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RECURRENT TUMOR SENSITIVITY TO CHEMOTHERAPY AND X-RAYS

at passage 3-5, in order to minimize cellular instability resulting from
in vitro growth.

Drug Dose-Response Curves. Subconfluent cells were detached by
using a 0.25% trypsin solution in calcium- and magnesium-free Dul-
becco’s phosphate-buffered saline, resuspended in ice-cold cAMEM
and counted with the use of a hemacytometer. Dilutions were prepared
in ice-cold cAMEM and the appropriate volume of single cell suspen-
sion was added to Corning 6-well tissue culture dishes containing 5 ml
of prewarmed cAMEM. The cells were allowed to adhere for 8-16 h at
37°C before the medium was aspirated and replaced with 2.5 ml of
freshly made, prewarmed cAMEM containing drug. At the time of drug
addition, multiplicity was assessed in simultaneously prepared wells
which had been seeded with 5 X 10° or 1 X 10* cells. After 4 h, the
drug-containing medium was aspirated and replaced with 5 ml of fresh,
prewarmed cCAMEM. Thorough washing of the plates was not per-
formed because at some drug concentrations, viable but retracted cells
were washed away and apparent survival was less (24). Seven days later,
the cells were rinsed twice with Dulbecco’s phosphate-buffered saline,
fixed with Carnoy’s fixative (methanol:acetic acid, 3:1) and stained with
a crystal violet solution. Colonies comprised of at least 30 cells were
counted and the surviving fraction was calculated and corrected for
multiplicity. Most colonies consisted of at least 50 cells. Each experi-
ment contained three replicates and was repeated at least twice.

Radiation Dose-Response Curves. Radiation dose-response was as-
sessed as previously described (26) with minor modifications. Briefly,
cells were seeded in triplicate as above into T-25 flasks containing 5 ml
of cAMEM and allowed to adhere for a minimum of 4 h at 37°C in a
humidified atmosphere containing 5% CO; in air, at which time mul-
tiplicity was determined and flasks were irradiated at room temperature
in a Phillips (Model MG-301) X-ray source delivering 1.86 Gy/min.
After all flasks were irradiated, they were returned to a 37°C, humidi-
fied, CO; (5%) incubator. Colonies were counted 1 week later as
described above for at least three separate experiments for each cell
line, survival was calculated and subjected to computerized analysis. A
maximum of 10,000 cells were seeded into each flask and no “feeder
layer” or hypoxia effects were detected (26).

Analysis of Survival Date. Cell survival curves for drug data were
analyzed as previously described (24). Briefly, multiplicity-corrected
survival was plotted on a logarithmic dose-response curve. The linear
portion of the dose-response curve was subjected to linear regression
analysis whereby the slope
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was calculated and the best-fit line was extrapolated to the y-axis to
determine the y-intercept. Correlation coefficients ranged between
—0.83 and —0.99. Radiation dose-response curves were analyzed as
previously described (25, 26). Multiplicity-corrected survival was plot-
ted on a semilogarithmic dose-response curve and subjected to a non-
linear least squares analysis (32). For radiation dose-response curves,
correlation of fit was >0.94 for all analyses.

RESULTS

Statistically significant differences (P < 0.05) in both the
slopes and y-intercept were observed for in vitro response to
Adriamycin treatment (Fig. 1; Tables 1 and 3) sc1, LR1, and
LR4 cells were significantly more resistant (slopes = —1.58,
—1.60, and —1.54, respectively) than MTF7(T20) (slope =
—1.99). All other changes were not statistically significant. The
y-intercepts ranged from 1.12 X 10° to 69.48 X 10°. The LDs,
values ranged from 85 to 300 ng/ml, compared to 200 ng/ml
for MTF7(T20) (Table 3).

MTF7(T20) local recurrence sublines exhibited heteroge-
neous in vitro sensitivities to FdUrd treatment (Fig. 2; Table
2). The slopes of the dose-response curves ranged from —0.21
for LR1 to —0.95 for both LR4 and LR6, and the y-intercepts
ranged from 0.84 for LR1 to 259.92 for LR6. These differences
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Fig. 1. Adriamycin dose-response curves for 13762NF mammary adenocar-
cinoma cell clone MTF7(T20) and its local recurrence sublines. Points, mean;
bars, SEM. Curves may not exactly represent computer-calculated parameters
listed in Tables 1 and 3. 4 and B, lines established from individual rats and the
corresponding recurrent tumors. C includes analysis of the parental MTF7(T20)
line and local recurrences for which no corresponding primary tumor was estab-
lished.
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RECURRENT TUMOR SENSITIVITY TO CHEMOTHERAPY AND X-RAYS

Table 1 Adriamycin survival curve parameters of MTF7(T20) and local

recurrence sublines
Dose-response parameters®
Slope y-intercept % 1073
Cell line 95% C1y (95% CI)
MTF7(T20) -1.99 25.08
(-1.79, -2.20) (6.15,102.13)
scl -1.58 4.59
(=1.39, -1.78) (1.21,17.47)
LR1 -1.60 1.89
(-1.48, -1.73) (0.85, 4.38)
LRla -2.17 69.48
(—1.98, -2.35) (20.29, 237.89)
sc3 -1.75 10.23
(-1.59, —-1.92) (3.45, 30.31)
LR3 =212 53.41
(-1.93,-2.32) (14.95, 190.77)
LR4 -1.54 1.12
(—1.33,-1.74) (0.29, 4.40)
LRS -1.81 3.13
(-1.59, -2.03) (0.80, 12.25)
LR6 -2.16 45.50
(=2.03, -2.29) (19.31, 107.40)

% Values were calculated using a In % of survival/In dose plot.
595% CI, 95% confidence interval computed by using propagation of error.

Table 2 FdUrd survival curve parameters of MTF7(T20) and local recurrence

sublines
Dose-response parameters®
Slope y-intercept
Cell line (95% Cl)’ (95% CI)
MTF7(T20) -0.82 23.72
(—0.74, —-0.90) (13.58,41.41)
scl -0.31 242
(=0.26, -0.37) (1.77, 3.32)
LR1 -0.21 0.84
(=0.13, —0.28) (0.54, 1.32)
LRla -0.22 1.15
(—0.13, -0.30) (0.68, 1.94)
sc3 -0.23 1.93
(-0.19, —0.28) (1.49, 2.49)
LR3 -0.23 1.36
(=0.17, -0.29) (0.94, 1.95)
LR4 -0.95 38.19
(-0.83, —1.06) (18.16, 80.33)
LRS -0.68 13.93
(-0.61, -0.75) (8.58, 22.60)
LR6 -0.95 259.92
(-0.81, -1.10) (85.85, 786.93)

® Values were calculated using a In % of survival/In dose plot.
495% CI, 95% confidence interval computed by using propagation of error.

Table 3 LDs, and LDy values for local recurrence sublines of 13762NF
mammary adenocarcinoma cell clone MTF7(T20)

Adriamycin (ng/ml) FdUrd (nm)
Cell line LDy LDso LDy LDso
MTF7(T20) 725 200 1000 160
scl 1500 300 >10* 95
LRI 525 180 >10* 65
LRla 550 195 >10* 160
sc3 850 250 >10* 160
LR3 525 240 10* 75
LR4 600 120 600 100
LRS 400 85 1700 210
LR6 450 140 7000 350

were statistically significant (P < 0.05). LDs, values ranged
from 65 to 350 nM (Table 3). scl, sc3, and all of their respective
recurrences were significantly more resistant than MTF7(T20).

Few differences were found for ionizing radiation dose-re-
sponse curves, except that LR1a and LRS had significantly
lower D, values than MTF7(T20) or scl (Fig. 3; Table 4). For
all cell lines, D, ranged from 2.06 to 3.17 Gy, D, ranged from
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Fig. 2. FdUrd dose-response curves for 13762NF mammary adenocarcinoma
cell clone MTF7(T20) and its local recurrence sublines. Points, mean; bars, SEM.
Curves may not exactly represent computer-calculated parameters listed in Tables
2 and 3. 4 and B, lines established from individual rats and the corresponding
recurrent tumors. C includes analysis of the parental MTF7(T20) line and local
recurrences for which no corresponding primary tumor was established.

0.29 to 1.20 Gy, and extrapolation numbers (n) ranged from
1.00 to 1.60.

DISCUSSION

The major causes of cancer death are associated with the
formation of, or the complications of, metastasis. If the tumor
is localized, then the chances for cure are reasonably good;
however, if the tumor is systemic, cure rates are low. Develop-
ment of metastasis is often manifest several weeks to years after
local tumor excision. Relapse, therefore, is usually associated
with poor prognosis because of the difficulty in treating a
systemic tumor burden. Local recurrence is likewise a poor
indicator of patient prognosis for several tumor histiotypes
because it is usually accompanied by distant metastasis forma-
tion (33-42), although this is not always the case (7).

Local recurrent tumors are most frequently associated with
the level of primary tumor invasion (2, 39). This is best evi-
denced by the direct correlation between regional lymph node
involvement and relapse (both local and regional) (2, 5, 39).
Whether the recurrent human tumors are actually more met-
astatic or have just been allowed more time for distant metas-
tasis formation is unknown. Likewise, it is unknown whether
the axiom is true that recurrent tumors are inherently more
resistant to therapy than the “parental” tumor population.
Certainly, the principles of tumor heterogeneity would predict
that recurrent tumors would at least be different. Aspects of the
phenotypic drift model (i.e., preprogrammed nature) in heter-
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1.0

Fig. 3. Dose-response curves for 13762NF
mammary adenocarcinoma cell clone
MTF7(T20) and its local recurrence sublines
to ionizing X-irradiation. Points, mean; bars,
SEM. The curves depicted are the best fit,
nonlinear least squares regression following
computerized analysis described in “Materials
and Methods.” B and C, lines established from
individual rats and the corresponding recur-
rent tumors. A includes analysis of the parental
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Table 4 X-ray survival curve parameters for MTF7(T20) and local recurrent

sublines
Dose-response curve parameters®
Cell line D, (Gy) n D, (Gy)
MTF7(T20) 2.85 1.17 0.44
(2.69, 3.01) (1.01, 1.32) (0.06, 0.82)
scl 3.17 1.46 1.20
(2.85, 3.49) (1.18, 1.75) (0.58, 1.83)
LRI 2.78 1.11 0.29
(2.19, 3.37) (0.58, 1.64) (0, 1.53)
LRIa 2.06%¢ 1.60 0.97
(1.79, 2.33) (1.00, 2.24) (0.14, 1.70)
sc3 3.51 1.35 1.06
(2.80, 4.22) (0.85, 1.85) (0, 2.36)
LR3 2.59 1.60 1.21
(2.29, 2.90) (1.14, 2.05) (0.46, 1.85)
LR4 2.77 1.35 0.83
(2.26, 3.18) (0.78, 1.92) (0, 2.91)
LRS 2.22b¢ 1.00
(2.13,2.31) (0.93, 1.07)
LR6 2.91 1.48 1.14
(2.43, 3.49) (0.94, 2.02) (0.06, 2.22)

* Determined by nonlinear least squares regression analysis according to the
method of Bender and Gooch (32). Values are means, numbers in parentheses
are 95% confidence intervals calculated by using propagation of error.

% Significantly (P < 0.05) different from MTF7(T20).

¢ Significantly different from primary tumor.

ogeneity development would predict that it is possible for all
local recurrences to be uniformly more metastatic and more
resistant to therapies or vice versa (29). However, random
generation of variants would predict that isolated local recur-
rences would vary randomly for these parameters (29-31).

To test these questions, we developed a model for local
recurrent breast tumors by using the 13762NF rat mammary
adenocarcinoma. The model approximates the clinical situation
of mastectomy followed by local regrowth of a tumor with
malignant properties. However, there are some potential limi-
tations to this model, mostly with regard to derivation of cell
lines which suggest that cells evaluated in vitro may not be
equivalent to those obtained in vivo. While it would be ideal to
assess sensitivity of tumor cells directly from tumor tissues,
technical problems limit this approach for the following rea-
sons. First, host cell contamination would skew dose-response
data, depending upon the inherent sensitivity of the host cells
and their relative frequency in the population. Second, the
number of assays which could be performed is limited by the
amount of viable, nonnecrotic, single cell suspension obtaina-
ble. Third, tumor cell instability occurs both in vivo and in vitro,
but frequently the rate of variant emergence is more rapid in

Dose (Gy)

vivo (29). Fourth, regardless of how the sample materials were
obtained, disruption of the 3-dimensional cellular arrangement
and cell interactions would probably alter biological character-
istics. And lastly, repeat experiments with identical samples
would not be possible with fresh tissues. On the other hand, we
cannot rule out the possibility of artificial selection when the
tumors were established in tissue culture. To minimize this
effect, culture conditions were optimized for cell line establish-
ment and cultures were used at the earliest possible passage
numbers (usually <5).

We found that six independently derived local recurrence
selections exhibited significantly different experimental met-
astatic potentials and in vivo growth rates as well as differences
in their in vivo and in vitro morphologies.? This confirms that
there are changes in the biology of locally recurrent tumor cells
which can affect the metastatic potential. Some populations
were indeed more metastatic; some were less metastatic. There-
fore, there is still the possibility that increased metastasis for-
mation from local recurrences (33) can occur merely as a result
of increased time allowed for tumor cell spread.

In this study we found statistically different (P < 0.05)
responses to two chemotherapeutic agents, FdUrd and Adria-
mycin, commonly included in breast cancer therapy. These
differences were noted for several parameters describing the
dose-response curves. The logarithmic dose-response curves
were analyzed along the linear portion of the biphasic curve to
determine the slope and extrapolated y-intercept (24). The slope
in an indication of the inherent chemosensitivity once a thresh-
old dose for cell killing has been achieved. The steeper the
slope, the more sensitive the cells are to incremental changes
in dose. The y-intercept, when taken together with the slope,
gives an indication of the threshold dose of drug required for
cell killing. However, the exact relationship between the y-
intercept, slope, and threshold dose is still not well defined.
Finally, the more conventional, but less informative, values for
drug sensitivity, the LDy and LDso, were used to define the
dose-response curve.

Sublines differed not only between themselves but also from
the parental MTF7(T20) population and from the “primary”
tumor from which they were derived. The local recurrence
selections were more sensitive by slope (e.g., LR6 to Adriamy-
cin; LR4 and LR6 to FdUrd) than the parental population in
some cases; however, these changes were not statistically sig-
nificant. Likewise, some of the sublines were more resistant
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than MTF7(T20) (e.g., scl, LR1, and LR4 to Adriamycin, and
scl, LR1, LR1a, sc3, LR3, and LRS to FdUrd). Apparently,
locally recurrent tumors are not necessarily more resistant than
the original primary tumor; but, the only statistically significant
differences (by slope) occurred for cells which were more resist-
ant than the parent. Comparison of the y-intercepts, LDgo and
LDs, values gives a similar conclusion in that both more resist-
ant and sensitive populations were obtained. This emphasizes
the need for multiple methods of analysis for complex dose-
response curves.

In contrast, the only statistically significant difference be-
tween locally recurrent sublines and corresponding parental or
primary tumors in response to ionizing X-irradiation was LR1a
and LR5 being more sensitive. This finding was somewhat
unexpected in view of our previous results which showed that
v-radiation sensitivities change as a function of tissue culture
passage number (25, 26). This change, as well as changes in
sensitivity to hyperthermia (28) and chemotherapy agents (10,
24) appears to be the result of programmed divergence of a
clone to form multiple phenotypically distinct subpopulations
(10, 25). MTF7(T11)-derived subclones were heterogeneous for
sensitivity to FdUrd but homogeneous for sensitivity to radia-
tion (25). By passage 35, MTF7 was also heterogeneous for
radiation sensitivity. This suggested that the cellular mecha-
nism responsible for the generation of diversity for the radi-
osensitivity phenotype may not have been turned on by passage
11, but was turned on later. Since two different subpopulations
were seen from MTF7(T20)-derived lines, a “generator of di-
versity” is likely to have been turned on between T11 and T20.

Superimposed upon the capacity of the tumor cell to diversify
is a set of pressures from the host which direct tumor progres-
sion (29). Further, clinical intervention can redirect tumor
phenotypes by “selecting” for survival of subpopulations. By
selection, we do not always imply selectivity. Rather, the term
is used only in the most general sense, elimination of a set of
cells susceptible to the therapeutic (including those removed
surgically).

Locally recurrent tumors arise because tumor cells have es-
caped prior treatment to survive and grow. The different bio-
logical properties observed between the recurrent sublines could
be a manifestation of phenotypic drift as described above. It is
most likely that recurrent tumors arise from a minor subpopu-
lation already present in the primary tumor. LR sublines prob-
ably represent only one subset of the tumor (i.e., the few cells
remaining after surgical removal of most of the tumor mass).
Interestingly, recurrences that arise after treatment, in this case
surgery, can exhibit altered sensitivities to other, completely
unrelated forms of therapy. One would expect to see selection
pressure yield cells resistant to a repeated therapy (43, 44), or
even multidrug cross-resistance to another chemotherapeutic
substance. But resistance to chemotherapy or radiation follow-
ing surgery would not necessarily have been predicted. This
finding has obvious clinical implications.

To conclude, our data show that local relapse of a surgically
excised tumor need not indicate a universally poor prognosis.
These data demonstrate the unlikelihood that locally recurrent
tumors will respond to therapy in a manner identical to the
primary tumor response even if that therapy is unrelated to the
original. Sublines isolated from tumors formed by direct injec-
tion of cells had significantly different properties from the
original inoculation. This suggests that in vivo selective pres-
sures have eliminated some of the subpopulations already pre-
sent or induced generation of new variants thereby making the
net tumor composition different. Further selective pressure (i.e.,

surgery) restricted heterogeneity and yielded recurrences of
significantly different biological properties. In the 13762NF
mammary adenocarcinoma, there is a mild, but not universal,
trend toward resistance to chemotherapy agents, although we
acknowledge the limited number of recurrent populations eval-
uated. Despite our incomplete understanding of mechanism(s),
it is evident that many locally recurrent tumors are not equiv-
alent to the original primary tumor for drug or radiosensitivity,
which indicates that treatment strategies should be planned
accordingly (29-31). By simply abandoning the obviously false
assumption that recurrent tumors are of equal or always more
resistant therapeutic sensitivity than the primary tumor and
introducing different treatment arms for follow-up (i.e., new
drugs or combinations), cure rates should improve. Further
research using other tumor systems and histiotypes, including
human, will be necessary to determine the universality of our
findings. The question still remains as to the sensitivities of
local recurrent tumors which arise following nonsurgical treat-
ment.
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