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Reversion of the Mouse pink-eyed unstable 
Mutation Induced by Low Doses of X-rays 

Robert H. Schiestl,* Fathia Khogali, Nicholas Carls 

Deletions and other genome rearrangements can be caused by radiation and are asso- 
ciated with carcinogenesis and inheritable diseases. The pink-eyed unstable (pun) mu- 
tation in the mouse is caused by a gene duplication and reverts to wild type by deletion 
of one copy. Reversion events in the mouse embryo were detected as black spots on the 
fur of the animals or microscopically as partially black hair in a background of colorless 
hair. The frequency of partially black hair was increased by x-rays at very low doses. A 
linear dose-response relation was found between 1 and 100 centigray. 

Sources of low-level radiation are almost 
ubiquitous in our environment and in- 
clude nuclear explosions, radiation acci- 
dents, and medical diagnostic, therapeu- 
tic, and occupational exposure. Conse- 
quently, there is much interest in the oc- 
currence of carcinogenesis and the genetic 
effects associated with exposure to low- 
dose radiation. The  Oxford childhood sur- 
vey that was started in the 1950s and 
other studies have shown about a twofold 

increase in the occurrence of cancer after 
diagnostic intrauterine x-ray exposure at 
doses of approximately 2 cGy (1). In most 
cases no  increased risk has been detected 
after exposure to doses below 10 cGy 
among atomic bomb survivors and indi- 
viduals exposed to therapeutic irradiation 
(1) .  This finding may indicate a higher 
susceptibility of fetal tissue to radiation. 
Currently, no  genetic end points or bio- 
logical markers in animals or humans are 
available to detect irradiation doses close 

Department of Molecular and Cellular Toxicology, Har- Or cGy' Only One study suggests 
vard School of Public Health, 665 Huntington Avenue, that doses below 10 cGy may be mutagen- 
Boston, MA 021 15, USA. ic in human lymphoblasts (2) .  However, 
-To whom correspondence should be addressed. this result was obtained by applying 30 

daily doses of 1 to 10 cGy, and no  effect 
was found with an  acute x-ray exposure of 
5 cGy. 

Ionizing radiation is mutagenic and 
carcinogenic and preferentially induces 
deletions rather than point mutations (3). 
Genome rearrangements such as deletions 
are frequently associated with tumor cells 
(4) .  Because of this association, a system 
selecting for deletions by intrachromo- 
soma1 recombination has been constructed 
in the yeast Saccharomyces cerevisiae (5) 
and has been termed deletion (DEL) assay. 
DEL recombination can be induced with a 
wide variety of carcinogens, including x- 
rays and carcinogens that have no  effect in 
most other short-term tests (6) .  In addi- 
tion, deletion of one copy of a duplication 
of part of the hprt gene in C H O  cells can 
be induced by x-rays and by several muta- 
genic carcinogens (7). 

To  determine the effect of x-ray expo- 
sure on the frequency of deletion events 
between two alleles of a gene duplication in 
mammals in vivo, we used the pink-eyed 
unstable (bun) mutation in the mouse. The 

~L , 

pun mutation causes a reduction in the pig- 
ment in coat color and eye color. The  pun 
mutation is caused by a disruption of the 
pink-eyed dilute locus, which results in a 
DNA sequence duplication of about 70 kb 
in a head to tail conformation (8). Sponta- 
neous reversion of pun is caused by a dele- 
tion of one of the two copies of the dupli- 
cated sequence, which results in production 
of wild-type melanin in melanocytes. Re- 
version events are measured as black spots 
on the gray coat. The reversion frequency of 
pun is at least three to five orders of magni- 
tude greater than that of other recessive 
mutations at other coat color loci (9). Ap- 
proximately 1.8% (8) to 3.8% (10) (5.6% 
in our study) of the offspring of homozygous 
C57BL/6J pun/pun mice have patches of 
wild-type color in their coats and are thus 
mosaic revertants. 

Homozygous mice (C57BL/6J pun/pun) 
(1 I )  were used in these experiments. A n  
increase in reversion events would give rise 
to an increase in the number of animals 
that show dark patches. The protocol used 
for this test was similar to the "mouse spot 
test" (12). Matings were set up between 
mice homozygous for pun and pregnancy was 
timed. Female mice were irradiated with 
100 cGy of x-rays at 8.5, 9.5, and 10.5 days 
after conception. Dark patches on the coats 
of the offspring were counted, and their size 
and distribution were recorded. Irradiation 
at 8.5 days after conception caused neonatal 
deaths in about 40% of the offspring (Table 
1). With irradiation at later stages, the vi- 
ability of offspring improved, and only 
about 1% of neonatal deaths occurred when 
irradiation was done 10.5 days after concep- 
tion. Less than 20% of the offspring irra- 
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diated at 10.5 days after conception 
showed gross morphological abnormali- 
ties, whereas irradiated offspring at the 
earlier stages showed fewer abnormalities, 
similar to previous findings (1 3). Of 498 
control animals, 5.6% spontaneously de- 
veloped spots (Table 1). Irradiation of the 
female mice at 8.5 days, 9.5 days, and 10.5 
days after conception increased the rate of 
spot development to approximately four 
times that in control animals (P << 1 x 

chi-square distribution values). 
Hair follicles contain melanocytes that 

secrete melanin into melanosomes, which 
move from the hair bulb upward into the 
growing hair shaft. O n  the 13th and 14th 
day after conception, the melanocyte pre- 
cursor cells finish migration from the neu- 
ral crest into the epidermis (14). The pre- 
melanocytes are first identified at day 14 
and increase in number up to day 17 after 
conception (15). One hair follicle con- 
tains on the average about 13.6 melano- 
cytes (1 6). Thus, irradiation after the 17th 
day after conception causing pun reversion 
should result in parts of hairs showing 
black color. The entire dorsal skin of 6- to 
7-day-old offspring (the age was chosen to 
reflect equal hair length) was divided into 
12 equal sections, which were examined 
microscopically. Wild-type hair follicles 
(Fig. 1A) and hair shafts (Fig. ID) were 
completely black. In comparison, follicles 
(Fig. 1B) and hair shafts (Fig. 1E) from pun 
mice were almost transparent. The per- 
centage of follicles showing black melanin 
were counted from six offspring (two per 
litter) from three litters, and the frequency 
of hair shafts showing black melanosomes 
were counted from 15 offspring (one or 
two per litter) from eight litters. All 
counted hair follicles and hair shafts from 
control animals showed a spontaneous fre- 
quency of black melanin streaks of about 
1% (Table 2). No significant differences 
were seen between individual mice or be- 
tween different regions of the same mouse, 
or between follicles and hair shafts. Six 
mice were irradiated with 100 cGy at day 
17.5 after conception, and the offspring 
were killed 6 days after birth. Irradiation 
caused an 11- to 12-fold increase in the 
frequency of black melanin streaks in the 
follicles (Fig. 1C and Table 2) and hair 
shafts (Fig. 1F and Table 2) compared to 
control animals. 

To  determine whether pun reversion 
could be induced at very low doses of x-rays, 
we irradiated female mice with 75, 50, 35, 
9, 6, and 1 cGy. A threefold increase in the 
frequency of black melanosome streaks was 
seen at a dose of 1 cGy, and there was a 
linear dose-response relation between the 
effect of 1 cGy and 100 cGy (Table 2 and 
Fig. 2). 

The frequency of double-strand breaks 

(DSBs) induced by 1 cGy of x-rays does 
not account for the threefold increase in 
the frequency of black melanosome streaks 
that we observed. Using a modified neu- 
tral velocity sedimentation procedure, 
about 70 DSBs per genome per 100 cGy of 
x-irradiation were reported (17). Thus, 1 
cGy may result in about 0.7 DSBs per 

genome, taking into account a linear dose 
response for the biological activity of x- 
rays (18). The mouse genome contains 
about 3 x lo9 base pairs, and the pun 
duplication region is about 150 kb long. 
There are about 13.6 melanocytes per fol- 
licle, and reversion in any one of these 
may give rise to a hair with black streaks of 

Table 1. Effect of x-rays on the frequency of black spots on the fur of pun mice. The frequency of spots 
on the coats of C57BU6J pun/pun mice was determined in response to x-ray exposure (25). Female mice 
were irradiated with 100 cGy of x-rays at 8.5, 9.5, and 10.5 days after conception. Dark patches in the 
offspring were counted, and the size and distribution of patches recorded. Offspring were examined for 
spots at 12 to 14 days of age, when spots are most easily visible. Two subsequent examinations were 
done, the last one at 4 to 5 weeks. Animal care and experimental procedures were in accordance with 
institutional guidelines. 

Dose 
(GY) 

No. of Frequency No. of No. of No. of live spotted of spotting 
Day mice offspring offspring offspring (%I 

0 498 28 5.6 
1 8.5 23 61 36 9 25 
1 9.5 24 62 56 12 19 
1 10.5 64 1 74 172 40 23 

Sum of irradiation 264 61 23 

Fig. 1. Microscopic appearances of hair follicles and shafts in wild-type and pun mice (27). Data are 
summarized in Table 2. (A) C57BU6J wild-type follicles. Magnification, x335. (6) C57BU6J pun/pun 
follicles. (C) C57BU6J pUn/pUn follicles from mice irradiated with 100 cGy of x-rays at 17.5 days after 
conception. (D) C57BU6J wild-type hair. Magnification, x335. (E)  C57BU6J pUn/pUn hair. (F) C57BU6J 
pUn/pUn hair from mice irradiated with 100 cGy of x-rays at 17.5 days after conception. 
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melanosomes. This suggests a 100-fold ex- 
cess of streaks of black melanosomes ner 1 
cGy as compared to that expected if the 
number of streaks of black melanosomes 
were the same as the number of DSBs in 
the pun region. About 15- to 25-fold more 
single-strand breaks (SSBs) than DSBs are 
induced by x-rays (1  9). One  explanation 
may be that all forms of DNA damage, 
including DSBs, SSBs, and base damage, 
lead to recombination. A more likely ex- 
planation may be that the induced streaks 
of black melanosomes at these low doses 

duced states of increased suontaneous mu- 
tation frequencies have been observed 
(20) and can persist for up to 95 to 100 
population doublings after irradiation. In 
the time between irradiation of the em- 
bryos at the 17th day after conception and 
the scoring of the events at the 6th day 
postpartum, new pun revertant melano- 
cytes could be added to the multiplying 
pool of revertant melanocytes during every 
cell generation. In addition, the shape of the 
dose-response curve (Fig. 2) is very shallow. 
There is a 12-fold effect at 100 cGy and a 
3-fold effect at 1 cGy. If the events were 
targeted, one would expect about 1/100 the 
effect at 1 cGy as compared to 100 cGy for 
x-rays. Thus, our dose-response curve may 
be better explained by a nontargeted effect. 
For instance, different cells may have a dif- 
ferent susceptibility to the radiation effect, 
and at low doses the most sensitive cells still 

may not be caused by targeted events 
(DNA damage caused directly by irradia- 
tion of the DNA at the p locus) but may 
rather result from a nontareeted effect " 
(caused by x-rays elsewhere in the cells), 
such as an  induced state of increased re- 
combination frequency. Such x-ray-in- 

respond. 
One follicle contains an averaee of 13.6 " 

melallocytes (16); thus, the minimum fre- 
auencv of induced streaks of black melano- 
somes is roughly l op4  induced events per 
melallocyte per centigray at the 100-cGy 
dose. The rate of induced mutations per 
centigray of x-rays was estimated to be 2.2 
X with the "specific locus test" (21), 
and mutations have been determined to be 
about 2 x per melanocyte per centi- 
gray in a cell-based version of the "mouse 
spot test" (22). Thus, the induced frequen- 
cy of streaks of black melanosomes is at 
least 100 times greater per centigray than 

X-rav dose (cGvl mutation frequencies. . ., 
The present maximum dose limit per- 

Fig. 2. Dose-response curve for x-ray-induced mitted annually for radiation workers is 50 pun reversion from 1 to 100 cGy. The error bars 
show the standard deviation for data obtained mSv7 which may ''lcrease the 
from different offspring. The line was calculated by lifetime risk of cancer in these workers by 
the best fit for linear regression from the data in more than 30% (23). Radiation with the 
Table 2. The equation for the line was y = 0 . 0 8 5 ~  effective dose of 50 mSv may cause a n  
+ 3.390. equivalent biological effect of 5 cGy of 

Table 2. Effect of low doses of x-rays on the frequency of black melanin streaks in follicles and hair of pun 
mice. Female mice were irradiated with 0, 1, 6, 9, 35, 50, 75, and 100 cGy of x-rays at 17.5 days after 
conception (25,26). The hair of all 6-day-old offspring indicated below was examined (27). The standard 
deviation applies to data obtained from different mice. The fraction of hair follicles (Fig. IC) and of hair 
shafts (Fig. 1 F) with reversion events was determined. 

Dose No. No. 
of of No. No. Percent Fold 

(CGy) litters offspring counted pigmented (i SD) increase 

Hair follicles 
3,906 
7,512 

Hair shafts 
12,218 
16,812 
14,807 
13,602 
8,699 

14,779 
15,927 
6,609 
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absorbed dose (23). Our data suggest that 
there is a linear dose-response relation for 
the biological effect of ionizing radiation 
down to very low doses in mice and that 
there may still be a risk a t  the permissible 
annual occupational exposure dose. Our 
results may indicate that deletions as ge- 
netic end points may be more sensitive to 
the biological activity of carcinogens than 
are point mutations. 
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Association of Insulin Receptor 
Substrate-1 with lntegrins 
Kristiina Vuori and Erkki Ruoslahti* 

Insulin stimulation was found to promote association of the avp3 integrin (a vitronectin 
receptor) with insulin receptor substrate-1 (IRS-I), an intracellular protein that mediates 
insulin signaling by binding other signaling molecules, including growth factor receptor- 
bound protein 2 (Grb2) and phosphatidylinositol-3' kinase. Insulin-treated cells express- 
ing the avp3 integrin showed 2.5 times more DNA synthesis when plated on vitronectin 
than on other substrates, whereas cells expressing another vitronectin receptor, a,p,, did 
not show this difference. The association between integrin and IRS-1 may be a mech- 
anism for the synergistic action of growth factor and extracellular matrix receptors. 

Adhesion of cells to extracellular matrix 
(ECM) is mainly mediated by the integrin 
family of cell surface receptors (1) and is a 
prerequisite for cell proliferation and sur- 
vival (2). The pathways for integrin signal- 
ing and growth factor signaling are thought 
to be ~nechanistically linked because cell 
adhesion to ECM is required for cells to 
respond to certain growth factors (3) and 
integrin-mediated cell adhesion and motil- 
ity can be modulated by growth factors (4). 
Furthermore, growth factor treatment can 
disrupt focal adhesions, the presumed sites 
of integrin-mediated signaling (5). 

To  investigate whether integrins associ- 
ate with molecules involved in growth fac- 
tor signaling, we studied Rat-1 fibroblasts 
that had been stably transfected with DNA 
encoding the human insulin receptor 
(HIRcB cells) (6). We immunoprecipitated 
integrins from these cells and searched for 
coprecipitated tyrosine-phosphorylated pro- 

teins by immunoblotting with antibody to 
phosphotyrosine (anti-pTyr). Two poly- 
clonal antibodies against the avP3 integrin 
and a polyclonal antibody against the plate- 
let allbP3 integrin coprecipitated a 185-kD 
phosphorylated protein (p185) from insu- 
lin-stimulated but not quiescent HIRcB 
cells (Fig. 1A, lanes 1, 3, 4, and 5) .  Two 
other polyclonal antibodies to avP3 did not 
coprecipitate p185, possibly because they 
disrupt the integrin-p185 association (7). 
No coprecipitation of p185 occurred with 
polyclonal antibodies against the a5P1 in- 
tegrin (a  fibronectin receptor) (Fig. 1A, 
lane 6)  (8) or with antibodies against unre- 
lated proteins (Fig. 1A, lane 7). Similar 
results were obtained with human HepG2 
hepatoma cells (9). When anti-avp3 immu- 
nocomplexes were dissociated in SDS and 
reprecipitated with the same antibodies, 
p185 was not detectable in the reprecipi- 
tated receptor complex ( l o ) ,  suggesting 
that antibodies to integrins do not directli - 
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affinity column confirmed the association 
of p185 with integrins. The phosphorylated 
p185 copurified with detergent extracts 
from insulin-treated cells on GRGDSPK- 
Sepharose, a known ligand for avP3 and 
other integrins (1 I ) ,  but not on Sepharose 
linked to a control peptide, GRGESPK 
(Fig. 1B). 

Insulin receptor substrate-1 (IRS-1) is 
the major target protein ph~spho r~ l a t ed  on 
tyrosine by ligand-activated insulin recep- 
tor and has an  apparent molecular mass of 
185 kD on SDS-polyacrylamide gels ( 12). 
Immunoblot analysis with an antiserum 
against the NH2-terminus of IRS-1 (13) 
demonstrated the presence of a reactive 
band in anti-avp3 immunocomplexes from 
insulin-stimulated but not quiescent HIRcB 
cells (Fig. 1C). Similar results were ob- 
tained with two other polyclonal antibodies 
to IRS-1, one raised against the COOH- 
terminus of IRS-1 and the other against 
recombinant IRS-1 produced in insect cells 
( 14). The antiserum against the NH2-ter- 
minus of IRS- 1, however, was used through- 
out this study, as was anti-avp3 237, unless 
otherwise indicated. Dissociation of the an- 
ti-a,P3 immunocomplexes from insulin- 
treated cells and subsequent reprecipitation 
with anti-IRS-1 yielded a band correspond- 
ing to IRS-1 (Fig. ID).  The fact that the 
bands produced by anti-avp3 and anti- 
IRS-1 (Fig. ID, lanes 1 and 2) were of about 
equal intensity, and the failure of the phos- 
photyrosine antibody to i~nmunoprecipitate 
any phosphotyrosine-containing proteins 
from the dissociated anti-avp3 complexes 
after they had been depleted of IRS-1 (Fig. 
ID, lane 3) ,  showed that IRS-1 is a major 
portion of p185 associated with the 
vitronectin receptor. About 5 to 8% of 
IRS-1 associated with the vitronectin re- 
ceptor, and maximal association was 
reached after 3 mi11 of insulin stimulation 
(15). The insulin receptor was not detect- 
able in the integrin immunoco~nplex (14). 

Tyrosine-phosphorylated IRS-1 links in- 
sulin receptor activation to downstream in- 
tracellular signaling pathways through its 
association with proteins containing the 
Src homology 2 (SH2) domain. These pro- 
teins include the Ras guanine nucleotide- 
releasing complex Grb2-Sos, phosphatidyl- 
inositol-3' kinase (PI-3 kinase), the phos- 
photyrosine phosphatase Syp, and the adap- 
tor protein Nck (12). We  found that at least 
two of these proteins, Grb2 and PI-3 kinase, 
were precipitated by anti-a,P3 from the 
insulin-stimulated HIRcB cells (Fig. 2). 
Whether other IRS-1-binding proteins are 
also associated with integrins after insulin 
stimulation remains to be tested. 

To  investigate the physiological effects 
of the integrin-IRS-1 association, we stud- 
ied FG human pancreatic carcinoma cells 
which do not express avP3, but rather use 
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