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Memorial Institute Tissue Culture Medium 1640 supplemented with
10% fetal calf serum and antibiotics (10). The cultured lines have
remained very stable in tissue culture over the past 5 years. Similarly,
tumor production in nude mice occurs with the same growth rate and
histology, and the histology remains representative of the morphologies
seen in vitro. This DLD-1 system therefore appears to be a good model
for investigation of such parameters as intrinsic radiation sensitivity.

Human Lung Carcinoma System. The human lung carcinoma parent
line LX1 was originally established in tissue culture from a solid tumor
growing in a nude mouse by Dr. B. Giovanella (17). We received our
cultures from Dr. A. Bogden of the Mason Research Institute, Worces-
ter, Mass., in 1978. This original culture was immediately cloned using
soft agar techniques, and the clones with the most distinctive mor-
phologies were then established as individual tumor lines. These sub-
populations were termed LX1-1, LX1-2, LX1-3, and LX1-9. Chromo-
somal analyses and karyotypic determinations were made on all tumor
lines. Morphologically, the LX1 parent culture was seen to contain 2
different morphologies, one being round and epithelial and the other
being fibroblastic. The LX1-1 line is round and epithelial; LX1-2 is
epithelial with a tendency to pile up; LX1-3 is fibroblastic with a
tendency to pile up; and LX1-9 is fibroblastic. Exponentially growing
cells from all lines exhibit cell culture-doubling times of about 20 hr,
and all cell lines contain between 80 and 90 chromosomes. Upon
establishment of these tumor subpopulations, all lines were preserved
in liquid nitrogen. These lines all produce solid tumors in immunosup-
pressed mice, and in our laboratory these solid tumors have been
histopathologically described as undifferentiated epidermoid carcino-
mas (4). The X-ray experiments and the determination of DNA contents
of the lung tumor lines were all done on cultures that had been
established by removal from liquid nitrogen storage immediately prior
to investigation. As stated in the ‘‘Introduction,”’ these tumor lines
exhibit differential responses to selected chemotherapeutic agents (3,
4,6,7).

X-Irradiations. All cell irradiations were performed using a Picker X-
ray machine operated at 100 kVp and 10 ma. The target-to-sample
distance was approximately 33 cm with 1 mm aluminum added filtra-
tion. Exposure doses in roentgens were converted to absorbed doses
using a roentgen-to-rad conversion factor of 0.96. Exponentially grow-
ing monolayer cultures were exposed in Falcon T-30 plastic flasks
(Falcon Plastics, Oxnard, Calif.) containing 5 mil of complete medium,
at ambient temperature at dose rates of approximately 1 gray/min (1
gray = 100 rads = 1 J/kg). Immediately after irradiation, culture
supernatants were poured into 15-ml conical centrifuge tubes, and the
monolayer was washed once with 0.03% trypsin-EDTA (Grand Island
Biological Co., Grand Island, N. Y.) which was added to the centrifuge
tube. The monolayer was then trypsinized for 10 min at 37° with
additional trypsin-EDTA, after which the detached cell suspension was
added to the centrifuge tube. Samples were then centrifuged at 1000
rpm for 7 min, and the supernatant was discarded. The cell pellet was
resuspended as single cells in complete Roswell Park Memorial Insti-
tute Medium 1640 and brought to a final volume of 6 ml. The cells
were counted by hemocytometer, were diluted and seeded at appro-
priate concentrations into 60-mm plastic Petri dishes (Corning Glass
Works, Corning, N. Y.), and were placed into the incubator for colony
formation. After a period of time sufficient to allow all surviving cells to
produce colonies containing at least 50 cells, the dishes were analyzed
for the number of colonies. For the DLD-1 colon tumor colonies, dishes
were washed once gently with 0.9% NaCl solution and then stained for
12 min with a 0.5% solution of crystal violet in absolute methanol. For
the lung carcinoma colonies, the colonies were somewhat loosely
attached and, to avoid dislodging and losing colonies, all dishes were
counted unstained, using an inverted microscope under X4 magnifi-
cation.

Data Analysis. In the analysis of the responses to ionizing radiation,
data from individual experiments were combined, and survival curves
were constructed by plotting the average surviving fraction as a func-
tion of dose. The slopes of the linear portions of the survival curves
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were fitted using a least-squares linear regression analysis, and the
extrapolation number (n), quasithreshold dose (D,, grays), and the
mean lethal dose (Do, grays) for each subline was calculated. The 95%
confidence limits on these values were obtained using standard para-
metric methods (18), and the data points were used with equal weights
in the analyses. This approach (the so-called single-hit, multitarget
model of cell inactivation) is a conventional means of presenting survival
data.

Flow Cytometric Determination of DNA Content of Human Tumor
Cell Lines. Exponentially growing cells of all tumor subpopulations
were seeded into T-75 plastic flasks (Falcon Plastics) at concentrations
of 1 X 10° cells/flask and allowed to multiply for 48 hr (about 2.5 cell
doublings). Cells were then removed from flasks using the same
procedure as in the X-ray experiments. The cellular pellets were
resuspended in phosphate-buffered saline (0.9% NaCl) (Grand Island
Biological Co.) and recentrifuged twice. After the washings, the cells
were resuspended in a Pl solution (Calbiochem-Behring Corp., San
Diego, Calif.) containing Pl, 0.05 mg/ml, in 0.1% sodium citrate,
according to the method of Krishan (27). The cells were incubated in
Pl staining solution for 10 min at 4° and were then fixed by very quickly
adding an equal volume of 90% ethanol and mixing quickly. The stained
and fixed cells were then analyzed for DNA content using an Ortho
Instruments (Westwood, Mass.) ICP 22A Cytofluorograph in conjunc-
tion with a mercury arc lamp for stain excitation and a Model 2150
computer system with image-forming module for data display and
analysis. In all determinations of tumor cell DNA content, biological
standardizations were done using human peripheral blood lymphocytes
stained at the sarhe time and in the same manner as were the tumor
cells.

It is important to note that, in all of the DNA and X-ray experiments,
growth conditions and the times between preparation of experimental
cultures and analysis of treatment were rigorously standardized, be-
cause parameters such as cell volume and distribution of cells through
the cell cycle are strongly dependent upon stage of growth.

RESULTS

Intrinsic Radiosensitivities of Tumor Subpopulations. In
Table 1, we have summarized all of the survival data obtained
from experiments in the 2 human carcinoma systems. These
data are displayed in Charts 1 and 2. With regard to survival
curve parameters in the colon system, the parent DLD-1 line
has the highest extrapolation number, although the 95% con-
fidence limits on the value of n overlap for all of the colon lines.
The D, values also are not significantly different among the
lines. However, the parent line (DLD-1) and clone A have D,
values which are significantly greater than is that for clone D.
The DLD-1 line is not statistically different in its D, value from
clone A. Therefore, the major difference among the colon
cancer sublines lies in the fact that clone D has a statistically
significant lower value for D,. This finding suggests that clone
D has a decreased ability to accumulate sublethal radiation
injury in comparison to clone A or to the parent DLD-1 line.
The plating efficiencies for all 3 lines are high (ranging from
68.6 to 80.8%) and are not statistically different.

For the human lung carcinoma system, with regard to survival
curve parameters, there is a much greater absolute variation.
In terms of extrapolation numbers (n), values range from 1.00
(LX1-9) to 20.3 (LX1-3). The parent LX1 line also shows a
small extrapolation number (1.20), and n values for the 2 lines
(LX1 and LX1-9) are statistically smaller than are those for the
other 3 cell lines. LX1-2 has an intermediate and statistically
distinct value of n (2.48), as do LX1-1 and LX1-3. With the
exception of LX1-3, the other lines have similar values for the
D, values ranging from 0.96 to 1.14 grays. Line LX1-3, which
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Table 1
Radiation survival parameters of human colon adenocarcinoma and lung carcinoma sublines
Plating Extrapolation
Tumor Subline efficiency no. (n) D, (grays) D, (grays)

Colon adenocarcinoma Parent (DLD-1) 68.6 + 5.2° 11.7 2.34 0.95
(7.38-18.5°  (0.14)  (0.21)

Clone A 80.8 + 6.2 8.20 2.23 1.06

(5.77-11.6) (0.15 (0.23)

Clone D 757+ 71 5.80 1.89 1.08

(3.57-9.42) (0.11) (0.22)

Lung carcinoma Parent (LX1) 15.6 + 2.4 1.20 0.19 1.14
(1.04-1.38) (0.08) (0.15)

LX1-1 128+ 1.8 8.54 2.06 0.96

(6.05-12.1) (0.17) (0.11)

LX1-2 10.7 £ 1.9 2.48 0.88 0.96

(1.61-3.82) (0.09) (0.14)

LX1-3 174 £ 2.1 20.3 2.05 0.68

(12.8-32.3) (0.13) (0.10)

LX1-9 16.2 + 1.8 1.00 0.00 1.12

(0.06) (0.11)

(0.86-1.16)

2 Mean + S.E.

Numbers in parentheses, 95% confidence limits.
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Chart 1. Survival response of human colon adenocarcinoma sublines (A,

DLD-1; @, clone A; O, clone D;) to 100-kVp X-irradiation. Points, mean survival
values from replicate experiments, bars, S.E.

has the statistically smallest value for D, (0.68 gray), also
shows the largest extrapolation number. Significant differences
may also be seen with regard to the D, values. LX1-9 appears
to have no capacity to accumulate sublethal radiation injury (Do
= 0.00 gray), and the parent LX1 line has a very small value
(D, = 0.19 gray). LX1-2 is intermediate in the value of this
parameter (D, = 0.88 gray), whereas lines LX1-2 and LX1-3
have the highest values (D, = 2.06 and 2.05 grays, respec-
tively) and are not statistically different from each other. In this
system, the plating efficiencies are lower (ranging from 10.7 to
17.4%), and there are significant differences between the
lowest (LX1-2) value and the values for LX1, LX1-9, and LX1-
3. No other comparisons are statistically different. Thus, there
are marked differences between the DLD-1 and the LX1 system
in terms of the colony-forming ability of unirradiated cells.
However, as survival responses after X-irradiation were all
normalized to the appropriate colony-forming efficiency from
control cultures, this has no effect on the shape of the dose-
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Chart 2. Survival response of human lung carcinoma sublines (@, LX1; A,
LX1-1; O, LX1-2; W, LX1-3; A, LX1-9) to 100-kVp X-irradiation. Points, mean
survival values from replicate experiments; bars, S.E.

o |

survival curves.

DNA Content of Tumor Subpopulations. The DNA content
of the tumor lines, expressed as the ratios of the G, DNA peaks
for the tumor cells to human peripheral blood lymphocytes for
the DLD-1 system were: DLD-1 cells, 3.3 (10.1%); clone A, 4.9
(6.1%); and clone D, 2.7 (11.1%). For the LX1 system, values
were: LX1, 3.3(9.3%); LX1-1,2.8(5.9%); LX1-2, 3.1 (10.3%);
LX1-3, 3.1 (56.6%); and LX1-9, 3.0 (6.2%). The values in
parentheses represent the coefficient of variation of these
values expressed as a percentage of the G, peak. For periph-
eral blood lymphocytes, the percentage coefficient of variation
was about 9.

It is apparent that the DLD-1 human colon tumor system
subpopulations vary significantly in their DNA content. In con-
trast, the variability in DNA content is not as great in the LX1
lung tumor system. Indeed, on the basis of the coefficient of
variation seen in the DNA histograms, these LX1 lines are not
significantly different in their respective DNA contents.
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DISCUSSION

The data summarized in Table 1 and illustrated in Charts 1
and 2 show that the subpopulations of tumor cells from the
human colon and human lung carcinoma systems differ signifi-
cantly with regard to their sensitivities to X-irradiation. These
data have several important implications, which are discussed
below.

It is interesting to attempt to relate the differences seen in
intrinsic radiation survival parameters to the content of DNA,
the prime target for the action of ionizing radiation. For the
DLD-1 system, the greatest amount of DNA is found in clone A,
with the parent DLD-1 line containing only about two-thirds of
the content shown by clone A and clone D containing roughly
about one-half of the DNA content shown by the clone A line.
From Table 1, it is obvious that none of the survival parameters
used in the single-hit, multitarget formalism exhibit total corre-
lation with DNA content. In contrast, the LX1 subpopulations,
which all exhibit approximately the same extents of aneuploidy,
vary significantly in their radiation survival parameters. Such
differences in correlation of ploidy or DNA content to inherent
radiation sensitivity have been pointed out by other investiga-
tors (9, 40) and illustrate the inherent weakness of certain
survival models (like the single-hit, multitarget formalism) which
do not explicitly include terms which relate to the fact that both
the number and nature of radiation lesions produced and the
fidelity and activity of intracellular repair systems acting on
such lesions must be considered. While some ‘‘repair’’-type
models have been advanced, they are complex and are still in
their infancy (42).

It should be noted that, in both these human tumor systems,
the position of the parent survival curve in relationship to those
of its clones (Charts 1 and 2) cannot be predicted; i.e. the
shapes and slopes of the DLD-1 and LX1 curves (and the
values of their parameters) are not the averages of the survival
curves of each set of subpopulations. In principle, one might
speculate that, if the radiosensitivity of each clone were known
as well as its proportion in the entire tumor, then the survival
curve of the parent line might be predicted from a knowledge
of the survival curves of the clones. Our data show that this is
not the case with either system; with the colon tumor the parent
line appears too resistant, and with the lung carcinoma it
appears too sensitive. One explanation is that we have not
isolated all of the subpopulations in each of the 2 heteroge-
neous tumors. This is certainly possible, although there is good
evidence that the DLD-1 line is comprised primarily of clone A
and clone D cell types (14). Another interpretation of the
positioning of the survival curve of each parent with respect to
those of its subpopulations is that subpopulations in a hetero-
geneous neoplasm interact in such a way as to make the
response of the entire tumor unpredictable even if the re-
sponses of the isolated clones are known (5, 13).

One approach for successful treatment of a heterogeneous
tumor would be to modify the more resistant subpopulations in
such a way as to make them more sensitive to a treatment
modality. The use of biological modifiers to induce a more
benign phenotype in cancer cells has been extensively docu-
mented (5, 8, 11, 24, 26, 28, 37) and, in this regard, we have
used the polar solvent DMF to induce a better differentiated,
less malignant phenotype in DLD-1 clone A and clone D cells
(10, 20). Perhaps, as we have suggested previously, treatment
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with DMF or other modifiers would force a convergence of
subpopulations from a heterogeneous neoplasm to a more
common phenotype, which is more sensitive to X-irradiation
than were the more radioresistant clones prior to induction (5,
13). We have recently reported that a radioresistant subpopu-
lation isolated from a spontaneously occurring mouse mam-
mary tumor (12) can be sensitized to X-ray treatment by prior
exposure to DMF (13, 30), and recent data from our laboratory
indicate that DMF can also sensitize clone A and clone D colon
cancer cells to ionizing radiation (32). At present, we do not
know if DMF is affecting the number of radiation-produced
lesions in the cell, the repair of lesions in the cell, or possibly
the accessibility of repair enzymes to damaged target material
(e.g., DNA).

In Charts 1 and 2 and in Table 1, we have summarized and
illustrated the survival data of these heterogeneous tumor lines
after X-irradiation. While it is apparent that there is a large
absolute biological variability in response among clones within
each system, it is possible to calculate the average radiation
dose needed to produce any given level of survival for all of
the clones within a system. From the different dose values
obtained, we may then calculate the 95% confidence limits on
the dose needed to produce this level of survival, using the
appropriate 2-tailed t value (2.78 and 4.30, respectively, for
the lung and colon systems), with n — 1 d.f. (18). This statistical
approach yields a model of the intrinsic heterogeneity of the 2
systems and allows them to be intercompared. While we cannot
be assured that all radiation sensitivities are represented since
we may not have isolated all subpopulations, this statistical
model allows us to predict what the responses of a larger
population of sublines might be. In Chart 3, we have generated
a heterogeneity ratio plot: (a) to compare the total variability
between these heterogeneous tumor systems; and (b) to de-
scribe specifically the variability in the direction relevant to the
clinical use of ionizing radiation (i.e., in the direction of radiore-
sistance). An index of the total variability is made by taking the
ratio of doses represented by the maximum and minimum
extremes of the calculated 95% confidence limits on dose at
any given level of tumor cell survival. This ratio is then plotted
versus the average dose also at this given level of survival
(Chart 3, Curve A). The therapy-related variability is defined as
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Chart 3. A, heterogeneity ratio plot of the ratios of the maximum to minimum
values of the 95% confidence limits on dose at a given level of survival versus the
average dose at that level of survival. B, ratio of the maximum value of the 95%
confidence limit on dose to the average dose needed to produce a given level of
survival versus the average dose for the 2 human carcinoma systems. @, colon;
—, lung.
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the ratio of the maximum value of the 95% confidence value to
the average dose value, and this ratio is also plotted versus the
average dose (Chart 3, Curve B). The generation of these ratios
is similar to the generation of the well-known relative biological
effectiveness and oxygen enhancement ratio plots in radiation
biophysics (16).

Several points of interest are evident from Chart 3. (a) It is
striking that the shapes of these heterogeneity ratio plots for
either the maximum total or the therapy-related variabilities are
extremely similar. This similarity suggests that, at least for
these 2 heterogeneous human tumor systems, the intrinsic
variability in their responses to ionizing radiation is extremely
comparable, even though the absolute levels of survival after
a given dose of radiation are clearly different (Charts 1 and 2).
(b) It is possible to obtain a value for this heterogeneity ratio
for any administered dose. For example, at a dose level of 2
grays, which represents the most often used clinical radiation
dose per treatment, values of about 2.1 and 1.4 are obtained
for the total and therapy-related ratios of variability present in
these 2 tumor systems. Interpretation of the value of 1.4 means
that 40% of the total variability in response seen is in a direction
greater than that of the average response, i.e., in the direction
of radioresistance. A corollary to this interpretation is, unfor-
tunately, that there is likely to exist in a heterogenous system
sublines with radiobiological survival characteristics similar to,
or even more resistant than, those of the limiting normal tis-
sue(s) in the treatment volume.

Our ability to kill these resistant subpopulations will deter-
mine the efficacy of radiotherapy of a heterogeneous human
tumor, and, of course, if the dose needed to eradicate the
radioresistant tumor cells exceeds the normal tissue tolerance,
therapy will fail due to unacceptable toxicity. Also, a tumor
containing such resistant subpopulations might be expected to
recur after exposure of the neoplasm to a given tolerable total
dose, even though most of the tumor burden would have been
eliminated. We realize that there are other environmental fac-
tors that will impinge on the outcome of therapy (e.g., the
extent of tumor hypoxia). However, we feel that our description
of intrinsic variability provides at least one reason for the failure
of some neoplasms to respond to radiation therapy. In a perti-
nent study, Hill et al. (23) investigated the responses of clonal
lines of 10 B16 mouse melanoma lines to X-irradiation. The
authors noted a considerable variability in radiation response
among the melanoma clones and commented that the radiation-
resistant fraction of subclones within a human melanoma may
be in part responsible for the known radiation resistance of
human melanomas.

In summary, we have described the intrinsic radiation sen-
sitivities of subpopulations isolated from 2 original different
human tumors, a lung and a colon carcinoma. Significant
differences were found in absolute sensitivities, although the
internal variability of the 2 systems appears very comparable.
In this regard, it must be noted that it has also been established
that the ranking of responses of tumor sublines in such heter-
ogeneous systems is different depending on the cytotoxic
agents used (5, 13, 29, 31). Thus, we have as yet found no
correlation between sensitivity of a given subpopulation to
chemotherapeutic drugs and sensitivity to ionizing radiation.
Therefore, a logical approach to the phenomenon of intrinsic
tumor heterogeneity is the use of multimodality or multiagent
therapy. Our ability to detect, characterize, and manipulate
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subpopulations of tumor cells with such differential properties
(e.g., X-ray sensitivity, drug sensitivity, metastatic potential) is
clearly an important area of research with direct clinical signif-
icance.
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