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Primary Bioassay of Human Tumor Stem Cells 

Abstract. A simple method has been developed to support human tumor stem cell 
colony growth in soft agar. The technique appears suitable for culture of a variety of 
neoplasms of differing histopathology. Tumor stem cell colonies arising from dif- 
ferent types of cancer have differing growth characteristics and colony morphology. 
This bioassay should be suitable for clinical studies of effects of anticancer drugs or 
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Abstract. A simple method has been developed to support human tumor stem cell 
colony growth in soft agar. The technique appears suitable for culture of a variety of 
neoplasms of differing histopathology. Tumor stem cell colonies arising from dif- 
ferent types of cancer have differing growth characteristics and colony morphology. 
This bioassay should be suitable for clinical studies of effects of anticancer drugs or 
irradiation on human tumor stem cells. 

Tumor stem cells are the cell renewal 
source of a neoplasm and also serve as 
the seeds of metastatic spread of cancer. 
Studies of transplantable tumors in ani- 
mals indicate that tumor stem cell colo- 
ny-forming assays (in vivo or in vitro) 
can be used to study the biological prop- 
erties of these cells and to delineate dif- 
ferences in individual sensitivity to a va- 
riety of chemotherapeutic agents (1, 2). 
For example, the development of an in 
vitro colony-forming assay for stem cells 
from transplantable mouse myeloma (3) 
(a plasma cell neoplasm) permitted de- 
tailed analysis of the effects of anticancer 
drugs in vitro, and the assays are predic- 
tive of therapeutic responses even in ani- 
mals with advanced mouse myeloma (1). 

The ability to grow colonies from pri- 
mary tumor cell explants in semisolid 
culture media has even greater potential 
application. Unfortunately, primary ex- 
plantation of human tumors for colony 
formation in vitro has met with little suc- 
cess. One major problem has been the 
creation of an environment that gives tu- 
mor cells a selective advantage over nor- 
mal cells. Several investigators have had 
occasional success in obtaining colony 
growth in soft agar with pediatric solid 
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tumors (4). Most recently, the effect of 
drugs on human stem cell colonies has 
been studied with the use of xenografts 
established in nude mice and then cultur- 
ing cells from these grafts in agar in dif- 
fusion chambers intraperitoneally im- 
planted in mice that had been irradiated 
(5). However, such multiple-step sys- 
tems have not been clinically practical. 
A standard colony-forming assay for hu- 
man tumor stem cells could be used to 
determine the sensitivity of tumor cells 
from individual patients to drugs, irradia- 
tion, and other therapeutic modalities 
and would permit the demonstration of 
resistant clones of cells in previously 
treated patients. The development of 
such a colony-forming assay seems espe- 
cially important in view of evidence (6) 
indicating that the only valid measure of 
drug efficacy in killing an established cul- 
ture of human lymphoma cells was the 
inhibition of their colony-forming capa- 
bility. 

Using the studies of mouse myeloma 
stem cells as a model, we developed an 
in vitro assay that permitted colony for- 
mation by human myeloma stem cells in 
soft agar and appeared to preclude 
growth of normal hematopoietic pre- 
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cursors. Using bone marrows or malig- 
nant effusions as the source of metastatic 
tumor cells, we subsequently proceeded 
to other tumor types. 

A feeder layer that was analogous to 
those used for murine systems was re- 
quired for support of human tumor colo- 
ny growth (7, 8). While several feeder 
layers proved useful for our studies on 
humans, the preferred one consisted of a 
"conditioned medium" prepared from 
the adherent spleen cells of BALB/c 
mice that had been primed with 0.2 ml of 
mineral oil injected intraperitoneally 4 
weeks previously. The adherent cells 
were obtained as follows. The spleens 
were teased with needles to form a 
single-cell suspension, and 5 x 106 cells 
were placed in a 60-mm Falcon petri dish 
for 2 hours to permit the cells to adhere. 
The dishes were then rinsed three times 
in cold phosphate-buffered saline. (All 
tissue culture media, buffers, and serums 
were obtained from Grand Island Biolog- 
ical Co.) Cells were incubated for 3 days 
at 37?C in RPMI 1640 medium with 15 
percent heat-inactivated fetal calf serum 
(7). The conditioned medium was de- 
canted and centrifuged at 400g for 15 
minutes, and the supernatant was then 
passed through a 0.45-utm Nalgene filter 
and stored at -20?C. 

Bone marrow cells were collected 
aseptically (in preservative-free heparin) 
from consenting normal volunteers and 
patients with various neoplasms with 
known bone marrow involvement. Ma- 
lignant ascites was collected (in heparin) 
by paracentesis. Red blood cells were re- 
moved from the bone marrow samples 
by sedimentation in 3.0 percent dextran- 
saline, and the supernatant bone marrow 
cells were collected and then washed 
three times in Hanks balanced salt solu- 
tion with 10 percent fetal calf serum that 
had been inactivated by heat. The num- 
ber of viable cells was determined by he- 
mocytometer counts with trypan blue. 

Cells to be tested were suspended in 
0.3 percent Bacto agar (Difco) in CMRL 
1066 supplemented with 20 percent horse 
serum, penicillin (100 unit/ml), strep- 
tomycin (2 mg/ml), glutamine (2 mM), 
CaC12 (4 mM), insulin (3 unit/ml), as- 
paragine (0.1 mg/ml), and DEAE dextran 
(0.5 mg/ml) to yield a final concentration 
of 5 x 105 cell/ml. 2-Mercaptoethanol 
was added at a concentration of 5 x 
10-5M immediately before the cells were 
plated (9). A portion (1 ml) of the resul- 
tant mixture was pipetted onto a 1.0-ml 
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tant mixture was pipetted onto a 1.0-ml 
feeder layer (which combined 0.2 ml of 
conditioned medium in 0.5 percent Bacto 
agar) in 35-mm plastic petri dishes. Cul- 
tures were incubated at 37?C in 5 percent 
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CO2 in a humidified atmosphere for ap- 
proximately 3 weeks with no additional 
feeding. 

With respect to myeloma, clusters of 8 
to 40 cells appeared 5 to 10 days after 
plating, whereas colonies (defined as col- 
lections of more than 40 cells) appeared 
14 to 21 days after plating. Colonies con- 
sisted of 40 to several hundred large 
(> 20 gtm) round cells. Cells in myeloma 
colonies appeared to pile up on one an- 
other (Fig. IB), as compared to cells in 
rare contaminating granulocyte colonies 
in which cells were loosely aggregated. 
[The number of granulocyte colonies in 
different cultures varied, but never ex- 
ceeded 10 percent of the total number of 

colonies. Since granulocyte colony 
growth occurred more frequently when 
106 nucleated cells were plated in a cul- 
ture dish, we chose a standard concen- 
tration of 5 x 105 marrow cells per dish 
to minimize stimulation of granulocyte 
colony formation (10).] The number of 
myeloma colonies was 5 to 500 per plate, 
yielding a plating efficiency of 0.001 to 
0.1 percent, which compared favorably 
with analogous systems (4, 5). The num- 
ber of myeloma colonies was proportion- 
al to the number of cells plated between 
concentrations of 105 to 106 cells per 
plate, and the plot could be extrapolated 
back to zero, suggesting colony origin 
from a single monoclonal plasma cell. In 

Table 1. Growth of tumor stem cell colonies from various human neoplasms. 

Subjects with Colonies per Required 
Type of tumor positive cultures 5 x 105 cells incubation 

(source of sample)* per total subjects plated in time 
testedt positive cultures (days) 

Normal volunteers (controls) (M) 2/10t 1-4t 7 
Multiple myeloma (M) 56/63 5-500 21 
Non-Hodgkin's lymphoma (M) 9/18 41-150 14 
Hodgkin's disease (M) 0/3 
Waldenstr6m's macroglobulinemia (M) 3/3 50-150 21 
Chronic lymphocytic leukemia (M) (N) 2/9 20-200 21 
Oat cell carcinoma of the lung (M) 1/1 100 14 
Adenocarcinoma of the ovary (A) 8/8 100-800 12 
Melanoma (N) 2/3 80-150 21 
Neuroblastoma (M) 1/1 250 7 

*M, bone marrow aspirate; N, lymph node; A, malignant ascites collected by paracentesis. tin some of 
the tumor categories, failure to obtain colony growth from a particular sample may be due to prior cytotoxic 
chemotherapy or specific histological subtype (such as in the non-Hodgkin's lymphomas) where there may be 
differences in growth requirements. tGranulocyte-macrophage colonies. 

Fig. 1. Morphological characteristics of human tumor stem cell colonies. (A) Sunburst appear- 
ance of non-Hodgkin's lymphoma colony at 13 days of culture (x 100). (B) Heaped-up myeloma 
colony at 13 days (x 200). (C) Fourteen-day-old ovarian carcinoma colony (x 200). The mor- 
phology is consistent with a mucin-secreting adenocarcinoma. (D) Spherical neuroblastoma 
colony at 21 days of culture (x 200). 
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order to enrich the myeloma stem cell 
fraction and obtain higher plating effi- 
ciencies, we are applying a combination 
of velocity gradient sedimentation (lg) 
and adherent depletion of nonmyeloma 
cells. In initial experiments we have ob- 
tained a 20-fold increase in plating effi- 
ciency with the combination of these 
techniques. 

Cells from individual colonies plucked 
from the agar with a pipette appeared to 
be plasma cells when examined by light 
microscopy after staining with Wright- 
Giemsa and methyl-green pyronine. 
They were peroxidase negative, incapa- 
ble of phagocytosis of neutral red or la- 
tex particles, and positive for plasma cell 
acid phosphatase. Immunofluorescence 
studies demonstrated that 60 to 80 per- 
cent of the myeloma plasma cells con- 
tained intracytoplasmic monoclonal im- 
munoglobulin of immunologic specificity 
qualitatively identical to the type present 
in the serum or urine of the patient stud- 
ied. Colony growth has been obtained in 
more than 86 percent of the total myelo- 
ma cases and in more than 89 percent of 
previously untreated myeloma patients 
(Table 1). In contrast, when a series of 
bone marrow samples from ten normal 
volunteers was tested in the same culture 
system, only a rare granulocyte colony 
would form and undergo deterioration 
within 10 days (10) (Table 1). Our system 
was not optimized for granulocyte colo- 
ny formation. 

We also found that the same condi- 
tioned medium feeder layer supported 
tumor colony growth by a variety of me- 
tastatic cancers. Table 1 summarizes our 
experience. In addition to myeloma and 
the related disorder, Waldenstr6m's 
macroglobulinemia, tumor colony 
growth occurred from bone marrows of 
patients with disseminated lymphoma, 
neuroblastoma, and oat cell carcinoma 
of the lung. Tumor colony growth was al- 
so obtained from malignant ascites from 
patients with ovarian adenocarcinomas 
(Table 1). Histological studies indicated 
that the colonies were derived from the 
tumor of origin. 

Colony morphology, colony growth 
kinetics, and plating efficiency varied 
with the different tumors tested, but 
these criteria were constant for each in- 
dividual tumor type (Table 1). Colonies 
from bone marrows of patients with lym- 
phoma appeared 4 days after plating, 
reached a peak size 7 days after plating, 
and degenerated after 3 weeks in culture. 
Individual cells were smaller than those 
of myeloma stem cell colonies (approxi- 
mately 10 tum), but the number of cells 
per colony reached several thousand- 
greater than that seen in myeloma colo- 
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nies (Fig. 1A). Tumor colonies from the 
bone marrow of a patient with neuroblas- 
toma grew as a sphere of large (> 25 

gm), round, tightly packed cells (Fig. 
ID). These colonies grew rapidly and 
continued to grow for 5 weeks. Ovarian 
adenocarcinoma cells retained their epi- 
thelial morphology (Fig. 1C), and the 
plating efficiency of these was high 
enough to indicate linear increase in col- 
onies with increasing numbers of cells 
plated above 103 cells. The characteristic 
morphology and individual growth kinet- 
ics of each colony type have enabled us 
to distinguish between stem cell colonies 
of different tumor types and between tu- 
mor stem cell colonies and the occasion- 
al colonies of normal granulocyte-mac- 
rophage precursors. To date, we have 
studied the behavior of tumor stem cells 
from metastatic sites only. Clearly, stud- 
ies of stem cells from the site of origin of 
the tumor and comparison to metastatic 
clones will be important and perhaps will 
elucidate the metastatic process. 

We believe that application of such 
simple in vitro culture techniques for 
studies of human tumor stem cells from 
primary explants will prove of clinical 
importance. First, the technique permits 
characterization of many of the biophysi- 
cal properties of tumor stem cells, such 
as sedimentation velocity, fraction in the 
S phase as determined by cell death as a 
result of treatment with tritiated thymi- 
dine, and surface antigenic features. Sec- 
ond, formation of in vitro colonies may 
prove a more sensitive indicator of oc- 
cult metastatic disease than standard 
pathological studies. Third, such an as- 
say could potentially be applied to devel- 
op individualized predictive trials of anti- 
cancer drugs in a manner analogous to 
techniques used for selection of antibac- 
terial agents. Finally, full realization of 
the clinical application of bioassay of hu- 
man tumor stem cell colonies with regard 
to their sensitivity to drugs, hormones, 
immunological agents, heat, and radia- 
tion could lead to major advances in clin- 
ical oncology. 
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Department of Internal Medicine and 
Cancer Center, College of Medicine, 
University of Arizona, Tucson 85724 
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Harvesting Natural Populations 
in a Randomly Fluctuating Environment 

Abstract. As harvesting effort and yield are increased, animal populations that are 
being harvested for sustained yield will take longer to recover from environmentally 
imposed disturbances. One consequence is that the coefficient of variation (the rela- 
tive variance) of the yield increases as the point of maximum sustained yield (MS Y) is 
approached. When overexploitation has resulted in a population smaller than that 
for MSY, high effort produces a low average yield with high variance. These observa- 
tions accord with observed trends in several fish and whaling industries. We expect 
these effects to be more pronounced for a harvesting strategy based on constant 
quotas than for one based on constant effort. Although developed in a MS Y context, 
the conclusions also apply if the aim is to maximize the present value of (discounted) 
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The conventional theory of harvested 
populations (1-5) is based on equations 
in which the various environmental and 
biological parameters are treated as con- 
stants. But environmental randomness 
can have important effects on the dy- 
namics of animal populations (6, 7). 

Most animals that are harvested have 
a net population growth rate that is den- 
sity dependent. In the unharvested state, 
the population is maintained around an 
equilibrium value, K, at which gains 
from recruitment balance losses from 
natural mortality. Harvesting constitutes 
an additional source of mortality; if the 
harvesting rate is steady and not too 
high, the population will settle to a new 
equilibrium value, N* < K, at which the 
increased intrinsic growth rate balances 
the losses resulting from harvesting. To 
maximize this sustained yield, one seeks 
to determine the intrinsic population 
growth curve and to haivest at the rate 
that keeps the population at the maxi- 
mum of the curve. 

As a deliberately oversimplified ex- 
ample (1, 3, 4), consider a population 
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N(t) for which the intrinsic net growth 
rate is logistic, and where the rate of har- 
vesting (the yield per unit time) is EN; 
here E represents the harvesting effort, 
and it is assumed that the catch per unit 
effort is linearly proportional to N. The 
net growth rate is then 

dN/dt = rN(i - N/K) - EN (1) 

This is illustrated in Fig. 1, in which the 
intrinsic growth rate rises and falls 
parabolically as N increases from 0 to 
the carrying capacity (K), while the har- 
vesting losses increase linearly. For a 
strategy that keeps effort constant, the 
equilibrium population is 
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The maximum sustained yield (MSY) is 
attained for E = r/2, at which point 
YMSY = rK/4 and N* = K/2. The logis- 
tic growth curve in Eq. 1 is only one of 
many broadly similar forms that have 
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