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Resistance to adenine analogs such as 2,6-diaminopurine occurs at a rate of
-10-3 per cell per generation in mouse L cells. This resistance is associated with a
loss of detectable adenine phosphoribosyltransferase activity. Other genetic loci
in L cells have the expected mutation frequency (-10-6). Transformation ofL cell
mutants with Chinese hamster ovary cell DNA results in transformants with
adenine phosphoribosyltransferase activity characteristic of Chinese hamster
ovary cells. No activation of the mouse gene occurs on hybridization with human
fibroblasts. That this high frequency event is the result of mutation rather than an
epigenetic event is supported by antigenic and reversion studies of the 2,6-
diaminopurine-resistant clones. These results are consistent with either a muta-
tional hot-spot, a locus specific mutator gene, or a site of integration of an
insertion sequence.

Examples of unusually high mutation frequen-
cies have been reported for Escherichia coli
(27), corn (20), and Drosophila melanogaster
(9). Such instances are believed to derive from
three distinct etiologies: (i) highly mutable
genes-genes which show mutational instability;
(ii) mutator genes-altered functions capable of
inducing gene mutation, e.g., the Treffers muta-
tor gene (mu 7) in E. coli (6, 38); and (iii) extra-
chromosomal factors or agents such as viruses,
plasmids, or transposons (3, 27).
There has been much discussion as to whether

or not variants of mammalian cells are true
mutants, that is, the result of some base se-
quence perturbation at the DNA level, leading to
a stable alteration in phenotype, or due to "epi-
genetic" events (8, 29). Epigenetic events acti-
vate or suppress certain types of information
within the cell independent of mutagenic pres-
sure and independent of base sequence alter-
ations in DNA. In the past, epigenetic hypothe-
ses have been invoked to explain some
unusually high mutation rates observed for
mammalian cells in culture (21). However, that
many variants (e.g., thioguanine-resistant cells)
are true mutants has been firmly established
(29).
Examples of possible events other than single

base changes or small deletions capable of modi-
fying gene function are chromosomal rearrange-
ments (position effects), transposable elements
or insertion sequences, heterochromatization,
site-specific inversions, or site-specific modifi-
cations (e.g., methylation). All of these, as well
as mutation by known mutagens, will result in

permanent or semipermanent (depending on re-
version frequency) phenotypic alterations. Anal-
ysis of the altered gene product has the potential
to discriminate among some of these different
classes of events.

In this paper, we report an example of gene
instability in a mammalian cell line. Mouse L
cells exhibit an abnormally high spontaneous
mutation frequency to 2,6-diaminopunne resist-
ance (DAPF) (approximately 10-3), whereas the
frequencies of resistance to other drugs (thio-
guanine, azaserine, ouabain) are within the ex-
pected range (approximately 10-6). The DAPW
mutants are stable with an accompanying defect
in the enzyme adenine phosphoribosyltransfer-
ase (APRT), indicating that these "variants"
result from true mutational events.

MATERIALS AND METHODS
Cel culture and mutagenesis. L cells were usually

grown in Eagle minimal essential medium supplement-
ed with 5 to 10% fetal calf serum, penicillin (100 U/ml),
and streptomycin (100 ,u.g/ml). Later experiments uti-
lized 10%o calf serum. Cells were routinely tested for
the presence of mycoplasma by a modification of the
method of Hayflick (11) using both aerobic and anaer-
obic incubation in broth and agar. Also, no bands of
mycoplasma-specific APRT activity were observed on
electropherograms of cell lysates (31, 35). L cells were
from three sources: those carried in Bloomington,
Ind., (M.W.T.) for the past 10 years and supplied to
J.A.T., and cultures from the American Type Culture
Collection, Rockville, Md., and the Institute for Medi-
cal Research, Camden, N.J.
To eliminate preexisting mutants in cultures before

selection with adenine analogs, cells were grown for
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two passages in medium containing 50 ,uM azaserine, 4
p.g of alanosine per ml, and 50 p,M adenine as the sole
purine source. Under such conditions, only cells with
APRT activity can survive (16, 36). The frequency of
drug resistance was measured by plating 104 to 105
cells per 100-mm petri plate in Eagle minimal essential
medium containing 40 to 75 p.g ofDAP per ml, 6 ,ug of
thioguanine per ml, 50 pM azaserine, 20 ,ug of 8-
azaadenine (AZA) per ml, 4 p,g of 2-fluoroadenine
(FA) per ml, or 1 ,ug of oubain per ml. Selective media
were changed at 3-day intervals, and surviving colo-
nies were stained after 10 to 14 days. To measure
induced mutation, cells were treated for 16 h with 1 pLg
of ICR-170 or ICR-191 per ml or 400 ,ug of ethyl
methane sulfonate (EMS) per ml and selected after a 6-
day period of growth in drug-free medium. Variations
of this protocol are noted in the text. There was 30 to
40% cell survival under these conditions. Clones iso-
lated without mutagen treatment were designated
"LS" (spontaneous), whereas those clones isolated
after ICR treatment were designated "LI" (induced).
For reversion studies, 107 cells (3 x 1O5 cells per 100-
mm dish) or more (109 for LS-24b) of 10 independent
mutants were plated into selective medium (alanosine,
azaserine, adenine). Cells were also treated with either
EMS or ICR-191, as indicated above, before selection
for revertants. Spontaneous revertants were designat-
ed "RS", whereas EMS-induced and ICR-induced
revertants were designated "RE" and "RI", respec-
tively.
APRT assays, adenine incorporation, and immuno-

logical analyses. Incorporation of labeled adenine into
trichloroacetic acid-insoluble and -soluble material
was done by the method of Sharp et al. (28) or
Stambrook and Sisken (30). Cell extracts were assayed
for APRT activity by previously published methods
(12, 31).

Determination of immunologicafly cross-reacting ma-
terial (CRM+). Anti-rat liver APRT was produced in
rabbits. This antiserum has been shown to cross-react
with mouse and other mammalian APRTs but not with
yeast, sea urchin, or E. coli APRT (33). The immuno-
precipitation reaction between L cell APRT and rabbit
anti-APRT serum was performed by mixing 5 1.l of
bovine serum albumin (10 mg/ml), 10 pl1(0.057 mg of
protein) of wild-type cell extract, 20 p,l of rabbit anti-
APRT serum (previously titered, and used at 1:100
dilution), and a serial dilution of mutant cell extract
(100 p.l). This mixture was incubated at 4°C for 2 h, at
which time 5 pLl of fixed Staphylococcus aureus
(Pansorbin, Calbiochem, La Jolla, Calif.) was added
and the mixture was retained at 4°C for an additional
20 min. The antibody-bound CRM was precipitated
by centrifugation for 1 min in a microcentrifuge. APRT
activity in the supernatant was measured, and the
fraction of APRT activity precipitated by the antise-
rum was determined. Controls using normal rabbit
serum showed no precipitation of APRT activity (33).

Fluctuation analysis. To determine whether or not
DAP' colonies randomly arise independently of the
selective agent, a Luria and Delbruck (19) type fluctu-
ation analysis (shown in Table 2) was performed using
the protocol described by DeMars and Held (7). In set
I, the incidence of DAP' colonies was determined by
seeding 104 cells into dishes containing medium plus
DAP. At the same time the plating efficiency in drug-
free medium was determined for use in future calcula-

tions. Set II consisted of a series of independent
cultures initiated from either 10 or 100 cells. These
cultures were grown for 10 days in drug-free medium
at which time there were an average of 3.13 x 104 and
2.50 x 104 cells per culture in experiments 1 and 2,
respectively. On day 10 the cells from each set II
culture were removed with Viokase (GIBCO Labora-
tories, Grand Island, N.Y.) and split into three dishes
containing medium plus DAP. DAPr colonies were
enumerated 13 days later. The numbers shown are the
sum of the colonies in all three dishes.

Ceil hybridization and DNA-mediated gene transfer.
Cell hybrids were made between one APRT-deficient
(APRT-) mutant (LS-24b) and two different strains of
primary human fibroblasts (14). Fusion was mediated
by polyethylene glycol and dimethy sulfoxide (22), and
selection was in medium containing alanosine and
adenine (36). The species origin of the APRT ex-
pressed by the hybrids was determined by gel electro-
phoresis (35), and the hybrids were tested for 28
different human enzymes which define 18 different
linkage groups, each assigned to a specific human
chromosome. These data, including electrophero-
grams of the hybrids, are presented elsewhere (14).

High-molecular-weight Chinese hamster ovary cell
DNA was used to transform cells from APRT- clones
LS-24b and LI-10 (37). The species origin of the APRT
expressed by transformants was determined by gel
electrophoresis (35). Transformation was accom-
plished via a modification of the method of Wigler et
al. (40). Cells were exposed for 20 h to one part
calcium phosphate-precipitated DNA mixed with eight
parts whole medium. Each flask of 4 x 106 cells
contained 100 p.g of DNA at a concentration of 2 pg/
ml. The cells were washed to remove the DNA and
seeded at a density of 2 x 10' cells per 100-mm dish
containing Eagle minimal essential medium, and after
24 h medium containing alanosine, azaserine, and
adenine was substituted. Colonies were ready for
picking after 14 to 28 days.

RESULTS
Mutation frequencies. Table 1 lists the fre-

quencies of DAPr, FAr, and AZAr colonies with
and without pretreatment with mutagens. These
experiments were done independently in two
different laboratories, originally with the same
strain ofL cells, but later with L cells purchased
from the American Type Culture Collection and
The Institute for Medical Research. The average
incidence of adenine analog resistance for all
experiments was 1.3 x 10- . Pretreatment with
mutagen appears to yield little or no enhance-
ment.

Fluctuation analysis. The observation that the
variance in the colony counts was less than the
mean number of colonies in set I and that it was
much greater than the mean (by a factor of at
least 500) in set II (Table 2) indicates that DAPr
cells arise independently of the selecting drug
(DAP) by a spontaneous and random process.
The data are, thus, consistent with a mutational
origin for DAPr. The rate at which DAV colo-
nies arise was calculated to be 7.91 x 10-4 to
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TABLE 1. Frequency of adenine analog-resistant
coloniesa

Expt" Treatment Frequency anaog(s)

1 None 1.4 x 10-3 DAP
2 None 2.7 x 10-3 DAP
3a None 1.0 x 10-3 AZA
3b None 1.9 X 10-3 DAP + AZA
4a None 3.0 x 10-3 DAP
4b ICR-170H 2.3 X 10-3 DAP
5a (A)b None 8.3 x 1o-4 DAP
5bb EMS 7.8 x 1O-4 DAP
5cb None 6.1 X 10-4 FA
5db EMS 6.1 x 10-4 FA
6a (A)b None 2.8 x 1O-4 DAP
6bb EMS 6.7 x 1o-4 DAP
6cb None 2.1 x 1o-4 FA
6db EMS 3.0 x 10-4 FA
7 (A) None 1.1 X 10-3 DAP
8 (A) None 3.1 x 10-3 DAP

a (A) denotes experiments done in Augusta, Ga.; all
others were done independently in Bloomington, Ind.

b These experiments had a different protocol result-
ing in artificialy low frequencies. Dishes were seeded
with cells, and after 5 days the selective analog(s) was
added. Calculations are based on the number of cells
at the time of analog addition; thus, mosaic colonies
arising from more than one resistant cell were scored
as single colonies. In all other experiments, cells were
seeded directly into medium containing one or more
adenine analogs, and calculations are based on the
number of viable cells seeded.

10.37 x 10-4 per cell per generation using two
different statistical methods (4, 17) (Table 2).

Characterization of DAPr clones. (i) Adenine
incorporation and APRT activity. Twenty-one
independent DAPr clones were studied. The
incorporation of [14C]adenine (or [3H]adenine)
into trichloroacetic acid-precipitable and -solu-
ble material was measured after a 24-h labeling
period. Previous experiments had shown that,
under the conditions utilized, wild-type cells
demonstrate linear incorporation of label with
time (J. A. Tischfield and M. W. Taylor, unpub-
lished data). None of the clones showed adenine
incorporation significantly above background,
whereas the wild-type L cells incorporated large
amounts of adenine (400x background). Addi-
tionally, none of the DAPV clones had detectable
APRT enzyme activity (less than 0.1% of wild-
type levels) (Table 3).

(li) Growth in selective media. The average
population doubling time for wild-type L cells in
drug-free medium was 19.1 h. The average dou-
bling times for mutant LS-24b in drug-free medi-
um and medium containing 100 ,ug of DAP per
ml were 17.5 and 17.7 h, respectively. Similarly,
the average doubling times for clone LS-25b
were 17.9 and 19.5 h. Clearly these mutants are

very resistant to DAP. Wild-type L cells show
complete growth inhibition at DAP concentra-
tions above 30 jig/ml.
When (with the exception of LS-9) mutants

were seeded into either azaserine-adenine (200
cells per dish) or alanosine-adenine medium
(1,000 cells per dish), no colonies were ob-
served. This observation is consistent with their
completely APRT-deficient (APRT-) pheno-
type.

(iii) Selection for other markers. To investigate
whether or not a high frequency of mutation is -

general property of L cell genetic loci, the
frequencies of resistance to thioguanine, oubain.
azaserine, AZA, and FA were measured. The
spontaneous incidence of resistance to all the
drugs, except AZA and FA, was within the
expected range (approximately 10-6 to 10-7).
AZA' and FA' both had an incidence of approxi-
mately 10-3 (Table 1). Both of these latter
resistant phenotypes, like DAP resistance, re-
sult from APRT deficiency.

(iv) Reversion studies. Reversion studies are
important to distinguish between complete loss
of a locus and alterations that have the potential
to revert, such as point, frameshift, and inser-
tion mutations. When 10 independent mutants
were plated into selective medium, no spontane-
ous APRT+ revertant colonies were observed,
with one exception (Table 3). Clone LS-9 revert-
ed to an apparently wild-type phenotype (as
defined by APRT activity level and growth in
selective media) at a frequency of 1-3. This
clone exhibits a high rate of transition between
the APRT+ and APRT- states and will be de-
scribed in a future publication. However, when
the other mutants were treated with EMS or
ICR-191, revertants could be detected in some
instances (Table 4). These revertants appeared
at low frequencies, between 1 x 10-7 and 9 x
10-7, and exhibited partially restored APRT
activity (Table 4). This observation eliminates
the possibility that these mutants arose from the
physical loss of a relatively large segment of
DNA.

(v) Immunological assay. Cross-reacting mate-
rial (CRM) in APRT- mutant cell lysates was
measured based upon the inhibition of immuno-
precipitation of the wild-type enzyme (Table 4).
Figure 1 shows typical results of such competi-
tion assays using cell extracts from LS-9, LS-10
(CRM+), LI-8, and LI-10 (CRM-). It should be
noted that this type of competition assay would
not detect very low levels of APRT protein.

(vi) Cell hybridization and gene transfer. Mu-
tant LS-24b was fused with two different human
adult primary fibroblast strains. These experi-
ments were done to determine whether or not a
human genetic element(s) is able to activate the
expression of mouse APRT in such cell hybrids.
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TABLE 2. L cell fluctuation analysis
Determination Expt 1 Expt 2

Set I
No. dishes
No. cells/dish
Medium

Results (set I)
Colonies/dish

Total no. cells plated
Total no. colonies
Mean no. colonies/dish
Frequency DAPF

Plating efficiency
No. dishes
No. cells/dish
Medium
Colonies/dish
Plating efficiency

Set H
No. dishes
No. cells/dish
Medium (initially)

Results (set I)
Colonies/dish

Total no. cells plated
Total no. colonies
Mean no. colonies/dish

Rate of DAP' (per cell per gen-
eration)c

(1)
(2)

25
104
DVMEa + 75 pLg of DAP per ml

27, 30, 28, 31, 35, 28, 30, 28, 27,
34, 29, 29, 33, 31, 34, 34, 38,
30, 29, 31, 36, 31, 31, 31, 33,
32

2.5 x 105
769
30.8 (variation, 6.34; SD, 2.61)
3.08 x 1o-3

7
50
DVME
36, 31, 33, 34, 37, 35
76.4%

30
100
DVME

151, 150, 139, 152, 137, 136, 82,
51, 194, 238, 221, 197, 287,
217, 153, 192, 205, 214, 143,
185, 175, 161, 131, 163, 124,
148, 158, 172, 135, 119

9.475 x 10'
4,930
164.3 (variation, 2,093; SD,

45.81)

7.95 x 1o-4
10.67 x 10-4

20
104
MEMI + 75 ILg of DAP per ml

8, 3, 8, 13, 11, 9, 8, 12, 12, 6, 9,
13, 12, 13, 14, 14, 13, 14, 12,
10

2 x 10'
214
10.7 (variation, 8.5; SD, 2.9)
1.07 x 10-3

5
10
MEM
8, 8, 9, 7,7
78.0o

25
10
MEM

48, 232, 109, 20, 122, 172, 82, 51,
91, 113, 89, 59, 56, 152, 97,
139, 162, 160, 135, 141, 104,
134, 116, 351, 128

6.25 x 10'
3,063
122.5 (variation, 4,244; SD, 66.5)

7.87 x 10-4
10.10 X 10-4

a In this experiment, Dulbecco-Vogt-modified Eagle (DVME) medium was used.
b MEM, Eagle minimal essential medium.
C (1) Calculated from equation 8 of Luria and Delbruck (19) using tables in Capizzi and Jameson (4). (2)

Calculated from Lea and Coulson median method, Table 3 (17).

Alternatively, it is theoretically possible that a
mouse element could suppress the expression of
the human APRT gene. Previous fusions of
human primary cells with L cell-derived APRT-
cells (line A9) suggested that neither possibility
would apply (36). A total of 14 hybrid clones
were isolated. Each hybrid clone expressed only
human APRT and a variable assortment of other
human enzyme markers (14). The average APRT
activity of the hybrids was 5.8 nmol of AMP/min
per mg of protein, approximately 56% of the
activity expressed by the human parents. As
expected for mouse x human hybrids, DAPF

APRT- segregants could be selected at a fre-
quency of 4.7 x 10-2. Previous experiments
done with similar hybrids demonstrated that
these high-frequency, APRT- segregants arise
mainly as a consequence of the loss of human
chromosome 16 which bears the human APRT
gene (36).
Mutants LS-24b and LI-10 were used as recip-

ients in gene transfer experiments using Chinese
hamster ovary cell (CHO) DNA. Thirty indepen-
dent transformants expressed only hamster
APRT at levels ranging from 0.5 to 6 times that
of wild-type L cells. To date, no clones express-
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TABLE 3. Presence of cross-reacting material and reversion

Clone CRM Spontaneous Induced reversionareversion' EMS ICR-191
LI-1 - 0 0 0
LI-3 - 0 0 0
LI-4 NTb 0 NT 6 x 10-7
LI-8 - 0 9 x 10-7 8 x 10-7
LI-10 - 0 1 x 10-7 4 x 10-7
LS-1 + 0 NT 0
LS-9 + _10-3 Spontaneous Too high
LS-2a + 0 5 x 10-7 2 x 10-7
LS-24b + 0 0 0
LS-25b + 0 1 x 10-7 0
LS-10 + 0 NT 0

a See text for number of cells tested.
b NT, Not tested.

ing mouse APRT have been observed (37). Fig-
ure 2 shows the electrophoretic characterization
of APRT from seven independent gene transfer
clones. It was previously shown that mouse L
cells produce an APRT with electrophoretic
mobility identical to that exhibited by 40 differ-
ent mouse strains (35, 36). It is clear that the
transformants express only hamster (donor
DNA) and not mouse APRT.
The above data indicate that APRT deficiency

in clones LS-24b and LI-10 behaves recessively
and that there is no evidence for any mouse cell
activity that affects the expression of either the
human or hamster APRT genes or enzyme activ-
ity. Furthermore, it demonstrates no difference
between CRM+ (LS-24b) and CRM- (LI-10)
mutants in their ability to support the expression
of a hamster APRT gene. This suggests that
there is no trans-operating APRT gene "sup-
pression" in either instance.

DISCUSSION
In this report, we describe a very high fre-

quency of adenine analog resistance concomi-
tant with loss ofAPRT activity in mouse L cells.
Resistance to thioguanine, oubain, and azaser-
ine occurs at much lower frequencies (e.g., by a
factor of 10-3 to 10-4). Our initial prejudice was
to ascribe the high-frequency events to some

TABLE 4. APRT activity of revertant subclones
APRT activity

Clone (% of wild type)
LS-25bRE-4.38
LS-2aRE-13.31
LI-10R-4.43
LI-10RI- 5.58
LI-10-RI-6..60
LS-9RS-21.100
LS-9RS-39.100

sort of regulatory (epigenetic) phenomenon in-
volving "turn off" of the APRT gene or to gene
loss. If loss of APRT activity were due to
chromosomal rearrangement, a position effect,
or an event usually associated with cell differen-
tiation, one would expect that none of the vari-
ants would retain CRM. Furthermore, in the
case of the loss of a single active APRT gene,
one would not expect reversion. Thus, our data
argue against such hypotheses and indicate that
this phenotype is due to an event(s) which
sometimes permits retention of CRM and that
this event(s) can sometimes be reverted after
treatment with known mutagens, even in CRM-
clones, albeit at a low frequency. The demon-
stration of revertants with less than wild-type
levels of APRT activity suggests the possibility
of amino acid substitutions or second-site rever-
sion. The fluctuation analysis, cell hybridiza-
tion, and gene transfer data, and the stability of
the DAP' phenotype taken with the above-men-
tioned data strongly suggest that these variants
are true mutants. (Clone LS-9 is the exception
and will be dealt with separately in a future
publication.) The possibility exists, however,
that different clones may be the result of differ-
ent classes of mutational events, each having
unique phenotypic consequences.

This high rate of mutation to the APRT-
phenotype may be unique to mouse L cells.
Other permanent mouse cell lines, such as 3T6
(16), MMT (mammary tumor), TA3 (mammary
tumor) (J. A. Tischfield, Ph.D. thesis, Yale
University, New Haven, Conn., 1973), and tera-
toma (25), do not share this property. Also, the
frequency of adenine analog-resistant clones is
much lower in primary human cells (24) and
CHO cells (5, 13, 32, 33; J. A. Tischfield, In
Vitro 13:152a, 1977; J. A. Tischfield, Proc. XIV
Int. Cong. Genet., 1979, p. 415). In the latter
case, analysis of mutant APRTs has demonstrat-
ed that many, if not all, adenine analog-resistant
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FIG. 1. Antibody competition (rabbit anti-rat liver APRT serum) curves. Symbols: LI-8, O; LI-10, 0; LS-9,
0; LS-10, E. Various amounts of mutant cell extract (0.5 to 0.05 mg of protein) were added to 0.057 mg of L cell
wild-type protein in the presence of antibody (1:100 dilution) sufficient to precipitate 80%o wild-type activity. The
immunoprecipitation reaction was as described in the text.

variants are true mutants resulting from point
mutations or frameshifts in the APRT gene. It is
significant that the data obtained with the origi-
nal strain of L cells can be essentially repro-
duced with L929 cells from two independent
sources. One outstanding difference between L
cells and most other mouse cell lines is that L
cells are extremely heteroploid, exhibiting a sub-
tetraploid modal chromosome number with
many biarmed chromosomes (36).
The question remains as to why there is such a

high rate of mutation to the APRT- phenotype
in L cells. Since the APRT locus is autosomal in
the mouse (15), there could theoretically be as
many as four copies of this locus in L cells.
However, our data suggest that only one copy of
the APRT gene is actually functioning in L cells.
This is consistent with proposals that a substan-
tial region of the genome of cultured somatic
cells may be functionally hemizygous (29) or
"silent." The latter term refers to the inactiva-
tion of linked genes such that the -stability of
their silence approaches that usually associated
with mutation (2). Given that there is only one
functioning copy of the APRT gene in L cells,

several high-frequency mechanisms for muta-
tion may be proposed. Perhaps the particular
APRT allele functioning in L cells contains a
base sequence which is highly mutable, similar,
perhaps, to "hot-spots" in procaryotes. Also,
the presence of an allele or locus specific "muta-
tor gene" or an insertion sequence that trans-
poses near the APRT locus could result in
extremely high mutation frequencies and mu-
tants of variable phenotype. In D. melanogaster,
presumptive insertion mutants fall into two gen-
eral classes: stable mutants which revert at a
frequency of 10-5 to 10-6 per gamete, and
unstable mutants which revert at a frequency of
10-3 to 10-4 per gene (9). This appears analo-
gous to our findings at the mouse APRT locus.

It may be significant that L cells and other
mouse cell lines commonly express retroviruses.
The striking similarity between retrovirus pro-
vinrses, bacterial transposons, and movable ge-
netic elements in yeast (TY1) and Drosophila
(copia) has been noted (3, 34). Evidence sug-
gests that retrovirtses have no apparent speci-
ficity in the nucleotide sequence of their cellular
DNA integration site (34). Likewise, the inser-
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FIG. 2. Separation of mouse and CHO APRT as shown by autoradiograph of APRT activity in cell extracts
after electrophoretic separation on a starch gel (35). Channel 1, Mouse L cell control; 2, CHO cell control; 3 to 9,
transformants of APRT- mouse clone LS-24b obtained after treatment with CHO cell DNA (37). The arrow
indicates the direction of migration. Only hamster APRT activity was detected in the transformants.

tion of transforming DNA into the mammalian
genome may not be restricted to a unique chro-
mosome or chromosomal region (26). In the
process of insertion, transforming DNA may
also generate mutations secondary to chromo-
somal rearrangements (25). It was recently
shown that retroviruses can act as insertion
mutagens, causing the inactivation of cellular
genes by insertion of viral DNA, in the manner
exhibited by the mutator bacteriophage, Mu-1,
or by other transposable elements in yeast,
Drosophila, and maize (39). In the above cases,
insertion can be into a large number of sites in
the host genomes (3, 39). Thus, there are fea-
tures in common between DNA-mediated trans-
formation and insertion of retroviruses and
transposable elements.

It is worthwhile to note that DNA-mediated
transfer of the thymidine kinase and dihydrofo-
late reductase genes is much higher with L cell
recipients as compared to CHO recipients (18).
L cells were also better recipients for the APRT
gene than were human or hamster cells (35). It is
difficult to evaluate the above data, but they
suggest that L cells may be particularly suscepti-
ble to insertion of DNA sequences, and, thus,
insertional mutagenesis. A high rate of insertion-
al mutagenesis could help explain the highly
rearranged karyotype of L cells. This could also
account for the high rate of mutation at the
APRT locus, but we do not know if loci, other
than those tested, can be affected in a similar
manner.

Atkins and Gartler (1) isolated DAPF clones
from L cells of unknown origin. Of eight DAP'
clones, seven incorporated very little adenine
and showed negligible APRT activity. An eighth
clone showed 8% of wild-type adenine incorpo-

ration and 7.1% of wild-type APRT activity (our
calculations). We have not observed any clones
similar to this latter type, although a clone with a
high spontaneous reversion frequency such as
LS-9 could assay in this manner if maintained in
nonselective medium. They observed DAPF
clones at frequencies between 1.4 x 10-4 and
7.0 x 10-4, with an average frequency of 2.6 x
10-4 (our calculations). This is somewhat lower
than our average frequency but still unusually
high for a putative autosomal recessive muta-
tion. The differences could be due to variables in
culture conditions or to fundamental differences
between cell lines. Atkins and Gartler (1) found
only one putative revertant in one cell line in 3 x
106 cells. No spontaneous revertants were ob-
served for seven other cell lines after testing 2.2
x 107 cells. These latter data are consistent with
our data.

High spontaneous frequencies have also been
reported for loss of adenosine kinase activity in
CHO cells (10, 23). As in the case reported
herein, these variants do not revert spontane-
ously. The extent to which the CHO adenosine
kinase variants and L cell APRT mutants are
homologous remains to be determined.
Thus, our data are consistent with either a

"hot-spot(s)," some type of locus-specific "mu-
tator" gene, or an insertion sequence that spe-
cifically interacts with DNA at or near the APRT
locus. Analysis of mutant APRT proteins and
direct examination of mutant DNA should illu-
minate the situation.

ACKNOWLEDGMENT
This work was supported by Public Health Service grants

GM26917 (J.A.T), GM18924 (M.W.T), and AM25498 (M.W.T)
from the National Institutes of Health.

MOL. CELL. BIOL.



ADENINE PHOSPHORIBOSYLTRANSFERASE LOCUS 257

LITERATURE CITED

1. Atkins, J. H., and S. M. Garler. 1968. Development of a
nonselective technique for studying 2,6-diaminopurine
sensitivity and resistance in an established murine cell
line. Genetics 60:781-7.

2. Bradley, W. E. C. 1979. Reversible inactivation of an
autosomal allele in Chinese hamster cells. J. Cell Physiol.
101:325-340.

3. Cals, M. P., and J. H. Mller. 1980. Transposable ele-
ments. Cell 20:579-595.

4. Caplzzi, R. L. and J. Jameson. 1973. A table for the
estimation of the spontaneous mutation rate of cells in
culture. Mutat. Res. 17:147-148.

5. Chasm, L. A. 1974. Mutations affecting adenine phospho-
ribosyl transferase activity in Chinese hamster cells.- Cell
2:37-41.

6. Cox, E. C. 1973. Mutator gene studies in Escherichia coli:
the mut T gene. Genetics 73:67-0.

7. DeMars, R., and K. R. Held. 1972. The spontaneous
azaguanine-resistant mutants of diploid human fibro-
blasts. Humangenetic 16:87-110.

8. DeMars, R. 1974. Resistance of cultured human fibro-
blasts and other cells to purine and pyrimidine analogues
in relation to mutagenesis detection. Mutat. Res. 24:335-
364.

9. Green M. M. 1977. The case for DNA insertion mutations
in Drosophila, p. 437-445. In A. I. Bukhari, J. A. Shapiro,
and S. L. Adhya (ed.), DNA insertion elements, plasmids
and episomes. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

10. Gupta, R. S., and Smninovitch, L. 1978. Genetic and
biochemical studies with the adenosine analogues toyoca-
mycin and tubercidin: mutation at the adenosine kinase
locus in Chinese hamster cells. Somatic Cell Genet.
4:715-735.

11. Hayfick, L. 1965. Tissue culture and mycoplasmas. Tex.
Rep. Biol. Med. 23(Suppl. 1):285-303.

12. Hershey, H. V., and M. W. Taylor. 1978. Purification of
APRT by affinity column chromatography. Prep. Bio-
chem. 8:453-462.

13. Jones, G. E., and P. A. Sargeant. 1974. Mutants of
cultured Chinese hamster cells deficient in adenine phos-
phoribosyl transferase. Cell 2:43-54.

14. Kang, C. Y., L. G. Weide, and J. A. Tlichfield. 1981.
Suppression of vesicular stomatitis defective interfering
particle generation by a function(s) associated with human
chromosome 16. J. Virol. 40:946-952.

15. Kozak, C. E., E. Nichols, and F. H. Ruddle. 1975. Gene
linkage analysis in the mouse by somatic cell hybridiza-
tion: assignment of adenine phosphoribosyl transferase to
chromosome 8 and a-galactosidase to the X chromosome.
Somatic Cell Genet. 1:371-382.

16. Kusano, T., C. Long, and H. Green. 1971. A new reduced
human-mouse somatic cell hybrid containing the human
gene for adenine phosphoribosyl transferase. Proc Natl.
Acad. Sci. U.S.A. 68:82-86.

17. Lea, D. E., and C. A. Coulson. 1949. The distribution of
the numbers of mutants in bacterial populations. Genetics
49:264-285.

18. Lewis, W. H., P. R. Srinivan, N. Stokoe, and L. SImino-
vtch. 1980. Parameters governing the transfer of the
genes for thymidine kinase and dihydrofolate reductase
into mouse cells using metaphase chromosomes or DNA.
Somatic Cell Genet. 6:333-347.

19. Luria, S. E., and M. Delbrnck. 1943. Mutation of bacteria
from virus sensitivity to virus resistance. Genetics
28:491-511.

20. McClintock, B. 1950. The origin and behaviour of mutable
loci in maize. Proc. Natl. Acad. Sci. U.S.A. 36:344-355.

21. Morrow, J. 1977. Gene inactivation as a mechanism for
the generation of variability in somatic cells cultivated in
vitro. Mutat. Res. 44:391-400.

22. Norwood, T. H1., C. J. Zeigler, and G. M. Martin. 1976.

Dimethyl sulfoxide enhances polyethylene glycol mediat-
ed somatic cell fusion. Somatic Cell Genet. 2:263-270.

23. Rabin, M. S., and M. M. Gottesna. 1979. High frequency
of mutation to tubercidin resistance in CHO cells. Somatic
Cell Genet. 5:571-583.

24. Rappaport, H., and R. DeMars. 1973. Diaminopurine-
resistant mutants of cultured diploid human fibroblasts.
Genetics 75:335-345.

25. Rewer, A. J. J., and B. Mintz. 1979. Mouse teratocarci-
noma mutant clones deficient in adenine phosphoribosyl-
transferase and developmentally pluripotent. Somatic Cell
Genet. 5:781-792.

26. Robins, D. M., S. Ripley, A. S. Henderson, and R. Axel.
1981. Transforming DNA integrates into the host chromo-
some. Cell 23:29-39.

27. Shapiro, J. A., S. L. Adhya, and A. I. Bukhari. 1977.
Introduction: new pathways in the evolution of chromo-
some structure, p. 3-11 In A. I. Bukhari, J. A. Shapiro,
and S. L. Adhya (ed.), DNA insertion elements, plasmids
and episomes. Cold Spring Harbor Laboratory, Cold
Spring, Harbor, N.Y.

28. Sharp, J. D., N. E. Capecchi, and M. R. Capecchi. 1973.
Altered enzymes in drug-resistant variants of mammalian
tissue culture cells. Proc. Natl. Acad. Sci. U.S.A.
70:3145-3149.

29. Siminovitch, L. 1976. On the nature of heritable variation
in cultured somatic cells. Cell 7:1-11.

30. Stambrook, P. J., and J. E. Silsken. 1972. The relationship
between rate of 3H-uridine and 3H-adenine incorporation
into RNA and the measured rates of RNA synthesis
during the cell cycle. Biochim. Biophys. Acta 281:45-54.

31. Stanbrlige, E. J., J. A. Tbchfield, and E. J. Schneider.
1975. Appearance of hypoxanthine guanine phosphoribo-
syl transferase activity as a consequence of mycoplasma
contamination. Nature (London) 256:329-331.

32. Taylor, J. W., J. H. Plpkorn, M. K. Tokito, and R. 0.
PozzatIl, Jr. 1977. Purine mutants ofmammalian cell lines.
IH. Control of purine biosynthesis in adenine phosphori-
bosyl transferase mutants of CHO cells. Somatic Cell
Genet. 3:195-206.

33. Taylor, N. W., H. V. Hershey, and A. E. Simon. 1979. An
analysis of mutation at the adenine phosphoribosyl trans-
ferase locus. Banbury report #2. In A. W. Hsie, J. P.
O'Neill, and V. K. McElheny (ed.), Mammalian cell
mutagenesis. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

34. Tenin, H. 1980. Origin of retroviruses from cellular
moveable genetic element. Cell 21:599-600.

34. llsdchield, J. A. 1977. Different properties of Chinese
hamster cell clones resistant to adenine analogs. In Vitro
13:152a.

35. TlIddield, J. A., H. P. Bernbard, and F. H. Ruddle. 1973.
A new electrophoretic autoradiographic method for the
visual detection of phosphotransferase. Anal. Biochem.
53:545-554.

36. Tlacbfield, J. A., and F. H. Ruddle. 1974. Assignment of
the gene for adenine phosphoribosyl transferase to human
chromosome 16 by mouse-human somatic cell hybridiza-
tion. Proc. Natl. Acad. Sci. U.S.A. 71:45-49.

37. Tischleld, J. A., and P. J. Stambrook. 1980. Interspecies
and intraspecies transformation of the gene for adenine
phosphoribosyltransferase. J. Cell Biol. 87:291a.

38. Trefers, H. P., V. Spinelli, and N. 0. Beser. 1954. A
factor (or mutator gene) influencing mutation rates in
Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 40:1064-
1071.

39. Varmus, H. E., N. QuintreJl, and S. Ortiz. 1981. Retrovi-
ruses as mutagens: insertion and excision of a nontrans-
forming provirus alter expression of a resident transform-
ing provirus. Cell 25:23-36.

40. Wlwer, M., A. Pellicer, S. Silverstein, R. Axel, G. Urlaub,
and L. Chasb. 1979. DNA-mediated transfer of the ade-
nine phosphoribosyltransferase locus into mammaliam
cells. Proc. Natl. Acad. Sci. U.S.A. 76:1371-1376.

VOL. 2, 1982


