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Homozygous Deficiency at Autosomal Locus apri in Human Somatic Cells in Vivo
Induced by Two Different Mechanisms1
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ABSTRACT

INTRODUCTION
The purine metabolic enzyme APRT3 has attracted the atten
tion of both clinicians and biological researchers. Homozygous
deficiency of this enzyme causes 2,8-dihydroxyadenine urolithiasis and renal failure (1, 2). Genetically deficient alÃ-eles
among Japanese have been analyzed and characterized (3).
Thus, 80% of all the homozygous patients possess a common
mutant alÃ-eledesignated APRT*J(i), and the defective sequence
has been determined (4). All the other alÃ-eles, designated
APRTQO, may possibly represent a set of different alÃ-eles
having the common characteristic of being associated with
complete enzyme deficiency (3).
The aprt locus coding for this enzyme has also been studied
by somatic cell geneticists in an attempt to elucidate the nature
of somatic cell mutations (5-12). As to the mutations at the
somatic cell level, hprt coding for the enzyme HPRT has been
the most extensively studied locus (13,14). However, mutations
at autosomal loci (aprt, for example) may be different from
those at X-linked loci (hprt, for example) in many regards (512, 15, 16), and this difference may be important when tumorrelated mutations are being considered (17-24).
Associations between germinal and somatic mutations have
been confirmed or suggested to play important roles in the
pathogenesis of retinoblastoma (17-22) and other human tu
mors (23, 24). Therefore, analyzing somatic events occurring
at the aprt locus in individuals with genetic defects at the same
Received 9/28/89; revised 11/27/89.
The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
1The present investigation was supported by a Grant-in-Aid to Scientific
Research from the Ministry' of Education. Science, and Culture. Japan; a research
grant for intractable diseases from the Ministry of Health and Welfare, Japan;
and a grant from the Japanese Intractable Diseases Research Foundation.
2To whom requests for reprints should be addressed.
3The abbreviations used are: APRT, adenine phosphoribosyltransferase;
HPRT. hypoxanthine-guanine phosphoribosyltransferase: DAP, 2,6-diaminopurine; PBMC. peripheral blood mononuclear cells; DAP'. DAP-resistant; TG1,
thioguanine-resistant; F.. apparent frequency: Fb, corrected frequency.

MATERIALS

AND METHODS

Subjects Studied. The diagnosis of the homozygous state at the
individual level was made by measurement of APRT enzyme activity
in the hemolysates and T-lymphocyte cultures with DAP (Sigma, St.
Louis, MO), as described (3). All hÃ©tÃ©rozygotes
(aprt*'') were parents
of the individuals homozygously deficient in APRT (aprt~'~). PBMC
from 4 individuals with homozygous APRT deficiency and 4 hetero
zygous individuals were obtained from heparinized blood, using FicollHypaque density centrifugation. Two of the hÃ©tÃ©rozygotes
contained
the APRTJ alÃ-ele,and two contained the APRTQO alÃ-ele.A total of
3.0 x 10' PBMC was obtained from 310 normal subjects.
Cloning of APRT-deficient and HPRT-deficient Mutant T-Cells. The
cloning procedure for APRT-deficient mutant T-cells was a modifica
tion of a previously reported method in which HPRT-deficient T-cells
were cloned (25). Fresh PBMC were inoculated into round-bottomed
microtiter plates (Costar Corp., Cambridge, MA) at a concentration of
2 x IO4 or 4 x IO4 cells/well containing IO4cells/well of X-irradiated
(10,000 rads) Raji B-cells. The medium used for cloning was RPM1
1640 supplemented with 10% fetal calf serum, 1% human male serum,
2 mM L-glutamine, 0.5 pg/m\ of phytohemagglutinin (Difco, Detroit,
MI), 0.5 ng/ml of recombinant human interleukin 2 (Takeda, Tokyo,
Japan), and 100 ÃŸ\iDAP. HPRT-deficient T-cells were cloned from
the same PBMC in a similar manner, except that 2.5 /jg/ml of 6thioguanine (WAKO, Tokyo, Japan) were used instead of DAP. For
the cloning of wild-type T-cells, PBMC were inoculated into microtiter
wells at a concentration of 1 or 2 cells/well with X-irradiated (5000
rads) PBMC (2 x IO4cells/well) and Raji cells (10" cells/well). After 2
wk of culture, an inverted microscope was used to determine the
presence or absence of lymphocyte colonies in each well. Cloning
efficiencies were calculated for wild-type, DAP', and TG' T-cells, as
suming a Poisson distribution for the number of colony-forming cells
per well (25). The Fa of DAP' was calculated as follows.
_

cloning efficiency with DAP
cloning efficiency without DAP

Since DAP was found to decrease the cloning efficiency of even
aprt'1' T-cells (i.e., F. was lower than 1 even for samples from aprt'/'
individuals), the F. of aprt'1' T-cells in each sample was calculated as
follows.
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Fb =

Fa for the sample
F, for cells from aprt ' individuals
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Associations between germinal and somatic mutations at autosomal
loci play an important role in the development of some tumors, including
retinoblastoma. In an attempt to determine whether equivalent events
occur in vivo at other loci, we cloned and enumerated somatic T-cells
with mutations at the apri locus, by taking advantage of both the presence
of a human disease caused by genetic defects at this locus and an effective
selection procedure for the deficient mutants. T-cells homozygously
deficient at this locus (apri'1') were found in all four hÃ©tÃ©rozygotes
(apri*1
~) studied, at an average frequency of 1.3 x 10~4. From 310 normal
individuals, we identified only one apri'1' clone, and the calculated
frequency of apri'1' T-cells in apri*1* individuals was 5.0 x 10"'. These
results confirm that a two-step process (apri*1* â€”¿*
apri*1' â€”¿Â»
apri'1') is
functional through two different mechanisms (germinal-somatic and so
matic-somatic) in vivo. Our data suggest that the two-step mutations
leading to homozygous deficiencies at the somatic cell level, as proposed
for the carcinogenic mechanisms for retinoblastomas and other human
tumors, generally occur at rather high frequencies at various autosomal
loci in humans.

locus may be useful for an understanding of the nature of
various mutational events in humans.
Numerous studies with Chinese hamster ovary cell lines,
among others, have suggested that two-step mutations are
necessary to produce mutant cells completely deficient at the
aprt locus (5-7, 9). The cells become heterozygously deficient
(aprt+/+ â€”¿>
aprt+/~) through the first step, while through the
second step, homozygously deficient cells are induced (aprt*''
â€”¿Â»
aprt~'~) (5-7). (Sometimes, a hemizygous state in which one
of the aprt alÃ-elesis deleted is expressed as aprt*'0, but, through
out this article, (â€”)instead of (0) will be used.) It is important
to ask whether these data obtained from mutation studies in
cell lines have in vivo relevance, and our results obtained by the
present investigations show that indeed they do.

SOMATIC MUTATION AT THE aprt LOCUS

The frequency of HPRT-deficient T-cells was calculated similarly from
the cloning efficiency of TGr cells in the peripheral blood T-cells.
APRT Enzyme Assay. Nonselected and DAP' T-cell clones were
washed twice in phosphate-buffered saline, frozen, and thawed 3 times
in saline solution at a cell concentration of IO6/100 ÃŸl.After centrifugation at 6000 rpm for 10 min, the supernatants were collected and
used for enzyme assays. APRT activity was determined as described by
Thomas et al. (26) using [8-'4C]adenine (54 mCi/mmol; Amersham,
Buckinghamshire. England). Protein concentration was determined by
the method of Lowry et al. (27).

RESULTS
Selection and Characterization of DAP' T-Cell Clones. We
were able to obtain a number of DAPr T-cell clones from the

mined in parallel experiments (statistically not significant),
using samples from the same individuals (Table 1). The fre
quency of TG' T-cells obtained in this study is similar to values
reported by our group (25) and those of other
29, 30). The frequency of aprt~'~ cells should
as Fa was lower than 1 (average, 0.15) when
from individuals with the genotype ofaprt~'~

workers (13, 14,
be larger than Fa
T-cells obtained
were used (Table

2). In contrast, experiments using T-cells from a HPRT-defi
cient patient (Lesch-Nyhan syndrome) have shown that, unlike
DAP, thioguanine does not significantly reduce the cloning
efficiency (data not shown), thereby supporting data presented
by Dempsey et al. (31). Such being the case, comparison be
tween frequencies of DAP' and TG' T-cells requires adjustment
by different cloning efficiencies if genetic events at aprt and
hprt loci are in question. After making the adjustment described
in "Materials and Methods," the corrected frequency of aprt~'
~ cells (Fb) in PBMC from aprt*' individuals (5.9 x 10~5 to
2.1 x IO"4) is a 10- to 40-fold higher than the frequency of
hprt~ cells from the same individuals. The average frequency of
aprt~ ~ T-cells in aprt*1' individuals was 1.3 x 10~4, while the
average frequency of hprr T-cells was 6.7 x 10~h. The differ
ence between these frequencies was significant (P < 0.05) when
tested by the nonparametric rank test.
Characterization of a DAP' T-Cell Clone in a Normal Subject.
Cloning of DAP' T-cells (apri'1') from normal individuals
(aprt*'*) is expected to be extremely difficult, since such cells

activity, while nonselected clones from the heterozygous subject
would be produced only through two separate events. We
exhibited high levels of enzyme activity.
In Vivo Frequency of DAP' and TG' T-Cells in HÃ©tÃ©rozygotes. examined a total number of 3.0 x 109 PBMC from 310 control
The apparent frequency of DAP' T-cells (Fa calculated as de- subjects in search of DAP' cells and found one resistant clone.
APRT enzyme activity in the cell extract of this clone was zero,
thus confirming that this clone was a real homozygously defi
cient clone (Fig. 1). Taking into account the average cloning
Clones from a
efficiency of normal T-cells without DAP (0.44) and that of
known aprt~'~ T-cells with DAP, as described in "Materials
hÃ©tÃ©rozygote
and Methods," the frequency of aprt~'~ T-cells (Fh) in normal
PBMC was calculated to be 5.0 x 10~". This value calculated
A clone from a
from data having only one positive well (one clone) is, of course,
normal subject
subject to error, but still is the best estimate available.
o.
W
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DISCUSSION
We obtained evidence that somatic mutations at the aprt
locus, previously identified in in vitro cultured cells (5-12), also
occur in vivo in humans. Although we cannot completely ex
clude the possibility that such enzyme-deficient T-cells had
been induced in vitro, such an occurrence is unlikely as we
added DAP to the cells at the initiation of culture. Several cell
divisions are usually necessary for the expression of the mutant
genotype after mutational events occur (32). Similar arguments
have been made in the case of somatic HPRT-deficient T-cells,
but the data from subsequent studies indicated that the muta
tions occurred in vivo (33).
Our data show that the two-step process (aprt*'* â€”¿Â»
aprt*'
â€”¿Â»
aprt~'~) leading to the complete deficiency of APRT as

non-selected
DAP-resistant
proposed in previous in vitro studies is also true of in vivo
Fig. 1. APRT activities in the extracts of nonselected and DAP-selected Tmutations. DAP' clones were easily selected from each of 4
cell clones. T-cells were cloned from the peripheral blood of an obligate hÃ©tÃ©rozy
heterozygous individuals, but only one DAP' clone was selected
gote with the genotype of APRT I/APRTQO in the presence or absence of 100
nM DAP, as described in the "Materials and Methods." APRT activities in the
from 310 normal subjects, clearly showing that two-step mu
cell extracts were determined as described in "Materials and Methods." APRT
tations are necessary for somatic T-cells to become DAP'. Thus,
activity in the cell extract from a DAPr T-cell clone from a normal subject is also
each DAP' cell in the hÃ©tÃ©rozygotes
has undergone a mutation
shown.
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peripheral blood of the hÃ©tÃ©rozygotes.
According to our expe
rience with T-cells from individuals with various genotypes at
the aprt locus, only homozygously deficient cells are resistant
to the concentration of DAP used here (28). In order to recon
firm this, we determined APRT activities in the resistant clones.
Since APRTJ codes for a mutant APRT which shows in vitro
activity (28), measuring APRT levels in the extracts of T-cell
clones is useful for the confirmation of homozygosity only when
the hÃ©tÃ©rozygotes
contain APRTQO. which is associated with
a complete deficiency. Therefore, we determined APRT levels
in the extracts of DAPr T-cell clones as well as nonselected
clones from a hÃ©tÃ©rozygote
with a genotype of APRT]/
APRTQO (APRTl represents a normal alÃ-ele)(3). As shown
in Fig. 1, all seven DAPr clones showed virtually no enzyme

scribed in "Materials and Methods") in the four hÃ©tÃ©rozygotes
ranged from 8.8 x 10"' to 31.6 x 10~6 (average, 19.0 x 10~6)
and always 2 to 4 times higher than that of TG' T-cells deter

SOMATIC MUTATION AT THE apri LOCUS

Table 1 Frequency of DAP' and TG' T-cells in hÃ©tÃ©rozygotes
(aprt+/-)
PBMC from 4 hÃ©tÃ©rozygotes
were cloned with or without 100 ^M DAP after distributing the indicated numbers of cells. Cloning efficiencies were calculated for
control plates (CE) and +DAP plates (values not shown) by assuming a Poisson distribution for the number of colony-forming cells per well. From these cloning
efficiencies, the frequency of DAP' T-cells (F.) was calculated as described in "Materials and Methods." The frequency of TG' T-cells was similarly calculated from
cloning efficiencies in a control plate and +TG plates.
plate with
Control plate with
the following no. of
the following no. of
with2
plate
ofDAP'
cells/well2x
cells/wellHÃ©tÃ©rozygotesKMKFYOTEAge(yr)27313133SexFMFF139/96*40/9624/9630/96261/96*68/9642/96NDCEÂ°0.510.580.290.37+DAP
IO4cells/well16/384*16/38420/36012/192Freqiuencv
x
T-cells(F.)18.0
ofTG'
IO445/288*32/28820/19220/964
10"31/96*15/9616/96NDFrequency
x
T-cells4.33.89.98.7X
10"'8.8
x
I0~4X
10-'I7.6X
x
10-'X
IO'631.6
IO"'X
x 10-'+TG
IO''
* CE, calculated cloning efficiency; TG, thioguanine; ND, not determined.
* Data are expressed as the number of positive wells/number of total wells.

(25)*
(4)
(34)
0.050 (9)
0.30 (43)
ND
0.26 (22)
TY
0.040 (7)
0.27 (40)
0.29 (24)
ND
SG
0.22 (34)10.040
ND20.060(11)
ND+DAP
OD10.30
0.24(21)20.23
' Number of fresh PBMC per well.
* Numbers in parentheses, number of positive wells among a total of 96 wells.
' ND, not determined.

(64)
(22)
(45)
0.016(8)
0.038 (30)
0.033 (45)
0.024(11)10ND0.0630.025(21)20ND0.0550.025 (37)

at the somatic cell level, in addition to a germ line mutation,
while a DAPr T-cell clone from a normal subject reflects two

frequency of aprt ' cells in aprt*'* individuals was calculated
to be 5.0 x 10~9. Since we were able to identify only one clone,

somatic mutations which occurred in vivo. These processes
leading to complete APRT deficiencies closely resemble mech
anisms proposed by Knudson for retinoblastomas (34). Thus, a
retinal cell develops into a tumor when it becomes homozygously deficient at the RB locus, either by the germinal-somatic
or somatic-somatic mechanism (17-22).
The frequency of aprt~'~ cells in aprt+/~ individuals (1.3 x
10~4)was much higher than the frequencies of hprt~ T-cells in
vivo reported by various groups (3 x 10~6 to 1.2 x 10~5) (13,

the frequency value calculated here is not accurate. Neverthe
less, it is important that an aprt~'~ T-cell clone was identified

14, 25, 29). Although such a high value was obtained after the
adjustment by a lowered cloning efficiency of aprt~'~ cells by
DAP, the nonadjusted frequency was still higher than the
frequency of hprr cells in each individual.
A high frequency of mutational events at the aprt locus
induced in vitro in cultured cells has been observed (6-8).
Molecular analysis of the mutant cells obtained from hetero
zygous Chinese hamster ovary cells showed that such high
frequency events are due to gene deletions (35-37). Using a
different autosomal locus, thymidine kinase, high mutation
frequency has also been observed (38, 39). Our results indicated
that mutational events producing aprt~'~ cells from heterozy
gous aprt+'~ cells also occur frequently in vivo in humans.

in a normal subject even at a very low frequency, since it clearly
indicates that homozygous deficiency at the somatic cell level
can be induced even without preceding germ line mutations. Of
course, such a process corresponds to the mechanisms of the
development of sporadic retinoblastomas without genetic back
grounds (34).
In the present study, we established a human system to
investigate somatic mutations at the aprt locus and have shown
that two different mechanisms (germinal-somatic and somaticsomatic) lead to the homozygous deficiency at this locus in
somatic cells in vivo. Our data suggest that homozygous defi
ciencies induced by the two different mechanisms in somatic
cells as proposed for the mechanisms of carcinogenesis in
retinoblastoma (34) occur at various autosomal loci in general.
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Detection of in vivo mutational events at a different autoso
mal locus has been reported. Janatipour and coworkers (15, 16)
detected T-cells lacking the surface expression of the product
of the HLA-A locus. The mechanisms for the induction of
mutant cells in their system may be more complicated than in
the apri system, because mutational events affecting the intracellular transport or surface expression of the HLA-A locus
products may also be detected. However, the frequency of such
HLA-A-negative cells was lower but comparable to the fre
quency of aprt~'~ cells in heterozygous individuals.
We were also able to identify one aprr'' clone among a total
number of 3.0 x IO9 cells from 310 normal subjects. The
1740

REFERENCES
1. Cartier, P., and Hamet, M. Une nouvelle maladie mÃ©tabolique:le dÃ©ficit
complÃ¨te en adenine-phosphoribosyltransferase
avec lithiase de 2,8-dihydroxyadenine. C. R. Acad. Sci. (Paris), 279: 883-886, 1974.
2. Simmonds, H. A.. Sahota, A. S., and Van Acker, K. J. Adenine phosphoribosyltransferase deficiency and 2,8-dihydroxyadenine lithiasis. In: C. R.
Scriver. A. L. Beuaudet, W. S. Sly, and D. Valle (eds.). Metabolic Basis of
Inherited Disease, Ed. 6. pp. 1029-1044. New York: McGraw-Hill, 1989.
3. Fujimori, S., Akaoka. I.. Sakamoto, K., Yamanaka, H., Nishioka, K., and
Kamatani. N. Common characteristics of mutant adenine phosphoribosyltransferases from four separate Japanese families with 2.8-dihydroxyadenine
urolithiasis associated with partial enzyme deficiencies. Hum. Genet., 77:
171-176, 1985.
4. Hidaka, Y., Tarle, S. A.. Fujimori, S., Kamatani, N., Kelley, W. N., and
Palella, T. D. Human adenine phosphoribosyltransferase deficiency: dem-

Downloaded from http://aacrjournals.org/cancerres/article-pdf/2442824/cr0500061738.pdf by guest on 11 August 2022

Table 2 Cloning efficiency ofAPRT-deficient T-cells with or without DAP
PBMC were obtained from 4 patients with homozygous APRT deficiency. T-cells were cloned in microtiter plates after distributing the indicated numbers of fresh
PBMC per well in the presence or absence of 100 Â¿IM
DAP. Cells were cultured in 96 wells for each cell density. The cloning efficiency was calculated as in Table 1.
Data are expressed as calculated cloning efficiencies and number of positive wells among a total of 96 wells.
-DAP plate
plate with
the following no. of
with the following
cells/well0HomozygotesAK no. of
cells/well5NDf0.052

SOMATIC MUTATION AT THE apn LOCUS

23. Fearon, E. R., Vogelstein. B., and Feinberg. A. P. Somatic deletion and
duplication of genes on chromosome 11 in Wilms' tumors. Nature (Lond.).
309: 176-179. 1984.
24. Koufos, A.. Hansen. M. F.. Lampkin. B. C.. Workman. M. L.. Copeland. N.
G., Jenkins, N. A., and Cavenee, W. K. Loss of alÃ-elesat loci on human
chromosome 11 during genesis of Wilms' tumor. Nature (Lond.), 309: 170172, 1984.
25. Hakoda. M., Akiyama. M.. Kyoizumi, S., Awa. A. A., and Yamakido. M.
Measurement of in vivo HGPRT-deficient mutant cell frequency using a
modified method for cloning human peripheral blood T-lymphocytes. MutÃ¢t.
Res., 797: 161-169. 1988.
26. Thomas, C. B., Arnold, W. J., and Kelley, W. N. Human adenine phosphoribosyltransferasc: purification, subunit structure, and substrate specificity.
J. Biol. Chem.. 248: 2529-2535. 1973.
27. Lowry. O. H.. Rosebrough, N. J.. Fair, A. L., and Randall. R. J. Protein
measurement with the Polin phenol reagent. J. Biol. Chem.. 193: 265-275,
1951.
28. Kamatani, N., Takeuchi. F.. Nishida. Y.. Yamanaka. H., Nishioka, K..
Tatara, K.. Fujimori. S.. Kaneko. K.. Akaoka. I., and Tofuku. Y. Severe
impairment in adenine metabolism with a partial deficiency of adenine
phosphoribosyllransferase. Metabolism. 34: 164-168. 1985.
29. O'Neill. J. P., McGinniss, M. J., Berman, J. K., Sullivan, L. M., Nichlas, J.
A., and Albertini, R. J. Refinement of a T-lymphocyte cloning assay to
quantify the in vivo thioguaninc-resistant mutant frequency in humans.
Mutagenesis, Z- 87-94. 1987.
30. Cole. J.. Green. M. H. L.. James. S. E., Henderson. L., and Cole, H. A
further assessment of factor influencing measurements of thioguanine-resistant mutant frequency in circulating T-lymphocytes. Muta!. Res., 204: 493507, 1988.
31. Dempsey. J. L.. Morley, A. A., Seshadri. R. S., Emmerson, B. T., Gordon.
R.. and Bhagat. C. I. Detection of the carrier state for an \-linked disorder,
the
Lesch-Nyhan
syndrome, by the use of lymphocyte cloning. Hum. Genet.,
64:288-290,
1983'.
32. Thilly, W. G., Deluca. J. G.. Hoppe. H.. and Penman. B. W. Phenotypic lag
and mutation to 6-thioguanine resistance in diploid human lymphocytes.
MutÃ¢t.Res.. 50: 137-144. 1978.
33. Hakoda. M.. Hirai. Y.. Shimba. H.. Kusunoki. V. Kyoizumi. S., Kodama,
Y.. and Akiyama. M. Cloning of phenotypically different human lymphocytes
originating from a single stem cell. J. Exp. Med., 169: 1265-1276, 1989.
34. Knudson. A. G. Mutation and cancer: statistical study of retinoblastoma.
Proc. Nati. Acad. Sci. USA. 6S: 820-823. 1971.
35. Simon, A. E.. and Taylor. M. W. High-frequency mutation at the adenine
phosphoribosyltransferase locus in Chinese hamster ovary cells due to dele
tion of the gene. Proc. Nati. Acad. Sci. USA, HO:810-814, 1983.
Adair,
G. M., Stallings. R. L., Nairn, R. S., and Siciliano, M. J. High36.
frequency structural gene deletion as the basis for functional hemizygosity of
the adenine phosphoribosyltransferase locus in Chinese hamster ovary cells.
Proc. Nati. Acad. Sci. USA. 80: 5961-5964. 1983.
Dewyse.
P., and Bradley. W. E. C. High-frequency deletion event at aprt
37.
locus of CHO cells: detection and characterization of endpoints. Somatic
Cell Mol. Genet.. 15: 19-28. 1989.
38. Adair. G. M., Carver. J. H., and Vandres, D. L. Mutagcnicity testing in
mammalian cells. 1. Derivation of a Chinese hamster ovary cell line hetero
zygous for the adenine phosphoribosyltransferase and thymidinc kinase locus.
MutÃ¢t.Res.. 72: 187-205. 1980.
39. Evans, H. H., Hencl. J., Horng. M.-F., Ricanati. M., Sanchez. C., and
Ho/ier. J. Locus specificity in the mutability of L5178Y mouse lymphoma
cells: the role of multilocus lesions. Proc. Nati. Acad. Sci. USA, 83: 43794383. 1986.

1741

Downloaded from http://aacrjournals.org/cancerres/article-pdf/2442824/cr0500061738.pdf by guest on 11 August 2022

onstration of a single mutant alide common to the Japanese. J. Clin. Invest.,
SI: 945-950. 1988.
5. Jones, G. E., and Sargent. P. A. Mutants of cultured Chinese-hamster cells
deficient in adenine phosphoribosyltransferase. Cell, 2:43-54, 1974.
6. Bradley, W. E. C.. and Letovanec. D. High frequency nonrandom mutational
event at the apri locus of sib selected CHO variants heterozygous for aprt.
Somatic Cell Genet.. *: 51-66, 1982.
7. Steglich, C., and De Mars, R. Mutations causing deficiency of APRT in
fibroblasts cultured from humans heterozygous for mutant APRT alÃ-eles.
Somatic Cell Genet., Â«.-115-141. 1982.
8. Tischneid. J. A., Trill, J. J., Lee. Y. I., Coy, K., and Taylor, M. W. Genetic
instability at the adenine phosphoribosyltransferase locus in mouse L-cells.
Mol. Cell. Biol.. 2: 250-257. 1982.
9. Simon, A. E.. Taylor, M.. and Bradley. W. E. C. Mechanisms of mutation
at the apri locus in CHO cells: analysis of hÃ©tÃ©rozygotes
and hemizygotes.
Mol. Cell. Biol., 3: 1703-1710, 1983.
10. Taylor, M. W., Simon, A. E., and Kothari, R. M. The APRT system. In: M.
Gottesman (ed.). Molecular Cell Genetics, pp. 311-332. New York: John
Wiley & Sons, 1985.
11. Nalbantoglu. J.. Phear, G., and Meuth, M. DNA sequence analysis of
spontaneous mutations at the apn locus of hamster cells. Mol. Cell. Biol., 7:
1445-1449. 1987.
12. De Jong, P. J., Grosovsky, A. J., and Glickman, B. W. Spectrum of sequence
of spontaneous mutation at the APRT locus of Chinese ovary cells: an
analysis at the DNA sequence level. Proc. Nati. Acad. Sci. USA. 85: 34993503, 1988.
13. Albcrtini. R. J., Castle, K. L.. and Borcherding, W. R. T-cell cloning to detect
the mutant 6-thioguanine-resistant lymphocytes present in human peripheral
blood. Proc. Nati. Acad. Sci. USA, 79: 6617-6621, 1982.
14. Morley, A. A., Trainor. K. J., Seshadri. R.. and Ryall. R. J. Measurement of
in vivo mutations in human lymphocytes. Nature (Lond.). 302: 155-156.
1983.
15. Janatipour, M., Trainor, K. J., Kutlaca, R., Bennett. G., Hay, J., Turner, D.
R., and Morley, A. A. Mutations in human lymphocytes studied by an HLA
selection system. MutÃ¢t.Res., 198: 221-226, 1988.
16. Turner, D. R.. Grist. S. A., Janatipour, M., and Morley, A. A. Mutations in
human lymphocytes commonly involve gene duplication and resemble those
seen in cancer cells. Proc. Nati. Acad. Sci. USA, 85: 3189-3192. 1988.
17. Cavenee, W. K., Dryja, T. P., Phillips, R. A., Benedict, W. F.. Godbout, R.,
Gallic, B. L., Murphree, A. L., Strong, L. C.. and White, R. L. Expression
of recessive alÃ-elesby chromosomal mechanisms in retinoblastoma. Nature
(Lond.), 305: 779-784. 1983.
18. Benedict, W. F., Murphree. A. L.. Banerjee, A., Spina, C. A., Sparkes. M.
C., and Sparkes, R. S. Patient with 13 chromosome deletion: evidence that
the retinoblastoma gene is a recessive cancer gene. Science (Wash. DC), 219:
973-975, 1983.
19. Friend, S. H., Bernards. R., Rogeli, S.. Weinberg, R. A.. Rapaport. J. M.,
Albert, D. M.. and Dryja. T. P. A. DNA segment with properties of the gene
that predisposes to retinoblastoma and osteosarcoma. Nature (Lond.), 323:
643-646, 1986.
20. Lee, W. H., Bookstein, R.. Hong, F., Young, L. J., Shew, J. Y.. and Lee, E.
Y. H. P. Human retinoblastoma susceptibility gene: cloning, identification,
and sequence. Science (Wash. DC), 235: 1394-1399. 1987.
21. Fung, Y. K. T., Murphree, A. L., T'Ang. A.. Qian. J.. Hinrichs. S. H., and
Benedict. W. F. Structural evidence for the authenticity of the human
retinoblastoma gene. Science (Wash. DC), 236: 1657-1661. 1987.
22. Benedict, W. F., Srivastan, E. S., Mark. C., Banerjee. A., Sparkes. R. S., and
Murphree. L. Complete or partial homozygosity of chromosome 13 in
primary retinoblastoma. Cancer Res., 47: 4189-4191. 1987.

