi bson 
et al., 1979; D I Hoostel aere et al., 1985). The number of germl i ne 
sequences for variable kappa (Vd in inbred mice has been estimated 
to be from 90 to 320 (Cory et al., 1981; Bri 1 es and Carroll, 1981; 
Potter et al., 1982; Gi bson, 1984; Ni shi et al., 1985). Cory et al. 
(1981) made their estimates on the basis of 7 cDNA probes which 
detected non-overlapping sets of restriction endonuclease fragments 
(REFs). The sum of these sets of related VK genes are believed to 
correspond to a part but not all of the VK groups identified by par
t i al or compl ete ami no aci d sequenci ng (Potter et al., 1982). Some 
of the sets are clusters of nearest neighbor exons, e.g. as with 
VK21 (Heinrich et al., 1984). Clustering must be demonstrated for 
each VK exon group since human Vk groups have been found to be 
interspersed (Jaenichem et al., 1984; Peck et al., 1985). All of 
the IgK genes are believed to be on chromosome 6 of the mouse; 
however, the organizational patterns have not been examined in great 
detail. We have selected a series of DNA probes for different kappa 
exons in combination with inbred recombinant inbred and congenic 
strains and backcross populations of mice to detect different alle
lic forms which could be used to examine diversity, and used to 
detect crossover events within Igk for a genetic map. 

Identification of Different VK Exon groups 

Using the N-terminal amino acid sequences from a large number of K 
light chains Potter et al., (1982) has described 18 groups or fami
lies of V regions which have sequence similarities. This suggested 
that members of a group may be coded for by a single or small number 
of closely related exons. Members of different groups may be coded 
for by exons which would not have enough similarity to cross hybri
dize in Southern analysis. 

In an attempt to determine if this assumption was correct, we 
selected DNA probes for VK exons from 12 of the different groups. We 
also used a probe which included the JK and CK exons, and a probe 
for a VK exon, whi ch had not been i ncl uded in the previ ous ami no 
aci d analysi s of VK groups (Tabl e 1). The DNA probes were used in 
combination with genomic DNA from 55 inbred strains. The final 
stringency used for the analysis was 0.2 x SSC (1 x SSC = 0.15 M 
NaCl, 0.015 M Na Citrate pH7.2), 1 mM EDTA, 0.1% SDS at 65°C which 
should indicate a sequence similarity of approximately 80% (Brodeur 
and Riblet, 1984). 

In order to determine whether the different DNA probes detected non
overlapping sets of restriction endonuclease fragments (REFs), BamHI 
was used in the preliminary analysis. Although some of the REFs had 
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shared mobilities, intensity differences and REFs with unique mobi
lities indicated the DNA probes were detecting different sets of 
REFs (Figure 1A and 1B, data not shown for Vd, VK9, VK22 and 
VK23). The 13 VK probes were used to define 13 VK groups. Although 
these probes do not encompass the entire VK complex locus, greater 
than 90 REFs can be detected in a single inbred strain (Table 2). 
There seems to be a correspondence between the VK groups defi ned by 
amino acid comparisons and the VK allelic groups detected by 
specific DNA probes from these protein groups. 

Allelic Polymorphism at IgK 

The CK plus 13 VK DNA probes were used, to screen the genomic DNA of 
55 inbred strains (Table 3). Each probe detects 2 to 4 REF patterns 
among the inbred strains, and each of the inbred strains displayed 
only one of these patterns. Representative examples of the VK 
restriction endonuclease fragement length polymorphisms (RFlPs) 
detected are shown in Figure 1A and lB. Each unique pattern (a, b, 
c or d) represents a different group of alleles. The pVKT15-S VK22 
probe detected a single nonpolymorphic 4.2 kilobase (kbp) BamH1 REF 
in all the mi ce exami ned. Other enzymes have not been used to 
establish RFlPs. The distribution of allelic groups among the proto
type inbred strains (strain distribution pattern [SDP]) is listed in 
Table 2. Each of the probes detects from 1 to 9 intense hybridizing 
REFs and from 1 to 19 total fragments (Figure 1A and 1B). When the 
size of the REFs was estimated, each probe detected from 4.2 to 68.1 
kbp of intensely hybridizing DNA fragments and a total of 4.2 to 
107.7 kbp of hybridizing DNA. 

IgK Haplotypes Among Inbred Strains 

The SDPs for the di fferent VK all el i c groups detected in the 55 
inbred strains could be used to establish haplotypes of IgK. 
Including the low intensity REFs, the inbred strains examined can be 
divided into 7 distinct haplotypes (Table 2 and 3) with the majority 
(67%) showing the BAlB/c (IgKC) distribution of allelic groups 
(Table 3). The NZB (IgKb) and 020 (IgK9) inbred strains were the 
only members of their respective haplotypes. The C58 and YBR inbred 
strains (IgKd) differ from IgKC at every VK allelic group tested 
(Table 2). The AKR, MRl, NFS, Pl and RF inbred strains were found 
to be members of IgKa and differ from IgKb at ever VK allelic group 
(Table 2 and 3). IgKe (SJl and MA inbred strains) differs from 
I g K con 1 y a t I gK - C, I gK - Jan d I gK - V 21 (T a b 1 e 2). I g K f (r e pre sen ted 
by inbred strains BDP, CE, I and p) differs from IgKb only at 
IgK-V11, IgK-V24 and IgK-V9-26 and this same group of alleles (11, 
24 and 9-26) was shared with IgK9 (Table 2). Because allelic groups 
are shared among the different haplotypes, the 7 haplotypes detected 
in the inbred strains examined may represent recombination events 
among a small number (2-4) of allelic groups. Within a given haplo
type the numbers of intense or total REFs differs only sl ightly 
(57-61 and 91-99 respectively). The number of kbp detected also 
shows sl i ght vari ati on (438.8-465.5 kbp for intensely hybri di zi ng 
DNA and 675.6-723.6 kbp for the total amount of hybridizing DNA). 

I gK Gene Order 

Earlier studies have examined recombinant inbred and congenic 
strains of mice for crossing over within IgK (Gibson and Maclean, 
1979; Gi bson et al., 1983, 1984; Lazure et al., 1981; Moynet et 
a 1., 1985; Gol dri ck et al., 1985; Boyd et al., 1986; and Taylor et 
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al., 1985). Other studies involving backcross experiments have also 
detected crossing-over within 19K (Gibson et al., 1984; 
D' Hoostel aere and Gi bson, 1985; Moynet et al., 1985; Gol dri ck et 
a 1., 1985; Taylor et a1., 1985; and Boyd et a1., 1986). Tabl e 4 
summarizes these results and gives the distribution of allelic 
groups within the different 19K haplotype. The NAK mouse was first 
described by Gibson et al (1984), and subsequently characterized for 
other genetic markers (Moynet et al, 1985; Goldrick et al., 1985; 
D' Hoostel aere and Gi bson, 1985; Taylor et al., 1985 and Boyd et al., 
1986). The- ori gi nal cross i nvol ved AKR and NZB (1gKa and 19KIS 
respectively), and the crossover event separated VK1, VK9, VK11, 
VK24 and VK9-26 from the other VK groups, JK. Ly-2 and a 7sRNA gene. 
We have added VK9-26 to the former group, and Vd2, 13 and Vd9 to 
the later group of alleles (Table 4). 

DNA from two B6. PL-Ly-2 a congeni cs was al so exami ned. A crossover 
event between 19K-Efl and Ly-2 was first described by Gibson et al., 
(1983). The DNA from C57BL/6 and Pl/J was the same for Vd, VK9, 
Vdl, VK24 and VK9-26 BamH1 REF patterns; therefore, the congenics 
were not tested for these groups. C57BL/6 DNA has the NZB patterns 
and PL/J DNA has the AKR patterns for VK4, VK8, VdO, Vd2, 13, 
Vd9, VK21 and VK23 (Figure lA and 1B, Table 2, 3 and 4). The B6.PL 
(75NS) congenic was made homozygous for Ly-2 a of PL origin after 10 
backcross generations. Samples from the congenic were subsequently 
tested for chromosome 6 alleles and found to be homozygous for alle-
1 es of PL/J ori gi n for 19K -Efla (VK28) (Gi bson et al., 1983; 
Gol dri ck et al., 1985), 19K -Ja (Boyd et al., 1986), Rn7s-6 a (Taylor 
eta 1 • , 1985 ) , I gK - V 2 1 a ( D ' H 0 0 s tel a ere and G i b son, 1985 ), and 
19K-V23 a (Table 4). The congenic was shown to be homozygous for 
a 11 e 1 e 0 f C 5 7 B L / 6 0 rig i nus i n g DNA pro b e s for I gK - V 4 b , I gK - V 8 b , 
19K-VI0 b (D'Hoostelaere and Gibson, 1985), and 19K-V12-13 b and 
19K-V19 b (Table 4). The B6.PL (85NS) congenic was made homozygous 
for Ly-2 a at the backcross generation 28. Samples from the congenic 
were subsequently tested for the above group of alleles, and 
found to be homozygous for alleles of PL/J origin using DNA probes 
for 19K-Ja (Boyd et al., 1986), 19K-V21 a (D'Hoostelaere and Gibson, 
1985) and 19K-V23 a (Table 4). The remaining alleles examined were 
of C57BL/6 origin (Table 4). 

Recombinant inbred strains of the AKXL series have been tested for 
Rn7s-6 (Taylor et al., 1985), 19K -J (Boyd et al., 1986) and 19K-Efl 
(Gibson et al., 1983; Goldrick et al., 1985). We have examined 
these lines using DNA probes for VK4, VK8, VKI0, VK12,13 and VK21 
and have found no discordancies with the published results (data not 
shown). We have also examined the OXA recombinant inbred strain 
series using DNA probes for VK1, VK9, VKI0, Vd9, VK21 and VK23 and 
found no discordancies (data not shown). We did detect a dis
cordancy between the VK groups examined and Ly-3 in the OXAF or OXA6 
recombinant inbred strain (Table 4). 

We have conducted our own backcross experiments using a backcross 
population (C58.B6.C3-Hd/+) which carries the fully penetrant 
semi-dominant lethal locus hypodactyly (Hd) (Hummel, 1970) and tests 
homozygous for 19Kd of C58 origin, and the ABP/Le inbred strain from 
The Jackson Laboratory. The ABP/Le inbred strain carries the 
recessive locus waved 1 (wa-l), and DNA was tested and found to be 
19KC (Table 3 and 4). Both Hd and wa-1 are considered marker loci 
for chromosome 6 (Davidson and Roderick, 1986). The cross was made 
such that (C58.B6.C3-Hd/+ X ABP/Le)Fl progeny which expressed the 
Hd heterozygous phenotype were mated with the ABP/Le parental 
s tra in. Sampl es from the progeny whi ch expressed both phenotypes 
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(Hd/+, wa-l/wa-l) or lacked both phenotypes (+/+, +/wa-l) were 
examined for crossing-over within IgK. DNA samples from 2 recom
binants which gave results pertinent to the IgK gene order (7255 and 
5942) are listed in Table 4. These crossover samples could be used 
to establish a chromosomal orientation using the Hd and wa-l loci. 
Animal 7255 di spl ayed the hypoactyly and waved phenotypes; there
fore, this animal was heterozygous on the centromere side and 
homozygous on the di stal si de of the crossover event on chromosome 
6. The VK21 and .JK DNA probes detected the homozygous REF patterns 
and JK has been physically linked 2.3 kbp 5' of CK, and the 
remainder of the VK DNA probes detected the heterozygous REF 
patterns in DNA from animal 7255 (Table 4); therefore, the chromo
somal orientation would be centromere-Hd-IgK-V-IgK-C-wa-l. Since 
the patterns for IgK-V21 and IgK-J were both homozygous, IgK-V21 
coul d still be di stal to IgK -C. 

The second animal of interest (5942) did not express the hypodactyly 
or waved phenotypes; therefore, chromosome 6 was homozygous on the 
centromere side and heterozygous on the distal side of the crossover 
event. The DNA probes for the VK groups and JK detected homozygous 
REF patterns in the DNA of animal 5942 (Table 4). A sample of 
spl een cell s from thi s animal was tested for the Ly-2 anti gen, and 
both allelic forms were detected (personal communication, H.C. Morse 
III). This places Ly-2 distal to IgK (Table 4). 

The results from the chromosome 6 crossover animals [OXAF, NAK, 
B6.PL (75NS), B6.PL (85NS), ABP.C58 (7255) and ABP.C58 (5942)] 
predict the following gene order: centromere - Hd - (IgKV1, IgK-V9, 
I gK - V 11, I gK - V 2 4, I gK - V 9 - 26) - (I gK - V 4, I gK - V 8, I gK - V 1 0, I gK - V 12 , 13 , 
IgK-V19) - (IgK-V28, Rn7s-6) - IgK-V23 - (IgK-V21, IgK-J, IgK-C) -
Ly-2, Ly-3) - wa-l. Gene groups within the parentheses could be 
interspersed, and only REFs with unique mobilities would be included 
in the gene order. The backcross experiments indicate all kappa 
genes are on chromosome 6. 

The different haplotypes among inbred strains may represent the 
recombi nati on of all el es duri ng the establ i shment of these inbred 
strains. REF patterns of mitochondrial DNA suggest common 
ancestries among inbred strains of mice (Yonekawa et al., 1980; 
Ferri s et al., 1982). Si nce mi tochondri al DNA woul d have a maternal 
origin and the older inbred strains had identical REF patterns using 
several restri cti on endonucl eases, the gene pool for the inbred 
strains may have mixed before inbreeding began and modern records 
were started (Morse, 1978; Altman and Katz, 1979). If the inbred 
strains represent a small founder population, recombination between 
a few IgK haplotypes coul d be analyzed, and a gene order coul d be 
predicted (Table 4). Using the gene order derived from the 
recombiantion data, the haplotype results (Table 2) allow pre
d i cti ons of some small er regi ons of cosegregati on than coul d be 
derived from the crossover data. Starting from the JK-CK end of 
IgK, four basic regions of cosegregation are seen: (IgK-V4, IgK-V8, 
IgK-Vl0, IgK-V19); (IgK-V28, Rn7s-6); IgK-V23; and (IgK-V21, IgK-J, 
I gK - C ) • All 0 f the N Z B (I 9 K b ), B ALB / c (I 9 K C) and C E (I 9 K f) all eli c 
groups for this larger region appear to be the same (V4, V8, Via, 
V19, V28, 7sRNA, V23, V21, J and C). AKR (IgKa) and C58 (IgKd) have 
the same di stri buti on of all el i c groups in thi s regi on, and 020 is 
unique except for CK. SJL (IgKe) displayed a new set of REFs for 
IgK-V21, IgK-J and IgK-C and the change in the group of alleles 
corresponds to that seen in the 7255 crossover mouse. In SJL the 
remainder of this r~gion is the same as IgKb, IgKC and IgKf 
(Table 4). 
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The other end of the 19K complex locus includes 19K-Vll, 19K-V24 and 

~ ~K ~~~~~~ ~ .AKRNZ(B1 gr1~)K'b )BA;:fc cii gr~ JK 8r d s~~ ~e ( !f~: i e ~~a ~~d t~~ s (1~~~~ 
and 020 (1gK9) share alleles. This segregation (IgK-Vll, 19K-V24 
and 19K-V9-26) was not seen in the crossover samples. 

The 19K-Vl allelic groups are defined by the different restriction 
endonucleases. Moynet et al., (1985) showed the AKR, BALB/c, SJL 
and CE strains shared REF patterns for BamH1 and EcoR1 and the NZB 
and C58 shared a different set of REF patterns using the same enzy
mes; however, using HindII1, BALB/c and SJL are different from AKR, 
and CE displayed an REF pattern similar to NZB and C58. When exa
mining the Vd 1EF patterns NZB, C58 and CE are similar and AKR, 
BALB/c and SJL are similar (Gibson et al., 1983). The differences in 
REF patterns using different enzymes may be the result of crossing
over or mutation. For 19K-V9 the AKR, BALB/c and SJL inbred strains 
share the IgK-V9 a allelic groups and the NZB and C58 share the 
19K-V9 b allelic groups, similar to the results obtained with the 
IgK-Vll, IgK-V24 and IgK-V9-26 region, however the CE inbred strain 
is similar to NZB and C58 instead of 020. Both IgK-V9 and IgK-VI 
were on the centromere side of the crossover in the NAK sample. 
NZB, BALB/c, SJL and CE share the IgK-VI2,13 b allelic group and AKR 
and C58 share the 19K-VI2,13 a allelic group, similar to the IgK-V4, 
IgK-V8, IgK-VI0, IgK-VI9 region; however the 020 inbred strain is 
similar to AKR instead of CE or producing a new allelic group. 
I gK -VI2, 13 was on the di stal si de of the crossover in the NAK 
sample. 

To recapitulate the results from crossover and haplotype data, which 
suggest a gene order: 1) the Hd and wa-l markers provided a chromo
somal orientation (centromere, Hd, IgK-V, 19K-C, wa-l); 2) the IgKf 
and 19K9 simi 1 ari ti es and resul ts from the NAK crossover suggests 
19K-Vll, 19K-V24 and 19K-V9-26 are together and proximal with 
respect to the centromere; 3) resul ts from the NAK 19K recombi nant, 
the haplotype distribution (1gKb, 19Kd and 19Kf), and the different 
all el i c groups created by di fferent enzymes suggests IgK -VI and 
IgK-V9 are next and may be interspersed; 4) the NAK result and the 
presence of IgK-V12,13 a in the 020 inbred strain suggest this group 
may come next; 5) the distribution of alleles and results from the 
two recombi nants [NAK and B6. PL (75NS)] suggests 19K -V4, 19K-V8, 
IgK-VI0 and 19K-V19 are next; 6) results from the two B6.PL con
genics and the distribution of allelic groups in the prototype 
strains place 19K-V28 and Rn7s-6 next; 7l results from the B6.PL 
(85NS) and the crossover mouse (#7255) separate IgK-V23 from the 
other VK groups; 8) the all el i c di stri buti on and resul ts from the 
two crossover mice (7255 and 5942) place 19K-V21, 19K-J and IgK-C 
together proximal to Ly-2; 9) data from the OXAF recombinant inbred 
strain places Ly-3 distal to IgK with Ly-2; 10) data from the two 
crossover mice (7255 and 5942) and other crossover samples (not 
shown) place wa-l distal to 19K and Ly-2. 

SUMMARY AND CONCLUSIONS 

The 19K complex locus is on chromosome 6 of the mouse. DNA probes 
for 12 of the 18 VK protei n groups and 1 DNA probe for a VK group 
not included in the protein analysis detect non-overlapping sets of 
REFs when stri ngenci es are increased to detect heterodupl ex hybri
dizations of 80% similarity or greater. Approximately 100 of these 
REFs representing greater than 700 kbp of hybridizable DNA can be 
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detected in a single inbred strain of mice. When different inbred 
strains were examined 2 to 4 allelic forms for each probe were 
detected as determined by RFLPs except VK22 which was nonpolymorphic 
using BamHI. The 55 inbred strains examined could be divided into 7 
haplotypes with 67% belonging to a single haplotype. This suggested 
restricted polymorphism among the inbred strains, which may be the 
result of a common ancestry. With the known polymorphisms the role 
of the IgK complex locus and IgK linked genes can be evaluated in 
humoral immune r~sponse mechanisms. 

The results obtained from inbred strains, recombinant inbred 
strains, congenic strains and backcross populations of mice 
suggested a gene order. The predicted gene order is: centromere -Hd 

( I gK - V 11, I gK - V 2 4 , I gK - V 9 - 26 ) - (I gK - V 9 , I gK - VI) - I gK - V 12 ,13 -
(IgK-V4, IgK-V8, IgK-V10, IgK-V19) - (IgK-V28, Rn7s-6) - IgK-V23 -
(IgK-V21, IgK-J, IgK-C) - (Ly-2, Ly-3) - wa-l. Gene groups within 
the parentheses could be interspersed, and only REFs with unique 
mobilities would be included in the predicted order. IgK-V12,13; 
although separate from the other VK groups, may be included with 
I gK - V 4 , I gK - V 8, I gK - V 1 0 and I gK - V 1 9 bas e don the c r 0 s so v e r sam p 1 e s . 
The predi cted gene order coul d be used in pul se fi el d mappi ng, and 
to examine the hypothesis of ordered rearrangement during B cell 
ontogeny. 
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Table 1 

Probes for Different IgK Exon Groups 

Probe 

pECK 

n05 

H76K10 

M603K2 

M41 

pC3386 

p6684 k-

VK Ge n e 
Group 

N/A 

1 

4,5 

8 

9 

10 

11 

pBC2-5(4.8) 12,13 

pK(11)24_S 

B61K16 

pVKT15-S 

HyHELlO 

M167 

pC9-26 

19 

21 

22 

23 

24 

9-26 

Source* 

M. Weigert 

D. Gibson 

S. Cory 

S. Cory 

C. Queen 

M. Shapiro 

R. Perry 

A. Lawler 

A. Lawl er 

S. Cory 

A. Lawl er 

T. Lavoie 

R. Joho 

M. Shapiro 

Type of probe Hybridizes 
and size with JK-CK+/-

germline 6.6 kbp + 

rearranged + 
genomic 3.7 kbp 

cDNA 1 kbp + 

cDNA 1 kbp + 

rearranged + 
genomic 3.3 kbp 

rearranged 
genomic 0.9 kbp 

rearranged 
genomic 4 kbp 

rearranged 
genomic 4.8 kbp 

cDNA 0.26 kbp 

cDNA 1 kbp 

rearranged 
genomic 0.4 kbp 

cDNA 1 kbp 

cDNA 0.3 kbp 

germl i ne 1. 8 kbp 

+ 

+ 

+ 

+ 

* Col ecl ough et al., 1981 for (pECK); Moynet et al., 1985 for (Vd); 
Cory et al., 1981; Stafford and Queen, 1983; Shapiro (un
published); Kelley et al., 1985 for (Vd1); Lawler (unpublished); 
Smith-Gill et al., 1987 for (VK23); Joho et al., 1980 Osborne 
subclone for (VK24). 
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Table 3 

List of Inbred Strains within the Different IgK Haplotypes 

Haplotype 

a 

b 

c 

d 

e 

f 

9 

Inbred Strains 

AKR/A, AKR/N, MRL/MpJ-lpr/lpr, NFS, PL/J, RF/J 

NZB/BINJ 

129/J, A/HeJ, A/J, ABP/Le, AL/N, AU/SsJ, BALB/cAnPt, 

BALB/cJ, BALB/cWt, BSVS, BUB/BnJ, C3H/Fg, C3H/HeJ, 

C3H/HeN, C57BL/6N, C57BL/ION, C57BL/Ka, C57BL/Ks, 

C57BR/cdJ, C57L/J, CBA/H, CBA/J, CBA/N, DBA/IJ, 

DBA/2J, DBA/2N, HRS/J, NH, NZW/N, PDB/Pt, RIIIS/J, 

SEA/GnJ, SEC/IREJ, SM/J-A*w, ST/bJ, STS/A, SWR/J 

C58/J, YBR/Ei 

SJL/J, SJL/JLwPt, MA/MyJ 

BDP/J, CE/J, I/LnJ, P/J, PIN 

020/A 



T
ab

le
 

4 
.....

 
I\

) co
 

P
u

ta
ti

v
e 

G
en

e 
O

rd
er

 
D

er
iv

ed
 

fr
om

 
R

ec
om

bi
na

nt
s 

an
d 

D
is

tr
ib

u
ti

o
n

 
o

f 
A

ll
e
li

c
 

G
ro

up
s 

w
it

h
 

Ig
K

 
H

ap
lo

ty
pe

s 

A
ll

e
li

c
 

G
ro

up
 

* -
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

-
DN

A 
SA

M
PL

E 
V

ll
 

V
24

 
V

9-
26

 
V9

 
VI

 
V

12
 

V4
 

V8
 

V
I0

 
V

19
 

V
28

 
R

n7
s-

6 
V

23
 

V
21

 
JK

 
GK

 
Ly

2 
Ly

3 

AK
R 

&
 

PL
 

a 
a 

a 
a 

a 
a 

a 
a 

a 
a 

a 
a 

a 
a 

a 
b 

a 
a 

N
 ZB

 
b 

b 
b 

b 
b 

b 
b 

b 
b 

b 
b 

b 
b 

b 
b 

b 
b 

b 
. 

A
B

P,
 

c§
 

b+
 

'B
A

L
B

/c
 

&
 

a 
a 

a 
a 

b 
b 

b 
b 

b 
b 

b 
b 

b 
b 

b 
b 

G
57

B
L

/6
 

G
58

 
b 

b 
b 

b 
b§

 
a 

a 
a 

a 
a 

a 
a 

a 
a 

a 
b 

a 
a 

SJ
L

 
a 

a 
a 

a 
c 

b 
b 

b 
b 

b 
b 

b 
b 

c 
c 

a 
b 

b 
GE

 
c 

c 
c 

b 
b 

b 
b 

b 
b 

b 
NO

 
b 

b 
b 

b 
b 

a 
b 

02
0 

c 
c 

c 
c 

d 
a 

c 
c 

c 
c 

NO
 

NO
 

c 
d 

d 
b 

a 
b 

NA
K 

b 
b 

b 
b 

b 
a 

a 
a 

a 
a 

a 
a 

a 
a 

a 
b 

a 
a 

B
6.

P
L

(7
5N

S
) 

a 
a 

a 
a 

NO
 

b 
b 

b 
b 

b 
a 

a 
a 

a 
a 

b 
a 

a 
B

6.
P

L
(8

5N
S

) 
a 

a 
a 

a 
NO

 
b 

b 
b 

b 
b 

b 
b 

a 
a 

a 
b 

a 
a 

A
B

P.
G

58
 

b
/a

 
b

/a
 

NO
 

b
/a

 
b

/c
 

NO
 

a
lb

 
al

b 
al

b 
NO

 
NO

 
NO

 
a

lb
 

bi
b 

b
ib

 
b

ib
 

NO
 

NO
 

72
55

 
A

B
P.

G
58

 
NO

 
a

la
 

NO
 

a
la

 
c/

c 
NO

 
bi

b 
bi

b 
bi

b 
NO

 
NO

 
NO

 
bi

b 
b

ib
 

bi
b 

b
ib

 
b

/a
 

NO
 

59
42

 
OX

AF
 

NO
 

NO
 

NO
 

a 
a 

NO
 

NO
 

NO
 

OX
A6

 
a 

a 
NO

 
NO

 
a 

a 
NO

 
b 

a 
b 

* 
Th

e 
a
ll

e
li

c
 

gr
ou

ps
 

ar
e 

ta
k

en
 

fr
om

: 
th

e 
c
u

rr
e
n

t 
w

or
k;

 
V

28
 

(G
o

ld
ri

ck
 

e
t 

al
 

1
9

8
5

);
 

R
n7

s-
6 

(T
ay

lo
r 

e
t 

§ 
al

 
1

9
8

5
);

 
JK

 
(B

oy
d 

e
t 

al
 

19
86

) 
Th

e 
c 

a
ll

e
li

c
 

gr
ou

p 
is

 
d

et
ec

te
d

 
w

it
h 

H
in

d
II

I.
 

U
si

ng
 

Ba
m

H
I 

th
es

e 
st

ra
in

s 
sh

ow
 

th
e 

AK
R 

a
ll

e
li

c
 

g
ro

u
p

. 
+

 
T

he
 

Ly
3 

ty
p

e 
fo

r 
AB

P 
is

 
n

o
t 

d
et

er
m

in
ed

. 
NO

 
=

 N
ot

 
D

et
er

m
in

ed
 



129 

a b a b e d a be 8 b e 8 b e a b e ••• a b e .. , .. , '" .. , '" ... 
n n . .. u . ,. . n . n 

• . 4 - ---1 . 7- 9 .4 . • • 4 · ..... 
. .~ 

. ... . ..... 
" .4- - ' .7- e ,l. 8.1 · "." -.. ,- ' .7 . • 

<t ... . W 
4." _ ...... 4 .4 -

2 .3 - ... ,. . 
2. 0 - .... 

2 . 1 . 
2 .3 - :I ." 2.' . 2 .0 · 2.0 · 2 .0 • 

• . > 
•• > 

2.0 · 2 .0 -
2 .0 · 

L)5' 1.n· 
1.1S- 1.0 .... 1 .0" 

plECIC "CO TtOI5 YIl 1 "'4"CIO "'031t2 .... , Vkll .,cnuk -
JKII ..... H' J.k· CtI Ace I "11'111 III VIc " . Ii 8111111 tn V" • alun HI H'nd 111 VII. '0 '.m HI 

a b C a b a b c a b c d 8 b a b c a b c 
'" k" '" '" k', '" k'. 
13 • .. ., n. '3 . 2l 23 . 

..... I.' I.'" . .... ..... 
g,4· 8 . 4 · 

' .7- e.'- ' .7· 
a.7 11 . 7 . 

0 . 7- '.7-
4 . .. • 

4." . ".4. 
<." ...... ...4- ".4-

• 
2 .3 · 2 . 3-

2.3 • 
2 . 0- 2 .0 -

2 .0 . 2 .3 . 2. 30 · 2 . 3. 

2.0 2.0- 2 .0· 2 . 3 -
1.35' 

1.35· 
1.01-

2.0 

1.0'- 1.35-

1. 3$ 

De, ... ,- paC2-st".I} pK( t 1)a~S le1ll(U!I Vk 21 HyMEL 10 MI,7 Yk 24 1)CIl-2' 
VII. 11 I.m HI Yk 12, 13 Vir; " 8.", HI a."" HI VII; 23 8arn HI ."1rI HI a.m HI Hind III 

Fi gure 1 

Genomic DNA was digested with the restriction endonuclease indicated, 
size separated on 0.7% agarose gels, gels were not acid treated prior 
to transfer, hybridized with the indicated DNA probe and the final 
stingency was 0.2 x SSC at 65°C. Representative REF patterns (a, b, 
c or d) are indicated. A HindIII and ~X174 HaeIII standards are left 
of each panel. 



Immunoglobulin Superfamily Genes 

Conservation of the Organization of the pre-B CeO Specific 
VpreBl/VpreB2/AS Loci in the Genus Mus 

S. R. Bauerl , L. A. D'Hoostelaere2, and F. Melchersl 

INTRODUCTION 

During a search for B cell differentiation associated genes the A5 
gene was isolated by differential screening of a cDNA library made 
of poly(A)+ RNA from the pre-B cell line 70-Z/3 (Sakaguchi et a1., 
1986a). The A5 1.2 kb mRNA, selectivley expressed ~n pre B cells, 
is encoded by three exons (Sakaguch~ et a1., 1986b; Kudo et a1., 
1987b). Exon 3 is 70-78% homologous to the mouse CAl-4 loci, while 
the 3' part of exon 2 is 67-70% homologous to JAl-4' Exon 1 ~s not 
related to genes of the supergene family nor to any other reported 
DNA sequence. A search of sequences 5' of A5 revealed a second 
gene, wh~ch is also select~vely expressd in pre B cells. Th~s gene, 
VpreBl, ~s located 4.2 kb upstream of A5 and encodes an 850 bp mRNA 
made from 2 exons. Exon 1 of VpreBl resembles a typ~cal leader 
sequence with strong homology to VA leader sequences wh~le the 5' 
reg~on of exon 2 is equally homologous (46-48%) to VK and VA sequen
ces. The 84 nucleotides at the 3' end of VpreBl exon 2 do not 
resemble sequences of the Ig supergene fam~ly or any reported DNA 
sequence (Kudo and Melchers, 1987). The VpreBl probe hybr~d~zes 
strongly to a second gene, VpreB2, which was found to be over 95% 
homologous to VpreBl but not closely l~nked to e~ther VpreBl or A5 
(Kudo and Melchers, 1987). Despite their Ig gene-l~ke sequences, 
ne~ ther VpreB nor A5 genes requ~re DNA rearrangement for 
expression. 

It appears that within the VpreBl/A5 locus sequences w~th strong 
homologies to the Ig genes at the 5' and 3' ends are interspersed by 
Ig-nonhomologous sequences. These sequences might have been ~ntro

duced by an insertional event (Kudo et a1., 1987b). This paper 
invest~gates whether th~s peculiar organization of the VpreBl/A5 
locus originated within the (DBA/2 x C57BL/6)Fl mouse strains, ~ts 
parents, nearest relatives, or before speciation of the genus Mus. 
VIe report the results of a Southern blot hybrid~zation survey 
designed to investigate the structure and polymorphism of the VpreB 
and A5 genes in wild mouse stra~ns representing a relat~vely broad 
evolutionary spectrum includ~ng mice from the biochemically def~ned 
groups of the genus Mus, Musl-5 (Bonhomme et al., 1984). 

MATERIALS AND METHODS 

Mice and DNAs. H~gh molecular weight DNA was isolated as descr~bed 
(Scott and Potter, 1984) from w~ld mouse strains mainta~ned at 
Hazelton Laboratories in Rockv~lle, MD, USA and descr~bed by Potter 

(1986) . 
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Current Topics in Microbiology and Immunology, Vol. 137 
© Springer-Verlag Berlin· Heidelberg 1988 



131 

Strain Survey. 7 ~g of DNA was digested to completion with HindIII, 
subjected to electrophoresis through 0.8% agarose gels in TAE 
buffer'32transferred onto nitrocellulose filters, then probed first 
with a P-labelled 600 bp EcoRI-HindIII fragment of ~5 cDNA plasmid 
pZ183-la (Kudo et 3 fl., 1987b), exposed to film, then stripped and 
re-probed with a P-Iabelled 650 bp EcoRI-AccI fragment of VpreBl 
cDNA plasmid pZ121 (Kudo and Melchers, 1987). Random primed 
labelling, prehybridization, hybridization, and washing of non
specifically bound counts were done at high stringency (0.1 x SSC, 
0.1% SDS, 65°C) essentially as described (Bauer et al., 1988). 

RESULTS 

DNA from at least two separate preparations of 32 different wild 
mouse strains were surveyed by Southern blot hybridization with both 
the ~5 and VpreBl gene probes under high stringency conditions. In 
all cases one HindIII restriction fragment appeared to hybridize 
both to the ~5 probe and the VpreBl probe (Figure 1) as would be 
expected if the ~5 and VpreBl genes were maintained in close proxi
mity in the genomes of wild mice as they are in inbred mice (Kudo 
and Melchers, 1987) . Four VpreBl-~5 HindIII RFLPs were 
distinguishable. All mice were homozygous. This defines 4 alleles, 

16.0_ 
14.5-

9.0-

5.0-

ABC 0 

)..5 

16.0-
14.5-
13.2-

E F G H 

• 
• • • 

J 

• -12.5 
9.0 
8.5 

Fig. 1. Restriction fragment length polymorphism in wild mice. 
Southern blots of HindIII digested wild mouse DNAs probed with ~5 
(lanes A-D) and VpreBl (lanes E-J). 
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A-D, in the wild mice and inbred mice under survey. Figure 1, lanes 
A-D show representative samples of the 16.0, 14.5, 9.0 and 5.0 kb 
HindIII fragment which hybridized with ~5. Lanes E-J show represen
tative samples of the bands which hybridized with the VpreBl probe. 
In most mouse strains, two HindIII bands were seen with this probe. 
One of these HindIII bands always also hybridized to the ~5 probe 
while the second band presumably hybridized only to VpreB2. On this 
basis 6 alleles, E-J, were defined for the VpreB2 locus. The HindIII 
bands that hybridized only to the VpreBl probe and not to the ~5 
probe, thus rcepresenting the VpreB2 alleles, were 16.0, 14.5, 13.2, 
12.5, 9.0 and 8.5 kb as shown in Figure 1, lanes E-J, respectively. 
Mice which showed allele F may actually lack a VpreB2 gene. Alter
natively, the VpreB2 gene HindIII fragment fortuitously migrates 
wi th the VpreBl-~5 14.5 kb HindIII allele B fragment. We have not 
yet digested these DNAs wi th other restriction enzymes which could 
possibly distinguish between the two possibilities. 

Table 1. VpreBl/~5 and VpreB2 HindIII RFLP patterns 

Subgenera Species HindIII fragments (kb) and alleles 

vpreBl/A5 VpreB2 

Pyromys saxicola 14.5 (B) 12.5 (H) 
shortridgei 16 (A) 13.2 (G) 

Coelomys pahari 14.5 (B) 12.5 (H) 

Nannomys minutoides 5 (D) 12.5 (H) 

Mus cookii 14.5 (B) 8.5 (J) 
cervicolor 14.5 (B) 16 (E) 

14.5 (B) 14.5 (F) 
caroli 9 (C) 16 (E) 
spretus 14.5 (B) 9 (I) 
spicilegus spicilegus 9 (C) 8.5 (J) 
spicilegus tartaricus 9 (C) 8.5 (J) 
musculus castaneus 14.5 (B) 14.5 (F) 

molossinus 14.5 (B) 14.5 (F) 
musculus* 14.5 ( B) 14.5 (F) 

14.5 (B) 9 (I) 
domesticus* 14.5 (B) 13.2 (G) 

14.5 (B) 12.5 (H) 
14.5 (B) 9 (I) 

inbred 14.5 (B) 13 .2 (G) 

* Survey included Mus musculus musculus samples trapped in 4 dif
ferent locations. ---
* Survey included Mus musculus domesticus samples trapped in 14 
different locations. 
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The organization of the A5-VpreBl allele D (unique to Mus minu
toides) may be different from all other alleles since its ~e ~b 
containing both genes) is not large enough to carry the VpreBI-A5 
locus as it appears organized in the inbred DBA/2 and C57BL/6 
strains where both genes span 9 kb of DNA. 

We observed a striking conservation of the VpreBl/A5 locus (Table 
I) . The AS and VpreB probes revealed a conserved A5/VpreBl 14. 5kb 
HindIII fragment in all Mus musculus species and in 5 of the other 
ro- species examIned which represent 3 additional subgenera. Of 
these other 5 species, three have a 9kb HindIII fragment. The 
VpreB2 locus was more polymorphic and showed no species-restricted 
patterns of inheritance. The mice which displayed different alleles 
(Table I) did not fall into different Mus genus subgroups as defined 
by Bonhomme et al. (1984), or into the4 Mus subgenera as described 
by Marshall (1986). 

Based on this survey, the assortment of alleles for AS and VpreB 
genes (Table I) is apparently random relative to previously defined 
subgroups of Mus. This may reflect a paucity of samples or may 
indicate limi ted divergence preceeding stabilization of the present 
day Mus subgroups. 

DISCUSSION 

The presence of single copy DNA fragments that hybridize to the 
VpreB and AS genes at high stringency demonstrates a high degree of 
conservation of these genes in the genus Mus. Apparently the 
close physical linkage of the VpreBl and AS gene, and a separate 
VpreB2 gene are also highly conserved. This suggests that some 
functionally important constraint has kept the AS and at least one 
VpreB gene together over long evolutionary periods since separation 
of the Mus subgenera occurred between 9-12 (Bonhomme, 1986) or 10-12 
(Thaler;-!986) million years ago. The observation that no HindIII 
sites are found within the VpreB genes or the 1..5 gene (Kudo et al., 
1987b: Kudo and Melchers, 1987) and thus must be in the flanking 
regions, suggest that there is surprisingly little polymorphism, 
with a preservation of the specific organization of both coding and 
non-coding DNA sequences in the A5-VpreB region. 

This is in marked contrast to considerable restriction fragment 
length polymorphism and gene amplification (Scott and Potter, 1984) 
of the AL chain genes located an unknown distance away from 
VpreBl/A5 and VpreB2 which are all on chromosome 16 (Kudo et al., 
1987a; and unpublished data). It indicates that the unit of ampli
fication of the AL chain genes does not include the VpreBl/A5 or 
VpreB2 gene loci. The difference in stringency of conservation bet
ween VpreBl/A5 and AL chain genes is all the more surprising since 
the 3' part of the second and all of the third exon of AS shows high 
homologies to the corresponding sequences in J and C-regions of AL 
chain genes. It suggests that there may be egual evolutionary 
pressure on these parts of both AS and AL chains, possibly due to an 
equivalent, so far unknown function, while a stronger pressure for 
evolutionary conservation appears to exist for the first,S' exon of 
AS, for the 4.2 kb intervening sequences, and for VpreBl, when com
pared to the corresponding sequences of AL chains, i. e. the V-
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segments. The greater number of flanking region polymorphisms 
observed for VpreB2 may also indicate that there is relatively less 
evolutionary pressure on this separate gene and that the high degree 
of conservation in the VpreBl/~5 flanking regions may be imposed by 
a required physical linkage. 

In addition to the studies reported in this paper, we have observed 
a widespread conservation of VpreB-hybridizing sequences in several 
mammalian species, including man (Bauer et al., 1988). Cloning of 
the human VpreB gene and subsequent structural analysis of its orga
nization show a remarkably high degree of homology and conservation 
of structure of the VpreB genes in mouse and man. As with the mouse 
gene, the human VpreB gene is expressed only in pre-B cell lines. 
These observations, together with the wild mouse VpreBl-~5 survey of 
this paper, support the idea that VpreB and ~5 are members of the Ig 
gene family that are highly conserved in structure and serve the 
same funtion of being expressed selectively in pre B cells of mam
mals. These genes are useful as markers of normal pre B cells and 
their related malignancies in mouse and man, and promise to be use
ful tools for studying differentiation of cells in the early stages 
of the B cell lineage. 
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Immunoglobulin Superfamlly Genes 

The Omega and Iota Surrogate Immunoglobulin Light Chains 

S. PilIai and D. Baltimore 

INTRODUCTION 

A major activity of a pre-B lymphocyte is the stepwise rearrange
ment of immunoglobulin heavy and light chain genes. When a pre-B 
cell has successfully completed the process of rearrangement at 
both heavy and light chain loci, this dividing lymphocyte under
goes a cellular transition into a mature B cell whereby it stops 
dividing and expresses membrane immunoglobulin tetramers (vm2L2) 
on its surface which will function as the antigen receptor. The 
p~ocess of rearrangement is of central importance to the genera
tion of immunological diversity. However, it is imperative that 
in any given lymphocyte only a single heavy chain allele be pro
ductively rearranged (allelic exclusion), and that only a single 
K or A light chain allele be correctly rearranged (allelic and 
isotypic exclusion). These processes of allelic and isotypic 
exclusion are unique to the immune system and ensure that any 
lymphoid clone expresses only a single antigen receptor. A con
siderable body of evidence exists to support the view that an in
frame rearrangement at the heavy chain locus and the consequent 
intracellular synthesis of urn protein provides a "feedback" sig
nal during differentiation; this signal leads to the shut-off of 
rearrangement at the H-chain locus and permits a pre-B cell to 
move on to the stage of light chain gene rearrangement (Weaver et 
a1., 1984; Nussenzweig et a1., 198'7; Reth et a1., 1985; 1987>. 
The formation of complete H-L tetramers is in turn believed to 
provide a feedback signal leading to the shut-off of L-chain gene 
rearrangement (Ri tchi e et al., 1984). We as ked the questi on -
how does the Vm protein in a pre-B cell provide a feedback signal 
during differentiation? Does vm associate with any pre-B speci
fic proteins to generate a feedback signal? Is there a pre-B 
specific subset of genes which help mediate the feedback process? 

Pre-B Cells Synthesize Either or Both of Two Surrogate Ig Light 
Chains 

Three distinct intracellular fo~ms of the vm protein may be 
identified in B cells and we have designated these sequential 
forms of urn as um1, um2 and vm3 (Pillai and Baltimore 1987a). 
Although in B cells vm has a long half-life and the acylated, 
terminally glycosylated vm3 form reaches the cell surface, in the 
majority of pre-B cell lines vm has a brief existence and the 
vm2 and um3 forms are never observed during biosynthetic studies 
(Pillai and Baltimore 1987a and unpublished observations). The 
rapid turnover of vm is pre-B specific; in non-lymphoid cells 
expressing a transfected vm gene the vm protein has a relatively 
long half-life (Pillai and Baltimore, unpublished observations). 
The pre-B specific degradation of urn takes place in an acidic 
compartment and is correlated with the association of Vm in pre-B 
cells with either one or both of two surrogate immunoglobulin 
light chains. The omega chain (Pillai and Baltimore, 1987b) is 
an 18 kd protein which forms disulfide linked tetramers with Vm. 
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A preliminary sequence analysis (unpublished) of this pre-B 
specific protein suggests that it is the product of the A-5 gene 
(Sakaguchi and Melchers, 1986; Sakaguchi et al., 1987). In 
certain pre-B cell lines (e.g. NFS 5.3, Hardy et al. 1986; 
dextran sulfate induced 70Z/3, Paige et al., 1981) that express 
~m on the cell surface in the absence of the synthesis of 
"conventional" K or A light chains, ~m on the cell surface is 
stoichiometrically associated with the disulfide linked omega 
chain and with the non-disulfide linked iota chain. The iota 
surrogate light ~hain is a 14 kd pre-B specific protein which on 
peptide mapping and preliminary sequence analysis is clearly 
unrelated to the omega chain; its possible sequence identity to 
the V-preB1 gene (Kudo et al., 1987) remains to be established. 
Upon cell surface iodination of the (unusual) surface ~m positive 

x 

Fig. 1: Cell surface iodination of NFS 5.3 followed by 
immunoprecipitation of cell lysate with a monoclonal anti-mouse 
IgM antibody and analysis on a 12.5 % polyacrylamide/sodium 
dodecyl sulfate gel (Pillai and Baltimore 1987b and unpublished 
observations). Lane 1: immunoprecipitation with an irrelevant 
antibody. Lane 2: immunoprecipitation with anti-~ antibody 
reveals ~, wand I proteins and other members of the "11m 
activation complex". Lane 3: competition with unlabelled IgM 
demonstrates that w, ~, and the other observed polypeptides are 
associated with 11m. 
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pre-B cell lines referred to above, iota is more readily iodin
ated than omega; iota, omega and pm are all specifically inhib
ited from binding to a monoclonal anti-p antibody by an excess of 
unlabelled IgM (Fig. 1, lanes 2 and 3). 

An "Activated Receptor" Model for Feedback Regulation 

Our working model for the mechanism of feedback regulation 
mediated by the pm protein is as follows: in pre-B cells pm 
associates with and forms tetramers with a surrogate light chain 
protein (omega or iota). These tetramers are in turn tightly 
associated with 6 other polypeptides, 2 of which are phospho
proteins (unpublished observations). This pm associated complex 
presumably functions from an intracellular transmembrane location 
as a ligand-independent "activated receptor", providing a cue 
that signals further differentiation. A detailed characteriza
tion of the proteins that make up the pm associated "activated 
receptor" complex (which is degraded in an acidic compartment 
with kinetics similar to the "downregulation" of many pOlypeptide 
hormone receptors) is currently in progress. If indeed this 
model proves correct in broad outline, it remains to be 
ascertained whether the requisite differentiation signal is 
provided by the generation of a second-messenger or by direct 
nuclear translocation of pm itself. 
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Immunoglobulin Superfamily Genes 

MIIC Class I Gene Expression by Tumors: Immunotherapeutic 
Implications 

J.S. Weberl and G. Jay2 

An anti-tumor role has been established for macrophages (Fidler 1974; Fernan
dez-Cruz et al. 1985), NK cells (Talmadge et al. 1980; Kawase et al. 1982), 
and helper T cells (Fugiwara et al. 1984; Greenberg et al. 1985) in various 
experimental systems, but an optimal immune defense against tumor cell growth 
in vivo depends on the ability of cytotoxic T lymphocytes (CTLs) to recognize 
and destroy malignant cells (Dailey et al. 1984; Rosenstein et al. 1984). 
This recognition involves an interaction between the effector cell and anti
gens present on the tumor cell in association with MHC class I molecules 
(Zinkernagel et al. 1979). The MHC class I molecules are composed of a heavy 
glycoprotein chain of 45 kilodaltons (kD) and a noncovalently-associated 
beta-2 microglobulin molecule of 15 kD (Hood et al. 1983). The heavy chain 
is highly polymorphic and is encoded by the H-2K, D and L loci in the mouse, 
and by the HLA-A, -B and -C loci in human. Virtually all normal cells display 
class I molecules (Daar et al. 1984), as do many tumor cells. Active immuno
surveillance in vivo may select for tumor variants with altered or down
regulated class I antigens, and reduced class I gene expression by tumors may 
provide a means of avoiding destruction by cytotoxic T lymphocytes. 

The expression of MHC class I genes is not tightly controlled in human tumors. 
Numerous studies have described altered levels of class I antigen expression 
in tumors (Tanaka et al. 1988). Most small cell lung cancers (Doyle et al. 
1985), skin basal cell carcinomas (Turbitt et al. 1981), neuroblastomas 
(Lampson et al. 1983) and embryonal tumors (Jones et al. 1980) are devoid of 
class I molecules. Significant numbers of newly diagnosed colon carcinomas 
(Csiba et al. 1984; Momberg et al. 1986) or melanomas (Reuter et al. 1984) 
either lack class I expression or show altered expression. Metastatic lesions 
from primary melanomas that express class I molecules have been shown to be 
class I negative (Natali et al. 1985). Many ovarian, breast and cervical 
carcinomas also show little or no class I expression (Fleming et al. 1981; 
Ferguson et al. 1985). Thus, reduced expression of class I antigens is 
characteristic of a variety of human malignancies. 

In experimental murine systems, spontaneously-derived tumors like B16 melanoma 
(Nanni et al. 1983) or line 1 lung carcinoma (Bahler et al. 1985) lack class 
I antigens. Carcinogen-induced tumor lines such as MCA 101 (Weber et al. 
1987), cells transformed by human adenovirus 12 (Schrier et al. 1983) or 
simian virus 40 (Rogers et al. 1983), or AKR virus induced leukemia cells 
(Festenstein et al. 1981) express few or no class I molecules. In contrast, 
virtually all normal mouse or human cells express class I antigens with the 
exception of renal tubular cells (Paul et al. 1982; Halloran et al. 1985), 
hepatocytes (Fukusata et al. 1986), some neuronal cells and cells of pan
creatic exocrine origin (Hart et al. 1983). 

Both normal and tumor cells have evolved mechanisms to specifically modulate 
MHC expression. Several naturally-occurring macromolecules can modulate class 
I gene expression on tumors. Both alpha interferon, a leukocyte product, and 
gamma interferon, derived from macrophages, can up-regulate class I expression 

1Surgery Branch and 2Laboratory of Molecular Virology 
National Cancer Institute 
Bethesda, Maryland 20~92 

Current Topics in Microbiology and Immunology, Vol. 137 
© Springer-Verlag Berlin· Heidelberg 1988 



141 

on murine or human tumor cells in culture (Lindahl et al. 1973; Gracomini 
et al. 1984). A 30-basepair sequence located 5' of the class I transcrip
tional promoter has been shown to be responsive to alpha or gamma interferon 
by increasing RNA transcription of class I genes (Israel et al. 1986). 
Alpha TNF, a macrophage-derived glycoprotein with potent anti-tumor properties, 
can augment class I expression in tumor cells in synergy with alpha or gamma 
interferon in vitro (Scheurich et al. 1986). A 19-kD glycoprotein (EI9K) 
encoded by the early region of adenovirus 2, can down-regulate MIIC expression 
by binding nascent class I molecules in the endoplasmic reticulum and impeding 
their transport -to the cell surface (Burgert et al. 1985). A protein encoded 
by the early lA region of adenovirus 12 can decrease the amount of steady-state 
mRNA encoding class I antigens (Schrier et al. 1983). The complex transcrip
tional and post-transcriptional regulatory network for class I genes suggests 
that pharmacologic intervention may be appropriate for modulating class I 
antigen expression on tumor cells ..!!!. vitro and on tumors ..!!!. ~. 

Control of class I gene expression may be part of a coordinated genetic 
program associated with progression from a normal to a malignant phenotype. 
Expression of a transfected n-myc oncogene in rat neuroblastoma cells in 
vitro is associated with down-regulation of the class I loci, as well as 
"f'iiS"t'er growth in vivo and a metastatic phenotype (Bernards et al. 1986). 
Revertants that---lo~n-myc expression become high expressors of class I 
antigens. F9 teratocarcinoma cells, which undergo morphologic differentiation 
upon exposure to retinoic acid in vitro, lose expression of c-myc and n-myc 
oncogenes at the same time thatthey begin to express MIle class I antigens 
(Solter et al. 1979). In cell lines derived from patients with Burkitt's 
lymphoma, selective down-regulation of the HLA-A locus by transfection of the 
adenovirus E19K gene correlated with loss of an Epstein-Barr virus (EBV) 
membrane protein and a more malignant phenotype; reversion of cell lines to a 
less malignant lymphoblastoid cell type correlates with increased HLA-A and 
EBV membrane protein expression (Masucci et a1. 1987). Tumor growth due to 
escape from immune surveillance may be a result of MHC down-regulation in 
malignancies induced under the control of viral or cellular oncogenes. 

A number of experiments have suggested that the ability to form tumors 
in mice varies inversely with the expression of c:bass I intigens. Clones 
of TI0, a methyl cholanthrene-induced sarcoma of (H-2 x H-2 ) Fl origin, are 
deficient in H-2K gene expression and readily metastasize to the lung. The 
ability to metastasize was abolished by transfecting TI0 with either the 
H-2Kb or H-2Kk gene (Wallich et al. 1985). H-2Kb expressing clones were also 
less tumorigenic. An AKR leukemia subline, K36.16, has no H-2Kk antigen 
present on its surface. Transfection of this subline with the gene for 
H-2Kk resulted in decreased tumorigenicity in AKR mice (Hui et al. 1984). 
The oncogenic adenovirus 12 can transform mouse cells which invariably become 
low expressors of class I antigens. Transfection of either the H-2K or H-2L 
gene into an adenovirus 12-transformed cell line, originally lacking class 
I expression, resulted in ,decreased tumorigenicity (Tanaka et al. 1985). 
Treatment of another clone of adenovirus 12 transformed cells with a combina
tion of alpha and beta interferon resulted in increased class I antigen 
expression and decreased tumorigenicity in syngeneic C3H/HeJ mice (Hayashi et 
al. 1985). A subline of a spontaneous murine melanoma, BI6BL6, normally 
expresses very low levels of H-2Kb molecules. Transfection of the H-2Kb gene 
results in decreased tumor growth in syngeneic mice and fewer metastases to 
the lung (Weber et a1. 1987). Murine lung carcinoma line 1 cells, derived 
from a spontaneous tumor, have been transfected with the H-2DP gene. In semi
syngeneic mice that have been primed with tumor, the transfected clone is less 
tumorigenic (Baker et al. 1987). 

These data suggest that the growth of a variety of spontaneous, carcinogen
induced and virally-transformed tumors is determined by the level of express
ion of MHC encoded antigens by the tumor cell. However, the presence of 
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class I molecules is by no means an exclusive determinant of oncogenicity. 
Among the adenoviruses, types 2 and 5 will not form tumors in mice, yet 
express low levels of class I molecules (Haddada et al. 1986). Presumably 
tumor-specific antigens are epitopes recognized in association with class I 
molecules. If one or the other is diminished or absent, tumor growth may 
result from lack of immune host recognition. 

Further evidence that increased levels of class I antigens augment host tumor 
recognition is shown in the previous studies with the T10, AKR, Ad12-transformed 
and B16 tumor lines transfected with H-2K genes. In each case, augmentation of 
class I antigen levels results in increased immunogenicity. Syngeneic animals 
immunized with the transfected clones are protected against subsequent challenge 
by the class I-deficient parental line (Hui et al. 1984; Wallich et al. 1985; 
Tanaka et al. 1986). These data strongly suggest that loss of class I antigen 
expression permits tumors to escape immune recognition, and that immunoselection 
in vitro may generate populations of tumor cells heterogeneous for class I 
expression. 

Not all immune effectors show increased activity against class I expressing 
tumor cells. Lymphokine-activated killer (LAK) cells have been shown to 
mediate regression of a variety of murine and human tumors when administered 
with IL-2 (Mule et al. 1986; Rosenberg et al. 1987). LAK cell anti-tumor 
activity in vivo or in vitro is neither class I-restricted (Shiloni et al. 
1986) nordoesanti-t"i:mtoractivity in vivo depend on the level of class I 
antigens present on the tumor cells (Mule et al. 1987). Natural killer (NK) 
cells are present in normal hosts that have not been sensitized to tumor. 
They show broad anti-tumor reactivity in vitro and will kill normal fibroblasts 
or bone marrow cells less readily thant~ cells. In contrast to cytotoxic 
T lymphocytes, their ability to destroy a cell in vitro varies inversely 
with the expression of class I antigens (Ljunggren et aI:"""T985 , 1986). While 
the importance of NK activity in anti-tumor surveillance is unclear, NK cells 
may eliminate class I-deficient tumor variants that arise in vivo in a non
specific manner. 

The level of class I antigen expression by tumor cells may affect their 
sensitivity to biological response modifiers that modulate the host immune 
system. Interleukin-2 (IL-2) is a T-cell derived glycoprotein that stimulates 
T-cell growth (Smith 1980), and generates promiscuous anti-tumor activity 
in normal peripheral blood lymphocytes after a three-day in vitro incubation 
(Grimm et al. 1982). IL-2 alone also mediates regressionof lung metastases 
generated by a variety of spontaneous and carcinogen-induced murine tumors 
(Donohue et al. 1984; Mule et al. 1987). The anti-tumor activity of IL-2 
on established lung metastases is mediated via the action of Lyt-2+ lymphocytes. 
Tumors that express low or undetectable levels of class I antigens are 
resistant to the effects of IL-2, whereas lung metastases generated by high 
class I expressors are eliminated by IL-2 immunotherapy (Weber et al. 1987). 
B16BL6 is a murine melanoma resistant to the anti-tumor effects of IL-2. Its 
transfection with the H-2Kb gene generates clones of B16BL6 expressing the 
H-2Kb antigen that are susceptible to IL-2. The regression of advanced high 
class I-expressing B16BL6 lung metastases was shown to be mediated by Lyt-2 
bearing cells. 

Subcutaneous tumors generated by high class I-expressor B16BL6 clones are 
also sensitive to alpha TNF, a lymphokine secreted by macrophages that can 
mediate its biological effects via Lyt-2+ cells. Tumors generated by low or 
non-class I expressing B16BL6 clones, or methyl cholanthrene-induced sarcomas 
devoid of class I expression, do not regress after alpha TNF treatment (Ascher 
et al., unpublished). IL-2 and alpha TNF appear to stimulate Lyt-2+ immune 
cells that recognize the presence of a tumor antigen. The Lyt-2 molecule 
as well as the clonotypic T-cell receptor are required for targeting of a 
cytolytic T cell to antigen in association wi th MHC class I products (Yague 
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et al. 1985). For any given level of tumor antigen, augmented class I ex
pression should potentiate specific cytolytic T-cell recognition. The ability 
to modulate tumor class I expression in vitro may provide a means of augmenting 
immune recognition in vivo. - ---

Exposure to alpha or gamma interferon or alpha TNF in vitro can induce 
tumor C'e11s to express increased levels of class I antigens (Hayashi et al. 
1985; Tanaka et al. 1986). These tumor ce11s can be utilized in different 
ways to potenti~te immune recognition. The modified tumor cells may be 
used with non-specific immune stimulators to actively immunize tumor-bearing 
patients or patients after surgical resection of a tumor. The data accumu
lated from murine transfection experiments suggest that immunization with 
high class I-expressors can protect animals from subsequent challenge by 
parental low class I expressors. Cytolytic T ce11s generated in the pre
sence of high class I-expressing tumor cells may recognize the parental 
cells whose weak tumor antigens could not previously stimulate a CTL reaction 
in vivo. 

High, but not low, class I-expressing murine sarcoma cells ordinarily act 
as good stimulators in an in vitro sensitization reaction with syngeneic 
splenocytes or lymph node cells from tumor-bearing mi ce (Shu et al. 1986). 
Incubation of tumor-bearer lymphocytes with high class I expressor tumor 
ce11s results in activation of lymphocytes that can be adoptively transferred 
to tumor-bearing mice and have potent anti-tumor activity when administered 
wi th IL-2 (Shu et al. 1985). A strategy to improve the anti-tumor effect of 
in vitro sensitized lymphocytes might involve addition of interferon-treated 
tum~11s to the lymphocyte/tumor reaction in order to boost immune re
activity. Conceivably, draining lymph node cells from target-bearing patients 
can be exposed to tumor cells treated in short term in vitro culture with 
alpha or gamma interferon to induce class I expressi';;;: Interferon-treated 
tumor cells may act as better stimulators for the in vitro sensitization 
reaction, resulting in specific, potent cytolytic cells:--

Tumor-infiltrating lymphocytes (TILs) have been shown to proliferate when 
incubated in vitro in the presence of autologous tumor and IL-2, and are 
capable of ant i-tumor activity in vitro, as well as in vivo after adoptive 
transfer in mice and humans (Rosenberg et al. 1986). Addition of autologous 
tumor cells with augmented class I expression to the incubation mixture may 
improve the proliferation and cytolytic activity of TILs. The murine TIL 
population is composed almost exclusively of Lyt-2+ T cells. Improved recog
ni tion of poorly immunogenic tumor antigens via association with increased 
class I molecules may select a TIL subpopulation that reacts more strongly 
and specifically with tumor determinants. 

The interferons or alpha TNF may function in vivo to modulate class I antigen 
expression, in which case they would represenc-an excellent priming treatment 
prior to tumor resection for TIL preparation or prior to immunotherapy with 
TILs and IL-2. Exposure of the TIL population to tumor ce11s wi th increased 
class I expression ex vivo during proliferation and in vivo after adoptive 
transfer may maximizetheir anti-tumor potency. A tumor with class I express
ion induced in vivo by interferons may become more immunogenic, attracting 
more infiltrating lymphocytes that are capable of specifica11y recognizing 
tumor antigens and exerting an anti-tumor effect after expansion with IL-2 
and adoptive transfer. 

The transfer of new genetic information to tumor cells by DNA transfection 
may have important implications for human immunotherapy. Increased expression 
of HLA class I or II antigens in human tumor cells in short term culture or 
as tumor lines may be achieved by transfection of HLA genes. Stable HLA 
transfectants may function as strong stimulators in an in vitro sensitization 
with lymphocytes from .tumor-bearing patients or with TILs from a low class 
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I-expressing tumor. A product of a single gene may be up-regulated by DNA 
transfection, whereas alpha or gamma interferon may induce the expression 
of mUltiple gene products, not all of which may cause increased immunogenicity 
or better immune recognition. The use of alpha or gamma interferon in 
vitro in a TIL/tumor cell culture may also affect lymphocyte activation 
directly, whereas modulation of HLA expression by transfection only impacts 
directly on the target cell. 

The adenovirus-derived proteins that down-regulate class I gene expression 
may be useful in vitro to eliminate class I antigens on cloned potent allo
geneic human LA!{ cells that can be grown and purified in large quantities 
and may constitute a 'universal donor' cell while leaving its capability to 
recognize and lyse tumor cells intact. The availability of an 'off the 
shelf' LAK effector would eliminate patient-to-patient variability in numbers 
of cells generated and anti-tumor potency. 

A decreased level of MHC class I expression by tumor cells has an important 
effect on their ability to grow and metastasize in an immunocompetent host. 
This effect is achieved through decreased immunogenicity and escape from 
recognition and destruction by cytolytic T cells. The ability to specifically 
modulate MHC class I gene expression may improve the clonotypic T cell 
receptor interaction with tumor antigens, leading to proliferation in vitro 
of specific cytolytic lymphocytes capable of eliminating tumor cellsln--vIVO 
with heterogeneous MHC expression. As our definition of tumor-associated-an= 
tigens and molecules that determine susceptibility to various immunotherapies 
improves, the ability to modulate specific target genes will yield enormous 
dividends in tumor regression. Up-regulation of tumor class I genes is a 
step in that direction. 
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Immunoglobulin Superfamily Genes 

Identification of ReguIatory Elements Associated with a Class I 
MHCGene 

D.S. Singer and R. Ehrlich 

INTRODUCTION 

The class I genes of the major histocompatibility complex (MHC) comprise a family of 
homologous DNA sequences, some of which encode the heavy chain moiety of classical 
transplantation antigens. The major functions of the transplantation antigens are 
mediation of graft rejection and serving as restriction elements for antigen presen
tation (Klein, 1979; Klein, 1975; Klein, 1977). Although class I molecules are 
expressed on all nucleated cells, with the exception of neurons and mature tropho
bl~sts (Faulk et al, 1977; Lampson et al, 1983), their level of expression varies. 
Lymphoid cells express the highest levels, while other tissues express much lower 
amounts. Exogenous and endogenous factors, such as tumor necrosis factor, alP
interferon or ~-interferon (Burrone & Milstein, 1982; Collins et al, 1986; Imai et 
al, 1981; Lindhal et al, 1973; Satz & Singer, 1984; Wallach et al, 1982) increase the 
levels of class I expression, whereas other agents, such as oncogenic viruses 
(Meruelo et al, 1984; Schrier et al, 1983), cause reduction in these levels. 

In both mouse and man, the class I MHC gene families contain between 20 and 40 
homologous DNA sequences (Cohen et al, 1983; Orr et al, 1982; Steinmetz et al, 1982; 
Weiss et al, 1984). In contrast, the genome of the miniature swine, unlike mouse or 
man, consists of only 7 members (Singer et al, 1982; Singer et al, 0). One of these 
genes, PD1, encodes a classical transplantation antigen. PDl has been isolated 
(Singer et al, 1982), and its structure determined (Satz et al, 1985). Introduction 
of PDl into mouse L cells results cell surface expression of the PD1-encoded product 
(Singer et al, 1982). PDl expression in mouse L cells is regulated and transcription 
is enhanced by treatment of transfected L cells with alP-interferon (Satz & Singer, 
1983; Satz & Singer, 1984). Introduction of PDl into transgenic mice results in cell 
surface expression of the gene product in a variety of lymphoid tissues (Frels et al, 
1985). 

The molecular mechanisms regulating class I MHC gene expression are largely unknown. 
The transcriptional promoter and DNA sequence elements involved in the interferon 
response have been identified in some cases (Friedman & Stark, 1985; Kimura et ai, 
1986; Israel et al, 1986; Korber et ai, 1987). An enhancer element has also been 
identified in the murine Kb gene (Kimura et ai, 1986). In order to further charac
terize the regulatory elements associated with class I MHC genes, we l,ave undertaken 
a detailed analysis of the in vivo patterns of expression and regulation of expres
sion of PD1. In the present paper, we will summarize the evidence that expression of 
PDl is regulated both in vivo and in the transgenic mouse and that the PDl 5' flank
ing sequences contain both positive and negative regulatory elements. 

RESULTS AND DISCUSSION 

Expression of PDl In Vivo and in Transgenic Mice 

PDl is expressed in transgenic mice and in swine in a variety of tissues, as shown in 
Table I. In both cases, the over-all patterns of expression are similar. Thus, 
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expression of POl is highest in lymphoid tissues, such as lymph node and spleen and 
much lower in kidney and heart. Expression in other tissues is intermediate. In vivo, 
POl is preferentially expressed in B cells, relative to T cells. Recent data suggest 
that the same bias is seen in transgenic animals as well (Ehrlich and Singer, in 
preparation). The variations in level of POl RNA in the different tissues indicate 
that POl expression is actively regulated. Furthermore, the parallel patterns of 
expression of POl observed in vivo and in transgenic animals suggest that any trans 
acting regulatory elements have been sufficiently conserved between the species to 
allow regulation of a porcine gene in a mouse cell. 

Table 1. Expression of POl In Vivo and in Transgenic Micea 

Tissue Swine B10.POl 

Kidney 1 1 
Heart 2 0.1 
Testis 1.3 3.9 
Liver 1.7 NO 
Lung 3.8 2.7 
Lymph Node 5.2 12.9 
Thymus 1.8 3.0 
Spleen 3.7 10.8 
PBL 11.4 NO 

B cells 4.8 NO 
T cells 1.8 NO 

Bone Marrow NO 3.5 
Muscle NO 0.7 

aLevels of specific RNA were determined for the transgenic (B10.P01) RNA samples by 
direct Northern analYSis and for swine tissue RNA samples by Sl nuclease analysis 
using a ONA probe which had been shown to be POl-specific. Intensities of specific 
bands were determined by densitometry. RNA samples from the tissues were processed in 
parallel, using the same hybridizing probe. The data presented are the average values 
of two experiments using separate RNA preparations. Data have been normalized to the 
intensity of the kidney specific bands. NO, not determined. 

Identification and Mapping of Regulatory ONA Sequence Elements in the 5' Flanking 
Region of POl. 

In order to identify regulatory ONA sequence elements governing the in vivo patterns 
of expression of POl, a series of deletion mutants was constructed within the 5' end 
of POl (Figure 1). The 5' termini of the mutants were located either at a Hind III 
site at -1121 (pH series) or at an Nde I site at -528 (pN series). A nested set of 
deletions (spanning nucleotides +15 to -236) was generated by Ba1 31 exonuclease 
digestion. The deletion mutants were cloned into the promoter assay vector, pSVOCAT, 
which lacks eukaryotic promoters or enhancers, and tested for their ability to pro
mote the synthesis of chloramphenicol acetyl transferase (CAT) following transfection 
into either mouse L cells or monkey Cos-7 cells. Using these constructs, the POI 
promoter can be mapped to the region between -220 bp and -38 bp (Table 2). Thus, a 
construct containing this region is able to promote CAT synthesis; more extensive 
deletions do not support CAT synthesis. This is true for both transient and stable 
transfectants of mouse L cells. Similar results were obtained with Cos-7 cells (data 
not shown). Contained within this region of the ONA are three sequence elements 
which have been associated with promoter function in other gene systems (Oierks et 
aI, 1983). These elements are TCTAA, CCAAT, and ACCC; it is presumed that these 
elements function as necessary components of the POI promoter. 
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Figure 1. Map of DNA sequence of PDl 5' flanking region. DNA deletion fragments 
containing PDl 5' flanking sequence, indicated by a solid line, were 
inserted into the Hind III site of pSVO. Solid triangle indicates position 
of promoter. N, Nde I; H, Hind III; B, Bgl II; S, Sac I. 

Table 2. Mapping of the PDl Promotera . 

DNA: pH(-38) pH(-220) pH(-236) pH(+255) pSVO 
Transfection: 
Transient 4.2+2 1.2+0.03 1.2+0.03 0 1 

Stable 
Net Activity 2.0+0.03 0 ND 0 1 
DNA Copy Number 13 6 ND 14 29 
CAT Activitylcopy 15 0 ND 0 3 

(x 102) 

aEach of the deletion mutants was introduced into mouse L cells, either in transient 
or stable transfections. CAT activity was assayed and quantitated by densitometry. 
The transient transfection results are from 5 separate experiments; the stable trans
fections are from 3 separate experiments. In the transient assay, an aliquot of cells 
from each transfection was used to determine the amount of DNA present; there was no 
detectable difference in the gross level of DNA among the different transfections. 

POl has been shown to respond to treatment by alP-interferon: treatment of PD1-
transfected L cells with alP-interferon results in increased transcription of the POl 
gene (Satz & Singer, 1984). The ability of POl to respond to interferon can be mapped 
to a region between -38 bp and -528 bp, since both pH(-38) and pN(-38), which is 



truncated an Nde I site (see Figure I), are able to respond to interferon (Table 3). 
The magnitude of this increase, although relatively modest, corresponds to that seen 
on the surface of PDl-transfectants. Thus, all of the interferon response can be 
accounted for by sequences contained within this region. That the response is pro
moter dependent and specific is seen by the findings that none of the promoter
deleted constructs respond to interferon, nor does the SV40 promoter contained in 
pSVl. 

Table 3. Mapping of-the Interferon Response Element and Negative Regulatory Element 

DNA CAT Activitya 

pN(-38) 8.9 
pH(-38) 1.0 

pN(+15) 4.5 
pH(+15) 0.8 

pN(-236) 1.2 
pH(-236) 2.0 

pH(-220) ND 

Ratio of CAT Activity 
+IFNj-IFNb 

1.6 
1.5 

1.4 
1.4 

ND 
ND 

o 

p(+255)H 0 o 
ND 
1.0 

pSVO 1.4 
pSVl ND 

aCAT activity was assayed following a 48 hour transfection of Cos cells with 1 ug of 
plasmid DNA. Densitometric results were normalized to pH(-38). Representative 
results of one of five experiments are given. 

bStably transfected L cells were treated for 24 hours with 800 ujml ajp-interferon. 
Ratios of CAT activities in treated and untreated samples were determined 
following densitometry and represent the average of three experiments. 

In addition to the interferon response element (IRE), we have identified two addition 
regulatory elements: a positive and a negative one. The positive element increases 
the activity of an SV40 promoter and appears to be a classical enhancer (Ehrlich et 
aI, submitted for publication). In contrast, the negative element reduces the acti
vity of the homologous PDl promoter. As shown in Table 3, the plasmid pN(-38) gener
ates approximately 9 times the CAT activity as the parent pH(-38) plasmid from which 
it is derived. A similar increase in CAT activity is observed following truncation of 
the pH(+15) plasmid. No effect is observed following truncation of the promoterless 
construct, pH(-236), indicating that this effect is PDl-promoter dependent. These 
data suggest that the DNA segment -1120 bp to -528bp contains a negative regulatory 
element which reduces the activity of the PDl promoter. This has been confirmed by 
demonstrating that cells transfected with pH(-38) contain lower steady state levels 
of CAT RNA than pN(-38) transfectants (data not shown). Furthermore, introduction of 
the -1120 bp to -528 bp segment upstream of the SV40 promoter also reduces the 
activity of that promoter. However, this reduction is only observed if the viral 
enhancer is contained within the construct (Ehrlich et aI, submitted). Thus, the 
activity of the PDl negative regulatory element is dependent on the presence of a 
postive enhancer element. 
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Cell Specificity of PDl Promoter and Negative Regulatory Element 

The level of PDl gene expression was been shown to vary among adult tissues both in 
vivo and in transgenic mice (Table 1). To begin to assess the possible role of the 
PDl 5' region in regulating cell-specific levels of expression, the PD1CAT constructs 
were transfected into various adult and embryonic cell lines. The efficiency of the 
PDl promoter was compared among two fibroblast lines (L and ETH2l) , a kidney-derived 
line (Cos 7), and an embryonic teratocarcinoma (F9). Striking differences in the 
levels of CAT activity directed by the PDl promoter were observed (Table 4). Since 
the different cells displayed very different efficiencies of transfection, the amount 
of CAT activity directed by the PDl promoter was standardized relative to the back
ground level of pSVO. pSVO, although lacking a eucaryotic promoter, still promotes 
low level CAT transcription from a cryptic promoter located within the pBR322 DNA 
sequences. This promoter is not affected by eucaryotic regulatory elements. Rather, 
the amount of CAT activity directed by pSVO is proportional to the amount of trans
fected DNA and is largely independent of any tissue specificity of the promoter (data 
not shown). When compared following such standardization, the efficiencies of the PDI 
promoter, as assessed by pN(-38), in the various cell lines differed substantially. 
The highest promoter activity was observed in fibroblast L cells, whereas the lowest 
level occurred in the kidny-derived Cos cells. F9 teratocarcinoma cells express low 
levels of endogenous class I H-2 mRNA. Introduction of pN(-38) in F9 cells similarly 
resulted in low levels of CAT activity. Treatment of F9 cells with retinoic acid 
induces cell differentiation; concomitantly, class I H-2 expression increases two
fold. Following treatment of F9 cells with retinoic acid, the level of CAT activity 
directed by pN(-38) also increased two-fold. Microscopic examination of these treated 
F9 cells revealed the presence of embyroid bodies. Cell surface analysis by FACS of 
these cells revealed a two-fold increase in H-2 expression. Thus, the response of the 
exogenous PDl promoter to the induction of differentation of the F9 cells is indis
tinguishable from that of the endogenous H-2 genes. Taken together, these results 
suggest that the 490 bp DNA fragment containing the PDl promoter displays different 
levels of transcription in different cell types. 

Table 4. Efficiency of PDI Promoter and Repressor Elements in Various Cell Typesa . 

Cell Line Origin Species pN(-38) pH(-38) N~ 

L Cells Fibroblast Mouse 100 27 3.7 
F9 Teratocarcinoma 32 4.9 6.7 
F9RA 65 8.6 7.5 
Cos 7 Kidney Monkey 19 2.7 7.0 
ETH21 Fibroblast Pig N.D. 222 N.D. 

aThe relative efficiency of transcription of each of the PDlCAT fusion plasmids in 
the various cell types was determined by correcting its activity relative to that of 
pSVO in the same cell line. The table summarizes the results of 2-5 separate 
experiments for each cell type. NIH column represents the relative activity of pN to 
pH fusion plasmids. F9RA = F9 cells treated with retinoic acid and cAMP. 

The ability of the PDI negative regulatory element to function in these various cell 
types was assessed by comparing the relative CAT activities directed by pH(-38), 
which contains the negative element with those of pN(-38), which does not (Table 4). 
In all of the cell types examined, the presence of the negative element reduces the 
amount of CAT activity generated. The magnitude of the inhibitory effect varies 
somewhat, suggesting that the negative element may function with different effi
ciencies in different cell types. The extent to which this reflects cell specificity, 
as opposed to species specificity, remains to be determined. 
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The in vivo function of the PDl negative regulatory element is unknown. When tested 
in cell lines derived from different lineages, the magnitude of the suppression 
observed varies by twoOfold. Whether these are biologically significant differences 
remains to be established. However, the greatest reduction is observed in kideny
derived Cos cells. The in vivo level of expression of PDl in the kidney is one of 
the lowest observed. Nevertheless, it is clear the the negative regulatory element 
alone does not regulate PDl expression. Rather, the cumulative activities of the 
negative and positive elements, as well as the promoter are probably responsible. 
Further detailed analysis of the 5' flanking region of PDl, as well as other SLA 
genes which display· distinct patterns of expression, should contribute significantly 
to an understanding of the mechanisms regulating class I gene expression. 
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Imm¥D0globulin SuperfamiIy Genes 

TInd, 1Su and Tthy form a nimolecular Complex Encoded 
Within the 1Su Locus on Chromosome 12 of the Mouse 

G.M. Petennan, R. Singbai, A. Dean, and F.L. Owen 

INTRODUCTION 

Greater than 90% of AKR mice spontaneously develop thymic lymphomas by 
8-10 months of age (Gross 1977). Thymic leukemia in these mice is 
caused by mink cell focus-forming (MCF) viruses that arise by 
recombination between ecotropic and nonecotropic MuLV (Hartley 1977). 
Although up to 90% of thymocytes in the preleukemic AKR mice may be 
infected by MCF viruses, as manifested by viral antigen expression, 
AKR thymomas have been reported to originate from only one clone of 
thymocytes (Pederson 1980; Chattopadhyay 1982). Therefore, infection 
and replication of these viruses in an immature thymocyte does not 
necessarily lead to transformation, and a particular 
leukemia-susceptible subpopulation of thymocytes may exist which 
represents the target cells of transformation by these polytropic 
viruses. 

As an approach to identify such a target-cell population, we examined 
AKR thymic leukemias using monoclonal antibodies specific for a series 
of alloantigens encoded by genes distal to the immunoglobulin (Igh-l) 
locus on chromosome 12 (Owen 1983). These antibodies recognize 
products of multiple linked genes which are expressed by 
thymus-derived lymphocytes at characteristic stages of development. 

In the present report we show in a series of immunoprecipitation 
studies that Igh-l linked T-cell alloantigens encoded by the Tsu 
region are expressed by AKR thymic leukemias. These results suggest 
that the cell susceptible to leukemogenesis may lie within the subset 
of T cells which express these determinants and will be useful in the 
design of strategies for cloning the genes encoding these proteins. 

MATERIALS AND METHODS 

Source of Cells 

AKRL tumor cells were adapted to in vitro growth by H. Hiai (Aichi 
Cancer Center Research Institute, Nagoya, Japan). Briefly, cell lines 
were established from spontaneous thymic leukemias in AKR/Ms mice by 
removal of leukemic thymus fragments as previously described 
(Kaneshima 1983). 

Metabolic Labeling , 
Cells were labeled with [ 35 Slmethionine as previously described. l 
Usually lxl07 cells in log phase were washed and resuspended in 1-2 ml 
of methionine free media for 1 hour at 37 0 C. [35 S lmethionine (200-400 
uCi, S.A. = 1120 Ci/mmol, NEN, Boston, MA) was then added and the 
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cells incubated an additional 3-4 hours at 37 0 C with occasional 
shaking. The cell pellet was washed in PBS containing 0.02% NaN3 and 
2 mg cold methionine/ml and then lysed by the addition of 1-2 ml cold 
lysis buffer. After ultracentrifugation at 35,000 rpm for 30 min at 
4°c (Beckman model L3-50 ultracentrifuge with a 50 Ti head) the 
supernatant was collected and used for immunoprecipitation. 

Subcellular Fractionation 

Cells to be fractionated were washed in PBS and resuspended in 0.5 ml 
cold 10 mM Tris, pH 7.4 containing 1 mM MgC12 and 1 mM KCL. The cells 
were subjected to 2 cycles of freeze-thawing and an additional 0.5 ml 
of the above buffer was added. The suspension was then centrifuged at 
BOO xG for 15 minutes at 4 0 c, the supernatant was removed, an 
additional 0.5 ml Tris buffer was added to the cell pellet, and the 
suspension was recentrifuged. This step was repeated twice and o.B ml 
of Tris buffer was added to the final pellet which contained the cell 
nuclei. The pooled supernatants were then centrifuged at 100,000 x G 
for 1 hour at 4°c (Beckman L3-50 Preparative Ultracentrifuge). The 
supernatant contained cell cytosol; cell membranes were obtained by 
resuspending the pellet in lysis buffer. In order to assess the 
purity of isolated subcellular components, 5 ' -nucleotidase and lactic 
dehydrogenase (LDH) activity was analyzed in each fraction (Quigley 
1976) • 

Iodination of Subcellular Fractions 

Subcellular fractions were isolated from log phase cells. Isolated 
membranes, cytosol and nuclei were then labeled with 12~ by the 
iodogen bead method. Briefly, 0.5 mCi 1251 (high pH, high 
concentration, S.A. = 17.4 Ci/mg, NEN Products, Boston, MA) was added 
to each subcellular component in a total volume of 0.4-0.6 ml 10 mM 
Tris, pH 7.4 containing 1 mM MgC12 and 1 mM KCL. Two iodobeads 
(Pierce Chemical Co., Rockford, IL) were added to each subcellular 
fraction and all fractions were placed on a rocker platform for 1 hour 
at 4 0 c. The beads were then removed and 200-400 ul of each fraction 
was immunoprecipitated as described below. 

Immunoprecipitations 

Radiolabeled whole cell lysates, subcellular fractions or cell free 
supernatants were immunoprecipitated as previously described. 2 
Briefly, affinity purified monoclonal antibodies specific for Tsu 
linked alloantigens were added to radiolabeled cell fractions for 
16-1B hours at 4°c. In most experiments 12-25 ug/ml affinity purified 
monoclonal antibody was added to radiolabeled cell lysates or 
subcellular fractions. Isotype identical negative control antibodies 
used included anti-Thy 1.2 (uk), myeloma proteins MOPC-21 (Ylk) and 
TEPC-1B3 (uk). In some experiments, polyclonal goat anti-MuLV gp70 
was used as a positive control. Fifteen microliters of affinity 
purified rabbit anti-mouse Ig (Jackson Immunoresearch, Avondale, PAl 
was then added to each cell extract for 2 hours at 4°c followed by the 
addition of Protein A beads (Sigma) for 2 hours at 4 0 c on a rocker 
platform. The beads were then washed 3 times in cold lysis buffer and 
boiled for 5 minutes in the presence of 2x sample buffer (0.125M 
Tris-HC1, pH 6.B, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% 
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bromphenol blue). All samples were then centrifuged for 10 minutes 
and the supernatants were analyzed by SDS-PAGE. 

Peptide Mapping 

Limited proteolysis was performed by the method of Cleveland (1977). 
Briefly, individual polypeptides identified after iodination and 
immunoprecipitation with anti-Tthy, anti-Tind or anti-Tsu were 
analyzed by SDS-EAGE and cut from the dried gel. Each piece was then 
rehydrated in sample buffer for 1 hour at room temperature and 
individual pieces containing equal CPM were analyzed by SDS-PAGE 
either in the absence or presence of Staphylococcus aureus v8 protease 
(Miles Labs). 

Silver Stain 

Supernatants were collected from cell lines incubated overnight in 
serum-free media. The supernatants were then concentrated and 
aliquots of concentrated supernatant were immunoprecipitated with 
anti-Tind or a negative control antibody and analyzed by SDS-PAGE. 
The gels were then visualized after silver staining (Bio-Rad). 

RESULTS AND DISCUSSION 

Owen and co-workers (Owen 1983) have identified a cluster of murine T 
cell specific genes approximately 4 map units distal to the Igh locus 
and proximal to the locus for serum prealbumin on chromosome 12 (Fig. 
1) • 

Cemronere h,. 
-------.,..~ 

Lyb·7 

Ly·16 

'911 T~~ lInol PoI,!!'!t"sm 
- I I I I 
1-4-t--6--+-~--20--

t--I 
env34 L),-7 

H-<O 

Metl'lA 

Figure 1 and Legend: Map of chromosome 12 of the mouse demonstrating 
the map position of the Tsu region and the presumed retroviral 
insertion site env 34 which may act as an LTR for Tsu region 
molecules. 

This gene complex has been designated Tsu (Owen 1983) and the protein 
products of this locus have been identified by monoclonal antibodies 
derived following immunization of Balb/C mice with T cells from the 
Igh allotype congenic strain C.AL-20 as previous described (Owen 
1983). More recently, we have demonstrated that spontaneous leukemia 
in AKR mice results in the transformation of thymocytes which express 
elevated levels of Tsu gene products (Owen and Peterman 1984). In the 
present report we identify the protein products of this gene complex 
and present evidence that these proteins may be the products of 
separate genes which form a trimolecu1ar complex. 

The results shown in Fig. 2 indicate that monoclonal anti-Tthy and 
anti-Tind recognize similar components present on plasma membranes 
obtained from AKR thymus and the cloned AKR thymic leukemia cell 92.1. 
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Figure 2 and Legend: SOS-PAGE of 6-month-old AKR thymus and the 
cloned AKR cell line 92.1. Plasma membranes were obtained by 
alternate cycles of freeze-thawing, labeled with 12 51 and 
immunoprecipitated with anti-Tthy, anti-Tind or isotype identical 
negative control antibodies. 1mmunoprecipitates were analyzed on 12% 
acrylamide gels under reducing conditions. 

Figure 3 and Legend: SOS-PAGE of AKR thymic leukemias 79 and 225. 
Cells (lxlO r ) wer~ labeled with (35S)-methionine for 3 hours at 37°C. 
The cells were then washed and lysed as described. Cell lysates were 
immunoprecipitated with anti-Tthy, anti-Tind or an isotype matched 
negative control and analyzed by SOS-PAGE under reducing conditions 01 

12% acrylamide gels. 

Anti-Tthy immunoprecipitates polypeptides of 69-72 Kd, and anti-Tind 
weakly recognizes a polypeptide of similar mobility on SOS-PAGE and a 
second polypeptide of 52 Kd. These results were obtained by 
immunoprecipitation of iodinated plasma membranes. Similar results 
were obtained by metabolic labeling and SOS-PAGE of AKR thymic 
leukemia lysates (Fig. 3), however, an additional 93 Kd polypeptide is 
recognized by monoclonal anti-Tthy, which is not evident after 
iodination of isolated plasma membranes. 

The results of subcellular fractionation experiments indicate that the 
93 Kd polypeptide identified by anti-Tthy remains localized to the 
cell cytosol (data not shown). These polypeptides form a complex of 
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130-150 Kd identified by SDS-PAGE under non-reducing conditions (data 
not shown). The focus of the present communication is to address the 
similarity among the polypeptides recognized by anti-Tthy, anti-Tind 
and anti-Tsu using peptide maps obtained by limited proteolysis 
(Cleveland 1977). We first examined the possibility that the 69 Kd 
polypeptide recognized by anti-Tthy and the 52 Kd polypeptide 
recognized by anti-Tind are processed determinants on the same 
polypeptide. Using proteolytic cleavage with Staphylococcus aureus vB 
protease, peptide maps were obtained and are shown in Fig. 4. In 
these experiments the 69 Kd and 52 Kd polypeptides immunoprecipitated 
by anti-Tthy and anti-Tind, respectively, were cut from the gel and 
rehydrated. The gel slices were then divided into two pieces and 
reanalyzed by SDS-PAGE, either in the presence or absence of VB 
protease. 

"--

Figure 4 and Legend: Proteolytic cleavage analysis of membrane 
polypeptides from AKR 79 recognized by anti-Tthy and anti-Tind. 
Specific polypeptides were cut from dried gels and reanalyzed by SDS
PAGE on 12% gels under reducing conditions, either in the absence or 
presence of 2 ug vB protease per lane. 

These results indicate the polypeptide recognized by anti-Tthy and 
anti-Tind share peptides of similar apparent molecular weight; 
however, additional peptides are visualized in the Tthy lane, which 
are absent after digestion of the anti-Tind immunoprecipitates. We 
conclude that the 69 Kd polypeptide recognized by anti-Tthy is not 
identical to the 52 Kd polypeptide recognized by anti-Tind, although 
the possibility that they share a common 52 Kd peptide cannot be 
excluded. 

Because anti-Tind and anti-Tsu identify polypeptides with similar 
mobility in SDS-PAGE, limited proteolytic cleavage was used to 
determine the degree of similarity between the determinants recognized 
by these antibodies. These results are shown in Fig. 5 and indicate 
the 50-52 Kd polypeptides recognized by these monoclonal antibodies 
have characteristic cleavage sites identified by exposure to 
Staphylococcus aureus VB protease • .. 
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Figure 5 and Legend: Proteolytic cleavage analysis of cytosol and 
membrane polypeptides from AKR 225 recognized by anti-Tind and anti
Tsu. Specific polypeptides recognized by anti-Tind and anti-Tsu were 
cut from dried gels and reanalyzed by SDS-PAGE on 12% gels under 
reducing conditions either in the absence or presence of 2 ug 
Staphylococcus aureus v8 protease per lane. 

Although these results indicate that the determinants recognized by 
anti-Tind and anti-Tsu have a similar composition, the results shown 
in Fig. 6 indicate the polypeptide recognized by anti-Tsu possesses 
additional sites which are more resistant to v8 protease than the 
determinants recognized by anti-Tind. Although both polypeptides 
migrate with similar mobility in SDS-PAGE in the presence of 1 ug vB 
protease, exposure to increasing concentrations of protease markedly 
increased the mobility of the determinants recognized by anti-Tind 
obtained after iodination of either serum-free cell supernatants or 
purified plasma membranes. These results indicate that the peptide 
composition of the determinants recognized by anti-Tind and anti-Tsu 
are not identical, since different patterns of digestion were observed 
in the presence of v8 protease. 

The determinants recognized by anti-Tind were then quantitated by 
silver staining as shown in Fig. 7. Monoclonal anti-Tind or an 
isotype identical negative co ntrol were incubated with aliquots of 
Amicon-concentrated, serum-free cell supernatant obtained after 24 
hour culture of 2.5x10 6 cells. Immunoprecipitates were then analyzed 
by SDS-PAGE and visualized by silver staining. These results indicate 
that AKR thymic leukemias spontaneously release polypeptides in 
sufficient quantity (70-90 ng from 2.5xl0 6 cells) to be sequenced as a 
prelude to efforts to clone the components of the Tsu genomic region. 
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Figure 6 and Legend: Proteolytic cleavage analysis of supernatant and 
membrane polypeptides recognized by anti-Tind and anti-Tsu from AKR 
225. Specific polypeptides were removed after SDS-PAGE and incubated 
with 1, 10 or 100 ug v8 protease per lane and reanalyzed by SDS-PAGE. 

23 45 
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Figure 7 and Legend: SDS-PAGE of polypeptides recognized by anti-Tind 
from AKR thymoma 79 supernates developed with silver stain (Bio Rad). 
Lane 1, protein mw markers; Lane 2, BGV cell line supernatant 
immunoprecipitated with control antibody or, Lane 3, with anti-Tind; 
Lane 4, cell line supernatant immunoprecipitated with control antibody 
or, Lane 5, with anti-Tind. 
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ill. Allelomorphic and Mutant Phenotypes 



Immunologically Related Loci 

Lps Gene-Associated Functions 

S.N. Vogel and M.J. Fultz 

SENSITIVITY TO LPS IS GENETICALLY CONTROLLED 

As a result of a spontaneous mutation estimated to have occurred 
between 1960 and 1965, the C3H/HeJ mouse strain now exhibits a 
profound state of hyporesponsiveness to endotoxin, the ubiquitous 
lipopolysaccharide (LPS) cell wall component of Gram negative 
bacteria. The failure of C3H/HeJ mice to respond to LPS in vivo is 
reflected by the failure of a variety of cell types derived from 
these mice (i.e., B cells, T cells, macrophages, and fibroblasts) to 
respond to LPS in vitro (reviewed in Rosenstreich 1985). Based on 
genetic analyses using the C3H/HeJ mouse in crosses with other fully 
LPS-responsive strains, it is now recognized that the capacity to 
respond to LPS is controlled by a single, autosomal gene, ~, for 
which a normal allele (~n) and a defective allele (~d) have been 
defined (reviewed in Rosenstreich 1985). The in vivo or in vitro 
responses to LPS exhibited by F1 progeny of ~n/~n X ~d/~d 
crosses have been found to be intermediate, indicating that the ~ 
gene is codominantly expressed (Sultzer 1972; Glode and Rosenstreich 
1976; Watson et al. 1977b; Rosenstreich et al. 1978; McGhee et al. 
1979). Using recombinant inbred strains derived from LPS-responsive 
and hyporesponsive strains, as well as backcross linkage analyses, 
Watson ~~. (1977,1978,1980) demonstrated that the gene which 
controlled both in vivo responsiveness to LPS and the capacity of 
spleen cells to respond proliferatively to LPS in vitro, was located 
on Chromosome 4 between the ~ (major urinary protein) and the Ps 
(polysyndactyly) loci, near the brown coat color locus (Q). The 
recombination frequency between ~ and ~ was estimated in these 
studies to be 0.06 ± 0.02 (Watson et al. 1978). To date, the product 
of the ~ gene has not been identified. However, it has been 
postulated that C3H/HeJ mice fail to respond to LPS due to the 
faulty expression of a membrane-associated element (Forni and 
Coutinho 1978) or from an impaired capacity to process LPS into a 
suitably stimulatory form (Truffa-Bachi et al. 1977). 

Two other mouse strains have also been characterized as endotoxin
hyporesponsive: the C57BL/10ScCR strain (Coutinho et al. 1977) and 
its progenitor strain, C57BL/10ScN (Vogel et al. 1979). The 
LPS-hyporesponsiveness exhibited by C57BL/10ScCR mice has also been 
mapped to Chromosome 4 (Coutinho and Meo 1978) and Fl progeny 
derived from C3H/HeJ X C57BL/10ScCR crosses fail to respond to LPS 
(i.e., they possess non-complementary mutations; Coutinho and Meo 
1978; Watson et al. 1980). The mutation which led to the ~d 
phenotype in the C57BL/10ScN strain has been estimated to have 
arisen some time between 1947 and 1961 (Vogel et al. 1979). 

C3H/HeJ MACROPHAGES EXHIBIT DIFFERENTIATION DEFECTS 

~he differentiation of macrophages to a fully activated state is 
driven in a step-wise fashion by environmental signals, such as 
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cytokines and LPS (reviewed in Rosenstreich 1981). The finding that 
administration of potent macrophage activating agents greatly 
increased LPS responsiveness in normal (~n) mice, and resulted in 
a transient reversal of LPS-hyporesponsiveness in C3H/HeJ (~d) 
mice, led to the hypotheses that: (i) the degree of LPS 
responsiveness exhibited by a particular strain was correlated with 
the level of activation exhibited by their macrophages, and (ii) 
macrophages derived from C3H/HeJ mice might exhibit a lower state of 
differentiation than macrophages derived from fully LPS-responsive 
strains. To fest the latter hypothesis, macrophages from fully 
LPS-responsive C3H/HeN or C3H/OuJ mice were compared with C3H/HeJ 
macrophages for their ability to bind and phagocytose 51Cr-labeled, 
opsonized sheep erythrocytes as a measure of Fc receptor expression, 
a well-characterized marker of macrophage differentiation. 
Macrophages from C3H/HeN (~n) mice were found to increase their Fc 
receptor capacity in vitro, in striking contrast to macrophages 
derived from C3H/HeJ mice. By 48 hr in culture, C3H/HeJ macrophages 
(resident peritoneal or thioglycollate-elicited) exhibit a profound 
deficit in their capacity to bind and phagocytose via Fc receptors 
(Vogel and Rosenstreich 1981; Fig.1, Medium). These findings were 
confirmed using a second ~n (C57BL/10Sn) vs. ~d (C57BL/10ScN) 
strain pair. The defect in Fc receptor capacity was found to be 
fully correctable by treatment of macrophages with crude lymphokine 
supernatants, and subsequent biochemical and serological 
characterization of the active factor supported the conclusion that 
the active factor was interferon-y (IFN-y). These findings have since 
been extended by the demonstration that various purified and 
recombinant IFN (rIFN) preparations (i.e., highly purified murine 
IFN-a/~, murine rIFN-y, some human rIFN-a species (Fertsch and Vogel, 
1984), and murine rIFN-~ (unpublished» augment Fc receptor capacity 
in C3H/HeJ macrophages. Treatment of C3H/HeJ macrophages with 
purified IFN-a/~ resulted in an increase in the number and density of 
Fc receptors, with no change in affinity (Vogel et al. 1983). 

The finding that exogenous interferons could normalize the ~d 
phenotype with respect to Fc receptor expression, led to the 
hypothesis that the failure of C3H/HeJ mice to respond to naturally 
occurring levels of LPS results in a failure to produce adequate 
levels of endogenous, macrophage-derived IFN. This LPS-induced 
cytokine might provide an essential autocrine signal for the 
maintenance of the macrophage at a certain "normal" (i.e., 
~n-like) level of differentiation. Since macrophages have been 
shown to produce IFN-a/~ in response to LPS (Ho 1980), C3H/HeN and 
C3H/HeJ macrophages were treated with anti-IFN-a/~ antibody and 
assessed for their ability to phagocytose via Fc receptors. Figure 
1 illustrates that treatment of C3H/HeN macrophages with anti-IFN-a/~ 
antibody, but not with a control antibody, reduced their capacity to 
phagocytose to levels exhibited by C3H/HeJ macrophage cultures. 

This hypothesis was further supported by the findings that: (i) 
co-culture of C3H/HeN and C3H/HeJ macrophages resulted in greater Fc 
receptor expression than expected; (ii) culture supernatants from 
unstimulated C3H/HeN macrophages induced a significant increase in 
C3H/HeJ Fc receptor capacity; and, (iii) expression of a second 
differentiation marker, Mac-1, decreased spontaneously in C3H/HeN 
macrophage cultures with time; C3H/HeJ macrophages had to be treated 
with exogenous IFN-a/~ to inhibit Mac-1 to comparable levels. 
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Fig. 1. Fc-mediated phagocytosis in C3H/HeN (~n) and C3H/HeJ 
(~d) macrophages treated with medium only, anti-control antibody, 
or anti-IFN-a/~. Data taken from Vogel and Fertsch (1984). 
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In light of the well-characterized antiviral activity of 
interferons, the hypothesis was tested further by comparing 
macrophages from LPS-responsive and hyporesponsive mouse strains for 
susceptibility to infection with Vesicular Stomatitis Virus (VSV; 
Vogel and Fertsch 1987). Thioglycollate-elicited, peritoneal 
exudate macrophages derived from fully LPS-responsive mouse strains 
(C3H/OuJ or C57BL/10J) were refractory to vsv infection (Mal = 0.1) 
in vitro, whereas macrophages derived from C3H/HeJ or C57BL/10ScN 
mice were permissive for VSV and replicated virus to high titers, 
resulting in complete destruction of the macrophage monolayer within 
24 hr of infection. Levels of the enzyme 2'5'-oligoadenylate 
synthetase, an IFN-inducible marker, were approximately 10-fold 
higher in LPS-responsive macrophages. Susceptibility to VSV could be 
partially induced in LPS-responsive macrophages by exposure to 
anti-IFN-a/~ antibody in vitro (Figure 2). The concentration of 
antibody used in these studies (1:400) was chosen based on the 
capacity of this same antibody to inhibit Fc-mediated phagocytosis 
half maximally (Figure 1). Taken collectively, these findings 
strongly support the hypothesis that in genetically "normal" (~n) 
animals, LPS provides a naturally occurring stimulus that results in 
the production of IFN-a/~ by macrophages. This endogenous IFN, in 
turn, is utilized by the macrophage as an autostimulatory 
differentiation signal (e.g, for the maintenance of Fc receptor 
expression). In many ways the ~d macrophages are phenotypically 
very comparable to macrophages derived from mice injected with high 
titered anti-IFN-a/~ antibody (i.e., they are sensitive to virus 
infection in vitro and exhibit depressed 2'5'-oligoadenylate 
synthetase levels; Gresser et al. 1985). The recent findings of 
Gessani et al. (1987), that freshly explanted, resident peritoneal 
cells from ~n strains, but not ~d strains, can confer an 
antiviral state upon peritoneal macrophages which have been "aged" 
in culture to induce virus susceptibility, are also consistent with 
this hypothesis. 
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Fig. 2. Effect of anti-IFN-a/p antibody on VSV replication in 
C3H/OuJ (~n) and C3H/HeJ macrophages (Vogel and Fertsch 1987). 

POSSIBLE RELATIONSHIP BETWEEN THE ~ GENE AND THE Ifa LOCUS 

Based on the combined results of backcross linkage analyses and 
linkage analyses using recombinant inbred strains, Watson et al. 
(1978) estimated the precent recombination frequency between ~ 
and ~ to be 6 ± 2, and the recombination frequency between ~ and 
Ps to be 13 ± 7 (Figure 3). In a recent study by DeMaeyer and 
Dandoy (1987), two three point crosses were carried out (Figure 3). 
In the first analysis (using~, the interferon-a locus (~), 
and misty coat color (m) as markers), the percent recombination 
frequency between ~ and ~ was determined to be 13.6 ± 3.6. 
However, when a second analysis was carried out in which the gene 
order and recombination frequencies were determined using ~, 
brown coat color (Q), and~, the map distance between ~ and 
Ifa was determined to be 5.3 ± 3.0. Thus, the positions of ~ 
relative to ~ and of ~ relative to ~ may be coincidental. 

Since the ~ locus has been shown to be comprised of approximately 
15 structural genes (reviewed in DeMaeyer and Dandoy 1987), it is 
possible that the endogenous IFN defect exhibited by ~d mice is 
the result of a mutation within the ~ locus. To test this 
hypothesis, Southern blot analysis of DNA derived from C3H/HeJ 
(~d) and C3H/OuJ (~n) mice was carried out using IFN-a2 cDNA 
(kind:} provided by Dr. Paula Pitha-Rowe) as a probe. Our 
prelinunary findings indicate that when Bgl I was used as the 
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restriction endonuclease, strain specific banding patterns were 
detected. This suggests several possibilities: (i) the ability of 
mice to respond to LPS may be dependent upon the induction of an 
endogenous lFN-a, the gene for which is defective in ~d mice, or 
(ii) separate, but closely linked mutations exist in 
LPS-hyporesponsive mice, one within the ~d allele and one within 
the lFN-a gene cluster. Additional experiments are underway to 
distinguish between these possibilities . 

• Watson IIJII. (1978) DeMaeyer and Dandoy (1987) 
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Fig. 3. Comparison of the linkage analyses performed on chromosome 
4 markers by Watson et al. (1978) and DeMaeyer and Dandoy (1987). 

Since the failure of macrophages to produce IFN endogenously results 
in a lowered state of macrophage differentiation, as observed in 
macrophages derived from ~d mice, this may also underlie the 
observations that susceptibility to Salmonella typhimurium (O'Brien 
~~. 1980) and the failure to respond to BCG to develop 
macrophages activated to a tumoricidal state (Ruco ~~. 1978) have 
been formally linked to the expression of the ~d allele. 
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Immunologically Related Loci 

The Immunobiology of the T Cell Response to Mis Locus 
Disparate Stimulator Cells 
C.A. Janeway, Jr. 

INTRODUCTION 

The MIs locus described by Festenstein (1973) is a murine locus at which polymorphism 
leads to unidirectional stimulation in mixed lymphocyte reactions (MLR). Initially, four 
alleles were described, but recent analysis has shown that these original assignments 
probably reflect two segregating loci, each with two alleles (Abe et ai, 1987). In describing 
the immunobiology of the T cell response to MIs locus disparities, I will consider only those 
mapping to chromosome 1 r originally termed Mlsa and Mlsb for the stimulating and 
responding alleles respectively. Disparities at this locus stimulate the most potent and 
reproducible responses in primary MLR, and are consequently the most interesting for 
immunobiological analysis. 

RESULTS 

In this section, I will briefly describe the salient features of the T cell response to stimulator 
cells disparate at the MIs locus, using published data to make each point. Once the 
characteristics of this response are defined, the implications of these findings will be 
discussed and used to make predictions about the nature of the product of the MIs locus. 

Primary T Cell Responses to MIs Locus Disparate Stimulator Cells Are Unidirectional 

When T cells from an Mlsb strain are mixed with mitomycin C-inactivated stimulator cells of 
an Mlsa strain in MLR, a potent primary T cell proliferative response is obtained. When the 
reciprocal combination is used, no significant T cell proliferation is observed (Festenstein, 
1973; Janeway and Katz, 1985). This unidirectionality in the primary T cell proliferative 
response to Mlsa stimulator cells is a unique feature of this MLR. MLR carried out between 
lymphocytes from strains differing at the MHC are always bi-directional, with the sole 
exception of responses of T cells from I-E negative strains to stimulator cells from I-E 
positive strains that are otherwise MHC identical, such as B1 0.A(4R) anti-B1 0.A(2R) (Lerner 
et ai, 1980). 

The FreQuency of T Cells Responding to MIs Locus Disparate Stimulator Cells is Greater 
than the FreQuency of T Cells Responding to MHC Disparate Stimulator Cells 

The intensity of the primary MLR induced by MIs locus disparate stimulator cells suggested 
that the number of T cells responding in such cultures was very high. In fact, several groups 
have measured the precursor frequency of T cells responding to MIs locus disparate 
stimulator cells (Janeway et ai, 1980; Lutz et ai, 1981; Miller and Stutman, 1982), and all 
have found that about five-fold more T cells respond to such differences than respond to 
MHC differences in MLR. As the frequency of T cells responding to an MHC difference has 
been estimated to be 3-5%, this places the frequency of T cells responding to MIs locus 
disparate stimulators at approximately 20% of all T cells. 
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The T Cells Responding to MIs Locus pisparate Stimulator Cells are CD4 Positive 

T cells respond more potently to Mis locus disparate stimulator cells than do whole spleen 
cells, and CD4+ T cells respond more potently than unfractionated T cells (Janeway et ai, 
1980). The T cell blasts recovered from primary MLR responding to MIs locus disparities 
are 85-90% CD4+ and only 10-15% CD8+ (Janeway et ai, 1980; Jones et ai, 1986). 
Cloned T cell lines that respond to MIs locus disparities are also CD4+ (Katz et ai, 1986). 

T Cells Responding to MIs Locus Disparate Stimulator Cells Are not MHC Restricted. but 
MHC Polymorphism Does Affect Such Responses 

There has been controversy about the role of the MHC in T cell responses to Mis locus 
disparate stimulator cells. Originally, using the response to MIse disparate stimulator cells, 
Peck et al (1977) described what appeared to be MHC restriction in this response. This 
was extended to Mlsa by Janeway et al (1980) and by Gress et al (1981). However, 
Molnar-Kimber andl Sprent (1980) did not observe MHC restriction in such responses, and 
lines (Janeway et ai, 1980) and clones (Webb et ai, 1981; Jones and Janeway, 1982) of T 
cells responsive to MIs a stimulator cells did not show MHC restricted recognition. 
Nevertheless, using recombinant inbred strains of mice, an influence of MHC on the 
intensity of the response of both normal T cells and cloned T cell lines was reported by 
Jones and Janeway (1982) and confirmed by Lynch et al (1985). In particular, strain DBAl1 
(Mlsa, H-;fl) is ineffective as a stimulator for cloned T cells lines responsive to Mlsa 
stimulator cells, while congenic lines D1.LP (Mlsa,H-2b) and D1.C (Mlsa, H-z::i) are 
effective stimulators of these same cloned T cell lines. Thus, MHC genotype does 
significantly affect the ability of Mlsa stimulator cells to induce T cell proliferative responses. 

T Cell Proliferative Responses to Mis Locus Disparate Stimulator Cells are Inhibited by 
Antibodies Specific for Class II MHC Molecules Borne by the Stimulator Cells 

To examine the role of MHC molecules in T cell proliferative responses to Mis locus 
disparate stimulator cells more directly, anti-MHC monoclonal antibodies were tested for 
their ability to inhibit these responses. Anti-class II MHC monoclonal antibodies were found 
to inhibit such responses by both normal T cells and cloned T cell lines (Janeway et ai, 
1980; Debreuil et ai, 1982; Janeway and Katz, 1985; Katz and Janeway, 1985), with anti-I-E 
antibodies inhibiting most responses more effectively than anti-I-A antibodies. However, 
inhibition is observed using either anti-I-A or anti-I-E antibodies, and complete inhibition is 
usually achieved with very low concentrations of a mixture of anti-I-A and anti-I-E 
antibodies. Inhibition of responses to MIs locus disparate stimulator cells is more readily 
achieved relative to inhibition of responses to MHC disparate stimulator cells. These data, 
taken together with the influence of MHC on primary responses and responses of cloned T 
cell lines, strongly implicate the class II MHC molecules in such responses. 

T Cell Responses to MIs Locus Disparate Stimulator Cells are Inhibited by Antibodies 
Directed at the CD4:T Cell Receptor Complex 

To examine the structures on the T cell that are involved in the response to MIs locus 
disparate stimulator cells, monoclonal antibodies specific for CD4 and the variable region 
of the T cell receptor have been tested for their ability to inhibit such responses. Anti-CD4 
potently inhibits all such responses (Janeway and Katz, 1985). When cloned lines 
expressing V regions reactive with the monoclonal antibody KJ-16 were tested, this 
antibody also inhibited responses of such cells to Mis locus disparate stimulator cells (Katz 
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and Janeway, 1985). As CD4 appears to be functionally a part of the T cell receptor 
complex specific for class II MHC ligands (Saizawa et ai, 1987; Janeway et ai, 1988), these 
data strongly implicate the CD4:T cell receptor complex in responses to MIs locus disparate 
stimulator cells. 

Cloned T Cell Lines Specific for a Wide Variety of Pifferent Antigen:Class " MHC 
Differences Respond to MIs Locus Disparate Stimulator Cells 

Cloned T cell lines normally show strict specificity for a peptide fragment of a protein 
antigen and a particular self class" MHC molecule; about 3% also respond to a given class 
" MHC alloantigen (Janeway et ai, 1982). When similar analyses are carried out using 
Mlsa stimulator cells to activate Mlsb cloned T cell lines, about 20% respond (Katz and 
Janeway, 1985). These figures accord well with the precursor frequencies observed using 
normal T cells in similar responses, and suggest that responsiveness to MIs locus disparate 
stimulator cells is distributed independently of specificity for antigen and self class" MHC. 
Similar results have been obtained in studies from several laboratories (Braciale and 
Braciale, 1981; Janeway et ai, 1983; Abromson-Leeman and Cantor, 1983; Ben-Nun et ai, 
1983). 

MIsf1 Stimulator Cells Present Antigen More Efficiently to Cloned. Class" MHC Restricted T 
Cells than Do MIsi2 Stimulator Cells 

When cloned T cell lines that lack overt reactivity to. Mlsa stimulator cells are examined for 
their ability to respond to antigen presented by stimulator cells from Mlsa or Mlsb strains, 
one finds that stimulator cells from Mlsa strains present antigen about 10 fold more 
efficiently than stimulator cells from Mlsb strains (Janeway et ai, 1983). This is true for 
antigens presented in association with I-A or I-E molecules, of various MHC genotypes. 
This result suggests that MIs stimulatory alleles expressed on antigen presenting cells 
somehow promote the stimulation of the T cell through its receptor by antigen:class " MHC 
complexes. 

DISCUSSION 

The findings cited above clearly implicate recognition of class" MHC molecules by the 
CD4:T cell receptor complex in the unidirectional response of T cells to MIs locus disparate 
stimulator cells. This finding increases the fascination of this locus, as MIs locus disparity 
has a remarkable effect on the interaction of the T cell receptor with its class" MHC ligand. 
Normally, T cell receptors respond to class II MHC molecules with exquisite specificity. That 
a single locus could encode a change in stimulator cells that leads to responses with little 
specificity for MHC polymorphism, including the relatively equal role of I-A and I-E 
complexes in these responses, suggests that whatever the product of the MIs locus may be, 
understanding it will lead to a clearer understanding of the recognition of class" MHC 
molecules by the T cell receptor. 

Several models have been proposed to account for the behavior of the MIs locus. It has 
been proposed that the MIs locus encodes a minor H antigen that associates with class II 
MHC. However, this model is unlikely since minor H antigen recognition is usually 
preCisely MHC restricted. A second proposal is that the MIs locus encodes a translocated 
class" MHC molecule. This is also unlikely, since antibodies to conventional class" MHC 
molecules inhibit this response, and do so in a fashion that is specific for the MHC of the 
stimulator cell. A third proposal is that the Mis locus encodes a cellular mitogen that acts on 
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a mitogen receptor on the T cell. This proposal would require that T cells from strains 
bearing stimulatory alleles at Mis would lack this receptor, either genetically or through 
ontogenetic selection. It would also require that the mitogen somehow require class (( MHC 
interaction with the T cell receptor. 

The three proposals on which most attention is presently focused all accomodate readily 
the observation that the T cell receptor and its class (( MHC ligand must interact for Mis 
locus disparities to be effective in stimulating T cell responses. The first is that the product 
of the Mis locus encodes or regulates the expression of a molecule expressed on the 
antigen presenting cell that promotes effective interaction of the T cell receptor with its class 
(( MHC ligand. This molecule could be an adhesion strengthening molecule or a ligand for 
an undefined T cell surface receptor. This receptor would have to work in concert with the 
conventional T3 associated receptor to account for the effect of anti-receptor antibody on 
the response. However, this proposal does have the virtue of accounting for the 
augmented presentation of antigen associated with Mlsa antigen presenting cells. 

A second possibility is that the MIs locus encodes a peptide that associates with class (( 
MHC molecules very effectively, and also has affinity for a wide variety of T cell receptors. 
This would account for the ability of MIs locus disparate stimulator cells to signal via the T 
cell receptor, and for the role of class (( MHC molecules in MIs locus responses. It could 
also be argued that such signals are delivered to all T cells, only some of which are overtly 
responsive, the others showing a lowered threshold for responsiveness, which would again 
account for the augmented antigen presentation by MlsB stimulator cells. This proposal is 
of interest, as such peptides could also be envisioned as playing a role in the selection of 
the self class 1,1 MHC recognizing repertoire, as has been proposed (Janeway et ai, 1983). 
Such a universal class (( binding and T cell receptor stimulating peptide would be unique, 
and would have to be able to drive the T cell receptor away from its normal high degree of 
specificity for self class (( MHC. This possibility is particularly interesting in light of some 
bacterial mitogens that appear to have this behavior (Lynch et ai, 1986; Buxser and 
Janeway, unpublished observations). 

Finally, it has been proposed that the MIs locus encodes a molecule with a regulatory 
function, the inhibition of autoreactivity. By this hypothesis, Mlsa stimulators would signal 
down-regulation less effectively than Mlsb stimulators. This proposal is outlined in detail by 
Hammerling (this volume). The main problem with this hypothesis is that one has to argue 
that genetically, down regulation is recessive. 

SUMMARY AND CONCLUSIONS 

The MIs locus is of great interest to immunobiologists because it encodes an unknown 
product whose expression causes a very potent T cell proliferative response. The 
stimulating cells present MIs locus disparities via class (( MHC molecules, and the 
responding T cells utilize the CD4:T cell receptor complex to recognize such differences. 
What is not known is the nature of the gene product of this locus. Three leading hypotheses 
are that it encodes a cell adhesion protein or receptor, that it encodes a peptide that 
interacts with class (( MHC and the T cell receptor in an unusual fashion, or that it encodes 
regulatory signals. All three hypotheses have interesting implications that make unravelling 
this mystery well worth achieving. 
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Immunologically Related Loci 

Genetic Analysis of Serologically Undefined Detenninants: A T 
Cell "Clonological" Analysis of the Mis System 

R. Abe and R.J. Hodes 

INTRODUCTION 

Just as the development of B cell hybridization techniques and the 
availability of B cell monospecific products (monoclonal antibody) 
have revolutionized basic immunological approaches, recently 
established techniques for T cell cloning have provided another 
powerful tool. Experiments utilizing T cell clones have provided 
information relevant to T cell specificity, function, and the 
biochemistry of the T cell receptor which had been difficult to 
obtain with polyclonal T cell populations. In this communication, 
we describe a "clonological analysis", i.e. the use of cloned T 
cells for genetic analysis of the strongly stimulatory, yet 
serologically undefined, T cell stimulatory determinants of the MIs 
(minor lymphocyte stimulatory locus) system. 

MIs System 

In the murine system, one set of determinants in addition to major 
histocompatibility complex (MHC) gene products is known to be 
strongly stimulatory for naive T cells. The gene locus encoding 
these determinants was designated as MIs (Festenstein 1973) and the 
Mlsa locus was mapped on chromosome 1 (Festenstein et al. 1977). 
While genetic, biochemical and molecular biological analysis of MHC 
genes and their products have been extensive and their biologic 
importance has been well documented, characterization of the nature 
of MIs remains extremely limited. One example is the formal 
genetic analysis of MIs. Although MIs was originally described as 
having four alleles, a, b, c, and d, each of which encodes 
polymorphic cell-surface determinants, a number of recent 
observationsa such as the high degree of crossreactivity between 
Mlsa and MIs , and the absence of any formal mapping of the genes 
encoding Mlsc and Mlsd , have led several investigators to question 
this original concept (Webb et al. 1981; Katz et al. 1985). 
Inasmuch as it is currently impossible to approach these essential 
genetic questions serologically, because of the lack of appropriate 
reagents, T cell clones specific for putatively differer.t allelic 
MIs products have been employed in the analysis of MIs genetics. 

T CELL CLONOLOGICAL ANALYSIS OF THE MIs SYSTEM 

overview 

Because of the characteristics of cloned T cells, this analysis has 
several unique advantages and disadvantages which must be 
considered. 
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Advantages: 
1) Each cloned T cell recognizes a single specific determinant. 
Therefore reactivity to a specific determinant can be assessed 
without being obscured by T cell reactivities to other determinants 
which are also present. 
2) Since T cell clones are selected for proliferative response to 
relevant determinants, they represent a uniform population of 
strongly responding cells. Therefore T cell responses to a given 
determinant are usually sensitive and stable, and nonspecific 
background responses are usually low. 
3) Cloned T cells permit the direct assessment of responses to a 
given determinant in the absence of regulatory influences such as 
those mediated by suppressor T cells. 

Disadvantages: 
1) Multiple crossreactivities of cloned T cells are often observed. 
2) The process of generating cloned T cells might select certain 
populations. Therefore, in terms of function and repertoire, 
cloned T populations are not necessarily representative of 
heterogeneous T cell responses. 
3) In general, T cells recognize antigenic determinants in 
conjunction with MHC gene products. Therefore, unlike serological 
analysis with antibodies which detect non-MHC determinants 
directly, in an analysis with cloned T cells, influences of MHC
gene products on T cell response must be considered . 

Approach 
1) MHC compatible and Mls disparate strain combination were 
selected for establishment of each Mls-specific cloned T cell line 
(Abe et al. 1987a, 1987b). 
2) The specificity of cloned T cells was determined based upon 
patterns of reactivity to inbred strains, backcross animals and 
recombinant inbred strains (see below). 
3) In order to avoid skewing of conclusions based upon the use of 
cloned populations, primary MLR using heterogeneous T cell 
populations were performed in parallel, and at least three 
different clones of each MIs specificity were employed for 
determination of MIs type. 

Generation and Identification of MIs-specific Cloned T Cells 

Generation of MIs-specific cloned T cells has been described in 
detail elsewhere (Abe et al. 1987a, 1987b). Briefly, Lyt-2-nylon 
wool nonadherent T cells isolated from unprimed B10.BR (H-2 k , Mlsb ) 
were cultured in the presence of H-2 identical, Mls disparate 
stimulators, such as AKR/J (Mlsa ), C3H/.HeJ (Mlsc ) or CBA/J (Mlsd ) 
for generation of Mlsa-, Mlsc- and Mlstl-specific T cell clones, 
respectively. After four cycles of stimulation, the T cell lines 
were cloned by limiting dilution in the presence of 10% lectin-free 
culture supernatant from Con A-stimulated BALB/c spleen cells as a 
source of IL-2. 

In order to employ cloned T cell populations in a genetic analysis 
of the Mls system, it was first critical to establish the 
specificities of these clones. since the gene encoding Mlsa 
determinants has been mapped by using BXD RI strains, the 
specificity of anti-AKR clones for Mlsa could be directly tested by 
the pattern of responses to 21 BXD RI strains in addition to a 
number of independent inbred strains (Table 1). All 11 BXD strains 
of the Mlsa genotype stimulated anti-AKR/J clones but none of the 
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10 Mlsb stains was stimulatory. This pattern of responsiveness was 
consistent with Mlsa specificity of these T cell clones. 

Table 1. Identification of specificities of anti-AKR/J clones 

strain Mls genotype Response of clones* 

AKR/J,DBA/2,D1.LP 
B10.BR, B10.D2, e57L/J 
BXD+ 5,8,9,11,22,24,25, 

27,28,29,30, 
BXD 1,6,12,13,14,15, 

16,18,19,23, 

a += 
b 
a + 

b 

* BARC1, BARB2, BARB12, AND BARC12 
+ (C57BL/6xDBA/2J) recombinant inbred strains 

+ or - indicates the presence or absence of response 

Unlike Mlsa, the Mlsc gene has not yet been formally mapped. 
Therefore, the only available means to determine whether T cell 
clones are Mlsc specific was to compare the pattern of 
proliferative responses of potential Mlsc-reactive clones with the 
primary anti-Mlsc responses of unprimed T cells to different 
stimulators. 

Table 2. Identification of specificities of anti-C3H/HeJ clones 

strain Primary MLR 
by non-Mls~ strain* 

C3H/HeJ, A/J 
B10.BR, B10.A 
BXH= 3,6,12,14 
BXH 7 
AKR x (AKRxC3H)F1 
2,3,5,6,7,8,9,10,12,13,14, 

15,16,19,20,22,23,24, 
1,4,11,17,18,21, 

+ 

+ 

+ 

* Response of unprimed AKR/J or B10.A T cells 
+ BC3C6, BC3B13 and BC3C13 

(C57BL/6xC3H/HeJ) recombinant inbred strains 

Response of 
anti-C3H clones+ 

+ 

+ 

+ 

Comparisons were made by stimulating unprimed T cells and cloned T 
cells derived from B10.BR (H-2k ) anti-C3H/HeJ (H-2k, Mlsc ) with 3 
different groups of mice (Table 2). C3H/HeJ and A/J, which have 
previously been typed as Mlsc strains, stimulated strong 
proliferative responses by clones as well as unprimed MHC 
comgatible T cells; while B10.BR and B10.A, which have been typed 
Mls , stimulated neither clones nor unprimed T cells. In a second 
group, BXH RI strains which originated from a combination of B6 and 
C3H/HeJ were employed and it was found that BXH 3,6,12, and 14, but 
not BXH 7, stimulated both unprimed B10.BR and anti-C3HjHeJ clones. 
Finally, and most conclusively& experiments were performed using 
AKR/J x (C3H/HeJXAKR/J)F1 [Mls x (Mlsax Mlsc )F1 J backcross 
animals. In the progeny of this backcross, there should be Mlsaja 
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and Mlsa / c animals. Therefore, if potential Mlsc-reactive clones 
are in fact Mlsc specific, these clones should respond to those 
stimulator cells that can stimulate unprimed AKR/J (Mlsa) T cells. 
On the basis of this hypothesis, responses of unprimed AKR/J T 
cells and clones to stimulator cells from a total of 24 backcross 
animals were studied. The response pattern of unprimed 
heterogeneous AKR/J T cells and anti-C3H/HeJ T cell clones were 
precisely concordant as shown in Table 2. Thus it appears that 
these clones recognize the determinants that define the Mlsc 
response. 

Analysis of Polymorphism in MIs 

Once the specificities of these Mlsa-reactive and Mlsc-reactive 
clones were defined, these clones were used as "reagents" for 
clonological analysis to address the question of MIs polymorphism. 

Table 3. Proliferative responses of Mlsa-and Mlsc-reactive clones 
to MIs-different stimulator cells 

Stimulator GenotYQe ResQonses of T cell clones 
strain H-2 MIs Anti-Mlsa Anti-Mlsc -

BARCI BARB 12 BC3C6 BC3B13 BC3C13 
AKR/J k a + + 
BlO.BR k b 
C3H/HeJ k c + + + 
CBA/J k d + + + + + 

As shown in Table 3, AKR/J (Mlsa ) stimulated Mlsa-specific T cell 
clones and C3H/HeJ (Mlsc ) stimulated Mlsc-specific T cell clones 
but not vice versa, indicating that Mlsa and Mlsc determinants 
recognized by T cells are antigenically different. From this point 
of view, the MIs system is truly polymorphic. However, 
experimental results also indicated that CBA/J (Mlsd ) stimulated 
both Mlsa- and Mlsc-specific clones, suggesting the coexistence of 
both Mlsa and Mlsc determinants on CBA/J cells. From this pattern 
of responses, two different interpretations appeared possible. 
First, different alleles of a single MIs locus might encode at 
least three polymorphic stimulatory molecules, Mlsa, Mlsc and Mlsd 
The Mlsd cells would express both Mlsa and Mlsc determinants on a 
unique Mlsd molecule. An alternative explanation is that Mlsd is 
not a unique MIs molecule but that Mlsd stimulators simply express 
both Mlsa and MIsc. In order to address this question, a 
clonological analysis was performed of Mlsd reactive T cell 
responses. 

A panel of BlO.BR (Mlsb ) anti-CBA/J (Mlsd ) clones were tested for 
their responses to 4 MIs-different stimulators (Table 4). Each of 
these clones responded to CBA/J stimulators but not to syngeneic 
BlO.BR, indicating that these clones were not self MHC-reactive. 
In addition to their reactivities to CBA/J, seven of nine clones 
responded to AKR/J (Mlsa) and two clones responded to C3H/HeJ 
(Mlsc ). None of these clones reacted with both AKR/J and C3H/HeJ. 
Further analysis of specificities of these clones using inbred 
strains, RI strains and backcross animals as described above 
indicated that determinants recognized b~ AKR/J-reactive and 
C3H/HeJ-reactive clones are in fact, MIs and Mlsc, respectively. 
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Although this clonal distribution of anti-Mlsd crossreacti~ity with 
Mlsa or Mlsc appeared to favor the idea that no unique MIs 
determinants exist, cloned T cell populations do not necessarily 
represent the whole repertoire of B10.BR for CBA/J. Therefore 
heterogeneous T cell responses were also studied. Since unprimed 
(AKR/JxC3H/HeJ)F1 [(M!SaxMlsc)F1] T cells did not significantly 
respond to CBA/J (MIs ) (data not shown; Abe et al. 1987b; Ryan et 
al. 1987), no evidence was obtained for the exisaence of unique 
stimulatory dete~inants expressed on CBA/J (MIs ) which are 
distinct from Mlsa and MIsc. 

Table 4. Responses of clones from a B10.BR anti-CBA/J line to 
stimulator cells from MIs-different strains 

Response of T cell clones with stimulator cells from 
T cell clones 

BCAC1 
BCAC2 
BCAC3 
BCAC4 
BCAC5 
BCAC6 
BCACIO 
BCAC12 
BCAC17 

AKR/J BIO.ER C3H/HeJ CBA/J 
(Mlsal (MIs 1 (Mlscl (MIsdl 

+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 

+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

Table 5. Response patterns of Mlsa-and Mlsc-specific T cell clones 
to stimulators from (AKRxC3H) x BIO.BR offspring 

Pattern of MIs expression Responses of clones No. of mice 
in offspring Mlsa-specific Mlsc-specific 

Group 1 + } 33 
+ Group 2 

+ } 37 
Group 3 + 

Group 4 
Total 70 

Allelism of MIs 

since no inbred mouse can express the product of more than one 
allele encoded by a single locus, the coexistence of Mlsa and Mlsc 
on CBA/J led us to ask whether the genes encoding these two 
determinants are in fact allelic. In order to address this 
question, a segregation analysis was carried out by testing the 
stimulatory capacity of s~leen cells fro~ progeny ,of (AKR/Jx 
C3H/HeJ)F+ x BIO.BR [(MIs xMlsc)F1 x MIs] breedings for Mlsa- and 
Mlsc-spec~fic cloned T cells. The hypothetical basis of this 
segregation analysis o/as the following: If the Mlsa and Mlsc 
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determinants were encoded by allelic genes, as originally progosed, 
all Os the offspring from this breeding would be either Mlsa / or 
Mlsc / genotypically and phenotypically Mlsa or Mlsc, respectively. 
However, as shown in Table 5, Mlsa- and Mlsc-specific clones 
exhibited 4 different patterns, corresponding phenotypically to 
Mlsa, Mlsc, Mlsa / c and Mlsb. This observation was confirmed by 
testing primary MLR to these animals. Of a total of 70 progeny 
from this breeding tested 37 exhibited either coexpression or 
nonexpression_of both Mlsa and Mlsc determinants, indicating that 
the genes encoding Mlsa and Mlsc determinants are not allelic or 
linked (Abe et al. 1987c). 

CONCLUDING REMARKS 

Through the use of MIs specific T cell clones, the genetic and 
antigenic reaationships among products of the stimulatory Mlsa, 
Mlsc and MIs phenotypes were analyzed. Results from these 
experiments ~ndicated that the stimulatory MIs phenotypes, Mlsa, 
Mlsc and MIs , in fact represent the expression of the products of 
at least two independent and unlinked gene loci with no evidence to 
date of structual polymorphism within the products of anyone 
locus. Furthermore, it would appear that a similar clonological 
analysis using monoclonal T cells with defined specificities could 
be a powerful tool for analysis of other non-MHC genetic systems, 
in most of which gene products are serologically undefined and 
which may play important roles in transplantation. 

The authors wish to thank Drs. R.E. Gress and N. Shinohara for 
their critical reviews of this manuscript. 
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Immunologically Related Loci 

X-Chromosome Linked Mutations Affecting Mosaic Expression 
of the Mouse X Chromosome. 

V.M. Chapman, S.G. Grant, R.A. Benz, D.R. Miller, and D.A. Stephenson 

INTRODUCTION 

In eutherian females one of the two sex chromosomes is inactive (Lyon, 1961; Russell, 
1961). The inactive status is established relatively early during embryogenesis and 
is somatically heritable within a cell lineage throughout development (see Chapman, 
1987). The inactivation event is generally random with respect to the parental 
origin of an X chromosome such that equal numbers of cells expressing the paternal 
(XP), and maternal (Xm) chromosome 'can be seen as a mosaic mixture in adult tissues 
using a variety of direct and indirect measures of X chromosome gene function (see 
reviews by West, 1982; Gartler and Riggs, 1983; Chapman, 1987) 

Using allelic variants of ubiquitous X-linked enzymes that are separable 
electrophoretically the relative contributions of Xm and xP gene product can be 
qualitatively identified. Electrophoretic variants for both hypoxanthine 
phosphoribosyltransferase (HPRT) and phosphoglycerate kinase-1 (PGK-1) have been 
previously established as alleles for the Hprt and Pgk-1 loci on the mouse X 
chromosome (Nielsen and Chapman, 1977; Chapman et al., 1983). With the exception of 
HPRT-A expression in the erythrocytes (Johnson et al., 1985) both allelic forms of 
each enzyme do not differ in specific activity so that the relative abundance of 
electrophoretic forms present in homogenates of tissues provides a measure of the 
relative proportion of cells which express either Xm or xP in tissues of heterozygous 
females. Furthermore, the different alleles are overtly neutral with respect to the 
viability of cells which express either allelic gene product. Thus, these enzyme 
markers were used in a screening system to identify mutations that affect the 
randomness of the inactivation event. 

Deviations from the equal occurrence of cells which express Xm and xP could occur by 
either non-random inactivation or by random inactivation followed by selection for 
cells which express one kind of X chromosome. The X-chromosome controlling element 
(Xce) is one examples of non-random inactivation that has been reported in the mouse 
(Cattanach and Williams, 1972; West and Chapman, 1978) and is thought to map to a 
central position on the mouse X chromosome (Cattanach et al., 1970). In addition, 
several X-linked mutations have also been described which~ead to altered mosaic 
expression within specific cell lineages. Some prominent examples of human disorders 
or mutations that produce an imbalance in-mosaic expression of the X chromomsome 
include: Wiskott-Aldrich syndrome (Gealy et al., 1980) X-linked agammaglobinemia 
(Conley et al., 1986), Lesch-Nyhan syndro~ (Nyhan et al., 1970), PGK deficiency 
(Krietsch et al., 1985), and X-linked congenital hyperuricosuria (Dancis et al., 
1968). Th~X-linked immune deficiency mutation (xid) in the mouse also lead~to 
unbalanced mosaic expression in B-cells (Nahm et al., 1983; Forrester et al., 1987). 

Significant advances in the production of germ-line mutations using ethyl-nitrosourea 
(END) in the mouse have been reported by several laboratories (Russell et al., 1979; 
Johnson and Lewis, 1981; Bode 1984). These reports demonstrate that mutations can be 
recovered at frequencies greater than 1 mutation per 2000 loci tested. We have, 
therefore, used END as a mutagen to ask whether we could induce X-linked mutations 
that alter the mosaic expression of X chromosomes in heterozygous females as a 
consequence of either altering the process of inactivation itself or by inducing 
mutations which would cause a selective growth of cells expressing only one kind of X 
chromosome. In this report we describe our initial findings of nine non-mosaic 
female progeny of END-treated male mice. Further, we demonstrate the heritability of 

Molecular and Cellular Biology Department, Roswell Park Memorial Institute, 666 Elm 
Street,Buffalo, N.Y. 14263 

Current Topics in Microbiology and Immunology, Vol. 137 
© Springer-Verlag Berlin - Heidelberg 1988 



184 

this phenotype from two of these progeny and show that the effect is primarily 
limited to blood lineages. 

PROTOCOL FOR THE PRODUCTION AND IDENTIFICATION OF X CHROMOSOME MUTATIONS 

The protocol for ENU treatment 
of males carrying variant 
alleles of the indicator loci 
Hprt and Pgk-1 is shown in 
figure 1. These males were 
mated with females carrying 
different alleles at the 
X-chromosome indicator genes. 
The first generation (G1) 
heterozygous female progeny 
were tested for deviations 
from normal mosaic expression 
of HPRT and PGK-1 in 
hemolysates and tissues from 
the tail. The use of two 
separate sampling procedures 
allowed us to establish 
whether an observed non-mosaic 
expression was specific to a 
lineage or whether it was 
likely to be generalized to 
all tissues. By using both 
Hprt and Pgk-1 we had an 
internal control to 
distinguish between specific 
mutations at the indicator 
loci and those that were less 
specific but perturb normal 
mosa1C1sm. Furthermore, the 
indicator loci map to a 
central portion of the X 
chromosome separated by a 
distance of approximately 20 
centiMorgans (Chapman et al., 
1983) thus providing a~ -
important X-chromosome marker 
system for subsequent genetic 
analysis of any new mutations 
that might be recovered using 
this procedure. 

MATERIALS AND METHODS 

FEMALE 
Hprt b/b , Pgk-1 bIb 

Female Progeny 

x 

Hprt 

MALE 

Hprt O , Pgk-l° I Y 

MUTANT PHENOTYPES 

AlB B B 

- - --
B AlB B 

Pgk-l - - --
FIGURE 1: Screening protocol used to 

identify X-linked mutations. 

Mice: A recombinant X chromosome carrying both the ~. castaneus Hprt~ allele and the 
~. musculus Pgk-l~ allele from the congenic strain C3H/HeHa Hprt~, Pgk-l~ was 
transferred to the C57BL/6JRos inbred strain (Allelic transfer stock 29, AT29). Male 
mice from this stock were treated with ethyl nitrosourea (ENUhNEU) and mated after 
their return to fertility to mice from the C57BL/10.mdx (Hprt- Pgk-1£/Hprt£ Pgk-1£) 
inbred strain. Backcross matings of F1 females were performed to the C57BL/10.mdx 
strain. 

Mutagen treatment: ENU (Sigma) at 10 mg/ml was prepared shortly before use by 
dissolving the solid in phosphate buffered saline at pH 6.8. (Russell et a1., 1979). 
The males were exposed to a dose between 100-250 mg/kg body weight by a single 
intraperitoneal (i.p.) injection. 
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Preparation of tissue samples for assay: Blood was collected through heparinized 
capillary tubes from the orbital sinus. An equal volume of Johnson's buffer (Johnson 
et al., 1985) containing 10mM phosphate buffer pH 6.8, 0.25M sodium chloride, 0.01% 
Triton X-100, 15% Sucrose, 10mM dethioerythitol (DTE) and 1% bovine serum albumin 
(BSA) was added to each sample. The red blood cells were lysed in this buffer by 
incubating the suspension at 370 C for thirty minutes. 

Tail samples were taken and chopped into small pieces with scissors in 100-200 ul of 
Johnson's buffer. Cells were lysed by a rapid freeze thawing cycle. Tissue debris 
was pelleted by centrifugation. 

HPRT analysis: Resolution of the Hprt isozymes was performed on a horizontal 
polyacrylamide isoelectric focusing gel with a range in pH from 5-8 (Chasin and 
Urlaub, 1976) containing 5% acrylamide (32:1 acrylamide/bis-acrylamide ratio, 
BioRad), 5% Glycerol, 5% Pharmalyte' pH 4-6.5 (Pharmacia), 0.8% Pharmalyte pH 3-10 
(Pharmacia), 0.1 uM riboflavin-5'-phosphate (BioRad), 0.5% 
N,N,N'N'-tetramethylenediamine (BioRad) and 4.4 uM ammonium persulphate (BioRad). 
The cathode electrolyte contained 1M sodium hydroxide and the anode electrolyte 
contained 1M ortho-phosphoric acid. After the application of the samples at the 
anode end of the gel, the gels were pre-focused on constant current until the voltage 
reached 1,000V and then focused at a constant voltage of 1,000V for one hour. The 
gels were stained according to the protocol of Chasin and Urlaub (1976) using 
I4C-labelled hypoxanthine (DuPont). 

PGK-l analysis: Electrophoresis condition and staining protocol were as described 
previously (Chapman et al., 1983). In principle, samples were run on cellulose 
acetate gels (Titan III~Helena) using a barbital/citrate buffer pH 8.8 at 200V for 
1-1/2 hours. The gels were stained using a modification of the enzyme cascade 
reaction described by Bucher et al. (1980) and the isozymes visualized by the 
addition of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium (MTT, Sigma) and 
phenazine methosulphate (PMS, Sigma) at a final concentration of 1.5 mg/ml and 0.1 
mg/ml, respectively. 

RESULTS 

A total of 1762 heterozygous G1 female progeny from ENU-treated males were tested for 
mosaic expression of the indicator gene products HPRT and PGK-1. Of these offspring, 
nine displayed a non-mosaic pattern for both markers in the hemolysates (table 1). 
In every instance, only the maternally inherited allelic forms were expressed. Four 
of the nine were also non-mosaic in the tissues of the tail (table 1). The remaining 
five G1 females expressed the paternal X-chrsomosome alleles in tissues from the tail 
in a normal mosaic pattern (table 1). 

TABLE 1: Phenotypic deviants in the female progeny sired by ENU-treated males 
following their return to fertility. 

BLOOD TAIL 
HPRT PGK-1 HPRT PGK-1 Total 

Normal mosaicism A* AB 1752 

Non-mosaicism B B B B 4 

Non-mosaicism B B AB AB 5 
(blood) 

*Heterozygotes and homozygotes for the Hprt~ allele cannot be 
distinguished o~ the basis of the blood phenotype. 
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Breeding tests were performed on all nine females to ascertain whether the marker 
alleles from the ENU-treated father would be transmitted and whether the pattern of 
non-mosaic expression was a heritable trait. The four G1 females with non-mosaic 
expression in both tail and hemolysates did not transmit the marker alleles from the 
father and were therefore presumed to be XO genotypes. The five females that were 
non-mosaic in blood but mosaic in the tail produced heterozygous female progeny 
displaying the non-mosaic pattern of X chromosomal gene expression in the blood. 
These findings establish the heritability of the pattern observed in the original G1 
females and demonstrates that the non-mosaic pattern i s not determined by the 
maternal or paternal origins of the gametes. 

The HPRT and PGK-l phenotypes observed in the hemolysate from two of the G1 females 
(U556 and U704) were uniformly non-mosaic (figure 2). However, both females 
expressed the HPRT-A and PGK-1A allelic forms from the father in tissues from the 
tail (figure 2). The phenotype of 0556 differed from that observed for other G1 
females and from the mutant U704 by having a marked decrease in the levels of HPRT-A 
and PGK-1A in the tissues from the tail and skeletal muscle. 

PGK-1 HPRT 

(5 

~ 
(5 ~ 0 0 E 0 .. 

c .. !: .. .. 
0 c: C c: c: C c: C 
u 0 0 0 0 0 0 8 u u u u u u 
CD CD CD ~ CD CD CD ~ CD CD CD ~ CD CD CD ~ 
"- It') ...... 0 ...... It') ...... 0 ...... It') "- 0 ...... It') "- 0 
~ It') ~ 

,... 
~ 10 ~ ,... 

~ 10 ~ ,... ~ It') ~ ,... 

-A 

-B 

I--Blood -----l f-Toi 1-----1 ~Blood---l f---Toil---t 

FIGURE 2: Electrophoretic separation of variant X-linked enzyme markers. 

PROGENY ANALYSIS OF MUTANT FEMALE 11556 

The phenotypes in the offsprings produced by mating the 556 mutant female to a 
C57BL/l0.mdx male are present in table 2. Nineteen female progeny were produced of 
whi ch sev~were homozygous (P2 class) and another seven heterozygous for both 
indicator loci (Pi class ). Three of the Pi class female progeny were non-mosaic in 
hemolysates indicat i ng that the pattern observed in the 556 mother was heritable to 
at least half of her heterozygous daughters. These findings suggest that there is a 
mutation present on t he Hprt~, Pgk-l~ X chromosome from the ENU-treated male and that 
this mutation alters the mosaic expression of X chromosomes in females heterozygous 
for the mutation. 

If the mutation were a cell-autonomous lethal condition we would predict that males 
receiving the mutant-bearing X chromosome would be absent in the progeny of female 
556. A comparison of the relative frequency of male and female progeny, 21 males and 
19 females, indicates that the sex ratio does not differ from the expected 1:1 
( x 2=0.1) . Moreover, the distribution of parental-type phenotypes among males 
indicates that there was no significant decrease in Pi males (the mutant bearing X 
chromosome) compared(with P2 males ( X2=0.529). The lack of a demonstrable decrease 
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in male progeny overall and in PI males in particular suggests that the mutation from 
556, which alters mosaic X chromosome expression in blood, is not a cell-autonomous 
lethal nor is it behaving in a systemic lethal fashion in male progeny since Pl-type 
males are capable of transmitting the non-mosaic character to their daughters (data 
not shown). 

TABLE 2: Phenotype of backcross progeny between phenotypic deviant 556 female and 
C57BL/I0.mdx male 

Blood Tail Frequency 
HPRT PGK-l HPRT PGK-l 

Male offspring PI A A 7 

P2 B B 10 

Rl A B 1 

R2 B A 2 

Unclassified 1 

Total 21 

Female offspring PI B B A<B A<B 3 
A AB A<B A<B 4 

P2 B B B B 7 

Rl B B A<B B 0 
A B A<B B 3 

R2 B B B A<B 0 
B AB B AB 1 

Unclassified 1 

Total 19 

On the basis of the non-mosaic expression of the X chromosome in heterozygous female 
progeny from 556 we conclude that there is an X-linked mutation responsible for this 
phenotype and that this mutation has either variable penetrance in hemolysates or a 
map position distant to the Hprt and Pgk-l marker genes. We have provisionally 
assigned this mutation the designated gene symbol Xm556 for X chromosome mutant 556. 

PROGENY ANALYSIS OF MUTANT FEMALE #704 

The phenotypes of offspring produced by female #704 mated with a C57BL/I0.mdx male is 
shown in table 3. Twelve P2 homozygous females were observed compared with 11 female 
progeny heterozygous for both indicator genes which is consistent with a 1:1 
segregation of the two types of chromosomes from the 704 mother (X 2=0.8). Eight out 
of the 11 heterozygous PI female progeny were non-mosaic for X chromosomal gene 
expression in blood suggesting the presence of a mutation on the Hprt~, Pgk-l~ X 
chromosome from the original END-treated male. Examination of the sex-ratio in the 
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progeny from 704 indicates that there is a significant deficit of males (X 2=9.8, 
P<O.Ol) and in particular, a deficiency of the PI class. These findings indicate 
that the non-mosaic expression in blood of 704 and her heterozygous female progeny is 
a cell-autonomous lethal and that selective growth of the cells which express the 
non-mutant bearing X chromosome is sufficient to rescue the viability of mutant 
carriers. 

TABLE 3: Phenotype of backcross progeny between phenotypic deviant 704 female and 
C57BL/10.mdx male 

Blood Tail Frequency 
HPRT PGK-1 HPRT PGK-1 

Male offspring PI A A 0 

P2 B B 10 

R1 A B 2 

R2 B A 0 

Total 12 

Female offspring PI B B AB AB 8 
A AB AB AB 3 

P2 B B B B 12 

R1 B B AB B 4 
A B AB B 4 

R2 B B B AB 1 
B AB B AB 1 

Total 33 

If we assume that the mutation from 704 is fully penetrant then the mosaic expression 
for 3/11 heterozygous PI Progeny suggests that the mutant locus lies outside of the 
Hprt-Pgk-1 region of the mouse X chromosome at an estimated distance of 27.3 ± 13.4 
centiMorgans. The lack of R2 male progeny which would involve a recombination 
between Hprt and Pgk-1 but retaining the distal portion of the X chromosome from the 
original mutagen-treated male suggests that the mutant locus may be distal to Pgk-1 
on the mouse X chromosome. 

Taken together, the transmission of the non-mosaic phenotype in heterozygous females 
and a deficit of males in the offspring from the G1 female 704, indicates the 
presence of an X-linked mutation that acts as a cell-autonomous lethal. We have 
provisionally assigned this mutation the designated symbol ~ for X chromosome 
mutant 704. Preliminary data suggests that the mutant is fully penetrant in 
heterozygous carriers and that the locus maps distal to Pgk-1. 

DISCUSSION 

We initially asked whether we could use ENU to produce non-mosaic expression of 
X chromosomes in hete~ozygous females. Our screening methodology has identified at 
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least 5 interesting phenodeviants in the G1 female progeny of ENU-treated males. Two 
of these are described which illustrate different kinds of mutant ~henotYPes. One, 
Xm704 , behaves like a cell-autonomous lethal while the second, ~, is more 
difficult to characterize. The Xm556 mutation is transmissible:-but the apparent 
lack of full penetrance and the viability of males bearing the Hprt~, Pgk-1~ alleles 
associated with the ~ make it difficult to define the cell lineages most affected 
and the impact of the mutation on presumptive mutant bearing males. Preliminary work 
further suggests that ~ can be transmitted through a male which offers 
opportunities for following the mutant phenotype in a hemizygous X-chromosome 
background (data not shown). The phenotypic effects of ~ will be more 
comprehensively addressed in the accompanying manuscript-cAnsel1 et al., this 
publication). -- --

The phenotypic analysis of both mutants suggests that neither of them affect the 
process of X inactivation directly and that they act by cell selection from a mosaic 
population of cells which express both X chromosomes. From that standpoint, these 
mutations are similar to the phenotypes observed with at least one mouse mutant, xid 
and several X-linked human syndromes. Some appear to be specific to certain cell--
lineages (B cells - agammaglobulinemia; T cells and platelets - Wiskott-Aldrich 
syndrome), others, on the other hand, are less specific and significantly more 
variable in their phenotype (adrenoleukodystrophy, PGK-deficiency and Lesch-Nyhan 
syndrome). The mouse mutant X-linked immunodeficiency (xid) is one of a few examples 
that displays non-mosaic expression of other sex-linked ~ymes specific to the B 
cell lineage (Forrester et al., 1987; Nahm et al., 1983). It is possible that the 
xid mutation in the mouse is homologous to the human agammaglobulinemia syndrome 
(Buckle et al., 1985). The X chromosomal controlling element (Xce) is another locus 
on the m~s~X chromosome that influences the randomness of inactivation (Cattanach 
and Williams, 1972; West and Chapman, 1978). With at least three alleles, the Xce 
locus modifies the probability of X inactivation such that expression of sex-linked 
loci display a skewed phenotype depending upon which alleles are present in 
heterozygous females (Cattanach, 1970; Cattanach and Williams, 1972). It is not 
clear whether the new mutants we have described in the present study are analogous to 
known sex-linked loci in both mouse and man or whether they represent new and novel 
mutations. Further characterization is needed before any definitive conclusions can 
be made. Nonetheless, it would appear that at least one mutant has a specific effect 
on blood cell lineages. Whether this is a consequence of a mutation at a locus 
involved in blood cell production or at some other locus that has an indirect effect 
remains to be established. 

In the case of Xm704 , we have preliminary evidence that the mutation may have 
been recovered in at~east two other G1 females from the same ENU-treated male. It 
will be important to ask whether other components of the hematopoietic lineage are 
affected by the mutation and whether prenatal hematopoiesis is affected. These 
determinations will help establish when mutant-bearing males die. In the final 
analysis, Xm704 may be a specific metabolic component of hematopoiesis. The apparent 
full penetrance of the mutant effects on mosaic expression and the lethality of 
mutant-bearing males will help in the localization of the ~ locus on the X 
chromosome relative to Hprt and Pgk-1. At that point, we ~n construct additional 
crosses which will localize the gene on the X chromosome in multipoint linkage 
analysis (Mullins et al., in press). 

This work was supported in part by NIH grants GM33160 and GM24125. 
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Immunologically Related Loci 

Mosaic Analysis of the Effects of a Novel X-Chromosome 
Mutation of the Haematopoietic System 

J.D. AnseU, V.M. Chapman*, L.M. Forrester, D.J. Fowlis, C. MacKenzie, and H.S. Micklem 

SUMMARY 

Mutations specific to the X chromosome were identified in female 
offsprihg, sired by mice treated with the mutagen ethyl nitrosourea 
(ENU), by alterations in the mosaic patterns of X chromosome-linked 
enzyme polymorphisms in blood and other somatic tissues. Flow 
cytometric analyses were performed on haematopoietic and lymphoid 
cells of mice homozygous for one such mutation. Similar studies 
were made on heterozygotes that were, in addition, mosaic for 
electrophoretic variants of the enzyme phosphoglycerate kinase (PGK-l). 
The PGK-l mosaic patterns in cells of different haematopoietic 
lineages were used to investigate the nature of the primary lesion 
induced by the mutation. Preliminary results indicate that one of 
the ENU mutations has effects on differentiation of T lymphocytes and 
possibly some other haematopoietic cells. 

INTRODUCTION 

X chromosome-linked genes in man code for a variety of immuno
deficiency syndromes and haematopoietic disorders. Three of the 
major categories of immunodeficiency diseases are inherited through 
the X chromosome: Bruton-type agammaglobulinaemia is characterised 
by an absence of plasma cells, which renders patients susceptible to 
bacterial infections (Geha et al. 1973); in Wiskott-Aldrich syndrome 
(eczema-thrombocytopenia-immunodeficiency syndrome) T lymphocytes and 
platelets are lacking and there are defects in the afferent limb of 
the immune response at the level of antigen processing (Blaese et al. 
1968); Swiss-type agammaglobulinaemia (thymic epithelial hypoplasia, 
X-linked severe combined immuno-deficiency disease) patients are 
vulnerable to viral and fungal, as well as bacterial, infections and 
suffer from lymphocytopenia and atrophy of the thymus. A profound 
immunodeficiency is seen in some cases despite high levels of 
circulating B lymphocytes, which are however incapable of terminal 
differentiation into plasma cells (Yount et al. 1978). 

Several other less common X-linked haematopoietic disorders have been 
recorded. These include; immunodeficiency with increased IgM 
(dysgammaglobulinaemia Type 1), granulomatous disease, X-linked 
thrombo-cytopenia, malignant reticuloendotheliosis, acute X-linked 
leukaemia and Duncan disease (X-linked progressive combined immuno
deficiency, X-linked lymphoproliferative disease, familial fatal 
Epstein-Barr infection). X-linkage has also been noted for a rare 
form of hypochromic anaemia and a proliferation defect in 
haematopoietic cells (McKusick 1986). 

In summary, there may be a number of genes on the X chromosome that 
play important roles in the differentiation of immune function and 
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influence susceptibility to tumour development. These genes may also 
affect the differentiation of other haematopoietic elements. Few 
comparable disorders have been identified in mice or other 
experimental animals. The CBA/N mouse is homo- (or hemi-) zygous 
for the xid mutation and shows some similarity to the Bruton-type 
immunodeficiency syndrome (Scher 1982). However, the effect of the 
mutation is relatively mild. The mice do not respond to a class of 
'T-independent' (Tl-2) antigens and at least one population of B 
lymphocytes, characterised by high concentrations of membrane IgD 
(mIgD) and low concentrations of mIgM, is missing from the adult. 
Other X-linked loci in mice code for high, low or absent responses 
to specific antigens (Green 1981). 

STRATEGIES FOR ANALYSIS OF X CHROMOSOME MUTATIONS IN MICE 

Our own work in this laboratory has concentrated on the differ
entiation of B lymphocytes carrying the xid mutation in a hetero
zygous environment. The experimental strategy makes use of the 
phenomenon of X chromosome inactivation, an event which occurs 
shortly after implantation in female mammals and results in one or 
other of the X chromosomes in all somatic cells being functionally 
inactive. This is a random process, and results in an individual 
being a mosaic for any allelic differences on the X chromosome. 
Mosaicism for xid is not, in itself, detectable. However, we have 
been able to make use of another X-chromosome gene, Pgk-l, which has 
a detectable product; this is used as a marker for the presence of 
xid. The two alleles of Pgk-l code for different electrophoretic 
forms of the enzyme phosphoglycerate kinase (PGK-l), A and B. These 
alloenzymes can be separated and quantified by simple electrophoretic 
techniques (Ansell and Micklem 1986). All somatic cells in female 
mice heterozygous for xid and Pgk-l will be either PGK-1B with the 
xid mutant allele active or PGK-1A with the normal allelic counter
part of xid active. Any selection against cells carrying the xid 
mutant can be measured by looking at the relative expression of the 
Pgk alleles in that cell population. By separating subsets of B 
cells and other haematopoietic populations on a fluorescence activated 
cell sorter (FACS) we have been able to determine the cell types on 
which xid acts and the developmental stage at which it acts 
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Fig. 1. Values of PGK-1A in cell 
lysates from a xid-heterozygous 
(+/xid Pgk-1ab) and a normal 
female (+/+ Pgk-1ab) mouse. 
Abbreviations : RBC, erythrocytes; 
THY, thymus; PBL, peripheral blood 
leucocytes; sIg, membrane immuno
globulin; + -, FACS-sorted cells 
positive or negative for sIg; 
14.8, monoclonal antibody 14.8 
against B220 antigen; B D, FACS
sorted cells staining brightly 
(B cells) or dully (pre-B cells) 
for B220. In the +/xid hetero
zygote, unbalanced mosaicism 
(stippled columns) is seen in 
peripheral B cells, but not in 
the bone marrow pre-B population. 
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(Witkowski et al. 1985, Forrester et al. 1987). An example of the 
data acquired by this approach is shown in Fig. 1. These and other 
data have shown that although the homozygous mutant is deficient only 
in certain classes of B lymphocyte, in the heterozygote virtually all 
mature B cells carrying an active mutant X chromosome are selected 
against. Further, this selection only operates on B cells after the 
stage at which membrane Ig (mIg) is expressed: earlier B-lineage 
cells in the bone marrow are unaffected. 

This strategy can be used to analyse the effects of any X chromosome 
mutation at the cellular level. It has the additional advantage that 
genetic effects of single mutations can be analysed in a relatively 
normal heterozygous environment, thus enabling the nature of the 
primary lesion to be distinguished from other secondary effects which 
may constitute major parts of the syndrome associated with the 
homozygous (hemizygous) mutant. 

ANALYSIS OF AN ENU-DERIVED MUTATION 

The approach described above has been used in the analysis of an X 
chromosome mutation derived by ENU mutagenesis. The techniques of 
mutagenesis and the initial identification of mutants are described 
by Chapman (this volume). A female mouse was selected which showed 
random X chromosome expression in most somatic tissues, but selective 
expression of the non-mutagenised X chromosome in erythrocytes. This 
implied that during the course of erythropoietic differentiation, 
cells in which the mutant gene was active were at a selective 
disadvantage. In addition a preliminary experiment showed that lymph 
node cells had a non-mosaic phenotype. This suggested that the 
mutation may have been inimical to T lymphocyte differentiation, since 
most peripheral lymph node cells are T cells. 

A number of homozygous mice derived from this original female have 
been analysed by flow cytofluorometry to investigate the effects of 
the mutation on various haematopoietic cell lineages. Female mice 
heterozygous for the mutant and for the A and B electrophoretic 
variants of PGK-l have also been analysed and the mosaic phenotypes 
of sorted and unsorted haematopoietic cells investigated. 

Single-cell suspensions of peripheral blood lymphocytes and from lymph 
node, spleen, thymus and bone marrow were prepared for FACS analysis 
and sorting. They were stained with monoclonal antibodies against 
Thy-I, Ly-3, L3T4 and B220 (Micklem 1986), a fluoresceinated goat 
anti-rat Ig serum being used as the second step. In addition cells of 
these organs as well as erythrocytes, brain and skeletal muscle, were 
prepared from heterozygous mice for alloenzyme analysis. 

A series of dot plots taken from the FAeS are shown in Figs. 2, 3 and 
4, which illustrate some effects of this mutation on the haemato
poietic system. Fig. 2 shows the staining of bone marrow suspensions 
from a normal 3 month old eBA/ea female (A), a homozygous mutant 
female (B) and a heterozygous female (e), with a monoclonal antibody 
against the B220 antigen. Dully staining (pre-B) and brightly stain
ing (mIg-expressing) cells usually comprise about 20% and 10% of the 
nucleated marrow cells respectively. In the mutant, these were 
reduced to 10% and 1% (mean of 5 animals). Although an approximately 
1.5x increase in cellularity was seen in some mutant marrows, there 
appears to be some absolute reduction of B lymphopoiesis. Fig. 3 
shows B220 staining in. subcutaneous lymph node cells from the three 
types of animals. In a normal individual 14% of lymph node cells 
would be B cells (B220+ve). In the mutant this proportion was 47% 
with a proportionate,~ecrease in the number of Thy-l+ve T cells 
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Fig. 2. FAes dot plots of 
bone marrow cells stained 
with a monoclonal antibody 
against B220 from a normal 
eBA/ea control (A), an ENU 
homozygous mutant (B) and 
an ENU heterozygote (e). 
The diagram is of the cell 
populations in the control: 
the high-scattering 
granulopoietic and other 
cells (GRAN), a B220-
negative population and two 
populations of B220-positive 
cells, the duller being pre
B cells and the brighter 
mlg-express~ng B cells. 

Fig. 3. Dot plots of lymph 
node cells stained for B220 
as in Fig. 2. A, Band e 
are from the control, 
homozygous mutant and 
heterozygous mutant respect
ively. The homozygous 
mutant has a higher 
proportion of B220 +ve 
cells . 

Fig. 4. Dot plots of lymph 
node cells (A and B) and 
spleen cells (e and D) 
stained with a monoclonal 
antibody against Thy-l. 
Thy-l +ve cells are under
represented in the mutant 
(B and D) compared with the 
control (A and e) cell 
suspensions. 
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(Fig. 4, A and B). Similarly in the spleen (Fig. 4 C and D) the 
proportions of T cells in the mutant (4,D) are approximately half the 
normal value of 40%. Cells which stain for neither Thy-l nor B220 
usually account for 10% of splenocytes; in the mutant up to 55% of 
splenocytes are in this non-B, non-T category. It is apparent that 
one of the effects of this mutation was to alter the ratio of T to B 
lymphocyte numbers in the peripheral lymphoid organs. This was 
associated with increased granulopoiesis in the bone marrow (and a 
proportionate decrease in B lymphopoiesis), an increase in the numbers 
of granulocytes in the peripheral circulation (data not shown) and 
relative increases in the numbers of B lymphocytes in the peripheral 
lymphoid organs. Other preliminary observations on the homozygous 
mutant included decreased thymus size, decreased haematocrit and white 
blood cell count, increased bone marrow cellularity and increased size 
and cellularity of peripheral lymph nodes. Platelet counts were 
normal. 

The heterozygotes appeared virtually normal. However analysis of the 
patterns of mosaicism for PGK-l alloenzymes revealed defects at the 
cellular level in a number of organs. In normal heterozygotes all 
tissues would be expected to have a similar PGK-l phenotype (McMahon 
et al. 1983, Micklem et al. 1987). The PGK-l data for 5 ENU hetero
zygotes are summarised in Table 1. The data for skeletal muscle (SM) 
suggest that in these stocks two mutations may be segregating one of 
which has effects on the viability of muscle cells in the heterozygous 
environment. Since the original selection of these mutant stocks was 
on the basis of mosaic imbalance in blood, a double mutation would not 
have been detected. The mean ratio of PGK-IA:B in brain (BR) was 
49:51). Against this yardstick PGK mosaicism in spleen (SPL) and bone 
marrow (BM) was slightly imbalanced in favour of the non-mutant X 
chromosome (PGK-IB in this case). This would suggest that there is 
no strong selection operating against B cells, or the bulk of 
differentiating haematopoietic cells, that carry an active mutant X 
chromosome. Platelets (PL) are relatively unaffected but circulating 
erythrocytes (E) have a greater imbalance. Selection against the 
mutant X is most apparent in cell suspensions from lymph node (LN) 
and thymus (THY). In lymph nodes of heterozygotes upwards of 80% of 
cells are T-cells. In thymus most cells are of T-lineage although in 
the preparation of cell suspensions it is possible to include varying 
proportions of stromal tissue. In two thymi, PGK-IA was less than 
10%; in another, in which thymic lobes were analysed separately, one 
lobe was PGK-IB. In the one individual for which data are available 
so far FACS-sorted Thy-l+ve cells (T cells) from spleen and lymph node 
were shown to be entirely PGK-IB, i.e. devoid of cells carrying an 
active mutant X chromosome. 

The data reviewed above indicate that the ENU mutation on the X 
chromosome has effects on T cell differentiation and may also have 
other effects on the haematopoietic system. Allozyme analysis of 

Table l. Percent PGK-IA in cells from ENU heterozygotes. 

THY1+VE 
Mouse Age (wks) E PBL LN SPL BM THY PL BR SM SPL LN 

2261-1 7 16 18 35 20 51 0 
2261-2 9 28 16 32 17 32 18 
2115-1 7 28 0 0 
2261-3 12 14 9 10 20 33 14,0 50 
2261-4 16 43 38 14 31 40 0 27 50 40 
2115 -2 7 31 18 46 8 37 60 0 
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FACS-sorted cell lineages as described above, coupled with 
functional studies of the immune system, will enable us to determine 
the more precise effects of the lesion on haematopoietic 
differentiation and immune function. 

We are indebted to Kay Samuel, Andrew Sanderson and Helen Taylor for 
technical assistance and to Dr. Paul Kincade for a gift of 14.8 
antibody. LMF, DJF and CM were supported by Medical Research Council 
Postgraduate Studentships. 
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Autoimmunity 

The scid Mouse Mutant 

M. Bosma, W. Schuler, and G. Bosma 

Occurrence of the scid Mutation 

The scid mutation occurred in the C.B-17Icr (C.B-17) inbred 
strain, an immunoglobulin heavy chain (Igh) congenic partner 
strain of BALB/cAnlcr (BALB/c). The C.B-17 strain was derived 
from the 13th backcross generation of the original C.B stock of 
M. Potter. C.B-17 mice are not known to differ from BALB/c mice 
except that a portion of their chromosome 12 comes from the 
C57BL/Ka strain and includes the C57BL/Ka ~ locus and other 
closely-linked genes. 

Mutant C.B-17scid mice were discovered in 1980 and reported in 
1983 (Bosma et al. 1983). In the course of quantitating serum Ig 
levels in specific-pathogen-free mice, several C.B-17 mice were 
unexpectedly found to lack all of the major Ig classes (IgM, 
IgG3, IgGl, IgG2b, IgG2a and IgA). The ancestry of these mice 
was traced back to a single breeder pair; the male was agamma
globulinemic while the female appeared normal. Pedigree analysis 
revealed that the defect was recessively inherited. Selective 
genetic breeding led to the establishment of a colony of mutant 
mice and subsequent cellular analyses of these mice showed that 
they not only lacked functional B cells but also functional T 
cells. As this condition resembled that of severe combined 
immune deficiency (SCID), a syndrome first described in humans in 
the mid-50's (reviewed by Rosen et al. 1985), the mutant mice 
were called scid mice. -- --

To ascertain the chromosomal location of the scid locus, scid 
mice were crossed with different linkage testing mouse stocks 
each of which expresses distinct genetic markers for one or more 
genes of known chromosomal location (in collaboration with 
M. Davisson, H. Sweet and L. Shultz of the Jackson Laboratory, 
Bar Harbor, ME). The Fl offspring were subsequently intercrossed 
with each other or backcrossed to scid mice as dictated by the 
recessive or dominant expression of the test markers. Only after 
the segregation analysis of more than 25 test markers in over 
1800 offspring, was evidence obtained that scid is closely linked 
to mahoganoid (md), a recessive coat color marker on the centro
meric end of chromosome 16. The segregation of md and scid in 
188 tested offspring of an Fl intercross agreed with expectation 
in that 25% and 22% of the mice typed homozygous for md and scid, 
respectively. However, none of the offspring typed homozygoUS-
for both md and scid; one would have expected ~12 such mice 
(1/4 x l/~x 188r-If both markers were unlinked. 

To confirm the linkage of scid and md and to more precisely map 
scid on chromosome 16, a three-poin~cross was made involving md, 
scid and the lambda immunoglobulin light chain locus (Igl-l) --
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which is also closely linked to md and is ~olymorphic (Epstein 
et al. 1986). scid mice (scid, Igl-la , md ) ~ere cro~sed with a 
recently derived recombinant mouse line (scid , Igl-l , md) 
(described by Epstein et al. 1986) and then the Fl offsprIng were 
intercrossed. The segregation of the three markers in the F2 
generation is presently being analyzed (N. Ruetsch and G. Bosma 
in collaboration with M. Davisson, H. Sweet and L. Shultz of the 
Jackson LaboratoFY). 

Effect of the scid Mutation on Lymphocyte Development 

One of the earliest identifiable events in early Band T cell 
development is the transcriptional activation of unrearranged ~ 
and TCR genes (Kemp et al. 1980; Van Ness et al. 1981; Alt et al. 
1982;-Eennon and Perry 1985; Yancopoulos and Alt 1985). ThIS 
presumably reflects the early commitment of lymphocytes to the B 
or T cell lineages; this may also reflect that certain Ig and TCR 
genes are now accessible to the recombinase system. (Van Ness--
et al. 1981; Yancopoulos and Alt 1985). Interestingly, tran
scriptional activation of Ig and TCR genes is clearly evident in 
scid mice; Igh-V558, (Igh-C~) and-yIgI-CK) transcripts are 
readily detected in fetal Ilver and adult bone marrow and TCRy 
and TCRB transcripts are present in adult thymus (W. Schul~ 
A. Schuler, G. Bosma, G. Lennon and M. Bosma, unpublished 
results). Nonetheless, all of these transcripts appear to derive 
from unrearranged genes and thus cannot code for functional pro
teins, consistent with our inability to detect cells with Ig and 
TCR rearrangements in freshly harvested lymphoid tissue of-Scid 
mice (Schuler et al. 1986). ----

The above findings suggest that scid may impair Ig and TCR 
rearrangements in developing Band T cells. Possibly, such 
rearrangements are greatly reduced in frequency and/or are gross
ly abnormal. Evidence for the latter comes from the analysis of 
transformed scid lymphocytes. Early B cells with Igh rearrange
ments can be recovered from scid bone marrow by transformation 
with Abelson murine leukemia virus (A-MuLV). Strikingly, the 
majority (>80%) of rearranged Igh alleles in A-MuLV transformed B 
cells were-shown to incur abnormal deletions (Schuler et al. 
1986). The deletions extended varying distances into the~h-C~ 
intron and spanned at least 3.5 kb from the most 3' Jh element. 
This is illustrated in Figure 1. The detection of 5' flanking 
regions of Dh elements juxtaposed to C~ indicated that the dele
tions resulted from attempted Dh-to-Jh recombination. This is 
confirmed in the accompanying report (Kim et al. 1987). 
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Figure 1. Partial restriction map of the ~ locus. The extent 
of the abnormal J-associated deletions into the Jh-C~ intron is 
indicated for 14 of 18 alleles. Four of 18 rearrangements could 
not be distinguished from normal rearrangements. 

Abnormal rearrangements of antigen receptor genes also have been 
seen in early scid T cells (Schuler et al. 1986) that appear as 
spontaneous T cell lymphomas in ~15%-of-Scid mice (Custer et al. 
1985). About 60% of the TCR~ rearrangements in these cellS-incur 
deletions of the entire J~region, again as an apparent result 
of attempted D-to-J recombination. However, defective rearrange
ments are not limited to D-to-J recombination, because in the 
TCRy locus, which lacks known D elements (rev. by Allison and 
Lanier, 1987), abnormal deletions are also seen. The TCRy dele
tions extend into the Vy genes and flanking regions of-CY-genes 
indicating faulty V-to-J recombination (Schuler et al. 1987 and 
w. Schuler, A. Schuler and M. Bosma, unpublished-results). 

To explain the abnormal J-associated deletions and how they may 
account for the scid phenotype, we proposed earlier (Schuler 
et al. 1986) that the scid mutation causes highly error-prone ~ 
and TCR rearrangements. Most developing scid lymphocytes would 
accordingly lack an antigen receptor due to aberrant gene 
rearrangements at both alleles of a critical antigen receptor 
locus. The apparent absence of these nonfunctional cells in scid 
lymphoid tissues might reflect their rapid turnover and elimina
tion by macrophages, granulocytes and/or natural killer cells. 
The latter cell types appear to function normally in scid mice 
(Dorshkind et al. 1984; Custer et al. 1985; Dorshkind-er-al. 
1985; Czitrom et al. 1985; Hackett-et al. 1986; Bancroft et al. 
1986). One waY-oY-detecting scid cellS-with aberrant gene--
rearrangements would be to immortalize these cells before they 
die. Transformation of early scid Band T cells presumably 
serves this role. 
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To test further whether scid impairs the rearrangement of antigen 
receptor genes, functionally rearranged Ig genes (~ transgenes) 
are being introduced into the scid mouse genome. This is being 
done by selectively crossing the ~ transgenes of recently 
established transgenic mouse strains (e.g., see Grosschedl et al. 
1984; Storb et al. 1986) onto the genetic background of sci~ 
mice. The expectation is that Ig transgenic scid mice will 
develop B cells that express Ig proteins. Preliminary work (M. 
Fried, K. Hayakawa, R. Hardy, G. Bosma and M. Bosma, unpublished 
data) indicates that introduction of a functionally rearranged 
Igh-C)1 gene alone ()1 ~rans9:enic scid mice) results in near normal 
numbers of Ly-5(B220) IgM B cells in the bone marrow. Few such 
cells are detected in the bone marrow of control, nontransgenic 
scid mice. Whether these early scid B cells contain cytoplasmic 
)1 chains and abnormal Igl rearrangements remains to be ascertain-
ed. --

Leaky scid Mice 

A variable percentage (~lO-20%) of scid mice between the ages of 
3-9 months appear -leaky" in that they produce detectable levels 
of serum Ig (~osma et al. 1983). Extensive characterization of 
these scid(Ig ) mice shows them to be oligoclonal for Ig-produc
ing B cells and to contain a limited number of functional T cells 
(Bosma et al. 1987; A. Carroll and M.+Bosma, unpublished 
results). In other respects, scid(Ig ) mice resemble scid(Ig 
mice. Cells expressing common lymphocyte markers [e.g:;-
Ly-5(B220), Ly-l] are virtually absent as are LPS and CON-A 
responsive lymphocytes. Histologically, their lymphoid tissues 
show th~ same general pattern of severe lymphocytic deficiency as 
scid(Ig ) mice. 

The events responsible for scid(Ig+) mice appear to be of somatic 
origin as mice cannot be selectively bred for this condition; 
also, the events seem to occur infrequently and may result in 
unregulated terminal differentiation of the affected cells 
because resting lymphocytes, responsive to lymphocyte mitogens 
and/or expressing common lymphocyte ¥urface antigens, are unde
tectable. The appearance of scid(Ig ) mice might simply reflect 
a low probability that a developing scid lymphocyte will make two 
productive gene rearrangements at the appropriate ~ or TCR loci 
(e.g., Igh and Igl or TCRS and TCRa). Alternatively, an 
occasional developing scid lymphocyte might revert to normal and 
give rise to functional progeny. Genetic reversion at either 
scid allele would presumably suffice to normalize a given cell. 
Resolution of this isslYe awaits the results of further 
experiments. 
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Autoimmunity 

Aberrant Igh Locus Rearrangements in A-MuLV pre B Lines of 
scid Mice: Evidence for Deregulated D-J Recombination 

M.G. Kim!, W. Schulei\ M.J. Bosma3, and K.B. Marcul,2 

I NTRODUCTI ON 

'Severe combined immune deficiency (scid) in mice is a recessive mutation 
(Bosma et al., 1983). Mice with this defect contain myeloid cells but no 
functional Band T cells indicating that their early lymphoid differentiation 
is defective. A-MuLV transformed, bone marrow derived pre B cells and 
spontaneous thymic lymphomas from·scid animals displayed abnormal 
immunoglobulin and T cell receptor gene rearrangements with deletions around 
the J regions which may be a consequence of faulty D-J joining (Schuler et 
at., 1986). We have analysed the rearranged 19h loci in nine A-MuLV 
transformed scid pre B lines in some detail by Southern blotting and have 
determined the nucleotide sequences in the vicinity of two such aberrant Igh 
recombinations. We find that Igh locus deletions in scid pre B cells can 
involve up to all the DH segments but do not extend to the VH gene families. 
DH and JH coding sequences are both deleted at the site of recombination: 
Normal heptamer-nonamer recombination signal sequences separated by proper 
spacer lengths are not present but "heptamer like" sequences are found 5' of 
the recombination sites. These findings lend support to the idea that a 
deregulated, error prone D-J recombination contributes to the scid defect 
early in Band T cell development. 

Deletions Involving DH And JH Regions in scid Pre B Lines 

The locations of recombination sites within the JH-C~ intron of nine A-MuLV 
transformed scid pre B lines are shown in Figure T. Breakpoints span over 10 
Kb from amongst the JH regions to the downstream S~ repeats. They do not 
exhibit a clustered pattern though the majority reside around the Igh enhancer 
region. A-MuLV pre B lines established from normal mice show DJ or VDJ joins 
on both alleles (Alt et al., 1984). All nine scid pre B lines examined here 
displayed rearranged DH bands upon either EcoRI or HindIII digestion. However 
germ line sized DH segments are retained by all cell lines except for the S29 
line which deleted all the DH segments on one chromosome and only retained one 
on the other (Kim et al., suomitted). The deletion of all the DH segments 
could be due to VDJ joining. However, probes specific for the most DH 
proximal VH families (VH81X and VHQ52) revealed no deletions or rearrangements 
indicating that no V-D Joins had occurred (Kim et al. submitted). There are 
three alleles with potentially functional D-J joinings (Slla1, Slla2, S33a) 
but these cell lines also still contain aberrantly rearranged alleles. One 
pre B line, 511, retains a germ line context JH region which is highly 
atypical for A-MuLV transformed pre B cells (Alt et al., 1984). 511 is also 
unusual in containing four rearranged JH segments and may be undergoing 
progressive recombinations which culminate in aberrant D-J deletions. 
However, it is also conceiveable that 511 is oligoclonal. Southern 
hybridization performed with a v-abl probe indicated that the majority of the 
scid lines possess one A-MuLV provirus, several have two, but 511 contains 
three A-MuLV genomes of equivalent intensity (data not shown). Limiting 
dilution cloning experiments will be necessary to assess the clonality of the 
511 1 ine. 
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Figure J. Locations of recombination sites within the J-~ intron of the Igh 
alleles of nine SCID pre B lines. 

Features of the Nucleotide Sequences at Two scid Igh Recombination Sites 

We chose the S7 scid pre B line for cloning and nucleotide sequence analysis 
since its Igh rearrangements are representative of the most common deletions 
in scid pre B lines: one resides in the Igh enhancer region and the other 
nearby the S~ tandem repeats. Comparative maps and structural features of 
the two S7 Igh alleles are shown in Figure 2. Genomic clones for each allele 
(a and b) were isolated and are denoted SEl(a} and SE3(b}. Homologous regions 
were found 5' of their recombination sites. In addition, sequences upstream 
of the pSE3(b} recombination site hybridized with a 5' DFL16 1 probe, but 
SEl(a} did not hybridize to either 5' DFL or 5'DSP2 probes. 'Nucleotide 
sequence analysis of the recombination sltes revealed that DH coding sequences 
and correct heptamer and nonamer recognition sequences separated by 
appropriate length spacer segments were absent (Figure 3). However, "heptamer 
like" sequences are found 5' of both breakpoints. Allele (a) contains a 
perfect heptamer (TACTGTG) in its 5' flanking DH sequences, 2 bp 5' of its 
rearrangement site, and allele (b) has a "heptamer like" sequence (TAGTGTA) in 
the analogous position. "Heptamer like" sequences are also found in the 
deleted DNA sequences within the IgH enhancer and the S}{ region, 10 and 15 bp 
5' of the allele (a) and (b) breakpoint respectively. We also note that the 
sequences TG or TGG are positioned at the recombination sites of both alleles. 
Analogous sequences have been found at the recombination sites of Igh enhancer 
deletions, c-myc translocations (Aquilera et al., 1985) and retroviral 
insertions (reviewed in Panaganilova, 1985, Skalka and Leis, 1984) and an 
endonuclease activity specific for TG/AC sequences has been identified in 
chicken bursa and mouse liver extracts (Aquilera et al., 1985, Hope et al., 
1986). 
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Significance of "Heptamer Li ke" Sequences at scid Igh Recombi nati on Sites 

There are numerous examples where VDJ heptamer (but not nonamer) recognition 
sequences reside nearby unusual Ig gene recombinations such as VH-VH gene 
replacements (Kleinfield et al., 1986, Reth et al., 1986), chromosome 
translocations in murine and human lymphoid malignancies (Showe et al., 1987, 
Otsu et al., 1987), and abnormal light chain gene rearrangements (Siminovitch 
et al., 1985, Durdik et al., 1984, Seidman and Leder, 1980). A number of 
these rearrangements also contain "heptamer like" sequences and their distance 
from the recombination sites varies from 0-12 bp (see Table I). 

The presence of "heptamer like" sequences near the recombination sites of the 
two sequenced Igh alleles may be fortuitous or may indicate the involvement of 
these sequences in the abnormal deletions of DH and JH coding segments. The 
later possibility is consistant with the absence of symmetrical deletions in 
these loci. Nuclear factors which specifically bind to the D-J heptamer
nonamer sequences (Aquilera et al., 1987) and their flanking DNA (Weaver and 
Baltimore, 1987) have been recently identified and sequence specific 
endonuclease activities unique to B cells have also been detected (Desiderio 
et al., 1984, Kataoka et al., 1984). Whether any of these factors are absent 
or defective in scid pre B cells remain to be determined. 
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Figure 3. Nucleotide sequences of the recombination sites 0: the r~arran~ed.Igh 
alleles in S7 cells. Nucleotide sequences of the corre9pondlng reglons w,th,n 
the BA1B/c Igh enhancer and SII are shown for comparison. The arrows 
indicate breakpoints and heptemer like sequences are boxed. 



Table ~ Heptamer-like sequences found nearby aberrant 19h gene recombinationsa 
Aberrant Heptamer like 
Phenomenon Cell line Location Sequence Reference 
SCID S7 (allele a) 5' DH T ACT G T G this paper 
deletion IgH Enh C ACT c T G 

S7 (allele b) 5' DH TAgTGTa this paper 
5' S" caGTCAt 

Enhancer MOPC 195 3' JH4 TACTGgG Aquilera et al 
deletion SI! a 9 G A C A C (1985) 

MOPC 467 5' JH4 (C ACT G T G}b 
SI! TAgTcTG 

9.2.2.1 JH (C A gAG T t}t Eckhardt & Birshstein 
(MPCll vari ant) 5' CY2a (C caT G T G) (1985) 

Switch 9.7.1 CY2a agCTGTG 
variant (MPCll variant) CY2b cTGTCctb 

(C A C A G T G) 

Etn P3.26Bu4 SY2b (C ACT G 9 G}b Shell et al. 
( 198?) 

Line PD31 (300-18) Line C A C caT G Yancopoulos et al. 

t(12:15} MPCll myc 
(1986) 

c a G A C A C Stanton et al. 
SY2a a c C A GaG (1984) 

ABPC45 5' myc b (C 9 C A G T c) Fahrlander et al. 
(1985 ) 

ABPC33 5' myc TAt T G T G Kim & Marcu 
5' SY2a (t gaT G T G)b unpublished 

J558 Sa agCTGTG Gerondakis et al. 
(1984) 

W267 myc TcCaGTc 
S" (g ACT G T G)b 

HOPCl myc C c C T G T G 
S" (C A 9 T G T Gf' 

P3 myc C c C T G c G 
S" gACTGac 

t(6:15) ABPC4 CK 9 ACT G c t Webb et al. 
pvt-l C A gAG T t (1984) 

D-J heptamer consensus TIC A C T/A G T G 

Aberrant Rearrangement Frequencies % = 63 60 70 93 87 77 70 
Normal Rearrangement Frequencies % = 76 72 72 96 98 100 96 Akira et al. 

( 19B?) 

a. Heptamer sequences were found 0-12bp from the breakpoints. Capital letters 
are conserved sequences, small letters are nonconserved sequences. 

b. Sequences are found on the antisense strand. 
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Autoimmunity 

VH Family Usage and Binding Analyses of Po lyre active 
Monoclonal Autoantibodies Derived from Nonimmunized Adult 
BALB/cMice 

A.B. Hartman!,3, C.P. Malleti2, J. Srinivasappa3, B.S. Prabhakar3, A.L. Notkins3, and S.J. Smith-Gill2 

INTRODUCTION 

The presence of natural autoantibodies in the B-cell repertoire of 
normal healthy mice has been well established and suggests that some 
autoreactive B cells could be activated by the internal environment, 
Le., naturally activated (Dighiero et al. 1983; Prabhakar et al. 
1984; Steele and Cunningham 1978). In order to better understand 
the naturally activated repertoire, we have examined the reactivity 
patterns of a panel of BALBI c hybridomas from unmanipulated adult 
spleen cells. This panel of natural antibody hybridomas (NAbs), 
selected first for organ binding by indirect immunofluorescence 
microscopy, was used to examine the following questions: 

1. Are organ-reactive NAbs polyreactive? 

2. Is there preferential VH usage in NAbs? 

GENERATION OF NAb PANEL 

Fusion of pooled spleen cells derived from two normal 12-week-old 
non-immunized BALB/cAn mice was carried out as previously described 
(Prabhakar et al. 1984). Hybridomas were first screened against 
frozen BALBI cAn tissue sections by using indirect immunofluorescence 
microscopy (Srinivasappa et al. 1986). As summarized in Table 1, 22 
of 103 antibodies screened were positive for organ binding. Thirteen 
of these 22 antibodies were reactive to tissues in more than one 
organ, while nine displayed single organ specificity. Eighty-five 
hybridomas were then screened for antigen binding (Table 1). Eleven 
antibodies were positive for antigen binding against an initial test 
panel of four antigens (bovine serum albumin, galactan, cytochrome 
c, and chicken hen egg white lysozyme); all but one of these antibodies 
also exhibited organ reactivity. From these antibodies, a panel 
composed of three mono-organ-reactive antibodies, six multi-organ
reactive antibodies, and one non-organ-reactive antibody was selected 
for further study. All but one of these antibodies were of the IgM 
heavy chain class; the other antibody, NAb 1, was identified as an 
IgG2b. These 10 NAbs were examined for VH family usage and for 
reactivity against a larger panel of antigens. Figure 1 shows organ
binding patterns for three of the NAbs. 
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Table 1. Primary screening of NAbs 

Organ binding Antigen binding 

Isotype Isotype 

IgM IgG Total IgM IgG Total 

Antibodies Tested 103 85 
Antibodies Positive 18 4 22 11 11 
Monoreactive NAbs 6(2a ) 3 (1 a) 9 2 2 
Multireactive NAbs 12(6a ) 1 13 9 (1 a) 9 

aNAbs selected for detailed characterization in this study. 

VH FAMILY USAGE OF THE TEN NAbs 

VH family usage of the 10 NAbs was determined by slot blot analysis 
(Bellon et al. 1987), utilizing VH gene probes VHJ558, VH3609, VHS107, 
VH36-60, and VHQUPC52 obtained from Peter Brodeur (Brodeur and Riblet 
1984), and VHX24 , VH37.1 (7183 family), and VH22.1 (J606 family), 
described previously (Hartman and Rudikoff 1984). VH family usage 
was then confirmed by sequencing of the heavy chain from the VDJ 
join back through the FR3 region. Sequencing was performed by primer 
extension of poly(A)+ -selected mRNA from each hybridoma and subsequent 
sequencing of the cDNA transcripts utilizing Maxam-Gilbert techniques 
(Clarke et al. 1985; Maxam and Gilbert 1980). Sequencing results 
(Table 2, Hartman et al. 1988) revealed that four VH families were 
expressed by the 10 NAbs: VHJ558, VHQ52 , VH3609, and VH7183. When 
VH family usage in the 10 NAbs was compared to estimates of potential 
(germline) and available repertoires (Holmberg et al. 1986), we found 
an apparent random VH usage in the NAbs of the adult mouse. In fact, 
the NAbs in our study were found to be encoded by the four most 
abundant families (VHJ558, VHQ52 , VH7183, and VH3609), which together 
account for an estimated 80% of the germline VH genes (Riblet and 
Brodeur 1986). 

ANTIGEN REACTIVITY OF THE TEN NAbs 

The 10 NAbs were screened against a larger panel of haptens and both 
self and non-self antigens by using particle concentration immuno
fluorescence (Jolley et al. 1984) with an automated system (Screen 
Machine, Pandex Laboratories, Mundelein, IL). The results of this 
screening (Table 2, Hartman et al. 1988) confirmed the patterns shown 
by the initial screen against four antigens. Two antibodies, NAb1 
and NAb 8 , did not bind any antigen in the panel, while the other 
eight antibodies exhibited polyreactive binding profiles. Each of 
the polyreactive NAbs showed a unique pattern of antigen binding, 
indicating that the polyreactivity exhibited by these antibodies is 
not indiscriminate. Since all but one of the organ-reactive IgM 
NAbs were also polyreactive, these results confirm the conclusions 
of Holmberg et al. (1986) that self-reactivity is likely a consequence 
of polyreactivity or antibody "degeneracy." We also found a striking 
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Fig. 1. Reactivity of NAbs with BALB/c organs. Indirect immuno
fluorescence reactivity of NAb2 with tissue in salivary gland (A), 
NAb7 with smooth muscle in oviduct (B) and testis (C), and NAb8 with 
parietal cells in stomach (D). Original magnifications: A, x125; 
B, x125; C, x80; and D, x125. 
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Table 2. Summary of NAbs derived from adult BALB/c micea 

Organ Antigen Ig heavy 
Antibody reactivity reactivity VH family chain classb 

NAbl +c 
NAb 2 ++d 
NAb 3 ++ 

none 7183 'Y2b 
poly 3609 fJ, 
poly 3609 fJ, 

NAb 4 ++ poly Q52 fJ, 
NAbS + poly Q52 fJ, 
NAb 6 ++ poly Q52 fJ, 
NAb 7 ++ poly J558 fJ, 
NAb 8 + none J558 fJ, 
NAb 9 ++ 
NAb 10 Oe 

poly J558 fJ, 
poly J558 fJ, 

aSequence and binding data described in detail elsewhere (Hartman et 
a1. 1988). 

bAll NAbs described here have K light chains. 
cMono-organ reactive. 
dMulti-organ reactive. 
eNo reactivity. 

correlation between apparent affinities of the antibodies and VH 
family usage in the order VH3609 > VHQ52 > VHJ558 (data not shown). 
In general, the VHJ558 antibodies were less reactive, in agreement 
with Holmberg (1987). 

CONCLUSIONS 

1. The majority (8/9) of IgM NAbs demonstrated a wide range of 
reactivities for both self and non-self antigens that were unique 
for a given antibody. This is consistent with the hypothesis 
that self-reactivity may reflect general polyreactivity. 

2. NAb VH usage is diverse and appears to be representative of the 
germline repertoire. 

3. We did see a correlation between VH family 
affinity for a broad spectrum of antigens. 
different VH families may vary in their 
affinities for complex antigens. 

usage and apparent 
This suggests that 
natural "germline" 

4. We propose that possible functions for polyreactive natural 
antibodies are to act as a first line of defense and offer pro
tection for the host against a variety of foreign agents. 
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Autoimmuuity 

Pleiotropic Effects of Deleterious Alleles at the "Motheaten" 
Locus 

L.D. Shultz 

INTRODUCTION 

Our understanding of basic immunologic mechanisms has been advanced through the study of 
mutations that cause defects in the development or regulation of the immune system. We have 
recently reviewed more than 30 genes known to cause abnormalities in this system (Shultz and 
Sidman 1987). Although certain immunological mutations have served as models for specific 
human diseases, their chief value is as tools with which to dissect complex processes and thus 
increase our understanding of the immune system in normal and pathologic states. Among these 
mutations, deleterious alleles at the motheaten locus cause the most severe immunological 
changes known to be caused by a single locus. Mice homozygous for the recessive allelic genes 
"motheaten" (me) or "viable motheaten" (mev) on Chromosome 6 are severely 
immunodeficient and develop autoimmune disease early in life. The first recorded mutation at 
the motheaten locus occurred in 1965 in the C57BU6J strain of mice at the Jackson Laboratory 
(Green and Shultz 1975). In 1966, an independent mutation named me 2J, was found in an 
inbred stock carrying the mutation hydrocephalus. Although the mutation me2J was used to 
carry out linkage tests, propagation of this stock has been discontinued. In 1980, the mev 
mutation occured on the C57BU6J strain background. Homozygotes (me/me) and (mev/mev) 
have a mean lifespan of 3 and 9 weeks respectively (Shultz et al. 1984). Early 
experimentation with me/me mice indicated multiple immunologic abnormalities. However, 
the short lifespan of these mice made it difficult to distinguish basic defects in the immune 
system from those defects associated with incomplete maturation and with poor health. The 
three-fold increase in longevity of mev/mev mice has stimulated recent additional 
experimentation. This report focuses on the phenotypic effects of mutations at the motheaten 
locus and discusses recent findings suggesting that these deleterious alleles cause 
microenviromental defects demonstrable at the level of hematopoietic progenitors. 

HISTOPATHOLOGIC ABNORMALITIES 

While me/me mice can usually be recognized by the second postnatal day, when small abscesses 
appear on the surface of the skin, mev/mev mice cannot be identified by the presence of skin 
lesions until 4-5 days of age (Green and Shultz 1975; Shultz et al. 1984). In both me/me and 
mev/mev mice, neutrophils accumulate in the dermis and penetrate as far as the panniculus 
muscle. These subepidermal lesions displace hair follicles and result in patchy absence of 
pigment, giving the animals their characteristic "moth eaten" appearance. The cutaneous 
abnormalities are not prevented under germ-free conditions in offspring derived by 
hysterectomy (Lutzner and Hansen, 1976) and therefore appear to be associated with 
autoimmune disease rather than with infection. The finding that doubly homozygous nu/nu 
mev/mev mice develop focal skin lesions similar to those in intact mev/mev mice (Shultz et 
al. 1984)} indicates that differentiated T cells are not required for development of these 
lesions. In addition to cutaneous abnormalities appearing early in life, mev/mev mice have a 
significant reduction in numbers of la+ epidermal Langerhans cells after 5 weeks of age. By 8 
weeks, the mutant mice show a three-fold reduction in numbers of Langerhans cells compared 
with littermate control animals. This age-associated reduction in Langerhans cells might 
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reflect a general abnormality in la+ dendritic cell populations since recent evidence suggests 
that Langerhans cells serve as precursors of la+ dendritic cells in lymphoid organs (Schuler 
and Steinman 1985). Because cutaneous lesions are the first phenotypic abnormalities seen in 
me/me and mev/mev mice, they may herald immunopathologic changes that appear later in 
life. 

Histopathological abnormalities in lymphoid tissues of me/me and mev/maY mice are similar 
in appearance (Green and Shultz 1975; Shultz et a!. 1984). The thymus appears histologically 
normal until 4 weeks of age when cortical depletion becomes evident. Involution progresses in 
mev/mev mice until 16 weeks of age when nothing grossly recognizable as a thymus can be 
found in the mediastinal area. In contrast to thymic atrophy, the spleens of me/me and 
mev/mev mice show marked hypercellularity from birth onwards. Splenomegaly in these mice 
results from increased erythropoiesis and myelopoiesis and is accompanied by depletion of 
lymphoid cells from the periarteriolar regions.. In contrast to the increased erythropoiesis in 
the spleen, the bone marrow shows decreased erythropoiesis and increased myelopoiesis. As in 
the spleen, lymph nodes from me/me and mev/mev mice lack well-defined lymphoid follicles. 
While lymph nodes from the mutant mice show increased size, there is a decreased incidence of 
lymphocytes and increased numbers of neutrophils, plasma cells, and multinucleated giant cells. 
In both the spleen and lymph nodes, atypical plasmacytoid cells containing discrete 
immunoglobulin inclusions appear by 4 weeks of age. These inclusions have been termed Russell 
bodies, and the cells containing them have been termed Mott cells (Russell 1890). Mott cells 
have been reported previously to be present following hyperimmunization (Zlotnick et a!. 
1959) as well as in association with chronic inflammatory diseases and lymphoid malignancy in 
man and experimental animals (Gebbers and Otto 1976; Hsu et a!. 1972; Blom et al. 1976). 
Experimentation with mev/mev mice has shown Mott cells to be thymic-dependent 
plasmacytoid cells that are defective in Ig secretion (Shultz et a!. 1987). Mott cells appear to 
result from host responses to polyclonal B cell activation and they may be indicative of a 
mechanism by which spontaneous autoantibody secretion is reduced following chronic antigenic 
stimulation. 

In both me/me and mev/mev mice, the immediate cause of death depends on focal intra-alveolar 
hemorrhages with accumulation of macrophages and neutrophils in pulmonary alveoli (Green 
and Shultz, 1976; Shultz et al. 1984». Such macrophage accumulation may be due to an 
increased multiplication rate since these cells show increased proliferative capacity in vitro 
(McCoy et al. 1982; McCoy et al. 1983). Since cultured splenocytes from me/me mice 
spontaneously produce high levels of colony-stimulating activity (CSA) in vitro, it has been 
suggested that the elevation in macrophage proliferation may result from defective regulation of 
CSA (McCoy et aI1984). The development of pneumonitis in me/me mice has been described 
in detail by Rossi et al (1985) who suggest that the pulmonary lesion in these mice may be a 
valuable model for following the natural progression of interstitial lung disease associated with 
autoimmunity. The increased lifespan of mev/mev mice is associated with a more chronic lung 
disease than the acute pulmonary lesions commonly observed in me/me mice. Pulmonary as 
well as renal lesions in these mice accompany the autoimmune changes. Immune complex and 
complement deposition are evident in the lungs and kidneys of mev/mev mice by 10 weeks of 
age (Shultz et al. 1984). Elevated blood urea nitrogen levels are seen in mutant mice surviving 
to 15 weeks. 

Despite their increased lifespan, both female and male mev/mev mice are sterile. Thus, 
maintenance of mev/mev as well as me/me mice is accomplished by transplanting ovaries of 
females to histocompatible hosts. Breeding of such ovary recipients to pedigreed C57BU6J 
+1+ males provides the heterozygotes needed to produce mutant offspring and also reduces the 
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possibility of subline divergence. Sterility in male mev/mev mice is associated with Leydig 
cell depletion and low testosterone levels. Although there is no direct evidence that the decrease 
in Leydig cell numbers is due to autoimmune disease, the role of inflammatory processes in 
sterility is suggested by neutrophil aggregation between the testicular tubules at 1-2 weeks of 
age (Shultz et al. 1984). While testosterone implants result in production of normal appearing 
spermatids in mev/mev mice, attempts to restore fertility with such implants have been 
unsuccessful. 

PERIPHERAL BLOOD CHANGES 

In me/me mice, the elevated white cell count which becomes evident by 2 weeks of age is 
attributable to increased numbers of neutrophils and monocytes (Green and Shultz 1975). The 
high number and incomplete maturation, of peripheral granulocytes is consistent with the 
presence of chronic inflammatory lesions in the skin and lung. In contrast, while mev/mev 

mice show a high percentage of Circulating neutrophils at an early age, peripheral white blood 
cell counts remain normal until 7 weeks of age. By 10 weeks, these mice develop a two-fold 
increase in total white blood cells and a five-fold increase in the percentage of neutrophils 
(Shultz et al. 1984). Although me/me mice have normal red cell counts, mev/mev mice 
develop severe macrocytic hypochromic anemia by 9 weeks of age. The presence of 
hemagglutinating antibodies in sera from these mice suggests that anemia may be secondary to 
autoimmune disease. 

ABNORMALITIES IN LYMPHOID CELLS AND IN IMMUNE FUNCTION 

While the incidence of splenic B cells is markedly reduced in me/me and mev/mev mice, 
there are increased numbers of plasma cells. Almost all the B cells present in these mice show 
low levels of IgD and express the Ly-1 surface glycoprotein, which marks a minor population 
of B cells in normal mice and the IgM autoantibody-producing B cells in NZB mice (Sidman et al. 
1986). Such Ly-1 + B cells are thought be responsible for producing natural autoantibodies 
(Hayakawa et a11984) and anti-idiotypic antibodies (Kearney and Vakil 1986) in normal 
animals. The levels of IgM in me/me and mev/mev mice are 25 to 50 times greater than 
those in littermate control mice, and sera from the mutant mice contain multiple 
autoantibodies (Shultz and Green 1976; Shultz and Zurier 1978; Sidman et al. 1986). 
Hyperimmunoglobulinemia is not due to increased production of B cells (McCoy et aI1985), 
but to a dramatic overproduction of two B cell maturation-promoting Iymphokines that appear 
to underlie the observed polyclonal B cell activation (Sidman et al. 1984; Sidman et al 1985). 
The role of lymphoid cells in the morbidity of mev/mev mice is indicated by the observation 
that animals simultaneously homozygous for the mutation "severe combined immunodeficiency" 
(scid) and mev show a significant increase in longevity compared with mev/mev mice (Shultz 
and Sidman 1987). While Ly-1+ B cells contribute to certain pathologic changes in me/me 
mice, recent work by Scribner et al (1987) suggests that development of such cells and 
expression of autoantibodies do not- underlie the "motheaten" phenotype. These investigators 
examined the interaction of the me mutation with the mutation "X-linked immunodeficiency" 
(xid). The xid gene prevents the marked expansion of Ly-1 + B cells (Hayakawa et al. 1983). 
Although the xid gene prevented development of Ly-1 + B cells and markedly diminished 
autoantibody levels, combination of me with xid on the NSF strain background did not increase 
longevity nor reduce the severity of granulocytic lesions compared with NSF-me/me mice. 

Motheaten mice show severely impaired responses to thymic-dependent and thymic-independent 



antigens, have reduced proliferative responses to B cell and T cell mitogens, and lack cytotoxic T 
cell as well as natural killer (NK) cell activity (Shultz and Green, 1976; Sidman et al. 1978b; 
Kincade 1978; Davidson et al. 1979; Clark et al. 1981). Immunodeficiency in these mice is 
believed not to be due to any primary defect in IL-1 or IL-2 production or utilization (Stanton 
et aL 1985). A recent investigation of mev/mev mice has shown severe defects in immunologic 
function similar to those reported in me/me mice. However, while splenic T cells from 
mev/mev mice are defective in proliferative responses to Con A and lack cytotoxic T cell 
activity, lymph node cells from these mice show normal Con A blastogenic and cytotoxic T cell 
responses (Shultz et aI., unpublished data) 

HEMATOPOIETIC PROGENITOR CELL ABNORMAUTIES 

The transfer of hematopoietic progenitor cells from mice with heritable immunologic 
dysfunction into normal irradiated recipients has been used to evaluate experimentally the role 
of intrinsic stem cell defects in the disease process. Despite the normal ontogeny, tissue 
distribution and differentiative capacity of hematopoietic stem cells, intravenous transfer of 
bone marrow or spleen cells from me/me mice into 1000 R gamma-irradiated congenic +1+ 
recipients results in death from severe pulmonary hemorrhage and inflammation at 2-3-weeks 
after injection (Shultz et al. 1983). Thus, determination of pathologic changes in irradiated 
recipients of bone marrow or spleen cells from me/me mice has been limited to short term 
experiments. The longer lifespan of mev/mev mice is evidently determined at the level of 
hematopoietic progenitors. Lethally-irradiated +1+ recipients of mev/mev bone marrow cells 
survive three-fold longer than recipients of me/me marrow cells (Shultz 1987). Pathologic 
changes in mev/mev marrow recipients are similar to those seen in mev/mev mice and include 
splenomegaly, pneumonitis, granulocytic skin lesions and hyperimmunoglobulinemia. 
Death from acute pulmonary injury prevents assessment of the ability of me/me bone marrow 
cells to repopulate the lymphoid system of irradiated recipients. However, as discussed below, 
the increased survival time of mev/mev bone marrow recipients enables such studies. 

The loss of cells from the thymus of me/me and mev/mev mice after 4 weeks of age was 
initially thought to be associated with the occurrence of thymocytotoxic autoantibodies. 
However, based on recent studies, it is more likely that thymic involution in these mice is 
caused by a defect at the level of hematopoietic progenitor cells. Bone marrow cells from 
mev/mev mice are unable to repopulate the thymus of irradiated congenic recipients after 
intravenous (LV.) injection. Using a newly developed intrathymic (LT.) transfer system, 
Greiner et al (1986) showed that prothymocytes are present in normal numbers in these 
mutant mice. Thus, the defective thymic repopulation following I.V. injection appeared to be 
associated with a prothymocyte homing defect rather than with a decrease in prothymocyte 
numbers. The intriguing finding that the apparent defect in the thymus homing capacity can be 
corrected by mixing normal congenic +1+ bone marrow cells with those from mev/mev mice 
before I.V. injection into irradiated recipients indicates that the impaired thymic repopulation 
function may be due in part to a defect in a radiosensitive accessory cell population (Komschlies 
et aI1987). 

Results using three different types of bone marrow culture systems have indicated that 
deleterious alleles at the me locus cause microenvironmental abnormalities that may affect 
multiple hematopoietic lineages. Medlock et al (1987) utilized a newly developed in vitro 
culture system that selectively supports the generation in vitro of terminal deoxynucleotidyl 
transferase positive (TdT+) cells. This system has been used to investigate the pathogenesis of 
abnormal lymphopoiesis in me/me and mev/mev mice. These results demonstrated that bone 
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marrow cell feeder layers derived from me/me and mev/mev mice did not support the 
generation of rat TdT+ cells in vitro, whereas stromal cell feeder layers derived from 
littermate normal mice do so. Since composite feeder layers formed from mixing mutant and 
normal bone marrow cells likewise failed to support the generation of TdT+ cells in vitro, 
defective lymphopoiesis in the mutant bone marrow cultures appeared to be secondary to 
inhibitory factors. Although the stromal microenvironment of me/me and mev/mev mice did 
not support the growth of TdT+ cells, mutant mouse bone marrow cultured on littermate 
control feeder layers generated normal numbers of TdT+ cells. These data suggested that a 
microenvironmental defect in the bone marrow of these mutant mice played an important role in 
the impaired development of functional lymphoid cells. Early lineage 8 cells identified by the 
8220 antigen, as well as numbers of TdT positive cells, were found to be markedly depleted in 
the bone marrow of me/me and mev/mev mice. Although the mutant mice showed a severe 
decrease in numbers of TdT+ bone marrow cells at all ages tested, frequency of TdT+ cells in the 
thymus and levels of TdT enzymatic activity in thymuses from me/me and mev/mev mice 
were normal. 

More recently, Hayashi et al (1988) analyzed hematopoietic cells from mev/mev mice using 
Whitlock-Witte cultures for lymphocytes and Dexter cultures for myeloid cells. Neither 
lymphocytes nor granulocytes were formed in mev/mev bone marrow cultures. Moreover, 
co-cultures of bone marrow from normal and mutant mice were defective. These data further 
indicate that dysregulation of the bone marrow microenvironment in mev/mev mice underlies 
abnormal lymphopoiesis and myelopoiesis. Although the mechanism whereby mev/mev bone 
marrow cells inhibited normal hematopoietic cell development remains unknow, inhibition was 
not due to soluble factors but instead appeared to be dependent on direct cellular interactions. 

CONCLUSIONS 

Homozygosity for deleterious alleles at the motheaten locus results in marked abnormalities in 
multiple hematopoietic lineages. Defects in lymphoid cell populations in me/me and mev/mev 
mice result in severe immunodeficiency and autoimmune disease. Although the underlying 
mechanism by which the mutant alleles affect the immune system is not well understood, it 
appears that defects in lymphoid cell and myeloid development and function might be secondary 
to abnormalities in the hematopoietic microenvironment. As the products of the alleles at the 
me locus become known, additional insight will be gained into mechanisms underlying normal 
immune function and immunologic disease processes. 
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Autoimmunity 

Characterization ofMott Cell Hybridomas from Autoimmune 
"Viable Motheaten" Mutant Mice 

P.A. Schweitzer and L.D. Shultz 

INTRODUCTION 

Mott cells are abnormal plasma cells with discrete glycoprotein inclusions termed Russell 
bodies. These inclusions can be detected by their intense staining with periodic acid-Schiff's 
reagent (PAS). While Mott cells are present in low numbers in normal tissues (Lisco 1942), 
they are abundant in certain patients with multiple myeloma (Maldonado et al. 1966), 
trypanosomiasis (Mott 1905), and AI DS (Armstrong et al 1985). Mott cells can be found in 
experimental animals after hyperimmunization (White 1954) and in association with 
autoimmune disease of genetic origin (Alanen et al. 1985; Shultz et al. 1987). Although Mott 
cells have been recognized since 1890 (Russell 1890), neither the factors required for their 
development nor the role of these cells in normal and in diseased states have been determined. 
Mott cells are commonly found in lymphatic tissues from autoimmune, "viable motheaten" 
(me v) mutant mice after 5 weeks of age (Shultz et aI1987). In order to analyze the 
defect(s) associated with development of Mott cells, permanent cell lines (hybridomas) were 
established that retain the Mott cell phenotype; i.e., plasmacytoid cells containing large 
amounts of immunoglobulin (Ig) within Russell bodies. 

METHODOLOGY AND RESULTS 

Cells from cervical lymph nodes of mev/mev mice were ,fused to the non-secreting myeloma 
parent, SP2/0. Aminopterin-resistant hybrids were then screened for the presence of cells 
containing discrete PAS-positive cytoplasmic inclusions. Mott cell hybridomas appeared at an 
unexpectedly high frequency. Approximately one-third of hybridomas from mev/mev mice 
contained Russell bodies. Staining of the Mott cell hybridomas with isotype-specific 
affinity-purified fluorescein-conjugated antisera revealed that although the majority 
produced mk Ig, a small percentage produced mllg. Globular, medusoid, or crystalline 
Russell bodies were observed by transmission electron microscopy (Fig. 1). After cloning, 
the Mott cell hybridomas retained their individual morphologic characteristics. However, the 
hybridomas were often unstable, losing detectable Russell bodies after extended culture. 

In order to investigate the defect that causes abnormal Ig secretion from Mott cell hybridomas, 
additional hybridomas were made between mev/mev lymph node cells and the P3X63 
myeloma fusion partner, which secretes IgG1 (MOPC21). Hybridomas with the Mott cell 
phenotype were observed at the same frequency as obtained in a parallel fusion with the 
non-secretor, SP2/0. In addition, by immunofluorescence microscopy, both IgG1 
(presumably MOPC21) and IgM (from the mev/mev lymph node cells) were found in the 
Russell bodies. 

Although these Mott cell hybridomas clearly retain Ig in intracellular rough endoplasmic 
reticulum (RER)-bound vesicles, Ig in supernatants was readily detectable by ELISA. We are 
currently trying to determine whether this Ig was secreted from Mott cell hybridomas or 
released from ruptured cells. IgM from the supernatant of Mott cell hybridomas eluted from a 
gel filtration column at a molecular size corresponding to pentameric IgM, approximately 106 

daltons. This is the expected molecular weight for secreted IgM. 
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IgM-dependent plaque-forming cells (PFC) are sensitive to the inhibitor of protein synthesis, 
cycloheximide (Paige and SkarvaIl1982). This sensitivity been used to determine whether 
Molt cells from NZB mice secrete Ig (Alanen et al. 1985). PFC from certain mev/mev Molt 
cell hybridomas were not inhibited by cycloheximide; these PFC were presumably caused by 
ruptured cells. However, the PFC from other Molt hybridomas were prevented by treatment 
with cycloheximide. These preliminary experiments indicate that some Molt cell hybridomas 
are able to secrete Ig in addition to retaining the Ig intracellularly. 

Fig. 1 Transmission electron micrograph of a Molt cell hybridoma. Numerous osmophilic, 
globular Russell bodies are evident (x4800). 

DISCUSSION 

Molt cells may represent a stage of B cell development in which the secretion of Ig is regulated 
after maturation to the plasma cell stage. Molt cell development requires functional T cells 
and can be antigen specific. The development of Molt cells in mev/mev mice is dependent 
upon the presence of functional T cells because in mice doubly homozygous for the nude and 
viable motheaten genes or in mev/mev mice thymectomized at birth, Molt cells do not develop 
(Shultz et al. 1987). White (1954) demonstrated that many Russell bodies in Mott cells 
were antigen binding (Le. had anti-bacterial antibodies) following hyperimmunization of mice 
and rabbits with crude bacterial antigens. Identifying the epitopes to which the 
immunoglobulins from Molt cell hybridomas react would be informative for understanding the 
mechanisms underlying the development of Molt cells. However, the highly cross reactive 
nature of autoantibodies (Satoh et al. 1983) might make a definitive identification of the 
antigen difficult. 

Several characteristics differentiate the mev/mev Molt cell hybridomas from previously 
described Molt cell hybridomas (Alanen et al. 1985; Weiss et al. 1984). The Ig produced by 
Molt cell hybridomas from meV/me v mice was IgM, whereas the hybridomas described by 



Alanen et a\. (1985) produced either IgG1 or IgG3 and that described by Weiss et ai. (1984) 
produced only light chains. Also, Mott cell hybridomas from mev/mev mice arise at a 
thirty-fold higher frequency than from NZB mice (Alanen et al. 1985). 

Although the P3X63 myeloma parent had the enzymes/proteins required for Ig secretion 
(P3X63 secretes IgG1), Mott cell hybridomas were obtained at a similar frequency to fusions 
with the non-secretor, SP2IO. The Russell bodies in these hybridomas contained both IgM and 
IgG1. This indicates that abnormallg secretion is not a result of an alteration in the primary 
amino acid sequence of the Ig heavy chain. However, the possibility of a defective light chain 
gene has not been ruled out. Since neither the SP2/0 nor the P3X63 myeloma parent rescues 
the defective Ig secretion, Mott cell hybridomas may represent a stage of B cell development 
frozen by fusion. Therefore, the development of Mott cells may not be directly caused by the 
action of defective mev/mev genes. 

If Mott cells synthesize normal Ig chains and have no defects in the secretory organelles 
and/or proteins required for intracellular transport, yet are defective Ig secretors Uudged by 
the buildup of Ig intracellularly), the possibility exists that Mott cells are DQ.t 
"down-regulated" plasma cells but rather synthesize Ig at a rate that overloads the protein 
secretory apparatus. Overproduction of Ig might explain not only the secretion of some Ig by 
Mott cell hybridomas but also the abundance of intracellular Ig in Russell bodies. Although it 
appears that these Mott cell hybridomas can secrete Ig, secreted Ig has not yet been detected 
from Mott cells from mev/mev mice, in ~ (Shultz et al. 1987). The release of high 
molecular weight IgM is not inconsistent with Ig sequestered in the RER and an inability to 
secrete IgM (Tartakoff and Vassalli 1979). However, the inhibition of PFC by cycloheximide 
indicates that some plaques are not a consequence of ruptured cells but are the result of active 
Ig secretion. This issue is being investigated further at the biochemical level. 
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Autoimmunity 

A Molecular Genetic Approach to gld "Autoimmune" Disease 

M. F. Seldin!, H. C. Morse m2, and A. D. Steinberg! 

INTRODUCTION 

A number of inbred strains, various crosses, and recombinant inbred lines 
of mice spontaneously develop autoimmune manifestations of which resemble 
those of patients with systemic lupus erythematosus and to some extent, 
Sjogren's syndrome and rheumatoid arthritis. Although several 
laboratories have characterized many of the immune abnormalities that 
occur secondary to genetic traits that segregate as Mendelian units, the 
primary defects have been elusive. Single gene defects which lead to or 
accelerate autoimmune disease include 1E£, an unmapped autosomal recessive 
mutation (Murphy and Roths, 1978; Andrews et aI, 1978) Yaa, the Y
chromosome-linked accelerator factor in BXSB mice (Murphy and Roths, 1979) 
and ~ (generalized lYmphoproliferative £isease), a spontaeous autosomal 
mutation mapped to distal mouse chromosome 1 (Roths et aI, 1984). 

The ~ mutation results in profound lymphadenopathy with expansion of an 
unusual T cell population and autoantibody production in C3H/HeJ mice 
(Roths et aI, 1984; Davidson et aI, 1985; Davidson et aI, 1986; Mountz et 
aI, 1986; Seldin et aI, 1987a). By 16 weeks of age C3H-~/~ mice of 
both sexes develop peripheral and mesenteric lymphadenopathy, 
splenomegaly, antinuclear antibodies including anti-dsDNA and 
hypergammaglobulinemia. The lymph nodes of these mice are heavily 
populated with dull Thy-1+, dull Ly-1, Ly-4- (L3T4-), Ly-2- cells These 
cells have high expression of cell surface antigens Ly-5(B220), Ly-6, Ly-
22, Ly-24 and PC-1 and absence of sIg, ThB and Ia (Davidson et aI, 1986; 
Seldin et aI, 1987a). These lymphocytes exhibit polyclonal rearrangement 
of TCR-beta but not Ig heavy chain genes and express full length TCR-alpha 
and TCR-beta mRNA (Mountz et aI, 1986; Davidson et aI, 1986). Lymph node 
cells of these mice also express large amounts of the ~ proto-oncogene 
which is ordinarily only expressed at high levels in the thymus or after 
mitogenic stimulation of T cells (Mountz et aI, 1986; Seldin et aI, 
1987a). The phenotypic expression of the ~ mutation is very similar to 
that of the nonallelic 1E£ mutation but unlike the 1E£ mutation the ~ 
mutation occurred in a stable inbred strain of mouse and has been 
successfully mapped utilizing a 3 point cross analysis (Roths et aI, 
1984). 

Our group has undertaken a molecular genetic approach to the understanding 
of the pathophysiology of this genetically determined disease in which the 
mutant or deficient normal gene product(s) remains undefined. The "gene 
first" approach has successfully been employed with the use of cDNA-mRNA 
subtraction hybridization to uncover the alpha and beta chains of the T 
cell receptor for antigen (Hedrick et al, 1984; Saito et aI, 1984), and 
the use of DNA mediated gene transfer induction of fibroblast 
transformation in the cloning of certain oncogenes (Kontriris and Cooper, 
1981; Perucho et al, 1981; Murray et al, 1981). It is more difficult to 
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approach those genes for which there is less certainty about the organs in 
which they are expressed and for which there are no available in vitro 
functional assays. Newly developed techniques allowing rapid cl~ing of 
genes large distances from available markers are dependent only on gene 
location and the type of mutation (Collins et al, 1987; Poustka et al, 
1987). These techniques involving "chromosome jumping" depend on precise 
mapping and subsequent molecular characterization of the region containing 
the genetic defect. We have initiated a large breeding study to obtain 
mice with chromosome recombination events close to the g!& gene which 
should allow the precise localization of this gene. 

RESULTS and DISCUSSION 

In order to detect chromosome recombination events by the use of 
restriction fragment length polymorphisms (RFLPs) and identify crossover 
events near the g!& locus, we are breeding [(C3H-~/~ x Mus spretus)F1 
x C3H-~/~] backcross mice. Mus spretus was chosen because of the 
increased likelihood of being able to detect unique bands at any locus 
(Potter et al, 1986). Thus far over 1200 backcross mice have been 
generated. The general strategy is outlined in Fig. 1. 

g WILD 
~/g:I 

t>A 
b 
c 

gldt> d 

e 
f 

t>G 

gld/gd 
Phenotype 

OTOfT(S()T)(? 1 
Cr05SOJerS 

+ -
Figure 1. Mapping ~ by RFLPs using [(C3H-g!&/g!& x wild) x C3H-g!&/g!&] 
backcross DNAs. Only the relevant chr.l crossover events are depicted. 
Using typed markers, crossovers at A or G can be detected. This will 
limit the number of DNA samples to those potentially informative. After 
RFLPs with a given probe (B-F) have been identified between C3H-~/~ 
and wild (M.spret), the backcross DNA can be characterized as illustrated. 
This will determine gene order and map distances. Only those probes that 
are closer to Bl& than the nearest crossover event (D), will yield a 
pattern directly corresponding to the phenotype. 
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Initial studies have centered on establishing a molecular genetic map of 
distal mouse chromosome 1 including the g1& gene. We utilized clones of 
genes either previously localized to distal mouse chromosome 1, or likely 
to be located in this region based on the possibility of a large conserved 
linkage group between distal mouse chromosome 1 and human chromosome 1q. 
To clarify gene positions we examined backcross mice (currently 95 
studied) and 7 sets of recombinant inbred RI strains. Potentially 
informative RFLPs in backcross mice were determined by hybridizing 
candidate genetic probes on Southern blots containing genomic DNA from 
C3H/HeJ-g1&/g1& parental mice and (C3H-g1&/g1& x M. spretus)F1 mice 
digested with various restriction endonucleases. Allelic variants were 
similarly identified in RI parental strains. Figure 2 shows the results 
of these studies which indicated the positions of 8 genes (Cfh, C4bp, Ren
~, Ly-5, At-3/g1&, Apo-A2, Ly-17, and Spna-1) spanning over 25 centi
Morgans on distal chromoso~e 1. 

Mouse Chromosome 1 

C4bp Pep-3 
Cfh Ren.1

J
2 Ly·S 

• ... -' .. \. 12 11 .. 21 3 
~, 

ild 
Lam B-2 At-3 

I 
Ly-22 

4 CI 

Mis 

Ly-17 

8 

Apo-A2 Akp-1 
(Sap) 

Ly-9 Spna-1 

1121 4 I 

Figure 2. Distal mouse chromosome 1. The map distances and confidence 
intervals were established based on a Bayesian analysis of data obtained 
from both recombinant inbred lines and backcross mice. The placement of 
Cfh, C4bp, Ren-1,2, Ly-5, At-3, Ly-17, Apo-A2, and Spna-1 are based on 
Southern blot analysis of RFLPs. Cfh was detected utilizing a 4.4 kb Hpa 
I fragment from the mouse cDNA prob;-PMH8 (D'Eustachio et ai, 1986). C4bp 
was detected using a 1.8 kb Pst I fragment from the mouse cDNA clone 
pMBP.15 (Kristensen et ai, 1987). Ren-1,2 was detected with a 1.4 kb Pst 
I insert from the mouse cDNA clone Id-2 (Field et ai, 1984). Ly-5 
polymorphisms were detected using a 2400 bp Bam HI fragment isolated from 
the cDNA clone pLy-5-68 (Seldin et ai, 1987b). At-3 associated RFLPs were 
detected with a 1.3 Pst I insert from the human cDNA clone pAt3 (Bock et 
ai, 1985). The Ly-17 probe was a 1.3 kb Eco RI insert from the Ly-17 
alpha chain cDNA clone J774 (Ravetch et ai, 1986). The Apo-A2 probe was 
a 600 bp Eco RI insert from a mouse cDNA clone (A_ Lusis, R.C. LeBoeuf, 
and M. Lucero - unpublished clone). The Spna-1 probe was a 750 bp Pst I 
insert from the mouse cDNA clone pMaSp1 (Seldin et ai, 1987c). 

The g1& gene was mapped with respect to these genes in the 95 backcross 
mice. Each was phenotypically typed on the basis of 1. obvious 
lymphadenopathy including the presence of enlarged mesenteric lymph nodes, 
2. elevated IgM or IgG anti-DNA antibodies,and 3. the increased ratio 
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of spleen cell Ly-5(B220) vs. Kappa expression. The data indicated 
there were no recombinants between an At-3 associated RFLP and g1£. 
33 phenotype + mice were homozygous C3H at this locus and all 45 mice 
had the heterozygous genotype were phenotype negative. 

that 
All 

that 

These data also indicate that the g1£ phenotype has variable penetrance in 
[(C3H-g1£/g1£ x ~ spretus)Fl x C3H-g1£/g1£J backcross mice. That is some 
mice that are homozygous for the C3H alleles throughout the region in 
which the g1£ locus must be located do not manifest the ~/~ phenotype. 
This must be due to other genetic factors since the variability in 
penetrance occurred even in litter mates housed in the same cage and was 
not present in C3H-g1£/g1£ parental mice. Thus epistatic effects of 
genes not linked to g1£ are implicated. Epistatic effects of background 
genes have previously been noted upon the introduction of lPE/lPE a 
similar but nonallelic mutation, into various inbred domestic strains of 
mice (Kemp et aI, 1982; Davidson et aI, 1984, Izui et al, 1984; Morse et 
al, 1985; Samuelson et aI, 1986). 

The [(C3H-g1£/g1£ x M.spretus)Fl x C3H-g1£/g1£J backcross mice may thus 
prove useful in characterizing additional genes involved in the 
pathogenesis of autoimmune disease. In addition to the variable 
penetrance of g1£ in current studies a small number of phenotype+ 
backcross mice had profound glomerulonephritis which does not occur in the 
parental mice. This autoimmune manifestation is likely to be dependent on 
M.spretus genes in addition to g1£/g1£ (M.F.Seldin and H.Austin 
unpublished results). These results are consistent with the observation 
that lPE, a similar but nonallelic mutation, results in profound 
glomerulonephritis in MRL-lPE/lPE but not in C3H/HeJ-lPE/lPE mice (Izui et 
aI, 1984).Future genotyping of large numbers of backcross mice may allow 
identification of other genetic loci involved in the manifestations of 
autoimmune disease. 

Evolving molecular technology should allow eventual characterization of 
genes such as g1£. The ability to clone large segments of eukaryotic 
genes up to 500 kb has recently been reported (Burke et aI, 1987). 
Analytical tools such as pulse and alternating field gel electrophoreses 
and the ability to clone segments of DNA large distances away from a well 
mapped initial cloned sequence promise to yield insights into the 
molecular mechanisms that lead to disease (Collins et al, 1987; Poustka et 
al, 1987). The identification of an RFLP closely linked to the g1£ gene 
identifies a starting point for an approach to understanding a genetic 
defect that results in abnormal T cells and autoimmune disease. 

SUMMARY 

A spontaneous autosomal recessive mutation (g1£) on distal chromosome 1 
results in profound lymphadenopathy with expansion of an unusual T cell 
population and auto-antibody production in C3H/HeJ mice. Our group has 
undertaken a molecular genetic approach to the understanding of the 
pathophysiology of this genetically determined disease in which the mutant 
or deficient normal gene product(s) remains undefined. [(C3H-g1£/g1£ x 
Mus spretus)Fl x C3H-g1£/g1£J backcross mice are being utilized to allow 
precise mapping and eventual cloning of this gene. 

Initial studies have centered on clarification of gene positions on 
telomeric mouse chromosome 1. DNA from both backcross mice (95 studied) 
and multiple recombinant inbred lines have been studied utilizing genetic 
probes for 7 gemes on chromosome 1 genes. The gene order was determined 



231 

to be (centromere) - C4bp, Ren-1,2, Ly-5, 
- (telomere). No crossovers between 
fragment length polymorphism and g1Q were 

[At-3/g1QJ, Apo-A2/Ly-17, Spna-1 
an At-3 associated restriction 
observed. 

The [(C3H-g1Q/g1Q x Mus spretus)F1 x C3H-g1Q/g1Q] backcross mice may also 
prove valuable in characterizing additional genes. Some backcross mice 
with the g1Q/g1Q genotype have variable penetrance of the g1Q/g1Q 
phenotype; others exhibit autoimmune pathology not present in C3H-g1Q/g1Q 
mice. Thus detailed mapping of these backcross mice may result in the 
identification of genes contributing to or inhibiting autoimmune disease. 
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Autoimmunity 

Genetic Analysis ofBALB/cJ Subline Resistance to Actively 
Induced Experimental Allergic Orchitis (EAO) and 
Experimental Allergic Encepbalomye6tis (EAE) 

C. Thuscher, E.P. Blankenhorn, and W.F. Hickey 

INTRODUCTION 

EAO and EAE are two organ-specific autoimmune diseases which can be readily 
induced in genetically susceptible'strains of mice (Teuscher et al. 1985a; 
Arnon 1981). Mur1ne EAO is manifest as inflammat10n of the testes 
(orchitis). aspermatogensis. epididymitis. and vasitis (Kohno et al. 1983). 
whereas acute EAE is manifest clinically by varying degrees of paraparesis 
and paralysis. accompanied by lymphocytic and mononuclear cell infiltration 
of the central nervous system (CNS) (Arnon 1981). It was previously 
demonstrated that significant differences in suscept1bility to actively 
induced EAO and EAE exist among various sub lines of BALB/c mice (Teuscher et 
al. 1985b; Teuscher et al. 1987a; Munoz and Mackay 1984; Hickey et al. 
1986). Of the 13 substrains studied. BALB/cJ mice were consistantly 
resistant to the induction of both diseases. The BALB/cJ substain is unique 
within the BALB/c family since it differs from other BALB/c subs trains by 
several characteristic phenotypes (Potter 1985). One such phenotype. which 
may be relevant to disease susceptibility. is the elevated levels of serum 
alpha-fetoprote1n (AFP) in adult BALB/cJ mice. It has been suggested that 
AFP may be immunosuppressive and that it is capable of suppressing EAE 
(Murgita and Tomasi 1975; Abaramsky et al. 1982; Brenner et al. 1985). 
although these findings are not conclusive (Fujinami et al. 1976). The 
serum AFP level. which is under the control of the Afr-l locus (Olsson et 
al. 1977). normally drops dramatically at birth. from sevgral milligrams/ml 
to a few hundred nanograms/mI. However. the mutant Afr-l allele in BALB/cJ 
mice results in elevated adult AFP levels (from 2 to 5 ug/ml). If AFP is 
responsible for suppressing disease susceptibility 1n BALB/cJ mice. this 
phenomenon would be expected to segregate in a genetic test-cross where 
resisSance to EAO and EAE would be found 1n mice bearing two copies of the 
Afr-l allele. 

MATERIALS AND METHODS 

Animals: BALB/cJ and BALB/cByJ male and female mice were purchased from 
Jackson Laboratory (Bar Harbor. ME). All substrain breeding stock as well 
as F hybrid and backcross mice were generated and matntained under 
iden!ical env10rnmental and nutr1t10nal conditions 1n the animal facilities 
of the Division of Laboratory Animal Medicine. the University of 
Pennsylvan1a School of Medic1ne (Philadelphia. PA). Animals were housed tn 
groups of five animals or less per cage (BALB/cJ male mice were housed 
individually) and fed Purina mouse pellets and acidified water ad libjtum. 
All animals appeared to be in good health at the time of immun1zation and 
were between 8 and 10 weeks of age when studied. 

Induction and evaluation of disease: For the induct10n of EAO. male mice 
were immunized under ether anesthesia with 10 mg dry weight mouse testicular 
homogenate (MTH) 1n 0.05 ml of phosphate buffered saline (PBS) emulsified 

Current Topics in Microbiology and Immunology, Vol. 137 
© Springer-Verlag Berlin' Heidelberg 1988 



2~ 

with an equal volume of complete Freund's adjuvant (Difco. Detroit. MI) 
(CFA) supplemented wlth 0.45 mg HL tuberculosjs (H37Ra). Each animal 
received 0.1 ml of the emulsion distributred equally in both hind footpads. 
Immediately thereafter. each aniamal received 10.0 ug of crude pertussigen 
dissolved in 0.1 ml of 0.015 M Tris-HCl buffer containing 0.5 M NaCl and 
0.017% TrLton X-lOO pH 7.6 by L.p. injection and 5.0 ug again 24 hours 
later. All animals were killed 30 days after immunization. The testes were 
fixed Ln Bouin's fixative. embedded in paraffin. and 5-um thick sections 
were cut and stained with hematoxylin-eosin for histological examination. A 
pathology index (PI) was determined on each testis by examing two to four 
sections taken at four different levels. The four major lesions of EAO 
(orchitis. aspermatogensis. epididymitis. and vasitis) were semiquantitated 
in a double-blind fashion as previously descrived (Teuscher et al. 1985a; 
Tung et al. 1985; Teuscher et al. 1987a; Adekunle et al. 1987). The PI for 
each animal was calculated as the average PI for the histopathologic changes 
in both testes. The overall PI for each substrain was calculated as the 
average of the individual PI for all animals of a particular substrain. 

For the inductLon of EAE. female mice received 0.1 ml of encephalitogenic 
emulsion in each hind foot p"ad and scruff of the neck. distributed equally 
among these three sites. The emulsion consisted of equal volumes of 0.9 N 
saline containing 40.0 mg/ml lyophilized. homogenized pool of allogeneic 
mouse CNS prepared from SWR mice and CFA supplemented with 4.0 mg/ml HL 
tuberculosis (H37RA). Thus each animal received 2.0 mg of CNS tissue in 
adjuvant. On the day of immunLzation or 3 days thereafter mice were given 
10.0 ug of crude pertussigen i.v. and 5 ug i.p. as detailed above. The mice 
were observed for daily signs of EAE from day 10 to day 30 postinjection. 
All animals were sacrificed for histopathologic evaluation at the peak of 
illness; on the 30th day all animals which had not exhibited EAE clinically 
were killed and their CNS were studied for histological evidence of EAE in a 
double-blind fashion. A PI of the degree of histologic EAE severity was 
assigned: O. no evidence of CNS inflammation; 1. small. primarily 
meningeal. scattered inflammatory LnfLltrates; 2. large but scattered 
infiltrates in menLnges and parenchyma; and 3. large. numerous. occasLonally 
confluent inflammatory infiltrates (Teuscher et al. 1987b). 

Determination of murine AFP levels: Serum was collected from the animals at 
the time of sacrafice and stored at -700 C. Murine AFP was quantitated 
using a solid-phase radioimmunoassay as previously described (Blankenhorn et 
al. 1985). Briefly. polyvinyl chloride 96-well plates were coated wLth 
Protein A-Sepharose-purified monospecific rabbit anti-mouse AFP overnight at 
40 C, blocked with 1% bovine serum albumin in PBS and rinsed, and diluted 
mouse serum (1/5. 1/10 and 1/20) was added in duplicate to the wells and 
incubated for 2 hours at room temperature. Radioiodinated pourified murine 
AFP was added to the plates at a concentration of 20,000 cpm/well and 
binding to the antibodies was allowed to proceed at 40 C overnight. The 
plates were washed. dried, sliced into individual wells. and counted. 
DetermLnation of the amounts of AFP was made using a computer-based 
calculation of the percentage inhibition by mouse serum at each dilution 
compared with a standard curve of inhibition afforded by dilutions of pure 
AFP performed in parallel. 

Statistical analysis: Statistical comparisons were caZried out by the 
Student T test, the Wilcoxon ranked sum test, or the X test. All 



comparisons in this study were considered statistically signifLcant when P 
was less that 0.05. 

RESULTS AND DISCUSSION 

BALB/cByJ mice were susceptible to both EAO and EAE. whereas mice of the 
BALB/cJ sub line were resistant to the induction of both diseases (Tables 1 
and 2). Aspermatogensis and autoimmune vasitis were found to correlate with 
susceptibility to autoimmune orchitis. while only marginal autoimmune 
epididymitis was observed. With respect to EAE. as has been frequently 
demonstrated (Lando et ale 1979). mice of the BALB/cJ subline showed no 
clinical evidence and only very marginal histologic evidence of disease. 
However. the majority of BALB/cByJ mice showed clear clinical and 
histopathological susceptibility. Susceptibility to both diseases was 
inherited as a dominant trait in (BALB/cByJ X BALB/cJ)F1 hybrid animals. 

TAB!.E 1: Susceptibility of BALB/c Subs trains to EAO 

Orchitis % Epididymit is Vasitis 
Subs train n PI AspermatogenesLs PI 

BALB/cJ 10 0 0 0 

BALB/cByJ 8 5.3 52.2 1.6 

(BALb/cByJ 
3.9(NS)a X BALB/cJ)F1 5 39.7(NS) 1.3(NS) 

a NS. not significantly different from susceptible parental subline 
(P>0.05). 

PI 

0 

3.0 

2.6(NS) 
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TABLE 2; Susceptibility of BALB/c Subs trains to EAE 

Subs train n 

BALB/cJ 15 

BALB/cByJ 29 

(BALB/cByJ 
X BALB/cJ)F1 7 

Clinical EAE 

No
Symptoms 

15 

12 

4 

Flaccid 
taLl and 
weakness 

0 

'3 

0 

Hind Limb 
paralysis 
and/or 
moribund 
state 

0 

14 

3 

Histologic EAE 

Infiltrate 
detected 

3 

21 

6 

Inflammatory 
PI 

0.2 

1.5 

1.4(NS)a 

a NS. not significantly different from susceptible parental sub line 
(P>0.05). 

Susceptibility and resistance to EAO and EAE were examined in male and 
female (BALB/cByJ X BALB/cJ)F 1 X BALB/cJ backcross animals. respectively. 
and the circulatLng AFP levels of all animals were determined. The 
classification of mice susceptible or resistant to EAO and EAE with respect 
to their circulatLng AFP levels in shown in Tables 3 and 4. 

These data suggest that BALB/cJ subs train mice posess either a single 
difference in a common regulatory gene which controls susceptibility to both 
diseases or two differences. one in a regulatory gene affecting susceptibi
lity to EAO and one in a regulatory gene controlling susceptibility to EAE 
(the ratio of disease resistant to disease susceptible animals is 13;15 or 
0.9;1.0 for EAO amd 16;18 or 0.9;1.0 for EAE). The identity and location of 
this regulatory locus is currently unknown. The genetic mechanisms involved 
in the regulation of organ specific autoimmune disease are. for the most 
part. poorly understood. To elucidate such conditions and the genes 
controlling them. it would be useful to examine experimental animals which 
have a very high degree of genetic similarity. but differ in the phenotypic 
expression of certain traits. i.e •• coinsogenic strains. We propose that 
such a model may exist among the BALB/c subs trains for EAE and EAO. both of 
which involve T-Iymphocytebmediated. organ specific autoimmunLty. In 
addition. the mutant Afr-1 allele expressed by BALB/cJ mice did not 
segregate wLth disease resistance. Since very high circulating levels of 
AFP were found in both susceptible and resistant backcross mice. it would 
appear that resistance is not due to the purported immunosuppressive effects 
of AFP. Association of disease resistance with additional BALB/cJ substrain 
variations embodied in a set of differential phenotypes which include 



TABLE 3: Distribution of HLgh-AFP (Afr-lb/b ) and Low-AFP (Afr-la/b ) 
Mice in the (BALB/cByJ X BALB/cJ)F l X BALB/cJ Backcross 
Generation AccordLng to Susceptibility to EAO 

A • (A bib) E 0 HLgh-AFP fr-l 

Susceptl.ble 6 
Resistant 6 

Total 12 

Low-AFP(Afr-la/b ) 

7 
9 

16 

Total 

13 
15 

TABLE 4: Distribution of High-AFP (Afr-lb/b ) and Low-AFP (Afr-la/b ) 
Mice in the (BALB/cByJ X BALB/cJ)F l X BALB/cJ Backcross 
Generation AccordLng to Susceptibility to EAE 

EAE 

Susceptible 
Resistant 

Total 

bib HLgh-AFP(Afr-l ) 

7 
6 

13 

Low-AFP(Afr-la/b ) 

9 
12 

21 

Total 

16 
18 
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aggressive fighting behavior. differences in the expression of the 
lymphocyte associated Qa antigens. increased levels of three adrenal enzymes 
involved in catecholamine biosynthesis (tyrosine hydroxylase. dopamine-beta
dehydrogenase. and phenylethanolamine N-methyltransferase). or resistance to 
plasmacytoma induction and susceptibility to pristane-induced arthritis 
(Potter 1985). has not yet been examined in linkage studies. Thus. EAO and 
EAE resistance is currently unassociated with any other known phenotypic 
differences characterizing BALB/cJ mice. Neverthel:gs. the fact that 
disease resistance is not linked to the mutant Afr-1 allele suggests that 
multiple mutational events may have occured in several regulatory genes 
rather than a single mutation in a pleitropic regulatory gene that affects 
the expression of all of the differential phenotypes observed in BALB/cJ 
sub 1 ine mice. 
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Neoplasia 

Genetic Control of Murine Susceptibility 
to 3-Methylcholanthrene-Induced T Cell Lymphoma 

S. T. Ishizaka and F. Lilly 

INTRODUCTION 

It has been known since the 1940's that genetic background has an effect on the susceptibility 
of mice to lymphoma induced by chemical carcinogens (Law 1941; Morton 1941). In most 
cases, however, the biochemical basis for this variation in susceptibility has yet to be 
elucidated. We describe here our work on a system in which T cell lymphoma is induced in 
mice by exposure to the coal tar-derived carcinogen 3-methylcholanthrene (MCA). One gene 
controlling the likelihood of developing lymphoma after exposure to MCA has been identified, 
and it appears that the remaining differences in susceptibility which cannot be attributed to this 
known locus may themselves stem from the action of a second single gene. This fact makes 
more feasible the mapping and identification of the biochemical entity involved. 

AHH INDUCIBILITY: AN EPISTATIC EFFECT 

Table 1 outlines the responses of various strains of inbred mice to skin painting with MCA in 
benzene. It can be seen that some strains respond with the generation of papillomas localized 
at the site of MCA application. Other strains develop thymic lymphoma, and some do not 
show any neoplastic effects at all. We have shown (Duran-Reynals 1978) in backcross studies 
that papilloma development segregates with inducibility at the Ah locus. This gene (Thomas 
1972) controls the expression of an enzyme, aryl hydrocarbon hydroxylase (AHH), that 
metabolizes MCA to its reactive epoxide form. Presumably AHH-inducible strains respond to 
percutaneous MCA with the production of AHH, which metabolizes MCA resulting in its 
reaction with DNA and subsequent skin tumorigenesis (Thomas 1973). This reaction appears 
to effectively block MCA entry into the circulation of the animal, as AHH inducible strains do not 
manifest lymphoma after MCA exposure. The lymphoma response is limited to strains in which 
MCA does not evoke an increase in AHH production. It should be noted that noninducible 
strains are not devoid of AHH, but simply do not augment its level after polycyclic hydrocarbon 
exposure (Nebert 1969). The endogenous enzyme in non inducible strains may be responsible 
for the MCA processing presumed to be necessary for Iymphomagenesis. 

Table 1 
Strain-specific patterns of tumorigenesis following MCA exposure 

Mouse Incidence of Incidence of 
Strain Skin Tumors Thymic Lymphoma 

CBA/J high none 
BALB/c high none 
A/J high none 

RF/J none high 
DBA/1J none high 
DBA/2J none high 
ST/bN none low 
SWR/J low low 

Department of Genetics, Albert Einstein College of Medicine, 
Bronx, NY 10461 
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A SECOND LOCUS AFFECTING SUSCEPTIBILITY 

It is clear from Table 1 that the Ah locus is not the only factor affecting a mouse strain's 
susceptibility to lymphoma: AHH noninducible strains exhibit MCA-induced lymphoma 
incidences which can be classified as either low (10-40%) or high (60-90%). The work to be 
discussed in this section focuses on these AHH noninducible strains; those which exhibit high 
incidences of lymphoma after MCA exposure are referred to as "susceptible", while those 
which have low incidences are termed "resistant". Crosses between MCA lymphoma 
susceptible and resistant strains indicate that resistance is a dominant trait, and four different 
backcrosses of (resistant x susceptible) F1 to the susceptible strain give incidences halfway 
between those of the susceptible and resistant parental strains. This pattern is consistent with 
the determination of resistance by a single locus (Mayer 1980). This is confirmed by second 
generation backcross experiments (our unpublished data) in which half the (SWR/J x RF/J) x 
RF I J females backcrossed to RF I J males gave rise only to susceptible offspring, and half 
produced offspring with a lymphoma rate halfway between the RF I J and SWRI J rates. The 
fact that a single locus appears to be involved should facilitate the mapping and identification of 
the gene determining resistance, however we have not yet been successful in determining the 
linkage of this trait. 

In order to determine where in a resistant animal this resistance is expressed we have 
constructed bone marrow chimeras in which marrow from a resistant strain is transferred to a 
lethally irradiated animal of a susceptible strain. Reciprocal transfers were also made, and 
animals were then treated with MCA after a 2 month engraftment period. The results indicated 
that resistance is an inherent characteristic of marrow-derived cells, and cannot be derived 
from stroma: susceptible RF/J marrow developing in resistant (ST IbN x RF/J) F1 animals 
gave rise to a high incidence of RF/J lymphomas, while (ST/bN x RF/J) F1 marrow in an RF/J 
recipient develops lymphoma only at a low rate (Ishizaka 1987). 

This finding led us to examine some properties of marrow-derived cells which might influence 
an animal's susceptibility to induced thymic lymphoma. In unpublished studies no correlation 
was seen between the resistance of a strain and thymic levels of superoxide dismutase or DNA 
repair. The former is an enzyme that decreases the level of superoxide, a tumor promoting 
agent (Cerutti 1985); the latter is clearly of interest in ~ system where a mutagenic agent 
induces disease. Neither was any relation found between high levels of NK activity, a 
nonspecific immune cytytoxic function of marrow-derived cells, and resistance to MCA-induced 
lymphoma. 

Unpublished experiments from our laboratory have also examined the susceptibility of various 
mouse strains to X-ray-induced lymphoma, using a fractionated dose regimen. In all AHH 
non inducible strains examined to date high rates of X-ray-induced lymphoma correlate with 
high MCA-induced lymphoma susceptibility. Similarly, all strains exhibiting MCA resistance 
also have low rates of X-ray induced lymphoma. This suggests that the two phenomena may 
derive from a single locus. We hope to clarity this point using recombinant inbred lines derived 
from one susceptible and one resistant parental strain. 

It is interesting to consider the theoretical ramifications if it is found that resistance to X-ray
induced and MCA-induced lymphoma do in fact map to a single gene. Resistance can 
presumably stem from three possible mechanisms: an ability to avoid damage (perhaps 
through some protective system), a means of efficiently repairing mutagenic damage, or a 
surveillance system that can prevent the outgrowth of transformed cells. In this last case it is 
not difficult to envision a system that would deal equally well with both X-ray and chemically 
induced tumors. In the former two cases it is more challenging (and therefore more 
interesting) to define systems which would deal with both irradiation and a polycyclic 
hydrocarbon as mutagenic agents. In this connection it should also be noted that one 
possible scenario for lymphoma induction involves the activation and reinsertion of 
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endogenous viral genomes near some mouse gene controlling cell growth. Chinsky et al. 
(1985) have examined a number of primary RF/J MCA-induced thymic lymphomas and have 
found no evidence for such an event, nor have we found any alterations in the Pim-1 locus, a 
common insertion site in Moloney MuLV-induced tumors (unpublished data). 
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Neoplasia 

Multigeoic Control of Colon Carcinogenesis in Mice Heated with 
1,2-Dimethylbydrazine 

D. F1eiszer*, J. Hilgers'*, and E. Skamene' 

INTRODUCTION 

In spite of major research efforts, cancer of the colon remains 
the second commonest cancer killer in North America. Epidemio
logic studies on large populations have implicated numerous 
dietary factors which encourage the appearance of these tumors 
but a clear cause - effect relationship for individuals has not 
been established (Armstrong and Dou, 1975; Kinlen, 1983; Review, 
1982; Walker, 1976; Weisberger et aI, 1982; Willett and MacMahou, 
1984). The large majority of colon cancers are classified as 
idiopathic. There are notable exceptions, however, such as the 
"cancer families", familial polYPosis, Gardner's syndrome and 
others where the genetic background of the host appears to play 
an important role (Lynch et aI, 1973; Lynch and Lynch, 1980). In 
the majority of cases the problem remains of explaining why some 
individuals, given similar environments, develop colon cancer and 
others do not. One possibility is that subtle genetic factors 
are present, causing one individual to be susceptible and another 
resistant to developing colon cancer. Very little work appears 
to have been done, at an experimental level, to explore this 
possibility. 

Previous work done in our laboratory and by others, has shown 
that the colon carcinogen dimethylhydrazine (DMH) induces tumors 
in animals that are very similar to human tumors, both in 
behavior and histology (Filipe 1975; Fleiszer et al. 1980; 
Maskens 1976; Newberne and Rogers, 1973; Sunter et aI, 1978; 
Wiebecke et aI, 1973). Since 1980 the popularity of this model 
has grown rapidly and with the use of many new species and 
strains it has become evident that there is wide variation in the 
sensitivity to the carcinogen from one strain to the next (Diwan 
and Blackman 1980; Diwan and Meier, 1976; Diwan et aI, 1977; 
Evans et aI, 1974; Evans et al., 1975; Fleiszer and Skamene, 
unpublished; Thurnherr et aI, 1973; Table 1). To date there has 
been very little done to study this strain variation. Two 
studies based on a classical mendelian analysis, suggested the 
difference is due to a single autosomal dominant gene (Boffa et 
aI, 1986; Evans et aI, 1977). Some preliminary data from 
unreported work done in our own laboratory suggested this may not 
be the case and the current experiment, utilizing two recombinant 
inbred (RI) colonies with a well defined genetic background, was 
undertaken. 
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Table 1. Strain variation in susceptibility to DMH-induced colon 
carcinogenesis in inbred mice 

Susceptible Relatively resistant Resistant 

CF1 C57BL/6J AKR/J 

SWR/J BALB/cHeA DBA 

ICr/Ha C57BL/Ha 

P/J 

A/J 

STS/A 

MATERIALS AND METHODS 

Three hundred and sixteen mice representing the two progenitor 
strains, A/J (A) and C57BL/6J (B), their FI progeny and 23 AXB/ 
BXA recombinant inbred strains were tested for relative resis
tance or sensitivity to the colon carcinogen dimethylhydrazine. 
One hundred and thirty-three mice representing the two progenitor 
strains, BALB/cHeA (C) and STS/A (S), and 14 CXS recombinant 
inbred strains were similarly tested. A and B mice were obtained 
from Jackson Laboratories. The FI and AXB/BXA RI strains were 
propagated at the Montreal General Hospital (ES) from breeding 
stock supplied by Dr. Muriel Nesbitt, University of Californa, La 
Jolla (Nesbitt and Skamene, 1984). The C and S mice and their RI 
counterparts were produced at the Netherlands Cancer Institute, 
Amsterdam (Hilgers and Arends, 1985). Animals were housed in 
identical cages with wood chip bedding in groups of 3-6 animals 
per cage and fed standard chow and water ad lib. After a minimum 
of two weeks acclimatization, at eight weeks of age, each animal 
was given DMH at a dose of 15 mg/kg, by subcutaneous injection. 
This was continued once a week for a total of twenty weeks. 
After a further six weeks, the animals were killed and the number 
of gross colon tumors counted. Means and standard errors were 
determined for each group. A weighted cluster analysis for 2, 3 
and 4 segregating populations was performed. The "student t" 
test was used to determine the level of significance of 
differences between the A and B progenitors and the FI strain. 

RESULTS 

The average number of tumors and standard errors for each strain 
are shown in Figure 1. A/J and STS/A mice were susceptible, with 
the mean number of tumor nodules 19.0 and 11.3, respectively. 
C57BL/6 and BALB/c mice typed as resistant with the mean number 
of tumor nodules 1.0 and 1.4, respectively. The FI hybrids 
(C57BL/6J x A/J) were susceptible with the mean number of tumor 
nodules being 11.7. Although this suggests that the suscep
tibility is dominant over resistance it should be noted that 
there was a significant difference (p = 0.07) between the 
susceptible (A/J) parent and FI hybrids suggesting either an 
incomplete penetrance or a gene dose effect. 
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Figure 1. Colonic tumor load in DMH-treated recombinant inbred 
mice ofAXB/BXA (top) and CXS (bottom) series. 
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The 23 AXBjBXA RI strains had mean tumor loads ranging from 0 to 
32 and the 14 CXS strains had mean tumor loads ranging from 1.6 
to 43.3. A cluster analysis of the RI strain results, weighted 
by the standard deviation and the sample size within each strain, 
failed to reveal any convincing separation into identifiable 
phenotypic groups in either set of strains. 

DISCUSSION 

It has been suggested that sensitivity to dimethylhydrazine is 
determined by a single autosomal gene (Boffa et aI, 1986; Evans 
et aI, 1977). In one case (.Evans et aI, 1977) this conclusion 
was based on work using a grading system in which the colon tumor 
burden was given a score from 0 to 4 depending on its appearance. 
The AjJ and Fl mice both had high scores and were considered to 
carry the dominant allele of susceptibility in either homozygous 
or heterozygous forms. In the other case, details of the 
analysis were not available (Boffa et aI, 1986). Utilizing this 
method we had similar results (unreported), but when we actually 
counted the number of tumors found in a given colon, there was, 
in fact, a statistical difference between Fl and their A 
progenitor. It thus seems that we are dealing with a quantita
tive trait with a threshold expression. In such a situation, as 
pointed out by Wright (1934), the results of Mendelian analysis 
may lead to erroneous conclusion and the monogenic theory of 
inheritance needs to be proved by further breeding tests to 
ascertain that the single gene for dominant trait breeds true. 

The RI strain analysis performed in this study clearly establish
ed that more than one gene was involved in the regulation of 
DMH-induced carcinogenesis. We have demonstrated that there was 
a spectrum of susceptibility ranging from the extremely resistant 
AXB-10 strain to the exquisitely susceptible AXB-2 strain. 
Similarly, there was a broad range of tumor burden from the CXS K 
to the CXS J strains with a gradually increasing average number 
of tumors among the intermediate strains. If a single gene was 
involved in determining DMH sensitivity each RI strain should 
statistically look like either the susceptible or resistant 
progenitor (Bailey 1971). Using a weighted cluster analysis we 
were unable to separate the strains into distinct phenotypic 
groups, consistent with the hypothesis that DMH sensitivity is 
based on several, if not many, genes. 

This is hardly surpris~ng considering the large number of factors 
which have been found to influence tumor formation (Table 2). 
For example, indigenous colonic cell kinetics can be used to 
predict susceptibility to DMH (Deschner et aI, 1983; Glickman et 
aI, 1987). The kinetics of colon mucosa is a complex process 
requiring the interaction of numerous cell systems each with its 
own complex set of controlling genes. Differences in drug 
metabolism have also been suggested as an underlying reason for 
the differential strain susceptibility. The degree of alkylation 
of DNA, by DMH, has been shown to correlate with susceptibility 
and resistance (Cooper et aI, 1978). The metabolism of DMH to 
its proximate carcinogen is also a complex process requiring 



several enzyme systems each with its own genetic background 
(Evans 1982; Fiala 1977; Sohn et aI, 1985). The degree of DNA 
damage caused by DMH has also been found to correlate with strain 
susceptibility to DMH - induced colon tumors (Bolognesi and 
Boffa, 1986). There are many more examples of the complexity of 
DMH carcinogenesis and it would be unrealistic to expect that al~ 
of these phenotypic expressions are the result of a common 
mechanism simple enough to be coded for by a single gene. It is 
much more likely that there are several or many mechanisms, each 
with its own rate - limiting step, and that the cell machinery 
involved in each, requires several if not many genes for its 
functioning. 

Table 2. Some factors affecting or associated with induced tumors 

1) Dietary factors: Fat 

2) Bile acids 
3) Microflora 

Fiber 
Protein 
Cholesterol 

4) Bacterial B-glucuronidase 
5) Mucosal B-glucuronidase 
6) Cellular kinetics 
7) Ornithine decarboxylase 
8) Mucin 
9) Age 

10) Hormones 
11) Immune system 
12) Flagyl 
13) Disulfiram 

We now plan to search for various genes and combinations of genes 
associated with susceptibility or resistance to the carcinogen in 
recombinant congenic strains. Once these have been identified, 
they can be studied individually and their relative contribution 
to carcinogenesis determined. Similar associations might then be 
searched for in man. 
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Neoplasia 

Effect of the Gv-l Locus on Moloney Ecotropic Murine 
Leukemia Virus Induced Disease in Inbred WDd Mice 

C.l. Villari, T.N. Fredricksoo2, and C.A. Kozakl 

INTRODUCTION 

The nonacute retroviruses induce neoplastic disease following a long 
latency period. During this latency period, the infectious ecotropic 
murine leukemia virus (MuLV) spreads throughout the mouse resulting in 
chronic viremia. As the virus spreads, it recombines with germline 
copies, or proviruses, of nonecotropic MuLVs to produce infectious mink 
cell focus-forming (MCF) viruses. These MCF viruses resemble their 
ecotropic MuLV progenitors but contain novel sequences in their 
envelope (~) genes which encode the major virion glycoprotein, and in 
the long terminal repeats (LTRs) which contain transcriptional control 
signals. These recombinant viruses have an expanded host range and are 
themselves leukemogenic. The mechanisms involved in the production of 
MCF viruses are unknown, although it has been established that multiple 
recombinations occur, and novel viruses have been isolated from 
preleukemic tissues which may represent intermediate recombinants in 
this process (Cloyd and Chattopadhyay 1986). Proviral sequences related 
to both the xenotropic and MCF host range classes of infectious MuLVs 
ultimately contribute to the altered env and LTR regions of the MCF 
virus (Holland et al. 1985; Quint et al. 1984). Although the specific 
proviruses involved in this process have not been identified, it has 
been suggested that the xenotropic provirus Bxv-l contributes LTR 
sequences to the leukemogenic MCF MuLV (Hoggan et al. 1986). 

Various studies have shown that numerous cellular genes are responsible 
for resistance to MuLV-induced leukemogenesis and that many of these 
genes significantly affect the disease process by suppressing MuLV 
replication. Thus, the resistance allele at Fv-4 prevents exogenous 
infection by ecotropic MuLVs (Kai et al. 197~Fv-4 mediated re
sistance is absolute and the resistant mice are not at all susceptible 
to virus-induced neoplastic disease (Suzuki 1975). Other genes which 
serve to lower virus titers by 1-3 logs also have a dramatic effect on 
virus-induced disease (Rowe and Hartley 1983). Thus, the resistance 
allele of the Rmcf locus reduces cellular susceptibility in tissue 
culture to MCF MuLVs, and alleles at the Fv-l locus restrict replica
tion of N- or B-tropic MuLVs. These genes will alter the onset as well 
as the ultimate incidence of lymphomas. 

In this study, we examined virus-induced leukemogenesis in mice in 
which expression of germline nonecotropic MuLVs is restricted: the in
bred strain 129 GIX and the wild mouse ~. spretus (Morocco). 129 GIX
mice carry the recessive allele at the Gv-1 locus. Gv-1 was initially 
described as a locus that controls expression of the GIX antigen on 
thymocytes (Stockert et al. 1972). GIX is now known to be the major 
MuLV envelope glycoprotein (Tung et al. 1975; Obata et al. 1975). More 
recent studies have shown that Gv-1 acts by coordinately suppressing 
transcription of the different proviral genes found in 129 GIX- mice. 
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Table 1. Production of infectious MCF MuLV and induction of lymphomas 
in M. spretus and 129 GIX- mice inoculated as neonates with ecotropic 

MoMuLV 

Age 
Mice ~ 

129 GIX 5 
8 

16 

M. spretus 5 
9 

No. With MCF 
MuLV/No. Tested 

2/3 
1/1 

NT 

2/2 
NT 

No. Lymphomas/ 
No. Total 

0/3 
0/1 
2/3 

1/8 
1/3 

We have now found that the wi'ld mouse Mus spretus (Morocco) also shows 
a similar phenotype in that these animals contain multiple proviruses, 
but fail to express any detectable retroviral RNA. Therefore, we 
examined both of these mice following inoculation with ecotropic 
Moloney MuLV (MoMuLV) for retrovirus-related message, the production of 
MCF MuLVs, and tumorigenesis to determine whether transcriptionally 
suppressed retroviral sequences can contribute to the generation of MCF 
MuLVs and ultimately to neoplastic disease. 

EFFECT OF Gv-l ON PROVIRUS EXPRESSION AND MoMuLV INDUCED LEUKEMOGENESIS 

RNA was extracted from various tissues of uninoculated 129 GIX mice. 
Consistent with the results reported by Levy and his colleagues (1982, 
1985), Northern blot analysis of these samples demonstrates that the 
amount of retrovirus-related message detected in these mice is dramat
ically reduced compared with that of 129 GIX+ mice (data not shown). 
Comparable results were obtained using different segments of the 
retroviral genome as hybridization probes. 

129 GIX mice were inoculated intraperitoneally and in the region of 
the thymus with MoMuLV one to three days after birth. Mice were sacri
ficed at various time intervals. Spleen and thymus cells were plated as 
infectious centers on mink lung and mouse SC-l cells, and examined for 
infectious MCF virus by serological methods (Cloyd and Evans 1987) or 
by focus formation on mink cells. Mice sacrificed for virus testing 
were examined for gross signs of neoplastic disease, and all mice were 
examined weekly for signs of sickness such as palpable lymph nodes or 
spleen or labored breathing. Mice sacrificed for virus testing were 
examined for abnormally enlarged lymphoid organs. Histological 
examinations were performed on tissue samples from selected mice. 

As shown in Table 1, infectious MCF virus could be isolated from these 
mice by 5 weeks. Gross pathology as well as histological examination 
showed some evidence of lymphomas after 16 weeks. These results are 
comparable to those reported for MoMuLV infection in other inbred 
strains (Moloney 1960). Therefore, Gv-1 mediated reduction of retro
virus transcription does not appear~have a dramatic effect on MCF 
virus production in these mice. 

MoMuLV INDUCED LEUKEMOGENESIS IN ~. SPRETUS (MOROCCO) 

While our results with 129 GIX mice suggest that the suppressive ef
fects of Gv-1 do not alter production of infectious MCF MuLVs, it 
should be~ed that Gv-l mediated suppression is not total. In unin-



252 

abe d e abc d e abc d e 

A B c 
Fig. 1. Northern blot analysis of RNAs extracted from various tissues 
of ~. spretus (Morocco). Panel A, Ethidium bromide stained gel; Panel 
B, Northern blot hybridized with pXenv, a 455 base pair fragment 
reactive with both xenotropic and MCF MuLVs; Panel C, Same membrane 
stripped and hybridized with an actin probe. Lane a, brain; b, heart; 
c, kidney; d, spleen; e, thymus; f, AKR mouse thymoma. 

fected 129 GIX mice, retroviral transcripts are reduced by 80% in 
comparison to 129 GIX+ mice (Levy et al. 1982). Therefore, in order to 
extend this study, we repeated these experiments using the wild mouse 
~. spretus (Morocco). Examination of these mice for retrovirus-related 
transcripts shows that in all tissues examined, no retrovirus-related 
transcripts could be identified, even the 3 kilobase (kb) env message 
universally expressed in other inbred and wild mice (Khan ~al., 1987; 
Levy et aI, 1985) (Fig. 1). No retrovirus-related RNA was detected 
after very long exposures, or after poly(A)+ selection. Expression 
could not be induced in spleen cells following treatment with 5-
iododeoxyuridine, an inducer of retrovirus gene expression, and the 
mitogens concanavalin A and lipopolysaccharide, which are known to 
stimulate different populations of spleen cells, and in the case of 
lipopolysaccharide, to induce expression of xenotropic proviral genes 
(Kozak and Rowe 1980). It is not yet known whether the lack of provirus 
expression in these mice is related to the presence of a Gv-1 like 
trans-acting suppressive gene, or whether these mice contain 
transcriptionally defective proviruses. However, Southern blot analysis 
of ~. spretus DNA suggests that all 5 proviruses carried by this mouse 
are full-length and contain LTR sequences. 
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Fig. 2. Northern blot of RNA 
isolated from ~. spretus 
mice 5 and 9 weeks after 
inoculation with MoMuLV 
using the pX~ probe. Lane 
a, spleen, 9 weeks; b, 
thymus, 9 weeks; c, liver, 9 
weeks; d, spleen, 5 weeks; 
e, thymus, 5 weeks. 

253 

~. spretus mice were inoculated at one to three days of age with MoMuLV 
and examined for viral transcripts, MCF virus, and signs of neoplastic 
disease at various times after inoculation. As shown in Fig. 2, 
abundant levels of RNA reactive with an MCF viral env probe were 
detected as 8.4 and 3.0 kb species in mice at 5 an~ weeks after Mo
MuLV inoculation. The pXenv hybridization probe does not react with the 
ecotropic MoMuLV. The MCF-related transcripts were confined to the 
spleen and thymus and could not be detected in other tissues such as 
liver from the same animals (Fig. 2). Infectious MCF virus was also 
isolated from thymus and spleen of 5 and 9 week old ~. spretus mice and 
lymphomas were observed in some animals by 9 weeks (Table 1). 

CHARACTERIZATION OF MCF VIRUS ISOLATES 

In order to confirm that the MCF viruses were true recombinants, MCF 
virus was isolated from MoMuLV infected 129 GIX- and ~. spretus mice 
and grown in mink lung cells. DNA was isolated from the virus infected 
cells, digested with various restriction enzymes known to produce in
ternal fragments from known MuLVs, and compared with fragments gener
ated from the germline viruses of both mice. Results confirmed that the 
isolated MCFs were novel recombinants since they produced unique 
internal fragments. For example, digestion of mink cells infected with 
either the ~. spretus or 129 GIX- MCF MuLVs produced a 3.1 kb BglII 
fragment, whereas all 5 spretus germline copies produced a 5.9 kb 
fragment, and DNA from 129 GIX mice contained 4.2 and 2.9 kb env re
lated fragments. These studies also showed that the MCF virus;S-dif
fered from MoMuLV within their env regions but not in their LTRs. 
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CONCLUSIONS 

We can conclude from these experiments that production of recombinant 
MCF viruses can readily occur in mice in which the transcription of 
germline viruses is suppressed. Replication of the ecotropic MoMuLV is 
unaffected in these mice, and our results also indicate that any viral 
intermediates generated in the multistage development of leukemogenic 
MCFs are similarly unaffected. It is not clear from our experiments, or 
those of others, how Gv-1 acts to suppress transcription, or what 
common defect may aff~the transcriptional activity of the spretus 
proviruses. Furthermore, it is impossible to say that the germline 
viruses of ~. spretus show no transcriptional activity at all, although 
we were unable to find evidence of such expression in tissues of 
uninoculated mice as well as cultured cells exposed to various in
ducers. Despite the possibility of very low level expression, it seems 
likely that transcriptionally active proviral genes are not required 
for the production of MCF virus, since MCF virus is produced and the 
latency period in this process is not extended in the mice examined 
here. In comparison, other genes (Fv-1, Rmcf) which are similar to Gv-1 
in that they suppress specific MuLVs by 1-3 logs, show a dramatic 
effect on MCF-mediated leukemogenesis (Rowe and Hartley, 1983). 

Our data thus show that 129 GIX and~. spretus contain the proviral 
sequences necessary for production of MCF MuLVs, and that those 
sequences are available for recombination. Although the molecular 
mechanisms involved in the generation of MCF MuLVs are unknown, several 
models have been proposed (Linial and Blair 1985). Our data are 
clearly incompatible with one of these models which suggests that 
recombination occurs at the RNA level between viral RNAs which are co
packaged into heterozygous virions. 

Finally, these studies indicate that ~. spretus may prove to be a 
useful animal in studies of viral leukemogenesis. This mouse has no 
endogenous ecotropic or xenotropic MuLVs and only 5 copies of germline 
MCF related sequences (Kozak and O'Neill 1987). In contrast, many 
inbred strains contain ecotropic MuLVs, and all contain multiple copies 
of xenotropic and MCF MuLVs (O'Neill et al. 1986). Our data clearly 
show that ~. spretus is susceptible to virus-induced leukemogenesis and 
therefore, the reduced number and restricted type of germline 
retroviral genes in this mouse, as well as their lack of expression may 
make it easier to describe the events leading to production of MCF 
MuLVs, and to identify specific germline sequences involved in 
recombination. 
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Neoplasia 

Reverse Genetics Approaches for CloningRIL-l, a Major Locus 
Involved in Susceptibility to Leukemia 

N.M.B. Amari, S. Scandalis, D. Zhang, C.L. Pampeno, S. Arant, and D. Meruelo 

INTRODUCTION 

The mechanism by which fractionated-x-irradiation (FXI) induces leukemia has 
been much debated. Kaplan and Brown (1952) first showed that fractionated 
doses of x-irradiation can cause leukemia in mice. Gross (1958), and 
Lie berman and Kaplan (1959), subsequently reported the transfer of neoplasia 
by radiation-induced leukemia virus, RadLV, obtained from FXI -induced 
leukemias. However, despite the identification of type-C RNA particles in 
FXI-induced leukemias and the demonstration that such particles can, when 
injected into young mice, cause lymphomas, several investigators have taken 
exception with the concept of a viral etiology for FXI-induced leukemia (!hIe 
et al., 1976, 1976a, 1978; Haran-Ghera 1977; pazmino et al., 1978; Mayer and 
Dorsch-Hasler 1982). The etiological mechanism(s) of this disease however 
remains unclear. 

Our laboratory's approach to try to understand the mechanism by which FXI 
induces leukemia avoids making any assumptions regarding the viral etiology of 
FXI-induced leukemia. Rather it focuses on defining, localizing, and 
understanding the mode of action of genes involved in susceptibility to the 
FXI-induced disease. 

Our studies to date have indicated that multiple genes control the process of 
leukemogenesis. Loci on chromosome 1, 4 and 15 (Ril-3, Ril-2 and Ril-l, 
respectively) are involved in susceptibility to FXI-induced leiikemia (MIrrUe1o 
et al., 1981, 1987). Ril-l has the overriding influence in susceptibility to 
the disease. 

Spira et al. (1980) have shown that the distal portion of chromosome 15 is 
critical in the development of T-leukemias. Many of the leukemias arising in 
diseased mice were pseudodiploid with two normal chromosomes 15. However, an 
extra duplicated segment of bands D, E, and F (the segment which encodes 
Ril-l) of chromosome 15 was actually present, but translocated to another 
chromosome. 

Spira et al. (1980) and Weiner et al. (1980) demonstrated that the genetic 
contentOf chromosome 15, and not its translocated state, determines the 
relative importance of the two reciprocal duplications for leukemia 
development. This hypothesis implies allelic variation between different 
mouse strains with regard to the critically important locus. This is 
precisely what has been demonstrated in the case of Ril-l (Meruelo et al. 
1981, 1983, 1987; Meruelo and Rossomando, 1986). --

In this manuscript we will focus our attention on our approach to cloning and 
characterizing Ril-l. Our approach to clone ~ is based on the methods and 
rationale of "reverse genetics" which allows the isolation of a gene without 
reference to a specific protein or without any reagents or functional assays 
useful in its detection. 
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For phase I of the studies, just as we have done for Ri1-1, the strategy is to 
first establish the map position of the gene and then identify a specific gene 
within this region in which mutations or allelic variations are strictly 
correlated with the disease. Restriction fragment length po1ymorphisms 
(RFLPs) (Botstein et al., 1980), in combination with genetic methods, helps 
establish the ini tial- map assignment. A variety of recently developed 
methodologies come into play in phase II. These include pulse gradient gel 
electrophoresis, chromosome walking and hopping techniques, cDNA library 
construction and subtractive hybridization, as well as genomic subtractive 
hybridization methodologies such as PERT. 

MATERIALS AND METHODS 

Mice: 

All mice were bred at the New York University Medical Center. 

Leuokemogenic FXI: 

Mice (4 to 5 weeks old) were irradiated unanesthetized with a 137Cs source 
(model A Gammator; Radiation Machines Corp., Parsippany, N.J.) at 175 rads 
weekly for 4 weeks. 

Cell Culture: 

In vitro-adapted tumors of C57B1/6 and B6.C-H-30 c X-irradiated tumors were 
maintained in Du1becco modified Eagle medium---SUpp1emented with 10% fetal 
bovine serum, 1% penicillin-streptomycin solution, and 0.1% Fungizone. 

Molecular Probes: 

The DNA probes used for Southern hybridization were as follows: 

(a) pKL6.1-2R contains a 750bp insert specific for Ly-6. It was cloned into 
the EcoRI site of pUC19 and kindly provided by Dr. A. Bothwell of the Howard 
Hughes Medical Institute Research Laboratories, Yale University School of 
Medicine, New Haven, Connecticut; (b) a PstI/XbaI fragment from a Simian 
sarcoma virus clone that corresponds to v-siB;(c)the pSFFV probe was a 600 
bp Pst! fragment in pBR322 kindly provided by Dr. Dino Dina and contains 
sequences specific for the spleen focus-forming virus (SFFV) defective env 
gene (gp52). 

DNA Sample Preparation: 

The DNAs used in our studies were isolated by the procedure of B1in and 
Stafford (1976). All DNA concentrations were determined spectrophotometrica11y 
by the diphenylamine method as previously described (Rossomando et a1. 1986). 

Southern Blots: 

Restriction enzyme-digested DNA (1011g) was separated by 
0.8% agarose gels and transferred to nylon membranes 
Sciences, Inc.) as described by Southern (Southern 1975). 
washing of filters were done as described previously (Amari 

electrophoresis on 
(Biotrace, Gelman 
Hybridization and 

1987) • 
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Fluorescence-Ac~ivated Cell Sorter Analysis: 

Thymocytes from newly sacrificed mice were washed twice in Phosphate Buffered 
Saline (PBS)-l.%, Bovine Serum Albumin (BSA)-O.l.% sodium azide, then 
resuspended in the same solution at 3 x 10 6 cells/mI. Anti-Ly-6 monoc1onal 
(kindly provided by Ethan Shevach, NIH, Bethesda) was added at optimum 
concentration and the cells left at room temperature for 30 minutes. Cells 
were pelleted by centrifugation and resuspended in anti-Rat fluorescein 
labelled IgG at optimum concentration. The cells were left at room 
temperature for 30 minutes in the dark. The cells were subsequently washed 
three times and resuspended in PBS-l% BSA-O.l.% sodium azide for analysis. 

Results 

Linkage of Ril-l to H-30, Pol-5 and Ly-6 and identification of two pairs of 
congenic strains differing at Ril-l. 

Even though no probe currently exists that would allow identification of Ril-l 
we have been able, by in vivo susceptibility studies, to link this locus to 
the minor histocompatibility H-30 and lymphocyte antigen-6 (Ly-6) loci 
(Me rue 10 et al., 1981; 1983; 1987). Confirming the validity of these linkages 
and the proposition that Ril-l plays a dominant role in susceptibility to 
FXI-induced leukemia, congenic mice differing at H-30 (C56BL/6By and 
B6.C-H-30C) as well as congenic mice differing in their Ly-6 genotype 
(C3H/HeJ and C3H.B~b) vary markedly in their susceptibility to 
FXI-induced leukemia (Fig. 1). 
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Fig. 1 A and B. Evidence that ~, Ly-6 and H-30 are tightly linked. A. 
Ril-l mediated susceptibility to FXI by B6.C-H-30c is markedly less than 
that by C57Bl/6By mice. B. Similarly, susceptibility to FXI encoded by Ril-l 
is markedly less in C3H/HeJ than in congenic C3H.B-Ly-6 b mice. Hence, Ril-l 
must be linked to both H-30 and Ly-6. 
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The Ly-6--Ri1-1--H-30 complex was unambiguously assigned to chromosome 15 
(Merue10 et al., 1987), by using a 358" bp subc10ne (Rossomando and Merue10 
1986) derived from an endogenous retroviral polymerase (Pol-5) to probe a 
panel of somatic cell hybrids that carried various combinations of C57BL/6J 
(Pol-5b positive) mouse chromosomes on a constant Chinese hamster or rat 
background (Fournier and Moran 1983; Ki11ary and Fournier 1984). This result 
was confirmed and approximate distances established between these loci, by 
analysis of four sets of RI strains. The order of these loci, most concordant 
with all the data is currently thought to be Ly-6--Ri1-1--Sis--Pol-5--H-30-
Ins-3--Krt-1--Int-1--Gdc-1. This complex is located in the distal end of 
chromosome 15. 

Functional studies: Effects of FXI on the Ly-6--Ri1-1--Pol-5 region. 

One obvious question that can be asked, given the availability of molecular 
and serological reagents for several loci in the vicinity of the Ri1-1, is 
whether FXI has any effect on the expression or DNA structure of genes in this 
segment of chromosome 15. From the data shown in Fig. 2-5 it would appear 
that the answer is affirmative, with the entire region spanning Sis, Pol-5 and 
Ly-6 affected. These studies suggest that expression, methylation and DNA 
arrangements of these genes are significantly altered by FXI. While it is 
clear that much more needs to be done to understand the significance of these 
findings and their potential relationship to the mechanism of Ri1-1 action, 
these results are per se intriguinging. 
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Fig. 2 A and B. FXI-induced thymomas in C57B1/6 and in B6.C-H-30c mice are 
less methylated than normal thymus tissue. A. Ten micrograms of HpaII
digested normal thymus or thymoma DNAs per lane was used. B. Ten micrograms 
of MspI-digested normal thymus and thymoma DNAs per lane was used. A 
32P-1abe1ed, nick translated pKLy-6.1 probe was used for both digests. 
Migration of lambda HindIII markers on the gels is indicated. Similar results 
were obtained using SmaI and XmaI digests of normal thymus and thymoma DNAs 
(data not shown). -- --
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Fig. 3. The Sis region is more methylated in C57Bl/6 and B6.C-H-30c 
FXI-induced thymomas. Ten micrograms of Hpall-digested normal thymusor 
thymoma DNAs per lane was used. A 32 P-labeled, nick translated Sis probe 
was used. Migration of lambda HindIII markers on the gels is indicated. The 
same observation was made using SmaI and XmaI digested normal thymus and 
thymoma DNAs (data not shown). 
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Fig. 5. Phenotypic changes in Ly-6 expression accompanies disease progression. 
Time course studies of X-irradiatd mice beginning at 2 weeks post-X-irradiation 
and ending at 25 weeks post-X-irradiation demonstrated a steady increase of 
Ly-6 expression. A dramatic increase was noted 21 weeks post-X-irradiation 
which is the time period in which tumors become apparent. This observation 
may correlate with the fact that the Ly-6 region appears to be less methylated 
than the normal thymus. 

DISCUSSION 

Clearly significant progress has been made in many aspects of the research 
needed to successfully complete identification and isolation of Ri1-1. 

We are pursuing several strategies in order to complete the goal of cloning 
Ri1-1. This involves the use of several methodologies which include the PERT 
technique (Kunkel et a!. , 1985). This method involves phenol-accelerated 
competitive DNA reassociation using C57B1/6 By, and B6.C-H-30 c DNAs). This 
would result in isolating H-30 region-specific clones. These clones will 
hopefully generate probes c10'i1er to Ri1-1. 

A cDNA subtractive library has also been created from an X-irradiated tumor 
cell line. This library will be screened with subtractive cDNA probes (i.e. 
tumor cell lines minus normal thymus RNA from B6.C-H-30c DNAs). This 
procedure will result in the identification of clones which fall into two 
categories: Those which are "tumor" specific but are not located in the 
(Ly-6--Ri1-1--Sis) region, and more importantly, those located within the 
(Ly-6--Ril-1-Sis region). The latter, if not resulting in Ril-1 will allow 
the development of probes mapping closer to Ri1-1 than those presently 
available (i.e. Ly-6 and Sis) and eventually lead to the cloning of this gene. 
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Insertional mutagenesis of the Ly-6--Ri1-1 region is also being employed. 
More cell lines will be generated containing a dominant selectable marker 
integrated in or around Ly-6, specifically the amphotrophic Neor 
retrovirus. This approach would generate probes flanking Ly-6 thereby getting 
closer to Ri1-1. 

In addition, an ABM 14 cosmid library has been prepared from the hamster -
mouse hybrid cell line (ABM14) containing murine chromosomes 2, 6, 15 and 17. 
This library will be screened with chromosome 15 specific probes generated by 
the above methodologies. 

Lastly, we are employing field inversion gel electrophoresis which allows 
restriction mapping over more than 1000 Kbp of DNA. This technique will 
bridge the genetically linked markers isolated by the methods discussed 
above. Comparison of the linkage maps between the C57BL/6 and B6.C-H-30c 
congenic strains, which differ, in their susceptibility to X-irradiation, may 
help identify the Ri1-1 locus. 
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Genetic Map Location ofAJr-l: Results From Four Genetic 
Crosses 
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INTRODUCTION 

Afr-l is a genetic locus in mice that controls the adult level of serum alpha
fetoprotein. Under normal circumstances, AFP synthesis is repressed shortly 
after birth, from levels approaching 10 million nanograms/milliliter to adult 
levels of only several hundred ng/ml (Olsson et aI., 1977). In the special case 
of BALB/cJ mice however, this down-regulation of AFP synthesis is ten- to 
twenty-fold less efficient, resulting in circulating AFP levels of several 
thousand ng/ml in IS-week old mice (Olsson et al., 1977). The recessive allele 
of Afr-l responsible for this persistance of AFP (Afr-lD) is found only in 
BALB/c mice of the Jackson subs train, and not in any other mouse tested to date 
(Blankenhorn et aI., 1985). 

The work presented here will center on experiments designed to map Afr-l to a 
mouse chromosome. Three separate genetic crosses have been employe~discover 
and confirm that Afr-l is located on mouse Chromosome 15, near the myc-l locus. 
In addition, related results will be presented which bear on some of the 
properties of Afr-l and high AFP expression in these mice. 

RESULTS AND DISCUSSION 

In previous/~ork, Afr-l b/ b progeny were distinguished by radioimmunoassay 
from Afr-l a mice in F2 crosses between BALB/cJ and either C57Bl/6J or DBA/2 
(Blankenhorn et al., 1985). Because Afr-l b is recessive, only bib homozygotes 
were analyzed further. We chose to look for linkage to Gdc-l, a-ffiarker on 
chromosome 15 (Kozak and Birkenmaier, 1983), because BALB/cJ mice differ from 
other BALB/c sublines in the expression of this enzyme (glycerol-3-phosphate 
dehydrogenase) (Kozak 1985), and it is a reasonable assumption that the 
expression of Gdc-l might be controlled by at least one cis-linked regulatory 
element (also on 15). Alleles for the structural Gdc-l gene are easily screened 
using a Pstl restriction fragment length polymorphism. In both sets of F2 
crosses,~r-lb segregated with the parental Gdc-l c allele in about 70% of the 
progeny. This result allowed further study f~re closely linked markers. 

Afr-l is more closely linked to a group of chromosome 15 markers (Meruelo et al 
1987; LeClair et al. 1987), containing the structura} genes for Ly-6,c-sis, and 
pol-5. Dr. Meruelo kindly agreed to test our Afr-l~ BALB/cJ ~ C57Bl/6 F2 
segregants; the results showed that Afr-l is approximately 15 map units from 
Ly-6 and slightly further from c-sis (about 20 cM). These results were 
confirmed using a third genetic cross (an F2 cross between BALB/cJ and CLA; see 
R. Duncan, this volume), which was scored for Afr-l, Gdc-l, Ly-6, Sis and the 
Mupm-l locus. In these mice, as with the BALB/cJ x DBA/2 cross, Afr-l and Gdc-l 
appeared to be about 25 cM apart (cf. 32 cM in the BALB/cJ x B6 F2 experiment), 
and the map distances between Afr-l and the more proximal markers were also 
correspondingly shorter. Such discrepancies, when using F2 mice for testing, 
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mayor may not have scientific Significance. 

The advantage of using the BALB/cJ x CLA F2 mice is that more restriction 
fragment length polymorphisms (RFLPs) can be scored, one of which involved the 
Myc-l locus. CLA and BALB/cJ can be distinguished for Myc-l by digestion of 
their DNA with ~l (Huppi, K." Duncan, R., and Potter, M., submitted 1987). Of 
21 mice scored as having Afr-lb,b, only one mouse had a non-parental allele for 
Myc-l, and this mouse was Myc-l heterozygote. The array of other typing results 
for this sole recombinant favors the same map order determined from the other 
two crosses, summarized here: 

Centro----/ /--- Mupm-l Afr-l -- Myc-l -- Ly-6 
mere 7 2.4 2 5 

Sis ---------- Gdc-l 
14 cM 

Mice from the BALB/c x CLA cross were also scored for Mupm-l, a modifier of 
mouse urinary protein expression (R. Duncan, et aI, this volume). From previous 
work we had suspected that Afr-l and this trait were associated, and they were 
found to segregate together very frequently in these progeny. Of 27 male mice 
scored for both mark,rs, only four showed separation of the parental phenotypes; 
two mice were Afr-l b b and had the CLA allele (presumably in the heteroygous 
form) at Mupm-l (all other linked markers were of the BALB/cJ type: Myc-l, Ly-6, 
c-sis, and Gdc-l), and two mice had a BALB/cJ-like expression of Mup~l, but 
were heterozygous for Afr-l, Myc-l, and Ly-6. The placement of Mupm-l with 
respect to other chromosome 15 markers has been confirmed in a series of 
experiments described elsewhere (R. Duncan, R. Matthai, K. Huppi, T. Roderick, 
and M. Potter, submitted, 1987). 

The separation of the Afr-l and Mupm-l loci in these mice indicates strongly 
that they are independently controlled traits and not the result of a single 
pleiotropic gene perhaps exhibiting variable penetrance; this assumption is 
currently being tested in backcross mice in our laboratories. 

Two differences in AFP expression due to Afr-l with respect to sex are apparent 
in our studies. Adult male AFP levels are significantly higher than those found 
in females (Table 1), a finding that has been reported previously (Pollard et 
al., 1982). It is interesting that this 2 - 3 fold higher male AFP expression 
occurs irrespective of the genetic background of the non-BALB/cJ parent. 
However, this genetic background was important in one cas.e: in female g~ogeny 
of the BALB/cJ x CLA F2 cross, there was a significant defig~t of Afr-l b 
animals. This could be due ~o poor penetrance of the Afr-l Ib allele in the 
presence of CLA background genes, or to lethality/of Afr-l b/ b or linked markers 
in these mice, or to failure to detect the Afr-lb b females in the 
radioimmunoassay. The likelihood of lethality could be tested be an examination 
of the ratios of myc-l alleles (closely linked to Afr-l) in female BALB/cJ x CLA 
F2 progeny; the Mupm-l allele characteristic of BALB/cJ is difficult to score 
in females (R. Duncan, personal communication). 

One further point about Afr-l deserves mention here. / In an unrelated study, 63 
backcross mice were scored for inheritance of Afr-l b b {and thus circulating 
levels of AFP in excess of 2000 ng/ml (and sometimes 7000 ng/ml)} and for the 
inheritance of susceptibility to one of two autoimmune syndromes: experimental 
autoimmune orchitis (EAO) or experimental allergic encephalomyelitis (EAE). 
These susceptibility traits have been shown to distinguish several sublines of 
BALB/c mice (Teuscher et al 1985). In this study, there was absolutely no 
genetic association between the gene responsible for high levels of Circulating 
AFP and the gene affording "protection" from autoimmune attack (C. Teuscher, 
E. P. Blankenhorn, and W. F. Hickey, in press 1987). Therefore, it is hard to 
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find support for the supposed role of AFP as an immunosuppressive agent in mice 
(Murgita and Tomasi, 1975), especially in unmanipulated animals in which AFP is 
synthesized entirely naturally. 

Table l. ---- Sex-associated differences among BALB/cJ crosses 

MALES FEMALES 

Cross Ratio AFP/ml Ratio AFP/ml 

(B6 x J)F2 3.0 : 1 5700 ng 4.4 1 2000 nga 

(J x D2)F2 3.7 1 3900 ng 2.6 1 2630 nga 

(J x By) x J 1.3 5980 ng 1.6 1 3170 nga 

(J x CLA)F2 3.3 4100 ng 12.0 1c 2180 ngb 

:' p < 0.005 compared to male AFP level 
, p < 0.05 compared to male AFP level 

c, p < 0.02 compared to male ratio of Afr-1a /- to Afr-1 b/ b 
By BALB/cBy subline mice, J = BALB/cJ, D2 = DBA/2J, B6 = C57BI/6, and CLA 
Centerville Light (~musculus domesticus). 

TABLE 2. Syntenic groups of mouse and human markers 

Chromosome 15 

Gpt-1 
Myc-1 
Afr-1 
pvt-1 

C-sis 
Ly-6 
Dia-1 
ars-a 

Gdc-1 
Int-1 
Ela-1 
keratin 
Caracul 
Velvet 
Hox-3 

Chromosome 8 

GPT (q13-qter) 
MYC (q24) 

Chromosome 22 

SIS (q12.3-q13.1) 

DIAl (q13.31-qter) 
ARSA (q13.31-qter) 

Chromosome 12 

GPD1 
INTI (pter-q14) 
ELA1 (p prox) 

HOX3 (ql1) 

All designations and sources for genetic mapping found in O'B~ien, 1987, and 
McKusick, 1986. 



267 

In conclusion, we have demonstrated the following points: 

<1> Afr-l is on chromosome 15, closely linked to myc-l, in a group of 
mouse markers which have a corresponding syntenic group on human chromosome 8. 
(Table 2). The only human case of hereditary persistance of AFP was described 
by Dr. S. Tilghman and her colleagues, and the gene responsible for this 
condition appears to be linked to the structural gene for human AFP (in Vogt et 
al., 1987), which is not in this syntenic group. 

<2> Afr-l control of AFP in serum is affected by gender: 
reported, males have significantly higher levels than females. 
one combination only, si%nificantly fewer females than expected 
homozygous for the Afr-l allele in the BALB/cJ x CLA F2 cross. 

in all crosses 
In addition, in 
were found to be 

<3> Models of Afr-l have been proposed which state that this locus encodes 
a tissue-specific (Belayew and Tilghman, 1982), trans-activating product, and 
our mapping data lend support to this hypothesis. Any models for how Afr-l 
works must take into account that the mutant Afr-l b allele is affected by sex, 
probably liver-specific (Vogt, et al., 1987), and largel~ ineffective when 
compared with the normal decline of AFP synthesis (Afr-l homozygotes 7~ill 
repress AFP synthesis 1,000-fold, as compared to 10,000-fold in Afr-l a mice). 
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Neoplasia 

The Effect of the nude Gene on Plasmacytoma Development in 
BALB/cAn Mice 

L. Byrd, M. Potter, B. Mock, and K. Huppi 

INTRODUCTION 

The role of the T-lymphocyte in the development of plasma 
cell tumors may be investigated by attempting to induce these 
tumors in mice that lack a mature T-cell population. The nude 
mutation in mice is a recessive gene and homozygous mice (DY/nu) 
lack both a thymus (Pantelouris, 1968) and a hair coat (Flanagan, 
1966) . The absence of functional thymus glands in DY/nu mice 
results in a severe deficiency of mature T-lymphocytes throughout 
life (Scheid, et al. 1975; Chen et al. 1984). Consequently, 
these mice have defective immune responses which involve T
lymphocytes and have commonly been used to demonstrate the role 
of T-lymphocytes in a variety of immune responses (Eckels, et 
al., 1979; Jacobson, et al., 1974; Kindred, 1978). A congenic 
strain with the nu gene on the BALB/cAn background, the 
BALB/cAn'DY/nu, was utilized to determine whether nude mice would 
develop plasmacytomas (PCTs) and if so, at what incidence. In 
addition, we determined whether the BALB/cAn'DY/nu was genetical
ly identical (with the possible exception of genes flanking the 
nude mutation on chromosome 11) to the BALB/cAnPt subline which 
is commonly used in PCT induction experiments. 

METHODS 

Mice: The BALB/cAn'DY/nu congenic strain used in this report was 
developed by Dr. Carl Hansen (NIH). The nude gene was placed on 
the BALB/cAnN background from the NIH:Swiss'DY/nu stock by a 
backcross-intercross system to backcross 10 (N10). A breeding 
stock of these BALB/ cAn' DY/nu N10' s was sent to the Frederick 
Cancer Research Facility (FCRF) in 1981 and are maintained by 
mating female BALB/cAn'DY/± to male BALB/cAn'DY/nu under Specific 
Pathogen-free (SPF) conditions (Clarence Reeder, personal com
munication). All BALB/cAn'DY/ny and BALB/cAn'DY/± in this report 
were obtained from FCRF. The BALB/cAnPt mice were originally 
obtained from Dr. H.B. Andervont (NIH) in 1964 by Michael Potter 
and have been maintained as inbred stock in a closed but conven
tionally maintained colony. The NIH: swiss mice were obtained 
from the Small Animal Division, NIH. 

Plasmacytoma Inductions: PCTs were induced with three 0.5ml i.p. 
injections of pristane in BALB/cAnPt mice, BALB/cAn'DY/nu mice 
and BALB/cAn'DY/± mice on days 0, 60, and 120 according to 
previously reported protocols (Anderson and Potter (1969». All 
mice were maintained in isolated mouse colonies under NIH 
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contract #N01-CB-25584 at Hazleton Laboratories America, Rock
ville, Maryland. All BALB/cAn·nY/nu and one-half of the 
BALB/cAn·nY/+ mice were maintained under SPF conditions. The 
other half of the BALB/cAn·nY/+ and the BALB/cAnPt mice were 
maintained under conventional housing conditions. Ascites fluid 
was examined by cytofuge preparations every two weeks beginning 
at day 130 for the presence of PCTs. In addition, sections of 
intestinal mesentery, liver, spleen, Peyer's patches, pancreas, 
and mediastinal lymph nodes were taken at the termination of the 
experiments (days 214 and 325) and examined for the presence of 
plasma cells. 

Genetic Profiles: High molecular weight DNAs prepared from 
BALB/cAn·nY/nu, BALB/cAn·nY/±, BALB/cAnPt, and NIH:swiss livers 
were digested for 5 - 7 hours with restriction endonucleases and 
electrophoretically separated on 0.8% horizontal agarose gels at 
voltage gradients of approximately 1 V/cm in 40rnM Tris-acetate, 
20rnM sodium acetate, 1rnM EDTA, pH 7.4. After staining with 
ethidium bromide and photography under UV light, the gels were 
blotted onto nitrocellulose. Blots were hybridized for 16 hours 
with the probes listed in Table 1. Each of the probes were 
labelled with 32p-dCTP by nick-translation. After hybridization, 
filters were washed 4 times at 65 0 C in 0.3x SSC for 30 min. each. 

RESULTS 

Plasmacvtoma Induction Studies: No evidence of plasmacytoma 
development was seen by cytospin preparation in 19 BALB/cAn·nY/nu 
observed until day 214 nor in 48 BALB/cAn· nY/nu observed until 
day 325. In contrast, 48% (11/23) of the BALB/cAnPt control mice 
observed until day 325 developed PCT's. Somewhat surprisingly, 
none of the conventionally housed or SPF housed BALB/cAn· nY/± 
followed for 214 days developed PCTs. In addition, only one of 
the 27 (4%) SPF nY/± and 5 of the 26 (19%) conventionally housed 
nY/± mice developed PCTs by day 325. 

Genetic Testing: The present study used probes which detect loci 
on chromosomes 1, 2, 4-7, 11-13, 15-19, and Y (Table 1). Most of 
the probes showed no restriction fragment length polymorphisms 
(RFLPs) between BALB/ cAn· nY/nu and BALB/ cAnPt, however aU1a
associated sequence did show an RFLP between the BALB/cAn·nY/nu 
congenic strain and the BALB/cAnPt inbred strain. A sequence 
associated with U1a hybridized to a 4.0kb band in BALB/cAn·nY/nu 
DNA; this band was absent in BALB/cAnPt (Figure 1). 

DISCUSSION 

The initial purpose of this study was to determine whether 
the lack of mature T-lymphocytes affected the development of IgA 
secreting plasma cell tumors in BALB/cAn mice by testing the 
susceptibility of an athymic BALB/cAn mouse, the BALB/cAn· nY/nu 
mouse. Although the standard regimen of PCT induction studies 
(monitoring PCT development over 365 days) was not followed due 
to the compromised immune system of the nY/nu, the mice were 
observed until day 214 and day 325 by which time resistance would 
be recognizable as a significant reduction in PCT formation_ The 
lack of PCT development in control BALB/cAn-nY/± mice made us 
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question both the role of the SPF conditions under which these 
mice are maintained (studies in progress) and the genetic profile 
of the BALB/cAn·nY/nu. 

Most inbred strains and the strains on which the nu gene is 
carried are resistant to plasmacytoma induction. There are also 
past reports of genetically contaminated BALB/cAn· nY/nu strains 
(Gubbels, et al., 1985). susceptibility to plasmacytoma induc
tion has been demonstrated to be under complex genetic control 
involving multiple genes (several studies have implicated at 
least three unlinked loci) that influence susceptibility or 
resistance (Morse et al.,1980; Potter et al., 1975; 1984; 1985; 
Potter and Wax 1981; 1985). The genes controlling plasmacytoma 
susceptibility have not been mapped, although genes on chromo
somes 4 (Potter and Wax, 1985), 15 and 17 have been implicated 
(Potter, CTMI, this volume). Therefore, the genetic profile of 
the congenic BALB/cAn·nY/nu is necessary in evaluating the role 
of the athymic state in plasmacytoma formation. 

BALB/ cAn· nY/ru! male breeders are routinely tested by the 
FCRF for possible genetic drift from the BALB/cAn type. The 
isoenzymes routinely tested (Table 2) showed no detectable 
differences between BALB/cAn and BALB/cAn· nY/nu in their last 
report (November 1986, Clarence Reeder, personal communication). 
Further testing of the major and minor histocompatibility loci 
was accomplished by utilizing a strain Restricted Typing Sera 
(SRTS) (Arn et al., 1982) for serologic monitoring of the genetic 
integrity of a BALB/c strain. The antiserum was produced by 
immunizing BALB/cAn mice with a combination of 3 or 4 hybrids 
made by crossing non-BALB/c parental strains with each other. 
This highly sensitive antiserum detects the presence of multiple 
histocompatibility antigens including MllC, minor histocompati
bility differences, and other cell surface differentiation 
antigens (Arn et al., 1982). The antiserum is assayed by a 
complement-mediated cytotoxicity assay using peripheral blood 
lymphocytes. No significant difference between the congenic 
strain BALB/cAn·nY/nu and the inbred strain BALB/cAnPt was found 
with this antiserum. This data combined with the genetic profile 
from the present study has determined that 41 loci on a total of 
18 autosomes and the Y chromosome in addition to many undeter
mined minor histocompatibility loci are indistinguishable between 
BALB/cAnPt and BALB/cAn·nY/nu. These observations suggest that 
no major chromosomal segments of NIH:Swiss background (other than 
genes closely linked to nY/nu) have been carried over in the 
construction of the congenic BALB/cAn·nY/nu. This is consistent 
with the prediction that 99% of the genetic background in 
congenic mice should be host genes by backcross generation 10. 

However, differences have been noted between the BALB/cAn 
and BALB/cAn· nY/nu. Skin grafts between male BALB/cAn· nY/nu 
breeders and BALB/cAn hosts were rejected 70 days after the 
initial operation (Clarence Reeder, personal communication). 
This was the first difference found between BALB/cAn and 
BALB/cAn·nY/nu mice in 6 years of monitoring the congenic strain. 
We have also found an RFLP difference between BALB/cAn'nY/nu and 
BALB/cAnPt using a Ula-associated sequence whose chromosomal 
location has not been determined. 
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CONCLUSIONS 

The BALB/cAn ·lli!Inu congenics obtained from FCRF are resis
tant to pristane induced plasmacytomagenesis. In addition, both 
the SPF housed and conventionally housed BALB/cAn·lli!I± show 
reduced susceptibility (4% and 19%) when compared to the suscep
tible strain BALB/cAnPt (48%) housed in the same room . 

Thus far, BALB/cAnPt and BALB/cAn·lli!Inu have similar 
polymorphic alleles at most loci tested. Detailed analysis of 
chromosome 11 is in progress. The possibility that a gene near 
nu on chromosome 11 determines resistance to plasmacytomagenesis 
has not been ruled out. We are currently testing conventional
ized BALB/cAn·?/+ mice obtained by breeding BALB/cAn·lli!I+ x 
BALB/cAn·lli!I+ for plasmacytoma susceptability. 

The role 
assessed from 
reconstitution 
cells. 

of T-cells in plasmacytomagenesis cannot be 
these experiments and will require appropriate 
of the BALB/cAn·lli!Inu mouse with functional T-
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TABLE 1. Probes used to determine genetic profiles of BALB/cAnPt, 
BALB/cAn'DY/nu, and NIH:Swiss mice. The ONA probes and restric
tion enzymes used as well as the fragment name and chromosomal 
assignment are indicated. Numbers in parenthesis after the probe 
name refer to the original reference. 

Probe 

Anf(24) 
Gdc-l(13) 
MMTV(3) 
MMTV(31) 
MMTV(3) 
MMTV(19) 
pIl-3(37) 
pMc-myc54 (35) 
pMIFI204(17) 
pPE220(21) 
pRRF51 (22) 
pUla-236#(14) 
pUla-236@ 
PXenv(36) 

P~env (36) 
p env(36) pXenv 
pXenv 
pXenv (13) pXenv 

P~env (36) 
p env (36) pXenv 
pXenv 
pXenv 
pXenv (9) 
pXenv 
p499\20) 
S-15 (7) 
Tnf(10) 
VHJ606(12) 
Vk21(15) 
v-src(32) 
VTT5(34) 
Vtt11 (5) 

Restriction Fragment 
Enzyme Name 

Pvu II 
Bgl II 
Eco RI 
Eco RI 
Eco RI 
Eco RI 
Eco RI 
Eco RI 
Eco RI 
Eco RI 
Tag I 
Eco RI 
Bam HI 
Pvu II 
Pvu II 
Pvu II 
Pvu II 
Pvu II 
Pvu II 
Pvu II 
Pvu II 
Pvu II 
Pvu II 
Pvu II 
Pvu II 
Pvu II 
Hind III 
stu I 
Xba I 
Pst I 
Eco RI 
Eco RI 
Eco RI 
Eco RI 
Eco RI 

Anf 
9.3kb 
Mtv-6 
Mtv-8 
Mtv-9 
Mtv-16 
Il-3 
myc 
Ifa 
SPARC 
Hox 2.1 
3.8kb 
4.0kb 
Xmmv-42 
Xmmv-48 
Xmmv-50 
Xmmv-52 
Xmmv-53 
Xmmv-54 
Xmmv-72 
Xmmv-60 
Xmmv-61 
Xmmv-62 
Xmmv-65 
Xmmv-69 
Xmmv-70 
Xmmv-Y 
Mup 
Qa-2a 
Tnf 
7.0kb 
Igk 
src 
Tcrg 
Tcra 

Present in 
B/C* nu** Sw*** 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 

+ 
+ 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 

+ 
+ 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
NO% 
+ 
+ 
NO 
NO 
NO 
NO 

+ 

+ 
+ 
+/_0 
+ 
+/-

+ 
+ 
+ 
+ 
NO 

+ 
+ 
+ 
+ 

Chr 
# 

4 
15 
16 

6 
12 

4 
11 
15 

4 
11 
11 
11 
NO 
19 
NO 
12 

5 
NO 
NO 
15 
NO 

1 
4 

NO 
NO 
NO 

Y 
4 

17 
17 
12 

6 
2,4 
13 
14 

* BALB/cAnPt; ** BALB/cAn'nu/nu and BALB/cAn'nu/+; *** NIH:Swiss; 
% NO = Not determined; # a 560bp insert; @ a 480bp insert; 0 One 
NIH:Swiss showed the restriction fragment while another did not. 
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Table 2: BALB/cAn·nY/nu male breeders are routinely tested by the 
Frederick Cancer Research Facility for possible genetic drift 
from the BALB/cAn type. The testing involves electrophoretic 
techniques which detect different mobilities of enzymes indicat
ing differences in alleles. Listed below are the isoenzymes 
routinely tested and their chromosomal location. The last report 
(November 1986) showed no detectable differences between BALB/cAn 
and BALB/cAn·nY/nu. 
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Neoplasia 

Organization of the Distal End of Mouse Chromosome 4 

K. Huppi, B.A. Mock, P. Schricker, L.A. D'Hoostelaere, and M. Potter 

INTRODUCTION 

BALB/cAn and NZB/BINJ mice are unique among mouse inbred strains in their increased 
susceptibility to the induction of plasma cell tumors (Potter and Wax, 1981). The 
inability to produce plasmacytomas in DBA/ZN or (BALB/cAn x DBA/ZN)F l mice for 
example, indicates that one or more resistance (R) genes can be associated with the 
development of plasmacytomas (Potter and Wax, 1985). Similarly, plasmacytoma 
induction studies among a broad panel of BALB/cAn.DBA/ZN (C.DZ) congenic strains, 
originally selected for allelomorphic markers that differ between BALB/cAn and 
DBA/ZN indicate some regions fortuitously harbor R genes of DBA/Z origin. C.DZ 
congenic mice carrying single resistance genes from DBA/ZN are partially resistant 
to plasmacytoma induction, e.g., C.DZ Fv-l n mice (Potter et al., 1984). The 
C.DZFv-ln congenic has also been found~carry a locus (Rep-2) derived from DBA/2N 
which confers more efficient chromatin repair than the BALB/cAn strain (Potter et 
al., 1988). This has been determined by studies of efficiency of DNA repair 
following x-irradiation induced damage. Thus, the region on the distal end of 
mouse chromosome 4 in the vicinity of Fv-l harbors not only genes associated with 
DNA repair but also genes involved in increased resistance to plasmacytomagenesis. 

The distal portion of mouse chromosome 4, in the vicinity of the Fv-l locus, 
carries one of the largest regions of synteny between man and mouse (Nadeau and 
Taylor, 1984). Several loci including phosphoglucomutase (Pgm-2) alkaline phospha
tase (akp-2), atrianatriuretic factor (Anf), adenylate kinase 2 (ak-2), phospho
gluconate dehydrogenase (~) and glycerol-3-phosphate dehydrogenase (Gpd-l), which 
map to the telomere of mouse chromosome 4 also reside in a conserved linkage group 
on the short arm of human chromosome 1 (p32-36) (for review, see Lalley and 
McKusick, 1985). 

As the initial step towards the eventual isolation of DNA repair genes and/or 
genes involved in plasmacytoma resistance, we have ordered the distal end of mouse 
chromosome 4 with respect to the following molecular probes: major urinary protein 
(Mup-l), Interferon a (Ifa), units 11 and 13 of mouse mammary tumor virus (Mtv-13), 
a~nymous DNA sequence-(D4Rpl) lymphocyte tyrosine kinase (Lck), and atrianatri
uretic factor (Anf). Previous reports have positioned Mup-l (Bennett et al., 
1982), Ifa (Kelley et aI., 1983), D4Rpi (Berger et aI.,""""":i984) and Anf (Mullins, 
1987) o~ouse chro~s~e 4 primarily by the strain~istribution pattern (SDP) 
generated between C57BL/6J by DBA/2J (BXD) or BALB/cByJ by C57BL/6ByJ (CXB) recom
binant inbred (RI) strains of mice. 

In the present study, we have adopted the BXD (Bailey, 1971) and CXB (Taylor, 
1980) RI strains for comparison of these loci with the loci Mtv-13 and Lck and Anf, 
which most likely map within the conserved linkage group of human chromosome Ip~d 
mouse chromosome 4 (Morris et al., 1979, Marth et al., 1986, Mullins, 1987). Some 
loci were also compared forlth;-SDP generated a~ng-RI strains of BALB/cHeA and 
STS/A parental mice as well as a series of backcross mice generated between 
C57BL/10ScSn and SWR/J. 

Laboratory of Genetics, National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland 20892 
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Determining the gene order for distal chromosome 4 allowed us to examine the 
extent of DBA/2 contained within the C.D2-Fv-1n congenic at different generations 
of backcross by RFLP analysis. As a result, we can delimit the region which poten
tially harbors DNA repair genes and/or plasmacytoma resistance genes to a region of 
approximately 17 cM surrounding the Fv-1 locus. 

MATERIALS AND METHODS 

Mice 

The following inbred strains of mice are maintained at the Hazleton facility, 
Rockville, MD (contract UN01-CB-71085): AKR/N BALB/cAnPt, C57BL/10N DBA/2N, 
NZB/B1NJ and SJL/JLWPt. The inbred strains C57BL/6J, C57L/J, C58/J, BALB/cByJ, 
DBA/2J and SWR/J were obtained trom the Jackson Laboratories. The inbred strains, 
STS/A and BALB/cHeA were kindly provided by J. Hilgers (Amsterdam). 

Genetic Crosses 

The C57BL/6J by DBA/2J (BXD) and C57BL/6ByJ by BALB/cByJ (CXB) RI series consist of 
26 and 7 inbred strains, respectively. The BALB/cHeA by STS/A (CXS) RI strains 
provide 14 additional strains which have been brother-sister mated for 30 genera
tions (Hilgers and Arends, 1987). The 38 males or females of the (SWR/J x C57BL/ 
10ScSn)F1 x SWR/J backcross were kindly provided by J. Blackwell and were tested 
for frequency of recombination among progeny. The generation of BALB/cAn. DBA/2N
Fv-1n/Fv-1n (C.D2-Fv-1n ) congenic mice was by successive backcross of (Fv-1n/ 
Fv-1 b ) mice to BALB/cAn and selection for the Fv-1n phenotypes of DBA/2N origin. 
At the 6th and 10th generation ot backcross, mice were tested tor susceptibility 
to the induction of plasmacytomas. 

Recombination Frequency 

Estimates of gene order and genetic distance were determined by the statistical 
method of Silver and Buckler (1986). The recombination frequencies were generated 
from RI strains (cumulative totals) and backcross mice. 

Preparation of DNA and Southern Hybridization Probes 

The preparation of high molecular weight DNA from liver tissue has been described 
(Huppi et al., 1985). The restriction digestion conditions, gel electrophoresis 
and subsequent procedures for Southern transfer are as previously described. The 
molecular DNA probes used in this study are listed in Table 1 along with their 
sources and references. All final wash stringencies were 0.2 x SSC (1 x SSC = 
0.15 M sodium chloride, 0.015 M sodium citrate) at 65°C for 30 minutes. 

RESULTS 

The positions of Mup-1 and Ifa loci have been well established on chromosome 4 
(Davisson and Roderick, 1981; Nadeau et al. 1987) and were used as reference points 
for comparison with more distal markers.--The positions of these loci have been 
generated by examination of recombination frequencies among BXD, CXB and CXS RI 
strains, as well as among other RI strains of mice. For the purpose of direct 
comparison, RFLPs were generated, when possible, between parental inbred mice of 
RI strains with the DNA probes for MMTV, D4Rp1 Lck and Anf. 
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Table 1. Chromosome 4 - Molecular yrODe~ 

Genomic locus 

Major urinary protein 
(Mup) 

Interferon (Ifa) 

D4Rpl 

Mouse mammary tumor 
locus (Mtv) 

Lymphocyte tyrosine 
kinase (Lck) 

Atrial natriuretic 
factor (Anf) 

Mtv-13 

Probe 

p499 

pMF1204 

pODC1440 

pMMTV 

pNTl8 

PcAR60 

Insert 

0.8Kb Pst I 

0.8Kb Pst I 

1.0Kb Pst 1 

1.5Kb Pst I 

1.8Kb EcoRI 

0.4Kb AccI/PstI 

Reference or Source 

Kuhn et al. (1984) 

Kelley et al. (1983) 

Elliott (pers. comm.) 
Berger, 1984 

Callahan, R. et a1. (1984) 

Marth et al. (1985) 

Davies (pers. comm.) and 
Mullins et al. (1987) 

The endogeneous mouse mammary tumor virus, MMTV, has been integrated on several 
mouse chromosomes into genomic sites very characteristic of a particular inbred 
strain. Since MMTV carries a conserved internal EcoRI restriction site, a DNA 
probe for MMTV will hybridize to EcoRI restriction fragment (RF) bands which 
comprise 5' and 3' portions of the provirus plus flanking genomic DNA (Fig. 1). 
Mtv proviral units have been chromosomally mapped in the DBA/2N mouse using 
primarily the SD pattern generated among BXD RI strains (Morris et al., 1979). 
The 5.8 kb and 9.0 kb EcoRI RF bands of DBA/2N (Fig. 1) refer to~nits 11 and 13 
which segregate with a distribution pattern for the Mtv-13 provirus harboring a 
best fit of 19/26 concordancies with Ifa. The most likely position of Mtv-13 
would be 10.5 cM (p=.85) distal to Ifa on mouse chromosome 4 (Table 2).------

Ornithine decarboxylase (Odc) is an enzyme found in the polyamine biosynthetic 
pathway and is induced by androgens in the mouse kidney. A cDNA clone, pODC1440, 
with a high degree of homology to Odc has been generated from a kidney cDNA 
library (Berger et al., 1984) and resideq on mouse chromosome 4 (Elliott, 1987). 
This anonymous DNA probe, D4Rp1, displays no RFLPs (18 restriction endonucleases 
tested) between the parental strains C57BL/6J and DBA/2J. However, an EcoRI RFLP 
was detected among a few inbred strains including the parental strains of the CXS 
Recombinant Inbreds' BALB/cHeA and STS/A (Table 3). The D4Rpl a pattern corresponds 
to polymorphic EcoRI RF bands of 3.5 kb and 5.0 kb whereas the D4Rpl b pattern 
refers to a single 4.3 kb RF band (Fig. Z). For example, BALB/cHeA displays a 
D4Rpla pattern in contrast to the D4Rplb RF pattern found with STS/A. Comparison 
of the CXS SD pattern for D4Rp1 with Ifa shows 10 of 12 concordancies (Table 1). In 
addition, the D4Rpl EcoRI RF pattern of the parental inbred strains of the CXB RI 
strains are also polymorphic. The CXB SDP for D4Rpl display 6/7 concordancies 
with Ifa. Compilation of the CXB and CXS recombination frequencies and minimizing 
double-crossover between Ifa and D4Rpl shows 16 of 19 concordancies which positions 
D4Rpl 5.2 cM distal to !fa (P=.83~ 
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Fig. 1. Southern hybridi-
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Lck 

The lymphocyte specific tyrosine kinase gene (Lck) has been determined to be 
expressed principally in T and perhaps early B cells (Marth et al., 1986). 
Originally isolated as a rearranged gene in the tumor LSTRA,~c~is a cDNA probe 
from a C57BL/Ka thymus library and hybridizes to single copy RF bands under 
stringent wash conditions. Hybridization of the Lck probe to a panel of mouse 
inbred strains reveals RFLPs with the restriction endonuclease StuI (data not 
shown) or EcoRV (Fig. 2 and Table 3). Two EcoRV RF patterns are found among 
inbred mouse strains. The EcoRV RF band for Lcka is 14 kb and is found among 
strains including C57BL/6J. In contrast, the~kb allele is found as a 23 kb 
EcoRV RF band in inbred strains such as BALB/c-or DBA/2J (Fig. 2 and Table 3). 

., , 
In 
II: 
% 

., 
~ 

~ .. 
'" 

EcoRV restricted DNA from the BXD and CXB RI strains were hybridized to Lck and 
compared with other chromosome 4 markers. The closest markers to Lck are-ifv-1 
(17/23 concordancies) and Ela-1, a pseudogene of elastase (20/25 cQn;ordancies). 
Comparison of the recombination frequency and assuming minimal double crossover 
suggests Lck most likely lies 7.2 cM (p=0.872) distal to Ela-1 and 10.9 cM (p=0.558) 
proximal ~Fv-1. In addition, the SDP generated among CXB mice indicates that 
Lck probably resides distal to D4Rp1. 
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Figure 2. RFLPs determined by 
Southern hybridization with D4Rpl, 
Lck and Anf DNA probes. RF 
patterns "a" or "b" are labeled 

Restriction Fragment Length Polymorphisms 

at the top of each lane. 
Molecular weight size standards 
of A RindIII are on the left 
panel. 

230-

95-

66· 

43-

2.3 -
20-

a b 

D4Rp l 
Eco Rl 

a b 

lck 
EcoRV 

Table 3. Inbred Strain Distribution of Chromosome 4 Loci 

-DNA Markers-

Inbred strains Mup-EcoRI lfa-Pvull D4Rpl-EcoRI Lck-EcoRV 

AKR/N a a b a 

BALB/c(An,ByJ ReA) a a a a 

C57BL/6J b b b b 

C57BL/lOScSn b b b b 

C57L/J b b b b 

C58/J b b b 

DBA/2N a c b a 

NZB/BINJ b b a 

SJL/JLwPt a a a 

STS/A b b b a 

SWR/J b a b a 

a b 

Ani 
Accl 

Anf-AccI 

b 

a 

a 

a 

b 

b 

b 

b 

c 

d 
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Anf 

Atrianatriuretic factor is a peptide which plays a significant role in electrolyte 
balance. A cDNA probe encoding Anf has been isolated and an RFLP was established 
among certain inbred strains of mice with the restriction endonuclease PvuII 
(Mullins et al., 1987). Mullins et al. (1987) have shown that Anf cosegregates 
with Fv-l-among the BXD RI series~y~tilizing the PvuII RFLP. -w; have detected 
another useful RFLP for Anf with the restriction endonuclease AccI~ which generates 
four distinct RF patterns among inbred strains; Anfa (6.5 kb), AnfD (7.0 kb), Anfc 
(6.3 kb and 7.0 kb) and Anf d (7.0 kb and 8.5 kb)-cFig. 2 and Table 3). ---

Recombination Frequency in (SWR/J x C57BL/10ScSn)F] x SWR/J Backcross Progeny 

An opportunity for more precise positioning of D4Rpl, Lck and Anf with respect 
to Ifa was obtained from a panel of 38 backcross mice (SWR/J x-c57BL/10ScSn)F 1 x 
SWR/J: which were surveyed for recombination between these loci. The inbred strain 
distribution shows that for both Ifa and Anf, the restriction endonuclease PvuII is 
a convenient polymorphism to follOW-for crosses between SWR/J and C57BL/10ScSn. An 
EcoRI RFLP was used to follow SWR/J and C57BL/10ScSn alleles for D4Rpl whereas 
EcoRV was an inheritable polymorphism to use for Lck (Table 2). The recombinations 
found between Ifa, D4Rpl, Lck and Anf is consiste~with the gene order predicted 
from the RI SDI>Jresults (Table 4).--aowever, the gene order and recombination 
distance as predicted from the (SWR/J x C57BL/10ScSn)Fl x SWR/J F2 backcross is as 
follows: centromere--Ifa--17.85 cM ± 7.23 cM--D4Rpl--lO.71 eM ± 5.84 cM--Lck--7.14 
cM ± 4.86 cM--Anf. --

The DBA/2N Composition of the C.D2 Fv-ln Congenic 

The congenic C.D2-Fv-ln at the N6, NIO, N12, N17-N19 generations of backcross was 
surveyed for the extent of DBA/2N chromosome 4 genetic material. The following 
DNA probes were used in RFLP analysis with C.D2 Fv-ln : Ifa (PvuII), MMTV (EcoRI), 
D4Rpl (EcoRI) and Anf (AccI). By the N6 generation of backcross, the C.D2-Fv-l n 
congenic did not contain the DBA/2N RFs for Ifa or D4Rpl (Fig. 3). Furthermore, 
between the N6 and NIO generations of backcross, the DBA/2N region harboring Mtv-13 
is lost from the C.D2-Fv-l n congenic. Nevertheless, the Anf locus continues to 
co-segregate with Fv-l through the N19 generation of backcross. 

DISCUSSION 

Recent studies have established the order of several loci including Ifa, interferon 
beta (Ifb), aminoleuvilinate dehydratase (Lv) and alpha-l acid glycoprotein-l and -2 
(Orm-l:-Grm-2) with respect to brown (b), ~cell maturation factor responsiveness 
(Bmfr-l)~Mup-l. The most likely order as reported is: Mup-l, (Lv--b--Orml), 
(Orm-2--Ifa), (Ifb--Bmfr-l) (Nadeau et al. 1987). We have extended-chis detailed 
mapping eo-include new markers from mouse chromosome 4 more distal to Mup-l and 
Ifa. These gene loci, D4Rpl, Mtv-13, Lck and Anf, have been compared to other loci 
from mouse chromosome 4~uding Mup-~Ifa, and Fv-l. Comparison of recombination 
frequencies between these loci among RI strains (CXB, BXD and/or CXS) permits us to 
predict a gene order as follows: centromere--Ifa--5.2 cM--D4Rpl--Mtv-13--Lck--lO.9 
cM--Anf. However, the probabilities clearly indicate that~ of the genetic 
distances are not precise. This is principally shown by the recombination fre
quencies generated among an (SWR/J x C57BL/lOScSn)F1 x SWR/J backcross experiment 
in which the following gene order and recombination frequences are found: Ifa--17.85 
cM ± 7.23 cM--D4Rpl--lO.71 cM ± 5.84 cM--Lck--7.14 cM ± 4.86 cM--Anf. The-gene 
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Figure 3. Upper panel - DBA/2N content of C.D2-Fv-1n at various backcross genera
tions. RFLPs determined at the Southern hybridization level with the probes and 
restriction endonucleases listed below each panel. C.D2-Fv-1 n examples are shown 
only with the backcross generation(s) of most significanc~ 
Lower panel - Organization of distal mouse chromosome 4 loci. The centromere is on 
the left and certain loci located at the distal end with recombination distances 
listed below the line are denoted. b refers to the brown locus and the position of 
Rep-2 remain to be determined. The likely extent of DBA/2N in the C.D2-Fv-1n N6 
and N10 generations are shown by dotted lines below. 

order predicted from the backcross experiment is identical to that found in SDPs 
generated among RI strains and the distances lie within >95% confidence limits. 
The distance between Ifa and D4Rp1 varies between 5.2 and 17.5 eM. This difference 
in the genetic distance between loci could be due largely to low numbers of 
genetic progeny or to disparity between the particular parental inbred strains 
used in this analysis. Similar heterogeneity among conventional inbred strains 
and M. spretus crosses as to the positioning of Ifa and Ifb has already been 
reported (Nadeau et al., 1987). Furthermore, in-nBA/2N may significantly alter 
the positioning oY-nearby loci in this particular inbred strain. In addition to 
MMTV integration sites, other viral integration sites have been found in this 
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region of chromosome 4, namely the endogenous xenotropic Murine leukemia Virus 
related sequences (Blatt et al., 1983, Wejman et al., 1984) which map within 1 cM 
of Gpd-l. The integratio;-of:Moloney LTR sequ~c~ into a region 5' of Lck in 
the thymoma LSTRA led initially to the identification and subsequent cloning of 
the gene Lck. Since Lck is a member of the tyrosine kinase family, there have 
been predictions that-COmplex families of other tyrosine kinase genes c-~ or 
c-src may also map to a region physically linked to Lck on mouse chromosome 4. 
We-are presently unable to confirm any genetic linkage-to Lck with DNA probes for 
c-fgr or ~ due to the complexity of RF patterns among tyrosine kinase genes. 
This family is expected to be very complex and may occupy a large region of mouse 
chromosome 4. 

Nevertheless, the gene order as predicted for distal mouse chromosome 4 is 
independently confirmed by the sequential absence of DBA/2N alleles in the back
cross generations of C.D2 Fv-ln for Ifa, D4Rpl, Mtv-13, and Anf, respectively. 
We have established that between the~ and NI0 backcross ge~ations 5 cM of 
DBA/2 chromosome 4 between D4Rpi and Mtv-13 were lost. The absence of the DBA/2N 
Mtv-13 component at N17-N19, generations suggests that the C.D2-Fv-ln congenic 
carries approximately 17 cM or less of DBA/2 chromosome 4. -----

Contemporary studies of the C.D2-Fv-l congenic for plasmacytoma resistance or DNA 
repair genes has demonstrated both R genes and Rep-2 genes at the N12 generation 
of backcross. Our data would suggest that these genes lie distal and mutually 
exclusive of Mtv-13 and yet remain closely associated with the Lck and Anf loci. 

The region of distal mouse chromosome 4 bears synteny with the short arm of 
human chromosome 1. Thus loci which have been mapped to this region of human 
chromosome 1 (p32-p36) should correspond closely to the order found on distal 
mouse chromosome 4. That this is in fact the case has been elegantly shown by 
Searle ~ ale (1987). More recently, several new DNA markers including L~ 
(Nau et al., 1985) have mapped to this region of human Ip32-p34. By synteny 
association these DNA markers should also map to the same region of distal mouse 
chromosome 4. This raises interesting consequences about the potential associa
tion of characteristic c-myc chromosomal translocations in mouse plasmacytomas 
(rcpt 12;15, rcpt6;15) an~he presence of the homologous genes like L-myc in the 
vicinity of plasmacytoma R genes. Furthermore, the association of putative DNA 
repair defects with mouse plasmacytomas (Potter et al., 1988) also leads to the 
possible connection between DNA repair genes and~lasmacytoma R genes on mouse 
chromosome 4. Reports of suppression of malignancy in somatic cell hybrids 
(Fenyo et al., 1980) also raises the possiblity that Fv-l in its role in viral 
replication-may also be involved in certain stages of malignancy similar to that 
found with leukemia (Ril-3) (Meruelo ~ al., 1981) or plasma cell tumors. 
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Table 4. Strain Distribution Patterns of Chromosome 4 Loci 

A. Strain Distribution of Mup-1, !fa and D4Rpl Among 
Among CXS RI Strains 

2 3 4 5 6 7 8 9 10 11 12 13 14 

Mup-1 C S C C S C C S C S S C C S 

!fa C S C C S C C S C S S C C 

D4Rpl C S C C C C C S C S S S C S 

C refers to BALB/cHeA alleles whereas S refers to alleles 
derived from STS/A. 

B. Strain Distribution of Mup-1, Ifa, D4Rpl 
and Lck Among CXB RI Strains 

D E G H I J K 

Mup-1 B C C C B C B 

b B B C C C C B 

!fa C B C C C C B 

D4Rpl B B C C C C B 

Lck C B C C B B B 

B refers to the C57BL/6ByJ allele and C refers to alleles 
derived from BALB/cByJ. 
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Table 4. Continued 

C. (SWR/J x C57BL/10ScSn) x SWR/J Backcross 

Ifa D4Rp1 Lck Anf N 

SWR/J S S S S 

C57BL/10ScSn B B B B 

(B10 x SWR)F1 SiB SiB SiB SiB 

Backcross Progeny 
F1 x SWR sis sis sis sis 6 

SiB SIB SiB SiB 12 

SiB sis sis sis o 

SiB SiB sis sis 

SiB SIB SiB sis 

sis sis sis SiB 

sis Sis SiB SiB 2 

sis SiB SiB SiB 5 

Analysis of Recombinants 

Pairs of Loci r N Distance (cM) ± Standard Error 

Ifa,D4Rp1 5 28 17.85 ± 7.23 

Ifa,Lck 8 28 28.57 ± 8.54 

Ifa,Anf 10 28 35.71 ± 9.05 

D4Rp1,Lck 3 28 10.71 ± 5.84 

D4Rp1,Anf 5 28 17.85 ± 7.23 

Lck,Anf 2 28 7.14 ± 4.86 

N~total number 
r~recombinants 

S~SWR/J B~C57BL/10ScSn 
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Neoplasia 

Susceptibility and Resistance to Plasmacytomagenesis: Possible 
Role of Genes That Modify Efficiency of Chromatin Repair 

M. Potter, K.K. Sanford, R. Parshad, K. Huppi, and B. Mock 

The responsiveness of inbred mice to microbial pathogens and 
tumor-inducing agents can vary with individual strains. Thus, the 
genotype of a given strain can determine whether the mouse will be 
susceptible or resistant to the development of a disease process.In 
many cases the phenotype is controlled by more than one gene. 
Identification of specific genes usually requires that two reference 
strains, a susceptible and resistant one, be used in the genetic 
analysis and the genes defined are referable to the two strains 
compared. The responses to pathogenic agents can be broken down into 
two general steps: the first (afferent pathway) governs how a 
specific strain of mice interacts with the pathogenic agent(chemical 
or microbial) and the second set of responses relates to the damage 
incurred and how the damaged cells cope with the agent or its effects 
(efferent pathway). 

We have been attempting for several years to analyse the genetic 
basis of susceptibility to the induction of plasmacytomas in the 
BALB/cAn mouse by the intraperitoneal injection of paraffin oils or 
related pure alkanes such as pristane (2,6,10,14-tetramethyl
pentadecane). BALB/cAn, in contrast to most other strains, is highly 
susceptible to developing these tumors. When adult BALB/c mice are 
given three intraperitoneal injections of 0.5ml each at bi-monthly 
intervals, 61% of the mice develop plasmacytomas with a mean latent 
period of approximately 210-220 days (Potter and Wax,1983). In most 
other inbred strains few plasmacytomas are induced (Potter 1984). 

We have also tested 8 different sublines of BALB/c and found that all 
except BALB/cJ are highly susceptible (Blankenhorn et al 1985) Only 
10% of BALB/cJPt mice develop plasmacytomas after receiving pristane 
(Potter and Wax 1981). BALB/cAn and J sublines of mice share a large 
number of common allelomorphic genes (Roderick et al.1985)which makes 
it very unlikely that the genetic differences between these two 
strains are due to genetic contamination. Instead, BALB/cAn and 
BALB/cJ accumulated genetic differences over the 50 years that they 
have been separated (Potter 1985). The comparison of responses 
between the two BALB/c sublines provides a useful model system for 
analyzing genetic differences that govern susceptibility and 
resistance to pathogenic agents. We are in the process of developing 
congenic strains of BALB/cAn.J based on the few known genotypic 
differences: Qa2 (chr 17); Afr-l (chr 15) Mup-ml (chr 15) and Mup-l 
(chr 4) [Blankenhorn et al. 1988; Duncan et al. 1988]. 

A second model system for finding susceptibility/resistance (S/R) 
genes in our laboratory involves the analysis of plasmacytoma
resistant strains. We have focused on DBA/2N as the Fl hybrids 
(BALB/cAn x DBA/2N)F1 are also solidly resistant indicating that 
resistance is dominant. The incidence of plasmacytomas induced in 
101 first generation backcross progeny from BALB/cAn x CDF1 was 11% 
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(Potter et al. 1984). This low incidence suggests that resistance to 
plasmacytomagenesis is a multigenic trait. It is difficult to 
determine how many gene differences there are between these two 
strains because each gene may have a different quantitative effect. 
If the genes controlling resistance in DBA/2 have very strong 
effects, then 2, or possibly 3, such genes could account for the 
differences. However, if each DBA/2 resistance gene has only a weak 
effect, many more genes may be required to establish resistance. 

Because BALB/cAn mice appear to carry several recessive genes that 
govern susceptibility to plasmacytomagenesis it is difficult to 
locate susceptibility (S) genes through linkage analysis. Thus we 
resorted to making BALB/cAn.DBA/2 congenic strains to find DBA/2 
resistance (R) genes, reasoning that the allelomorphs of R genes may 
be S genes. BALB/c and DBA/2 have a large number of allelic 
differences involving genes on almost every chromosome. We began 
constructing congenic strains by backcrossing single or linked genes 
onto the BALB/cAn background. A variable and sometimes large amount 
of chromatin can be introduced and maintained during introgressive 
backcrossing (i.e. the swept radius around the marker). Routinely 
markers were introduced for 6 consecutive backcrosses (N6) and then 
the mice were crossed to generate an N6Fl from which homo zygotes were 
selected. If the congenic proved interesting the backcrossing was 
continued to N20. 

Using this approach we have screened over 10 markers and found a 
continuum of responses (Potter and Wax 1985; Potter et al. 1984). 
Among the more susceptible strains were: C.D2-Idh-l,Pep-3 (NIO); 
C.D2-Rmcf(NIO) and C.D2-CC.(NIO) Partially resistant strains were 
C.D2-Qa2(N6), C.D2-Fv-l(NlO) and C.D2-Ly6(N14) (Potter et al 1985] 
The BALB/c-Ly6(N14) mouse was originally developed by Horton and 
Sachs(1979) at the London Hosptial Medical College and was named 
BALB-DAG. The DAG marker was placed on BALB/cLAC(Festenstein and 
Berumen 1984),however it is not clear what subline of BALB/c was used 
as the background strain for th!s congenica However the stock we 
obtained from J.A. Sachs is ~ and Afr-l strongly suggesting it 
was not BALB/cJ. We have recently begun constructing congenics 
with combinations of sp~cific markers from existing congenic stocks. 
A congenic carrying ~ (N6) and FV-ln(NlO) was developed and is more 
resistant to plasmacytoma induction than either of the two single 
congenics. This suggests that each of these resistance genes has a 
weak effect, and further that BALB/cAn and DBA/2 differ by multiple 
genes affecting the SIR phenotype. 

Finding specific markers that are linked to SIR genes may provide 
clues about the function of the S or R gene. However, a more 
practical use of these congenics is to look for relevant phenotypic 
differences. An important characteristic of plasmacytomas induced by 
pristane is the fact that virtually 100% of them have chromosomal 
rearrangements involving the region around the c-myc locus and one of 
the Ig loci (Potter 1984 for refs). We have also found that 
plasmacytomagenesis can be strikingly inhibited by administering the 
non-steroidal anti-inflammatory agent indomethacin in the drinking 
water (Potter et al. 1985). This result suggests that indomethacin 
mimics the resistant state. Indomethacin-treated mice develop oil 
granulomatous tissue much like untreated mice but apparantly some 
factor produced by the chronic inflammatory tissue is suppressed. One 
hypothesis is that the production of reactive oxygen intermediates 
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and other organic radicals is inhibited in indomethacin treated mice. 
Essentially BALB/cAn mice may not be able to deal with DNA damage as 
effectively as other strains; this would increase the chances for 
mice of this strain to develop genetic damage leading to chromosomal 
rearrangements. 

We (R.P and K.K.S.) have developed a cytogenetic assay system that 
detects differences in the ability of human and mouse cells to 
repair X-ray induced double-stranded DNA breaks incurred during the 
G2 phase of the mitotic cycle (Parshad et al. 1982;1984 Potter et al. 
1988 Recently adapted skin fibroblasts are utilized as the target 
cells although in some experiments we have studied LPS B-lymphoblasts 
(Sanford et al. 1986). The cells are x-irradiated with 1Gy(100rad) 
and then sampled at 50 minutes and 115 minutes for the number of 
chromatid breaks and gaps. 

30 5 

ft t 
X-RAY I1Gy) HYPOTONIC 

COLCEMID SOLUTION 
10.1 )lg/m() 

30 5 

X-RAY I1Gy) MEDIUM 
RENEWAL 
COLCEMID 
10.1)lg/m() 

TOTAL TIME 

15 50 MIN or 0.8 HR. 

t 
FIXATION 

60 5 

t 
HYPOTONIC 
SOLUTION 

Figure 1. Protocol for the X-irradiation of Cells. 

15 

TOTAL TIME 
115 MIN or 
2.0 HRS 

t 
FIXATION 

In a survey of 8 different inbred strains two phenotypes were found. 
The common phenotype that characterized most strains was the 
induction of 98 to -110 chromatid breaks per 100 metaphases at the 
50 minute post-irradiation time point followed by a reduction to 28 
to 35 breaks at the 115 minute timepoint. In contrast, the cells from 
BALB/cAn mice had similar high numbers of chromatid breaks at the 50 
minute time but by 115 minutes the number of chromatid breaks had not 
changed appreciably. The common phenotype was called the efficient 
repair phenotype while the BALB/cAn phenotype was the inefficient 
repair phenotype. DBA/2N and (BALB/cAn x DBA/2)F1 hybrids had 
efficient repair phenotypes. Accordingly, we tested the C.D2 congenic 
strains that had demostrated partial resistance to pristane-induced 
plasmacytomagenesis and found two congenics, C.D2-Idh-l,Pep-3 (N12 
and N20) and C.D2-Fv-l(NlO and N19), had the efficient repair 
phenotype of DBA/2. A C.D2-Pep-3 mouse that had been derived from the 
C.D2-Idh-l,Pep-3(N19) strain by outcrossing to BALBcAn also had the 
DBA/2 phenotype. In contrast C.D2-Qa2+(N6), and C.D2-Ly6(N14) had the 
BALB/c or inefficient repair phenotype. We have tentatively named 
these genes Rep-l (linked to Pep-3 on chr 1 and Rep-2 ( linked to 
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Fv-1 on chr 4). A summary of the results is shown in Table 1. 

Table 1. Phenotypes of BALB/cAn, DBA/2N, and C.D2 congenic strains 
to plasmacytoma-induction and repair of chromatin damage 

STRAIN PLASMACYTOMAGENESIS 

BALB/ cAnPt (C) 
DBA/2N (D2) 
(C X D2)Fl 
C.D2-Ly6 (chr-15) 
C.D2-Qa2+ (chr-17) 
C.D2-Pep-3 (chr-l) 
C.D2-Fv-1 (chr-4) 

S 
R 
R 

PR 
PR 

S 
PR 

CHROMATIN REPAIR 

Inefficient 
Efficient 
Efficient 

Inefficient 
Inefficient 
Efficient 
Efficient 

S=suceptib1e; R=resistant; PR=partia1 resistance 

As may be seen, C.D2-Fv-1 mice are partially resistant to 
plasmacytoma induction by pristane and have the efficient repair 
phenotype of DBA/2, thus suggesting that these two phenotypes are 
linked. Further detailed linkage studies will be necessary to 
establish this point. Conversely, two other strains that have partial 
resistance to plasmacytoma induction by pristane have the inefficient 
repair phenotype (i.e. C.D2-Ly-6 and C.D2-Qa2). Thus the evidence 
suggests that one of the genes involved in determining resistance to 
p1asmacytomagenesis may be associated with the ability to repair 
breaks in chromatin. 

~ 
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Figure 2. Chromatid Breaks in Skin Fibroblasts After G2 
Phase X-irradiation (lGy) 

BALB/cAnPt and BALB/cJPt fibroblasts also differ in their responses 
to 1Gy X-ray. BALB/cJPt shows an efficient repair phenotype. We do 
not yet have evidence of linkage to any of the known markers that 
distinguish the BALB/c sub1ines. 

Summary and Conclusions 

The findings indicate that the C.D2-Fv-1(N19) mouse carries both a 
gene on the distal end of chr-4 that determines partial resistance to 
plasmacytoma development and a gene for efficient chromatin repair. 
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This suggests the possibility that both phenotypes are controlled 
by the same gene. If so, one of the genes that determines the S 
phenotype of BALB/cAn mice may operate by increasing the chances for 
the development of DNA damage that might predispose to the formation 
of chromosomal translocations. This must be regarded as speculative 
for a number of reasons. First the distal end of chr-4 contains 
approximately 10cM or more of DBA/2 chromatin in C.D2-Fv-l mice. 
BALB/cAn and DBA/2N then could differ in several different 
allelomorphic genes in this region of the chromosome. Second we have 
not tested the C.D2-Fv-l N19 mouse for partial resistance to 
plasmacytoma induction. The C.D2-Fv-l NIO mouse did express partial 
resistance but during continued backcrossing the C.D2 Fv-l(NI9) mouse 
no longer had the DBA/2 allele of Mmtv-13. Thus, it is possible 
that the plasmacytoma R gene could be more closely linked to the 
Mmtv-13 locus and hence is no longer present in the Nl9 mouse. 

The working hypothesis is that the inefficient repair phenotype is 
associated with an inability to correct double stranded DNA breaks. 
The assay system we have employed specifically examines chromatid 
breaks that are a result of double-stranded DNA breaks incurred 
during G2 phase of the cell cycle. While the assay system only 
determines the capability for repair during G2, similar lesions that 
develop in other stages of the cell cycle may also be inefficiently 
repaired. Chromatid breaks that are unrepaired in G2 may lead to 
lethality during subsequent mitoses if significant losses of DNA are 
sustained. If, however, double-stranded breaks occur in different 
chromosomes that happen to be neighbors during Gl to S phase then 
other factors may promote illegitimate recombinations such as are 
seen in reciprocal translocations. The primary effect of the 
inefficient Rep allele may be to delay normal repair processes and 
permit the formation of illegitimate recombination. 

The data summarized here suggests that there may be multiple genes in 
the mouse that affect the efficiency of DNA repair and susceptibility 
to pristane induced plasmacytoma formation. We have a C.D2 congenic 
mouse that coincidently has the phenotype of partial resistance to 
plasmacytoma induction and efficient repair of X-ray induced 
chromatid breaks. Further analysis will be required to determine if 
these are controlled by the same or different genes. 
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Neoplasia 

A Molecular Characterization ofBALB/c Congenic C.D2-Idh-lb, 

LshT, Rep-lb, Pep-3b Mice 

B. Mock and M. Potter 

INTRODUCTION 

The region of murine chromosome 1 surrounding the biochemical markers, Idh-l 
and Pep-3 (band C) contains segments of homology with genes on human chromosomes 
1, 2 and 18 (Lalley and McKusick 1985; Mock et al., in press). This 27 cM region 
of chromatin contains sites of endogenous proviral loci (Emv-16,17; Buchberg et 
al., 1986), an oncogene (bcl-2; Mock et al., 1987; in press) which, in man, is 
consistently rearranged inToflicularlymphomas (Bakshi et al., 1985; Cleary and 
Sklar 1985; Tsujimoto et al., 19~o), a cytolytic T-cell associated sequence 
(Ctla-4; Brunet et al .~1987) and genes involved in the serum complement system 
(Cfh and C4bp; SeTdln ~ press; D'Eustachio et ~. 19~6), murine embryogenesis 
(En-I; Joyner ~~. 1985), muscle development (!1t!...:.!..; Robert et~. 1984), the 
repair of chromatin breaks (R,p-l, Potter et al. in press) and the resistance/ 
susceptibility to Leishmania ~,Bradley ~~. 1979), Salmonella U!l., Plant 
and Glynn 1976; Taylor and O'Brien 1982) and Mycobacterium (Bcg, Gros et ~. 
19B1). 

BALB/c and DBA/2 mice have been found to differ in in vivo susceptibility to 
visceral leishmaniasis, salmonellosis and leprosy (PotteretaT. 1983). In addi
tion, their fibroblasts have also been found to differ in VTtro with respect to 
their ability to repair radiation-induced breaks in chroma~Potter et al. in 
press). The focus of this study was to characterize, by restriction fragment-
length polymorphism (RFLP) analysis, the swept radius of the region of DBA/2 
chromatin introgressively backcrossed onto the BALB/c background during the 
production of a series of chromosome 1 congenics which have been used to study 
these .i!!. vi vo and ~ vitro responses. 

MATERIALS AND METHODS 

Construction of the C.D2 Congenic Strains. A series of chromosome 1 con
genics were developed by the introgressive backcrossing of DBA/2N genes onto a 
BALB/cAnPt background (Potter et ~. 19~3). The C.D2-Idh-l b , Pep-3b congenic 
was derived through the selection of DBA/2N alleles for ldh-l and Pep-3 at each 
backcross generation. After the seventh, twelfth and twentieth introgressive 
backcross generations (N7, 12 and 20), the mice were made homozygous for Idh-l b 
and Pep-3b• At each of these generations, the mice were tested for susceptibility 
to ~ tfPhimurium (Alison O'Brien), b. donovani (P. Kongshavn, J. Blackwell, 
B. Mock and Mycobacterium bovis (P. Gros, E. Skamene) and found to carry the r 
(reSistant) allele of DBA/2 origin. The C.D2-Idh-lb, ~r congenic was derived 
from the N6 backcross generation during the production of the C.D2-Idh-l b, PgP-3b 
strain and carries the BALB/c ~ allele for gep-3. Similarly, the C.D2-Pep-3 
strain was also derived from the C.D2-Idh-l , pePb3b strain at backcross generation 
N21. Both the C.D2-Idh-lb , Pep-3b and C.D2-Pep-3 congenic strains were found to 
carry the DBA/2 ~ allele for Rep-I, a gene involved in the efficient repair of 
chromatin breaks (Potter ~~. ~ press, CTMI, this volume). Two other chromosome 
1 congenics were derived independently. They were selected for Idh-lb only 
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(C.D2-Idh-1b) and Pep-3b, Akp-1 b (C.D2-Pep-3b, Akp-1 b). These congenics were 
produced and maintained under NCI contract N01-CB-71085 at Hazleton Laboratories 
(Rockville, MD). 

Gel electrophoresis, DNA Transfer and Hybridization. High molecular weight 
DNAs prepared from mouse livers or kidneys were digested for 5-7 h with restriction 
endonucleases and electrophoretically separated on 0.7% horizontal agarose gels 
at voltage gradients of approximately 1 V/cm in 40 mM Tris-acetate, 2U mM sodium 
acetate, 1 mM EDTA, pH 7.4. After staining with ethidium bromide and photography 
under UV light, gels were blotted onto nitrocellulose for 2U h and then hybridized 
for 16 h with probe inserts which were labeled with 32p-dCTP by nick translation 
to specific activities of 1-2 x 108 cpm/ ~g. After hybridization, filters were 
rinsed in 3XSSC, washed in 1XSSC at 65°C for 10 min and subsequently washed for 
30 min in 0.2XSSC at 65°C. Filters hybridized to the Fn probe were washed with 
a final stringency of 0.2XSSC at 55°C for 30 min. --

H bridization Probes. The mouse Myl-1 cDNA probe (pGLC1U1) was a 450 bp 
EcoRI-Hind III fragment Robert et al. 1984). The mouse Ctla-4 cDNA probe (F41F4) 
was subcloned into the Pst I site-o~puc g (Brunet et al.~ and the 2.0 kb 
Hind III-EcoRI fragment was used in this study. The-mouse ~ cDNA probe (pMy2) 
was a 614 bp Pst I insert (Breitman et al. 1984). The mouse bcl-2 cDNA probe 
(Ncm4) was a 1.4 kb EcoRI-Hind III fnsert (Gurfinkel et al. 1987). The mouse 
Ren-1,2 cDNA probe (pDD-1D2) was a 1. 4 kb Pst I i nsert( Fi e 1 d et a 1. 1984). The 
mouse Ly-17 cDNA probe [-y2bh1 FcRa (J774)] was a 1.3 kb Pst I insert 
(Ravetch et ~. 1986). 

RESULTS AND DISCUSSION 

The RFLPs which were established for BAL~/cAnPt and DBA/2N genomic DNAs upon 
hybridization with various chromosome 1 probes is illustrated in Table 1. The 
extent of DBA/2N chromatin present in the various chromosome 1 congenics, as 
determined by RFLP analysis, is presented in Table 2 and Fig. 1. 

Table 1. RFLPs observed between BALB/cAnPt and DBA/2N DNAs, restricted with the 
indicated enzyme, upon hybridization with inserts of various cDNAs localized to 
mouse chromosome 1 

Restri cti on fra~ment (kb) 
Probe for Enzyme BALB/ cAnPt DBA/2N 

Myl-1 BamHI 2.3 
Ctl a-4 Xba I 18.0 10.0 
Cryg EcoRI 5.2 5.0 
bcl-2 XbaI 5.0 5.8 
Ren-1,2 EcoRI 4.3 
Ly-17 BamHI 9.8 9.4 
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Fig. 1. The swept radius of 
DBA/2N chromatin intro
gressive1y backcrossed onto 
the BALB/cAnPt background 
during the production of a 
series of C.D2 chromosome 1 
congenics. Relative distances 
between loci are based on 
Davisson and Roderick (1986) 
Mocketa1. (1987),Se1din 
et a 1:-(1987) and unpub 1 i shed 
data-(Mock and Seldin}. 
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Both the in vivo susceptibility to infection with a set of diverse intra
cellular pathogens and the in vitro inefficiency in repair of radiation-induced 
chromatin damage exhibited by BALB/cAn macrophages and fibroblasts, respectively, 
provide interesting phenotypes to characterize molecularly. We have been inter
ested in identifying RFLPs which could be useful in reverse genetic approaches 
to isolating these two genes (~and Rep-I) which reside on mouse chromosome 1 
and have not been characterized at the molecular or protein product level. 

The initial molecular characterization of the C.D2 congenics in this study 
provides a basis for establishing a molecular map of murine chromosome 1, band C. 
We have generated a few hundred backcross progeny from a cross between C.D2-Idh
la/b, Lsh r/ s , Rep-1a/b, Pep_3a/ b N22 and BALB/cAnPt (Idh-1a/ a , ~s/s, Rep-1~ 
Pep-3a1aj mice to examine the extent of allelic consegregation of molecular 
markers with Lsh and Rep-1 phenotypes. These studies will provide a detailed 
multipoint linkage analysis of recombination rates between a number of chromosome 
1 loci in this 27 cM region. 
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Infectious Diseases 

Analysis of Lsh Gene Expression in Congenic BI0.L-Lshr Mice 

J.M. Blackwell, S. Toole, M. King, P. Dawda, T.I.A. Roach, and A. Cooper 

INTRODUCTION 

Although it has been the subject of continued investigation by 
several laboratories over the past decade, the macrophage 
resistance gene (Lsh/I1x/~), located between Idh-1 and Pep-3 on 
mouse chromosome 1, enters its second decade without having been 
characterized either at the level of a protein gene product or at 
the mRNA/DNA level. While the different laboratories have all at 
one time or another recognised the potential importance of the 
gene as a natural resistance mechanism operating against a broad 
range of phylogenetically distinct macrophage pathogens, recent 
observations that a cluster of linked genes including Idh-1 
(Narahara et al., 1985), Myl-1 (Robert et al., 1985), fibronectin 
(Jhanwar et al., 1986), villin (Rousseau-Merck et al., 198$), 
collagen (COL3A1, COL5A2, COL6A3) (Weil et al., 1988), ~lucagon 
(Schroeder et al., 1984), elastin (Emanuel et al., 1985), 
acetylcholine receptor (Heidmann et al., 1986) and gamma
crystallin (Len-1) (Shiloh et al., 1986) have been conserved onto 
the long arm of human chromosome 2 (around 2q31-qter) has 
refuelled interest in identification of an Lsh gene homologue in 
man. In 1975 we commenced production of a congenic mouse strain 
bearing the Lsh resistant allele from C57L mice on a C57BL/10ScSn 
(=B10) genetic background. This strain we hoped would one day be 
useful in characterization of the gene/gene product at the 
molecular level. This meeting provides an opportunity for us to 
describe production and initial characterization of the strain, 
and to review its use in functional analysis of Lsh gene 
expression at the cellular level. Some new data on T cell
independent macrophage activation events are presented which 
suggest that these studies may yet provide the functional basis 
for identification of a gene product and/or characterization of 
the gene at the DNA level. 

PRODUCTION OF THE B10.L-Lshr STRAIN 

To produce the B10.L-Lshr strain, the resistant allele from C57L 
mice was transposed onto the genetic background of C57BL/10ScSn 
(=B10) mice by repeated backcrossing of heterozygous resistant 
male progeny to homozygous Lshs female B10 mice. Selection of 
the male parents for each successive backcross was made 
retrospectively since the mice had to be infected and killed 15 
days later to determine their genotype. Although the C57L strain 
carried alternative alleles for the two linked loci Idh-1 and In, 
these were never used in choosing parents for the ne~ -
generation. Idh-1 typing was used, however, to monitor progress 
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in production of the congenic strain at generations 9 and 10 of 
backcrossing (Table 1). After 10 generations (=N10) of 
backcrossing, heterozygous mice (determined by test-crossing to 
B10 mice and typing a minimum of 10-12 progeny per cross) were 
crossed with each other and the homozygous resistant progeny 
(determined by further test crosses) mated together to obtain a 
homozygous Lshr line on the B10 genetic background. Typing for 
Idh-1 and.ln. in congenic mice confirmed that, in the generation 
10 mice chosen to produce the congenic strain, the C57L alleles 
had been replaced by B10 alleles at least to distances within 6 
centimorgans (cM) proximal and 8 cM distal to Lsh r~spectively. 
However, the fact that (a) 37% of heterozygous Lshrjs generation 
10 backcross progeny still carri~d a C57L/allele at Idh-1 (Table 
1), and (b) one out of six (Lshrjs x Lshr S) N10 selfings gave 
homozygous In offspring, suggests that the break points were very 
close to the two linked marker genes. On theoretical grounds 
(Johnson, 1981), there is 39 to 63% probability that the segment 
of chromosome transferred includes genes within 5 to 10 cM on 
either side of the Lsh gene. The 14 cM segment actually 
transferred is a close approximation to this. The Nl0 congenic 
strain and further generations of backcross progeny are currently 
being typed for a much larger range of linked markers by analysis 
of restriction fragment length polymorphisms (RFLPs) (B. Mock and 
J. M. Blackwell). 

Table 1. Proportion of heterozygous LSh~/S N9 and N10 progeny 
carrying Bl0 (Idh-l a ) versus C57L (Idh-l ) alleles at Idh-1 
during production of the congenic Bl0.L-Lshr strain.' 

Generation 

9 

10 

Idh_l a / a 

10(0.30) 

17(0.63) 

Idh_1 a / b 

23(0.70) 

10(0.37) 

CELLULAR ASPECTS OF Lsh GENE EXPRESSION 

Total 

33 

27 

Work from several laboratories (reviewed Blackwell, 1985) has 
shown that expression of Lsh/l1x/~ resistance against 
Leishmania donovani, Salmonella typhimurium, or Mycobacterium 
bovis, does not require a functional T cell population and can be 
transferred with the donor haematopoietic system in reciprocal 
radiation bone marrow chimaeras. Using the ~ donovani infection 
model and the B10.L-Lshr strain (or phenotypically resistant 
(B10xB10.L-Lsh r )F1 mice) we have published the following 
observations on Lsh gene expression in vivo and in vitro:-

1. In terms of microbistatic activity against the parasite, the 
gene is expressed most clearly at the level of the infected 
resident tissue macrophage (e.g. Kupffer cells of the liver) and 
is poorly expressed in immature macrophage populations (e.g. 
monocytes; resident peritoneal macrophages) (Crocker et al., 
1 987) . 



2. There is a 2-3 day time lag in expression of resistance in 
vivo and in vitro, i.e. parasites multiply equally well in 
susceptible and resistant liver macrophages for the first 2-3 
days after infection (Crocker et al., 1984; 1987). 

3. Resistance is enhanced in vivo by prior administration of 
small doses of ~ t himurium lipopolysaccharide or purified 
~ donovani membranes Crocker et al., 1984} suggesting that 
expression of resistance involves T cell-independent macrophage 
priming/activation pathways. 

4. Differential responses to activation signals can be measured 
in terms of enhanced Ia expression on splenic adherent cells 
isolated from resistant mice within the first week of infection, 
and in 3-day rested peritoneal macrophages activated with 
recombinant interferon gamma in vitro (Kaye et al., 1988). 

5. Splenic adherent cells from naive resistant and susceptible 
mice stimulate equivalent mixed lymphocyte responses across H-2 
barriers and equivalent antigen specific secondary proliferation 
of T cells from day 7 infected B10 mice. Splenic adherent cells 
from day 7 infected resistant mice stimulate higher antigen
specific proliferative responses both on a cell per cell basis 
and in terms of antigen concentration compared to splenic 
adherent cells from similarly infected susceptible mice (Kaye et 
al. , 1988). 

With respect to these various pleiotropic effects of T cell
independent macrophage activation, similar observations have been 
made by Skamene and coworkers (reviewed in this volume) using the 
~ bovis infection model. One question which has always 
intrigued us is how the three phylogenetically unrelated 
microorganisms, L. donovani, ~ typhimurium, and M. bovis, 
stimulate expression of this T cell-independent macrophage 
activation. 

CR3-MEDIATED T CELL-INDEPENDENT MACROPHAGE ACTIVATION 

Recent studies by Wright and coworkers (Ding et al., 1987; Wright 
and Detmers, 1988) suggest that the family of adhesion promoting 
receptor molecules, CR3, LFA-1, and.p150,95, might not only 
control targeting of macrophages to sites of infection, but may 
also regulate T cell-independent macrophage priming/activation. 
Each of these cell surface dimeric glycoprotein molecules has a 
distinct alpha chain (150-190 kD) but they share a common beta 
chain (95 kD). Our own demonstration that CR3 was involved in 
binding Leishmania to macrophages (Blackwell et al., 1985), 
probably via an LPS-like glycolipid molecule on the parasite 
surface (Handman and Goding, 1985; Cooper et al., 1988), together 
with the observation that the lipid A portion of bacterial LPS 
binds to all members of the receptor family (Wright and Jong, 
1986), tempted us to speculate that this family of molecules 
might mediate T cell-independent macrophage activation in 
resistant mice in response to infection. This was coupled with 
the tantalizing possibility that the clustering of linked genes 
encoding extracellular matrix proteins (e.g. fibronectin), which 
bind to other members of the larger integrin family of receptors 
and, in the case of f~bronectin, activate CR3 (Wright et al., 
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1984), might have some functional relevance to Lsh gene 
expression. This might, for example, explain the differential 
expression of Lsh resistance in resident tissue macrophages 
compared to immature macrophage populations (Crocker et al., 
1987). In pursuing this line of thought we have made the 
following preliminary observations: 

1. Since the beta chain of the adhesion ~romoting receptor 
family had already been mapped elsewhere (human 21, Marlin et 
al., 1986), we first considered whether Lsh resistance might 
result from a polymorphism in the alpha chain of CR3. 
Immunoprecipitation of CR3 from B10 and (B10xB10.L-Lshr )F1 using 
two different anti-CR3 monoclonal antibodies, M1/70~eller et 
al., 1982) and 5C6 (Rosen and Gordon, 1987), failed to show any 
protein polymorphism on 1-D SDS PAGE analysis (T.I.A. Roach and 
J.M. Blackwell, unpublished). This is being pursued at the 
protein level by 2-D SDS PAGE analysis (T.I.A. Roach) and at the 
DNA level by analysis of RFLPs using alpha chain specific probes 
(B. Mock and J.M. Blackwell). 

2. The anti-CR3 mAb M1/70, which in our hands inhibits lectin
like complement-independent binding of peanut agglutanin (PNA) 
negative stationary ~hase promastigotes of Leishmania to the LPS 
binding site of CR3 (Cooper et al., 1988), has been employed in 
48 hour activation experiments (Din§ et al., 1987) using resident 
peritoneal macrophages from B10(Lsh ) and (B10xB10.L-Lshr )F1 
mice. Figure 1 shows that, at low doses of M1/70 (3ug!ml), 
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Fig. 1. PMA-elicited 02- release in resident peritoneal 
macrophages from B10~S) (0) and (B10 x B10.L-Lshr )F1 (A) mice 
activated for 48 hours with inc6easin~ concentrations of M1/70. 
Equivalent numbers of cells (10 /well) were plated into 96 well 
tissue culture plates in RPMI 1640 containin~ 10~ heat 
inactivated low endotoxin foetal calf serum (Gibco Biocult Ltd). 
Non adherent cells were removed after 1 hour and M1/70 added to 
test wells. PMA-elicited 02- release was measured 48 hours later 
by the method of Rook et al. (1985). Results show mean + S.D. 
for six wells per treatment. 



macrophages from the two strains respond equally in terms of PMA
elicited superoxide anion release following activation. 
Interestingly, high doses of Ml/70 apparently depress activation 
and do so more efficiently in Lshs macrophages. Dose-dependence 
re~uired to reach maximal activation at lower concentrations of 
Ml/70 requires further examination. In terms of antileishmanial 
activity, 48 hour activation with 5ug/ml Ml/70 followed by 
amastigote infection results in a transient (between 1 hour and 
24 hours post infection) reduction in amastigote numbers in Ml/70 
activated (Bl0xBl0.L-Lshr )Fl macrophages but not in macrophages 
from Bl0(LshS ) mice (Fig. 2). 
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Fig. 2. Shows amastigotes per macrophage and % macrophages 
infected in control peritoneal macrophages (e) or Sn macrophges 
activated for 48 hours with 5ug/ml Ml/70 (A) or 10 /well PNA 
negative L. donovani promastigotes (_). After the 48 hour 
activation period, cells were infected with 106 amastigotes/well 
for 1 hour, washed and examined (MtOH/Giemsa) at time points as 
indicated. Promastigote activated macrophages had zero 
background parasite counts at the time of amastigote infection. 
A minimum of 100 macrophages was scored on duplicate coverslip 
preparations examined per treatment per time point. 

These results are interesting for two reasons. Firstly, this is 
the first evidence we have for Lsh gene controlled 
antileishmanial activity in resident peritoneal macrophages. 
Secondly, the antileishmanial activity is manifest at least in 

305 



306 

part as cidal activity since many digested parasites are seen in 
the macrophages at the 24 hour time point. Nevertheless, the 
rise in parasites per macrophage and percent macrophages infected 
thereafter almost certainly results from lysis and reinfection 
since the fastest doubling times observed even in susceptible 
mice are usually around 48 hours (Crocker et al., 1984). These 
experiments are currently being repeated with infection followed 
in the continuous presence of the activating signal (M1/70). 

3. In parallel with M1/70 activation experiments, resident 
peritoneal macrophages from B10(LshS ) and (B10xB10.L-Lshr )F1 mice 
were also activated with recombinant interferon gamma and with 
low numbers «1 parasite/macrophage) of logarithmic (>80% PNA 
+ve) or stationary «20% PNA +ve) phase ~ donovani promastigotes 
(Fig. 3). As mentioned, binding of PNA negative stationary phase 
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Fig. 3. PMA-elicited 02- release in resident peritoneal 
macrophages from B10(LshS ) ( ~) and (B10 x B10.L-Lshr )F1 
( • ) mice activated for 48 hours with recombinant interferon 
gamma (1 OOU/ml) , or culturss of <20% or >80% PNA positive 
promastigotes (5x104 or 10 /well), as indicated. Cell culture 
and assay conditions as per fig. 1. 

parasites appears to be via the M1/70 inhibitable LPS binding 
site of CR3 whereas binding of logarithmic PNA positive parasites 
is via 5C6 and sodium salicyl hydroxamate inhibitable complement-



mediated binding to the iC3b binding site on the CR3 molecule 
(Cooper et al., 1988). Logarithmic phase parasites failed to 
activate either macrophage population in terms of PMA-induced 
superoxide anion release (Fig. 3), whereas stationary phase 
organisms differentially activated resistant macrophages both in 
terms of superoxide anion release (Fig. 3) and for 
antileishmanial activity (Fig. 2). Resistant macrophages also 
responded better to recombinant interferon gamma than macrophages 
from susceptible mice (Fig. 3). 

4. Since resistant macrophages respond differentially to a range 
of activation signals including interferon gamma it is likely 
that Lsh gene control of the macrophage priming/activation 
process is at a level subsequent to ligand binding to activation 
receptors. The fact that resident Kupffer cells express Lsh gene 
activity against Leishmania more efficiently than an~ other 
macrophage population examined (Crocker et al., 1987) and yet do 
not express CR3 on their surface (Flotte et al., 1985) also 
suggests that CR3 may not be the only member of the 
adhesion/activation promoting receptor family which might mediate 
differential T cell-independent priming/activation of resistant 
macrophages. To get a handle of some of the biochemical events 
subsequent to ligand (M1/70, parasite)-mediated activation we are 
currently examining PMA-induced and particle/parasite induced 
myristoylation and phosphorylation of proteins in macrophages 
(peritoneal, Kupffer cells) from resistant and susceptible mice. 
In earlier studies Aderem and coworkers (1986) have shown that 
LPS, PMA and zymosan induce myristoylation of specific macrophage 
proteins (e.g. the catalytic subunit of the cAMP-dependent 
protein kinase and possibly protein kinase C) involved in the 
priming signal. Wright and Detmers (1988) have also observed 
phosphorylation of CR3 itself as the receptor becomes activated. 

CONCLUSIONS 

Studies presented here span a decade of work pursuing molecular 
characterization of the Lsh/Ity/~ macrophage resistance gene by 
functionally relevant analysis of its expression in vivo and in 
vitro. Although at an early stage, some of our own and others 
observations on binding characteristics of Leishmania glycolipid 
molecules and bacterial LPS-like molecules to adhesion and 
activation-promoting macrophage receptors, which we here show 
results in differential activation of Lsh resistant and 
suscepti ble macrophages, encourages usto believe that we may 
finally be making some progress towards uncovering the Lsh 
resistance mechanism at the cellular/protein level. This we hope 
will parallel studies at the DNA level such that transcribed 
proteins from any putative cloned gene can be functionally 
verified as the Lsh gene product. 
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Infectious Diseases 

Identification of a Linkage Group Including the Beg Gene by 
Restriction Fragment Length Polymorphism Analysis 

E. Schurrl , E. Skamene2, M. Nesbitt\ R. Hynes\ and P. Grosl 

INTRODUCTION 

Inbred strains of mice greatly differ in their ability to control 
the proliferation of Mycobacterium bovis (BCG) in their reticulo
endothelial organs (liver and spleen, reviewed by Skamene, 1983) 
and can be classified into two non-overlapping groups as resis
tant and susceptible to the infection. This difference in 
susceptibility is most evident when mice are injected intra
venously with a low dose (10,000 bacilli) of live BCG and the 
number of colony forming units (CFU) in the spleen of the infect
ed animals is determined 3 weeks later: susceptible animals show 
CFU counts 100 to a 1000 fold higher than their resistant 
counterparts. A kinetic analysis of bacterial growth revealed 
that the difference in bacterial load is due to a limited ability 
of susceptible mice to control the growth of the bacteria in the 
initial phase of the infection. A systematic typing of inbred 
mouse strains showed that approximately half of the strains were 
either resistant or susceptible while none of the investigated 
strains showed a pattern of intermediate bacterial growth (Forget 
et a1. 1981). Moreover, classical Mendelian analysis showed that 
the trait of BCG-resistance is under the control of a single, 
autosomal dominant gene, which was designated Bcg (Gros et al. 
1981). Using a panel of BXD- and BXH- recombinant inbred strains 
(RIS) the Bcg gene was mapped to mouse chromosome 1 at a proximal 
position between Idhl and Pep3 (Skamene et a1. 1982). The mapp
ing studies also showed a close linkage of Bcg with the Lsh and 
Ity genes which expression determines the innate resistance or 
susceptibility to infections with Leishmania donovani and 
Salmonella typhimurium, respectively (Skamene et al. 1982). Thus 
far, no recombinants have been observed between the three host 
resistance genes. It is therefore assumed that the genomic 
sequences encoding the Bcg gene have a pleiotropic effect as they 
control the natural resistance of mice to at least three 
taxonomically, genetically and antigenically different groups of 
intracellular parasites. 

The aim of our ongoing studies is to generate and position a 
large group of polymorphic markers in the portion of mouse 
chromosome 1 carrying the Bcg gene. We have taken the general 
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approach of firstly, identifying RFLPs in that region of mouse 1 
chromosome and secondly, determining their distance to Bcg by 
segregation analysis in backcross animals or in recombinant 
inbred mice of known Bcg genotype. RFLPs were first determined 
for a number of gene probes in a pair of inbred strains, C57BL/6J 
and A/J. Subsequently, the distance of these DNA probes to Bcg 
were a~proximated by estimating their ability to segregate with 
the gene in N6, Nl2 and N20 congenic B10.A-Bcg r mice (not 
shown) or on DNA blots derived from a limited number ofAXB/BXA 
RIS DNA. Three cDNA probes for the Len1, Len2 and Fn genes 
seemed to map within a distance of <10 cMg, from the Bcg and were 
selected for further segregation analysis within a large set of 
AXB/BXA RIS. 

MATERIALS AND METHODS 

C57BL/6J and A/J mice were obtained from the Jackson Labs. AXB 
and BXA recombinant inbred strains, originally developed by Dr. 
M. Nesbitt (University of California in San Diego), were 
maintained in our animal breeding facility. 

High molecular weight DNAs was isolated from mouse livers 
according to standard protocols (Maniatis et al. 1982). Genomic 
DNA samples were digested for 2 hrs with a total of 7 units of 
restriction endonucleases (BRL, Pharma~ia) per microgram of 
genomic DNA under conditions recommended by the supplier. Great 
care was taken to ensure that DNA digestions were complete. The 
genomic DNA digests were separated on 0.8 - 1% horizontal agarose 
gels containing 40 mM Tria acetate, 20 mM sodium acetate, 20mM 
EDTA at pH 7.6. The gels were denatured, neutralized and blotted 
onto nylon membranes (Hybond N). The blots were hybridized for 
48 hrs in 5 x SSPE, 5 x Denrtrt's and 50% formamide at 42°C in 
the presence of individual P - labelled DNA probes. DNA probes 
used for hybridization were the PstI fragments of pM 1-1Cr2 (Len1 
probe), the Accl/BamHI- fragment of pUC9 1-2.1 (Len 2 probe; both 
plasmids were kindly provided by Dr. L.-C. Tsui, Toronto) or a 
1.5 kb rat fibronectin cDNA clone (Patel et al. 1987). Each of 
the probes was labelled by random primer labelling (Feinberg and 
Vogelstein, 1983) to specific activities of 3-5xl08 cpm/~g DNA. 
Subsequent to hybridization, the blots were rinsed in 2XSSC and 
washed for 30 min at 65°C in 2XSSC, 0.1% SDS and for another 30 
min at 65°C in O.lXSSC before being exposed on XAR-films (Kodak). 

RESULTS 

We have used RFLP analysis to identify genetic markers closely 
linked to Bcg. In this analysis, two loci already assigned to 
this portion of mouse 1 (Lenl and Len2) and a locus not 
previously mapped (Fn) were analysed. Our experimental procedure 
consisted in 1) identifying restriction enzymes generating 
polymorphic differences between our test mouse strains 2) 
screening genomic DNA from RI strains segregating at these loci; 
3) comparing the respective strain distribution patterns of the 
loci to determine the extent of linkage. A DNA polymorphism for 
Lenl was identified on Taq1 digested genomic DNA from A/J and 
C57BL/6J: Our cDNA probe detected hybridizing fragments of 2.3, 
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2.2, 1.1, 0.9 and 0.6kb in AjJ DNA and fragments of 4.0, 2.2, 
1.2, 0.9 and 0.6kb in C57BLj6J DNA. On the other hand, a RFLP 
was identified with Mspl for the Len2 gene in the same strain 
combination: Mspl hybridizing fragments of size 20, 10 and 2.2kb 
were detected in AjJ DNA while fragments of size 10, 4 and 2.2kb 
were detected in C57BLj6J DNA. Finally, a polymorphism for the 
third gene, Fn, was revealed by EcoRI in AjJ and C57BLj6J. The 
Fn-probe hybridized to two polymorphic fragments of 4.4 kb in AjJ 
- and 4.6 kb in C57BLj6-DNA. Furthermore, the Fn probe 
hybridized to a 15 kb and a 1.8 kb fragment in both AjJ and 
C57BLj6J DNA. Typical results of such analyses are presented in 
figure 1 for the Fn probe. 

To determine the map position of the detected RFLPs and the 
linkage to Bcg, the strain distribution patterns (SDP) of the 
different alleles were determined for a set of 45 AXBjBXA RIS 
(Figure 1, Table 1) and compared with the Bcg phenotype 
(resistance or susceptibility to infection) of 30 AXBjBXA RIS 
(Table 1). When the SDPs were arranged in a way to minimize 
recombinational events, the gene order Bcg - Fn - Len2 - Lenl -
centromere was obtained (Table 1). In this linkage group Bcg is 
most distal whereas Fn maps between the Len gene family and Bcg: 
Based on the data in Table 1, we calculated the following map 
distances, Bcg to Fn 5.5cMg, (concordance in 25 out of 30 
strains); Fn to Len2 and Len2 to Lenl, 1.2cMg (43 of 45); Bcg to 
Lenl, estimated llcMg (22 of 30). 

DISCUSSION 

We have initiated a molecular genetic approach to the study of 
the host resistance gene, Bcg and have defined a linkage group on 
the proximal region of mouse chromosome 1 which includes 4 
polymorphic markers: Bcg, Fn, Lenl and Len2. Further linkage of 
the mouse gamma crystallin genes with Idhl is well established 
for mouse chromosome 1. Synteny for Fn, Len and Idhl was also 
observed in cattle (Skow L.C. private communication) and has been 
described in man (Bootsma and Kidd 1984; Willard et al. 1985). 
In the latter instance, all three genes map at the long arm of 
human chromosome 2 (Bootsma and Kidd 1984; Henry et al. 1985; 
Shiloh et al. 1986). Our results provide furth.r evidence that 
this region has been conserved during mammalian evolution and 
suggest the possibility that a human equivalent to the mouse Bcg 
gene may exist. 

Results summarized in this communication form the basis of a two 
fold study of the Bcg gene and its implication in natural 
resistance to infections with intracellular parasites such as 
mycobacteria. Firstly, we would like to use the kind of analysis 
described here to generate a large number of polymorphic markers 
mapping in the most immediate vicinity of the gene. These 
markers would be first mapped within our panels of RI strains, 
interspecies hybrids and con genic lines, to test their ability to 
segregate with Bcg. Finer mapping and evaluation of the physical 
distance of the RFLPs to the gene will be done by techniques such 
as pulse field gel electrophoresis. Cloning of genomic sequences 



23kb 

9.3kb 

6.6 kb 

4.4 kb 

2.3 kb 
2.0 kb 

a:: 
w 
:::s::: 
a:: 
<{ 

~ 

I 
~ 

...., -~ <{ 

CO ..q <0 r-.. - r- r-

m <{ <{ <{ 
r-.. X If) X X 
() m m m 

C\I ('t) ~ 0> 0 L() 
ex) C\I r- C\I C\I C\I C\I r-

<{ <{ <{ <{ <{ <{ <{ 

X X X X · X X X 

m m m m ([] ([] ([] 

Fig. 1. Representative Southern blot illustrating restriction 
fragment length polymorphism analysis as described in the text 
for the fibronectin probe (Fn). The molecular weights markers 
are in kb and represent tha HindIII fragments of lambda phage 
DNA. 
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Table 1. Segregation analysis of four m·arkers on the ehromosome 
1 of the mouse. Strain distribution patterns for the Beg, Fn, 
Lenl and Len2 are presented. 

Gene Beg Fn Len2 Lenl 

RIS 

A/J + + + + 
C57BL/6 

AXB 1 
AXB 2 + + + + 
AXB 3 
AXB 4 + + + + 
AXB 5 + + + + 
AXB 6 
AXB 7 + + + + 
AXB 8 + + + + 
AXB 9 + + x 
AXB 10 + + + + 
AXB 11 nd 
AXB 12 + + + + 
AXB 13 + x 
AXB 14 nd 
AXB 15 nd x + 
AXB 17 + + + + 
AXB 18 
AXB 19 
AXB 20 
AXB 21 x + + + 
AXB 22 nd 
AXB 23 nd + + + 
AXB 24 nd + + + 
AXB 25 + + + + 
BXA 1 nd + + + 
BXA 2 + x 
BXA 4 + + + + 
BXA 6 
BXA 7 nd + + + 
BXA 8 + x 
BXA 9 + + x 
BXA 10 x + + + 
BXA 11 nd + + + 
BXA 12 + + + + 
BXA 13 + + + + 
BXA 14 x + 
BXA 16 nd 
BXA 17 nd + + + 
BXA 18 nd 
BXA 19 + + + + 
BXA 20 nd 
BXA 22 + + + + 
BXA 23 nd 
BXA 24 nd 
BXA 25 



overlapping the gene could then be envisioned by utilizing 
chromosome walking or chromosome jumping in appropriate genomic 
DNA libraries. In order to generate large numbers of RFLPs we 
plan to use chromosome specific libraries obtained from somatic 
cell hybrids carrying portions of mouse 1 on a primate 
background. Secondly, we will test the possibility that a human 
equivalent to the mouse gene exists and is phenotypically 
expressed in human populations: although they are too distant to 
be used for chromosome walking experiments, the fibronectin gene 
and both lens crystallin genes map close enough to Bcg to be 
useful for linkage analysis in human family studies. Linkage 
disequilibrium of these genes with clinically manifested 
tuberculosis or leprosy would suggest two points: Firstly, the 
existence of a human homolog of the mouse BCG-resistance gene and 
secondly, the localization of this gene at the telomeric end of 
human chromosome 2q. Studies on these two points have been 
undertaken in our laboratories. 
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Infectious Diseases 

Continuous Expression of I-A by Murine Peritoneal 
Macrophages IS Linked to the Beg Gene 

B.S. Zwilling, M. Massie, L. Vespa, M. Kwasniewski, J. Nath, and W. LaFuse 

INTRODUCTION: 

The expression of Major Histocompatibility Complex (MHC) class II 
glycoproteins is an important step in the immunological cascade. 
Antigen is processed and presented to antigen specific T lymphocytes 
by a small number of macrophages that are expressing Ia glycopro
teins (Unanue, 1985). The result of this interaction leads to the 
induction of Ia expression by other macrophages. These macrophages 
are induced to express Ia by the antigen responding T cells. 

Following the injection of most antigens, Ia expressed by macro
phages is a transient event (Beller and Unanue, 1980). However, the 
injection of Mycobacterium bovis (strain 8CG) into certain strains 
of mice leads to the induct~f constitutive Ia expression by 
macro phages (Johnson and Zwilling, 1985). Constitutive expression 
of Ia is induced by several different microorganisms in strains of 
mice that are resistant to BCG. Maorophages from BCG susceptible 
strains always transiently express Ia. We have linked the consti
tutive expression of Ia to the Bcg gene by showing that macrophages 
from BCG susceptible BALB/c mice transiently express I-A while mac
rophages from the BALB/c congenic C.D2Bcg r mice constitutively 
express I-A (Zwilling et al, 1987). We have also characterized the 
expression of I-A by macrophages from Bcg r and Bcg S mice. The 
results of these investigations have been reported elsewhere 
(Johnson and Zwi 11 i ng, 1985; Vespa et al, 1987 and Zwi 11 i ng et al, 
1987) and are summarized below. 

MATERIALS and METHODS: 

Animals: C3H/HeN, DBA.2, CBA.J, C57Bl/6, C57Bl/10 and BALB/c mice 
were obtained from Harlan/Sprague Dawley and housed in Bioclean fil
tered laminar flow air isolation cages (Hazelton Systems, Aberdeen, 
MD.). The C.D2Bcg r mice were kindly provided by Dr. Michael Potter, 
National Cancer Instit~te, bred in our facility and housed in the 
isolation cages. Animals were provided food and water ~ libitum. 

Reagents: Dulbecco's modified Eagle's medium and RPMI 1640 were 
o6talned from MA Bioproducts and supplemented as described by 
Zwilling et al (1987). Recombinant murine interferon (IFN)-gamma 
was provided by Dr. Michael Shepard, Genentech, recombinant inter
leukin-2 (IL-2) by Dr J.D. Irr, Dupont and recombinant interleukin 4 
(IL-4) by Dr. Steven Gillis, Immunex. Seed cultures of BCG were 
supplied by Donald Auclair (Trudeau Institiute, TMC 1019) and 
Corynebacterium parvum vaccine (Coparvax) by Dr. John Whisnaut 
(Wellcome Biotechnology). The somatic cell hybrids producing mono-
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clonal antibodies to I-Ak and I-Ad were obtained from the American 
Type Culture Collection and maintained as described by Zwilling et 
al (1987). 
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Peritoneal MacroPha~es: Peritoneal macrophages were obtained by 
lavage wlth Ranks' alanced salt solution 28 days after injection 
of 1x10 6 cfu BCG or 3.5mg C. parvum intraperitoneally. Macrophages 
elicited by the injection of 4% thloglycollate were harvested by 
lavage 4 days later. In order to induce I-A expression by the thio
glycollate elicited macrophages the cells were allowed to adhere for 
24 hours prior to the addition of IFN-gamma to the culture medium. 
The cultures were incubated for an additional 2 days before I-A 
expression was determine by indirect immunofluorescence as described 
by Johnson and Zwilling (1985). Binding of radio labeled IFN-gamma 
was determined as described by Celada et al (1984). I-A biosynthe
sis was determined following metabolic labeling with 35S- me thionine 
and immunoprecipitation (Zwilling et al, 1987). The presence of 
class II mRNA was determined by slot blot analysis of cytoplasmic 
RNA (Davis et al, 1986). Briefly, phenol/chloroform extractions of 
cytosolic preparations were precipitated with ethanol. The 
precipitated cytoplasmic RNA was dissolved in water. Following 
blotting onto nitrocellulose the denatured RNA was hybridized with a 
4.7kb EcoRI-BamHI fragment from a BALB/c cosmid clone 24.2 of I-A 
alpha subcloned in pBR322 (Steinmetz et al, 1982). 

RESULTS 

Induction of Continuous I-A Expression in Different Strains of 
Mice Following Injection of BCG. 

In order to determine the relationship of continuous I-A expression 
by macrophages to the BCG resistant phenotype, the duration of I-A 
expression by macrophages from several different strains of mice was 
examined. The results, in Table 1, show that macrophages from BCG 
resistant mice, previously immunized with BCG or with f. parvum, 
continued to express I-A after three days of in vitro culture while 
macrophages from strains of mice that are susceptible to BCG 
transiently expressed I-A. 

Table 1. CONTINUOUS I-A EXPRESSION CORRELATES WITH BCG RESISTANCEI 

PHENOTYPE OF BCG GENEz 
Resistant Susceptible 

Microorganism Time C3H/HeN DBA.2 CBA.J C57Bl/6 C57Bl/10 BALB/c 

BCG 

C. parvum 

o 
3 
o 
3 

68+7 2 
65+12 
96+1 
89+10 

86+5 
80+3 
91+8 
77+5 

64+4 
59+8 
82+6 
56+14 

40+3 
12+8 
74+2 

5+2 

83+8 
23+5 
79+9 
22+4 

85+6 
18+7 

9+4 
6+1 

1 Mice were injected with 10 6 cfu BCG or f. parvum. The expression 
of I-A by peritoneal macrophages was determlned by indirect 
fluorescence 28 days after injection, immediately after peritoneal 
lavage, and and after 3 days of in vitro incubation. 

2 Percent of macrophages expressing I-A 
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For example, 68% of the macrophages from C3H/HeN mice expressed I-A 
initially and 65% continued to express I-A after 3 days. In con
trast, while 85% of the macrophages from BCG susceptible, BALB/c 
mice expressed I-A initially, only 18% continued to express the 
class II glycoprotein after 3 days of culture. Similar observations 
were made following injection of mice with ~. parvum. 

The strains of mice we tested are different in several important 
respects including the MHC. In order to more precisely define the 
role of the genes linked to the Bcg gene we used macrophages 
obtained from congenic C.D2Bcg r mice and Bcg S BALB/c mice following 
injection of BCG, ~. parvum or Listeria monocytogenes. The results 
of this experiment are presented in Table 2. 

Table 2. EXPRESSION OF I-A IN CONGENIC MICE RESISTANT OR 
SUSCEPTIBLE TO BCGl 

Day of 
Mice Immunized With Culture 

BCG 0 
3 

C. parvum 0 
3 

L. monocJ::togenes 0 
3 

PERCENT I-A POSITIVE MACROPHAGES 
Strain 

CD.2Ityr BALB/c 

87+5 64+7 
71+9 10+5 
94+7 95+4 
82+10 6+1 
52+4 48+12 
14+9 15+8 

1 Mice were immunized with BCG, C. parvum or L. monocytogenes 28 
days previously and the percent of macrophages expresslng I-A 
determined immediately and after 3 days of culture. 

Macrophages from BALB/c mice transiently expressed I-A following 
injection of these microorganisms. In contrast, macrophages from 
the C.D2Bcg r mice continuously expressed I-A following injection of 
BCG and f. parvum and transiently expressed I-A following injection 
with Listeria. 

Induction of Continuous Expression Does Not Correlate With The T 
Cell Response. 

A possible explanation for our results was that the T cell response 
to BeG was different in mice that were resistant or susceptible to 
BeG. Thus, given an equal stimulus, macrophages from both resistant 
and susceptible mice would continuously express I-A. When we 
treated macrophages from Bcg r and Bcg S mice with IFN-gamma we found 
that we could induce continuous I-A expression (Table 3). Treatment 
of the macrophages with 200 units/ml of IFN-gamma resulted in the 
induction of continuous I-A expression while treatment with less 
than 200 units/ml resulted in only transient expression. 

We also showed that macrophages from both Bcg r and Bcg S mice ex
pressed 3,000 to 5,000 high affinity receptors for IFN-gamma (Figure 
1). These obse~vations reinforced our original hypothesis that 
differences in the T cell response to BeG antigens accounted for the 
differences in I-A expression that we observed. 
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Table 3. EFFECT OF RECOMBINANT INTERFERON-GAMMA ON THE EXPRESSION 
OF I-A BY MACROPHAGES FROM Bcg r AND Bcg S MICEl 

Bcg r2 BC9 S3 

Units IFN-llamma 0 5 0 5 

100 87+10 69+12 83+10 64+8 
10 67+13 19"+8 56+20 15+7 

7 39+20 7+3 30+14 9+4 
1 15+10 4+3 18+12 6+4 

0.1 10+6 5+2 9+3 6+2 
0.01 7+2 5+3 7+2 4+3 

0 7+2 4+2 7+2 5+1 

Thioglycollate elicited macrophages were allowed to adhere for 24 
hours prior to the addition of IFN-gamma in 0.5 ml. The macro
phages were treated with IFN-gamma for 4 days, washed and the 
percentages of macrophages expressing I-A was determined 
immediately and after 6 days of culture. 
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Fig. 1. Differenc~s in I-A Expression in Macrophages from Bcg r and 
Bcg S Mice Are Not Due to Differences in Interferon-gamma 
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However, we also showed that the continued expression of I-A by 
macrophages from Bcg S mice required the continuous presence of IFN
gamma (Table 4) and was reduced by treatment of the cells with 
hydrocortisone (Vespa et al, 1987; Zwilling et al, 1987). In con
trast, the continued expression of I-A by macrophages from Bcg r mice 
did not require the continued presence of IFN-gamma (Table 4) and 
was not inhibited by hydrocortisone. 

Table 4. ANTIBODY TO INTERFERON-GAMMA INHIBITS CONTINUOUS I-A 
EXPRESSION BY MACROPHAGES FROM Bcg S MICE 

Treatment 

1. rIFN-gamma 1 
2. rIFN-gamma + antigamma concurrently2 
3. 3 days post rIFN-gamma 3 

4. 3 days post rIFN-gamma + anti9amma4 

% I-A Positive Macrophages 
Bcg r Bcg S 

89+5 
13+4 
82+7 
85+2 

87+6 
8+5 

71+10 
16+4 

1 Thioglycollate elicited macrophages were allowed to adhere for 24 
hours and then were treated with 100 U of rIFN-gamma for 2 days. 
The percentage of macrophages expressing I-A was determined 
immediately after treatment. 

2 rIFN-gamma and monoclonal antibody to murine rIFN-gamma were mixed 
prior to the addition to macrophage monolayers. 

Macrophages were treated as in 1. The cultures were then washed 
and incubated for an additional 3 days in medium prior to 
determining I-A expression. 

4 Macrophages were treated as in 1. The cultures were washed and 
monoclonal antigamma added for 30 minutes. The cultures were 
washed again and incubated in medium for 3 days prior to 
determining I-A expression. 

This suggested that the differences in I-A expression that we ob
served was regulated by the macrophage. This possibility was 
reinforced by results of experiments presented in Table 5. While T 
cells from BCG immunized mice induced continuous I-A expression in 
vitro, when stimulated with heat killed BCG, there was no cor
relation between the Bcg phenotype of the T cells and their ability 
to induce continuous I-A expression. 

T cells from some Bcg r mice (C.D2Bcg r ) failed to induce continuous 
I-A expression in vitro while T cells from Bcg S mice (C57Bl/6) could 
induce continuous expression of I-A. The failure of T cells from 
C.D2Bcg r mice and BALB/c mice to induce continuous I-A expression 
was due to the lower level of IFN-gamma produced by these cells 
(Tyring and Lefkowitz, 1980; Kwasniewski and Zwilling, submitted for 
publication). 
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Table 5. CONTINUOUS EXPRESSION OF I-A BY MACROPHAGES OOES NOT 
CORRELATE TO THE T-CELL RESPONSE TO BCGl 

% I-A POSITIVE MACROPHAGES FROM 
Lym~hocyte Source 2 BALB7c C.02 Bcg r 

0 3 HC5 0 3 HC5 

C3H/HeN3 54+9 45+2 21+3 61+6 47+1 51+4 
OBA/2'+ 51+9 48+"3 16+5 52+"11 54+"11 49+6 
C.D2Bcg r nd nd nd 17+3 3+1 nd 
BALB/c 37+4 18+7 nd no no nd 
C57Bl /6 5 59+3 50+5 25+2 59+4 59+1 55+9 

1 1x10 5 T-cells were incubated with 5x10 5 macrophages from BALB/c or 
C.D2 Bcg r mice along with 5x10 3 syngeneic macrophages. The 
syngeneic macrophages were needed to present antigen to the 
stimulating lymphocytes. Cultures without syngeneic macrophages 
resulted in no induction of continuous I-A expression. 

2 Syngeneic mixture of T-cells and macrophages yielded 77% I-A 
positive cells at day 0 and 65% at day 3. 

3 Syngeneic mixture yielded 61% at day 0 and 53% at day 3. 
'+ Syngeneic mixture yielded 57% at day 0 and 48% at day 3. 
5 Three days after the induction of I-A the macrophages were treated 

with 10- 6 M hydrocortisone for 4 hours and the percent of cells 
expressing I-A was determined. 

Interleukin 2 and Interleukin 4 Act Synergistically with IFN-gamma 
to Induce Continuous I-A Expression. 

The injection of C.D2Bcg r mice with BCG, as well as treatment of 
peritoneal macrophages with sufficient quantities of IFN-gamma, 
results in the induction of continuous I-A expression. However T 
cells from these mice failed to induce continuous I-A expression in 
vitro. This observation raised the possibility that other lympho
kines may act with IFN-gamma to induce continuous I-A expression in 
vivo. When we treated macrophages from Bcg r mice with a low dose of 
IFN-gamma together with recombinant IL-2 or with recombinant IL-4 we 
induced continous I-A expression (Table 6). 

Table 6. RECOMBINANT IL-2 ANO RECOMBINANT IL-4 ACT SYNERGISTICALLY 
WITH rIFN-gamma TO INDUCE CONTINUOUS I-A EXPRESSION 

Treatment! % I-A Positive Macro~hages 
o 3 

IFN-gamma ( 2 U/ml ) 60+8 22+9 
IFN-gamma (200 U/ml ) 64+8 55+"5 
IL-2 (200 U/ml ) 8+2 6+6 
IL-4 (200 U/ml ) 20+5 3+3 
IFN-gamma (2 U/ml) + IL-2 55+3 54+1 
IFN-gamma (2 U/ml) + IL-4 57+6 60+16 
none 6+1 4+3 

1 Macrophages from Bcg r mice were allowed to adhere for 24 hrs prior 
to the addition of lymphokines. The. cultures were incubated for 
48 hours, washed, and the percent of macrophages expressing I-A 
determined immediately or after 3 days culture. 
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Expression of I-A by Macrophages from Bcg r Mice Does Not Require 
Its Contlnued Synthesls. 

We have previously reported that treatment of macrophages with 
cyclohexamide or hydrocortisone for as little as 4 hours reduced the 
expression of I-A by macrophages from Bcg S mice but did not affect 
I-A expression by macrophages from Bcg r mice (Vespa et al, 1987; 
Zwilling et al, 1987). This suggested that macrophages from Bcg r 
mice continued to express I-A without continued synthesis. We 
tested this possibility by metabolically labeling cells with 35S_ 
methionine and immunoprecipitating the class II MHC glycoproteins 
with monoclonal anti I-A antibody as well as by determining the 
presence of class II mRNA by slot blot analysis. The results in 
Figure 2 indicate that the class II mRNA was reduced by 70% and the 
synthesis of class II glycoprotein was not detected by metabolic 
labeling and immunoprecipitation. 

DISCUSSION 

Macrophages can constitutively or transiently express class II MHC 
glycoproteins (Beller and Unanue, 1980; Johnson and Zwilling, 1985; 
Zwilling et al 1987). Constitutive expression occurs following 
injection of certain strains of mice with BCG and correlates with 
the expression of the Bcg r phenotype (Johnson and Zwilling, 1985; 
Zwilling et al, 1987). Macrophages from Bcg S mice cannot be induced 
to constitutively express the class II MHC glycoproteins. The link
age of this trait to the Bcg gene was established by showing that 
macrophages from C.D2Bcg r mice, which are congenic with Bcg S BALB/c 
mice except for 30 centimorgans on chromosome 1 derived from Bcg r 
DBA/2 mice, will also constitutively express I-A (Zwilling et al 
1987). The macrophages from the congenic mice do not differ in 
their ability to bind to IFN-gamma nor in the number and affinity of 
their IFN-gamma receptors. 

The constitutive expression is independent of the continued presence 
of IFN-gamma. Neutralization of IFN-gamma with monoclonal antibody 
following the in vitro induction of I-A did not affect class II MHC 
glycoprotein expression by macrophages from Bcg r mice. In contrast 
macrophages from Bcg S mice no longer expressed I-A following removal 
of the IFN-gamma (Zwilling et al, 1987). The regulation of contin
uous expression of I-A is at the level of the macrophage and does 
not correlate with the T cell response to BCG antigens. T cells 
from strains of mice that are resistant or susceptible to BCG can 
induce continuous expression by macrophages from Bcg r mice. T cells 
from BALB/c background mice produce less IFN-gamma than T cells from 
other strains. Our observations indicate that other cytokines (IL-2 
and IL-4) can act synergisti-cally with low levels of IFN-gamma to 
induce continuous I-A expression. 

The relationship of constitutive expression of I-A to resistance to 
microorganisms regulated by the Bcg/Ity/Lsh gene remains unknown. 
Skamene and Blackwell (this publication) have reported that macro
phages from mice expressing the resistant phenotype present antigen 
better than macrophages from susceptible mice. They also report 
that resistant macrophages are more activated than susceptible mac
rophages as judged by anti-Listerial or anti-Leishmanial activity. 
This innate activity of the macrophages is clearly different than 
the differences in I-A expression that we have described. I-A 
expression is inducible with IFN-gamma. The macrophages, like those 
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A. Cells were metabolically labeled with 35S methionine initially 
after purification (lane 1) and after 4 days of in vitro culture 
(lane 2). I-A was precipitated with anti I-A monoclonal antibody 
and protein-A sepharose. 

B. Northern blot analysis was done with purified RNA obtained from 
5x10 6 macrophages cultured for 1 thru 4 days. The RNA was im
mobilized onto nitrocellulose using a slot blot and an I-An 
genomic probe was used for hybridization. 

from susceptible mice, will only transiently express I-A unless 
stimulated with sufficient quantities of IFN-gamma or with combin
ations of IFN-gamma and IL-2 or IL-4 to induce continuous expres
sion. We interpret this to mean that the expression of this trait 
is inducible and therefore different than the Bcg gene effect. It 
is possible therefore that the effect on I-A expression that we 
observe is the result of the activation of a different gene that is 
very closely linked to the Bcg gene. 
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Infectious Diseases 

Chromosomal Location of the Gene Determining Resistance to 
Plasmodium chabaudi AS 

M.M. Stevenson i , M.N. Nesbitf, and E. Skamene i 

Plasmodium chabaudi AS (P. chabaudi) is one of four rodent Plasmodium 
species which causes acute malaria in mice. Differences among inbred 
strains of mice in the level of resistance to infection with P. 
chabaudi were initially described by Eugui and Allison (1980)~ These 
investigators demonstrated that resistant and suseptible strains 
could be clearly distinguished based on the outcome of infection. 
Results from our laboratory confirmed and extended these findings in 
a survey of 11 inbred strains of mice (Stevenson, Lyanga and Skamene, 
1982). Infection with P. chabaudi was shown to result in fulminant 
parasitemia and death within 10 days in susceptible strains of mice, 
whereas resistant strains were found to exhibit mild parasitemia and 
to survive indefinitely. 

Genetic analysis of hybrid and backcross progeny derived from the 
strain combination of C57BL/6 (B) mice, one of the most resistant 
strains, and A/J (A), the most susceptible strain, allowed us to 
demonstrate that the level of resistance to infection with P. 
chabaudi is genetically determined by a major, dominant, non H-2 
linked gene. The gene has been designated Pchr for resistance to P. 
chabaudi (Stevenson, 1985). Pchr was found~be an autosomal gene 
but its expression is influenced by the sex of the host with female 
mice exhibiting a superior resistance, evidenced as increased 
survival. Two allelic forms of the gene exist, designated Pchr r 
(resistant) and pchr s (susceptible). We have hypothesized that 
resistance to p.-chabaudi, which is determined by Pchr and is 
apparent within one week of infection, is due to an innate or natural 
resistance mechanism. This mechanism is not yet defined. 

Analysis of the level of resistance to P. chabaudi of the AXB/BXA 
series of recombinant inbred (RI) mouse-strains derived from 
resistant B (pchrr ) and susceptible A (pchrs ) progenitor mice 
confirmed unigenic control of resistance-(Stevenson and Skamene, 
1985). Animals of 23 AXB/BXA RI strains have now been typed for the 
level of resistance to P. chabaudi using three criteria, namely, mean 
survival time (MST), peak parasitemia level and the magnitude of 
splenomegaly on day 9 post intraperitoneal infection with 10 6 

parasitized erythrocytes (PRBC). These criteria were chosen because 
expression of these traits is associated with resistance or 
susceptibility. Progenitor B and A mice exhibit significant 
differences in these traits (Table 1). 
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Table 1. PhenotfPic Expression of Traits Associated with Inheritance 
of Pchr or pchr s in Progenitor C57BL/6 and A/J mice 

Mouse 
Strain 

C57BL/6 
A/J 

a 

MST (DaYS)a 
Mean ± SEM 

> 14 
9.8 ± 0.3 

b P<O.OOl. 
Pchr r = b; Pchr s a. 

% Peak 
Parasitemiaa 
Mean PRBC ± SEM 

37.3 ± 1.7 
53.4 ± 1.5 

Spleen Weighta 
(mg) 
Mean ± SEM 

637 ± 25 
360 ± 16 

pchrb 
Typing 

b 
a 

Table 2. Typing ofAXB/BXA Recombinant Inbred Mice for Resistance 
to Plasmodium chabaudi 

AXB/BXA MST (Days) % Peak Parasitemia Spleen Weight (mg) Pchr 
RI Strain Mean ± SEM Mean PRBC ± SEM Mean ± SEM Typing 

AXB-l 10.6 ± 0.6 52.5 ± 1.1 310 ± 21 a 
AXB-2 > 14 40.3 ± 1.5 587 ± 33 b 
AXB-3 > 14 37.2 ± 2.5 604 ± 62 b 
AXB-4 10.1 ± 0.4 55.7 ± 1.4 263 ± 45 a 
AXB-5 > 14 40.8 ± 1.8 525 ± 22 b 
AXB-6 > 14 38.5 ± 0.9 547 ± 42 b 
AXB-7 > 14 35.8 ± 2.2 584 ± 19 b 
AXB-8 > 14 39.5 ± 1.5 495 ± 12 b 
AXB-9 7.0 ± 0.1 52.5 ± 1.2 390 ± 30 a 
AXB-10 > 14 38.0 ± 0.7 637 ± 15 b 
AXB-12 7.7 ± 0.7 55.8 ± 1.8 426 ± 33 a 
AXB-17 > 14 38.2 ± 1.5 594 ± 23 b 
AXB-20 > 14 43.0 ± 0.6 585 ± 25 b 
BXA-l > 14 38.8 ± 2.0 811 ± 34 b 
BXA-2 8.7 ± 0.1 55.1 ± 0.7 a 
BXA-6 9.7 ± 0.2 63.1 ± 0.8 339 ± 28 a 
BXA-8 > 14 35.1 ± 1.5 510 ± 20 b 
BXA-10 > 14 38.2 ± 0.9 606 ± 25 b 
BXA-12 8.6 ± 0.2 55.0 ± 1.9 408 ± 30 a 
BXA-13 > 14 34.3 ± 2.9 555 ± 74 b 
BXA-14 > 14 38.6 ± 1.6 540 ± 57 b 
BXA-23 > 14 40.3 ± 2.6 625 ± 29 b 
BXA-25 8.6 ± 0.1 50.0 ± 0.6 420 a 

As demonstrated in Table 2, the expression of these traits can be 
used to predict if an RI strain has inherited the resistant or 
susceptible allele of Pchr. RI strains which exhibit a peak 
parasitemia of less than 40% and a spleen weight of greater than 450 
mg as well as an MST of greater than 14 days are considered to have 
inherited the resistant allele. RI strains which exhibit a peak 
parasitemia of greater than 50% and a spleen weight of less than 450 
mg as well as an MST of less than 10 days are considered to have 
inherited the susceptible allele. 
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In concordance with the results obtained in the segregating 
populations, female mice of some RI strains were found to be more 
resistant than their male counterpart when survival was used as the 
criterion of resistance. Therefore, the data presented in Table 2 
for the MST is that derived from male mice only. Results from both 
male and female mice are presented for the peak parasitemia and 
spleen weight since there were no significant differences between the 
sexes in these traits. It is of interest to point out that typing of 
the AXB/BXA RI strains allowed us not only to confirm unigenic 
control of resistance to P. chabaudi in this particular strain 
combination but also to demonstrate genetic linkage between the 
traits of resistance (defined as prolonged survival and moderate peak 
parasitemia) and the magnitude of splenomegaly. 

Comparison of the strain distribution pattern (SDP) in the AXB/BXA RI 
strains for inheritance of Pchr with inheritance of known genetic 
loci showed linkage between Pchr and three different loci (Table 3). 

Table 3. Strain Distribution Pattern of Inheritance of Allelic 
Forms of Mapped Loci Showing Linkage with Pchr 

RI Strain Pchr Pep-3 Odc-2 Gi 

AXB-l a b a a 
AXB-2 b b b a 
AXB-3 b b b 0 

AXB-4 a b a a 
AXB-5 b b b b 
AXB-6 b b a b 
AXB-7 b b b b 
AXB-8 b b b b 
AXB-9 a a a b 
AXB-lO b b b b 
AXB-12 a a a a 
AXB-17 b b a b 
AXB-20 b b 0 a 
BXA-l b b 0 b 
BXA-2 a a 0 a 
BXA-6 a a 0 a 
BXA-8 b a b b 
BXA-lO b b 0 b 
BXA-12 a b a a 
BXA-13 b 13 b a 
BXA-14 b b b 13 
BXA-23 b b b b 
BXA-25 a a 0 a 

These are peptidase-3 (Pep-3) which has been mapped to chromosome 1 
(Lewis and Trustlove, 1969), ornithine decarboxylase-2 (Odc-2) which 
has been mapped to chromosome 2 (Nesbitt, unpublished observation) 
and intestinal G protein (Gi) which has been mapped to chromosome 9 
(Cohen, unpublished observation). Allelic diffferences at Odc-2 and 
Gi are determined by DNA polymorphisms while allelic differences at 
Pep-3 are determined by electrophoretic heterogeneity of the enzyme. 

A summary of the data obtained from comparison of the SDPs of Pchr 
and Pep-3, Odc-2 and Gi is presented in Table 4. For each of these 3 
loci, eV1dence-ror linkage, which is based on the 95% confidence 
limit for recombination between Pchr and the particular genetic 
locus, is significant. 
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Table 4. Linkage Data Obtained From Comparison of strain 
Distribution Pattern of Pchr, Pep-3, Odc-2 and Gi 

Gene Chromosome Matches Mismatches Total Linkagea,b 

Pep-3 01 19 4 23 0.23 
Odc-2 02 15 2 17 0.21 
~ 09 18 4 22 0.25 

a Upper limit for 95% confidence limit for recombination frequency 
between Pchr and gene indicated. 

b Significant if value is <0.50. 

The chromosomal location of Pchr can now be mapped using the tool of 
linkage analysis by typing anImals of the susceptible backcross and 
F2 hybrid generations derived from B and A progenitors for the 
cosegregation of inheritance of Pchr and of the allelic forms of the 
marker genes, Pep-3, Odc-2 and Gr:--Determination of the exact 
chromosomal location of Pchr maY-be useful in defining the phenotypic 
expression and, consequently, the mechanism whereby this gene 
regulates host resistance to acute malaria. 
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Summary 

From Phenotype to Gene: A Molecular Analysis of Complex Loci 
Involved in Developmental and Immunological Dysregulation 

B. Mock\ S.D.M. BrownZ, C. Janeway3, H.C. Morse 111\ and M. Potter! 

I. Localizing and Cloning Genes 

The first session of the workshop devoted itself almost entirely to the locali
zation of mammalian genes, particularly those genes identified by mutation but 
where nothing is known about the underlying gene product. The isolation of such 
genes must necessarily be indirect and the various speakers discussed the prevailing 
paradigm for an oblique approach to genes of known phenotype but unknown gene 
product. The basic approach discussed by all speakers is, firstly, to construct a 
detailed genetic map of DNA probes in the region of the mutation to identify se
quences closely-linked to the mutation. These sequences can be used as start-points 
for a more detailed mapping analysis in the region of the mutation utilising tech
niques such as pulse field gel electrophoresis and chromosome jumping. 

As regards the first step in this process, J-L. Guenet (Inst. Pasteur, Paris) 
described the use of interspecific backcrosses between the species Mus domesticus 
and Mus spretus which has greatly aided the genetic mapping of DNA probes on mouse 
chromosomes. S. Grant (RPMI, Buffalo) reported that the genetic maps of a number 
of X-linked loci spanning some sOcM of the mouse X chromosome were virtually iden
tical in intra and interspecific crosses confirming the veracity of the interspecific 
cross system. In contrast, the use of recombinant inbred strains for mapping has 
long been established as a classical tool for mouse gene mapping and B. Taylor 
(Jackson Labs, Bar Harbor) discussed some of their current limitations, particularly 
the inability to map newly arisen mutations. However, Taylor described the con
struction of a new stock (MEV) containing a large number of endogenous ecotropic 
murine leukemia proviruses and visible dominant markers that should allow the 
mapping of newly arisen mutations in a single cross. The presence of conserved 
linkage groups between mouse and man has always been a useful guide to gene mapping 
in both species. Improvements in the rat gene map reported by C. Szpirer (Univer
ite Libre de Bruxelles) should greatly aid this comparative side of gene mapping. 

S. Brown (St. Mary's, London) demonstrated the power of interspecific crosses 
applied to the genetic mapping of micro clone probes on the mouse X chromosome 
and mouse chromosome 7. Between St. Mary's, London and the Institut Pasteur, Paris 
some 50 clones have been mapped to the mouse X chromosome making this the best 
mapped mouse chromosome so far and providing many start points for the more detailed 
mapping of such elusive X-linked loci as Xce and mdx. H. Winking also illustrated 
the usefulness of microdissection and microcloning-is a technique to recover clones 
from specific regions of the genome by microdissection of a large homogeneously 
staining region found in chromosome 1 of some populations of the house mouse. The 
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microclones recovered should provide useful tools to understand both the mechanisms 
of sequence amplification in such regions and the genetic consequences for chromosme 
behavior in pairing, segregation and recombination. 

It is clear that the recovery of DNA probes from specific regions and their mapping 
have proceeded apace and construction of fairly detailed genetic maps of DNA probes 
on many mouse chromosomes is now well-advanced. However, less progress has been 
made in the area of proceeding from the many start-points provided by such probes to 
the ultimate genetic locus of interest. L. Stubbs (ICRF, London) described a 10:17 
translocation which brings the steel mutation in close juxtaposition to DNA marker 
probes on mouse chromosome 17. The combined use of chromosome jumping from these 
probes and pulse field gel electrophoresis has enabled her to detect the chromosome 
breakpoint in the neighborhood of the steel locus. However, final identification of 
the gene remains for the future. So too, is the case, for the Wilms Tumour-aniridia 
locus on human chromosome 11 discussed by N. Hastie (MRC, Edinburgh). A number of 
probes from human chromosome 11 derived by chromosome mediated gene transfer are 
closely-linked to the locus and have been used to detect large restriction fragments 
on pulse-field gels that appear to cross chromosomal breakpoints associated with 
mutations at this particular locus. 

Undoubtedly, the presence of chromosomal breakpoints associated with mutation 
in any gene will be a powerful indicator for gene localization on the fine molecular 
map; the assumption being that often the breakpoint will interrupt the gene itself. 
However, in many areas such a strategy will not be available and the ultimate 
identification of the gene may depend on more sophisticated biological assays of 
sequence function that were barely touched on at this workshop. These may include 
the use of transgenic mice in complementation assays or the new and exciting tech
nologies of sequence-directed mutagenesis. 

II. A Molecular Analysis of Complex Loci 

The following sessions of the workshop were devoted to the molecular analysis 
of loci involved in specific developmental and immunological processes. Sessions 
on t complex loci, homeo boxes, major urinary protein genes, a-interferon genes 
and various genes in the immunoglobulin superfamily provided an examination of 
complex gene families consisting of clusters of tightly linked loci. 

t Complex Loci 

Since the 1932 discovery of a mutation within the t complex of mice, this cluster 
of 30 different genes located both proximal to and-interspersed with loci in the MHC, 
has provided a model system for studying genomic organization and evolution as well as 
genetic control of embryonic development, sex determination and spermatogenesis of 
mammals. J. Klein (Tubingen) reported on the isolation of 3 molecular clones from 
within the t complex by the clever screening of libraries generated from somatic-cell 
hybrids specific for chromosomes 17 and 18. He has concluded from the geographical 
distribution of RFLP patterns, as defined by hybridization with one of these clones 
(Tu1, proximal to the t complex), that European wild mice have not contributed signi
ficantly to the derivation of the laboratory mouse. L. Silver (Princeton) presented 
a historical perspective of t haplotypes and also pointed to the role of molecular 
probes as tools in their dissection. He has concluded from his own work and that of 
others that all t haplotypes present in mice today are descendents of a single ances
tral chromosome which had evolved apart from the wild-type form of mouse chromosme 17 
by the generation of several large non-overlapping inversions. Recent comparisons of 
the proximal and distal inversions which occur within the t complex have revealed 
several interesting features. By analyzing 100 wild-derived chromosomes with several 
DNA markers from within the t complex, M. Erhart (The Jackson Lab, Bar Harbor) 
suggested that segmental exchange rather than single crossovers is the predominant 
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means of recombination between t haplotype and wild-type homologues in the region 
distal to the proximal inversion. Bernhard Herrman (NIMR, London) has focused his 
attention on cloning genes in the proximal region of the t complex which contains 
the brachyury (T) locus involved in the formation of the embryonic body axis. 
Through the varied uses of classical genetic crosses involving mice which carry 
mutant T alleles, the generation of random DNA probes from microdissected chromo
somes, the examination of sequences homologous to other vertebrates and the screening 
of cDNA libraries, he has cloned a gene (Tl19II) which is in linkage disequilibrium 
with the! mutation suggesting it is very close to the! gene. 

Homeo Box Genes 

The following session was devoted to an examination of murine homeo box genes. 
Homeotic genes were first described in Drosophila and belong to either the en-
grailed gene complex or the antennapedia and bithorax complex. These genes contain 
a 180 bp conserved region, the "homeo box H which codes for a protein domain similar 
to DNA-binding domains. More than 20 homeo box genes have been mapped on the murine 
genome. F. Ruddle (Yale U., New Haven), B. Hogan (NIMR, London) and M. Fibi (Max 
Planck Institute, Gottingen) discussed structural and functional aspects of the 
antennapedia-like genes (Hox) of the mouse which are arranged in clusters and 
located on different chroDK),Somes (chrs 6,11,12,15). Fibi pointed to the structural 
similarity of Hox and ~ genes, both of which have variable and constant region 
domains. Ruddle discussed the similarities in linkage of human and mouse Hox 
sequences. Both he and Hogan pointed to the similarities in Hox-l and Hox=Z-gene 
clusters. It seems likely that the genes within these clusters have evolved via 
duplication and divergence of an ancestral gene. All three investigators examined 
the spatial and temporal expression of homeo box genes in embryonic and adult mice. 
Fibi concentrated on Hox gene expression in adult mice; there are genes only expressed 
in one organ, such as~x-l.3 in adult liver and Hox-2.1 in adult lung and there 
are tissues in which a combination of Hox genes seems to be expressed simultaneously. 
Via the use of in situ hybridization techniques with RNA probes, Hogan found that 
both Hox-2.1 an~2.6 were expressed in embryonic regions of the central nervous 
system, periphera~ervous system and in the mesodermal component of several visceral 
organs. A member of the murine engrailed complex (En-I) which resides in the 
vicinity of the Dominant hemimelia (Dh) mutation was discussed by Michael Frohman 
(UCSF, San Francisco). His immunohistochemical studies, utilizing antisera to an 
En-l fusion protein, reveal nuclear protein expression in the mesencephalon and 
myelencephalon, restricted portions of the spinal column and in many spinal and 
cranial granglia of mid-gestation embryos. 

Major Urinary Protein Genes 

Mouse major urinary proteins are encoded by a cluster of 30-40 genes. These 
proteins are synthesized in the liver, and in submaxillary, sublingual, parotid, 
lachrymal and mammary glands. Eva Derman (PHRI, New York) sequenced cDNA clones 
from all six of these tissues and found that each gene exhibited a distinct tissue 
specific pattern of expression. These differentially expressed genes differ pri
marily by single nucleotide substitutions, both in the flanking and in the inter
vening sequences, suggesting that they are regulatory variants of the same ancestral 
gene. Bill Held (RPMI, Buffalo) discussed the identification of cis-regulatory 
sequences conferring tissue-specific expression of transgenes composed of ~ struc
tural gene sequences fused to the SV40 T antigen. Robert Duncan (NIH, Bethesda) 
identified two novel MUP phenotypes in BALB/cJ mice, one of which is controlled by a 
gene (Mupm-l) on chromosome 15. 
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a-Interferon Genes 

The interferons are proteins that induce resistance to viral infection in cells. 
The a-interferons are a family of 9 genes on chromosome 4 in the mouse. P. Pitha 
(Johns Hopkins, Baltimore) has examined the expression of individual members of 
the a-interferon gene family in different cell types induced with different 
activators, and finds that individual members of the gene family are selectively 
activated in different cell types. In this context, S. Vogel (USUHS, Bethesda) has 
observed that the failure of the mutant C3H/HeJ mouse to respond to LPS, which maps 
to chromosome 4, correlates with a failure of macrophages to produce a-interferon 
upon LPS activation. In addition, using Pitha's a-interferon probes, a polymor
phism in at least one a-interferon gene was detected in this strain as compared to 
all other, LPS-responsive, C3H sublines. This finding lends further weight to the 
notion that the multiplicity of a-interferon genes relates to their specificity of 
expression. What do the a-interferons do? o. Haller (Zurich) has identified a 
gene called Mx on chromosome 16 that is activated by a-interferon, and whose 
product specifically protects cells from influenza virus infection. The product of 
the Mx gene is probably a DNA binding protein that blocks transcription of influenza 
viru~ A polymorphism in this gene radically alters susceptibility to influenza 
virus, but not to other viruses thus far detected. The existence of this polymor
phism in wild as well as laboratory mice is puzzling; mice are not normally hosts 
for influenza virus, and a selective advantage of either allele of this gene has 
not yet been identified. 

Immunoglobulin Superfamily Genes 

The immunoglobulin (Ig) superfamily is composed of such functionally important 
members as immunoglobulin, major histocompatiblity complex (MHC) class I and II 
and T-cell receptor molecules. These molecules share key structural features with 
either the variable or constant region immunoglobulin domains. Many of these 
molecules are membrane-bound and expressed on lymphocytes where they are capable 
of interacting with each other. As such, they play an important role in cell-cell 
recognition. 

During B cell development, both immunoglobulin heavy chain (~) and light 
chain (~ or 1[A) genes rearrange allowing for the expression of membrane 
immunoglobulin tetramers which function as antigen receptors. Mechanisms of and 
controlling elements involved in Ig rearrangement and expression are largely 
unclear. In this session, K. Calame (UCLA, CA) analyzed functional properties of 
the ~ enhancer via site-directed mutagenesis and demonstrated that four (E, B, C1 
and C2) of eight known protein binding sites are required for optimal enhancer 
function in vivo. In addition, she and C. Peterson (UCLA) have purified and par
tially characterized proteins which bind to sites E and C2. 

During rearrangement, the heavy-chain variable region is constructed by joining 
three distinct DNA segments: a V (variable segment), a D (diversity) segment and a 
J (joining) segment. The mechanism and regulation of VDJ recombination was examined 
by M. Lieber (NIH, Bethesda). His studies of 30 murine cell lines, utilizing 
extrachromosomal substrates (a plasmid containing heptamer/nonamer joining signals) 
which could be recovered and analyzed for recombination within 1-2 days after trans
fection into cell lines, revealed major changes in the level of recombination 
activity during B cell development. Recombination rates were low in pro-GMB cell 
lines. However, the highest recombination frequencies were seen in pro-B cells. 
From this stage on, activity levels declined progressively, with pre-B cells at the 
stage of heavy chain rearrangement generally higher than those that are rearranging 
their light chains and with mature B cells showing even lower or zero activity. 
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The selective and neutral evolution of 8 different Vh gene families within the 
Igh-V locus was discussed by A. Tutter (MBI, LaJolla). Her RFLP analyses of Mus, 
Rattus, Peromyscus, Marmota and Oryctolagus Vh families revealed that Vh copy 
number has evolved via small, random duplication/deletion events and that group 
III Vh families have been conserved across widely separated mammalian lineages, 
while group I and II families have evolved more freely. P. D'Eustachio (Rocke
feller, NY) presented a multilocus linkage map of the area surrounding the ~ 
locus on mouse chromosome 12. 

Heavy chains by themselves are lacking in functionality. During B cell differ
entiation, light chains (either K or A ) must associate with heavy chains to 
form functional Ig molecules. L. D'Hoostelaere's (NIH, Bethesda) RFLP analysis 
of 12 Vk families among 55 inbred strains revealed that DNA probes for 12 of the 
18 Vk protein groups detect non-overlapping sets of restriction fragments and 
that at least 7 haplotypes exist among inbred strains. His predicted gene order 
of Vk loci will be useful in examining .the hypothesis of ordered rearrangement 
during B cell ontogeny. 

Yet another group of genes, ![A, also encode immunoglobulin light chains 
during B cell development. These A genes are expressed at low frequency in the 
mouse compared with K gene expression. Recently, investigators at the Basel 
Institute for Immunology isolated 3 pre-B specific genes (AS, VpreBl, VpreB2) 
from a pre-B minus B subtractive cDNA library. These pre-B specific genes are 
found on the same linkage group (mouse chr 16) as the A genes and they share 
significant regions of homology with them. S. Bauer (Basel Institute) found that 
the specific organization of both coding and non-coding DNA sequences in the A5-
VpreB region is highly conserved across Mus subgenera which were separated at 
least 9-12 mya. This is in marked contrast to the RFLPs and gene amplification 
found among the l[A genes. S. Pillai's (Whitehead Institute) immunoprecipita
tion studies involving pre-B and B cells have revealed that pre-B cells synthesize 
either or both of two surrogate Ig light chains (designated omega and iota). 
Preliminary sequence analysis of the omega chain suggests that it is the product 
of the AS gene. Pillai hypothesizes that IgMm and Ig omega or iota tetramers 
function from an intracellular transmembrane location as a ligand-independent 
"activated receptor" to provide signals for further differentiation. 

MHC Class I molecules are also members of the immunoglobulin superfamily. They 
are composed of a heavy glycoprotein chain (which is highly polymorphic among 
both humans and inbred strains of mice and is encoded by H-2K, D and L loci) and 
a non-covalently associated ~2M molecule. Recognition of class I molecules by 
receptors on cytotoxic T cells determines tissue compatibility and incompatibility. 
G. Jay (NIH, Bethesda) presented evidence from a number of experiments which 
suggest that tumor formation in mice varies inversely with the expression of 
class I antigens. In a typical example, expression of a transfected class I gene 
(H-2Kb), introduced by DNA-mediated gene transfer, in B16 melanoma cells markedly 
reduced their tumorigenicity. 

The precise molecular mechanisms which regulate class I expression are not known. 
Recently, an enhancer element in the murine Kb gene was identified. In addition, 
a 30 bp sequence (the interferon consensus sequence) 5' of the class I trans
criptional promoter appears to respond to a- or 1-interferon by increasing 
the transcription of class I genes. D. Singer (NIH, Bethesda) has identified 
regulatory elements associated with PDl, a class I MHC gene of the swine which is 
preferentially expressed in B cells. Analysis of a series of deletion mutants 
constructed within the 5' end of PDl revealed that the interferon response element 
(IRE) was associated with the PDl promoter. In addition two other regulatory 
elements were identified -- a positive element which increases the activity of 
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an SV40 promoter and appears to be a classical enhancer and a negative element 
which reduces the activity of the homologous PD1 promoter. 

III. A Molecular Analysis of Mutant Phenotypes 

The final sessions of the workshop were devoted entirely to the identification 
and characterization of specific aberrant or mutant phenotypes/alleles associated 
with immunological, autoimmune, neoplastic and infectious disease processes. 

One of the most mysterious of immunoregulatory loci was described about twenty 
years ago by Festenstein, who termed it the Mls (mixed lymphocyte stimulating) 
locus. Disparity at Mls stimulates more potent T cell responses than disparity 
at the major histocompatibility complex (MHC). The response has been shown to 
involve CD4+ T lymphocytes, and the involvement of class II MHC molecules, CD4 
and the T cell receptor has been inferred from genetic and antibody inhibition 
experiments (Janeway, Yale). How does Mls disparity lead to the activation of so 
many T cells? Janeway has proposed that:M1s encodes a quantitative polymorphism 
in an antigen presenting cell molecule th~enhances T cell receptor interactions 
with class II MHC molecules. Hammerling (SKI, New York) proposes that Mls encodes 
an inhibitory signal that is more powerful in non-stimulatory than in stimulatory 
alleles. A third possibility, raised by Janeway, is that Mls encodes a nearly 
universal T cell receptor and class II MHC-binding peptide-.--A clear answer awaits 
identification of the molecular product that varies in MIs disparate strains. 
Originally, Festenstein defined 4 alleles of Mls, and mapped one such allele 
(Mlsa) to chromosme 1. Work of Abe and Hodes~IH, Bethesda) clearly indicates 
that Mlsc is not allelic with Mlsa, and that Mlsd consists of Mlsa and Mlsc ex
press~together in an inbred strain. A new nomenclature awairs-detail~genetic 
analysis and an agreement among workers in the field. However, it is important 
to be aware that there are two independent loci encoding this trait, each with at 
least one stimulatory and one non-stimulatory (responder) allele. 

A variety of autosomal recessive mutations associated with the development of 
autoimmunity (~,lE£,~,meV) and immunodeficiency (~ alleles, scid) were dis
cussed. A gene first approach to defining the ~ mutation was described by Seldin 
(NIH). Using interspecific backcross mice, a molecular map of distal chromosome 
1 was constructed that places ~ in very close proximity to At-3. The data also 
showed that the synteny between mouse chromosome 1 and human chromosome 1 q 
covers approximately 30 cM. Shultz (Jackson Laboratory) and Sidman (Jackson 
Laboratory) demonstrated that the mev mutation has multiple effects on the hemato
pOietic system. Homozygotes exhib~dysfunctions of multiple hematopoietic 
lineages that reflect abnormalities of precursor cells as well as the micro
environment in which they develop. Within the B cell lineage alone, these defects 
are characterized by a unique expansion of Ly-1+ B cells and the development of 
Mott cells ("constipated" plasma cells). Bosma (Fox Chase) reported the mapping of 
the scid mutation to chromosome 16 in close linkage to md. Data strongly sugges
tive that the mutation may affect recombinases was presented by Marcu (Stony 
Brook) and Bosma. Sidman showed that mice from his scid colony could develop 
functional T cells and B cells although scids from other colonies do not exhibit 
this phenotype (Bosma). Teuscher (U.Penn) showed that genetic determinants of 
susceptibility and resistance to experimental allergic orchitis or encephalitis 
did not segregate in association with low and high levels of alphafetoprotein. 

Finally, Chapman (Roswell Park) and Ansell (U. of Edinburg) described how germ
line mutations induced by ethyl nitrosourea can be used to study functions encoded 
by the X chromosome. Nine mutants affecting normal mosaicism were detected and 
three examined in some detail. One behaves like a cell autonomous lethal while 
the others are transmissable with selective expression in different cell lineages. 
One of the latter mutants clearly affects T cell differentiation and may affect 
other lineages as well. 
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Infectious and Neoplastic Diseases 

Inbred strains of mice often respond differently to infectious agents indicating 
that underlying genetic differences determine susceptibility(S) or resistance 
(R). The response of mice to agents that are ingested by macrophages (Leishmania 
donovani, Salmonella typhimurium, and Mycobacterium ~ (strain BCG» provides 
a model system that has been studied for over ten years. A gene that determines 
the early responses of infected mice influences the ultimate fate of the infection. 
This gene, located on chromosome I, has been called Lsh, ~, and ~ depending 
upon the organism studied. The exact location of the gene(s) is still being 
determined. New closely linked markers Fn (fibronectin), glutaminase and bcl-2, 
have been found by Schurr (McGill Univ.,:Montreal) and Mock (NIH), but eve-n---
closer markers are needed. The function of Lsh is still unresolved but studies 
by Skamene (MGH, Montreal) and Blackwell (LSTMH, London) suggest that differences 
exist between Rand S macrophages with respect to their priming for activation 
and that the Lsh-~-~ gene may possibly code for some type of macrophage 
receptor. The association of fibronectin and complement receptor genes close to 
Lsh may be of special importance. Lsh congenic mice are particularly helpful in 
supplying Sand R macrophages for analysis and for searching for relevant pheno
types (as discussed by Blackwell, Skamene and Zwilling (Ohio State». A dif
ference in expression of class II (Ia) molecules on macrophage cell surfaces of R 
and S mice has been found by Zwilling and Skamene. Interestingly, the Pchr 
resistance gene determining the outcome of infection with Plasmodium chabaUdi may 
also be linked to this region on chromosome 1. Stevenson's (MGH, Montreal) 
studies on the genetic control of P. chabaudi in the AXB/BXA recombinant inbred 
strains have suggested that the Pchr gene may either be linked to Pep-3 (chr I), 
~ (chr 2) or Gi (chr 9). 

Resistance and susceptibility to leukemia and lymphoma development presents com
plex problems. Meruelo (NYU) has identified a locus, Ril, linked to Ly-6 on chr 
15 that determines susceptibility to fractionated x-irradiation induced leukemia. 
Using the congenic pair, C57BL/6 and B6.C-H-30c , relevant phenotypic differences 
are being sought that will help in identifying Ril-l. Kozak's (NIAID, NIH) 
studies on the Gv-l locus (which suppresses transcription of Moloney ecotropic 
murine leukemia viruses) indicate that Mus spretus mice exhibit a reduced 
number of germline retroviral genes compared to most inbred strains. Therefore, 
these mice may provide better models for the study of viral leukemogenesis. 
Ishizaka and Lilly (Albert Einstein College of Med.) have found a gene that 
determines susceptibility to methyl cholanthrene induced leukemogenesis that is 
independent of the Ah locus. The gene is not mapped nor is the phe~otype it 
governs established~however, the gene appears to be expressed in bone marrow 
cells. Susceptibility and resistance patterns in BALB/c and C.D2 congenic strains 
to pristane induced plasma cell tumor formation indicate at least 3 genes linked 
to the Fv-l (chr 4), ~ (chr 17) and Ly-6 (chr 15) markers determine partial 
resistance to this form of tumor development. One of these genes appears to be 
linked with a deficiency to repair x-ray induced double stranded breaks incurred 
during the G2 phase of the cell cycle. In addition, the BALB/cJ subline is re
sistant to plasma cell tumor induction and thus genetic differences that distin
guish BALB/cAn(S) and BALB/cJ (R) potentially provide clues for identifying R 
genes. Blankenhorn has mapped the Afr-l gene that regulates serum alphafetopro
tein levels to chr 15 near the Ly-6 locus. This is one of the striking genetic 
differences between these two strains. 
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