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A Dominated and Resistant Subpopulation Causes Regrowth after Response to
1,3-Bis(2--chloroethyl)-1-nitrosourea Treatment of a Heterogeneous
Small Cell Lung Cancer Xenograft in Nude Mice'
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ABSTRACT
In order to address the question of the influence of a primarily che
moresistant tumor cell subpopulation on the progression of a heteroge
neous tumor after cytotoxic therapy, in vitro established human small cell
lung cancer

cell lines of a l,3-bis(2-chloroethyl)-1-nitrosourea

(BCNU)

sensitive (592) and a resistant (NYH) tumor were used to produce mixed
solid tumors in nude mice. Mixtures of 592/NYH (9:1 and 1:1) were
inoculated

s.c. After 3-4 weeks of tumor growth, the mice were stratified

according to tumor size and randomized to treatment with BCNU 40
mg/kg i.p. (10% of lethal dose) or no treatment. Tumor growth curves
were used to calculate

the effect of the treatment,

and changes

in the

relative proportions of592 and NYH in the mixed tumors were monitored
by flow cytometric DNA analysis by which the two cell lines were distin
guishable due to differences in DNA content A significant response was
demonstrated
in the 9:1 mixed tumors in which only 592 cells were

detectable at the start of the treatmenL The response was short and less
pronounced
tumors

compared

after

with tumors containing

treatment,

only NYH

only 592. In the regrowing

was detected.

In untreated

Spang-Thomsen

9:1 mixed

tion between two subpopulations of a single human SCLC xe
nografted into nude mice.4 One of the clones was able to dominate the
other when grown in close cellular contact in mixed solid tumors.
In clinical oncology, many malignant tumors are primarily resistant
or only slightly sensitive to cytotoxic treatment. Most sensitive tumors
like SCLC develop resistance during the course of the treatment, or if
a complete remission is achieved, relapse of resistant tumor cells is
commonly seen.
In order to address the question of the influence of a primarily
chemoresistant tumor cell subpopulation on the evolution of a hetero
geneous tumor after cytotoxic therapy, we have investigated the effect
of chemotherapy (BCNU) on a mixed chemosensitive (592) and
chemoresistant (NYH) human small cell lung cancer xenografted into
nude mice. Since the cell lines were distinguishable by differences in
cellular DNA content, the changes in the proportions of the two cell
lines were monitored by flow cytometric DNA analysis of fine-needle
tumor aspirates.

control tumors, only 592 cells were detectable throughout the entire
observation

period.

It is substantiated

that

the

592 cells

were

able

to

inhibit the the growth of the NYH cells completely when grown together
in 9:1

mixed

tumors.

This

was

not

the

case

in the

1:1

mixed

tumors.

The

1:1 mixed tumors did not respond to BCNU, although 592 was eradicated.
These results indkate that resistant and undetectable (dominated) sub
populations

in heterogeneous

tumors

may be responsible

for relapse

and

that the fractional size and the growth characteristics of the resistant
subpopulation

may determine

the magnitude

of the clinical response

to

cytotoxic treatment.

MATERIALS

AND METHODS

Experimental
mg/kg

Design. The in vivo sensitivity to BCNU (Carmustine)

i.p. (10% of letahl

dose)

of the two human

NYH was tested. Mixed solid tumors were established in nude mice by s.c.
inoculation of 9: 1 and 1:1 mixtures of 592/NYH, and the tumor-bearing

animals were treated with BCNU 40 mg/kg i.p. Untreated mixed tumors served
as controls. The effect of BCNU was evaluated by tumor growth curves, and
the changes

It has become evident and generally accepted that solid tumors
including SCLC3 are cellularly heterogeneous (1â€”7).This heteroge
neity involves many phenotypic characteristics, one of which may be
differences among the subpopulations in sensitivity to cytotoxic drugs
(8). Intratumoral cellular diversity is probably the result of genetic
instability of the tumor cells leading to emergence of new subpopu
lations with diverse phenotypic characteristics (9). According to the
Goldie-Coldman hypothesis (10), spontaneous mutations lead to re
sistant subpopulations already at the time of diagnosis, depending on
the size of the tumor cell population and the mutation rate.
Over the past few years, the phenomenon of clonal interaction
between subpopulations has been demonstrated in vivo in several
murine and human tumor systems (1 1â€”21).We have shown interac

in the relative proportions

of 592 and NYH in the mixed tumors

22) and OC-NYH (NYH; Ref. 23). The cell lines differed in sensitivity

ing and Research Centre, Ltd., Ry, Denmark) were used as tumor-bearing
hosts.

The animals

were

kept under sterile

conditions

study

was

supported

by grants

from

the Danish

Medical

Research

Council

and

with

10% fetal calf serum in a humidified

atmosphere

regular intervals, the cell lines were reestablished

whom

Pathological

requests

for

reprints

should

be addressed,

Anatomy, University of Copenhagen,

at the

University

Institute

of

air flow

order to reduce or avoid changes
(genetic

drifting).

in sensitivity

with 7.5% CO2. At

from frozen subcultures in

and other cellular characteristics

The cell lines were free of contamination

by Mycoplasma.

DNA indices as measured by DNA flow cytometry (see below) were 1.45 and
1.30 for 592 and NYH, respectively. Five X 10@cells (0.1 ml) of either 592 or
NYH were inoculated s.c., and after 3â€”4weeks of tumor growth, the tumors

were tested for sensitivity to BCNU. Mixed tumors were produced by s.c.
cells, each inoculum of 0.2 ml

cells of NYH or 5 X 106cells of

592 and 5 X 10@'cells of NYH, respectively.

Tumor Growth Curves. The mice were observedthreetimes weekly for
tumor take. After tumor take, the tumors were measured bidimensionally with
callipers three times weekly. The product of the measurements

the Danish Cancer Society.
2 To

in laminar

benches and allowed sterilized food and water ad libitum.
Cell Suspensions. The cell lines were maintainedat 37Â°Cin RPMI 1640

inoculation of9:1 and 1:1 mixtures of592/NYH
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

to

BCNU in vitro (24).
Mice. Six-week-oldathymicnudemale NMRImice (BomholtgaardBreed

containing 5 X 10@cells of 592 and 5 x
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1 The

40

cell lines 592 and

were monitored by repeated flow cytometric DNA analysis performed on
fine-needle aspirations from the tumors.
Cell Lines. The humanSCLC cell lines used were NCI-N592 (592; Ref.

INTRODUCTION

@

SCLC

(mm2) served

to construct the growth curves. Using a computer program (25), the mean TD
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ethyl)-1-nitrosourea; TD, tumor volume doubling time; GD, growth delay; SGD, specific

subpopulations of mixed small cell lung cancer xenografts in nude mice, submitted for

growth delay; FCM, flow cytometry.
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steeper with a TD resembling that of unmixed NYH tumors. The
untreated 9: 1 mixed control tumors grew phenotypically as un
mixed 592 tumors. Thus, the TD of the 9:1 mixed control tumors
was 7.0 days compared with 9.5 days for unmixed 592 tumors.
During regrowth, the TD was 2.3 days compared with 3.0 days for
unmixed NYH tumors (Table 1). The calculated BCNU-induced
GD in the 9: 1 mixed tumors was 11.2 days, corresponding to a
SGD of 1.25 (Table 1). The relative proportions of 592 and of
NYH in the intended 9:1 inoculate was 90 and 10%, respectively,
as determined by FCM (Fig. 4). In all tumors, only 592 cells were
detectable at the start of the treatment 3 weeks after tumor cell
inoculation (Fig. 4). During regrowth of the tumors 3 weeks after
the treatment, only NYH could be detected in the fine-needle tumor
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Fig. 1. Mean tumor growth curves of the human SCLC xenograft 592 in nude mice

beforeandaftertreatment(arrow)with40mg/kgBCNUi.p.(24tumors)andof untreated
control tumors (22 tumors).
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at a preselected tumor volume of 350 mm@was calculated. The effect of the
treatment

was determined

in terms

of growth

delay,

GD = time to grow

to

400

Id
N

In

twice the tumor volume at the time of treatment, and specific growth delay,

0

SGD = (rGD-CGD)/CGD, where TGD and COD are the calculatedgrowth
delays of the treated and the untreated tumors, respectively (25).
Treatment. After 3â€”4weeks of tumor growth, the animals were stratified

Iâ€”

200

z

according to tumor size and randomized to treatment with BCNU or no treatment.

BCNU (Carmustine; Bristol) was dissolved (100 mg of BCNU plus 3 ml of
absolute alcohol plus 97 ml ofsterile water)and injected i.p. in a dose of4O mg/kg

(10%lethaldose).Controlanimalswereinjectedwithsolventalone.

0
10

FCM DNA Analysis. The cell mixtures and the fine-needle aspirations
from the mixed solid tumors before and after treatment were analysed by FCM
using a FAGS III (Becton Dickinson, Sunnyvale, California). The proportion

of each cell line was estimatedby a maximumlikelihood method (26). The
detection limit was approximately 5%. The DNA index of the tumor cells was
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Fig. 2. Mean tumor growth curves of the human SCLC xenograft NYH in nude mice

beforeandaftertreatment(arrow)with40mg/kgBCNUi.p.(15tumors)andof untreated
controltumors(16tumors).

determined as the ratio of the DNA content of the tumor G0+G1 cells to that

of human diploid cells by the use of chicken and trout RBCs as internal
standards (27).

Table 1 Growth parameters of two human SCLC
ofMeanxenografts 592 and NYH

RESULTS

(days)SOD592
Tumor

mired tumors, treated and untreated with 40 mg/kg BCNU

TD

@

No.of tumors

@p.and

Mean GD

(days)

The mean growth curves of 592 and NYH tumors and their re
Controls
22
9.5
10.8
a0NYH
Treated
24
sponse to 40 mgfkg BCNU are shown in Figs. 1 and 2. The 592
tumors responded well to treatment. Two tumors disappeared, and
regrowth of the remaining tumors was so delayed that GD and SGD
Controls
16
3.0
5.7
Treated
15
3.8
7.00
0.23592/NYH
could not be calculated for the applied observation period of 90 days.
Four treated animals in the 592 group (seven tumors) were still alive
(9:1)
when the experiment was terminated. BCNU had no effect on the
Controls
14
7.0
8.9
1.25592/NYH
Treated
13
2.3
20.10
NYH tumors, which had a longer lag period before tumor take
followed by a faster growth compared with 592. Thus, the mean
(1:1)
Controls
9
2.6
5.9
TD for untreated 592 was 9.5 days and for untreated NYH 3.0 days
Treated
9
3.4
7.60
0.30
(Table 1). The cell cycle distributions and the DNA indices of un
a
to the pronounced
effect of BCNU,
TD, GD, and SOD could not be estimated
treated tumors are given in Table 2. More 592 cells were in G0+G1
sinceregrowthwasinsufficient(thetumorsdidnotreachthedoubletumorvolume)during
compared with NYH which had more cells in 5, corresponding to the observationperiod.
the faster growth observed in the growth curves. The treated 592
Table2
592andDNAindicesand cellcycledictrthutionsoftwo humanSCLCxenografts
tumors showed accumulation of cells in G2 +M, whereas the treated
3-4week@c
NY!! as measured by FCM DNA analysis on fine-needle tumor aspfrates
NYH tumors showed no changes in the cell cycle distributions
after s.c. tumor cellgroup).Median
inoculation in nude mice (17 tumors in each
(data not shown).
(range)Cellline
cell cycle distributions in percentages
A significant tumor response was demonstrated in the 9: 1 mixed
G2+M592
DNAindex
G0+
G@
S
592/NYH tumors (Fig. 3). The response was not as pronounced as
(6-15)NYH 1.45
56 (46â€”64)
34 (26â€”45)
10
in unmixed 592 tumors, and the response duration was short.
1.30
46(32â€”Si)
49 (40-59)
5(2â€”14)
During regrowth of the treated tumors, the growth curve was
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aspirates (Fig. 4). The NYH cells appeared in the first FCM
histogram after 2 weeks. In the mixed control tumors, only 592
cells were detectable throughout the entire observation period.
In the experiment in which the cells were mixed in an intended 1:1
proportion, the growth of the mixed tumors were similar to the growth
of unmixed NYH tumors (Fig. 5). No response to BCNU treatment
could be detected (Fig. 5). Thus, the mean TD was 3.4 days for the
BCNU-treated tumors and 2.5 days for the untreated control tumors,
and the calculated SGD was 0.30 (Table 1). The proportions of 592
and NYH cells in the inoculum were 64 and 36%, respectively
(Fig. 6). Four weeks later at the start of the BCNU treatment, the
proportions of 592 and NYH cells in the tumor representing the
median were 47% (range, 0â€”56%) and 53% (range, 44â€”100%),
respectively (Fig. 6). Nine days after the treatment, all tumors con
tamed only NYH cells, indicating that the 592 cells had been
eradicated by the BCNU treatment (Fig. 6).
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Fig. 3. Mean tumor growth curves of 9:1 mixed BCNU-sensitive (592) and BCNU
resistant (NYH) human SCLC xenografts before and after treatment (arrow) with 40
mg/kg BCNU i.p. (13 tumors) and of untreated mixed control tumors (14 tumors). The
sap@
line is a backward extrapolation of the NYH regrowth curve estimated from a
transformed Gompertz function (see â€œDiscussionâ€•).

The experiments presented in this communication demonstrated
that the BCNU-sensitive SCLC cell line 592 was able to dominate the
faster growing and BCNU-resistant SCLC line NYH but only when
grown in excess in mixed solid tumors (592/NYH; 9:1) in nude mice.
This was not the case if the cells were growing in 1:1 mixed xc
nografts, indicating that the dominance phenomenon in this case was
not absolute, as shown previously with subpopulations of both murine

(13,21)andhumantumors.4
Using a transformed Gompertz function (28), the regrowth curve of
the 9:1 mixed treated tumors containing only NYH cells (Fig. 3) was
extrapolated backward to the time of the BCNU treatment (25). A
tumor area of 0.33 mm2 was calculated corresponding to a volume of
0.067 mm3 and provided that the tumor tissue contained 5 X 108
viable cells per cm3; this means that the tumors regrew from approx
imately 3.4 X iO@NYH cells. A total of 5 X 10@viable NYH cells
were included in the original 9:1 mixed 5921NYH inoculum, and it is
likely that only about 10% of the cells survived the initial period after
inoculation until a sufficient supportive tumor microenvironment (an
giogenesis) was established. Thus, the 592 cells probably completely
suppressed the proliferation of the NYH cell population of the 9:1
mixed tumors.

INOQJWM
5921NYH:9/1

C592CTUMOR

IS
TREATMENT
DAY0

V

592

g

T

600
- .T ,

NTh

TUMOR
DAY21

E
E
a.

V

N
-

400

Id

N
U)
0
I-.

200

z

0

50 100150200250
CHANNEL

Fig. 4. Series of FOal DNA histogramsshowing the developmentin compositionof an
intended 9:1 mixed 592/NYH SCLC xenografl in nude mice. The FCM-determined propor
tions of592 and ofNYH cells in the inoculum were 90 and 10%, respectively. At the time of
treatment 3 weeks after tumor cell inoculation, only 592 could be detected in the fine-needle
tumor aspirates. At tumor progression 21 days after the treatment, only the BCNU-resistant
and previously undetectable(dominated)NYH
subpopulation was detectable. In the untreated
mixed control tumors, NYH was undetectable throughout the observation period (data not
shown). C, chicken RBCs T, trout RBCs D, diploid host cells

0
10

20

30

40

DAYS AFTER TUMOR CELL INOCULATION
Fig. 5. Mean tumor growth curves of intended 1:1 mixed BCNU-sensitive (592) and
BCNU-resistant (NYH) human SCLC xenografts before and after treatment (arrow) with
40 mg/kg BCNU i.p. (9 tumors) and of untreated mixed control tumors (9 tumors).
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This stresses the necessity ofusing combination chemotherapy in order to kill
all subpopulations in malignant tumors.
The existence of very small, resistant and suppressed tumor sub
populations in heterogeneous tumors may constitute the major limi
tation to the predictivity of in vitro sensitivity assays.
When 1:1 mixed tumors were treated, no significant response was
found (SGD, 0.30) in spite of the disappearance of the 592 subpopu
lation. Thus, in both the 9:1 and the 1:1 mixed tumors, the primarily
chemoresistant subpopulation (NYH) was responsible for the tumor
progression. As no dominance was seen in the 1:1 mixed tumors, the
@.
TUMOR
point at which the 592 population ceased to suppress the growth of the
@T
TREATMENT
NYH population may lie between 50 and 90% of 592 cells.
We are aware of only two previous and recent studies which are
dealing with chemotherapy of artificially heterogeneous tumors. Leith
et aL (29) reported on an artificially mixed human colon carcinoma
xenograft in nude mice. One of the subpopulations were more sensi
NYH 592
tive to mitomycin C than another subpopulation. Tumor disaggrega
tion was followed by cloning in vitro. The cell lines were distinguish
@-,
.TUMOR
able by differences in colony morphology. In this study, the
heterogeneous tumors reached a new stable cellular composition
i,â€”
DAY9
approximately 30 days after treatment with a higher percentage of less
T
sensitive cells in the mixed tumors. This was in accordance with the
higher killing effect of the treatment on the most sensitive subpopu
lation. The cell lines had similar growth characteristics. In this system,
no dominating interaction between the two subpopulations seemed to
influence the cellular composition of the tumors after chemotherapy.
In a mouse mammary tumor system, Miller et aL (30) mixed
subpopulations of a melphalan-sensitive and a relatively resistant
tumor and tested the effect of melphalan in vivo using the colony
0
50 100 150 200 250
forming
ability of the tumor cells in vitro after tumor disaggregation.
CHANNEL
The
cell
lines were distinguishable in their ability to grow in selective
Fig. 6. Series of FCM DNA histograms showing the development in composition of an
intended1:1 mixed 592/NYHSCLC xenograllin nude mice.The FCM-determined media. In this study, the less sensitive cell line became more sensitive
proportions of the 592 and of the NYR cells in the inoculum were 64 and 36%,
when grown together with the more sensitive cell line in solid tumors.
respectively. At the time of treatment 4 weeks after tumor cell inoculation, the proportions
of 592 and of NYH were in median47 and 53%, respectively.Nine days after the This is in contrast to the findings in our study in which we found an
treatment,onlyNYHcellsweredetectedinthefine-needletumoraspirates,indicatingthat early regrowth of the resistant subpopulation after eradication of the
the 592 subpopulationhad beeneradicatedby the BCNUtreatment.C, chickenRBCs; sensitive subpopulation by chemotherapy.
i; trout RBCs.
Many human malignancies are not or only a little sensitive to
cytotoxic treatment, fewer are moderately sensitive, and only a few
After treatment of the 9:1 mixed tumors with BCNU, the response
are highly sensitive. This spectrum of sensitivity may at least in part
was less pronounced and of much shorter duration compared with
be explained on the basis of the fractional size of the primarily
unmixed 592 tumors. The tumor progression after the response to the
resistant subpopulation(s) in heterogeneous tumors. Artificially mixed
treatment of the 9:1 mixed tumors was due to the dominated (nonde
tumors containing 10% of a chemoresistant SCLC subpopulation and
tectable) and BCNU-resistant NYH subpopulation. In the untreated
90% of a sensitivesubpopulationshowedgrowth characteristicssim
mixed control tumors, the 592 subpopulation continued to dominate
ilar to unmixed chemosensitive tumors. Treatment of these heteroge
the NYH population throughout the entire observation period. It is neous tumors resulted in a significant tumor response; however, the
likely that the dominated and undetectable NYH subpopulation either
response was much less pronounced compared with tumors containing
may have acquired optimized growth conditions after eradication of
only the drug-sensitive cells. If one-half of the tumor consisted of the
the dominating 592 subpopulation or, alternatively, an inhibiting
sensitive subpopulation, no tumor response was observed. Thus, the
action imposed by the 592 cells on the NYH cells may have disap
magnitude of the response may depend on the size of the sensitive
peared after the killing of the 592 cells. The very rapid emergence of
population, and the duration of the remission may be a reflection of
resistant cells seen after response to chemotherapy during clinical
the growth kinetics of primarily resistant and dominated subpopula
cancer treatment may be explained by the ready growth in a primed
tions. In our system, the faster growth of the NYH subpopulation
environment of a suppressed and resistant subpopulation with faster
resulted in a higher progression rate and thereby a reduced SGD
inherent growth kinetics than a sensitive and dominating subpopula
(â€œpoorerprognosisâ€•) despite the response of the 9: 1 mixed tumors
tion. Thus, the development of in vivo resistance to cytotoxic treat
(crossing of the growth curves in Fig. 3).
ment may not always be induced by the treatment itself, as seen under
in vitro conditions using very high drug concentrations, but may be
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