
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Mouse models for the human hereditary cancer syndromes retinoblastoma and
neurofibromatosis type 2

Robanus Maandag, E.C.

Publication date
1999

Link to publication

Citation for published version (APA):
Robanus Maandag, E. C. (1999). Mouse models for the human hereditary cancer syndromes
retinoblastoma and neurofibromatosis type 2. [Thesis, externally prepared, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/mouse-models-for-the-human-hereditary-cancer-syndromes-retinoblastoma-and-neurofibromatosis-type-2(25f62846-3ec4-4f20-a3f9-b1eb3234bd05).html


Murine requirement for a functional Rb gene 

Chapter 2 

Requirement for a functional Rb-1 gene in murine development. 

A. Clarke, E. Robanus Maandag, M. van Roon, N. van der Lugt, M. van der Valk, 
M. Hooper, A. Berns, and H. te Riele. 

Nature (1992) 359:328-330. 

45 





Murine requirement for afunctional Rb gene 

Requirement for a functional 
Rb-1 gene in murine 
development 
Alan R. Clarke*, Els Robanus Maandagf, 
Marian van Roont, Nathalie M. T. van der Lugtf, 
Martin van der Valkt, Martin L. Hooper***;, 
Anton Bernst & Hein te Rielet 

* Cancer Research Campaign Laboratories, Department of Pathology, 
and t AFRC Centre for Genome Research, University of Edinburgh 
Edinburgh, UK 
t Division of Molecular Genetics, The Netherlands Cancer Institute and 
Department of Biochemistry, University of Amsterdam, Plesmanlaan 121 
1066 CX Amsterdam, The Netherlands 
§ To whom correspondence should be addressed 

H U M A N retinoblastomas can occur both as hereditary and as 
sporadic cases. Knudson's proposal1 that they result from two 
mutational events, of which one is present in the germ line in 
hereditary cases, has been confirmed by more recent molecular 
analysis, which has shown both events to involve loss or mutational 
inactivation of the same gene, RB-1 (ref. 2). RB-1 heterozygosity 
also predisposes to osteosarcoma, and RB-1 allele losses are seen 
in sporadic lung, breast, prostate and bladder carcinomas3"7. RB-1 
is expressed in most, if not all, tissues and codes for a nuclear 
phosphoprotein which becomes hypophosphorylated in the GO 
growth arrest state and in the Gl phase of the cell cycle2. To gain 
a further insight ino the role of RB-1 we and other groups8'9 have 
generated mice carrying an inactivated allele of the homologous 
gene, Rb-1 (ref. 10), by gene targeting". We report here that 
young heterozygous mice do not appear abnormal and do not 
develop retinoblastoma at a detectable frequency. However, 
homozygous mutant embryos fail to reach term and show a number 
of abnormalities in neural and haematopoietic development. 
Broadly similar results are reported by the other groups8,9. 

E14 Embryonic Stem (ES) cells, derived from strain 129/Ola 
(ref. 12) and cultured in BRL medium13 or LIF-suppIemented 

medium _1 were used to generate mutated clones carrying an 
insertion into exon 19. Two targeting vectors were used to 
generate mutant clones. The isogenic targeting vector 129Rb-hyg 
was used to generate clones sRb66 and sRb96. As previously 
observed with this vector17 a high proportion of hygromycin-
resistant clones (27 out of 36 tested) resulted from the correct 
integration of hyg into the 19th exon of Rb-1 without the need 
for a further step to enrich for homologous recombination. Clone 
sRbl23 was generated using a closely related nonisogenic vector 
containing 18 kilobases (kb) of homology with a neo cassette 
inserted into exon 19 and a herpes simplex virus thymidine 
kinase (tk) cassette added to the 3' end of the genomic sequence 
(Fig. 1). From 3,600 colonies reistant to G418 (determined by 
control plates), 240 were doubly resistant to G418 and ganci
clovir, of which 227 were screened by Southern blotting analysis. 
In three of these clones, one copy of the Rb gene was found to 
carry the predicted modification. Because the insertions carry 
translation termination codons in all three reading frames and 
polyadenylation signals18"20, the Rb-1 reading frame is truncated 
upstream of the coding sequences for T antigen-binding domain 
number 2, which is essential for the function of the gene prod
uct21. Even in the event of deletion of exon 19 by aberrant 
splicing, a frameshift would be generated. We will therefore 
consider the targeted alleles, which we designate Rb-l"91'™ and 
Rb-1"9"'", as null alleles throughout the text, although residual 
activity of the truncated gene cannot be formally excluded. 

Germ line chimaeras were obtained from clones sRb66, sRb96 
and sRbl23 after injection into F2(C57BL/6xCBA) or 
C57BL/6 blastocysts. Offspring were analysed by Southern blot
ting to confirm presence of the mutated allele, and mice heterozy
gous ( + / - ) for the mutation were mated to generate animals 
homozygous ( - / - ) at the mutant locus (Fig. lb). Some of these 
animals were descended from matings of chimaeras to strain 
129/Ola females, and were thus coisogenic with strain 129/Ola; 
others were generated from matings to BALB/c or FVB females, 
resulting in a variable, crossbred genetic background. 

The effects of Rb-1 genotype were similar in mice derived 
from all three targeted clones. In contrast to the situation in 
humans , none of 82 + / - mice ranging in age up to 7 months 
displayed any sign of retinoblastoma or, indeed, any other 
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FIG. 1 A strategy for the disruption of the 
retinoblastoma gene, a, Rb-1 locus around 
exons 19 and 20 (black boxes, numbered 
according to the human RB-1 gene organiz
ation; presence of additional exons within 
the depicted region is not excluded). The PNS 

(ref. 26) targeting vector used to generate clone sRbl23 was created by 
inserting a pgk-neo cassette27 into the Bglli site of exon 19 and adding a 
pgk-tk cassette to the 3' end of the Rb-1 homology (1.8 kb BglW-EcoK 
HSVft fragment28 in the Smal site of a pgk expression vector29). The 
external 5' probe (a 0.45 kb fragment from a Pstt/PvuH double digest) used 
for Southern analysis is indicated. Thick lines, genomic DNA. Thin lines 
Plasmid DNA. B, ßg/ll; E, EcoRI; P, Pstl. ö, Typical Southern analysis of progeny 
after restriction with Psrl, and probing with the external probe. The positions 
of bands corresponding to the wild-type Rb-1 allele (4.9 kb) and the neo-
containing allele (3.7 kb) are indicated. 

METHODS. Electroporation was done as previously described19. Targeted 
cells were selected after 1 day in 200 p-g ml" 1 G418 and after 4 days 
counterselected in 2 p.M ganciclovir. Genomic DNA was prepared from ES 
cells, tail biopsy material or. as is the case in b, from yolk sac of the 
midgestation conceptus. It was then digested, separated in a 0.8% agarose 
gel by electrophoresis, transferred to a Hybond-N+ filter (Amersham) and 
hybridized according to manufacturers' conditions. 
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abnormality; nor were retinoblastomas macroscopically detec
ted in 38 chimaeras ranging in age up to 11 months. However, 
there were no - / - animals among 30 liveborn offspring of 
+ / - X + / - matings, a statistically significant deficiency com
pared to the expected mendelian proportion (P = (0.75)30 = 
0.0002). We conclude that - / - mice die in utero. 

To investigate the nature of this embryonic lethality, embryos 
ranging from day 10.5 to day 12.5 postcoitum (p.c.) were collec
ted. A total of 11 litters was analysed. These contained 83 pups 
of which 41 were + / - , 1 7 - / - and 25 + / + . There was no 
statistically significant deficiency of - / - embryos compared 
with the expected mendelian proportion (x2 = 0.90, P>0.05) . 
However, 12 resorptions were seen, of which four could be 
genotyped, two being - / - and two + / - . We therefore cannot 
exclude the possibility that some - / - embryos die before the 
stages analysed. 

Several abnormalities were seen to various degrees in these 
homozygous embryos, but none was universally present. These 
included a light appearance to the conceptus in its intact yolk 
sac (in contrast to the heterozygote, where yolk sac blood vessels 
were clearly visible) and an altered morphology of the head. 
Features of this altered morphology included a more prominent 
fourth ventricle, compression of the forehead and a distinctly 
smaller frontal lobe (Fig. 2). These features may be due to 
altered local growth, developmental retardation or both, as the 
mutant embryos bear a resemblance to wild-type embryos 
slightly earlier in development. Of the 17 - / - embryos, 11 
appeared pale or retarded, two appeared externally normal, but 
sectioning revealed abnormalities, three appeared normal but 
were not sectioned and one appeared normal both visually and 
histologically. An increased rate of cell death by apoptosis22 

was evident in the spinal cord, myelencephalon, pontine flexure, 
and particularly in the spinal ganglia of - / - embryos (Fig. 3). 
In one animal degeneration extended into the prosencephalon. 
Following submission of our manuscript, our attention was 
drawn to the observations of Lee et al.s that the increased cell 
death is predominantly in the intermediate zone and not in the 
ventricular zone, and that ectopic mitosis also occurs in this 

FIG. 2 External morphology of day 12.5 embryos, a, Left to right + / - , + / -
and - / - litter mates before dissection from yolk sac. o, - / - (left) and 
+ / - (right) litter mates after dissection from yolk sac. The - / - embryo 
carries a more prominent fourth ventricle, compressed forehead and smaller 
frontal lobe. Scale bars, 0.5 cm. 

region in the homozygote. On re-examination of our prepaf-
ations we confirm these findings. The light appearance of the 
- / - embryos suggested a disruption of normal haematopoiesis; 
we therefore investigated several aspects of this process (Fig. 
4). Aberrant erythropoiesis in - / - embryos was confirmed by 
the presence of abnormal erythrocytes in fetal blood (Fig. 4b), 
a deficiency in mature nucleated red cells in the yolk sac vessels 
(Fig. 4d) and abnormal proliferation of immature erythrocytes 
in the liver (Fig. 4 / ) . This was accompanied by a failure of 
haematopoiesis in liver cultures (Fig. 4h) and, in some cases, 
an increase in liver megakaryocyte levels (Fig. 4 / ) or in myeloid 
cell numbers (not shown). No abnormalities were detected in 
the eyes of - / - embryos. Effects of both differences in time of 
fertilization and variation in genetic background on the time of 
onset of abnormalities may contribute to the variable phenotype 
seen at these embryonic stages, and may explain small differen
ces between the phenotype reported here and by the other two 
groups8,9, such as the fact that Jacks et al saw no abnormalities 
until 13.5 days9, and our detection of a deficiency in the earlier, 
yolk sac lineage. The only inbred —/— embryo we have so far 
studied was highly abnormal and undergoing resorption at 10.5 
days. Further work will clarify whether the time of onset of 
abnormality is less variable in inbred —/— embryos. 

The present work demonstrates that inactivation of one copy 
of Rb-1 has little or no effect in the young mouse and in 
particular does not lead to the development of retinoblastoma 
at detectable frequency. Similar results are reported by the other 
groups8'9, although brain tumours8 and, specifically, pituitary 
tumours have been found in animals older than our heterozy
gotes. Rather than reflecting a basic biological difference 
between murine Rb-1 and human RB-1, this may be a con
sequence of differences between mouse and human such as a 
reduced number of target cells or faster developmental rate in 
the mouse. The failure of homozygous mice to develop to term 
indicates a role for Rb-1 in normal development. Expression of 
Rb-1 messenger RNA is widespread in the mouse embryo. 
Maximal expression occurs at 12.5-14.5 days' gestation, with 
the highest levels in liver, brain and spinal column10, and in the 
liver high levels of Rb-1 protein are present in megakaryocytes 
and blood-forming islands23. This correlates well with the tissue-
specificity and time of onset of the abnormalities reported here. 
Rb-1 -expressing cells have in common that they are in the course 
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FIG. 3 Histology of spinal ganglia in 11.5-day p.c. + / - and - / - litter mate 
embryos, a, + / - : only occasional apoptotic cells, identified by their pyknotic 
and fragmented nuclei and dense eosinophilic cytoplasm22, are present 
(some arrowed), b, - / - : widespread apoptosis is seen in confluent zones' 
(some arrowed). Haematoxylin and eosin stain. Scale bars, 50 ^m. 
METHODS. Conceptuses were dissected into embryo, yolk sac and placenta 
Embryos were fixed in buffered formalin, embedded and sectioned at 5 p,m 
Yolk sac was used to prepare DNA for genotyping as in Fig, 1. 
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of differentiation, suggesting a general role for Rb-1 in the 
maturation of precursor cells23. Furthermore, it has been 
hypothesized22 that one of the functions of Rb-1 is to maintain 
cells in a growth-arrest state, wherein they show a reduced 
susceptibility to apoptosis and that when a functional Rb-1 gene 
product is absent cells assume a state in which there is a high 
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turnover and an aberrant pattern of apoptosis is generated. 
These considerations may explain the expansion of inappropri
ate haematopoietic lineages and the increased levels of neural 
apoptosis and ectopic mitosis reported here and by the other 
groups8,9. These do not involve the eye, as does somatic homozy
gosity for a nonfunctional RB-1 allele in humans, but involve 
tissues in which abnormalities have not been reported in retino
blastoma patients. This may be a consequence of the difference 
between germline and somatic homozygosity. Homozygous mice 
may die before the retina reaches a susceptible stage. Rescue 

of homozygous or doubly targeted cells2; 1 by wild-type cells 
in chimaeras may allow study of the effect of homozygosity on 
later stages of retinal development. D 
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FIG. 4 Haematopoiesis in + / - and - / - litter mate embryos, a, b, Cytospin 
preparations of fetal blood at 12.5-days p.c. a, +/—: predominantly nucleated 
red cells with round nuclei at various stages of condensation with occasional 
immature white cell (arrow), b, -/—, lower ratio of red to white cells, the 
former having more densely stained cytoplasm of reduced volume and 
pyknotic nuclei that are in some cases irregular (arrows), c. d, Yolk sac 
histology at 12.5-days p.c. c, + / - : capillaries contain numerous nucleated 
red cells, d, -/-: the yolk sac membrane is thinner with empty capillaries 
(one arrowed) and few red cells, e, f, Liver histology at 11.5-days p.c. e, 
+ / - : regular trabecular structure with nucleated red cells in sinusoids, f, 
-/-: trabecular structure irregular with dilated sinusoids containing red 
cells, some of which are irregular (i) and some apoptotic (ap). Increased 
numbers of megakaryocytes (m) are present, g h, 12.5-days p.c. liver culture 
supernatants. -g, +/—. various white cell types are present including cells 
of the myeloid (My) and monocytoid (Mo) lineages, as well as occasional 
nucleated red cells (N) and debris (D). h, -/—. only debris present, a, b, g, 
h, Giemsa stain; d, e, f, g haematoxylin and eosin stain. Scale bars, 50 ^m. 
METHODS. Fetal blood obtained from the umbilical vessels was used for 
cytospin preparations. Histological preparations were made as described in 
Fig. 3; where yolk sac was used for histology the embryo was used for 
genotyping. Fetal liver cultures were established by passing the tissue 
through a 19G needle and plating in RPMI 1640 medium30 supplemented 
with 10% fetal calf serum and 30% (v/v) of the same medium conditioned 
by the spleen cell line S27.1 (A.R.C. et ai, manuscript in preparation). After 
4 riavs. cvtosDin DreDarations were made from culture supernatants. 
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