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SUMMARY

Hybrid cells were isolated from mixtures of two diploid
strains of Chinese hamster cells maintained in vitro. One
parent strain was highly resistant to amethopterin, had an
increased level of dihydrofolate reductase activity, and was
capable of forming tumors on heterotransplantation. The
other parent strain, highly resistant to actinomycin D, had a
low tumor-forming capacity and a low level of reductase.
Karyotype analysis confirmed hybridization of these strains.

Studies of drug resistance and dihydrofolate reductase
activity in cloned hybrid sublines indicated differences in the
inheritance of resistance to amethopterin and to actinomycin
D. Enzyme activity and resistance to amethopterin were
intermediate between those of the parent strains, which
suggested lack of interaction between the parental genomes. In
contrast, resistance to actinomycin D appeared to be inherited
as a dominant trait. Tumor-forming capacities of hybrid clones
were as high and as low as or in between those of the parent
strains.

INTRODUCTION

The technique of cell hybridization was used to investigate
the genetic regulation of resistance to amethopterin and
actinoruycin D in diploid Chinese hamster strains. Previous
studies with cell hybrids have shown that the genetic control
of a variety of cell functions may vary. Significant interaction
between parents was absent in some cases (14, 20), whereas
suppression of function occurred in other hybrids (16, 26). In
some cells, specific cell functions have been related to the
presence of specific chromosomes (22, 23).

The properties of the parental cells used as markers were:
resistance to amethopterin, related to increased dthydrofolate
reductase activity5 ; and resistance to actinomycin D,
associated with alteration of the cell membrane (6). Genetic
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control of the synthesis and structure of dthydrofolate
reductase (27) and the genetic nature of actinomycin D
resistance (24) have been demonstrated in bacteria. A 3rd
characteristic studied was the inheritance of tumor-forming
capacity, which was high in the amethopterin-resistant strain
and low in the actinomycin D-resistant strain (7). Since each
parent strain had a distinctive karyotype, the hybrids were
examined for any correlation between chromosomal markers
and specific phenotypes.

MATERIALS AND METhODS

Cells and Culture Medium

Strain DC-3F/A3, 110,000 times more resistant to
amethopterin, and strain DC-3F/AD IV, 376 times more
resistant to actinomycin D, were derived from the
drug-sensitive line DC-3F (6) by stepwise selection in
increasing concentrations of the respective drugs. The history
of DC-3F, originating from normal Chinese hamster lung
tissue, has been described (6). Cells were maintained as
monolayer cultures in Eagle's minimal essential medium
supplemented with 10% fetal bovine serum and amethopterin
(50 pg/mI) for DC-3F/A3 or actinomycin D (1 pg/ml) for
DC-3F/AD IV. These cells had been cultivated with drugs for
approximately 2 years prior to use in hybridization
experiments.

Hybridization

One million cells of a mixture of equal numbers of
DC-3F/A3 and DC-3F/AD IV cells were inoculated into each
of 2 bottles containing 10 ml of drug-free medium.

One culture was preincubated for 2 hr at 4Â°and thereafter
maintained at 37Â°.On 2nd passage, after 2 weeks of growth,
0.5 X 106 cells were inoculated into selective medium
containing amethopterin (1.0 pg/mI) and actinomycin D (0.01
pg/ml). Approximately 30 colonies grew to confluence and the
mass culture was designated 6-H. After 4 weeks of growth in
selective medium (4 passages), 6-H was subcultured in
drug-free medium. The characterization of mass culture 6-H
was based on analysis of the subcultured cells. The original 6-H
culture was allowed to grow for another 2.5 weeks (2 more
passages) in selective medium and was then cloned. The 8
clones were designated 6-HI through 6-H9.

The 2nd culture initiated with a similar mixture of parental
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cells was incubated at 3oU@It became confluent after 26 days,
at which time 0.62 X 106 cells were passed into selective
medium and maintained at 37Â°.Approximately 20 colonies
grew to confluence, and the culture was designated mass
culture 6-W. It was maintained for 3.5 weeks in selective
medium, and at 2nd passage it was subcultured in drug-free
medium and studied. The original mass culture 6-W was cloned
after an additional 2.5 weeks in selective medium (2 passages).
The 9 clones were designated 6-Wl to 6-W9.

All clonal sublines were maintained by weekly transfer in

drug-free growth medium changed 2 times per week. Samples
were frozen in liquid nitrogen shortly after isolation of each
clone.

Chromosome Preparations

Procedures for air-dried coverslip preparations of metaphase
cells and chromosomal classification have been described
previously (6).

Determination of Drug Sensitivity

The details of this assay procedure are described elsewhere
(6). Cells were cultivated in medium containing graded
amounts of drug, and controls were maintained in drug-free
medium. The number of cells at each drug concentration was
counted after 3 days, and each cell line was characterized by
its ED506 value, that drug concentration that permits growth
to 50% of the control cell number.

Autoradiography

Cells of 3-day-old coverslip cultures were exposed for 2 hr
to I .0 pg/mI (2.66 pCi/ml) of tritiated actinomycin D (specific
activity, 3.38 Ci/mmole). The details of the culture method
and preparation of autoradiographs were described previously
(6).Thenumberofgrainspernucleuswasdeterminedby2
observers on 400 cells per coded, randomized slide.

Heterotransplantation

For determination of the tumor-producing capacities of the
cell lines, 1 million cells were inoculated into each cheek
pouch of 18- to 21-day-old female, weanling, golden Syrian
hamsters. Each animal received an injection of 2.5 rug of
cortisone acetate at the time of cell inoculation and twice a
week thereafter. Cheek pouches were examined once a week
for 4 weeks, tumors were measured, and samples were excised
for histological preparations at 4 weeks.

Dthydrofolate Reductase Activity

Preparation of Cells. Log-phase parental and hybrid cells
cultivated for different lengths of time in drug-free medium
(details described under â€œResultsâ€•)were analyzed for enzyme
activity. Cells were scraped from the bottles, washed twice in
phosphate-buffered salts solution (Dulbecco), and collected as

6 The abbreviation used is:@ , 50% effective dose.

a pellet. Percentage of viability was determined, and cell
number was estimated from counts of replicate cultures.

Preparation of Cell Extracts. Each pellet of washed cells was
resuspended in 1.5 ml of potassium phosphate buffer (10 mM,
pH 7.38) containing EDTA (1 mM), and resultant suspensions
were stored at â€”20Â°.Facile lysis of these cells was
accomplished by subsequent thawing of the frozen suspension
at room temperature. Usually, centrifugation (0â€”4Â°)at 15,000
rpm for 30 mm yielded clear supernatant extracts, which were
removed by decantation. Whenever a single 30-mm
centrifugation failed to clarify extracts effectively,
centrifugation was repeated and the resultant extracts were
separated from the pellet of debris and buoyant surface
material with Pasteur pipets.

Assay of Dthydrofolate Reductase Activity. Immediately
after the extracts were prepared, enzyme activity was
measured according to a spectrophotometric method that
utilized the decrease in absorbance at 340 trip during the
NADPH-dependent reduction of dihydrofolate (1 , 5). The
previously described reaction mixture was modifIed by adding
potassium chloride (0. 1 M) to the standard enzymatic reaction
mixture (pH 6.5), because KC1increased enzyme activity 40 to
60%. Dthydrofolate reductase activity is described in terms of
pmoles of dthydrofolate reduced/mg of total protein/hr.
Protein was determined by the method of Lowry et a!. (21).

Source of Chemical Agents

Actinomycin D (Lyovac Cosmegen) was obtained from
Merck Sharp and Dohme, Rahway, N. J.; amethopterin
(methotrexate)wasfromLederleLaboratories,PearlRiver,N.
Y.; and tritiated actinomycin D was from Schwarz
BioResearch, Inc., Orangeburg, N. Y.

RESULTS

Mass Cultures

The drug sensitivity of the parent strains and of the
independently derived, uncloned mass cultures 6-H and 6-W, as
expressed by the o value, is summarized in Table 1. The
sensitivities of the mass cultures to amethopterin and actino
mycin D were intermediate between those of the parents.
The mass cultures were 18 ,900 times more resistant to
amethopterin than DC-3F/AD IV, whereas DC-3F/A3 was
259,300-fold more resistant than DC-3F/AD IV. Cultures 6-H
and 6-W were 138 and 263 times, respectively, more resistant
to actinomycin D than was DC-3F/A3 ; the parent strains
differed 569-fold. Since previous observations indicated that
resistance to both these agents was lost with time in culture (J.
L. Biedler and H. Riehm, unpublished results), the number of

days in drug-free medium has been noted for all
determinations of drug resistance and enzyme activity. Within
the time interval of 14 to 52 days, there was no change in the
level of drug resistance.

Previous work with DC-3F sublines resistant to actino
mycin D showed that nuclear labeling with tritiated
actinomycin D was inversely proportional to the degree of
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50(pg/ml)Mean no. of
grains/nucleusDihydrofolatereductaseAmethActino

Cellsopterinmycin D(actinomycin D-'H)activity6-H

6-W53Â° 53a022b 042b8.3'@ 8.0â€•37â€¢57,d
4400e

5270dDC-3F/A,@

DC-3F/ADIV@726 0.00280.00160.9191.1 1.269.87
Â±1.95

0.32 Â±0.02

Actinomycin D- and Amethopterin-resistant Hybrids

Table 1
Properties ofmass cultures 6-H and 6-W and the drug-resistant parent strains

Sensitivity to amethopterin and actinomycin D (in 2 or more experiments), uptake of
actinomycin D-'H (1 @tg/ml)as measured autoradiographically, and dihydrofolate reductase
activity (jimoles of dihydrofolate reduced/hr/mg of protein).

Before testing, cells were grown for the following number of days in drug-free medium : a 27
and38;@' 14and34;@26;d41;e52;n10to 14.

drug resistance as determined by o values (6). The results
of studies designed to determine whether there was a similar
labeling pattern in the parent strains and mass cultures are
summarized in Table 1. The mass cultures resembled that of
the actinomycin D-resistant parent. There were 92% fewer
grains per nucleus in the mass cultures and 99% fewer grains in
DC-3F/AD IV than in DC-3F/A3.

The dihydrofolate reductase activity of the mass cultures
was 54 to 75% of the activity of DC-3F/A3, a level 220 times
higher than that of DC-3F/AD IV (Table 1).

The data presented in Table 1 suggested that hybridization
had occurred in each of the cell mixtures. Karyotype analysis
showed the 8 clones derived from mass culture 6-H and the 9
clones derived from mass culture 6-W to be hybrids.

HybridClones

Morphology. The 17 hybrid clones grew vigorously during
the 3 months of maintenance in culture. Initially, each clone
had a distinctive morphology, ranging between the
smooth-edged colonies of tightly adhering, elongated, and
oriented cells of DC-3F/AD IV and the open-edged colonies of
rounder and unoriented cells of DC-3F/A3.

Five hybrid clones chosen for more extensive analysis were
reestablished from frozen samples and maintained for an
additional 4 months. They continued to grow rapidly with
population-doubling times of 12 to 14.5 hr, which were similar
to those of the parent strains, with doubling times of 13.5
(DC-3F/A3) and 14.5 hr (DC-3F/AD IV).

The hybrid clones gradually became indistinguishable from
one another. All developed open-edged colonies of spindle
cells that grew in single.cell strands without parallel
orientation and with a greater resemblance to DC-3F/A3 than
to DC-3F/AD IV.

Sensitivity to Amethopterin. The ED@@ values for the 17
hybrid clones are listed in Table 2. Hybrids derived from both
mass culture 6-H and mass culture 6-W showed a broad range
in levels of resistance, 870 to 70,000 times more resistant to
amethopterin than was DC-3F/AD IV.

Autoradiography with Tritiated Actinomycin D. The
number of grains per nucleus in the hybrid clones derived from
mass culture 6-H was 92 to 97% less than the grain number in

DC-3F/A3 (Table 2). A wider range, 73 to 98% fewer grains,
characterized the hybrid clones derived from mass culture 6-W.

Dihydrofolate Reductase Activity. In hybrids derived from
mass culture 6-H, enzyme activity, with one exception, ranged
from 49 to 77% of that of DC-3F1A3 with a mean of 58%
(Table 2). The exception was hybrid 6-H2 with an activity
level of 109%. In hybrid clones derived from mass culture 6-W,
enzyme activity ranged from 27 to 68% of that of DC-3F/A3
with a mean of 49%.

Reestablished Hybrid Clones

The 5 clones showing the greatest differences in drug
sensitivity were further investigated. Since drug resistance was
lost with time in culture , cultures were reestablished from cells
that had been frozen in liquid nitrogen shortly after isolation
of the hybrids.

Sensitivity to Amethoptenn and Actinomycin D. The
dose-response data are given in Charts 1 and 2 and summarized
in Table 3. The individual differences in o values for
amethopterin between these determinations and those on the
original cultures (Table 2) were small. Hybrids 6-H3, 6-H8,
6-W2, and 6-W3 were 18,600 to 27,900 times more resistant to
amethopterin than was DC-3F/AD IV. Hybrid clone 6-W9,
with a resistance level 3 ,600 times greater than DC-3F/AD IV,
was tested after the longest time in culture in drug-free
medium. Resistance to amethoptermn decreased 1,000-fold,
while resistance to actinomycin D remained relatively
unchanged between 74 and 102 days. Resistance to
actinomycin D in the 5 hybrids was 88 to 186 times greater
than in DC-3F/A3.

Dihydrofolate Reductase Activity. In general, there was
fluctuation in enzyme activity, with only a slight downward
trend with time in culture in drug-free medium (cf. Tables 2
and 3). In contrast, hybrid 6-W9 illustrates a correlation
between length of time in culture, enzyme activity, and o
for amethopterin. There appears to be a direct relationship
between fall in enzyme activity and loss of resistance to
amethopterin with time in culture for this hybrid clone.

Autoradliography with Tntiated Actinomycin D. The mean
number of grains per nucleus in the 5 reestablished hybrid
clones is listed in Table 3. Hybrids 6-113, 6-W2, 6-W3, and
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AmethopterinActinomycinD-3HDihydrofolatereductaseCellsED,0a

(j@g/ml)Days@'Mean
no.of

grains/nucleusDaysbActivitycDays@'6-H9150324.31442.29

Â±2.02156-H8140557.61453.80
Â±0.60156-H355502.81436.46
Â±0.91186-Hi30464.21439.74
Â±1.84256-H525465.21434.05
Â±1.28186-H612605.41436.39
Â±4.27156-Hi8.0434.31440.41
Â±0.51156-H21.2554.01476.23
Â±3.98186-W3195321.41447.22Â±2.54186-W2120431.81429.00

Â±0.50246-Wi885524.81429.43
Â±5.35256-W465552.71436.78
Â±0.22246-Wi32323.61433.08256-W528607.91437.17

Â±2.94256-W625504.71444.29
Â±1.89246-W83.55010.11418.91
Â±0.30246-W92.1735.51431.28
Â±0.0825

J. S. Sobel, A. M. Albrecht, H. Riehm, and J. L. Biedler

Table 2
Characterization ofhybrid clones derivedfrom mass cultures 6-H and 6-W:

sensitivity to amethopterin, uptake ofactinomycin D-'H (1 pg/ml),
and dihydrofolate reductase activity

a Single determinations.
b No. of days grown in drug-free medium.
C Average value of assays for 2 cultures

dihydrofolate reduced/hr/mg of protein.
except for clone 6-Wi; activity, in @smoIesof

heterotransplantation was determined. The results of these
experiments are summarized in Table 4 and Chart 3.

Hybrids 6-H3 and 6-H8 resembled DC-3F/A3 in the high
frequency with which they formed tumors, the rate of growth
and regression of the tumors, and the general distribution of
tumor sizes.

Hybrids 6-W3 and 6-W9 resembled DC-3F/AD IV in formingÂ§

Amethopterin(pg/mi)

Chart 1. Response of hybrid and parental cells to various
concentrations of amethopterin. Points, individual determinations in
duplicate experiments. Determination of DC-3F/A3 sensitivity is
described elsewhere.5 Numbers in parentheses, days of growth in
drug-freemedium..,6-113;â€˜,6-H8;+,6-W2; @,6-W3; @,6-W9; â€”
DC-3F/A3;Ã˜, DC-3F/AD IV.

6-W9 showed a 1 .6- to 4-fold increase in labeling with longer

time in culture in absence of drug (Tables 2 and 3). In
contrast, the grain count was almost halved in hybrid 6-H8
during the same time interval.

Heterotransplantabiity. Since the parent strain DC-3F/A3
had a high capacity and DC-3F/AD IV had a low capacity to
form tumors when inoculated into Syrian hamster cheek
pouch (7), the behavior of the hybrid clones on

4ctsnornycsn0 (jig/mI)

Chart 2. Response of hybrid and parental cells to various
concentrations of actinomycin D. Points, individual determinations in
duplicate experiments. Determination of DC-3F/AD IV sensitivity was
describedpreviously(6)..,6-H3;â€˜,6-H8;+,6-W2;A,6-W3; @,6-W9;o,
DC-3F/A3; , DC-3F/AD IV.
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CellsAmethopterinActinomycin

DActinomycinD-3 HDihydrofolatereductaseED50

(jtg/ml)@DaysbED50 (jig/ml)aDaysbMean
no. of

grains/nucleusDays1'ActivitycDaysb6-H37044,510.1444,514.56433.42

23.90 Â±2.0150556-H87531,380.1431,383.15148.90

35.82Â±0.9437446-W27834,
540.3643, 547.07125.63 Â±0.63

26.0458616-W35239,
500.3039, 504.06735.43 Â±0.83

40.4451556-W910

0.12
0.01374

102
1100.22

0.1974 10212.87819.15Â±0.67 8.87Â±2.385492DC-3F/AD

IV12d14

CellsNo.
of tumors/no.

of pouches inoculatedaDaysb%positive6-H39/11,11/li54,61916-H89/11,11/1141,48916-W29/12,6/12,8/946,51,81706-W31/12,5/12,0/942,47,81186-W91/12,1/1059,669DC-3F/A310/10,7/910â€”1489DC-3F/ADIV0/3,

1/5,6/9,0/11,0/1110â€”1418

CellsDrug
exposure

(mo.)CNo.of

chromosomes/cellb21222324DC-3F/ADIV2493821DC-3F/A326123251

Actinomycin D- and Amethopterin-resistant Hybrids

Table 3
Characterization ofreestablished hybrid clones: sensitivity to amethopterin and actinomycin D,

uptake ofactinomycin D-3H (1 jig/ml), and dihydrofolate reductase activity

a Average of duplicate determinations except for hybrid 6-W9.
b No. of days grown in drag-free medium.
C Assay of single culture or average of values for 2 cultures; activity in pmoles of dihydrofolate reduced/hr/mg of protein.

d Parent strain showed same degree of labeling in this experiment as in 1st experiment (Table 2).

and detailed karyotype analysis were made on both original
and reestablished clones 6-H3, 6-H8, 6-W2, 6-W3, and 6-W9.
Three additional clones, 6-H2, 6-W6, and 6-W8 were similarly
studied. As seen in Table 5, the modal chromosome number
for both parent strains was 22 and variation was low. The
modal chromosome numbers for the hybrid clones (Table 6)
ranged from 44, the expected number, to 35-37, thus showing
full retention of both complements in some instances and

Table 4
Frequency of tumors produced in Syrian hamster cheek pouches by

reestablishedhybrid clonesand
drug-resistant parent strains

U)

0
E

Chart 3. Average size of tumors produced by hybrid and parental
cells. Numbers in parentheses, number of tumors. ., 6-H3; â€˜,6-H8; +,
6-W2;A,6-W3;E@,6-W9;0, DC-3F/A3;Â®,DC-3F/ADIV.

a few small tumors which regressed more quickly than those of
the parent strains.

Hybrid 6-W2 was the most distinctive in its growth pattern,
forming large tumors with a rapid rate of growth and
regression and with a frequency intermediate between those of
the parent strains.

Histological examination showed both parental and hybrid
tumors to be composed of malignant spindle cells.

Karyotype Analysis. Determination of chromosome number

Week a Individual experiments.

b No. of days grown in drag-free medium.

Table5
Distribution ofchromosome numbers in drug-resistant parent

strains used in hybridization

a No. of months at maintenance concentration of actinomycin D

(AD) or amethopterin (A).
b Fifty cells of each parent strain were counted.
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moderate numerical diminution in others. Each clonal line
showed numerical variation.

Karyotypes of parental cells are displayed in Figs. I and 2.
Parental DC-3F/AD IV cells, as described previously (6) and as
seen also in the present study, often but not always contained
a distinctive, abnormal No. 1 chromosome (AD-l): it could
not be ascertained whether its homolog was slightly deleted in
the longer arm. Some cells contained a deleted No. 2
chromosome (AD.2). As indicated in Fig. 1, the remaining
chromosomes were usually normal. In contrast, DC-3F/A3
cells had highly rearranged and somewhat more varied
karyotypes. Approximately one-quarter of the population
examined had only 2 telocentric chromosomes (A-4) per cell
rather than 4 as illustrated in Fig. 2. Most cells contained a
very long subtelocentric chromosome (A-i), 2 shorter
subtelocentric chromosomes (A-2), another marker (A-3)
classified as a translocated No. 4, and a minute chromosome
(A-5).Occasionally,anX chromosomewasdeletedatthe
region of the secondary constriction. Characteristically, there
were only 2 chromosomes in the No. 10-1 1 group. In all cells,
even before exposure to drug, there was a No. 6 chromosome
with an atypically longer short arm.

For the 8 hybrid clones studied in detail, the most
frequently observed number of specific marker chromosomes
and clearly recognizable normal chromosomes differentiating
hybrid from autotetraploid cells was determined (Table 7).
Karyotypes of several of the clonal lines are shown in Figs. 3
to 7. Although each clonal hybrid examined in detail had a
distinctive chromosome constitution and exhibited
considerable numerical and structural variability with respect
to chromosomes contributed by each parent, it was not
possible to correlate karyotype with drug sensitivity, enzyme
activity, or heterotransplantabiity.

DISCUSSION

The hybrid clones derived from mass cultures 6-H and 6-W
represent at least 2 independent hybridization events. From
the tabulation of normal and marker chromosomes (Table 7),
it is evident that these are hybrid cells, that probably there
were independent hybridization events within mass cultures
6-H and 6-W, and that each hybrid line was karyotypically

unique as shown particularly by the presence of consistent,
new, structurally abnormal marker chromosomes (Figs. 3 to
7). The basis for new structural rearrangement is not known,
although the selective concentration of amethopterin used in
this study would have been sufficient to produce chromosomal
abnormalities.5 Comparison of the levels of resistance of the
hybrids with those obtained for sublines selected by
actinomycin D (6) and amethopterin5 supports the evidence
for hybridization, since the selective medium used in the
present study could not have significantly influenced the
degree of resistance of the hybrid cells to either agent.

The most striking aspect of hybrid behavior was the
difference in the expression of the 4 parental markers.
Actinomycin D resistance, as indicated by the decreased
uptake of tritiated actinomycin D, was a dominant
characteristic; grain counts were as low in some hybrids as in

DC-3F/AD IV. Resistance to amethopterin, in terms of the
0 values which ranged over a 1 00-fold concentration of

drug, was intermediate between the levels of the parental cells.
The average level of dthydrofolate reductase activity was about
half that of DC-3F/A3. The tumor-forming capacity of the
hybrid clones showed the most extreme variation, with some
clones forming as many tumors and others as few as the 2
parent strains.

Resistance to actinomycin D has been associated with an
altered permeability to the drug in bacterial (24, 29) and
mammalian cells ( 12, 13). Studies of DC-3F sublines, including
DC-3F/AD IV, indicated that membrane alteration effecting
decreased permeability to the drug is also the probable reason
for resistance to actinomycin D in these cell lines (6). If this
hypothesis is correct, then the inability of the hybrid clones to
take up tritiated actinomycin D reflects not only the presence
of this DC.3F/AD IV membrane property but also the lack of
expression of the DC-3F/A3 phenotype. In contrast, studies of
the inheritance of specific surface markers (histocompatibility
antigens and species-specific antigens) in hybrid cells have
demonstrated codoruinance of parental characters in the
majorityofcases(19,30).

Within the time-span of the study (average, 50 days), 4 of
the 5 reestablished hybrid clones became more sensitive to
actinomycin D (Tables 2 and 3). A much smaller increase in
sensitivity was observed for DC-3F/AD IV which has been
maintained in drug-free medium for over 1 year (unpublished
experiments). The loss of resistance in the parent strain was
linear with time and amounted to a drop in@ from 0.91
to 0.78 j.zg/ml over the same time period as in the hybrid
study. Such a decrease in resistance would be associated with
an increased grain count of 1.2 to 1.5 grains/nucleus, as
compared to the 2- to 4-fold increase actually observed in the
hybrid nuclei. The more rapid loss of resistance suggests that a
mechanism, possibly absent in the diploid cell, was active in
the hybrids. A reasonable explanation would be chromosorual
rearrangement or segregation. Clones 6-W1, 6-W5, and 6-W8
with relatively high levels of nuclear labeling presumably
reflect an early loss or segregation of resistant markers.

The levels of resistance to amethopterin in the hybrids were
intermediate between those of the parent strains. Resistance to
this agent has been found to be associated with elevated levels
of dthydrofolate reductase activity in some cells (5, 11) and
with lowered permeability to the drug in others (10, 28).
Resistance in the hybrid clones was associated with increased
enzyme activity but, as has been observed elsewhere (18),
there was no consistent quantitative relationship between the
degree of resistance and the level of enzyme activity. It may be
assumed that factors in addition to dthydrofolate reductase
activity contribute to the level of resistance in these cells.
Fluctuation in the levels of enzyme activity due to the absence
of selective pressure in drug-free medium may be a
contributing factor. Such fluctuation was observed in
amethopterin-resistant sublines of DC-3F during the first 2 to
3 months in drug-free medium.5 Thereafter, loss of enzyme
activity was linear with time. Similar behavior may also have
characterized the hybrid lines. The variation in enzyme
activity of 4 of 5 individual hybrids (Tables 2 and 3)
approximated that manifested by the DC-3F/A3 parent line
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CellsDaysaSource1'No.

ofchromosomes/cellC353637383940414243444546476-H329011113462R169316-H82902187266R1475216-W229011691289R224554446-W3290586178R1176416-W92901148221182R265346-H2113R1147411116-W656R24931194R646226-W855R48521

HypotheticalNormalObservednumber
inchromosomeTetraploidTetraploidor

markerÂ°6-H36-H86-W26-W36-W96-H26-W66-W8DC-3F/ADIVDC-3F/A3HybridAD-i0111010?2

(or 0)01 (or0)A-i22011111021A-2212221â€”211042AD-2

No. 6.8i@1 90 100 82 80 61 8, 100 71 102
(or 0)

120 61
(or 0)

9A-443443,525208(or4)4(or2)No.10-il65556666846A-S11110111021NMC1220111?

Actinomycin D- and Amethopterin-resistant Hybrids

Table 6
Distribution ofchromosome numbers in hybrid clones

a No. of days maintained in drug-free medium.
b o, original cell line; R, line reestablished from liquid nitrogen cell bank.
C Twenty metaphase cells were counted except for the reestablished clone 6-W2 where there were 30 counts.

Table 7
No. of normal chromosomes and parental marker chromosomes most frequently observed in clonal hybrid lines, and distribution in

hypothetical parental cell tetraploids and a hybrid ofdiploid parents

a See Figs. 1 to 7 and description in text.
b Included in this group are the deleted marker chromosomes designated A-4.
C NM, new marker chromosomes consistently present in cells of clonal lines.

when maintained without amethopterin.5 In contrast, hybrid
6-W9, which was cultured for a more extensive period (102
days) in drug-free medium, showed a greater loss of enzyme
activity.

Of the 17 hybrid clones, 12 had enzyme activities
approximately half that of DC-3F/A3, 3 had higher activities
up to levels as high as that of the parent strain, and 1 clone
had a much lower level of enzyme activity (Table 2). A similar
study involving hybridization of cells with high and low folate
reductase derived from Syrian hamster lines also demonstrated
a predominance of hybrids with intermediate levels of enzyme
activity (20). It appears, therefore , that the level of these
reductase activities is not modified by genomic interaction in
the majority of hybrid lines. The finding of intermediate levels
of enzyme activity is consistent with the proposal that
elevated reductase activity reflects the absence of a specific
diffusible repressor (20). Another consideration is the

multiplicity of forms of dihydrofolate reductase (2, 3, 15, 17).
Deviation from intermediate enzyme activity values in the
minority of hybrid lines could be explained by chromosomal
loss, rearrangement, and segregation. However, it was not
possible to distinguish clonal lines with high activity from
those with low activity on the basis of chromosome number or
presence or absence of specific DC-3F/A3 marker
chromosomes.

B y t he c ri tenon of tumor formation on
heterotransplantation, DC-3F was a malignant cell line, and
this property was maintained in the same degree in DC-3F/A3
but largely lost or suppressed in DC-3F/AD IV (7). Two
hybrid clones resembled DC-3F/A3 and 2 hybrid clones
resembled DC-3F/AD IV in both frequency of tumor
production and tumor growth potential. A 5th hybrid clone,
6-W2, formed tumors with intermediate frequency and unique
growth behavior. These differences may reflect an initial
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heterogeneity in the parent strains, occurrence of changes
during cultivation of hybrid clones prior to
heterotransplantation, or changes related to the hybridization
phenomenon. Whether the tumor-forming capacity of these
cells was initially a dominant (4, 8, 25, 26) or a recessive (16)
character is not clear. It has been suggested that cancer may be
suppressed by certain chromosomes of the nonmalignant
parent cell (16), and this has been the subject of a recent
debate (9). Karyotype studies of the hybrid clones did not
show consistent differences between high- and
low-tumo r-producing lines. However, direct examination of
tumors was not carried out.

In a previous study of a series of actinoruycin D-resistant
sublines of DC-3F, reduction of tumor-producing ability was
inversely related to the degree of resistance (7). Since loss of
tumor-forming capacity was accompanied by more oriented
patterns of growth in culture and decreased intercellular
adhesiveness, it was postulated that this behavior reflected
changes in the surface membrane of the cells. In contrast to
the diploid lines, the ability of hybrid clones to form tumors
was not correlated with resistance to actinoruycin D.
Apparently, surface changes associated with these cell
characteristics can vary independently or be modified in the
hybrid cells.
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ActinomycinD-andAmethopterin-resistantHybrids

Figs. 1 to 7. Karyotypes (X 1200) and metaphase cells (X 800) stained with acetic orcein.
Figs. 1 and 2. Karyotypes of parent strains resistant to actinomycin D and amethopterin, respectively. Characteristic marker chromosomes, as

listed in Table 7, are indicated for each strain.
Figs. 3 and 4. Hybrid cells and karyotypes of clonal lines derived from mass culture 6-H. Marker chromosomes from both parent strains are

present. Clonal line 6-H8 contained 2 new marker (NM) chromosomes; 1 is probably a deleted X chromosome.
Figs. 5 to 7. Hybrid cells and karyotypes of clonal lines derived from mass culture 6-W. Only line 6-W3 had marker chromosomes (AD-i and

AD-2) of the actinomycin D-resistant parent strain. Clonal line 6-W2 had 2 distinctive new marker (NM) chromosomes with large heterochromatic
regions.
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