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Restriction fragment length variants have been ex- 
ploited to map genetically Rb-1, the murine homolog 
of the human retinohlastoma gene. Rb-2 localized to 
mouse chromosome 14 on the basis of results from 
analysis of somatic cell hybrids. In an interspecific 
backcross involving Mus spretus, Rb-1 and the murine 
homolog of the human esterase D gene @SD), which 
we refer to here as Esd, were inseparable. Further- 
more, the strain distribution patterns of Rb-1 and Es- 
10 are the same in 31 of 32 recombinant inbred 
strains. Close linkage of the chromosome 14 morpho- 
logical marker hairless (hr) to Rb-1 is also implied. 
These results localize Rb-1 on the mouse linkage map 
and provide close genetic markers to follow Rb-1 in 
somatic as well as in germline genetic experiments. 
Additionally, the results suggest that Es-10 is the mu- 
rine homolog of ESD and provide further evidence for 
linkage conservation during mammalian evolution. 
0 1SSB Academic Press, Inc. 

INTRODUCTION 

The human retinoblastoma gene is the prototypic 
recessive cancer gene; loss of RBl function contributes 
to neoplastic development. The existence of the gene 
was originally postulated to account for epidemiological 
data that suggested that rare sporadic retinoblastomas 
occur at a frequency indicative of two mutational 
events, while the disease arises with a high frequency 
in the familial form because affected individuals inherit 
only one functional copy of RBl (Knudson, 1971). 
Several recessive oncogenes, also referred to as anti- 
oncogenes and tumor suppressor genes, have now been 
postulated and it seems that understanding the normal 
function of this type of gene will prove to be funda- 
mental to understanding oncogenesis (Klein, 1987). 

Cytogenetic and molecular mapping methods dem- 
onstrated the existence of RBl on human chromosome 
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13 near esterase D (Sparkes et al., 1980,1983; Cavenee 
et al., 1983). RBl has been isolated as molecular clones 
in a number of laboratories and the veracity of these 
clones has been established by the demonstration that 
the corresponding genomic sequence is disrupted in a 
large number of retinoblastomas as well as in some 
sarcomas (Friend et al., 1986, 1987; Lee et al., 1987a; 
Fung et al., 1987; Goddard et al., 1988; Dunn et al., 
1988). The isolation of molecular probes has addition- 
ally led to the identification of an RBl -encoded nuclear 
phosphoprotein that presumably performs the normal 
growth-regulating function of this gene (Lee et al., 
1987b; Friend et al., 1987). 

Recessive oncogenes do not lend themselves to the 
type of structure-function studies that have been so 
useful in dissecting the transforming proteins of dom- 
inant oncogenes. Rather, it may be more appropriate 
to use classical genetic methods that endeavor to study 
gene function using germline mutations. The ancestral 
retinoblastoma sequence cannot be traced to the lower 
eukaryotes that permit facile genetic analysis. On the 
basis of these considerations, we have undertaken the 
formal genetic analysis of the murine retinoblastoma 
gene, Rb-1. 

In this paper we present data that localize Rb-1 on 
the mouse linkage map with respect to well-character- 
ized markers. 

MATERIALS AND METHODS 

The plasmid pMRB102, containing a 4.5kb cDNA, 
was isolated from a library constructed from a BALB/ 
c pre-B-cell line using a fragment of the human RBl 
cDNA as a hybridization probe (Bernards et al., 1989). 
The pMRBlO2 insert contains nearly all the coding 
information of the murine retinoblastoma gene, as as- 
certained by comparing the structure of pMRB102 with 
that of subsequently isolated cDNA clones and taking 
into account the apparent molecular mass of the pro- 
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tein product of the mouse gene. The pMRB102 insert 
lacks about 30 codons at the extreme 5’ end and also 
lacks an extremely GC-rich 5’ noncoding region that 
may contribute to spurious hybridization signals. In 
the studies presented here, the EcoRI fragment con- 
taining the entire insert was purified before labeling 
by the random primer method (Feinberg and Vogel- 
stein, 1983). For typing the murine homolog of ESD, 
the insert of pESD14.1.1 (Squire et al., 1986) was used. 

The use of hamster-mouse somatic cell hybrids and 
DNA blot methods for chromosomal assignment of 
mouse sequences has been described previously (Hog- 
gan et al., 1988). Liver, brain, and spleen were used as 
a source of genomic DNAs in the backcross and recom- 
binant inbred strain mapping experiments. DNA was 
extracted from tail material in the experiments in- 
volving hairless animals. Restriction enzyme digestions 
were carried out overnight under conditions recom- 
mended by the suppliers. Blot transfer to nylon mem- 
branes (GeneScreen Plus, DuPont) and hybridization 
were performed as recommended by the suppliers. 

Typing of Np-1 and Es-10 was accomplished as de- 
scribed previously (Womack, 1977) using kidney ho- 
mogenates as a source of nucleoside phosphorylase 
and blood obtained by retro-orbital bleeding for ester- 
ase-10. 

RESULTS 

Localization of the Murine Retinoblastoma Gene 
Homolog to Mouse Chromosome 14 

To test the hypothesis that Rb-1 would be syntenic 
to Es-lo, the presumed homolog of ESD on mouse 

chromosome 14, we made use of a panel of well-char- 
acterized mouse-hamster somatic cell hybrids. DNA 
from these hybrids was cleaved with BamHI. After 
resolution on agarose gels and transfer to a hybridiza- 
tion filter, the DNA on the filter was probed with the 
pMRB102 probe. Mouse and Chinese hamster DNAs 
differ substantially with respect to their blot patterns, 
with at least two major mouse-specific bands migrating 
distinctly from hamster fragments (Fig. 1). The pres- 
ence in the hybrids of all the mouse-specific fragments, 
which we refer to here as Rb-1, correlates well with the 
presence of chromosome 14, but not with any other 
chromosome in the panel of 17 hybrids (Table 1). The 
one discordant cell hybrid, HM71, was classified as “low 
positive” for chromosome 14, with less than 15% of 
hybrid cells showing this mouse chromosome. Low lev- 
els of Es-10 expression can be detected in this hybrid, 
but the Rb-1 sequence was not detected in these studies. 
We conclude that Rb-1 is on chromosome 14. 

Linkage of Rb-1 and the Murine Homolog of ESD 

An interspecific cross was used to evaluate linkage 
of Rb-1 and the murine homolog of ESD, which we 
refer to here as Esd. To identify appropriate restriction 
fragment variants that could be used in linkage tests, 
C57BL/GJ-T#Re/++ and Mus spretus DNAs were di- 
gested separately with 11 different restriction enzymes 
and probed as described above with the pMRB102 in- 
sert. Similarly, these DNAs were digested separately 
with 10 different restriction enzymes followed by prob- 
ing with the insert from pESD14.1.1. Species-specific 
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FIG. 1. Restriction fragment patterns used to map Rb-1 and Esd. (A) DNAs from the recombinant inbred progenitor strains were digested 
with EcoRI and probed with pMRB102 insert. (B) M. spretus and C57BL/6J-Re 2% DNAs cut with BamHI and probed with ESD are compared. 
(C) DNAs from C57BL/6J-Re Tr and M. spretua digested with XbaI were probed with pMRB102 insert. (D) Representative somatic panel 
data. DNAs digested with BamHI were probed with pMRB102 insert. (a) Progenitor hamster DNA. (b) Progenitor mouse DNA. (c) Representative 
hybrid containing Rb-1. (d) Representative hybrid not containing Rb-1. 



72 STONE ET AL. 

TABLE 1 

Correlation between IS-1 and Mouse Chromosomes 
in Mouse-Hamster Hybrids 

Mouse 
chromosome 

No. hybrid clones (Rb-I)/ 
chromosome retention 

+/+ -/- +/- -/+ 
% 

Discordance 

1 1 4 2 8 66.7 
2 3 4 1 9 58.8 
3 2 5 0 8 53.3 
4 2 10 2 3 29.4 
5 0 9 3 3 40.0 
6 3 5 1 8 52.9 
7 4 5 0 8 47.1 
8 3 7 1 6 41.2 
9 3 8 1 4 31.2 

10 0 13 4 0 23.5 
11 0 12 4 0 25.0 
12 4 4 0 9 52.9 
13 3 5 0 5 38.5 
14 4 12 0 1 5.9 
15 3 1 0 11 73.3 
16 1 4 2 4 54.5 
17 4 4 0 9 52.9 
18 1 5 2 7 60.0 
19 2 7 2 6 47.1 
20 2 6 1 7 50.0 

restriction pattern differences were distinguishable for 
these two genes using virtually any restriction enzyme 
(Fig. 1). 

C57BL/GJ-T#Ee/++ females were crossed to M. 
spretw males, and Fi hybrid females were backcrossed 
to C57BL/6J males. Genomic DNAs were used for typ- 
ing Rb-1 and Esd. Rb-1 was typed using PuuII- and 
XbaI-digested DNAs in two separate experiments, with 
identical results. Esd was typed with BarnHI-digested 
DNAs. No recombinants between Rb-1 and Esd were 
found in the 87 backcross progeny. The upper 95% 
confidence limit on this recombination frequency is 
0.034. 

We were concerned that the apparent tight linkage 
between these two DNA markers in an interspecific 
cross might reflect a structural heterology in this region 
of chromosome 14 that suppressed recovery of recom- 
binants, rather than indicating a physical proximity of 
the two genes on the chromosome. Accordingly, 64 of 
the 87 backcross animals were also typed for the prox- 
imal chromosome 14 marker Np-1, using isozyme 
analysis of kidney samples. The recombination fre- 
quency between Np-1 and Rb-1 (or Esd) was 0.203 
f 0.051 (Table 2). The published recombination fre- 
quency for the interval between Np-1 and Es-10 is 0.097 
+ 0.091 using conventional mouse strains (Womack et 
aZ., 1977). Thus, the interspecific cross used here ex- 
hibited a relatively high recombination frequency in 

this region of chromosome 14, assuming Es-l 0 and Esd 
are the same. 

Linkage of Rb-1 to Es-10 

To localize Rb-1 more precisely on chromosome 14, 
to measure the recombination frequency between Rb- 
1 and Es-IO, and to evaluate the hypothesis that Es- 
10 and Esd are equivalent, we next used the recombi- 
nant inbred (RI) method of gene mapping. Inbred 
strain C57BL/6J is homozygous for the Es-lo” allele, 
while DBA/2J and C3H/HeJ bear the Es-l@ allele. 
Thus, the BXD and BXH series of RI lines (derived 
from intercrossing C57BL/6J with either DBAB/J or 
C3H/HeJ, respectively, followed by extensive inbreed- 
ing) are informative for this locus. 

We subjected DNAs from these strains separately 
to digestion with 10 different restrictions enzymes. The 
restriction patterns obtained with the enzymes EcoRI, 
BgZII, and TuqI were different when patterns from 
C57BL/6J animals were compared with patterns from 
either DBA/BJ or C3H/HeJ; the latter two strains are 
identical by restriction analysis. The restriction pattern 
found in C57BL/6J is referred to as the Rb-lb allele 
while Rb-ld refers to the pattern found in DBA/BJ and 
C3H/HeJ. 

Using the Rb-1 types defined by EcoRI digestion (Fig. 
l), we classified DNAs from 22 BXD RI and 12 BXH 
RI strains using the pMRB102 probe. The strain dis- 
tribution patterns for Rb-1 were compared to the pat- 
terns of previously mapped chromosome 14 genes, in- 
cluding Es-l 0 (Table 3). One recombinant between Rb- 
1 and Es-10 was detected in the BXH strains and none 
in the BXD strains, indicating very close linkage for 
these two genes. Furthermore, the results indicate that 
Es-l 0 and Esd must be very closely linked and may be 
identical. To guard against possible misclassifications, 
DNAs from two different animals from the exceptional 
strain, BXHB, were analyzed and the Es-10 genotype 

TABLE 2 

Recombination between Np-1, Rb-1, and Esd in the 
Backcross (C57BL/6J X 1M. spretus) F1 Female 
X (C57BL/6J) Male 

Allelic combination 
Number 

Np-1 Rb-1 Esd observed 

ab BS BS 21 
B 

: x B 
B 30 
B 9 

a n BS BS 4 

Total 64 

Note. An x indicates the location of a crossover. S and B are used 
as generic symbols for alleles of Rb-1 and Esd in M. spretua and 
C57BL/6J, respectively. 
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TABLE 3 

Inheritance of Rb-1 and Other Chromosome 14 Genes in BXD and BXH Recombinant Inbred Strains of Mice 

BXD strain 

Gene 1 2 5 6 8 9 11 12 13 14 15 16 18 19 20 22 23 24 25 27 28 29 

Np-2 B D B D D D D D B D D D D D B B B B B B B D 
Tcra B D B D D D D D B D D D D D B B B B B B B D 
Rib-l B D B D D D D D B D D D D D B B B B B B B D 

x x x x 
Rb-1 B D B D D D D B B D D B B D B B B B D B B D 
Es-10 B D B D D D D B B D D B B D B B B B D B B D 

BXH strain 

Gene 2 3 4 6 7 8 9 10 11 12 14 19 

Rib-l H B H B B H B B B B H H 

Rb-1 H B H B B H B B G B H H 

Es-10 E B H B B H B B H B H H 

Note. Progenitors of the BXD and BXH recombinant inbred strains are C57BL/6J and DBA/SJ and C57BL/6J and C3H/HeJ, respectively. 
B, D, and H are used as generic terms for alleles inherited from C57BL/6J, DBA/OJ, and C3H/HeJ, respectively. An x denotes intervals where 
crossingover resulted in recombination. Sources for data are the following: Es-10 (esterase-10 (3)), Np-2 (nucleoside phosphorylase-2 (5)), Rib- 
1 (pancreatic ribonuclease-1 (7)), and Tcra (T-cell receptor, alpha-chain (5)). Np-2 controls the electrophoretic mobility of an erythrocyte- 
specific form of nucleoside phosphorylase. This gene is very close to Np-1, which controls the mobility of a more widely expressed form of this 
enzyme. 

in this strain was confirmed using isozyme analysis. 
Using the formulas of Taylor (1981), the recombinant 
inbred strain mapping results give the following order 
and distances (in centihlorgans): Rib-l-(4.72 _+ 2.50)- 
Rb-l-(0.77 + 0.79)-Es-IO. The 95% confidence limits 
(Silver, 1985; Silver and Buckler, 1986) for these re- 
combination distances are Rib-1-(1.34-14.54)-Rb-l- 
(0.02-4.98)-Es-IO. Note that the exceptional strain has 
previously been classified as being recombinant be- 
tween Es-10 and the next most proximal marker, Rib- 
1. The most likely gene order, Centromere-Rib-l-Rb- 
l-Es-10 is greater than 8.5 times more likely than the 
next most likely gene order, centromere-Rib-l-Es-IO- 
Rb-1, as evaluated by lod score analysis (not shown). 

Linkage of Rb-1 to hr 

The relationship between Rb-1 and the hairless mu- 
tation, hr, was investigated because this mutation 
might serve as a useful visible marker in further studies 
of Rb-1 and because the HRS/J strain is characterized 
by a relatively high incidence of lymphomas and pap- 
illomas. The hairless mutation has been localized to 
the vicinity of Es-lo, based on the following observa- 
tion. The HRS/J inbred strain of mice is maintained 
by mating +/hr females to hr/hr sibling males. At the 
60th generation of inbreeding it was observed that +/ 
hr females were of genotype Es-lP/Es-lob while ho- 
mozygous hr/hr males were homozygous for Es-lob/ 
Es-l@, although no selection for Es-10 type had been 

exercised (Cummings et al., 1979). Since the mean 
length of the heterozygous segment in such a strain is 
expected to be about 1.25 CM at the 60th generation, 
it was concluded that the two genes are very close. 

We typed HRS/J animals that were at the 81st gen- 
eration of inbreeding for Es-10 and for Rb-1. Hetero- 
zygous +/hr females were found to be heterozygous 
Rb-lb/Rb-ld as well as heterozygous for Es-lo” and Es- 
lob. Males homozygous for hr were shown to be ho- 
mozygous for Es-lob and Rb-ld (Table 4). 

A variant strain HRS/J, referred to here as HRS/ 
J*, was discovered at The Jackson Laboratory during 
routine quality control isozyme typing, at the 70th 
generation of inbreeding. This strain is homozygous 

TABLE 4 

Distribution of Rb-I Alleles in hr Strains 

Genotype 

Strain Sex No. hr” Rb-1 Es-10 

HRS/J F 2 hr/+ d/b a/b 
M 2 hr/hr d/d % 

HRS/J’ F 1 hr/+ d/b b/b 
M 1 hr/hr d/d b/b 

WLHR F 1 hr/+ b/b C/C 
M 1 hr/+ % c/c 

Note. Genotype symbols are described in the text. 
’ Heterozygosity at hr was confirmed by progeny testing. 
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for Es-lob, even in +/hr animals. We found that the 
+/hr animals, however, are heterozygous for Rb-lb/Rb- 
Id. Thus, a crossover event between hr and Es-10 oc- 
curred but this event was not in the hr-Rb-1 interval. 

Another strain carrying the hr mutation also proved 
informative. The WLHR strain is a “balanced lethal” 
stock that is maintained by mating +wl/hr+ siblings; 
the virtually lethal wl (wabbler-lethal) mutation is 
maintained by mating heterozygotes, with the closely 
linked hr serving as a visible marker that facilitates 
the identification of suitable breeding pairs. The 
WLHR strain is homozygous for the rare Es-l@ allele 
(Poland et aZ., 1984). Two animals from the WLHR 
strain were typed and found to be homozygous for Rb- 
lb (Table 4). Although the origin of this stock is some- 
what obscure, it seems likely that a crossover event 
has placed an Es-lo” allele as well as the Rb-lb allele 
in cis with hr. 

DISCUSSION 

We predicted close linkage of Rb-1 to Es-10 on mouse 
chromosome 14 based on the likelihood that the latter 
is the murine homolog of ESD and on the substantial 
documentation that linkage relationships have been 
widely conserved in mammalian evolution (Nadeau and 
Reiner, 1989). The products of Es-10 and ESD are cy- 
tosolic, dimeric enzymes that utilize 4-methylumbel- 
liferal acetate but not naphthyl esters as substrates. 
Both the human and the mouse genes are expressed 
ubiquitously. In humans, ESD and RBl are closely 
linked; they are co-deleted in some cases of familial 
retinoblastoma (Sparkes et al., 1980). The data pre- 
sented here clearly demonstrate close linkage of Rb-1 
to Es-10 on mouse chromosome 14. Given the obser- 
vation that the murine homolog of ESD also is tightly 
linked to Rb-1, the data support the hypothesis that 
Esd and Es-10 are the same. It should be noted, how- 
ever, that the data do not rule out the possibility of 
more than one esterase-encoding gene in this region. 
This possibility is highlighted by the fact that at least 
seven loci controlling esterase isozyme patterns have 
been mapped to the median segment of chromo- 
some 8. 

Close linkage of Rb-1 and hr is also implied by the 
maintenance of heterozygosity of both in the HRS/J 
strain for over 60 generations of inbreeding, as well as 
by the well-documented tight linkage of Es-l 0 and hr. 
When all of the linkage data are taken into account, 
it seems likely that hr, Rb-1, and Es-10 (Esd) are within 
a centiMorgan or so, corresponding to a physical seg- 
ment of about 2000 kbp. Three recombination events 
in this small interval have been documented here. If it 
is assumed that each recombinant chromosome rep- 
resents a single crossover event, then the gene order 
must be centromere-hr-Rb-l-Es-lo. Furthermore, in 
the two cases involving hr, where all three genes can 

be typed, one involved a crossover distal and one oc- 
curred proximal to Rb-1. Thus, hr would appear to be 
as close genetically to Rb-1 as Es-lo, given this very 
limited number of observations. These mapping results 
are depicted in Fig. 2. Using radiation-induced chro- 
mosome breakage techniques in somatic cells, Es-10 
has been assigned to chromosome 14 bands D2-E2 
(Samuelson and Farber, 1985). The localization of Rb- 
1 to this region may help in the interpretation of pos- 
sible karyotypic anomalies in murine neoplasia. 

The role of Rb-1 in murine tumors is unknown. 
Proteins closely related to the human and murine ret- 
inoblastoma products co-precipitate with ElA antigen 
and large T antigen from adenovirus-transformed and 
SV40-transformed mammalian cells, respectively, 
suggesting that this cellular gene may play a central 
role in the control of cell proliferation in mammals 
(Whyte et al., 1988; Decaprio et al., 1988). Consistent 
with this notion, Rb-1 is expressed in a wide variety of 
mouse tissues and the gene is conserved in vertebrate 
evolution (Bernards et al., 1989). The dichotomy be- 
tween the wide distribution of normal tissue expression 
and the narrow spectrum of human cancer types as- 
sociated with Rb-1 alterations, however, raises an in- 
teresting enigma concerning the normal function of 
the retinoblastoma gene versus the pathophysiologic 
consequences of its loss. Perhaps loss of function of 
the retinoblastoma gene is lethal in most cell types 
while it leads to tumors in exceptional settings. Alter- 
natively, perhaps most cells express other genes that 
perform the same function, making the tumor-sup- 
pressing function of RBl redundant in all but retino- 
blasts and certain connective tissues. It is also not clear 
to what extent the function of the retinoblastoma gene 
is conserved between species. Retinoblastoma has not 
been reported in species other than humans. Certainly 
an experimental animal system for the analysis of the 
gene would be invaluable. 

Taking advantage of the discovery that the hr mu- 
tation is associated with an endogenous polytrophic 
virus insertion, DNA probes from the hr locus have 
recently been isolated (Stoye et al., 1988). Es-10 and 
hr variants, therefore, may serve as useful genetic tools 
for monitoring Rb-1 in somatic and germline genetic 
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FIG. 2. Summary of mapping results. 
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experiments. It may even be possible to exploit these 
markers to recover germline deletions of Rb-1. 
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