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Summary Studies have been performed to investigate the radiosensitivity of human squamous carcinoma
cells. A431 cells were grown in vitro as exponential and fed-plateau monolayer cultures or as multicellular
spheroids. Radiobiological studies of various cultures showed that fed-plateau phase cells were more sensitive
(D,=1.3Gy) than exponentially growing cells (D,=1.5Gy). After a single dose of 12Gy or two doses of
6 Gy irradiation, A431 cultures exhibited a large capacity for potentially lethal damage (PLD) repair (PLD
repair factor=17), but a relatively small sublethal damage (SLD) repair. In order to measure the radiation
sensitivity of proliferating (P) and quiescent (Q) cells, enriched populations of P- and Q-cells were isolated
from A431 spheroids. Flow cytometric analysis with acridine orange (AO) staining demonstrated that there
was a shift of the RNA histograms in fed-plateau and spheroid cultures towards lower values, suggesting the
presence of a subpopulation of Q-cells. Centrifugal elutriation was used to isolate the Q-cells from dissociated
spheroid cells. Coulter cell volume distributions and flow cytometric analysis showed that Q-cells had a small
cell volume (~ 1380 um?3), low RNA content and a G,-like DNA content. Continuous labelling experiments
with tritiated thymidine confirmed the non-proliferating nature of the Q-cells. Irradiation of the Q-cells after
isolation from spheroids with between 0 to 10 Gy showed that they were more radiosensitive (decreased D)
than the P-cells isolated from these spheroids. The latter were, however, similar in radiosensitivity to

exponential G, cells.

The existence: of subpopulations of cells with varying
characteristics within both human and animal tumours of
different histological types or from various organ sites is
now well-known (Dexter & Calabresi, 1982; Heppner &
Miller, 1983; Miller, 1982; Owens et al., 1982; Woodruff,
1983). In general, tumour heterogeneity may arise because of
‘intrinsic cellular’ (e.g. genetic or cpigenetic mechanisms) or
‘extrinsic  microenvironmental’ factors (e.g.  nutrient
deprivation, catabolite accumulation, or both). In the latter
case, differences in the local milieu of growing tumour cells
can cause the formation of 3 distinct subpopulations with
respect to their proliferative status: a cycling or proliferating
subpopulation, a non-cycling or quiescent subpopulation and
a non-proliferating subpopulation destined for death. The
presence of P- and Q-cells in human and animal tumours has
been previously reported (Dethlefsen, 1979; Wallen et al,
1984). Additionally, these cells manifest quite different
sensitivities to various therapeutic modalities, for instance,
Q-cells had been previously observed to be less sensitive than
P-cells to radiation (Potmesil & Goldfeder, 1980; Kallman et
al., 1979) or chemotherapy (Sutherland, 1974; Clarkson,
1974). However, other reports subsequently indicated that Q-
cells might be more, not less, sensitive than P-cells to
radiation (Luk et al., 1985, 1986; Freyer & Schor, 1985).
Therefore, it would appear that the differential response
between P- and Q-cells to therapeutic regimens is still
unresolved and additional study of the response of Q-cells,
especially of human tumours is required.

Most previous models of Q-cells used in vitro cultures
which were starved by nutrient deprivation (Dethlefsen,
1979). However, such a condition for achieving quiescence
may not resemble the in vivo situation where P- and Q-cells
coexist in a complex and dynamic microenvironment. Since
multicellular spheroids contain heterogenous mixtures of
tumour cells differing in their proliferative status, they may
be useful for investigating any differential response between
P- and Q-cells. Furthermore, the microenvironment within
spheroids, with its oxygen concentration gradient across a
viable rim of proliferating and quiescent cells accompanied
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by an accumulation of waste products in the center, closcly
mimics the actual situation in solid tumours (Sutherland et
al., 1971). Spheroids also develop subpopulations resistant to
radiation or chemical agents (Sutherland er «l., 1976, 1979;
Yuhas et al, 1978). We have reported that enriched
populations of Q-cells can be isolated from spheroids and
platcau phase cultures grown from a mouse mammary
tumour (Bauer et al., 1982; Luk et al., 1985, 1986). In the
present paper, we have characterized a human squamous
carcinoma cell line in terms of its radiation sensitivity,
capacity for repair of PLD, and SLD, and the differential
radiation sensitivity between Q- and P-cells from monolayer
and spheroid cultures.

Materials and methods

Cell culture conditions and trypsinization

Monolayers Exponential-phase  monolayer cells  were
prepared by inoculating 10° cells into a 75 cm? flask (Costar,
Cambridge, MA) or by plating 2 x 10° cells into a 150cm?
flask (Corning Glass Works, Corning, NY), incubating them
at 37°C in air with 5% CO, and harvesting them 2 days
later. Plateau-phase monolayer cells were obtained by
allowing exponential cultures to continue growing for 10
days but with daily feeding from the fifth day onwards. Both
exponential and plateau cells were removed with 0.01%
lyophilised trypsin in 0.02% EDTA (10min, 37°C).
Exponential cells were prepared for centrifugal elutriation in
a similar manner to spheroid cells.

Spheroids A431 human squamous carcinoma cells
originating from the vulva (Giard et al., 1973) were grown as
monolayer cultures or as multicellular spheroids in DMEM
supplemented with 20% (v/v) FBS (Grand Island Biological
Co., Grand Island, NY), 4.7x10"2mgml~! L-glutamine,
100 unitsml™!  penicillin, 0.lmgml~! streptomycin and
10ngml~! (epidemal growth factor) EGF. (This will be
abbreviated to medium in the rest of this report.)
Multicellular spheroids were initiated by inoculating 10°
exponential-phase cells into 10 ml of medium over 2% (v/v)
agar in a petri dish. After incubating these cells for 4 days at
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37°C in a humidified incubator equilibrated with 5% CO,
and 95% air, the small spheroids that were formed
(~100um diameter) were seeded into suspension spinner
flasks (Bellco, Vineland, NJ) containing 300 ml medium at a
final concentration of ~400 spheroids per flask. Large
volume (500ml) flasks were used in order to maximize the
equilibration of the medium with the gaseous phase over it.
Spheroids were fed by replacing the old medium every other
day and gassing with air plus 5% CO, for 2min.

Spheroids were dissociated with 0.03% (w/v) lyophilised
trypsin (Worthington Biochemical Corp., Freehold, NJ) in
PBS containing 0.02% (w/v) EDTA at a pH of 7.2 by
placing them in donut-shaped dishes and agitating
mechanically for 15min at 37°C. Trypsin action was stopped
by adding medium and pippeting the cells a few times to
disperse them. The resulting cell suspension was then
centrifuged for 10min at ~400g and the pellet resuspended
in 20 ml of medium for centrifugal elutriation. DNase (Sigma
Chemical Co., St. Louis, MO) was added at 103 Kunitz
unitsml ™! to prevent clumping of the dispersed cells.

Irradiation

A Cs-137 gamma-ray irradiation source was used for all
experiments. For radiation dose response, PLD repair and
SLD repair experiments, flasks containing exponentially
growing or fed-plateau cultures were irradiated at room
temperature with a dose rate of 5.43 Gymin~'. In the study
of radiation sensitivity, P- and Q-cells isolated from
spheroids or exponential G,-fractions from monolayer
cultures were pooled, plated in 75cm? flasks, and irradiated
with doses between 0 to 10 Gy as previously described (Luk
et al., 1986).

Cell Survival

Cell survival was determined as the ability to form colonies.
For the irradiation studies, varying numbers of cells were
plated into 60mm dishes (Corning Glass Works, Corning,
NY), incubated for 16 days at 37°C in 5% CO, and 95% air
and stained with methylene blue. Colonies consisting of more
than 50 cells were scored. Either 3 or 5 replicate dishes per
dilution were plated. Cell survival was calculated by the ratio
of colony forming ability of irradiated cells to that of
unirradiated control. The repair of potentially lethal damage
was measured from the increase in cell survival after delay-
plating the fed-plateau cells from 0-24h. For the
measurement of SLD repair, cell survival was determined
after irradiation with two single doses of 6 Gy separated by
0-6h.

Centrifugal elutriation

Dissociated spheroid or trypsinized exponential cells were
elutriated in ice-cold medium (containing 10%, not 20%,
FBS). Essentially this entailed loading the cells into the
separation chamber, maintained at 4°C throughout the
elutriation, and reducing the rotor speed from ~ 3500 rpm to
2400 rpm with an interval of 100 rpm per reduction while the
flow rate was maintained constant at 35mlmin~'. Varying
numbers of 40 ml fractions were collected at each step (Keng
et al., 1980). The elutriator system was sterilized by using
70% ethanol and flushing with sterile water when necessary.

Cell counts and volume distributions were assessed with a
Coulter counter and channelyzer (Models ZB1 and C1000,
Coulter Electronics, Hialeah, FL). Cell volumes were
estimated from the median channel numbers of the volume
distributions using a calibration constant derived from latex
microspheres of a known size.

Flow cytometry

Cells were stained with acridine orange (AO) using a
modified 2-step technique based on the original method of
Darzynkiewicz and Traganos (Darzynkiewicz et al., 1981;

Traganos et al., 1977). Briefly, 0.2ml of a single cell
suspension of spheroid or monolayer cells in medium at a
concentration of ~10¢ cellsml™! was added to 0.2ml of
0.1% Triton-X 100 in 0.08 N HCI and 0.15m NaCl (pH2.2)
for 1 min on ice. Then 0.9 ml of chromatographically-purified
AO at a concentration of 12ugml~!' (Polysciences Inc.,
Warrington, PA) in 0.2M Na,HPO,:0.1 m citric acid (pH 6.0)
and 1 mm sodium EDTA was added. This resulted in a final
AO concentration (of ~2.8x1075M) which offered good
spectral  discrimination between nuclear DNA and
cytoplasmic RNA (Bauer & Dethlefsen, 1981).

Fluorescence from the AO-stained cells was monitored on
an Epics V flow cytometer (Coulter Electronics Inc.,
Hialeah, FL) fitted with a 5-watt Argonion laser (Coherent,
Palo Alto, CA) operated at a wavelength of 488 nm (500
milliwatts). The optical detection system was comprised
essentially of a 560 nm dichroic mirror to split the red and
green signals into 2 perpendicular beams and a 515nm
interference barrier filter located in front of the collection
lens. Green fluorescence (530-560 nm) was detected through
a 530nm long-pass filter while red fluorescence was
simultaneously observed though a 640 nm long-pass filter. A
minimum number of 2 x 10* cells was measured at ~4°C
during the data collection. DNA and RNA histograms
(relative green or red fluorescence versus relative cell
numbers, respectively) were generated and analyzed using the
mathematical model of Fried and Mandel (Fried & Mandel,
1979) through the CCYCLE program on a Terak 8600
computer system (Terak, Scottsdale, AZ).

Autoradiography

For the continuous labelling index (LI) measurements, 3H-
thymidine (specific activity of 25Cimm™!; Amersham/Searle
Corp., Arlington Heights, IL) was added to spheroids in
suspension flasks to a final activity of ~0.3uCiml™!
medium for 48h before trypsinizing and elutriating.
Elutriated cell suspensions were centrifuged in a Model SCA-
031 cytospin (Shandon Southern Instruments Inc., Sewickley,
PA) onto clean glass slides and fixed with 70% ethanol. The
slides were dipped in NTB3 photographic emulsion
(Eastman Kodak Co., Rochester, NY), stored at 4°C for
various lengths of time (up to 14 days) and microscopically
scored for labelled cells. At least 300 cells were counted per
slide. LI values were determined after 7 days of exposure of
the photographic emulsion on the slide. This is sufficient
exposure time so that the percent labelled cells above
background levels had attained a constant plateau value.
Background grain counts were <5 grains per nucleus.

Results

Radiation survival curves of A431 exponentially growing and
fed-plateau cultures are shown in Figure 1. The D, and D,
values calculated from the survival curves are presented in
Table I. A431 cells in fed-plateau cultures were more
radiosensitive than those in exponentially growing cultures,
primarily in the slope of the survival curve (Table I). In
order to determine the repair capacity of PLD and SLD,
A431 fed plateau (PLD) and exponentially growing (SLD)
cultures were irradiated either with a single dose of 12Gy
(PLD) or two doses of 6 Gy (SLD) for cell survival analysis
(Figure 2). The results in Figure 2 indicate a substantial
amount of PLD repair could be detected 10h after
irradiation and the cell survival remained constant afterward.
There was a 17-fold increase in cell survival during PLD
repair after this dose. However, only a small amount of SLD
repair could be measured in A431 exponentially growing
cultures.

Figure 3 shows the histograms for green fluorescence
(DNA content) and red’fluorescence (RNA content) derived
from FCM analysis of the exponential and plateau-phase
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Figurel Dose response curves of A431 exponentially growing
and fed plateau phase cells after various doses of radiation. Each
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Figure 2 Repair of potentially lethal damage (A) and sublethal
damage (B) in A431 fed-plateau (A) and exponentially growing
cultures (B). Each curve represents the mean of 3 experiments
and error bars are the standard errors.
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Figure 3 Green fluorescence (DNA content) and red fluorescence (RNA content) histograms of exponential, fed-plateau phase
and multicellular spheroid A431 cells obtained by 2-step AO-staining FCM analysis. The diameter of the spheroids was

902+ 19 um (mean +s.e.).
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Table I Radiobiological parameters
of A431 cultures in exponential and
fed plateau phases of growth

Cultures *Do(Gy)  *Dy(Gy)
Exponential 1.54+0.12 2.7
Fed-plateau 1.3+0.13 2.8

*Mean +s.e. of 6 experiments.

cultures and multicellular spheroids. From the DNA
histograms, the relative percentage of cells in the various
cell-cycle compartments as estimated by the CCYCLE
program is given in Table II. It is evident from this table
that the multicellular spheroid and fed plateau-phase cultures
developed more cells with G, -like DNA content but less
G,—M cells relative to exponential-phase cultures. The
median value of the RNA histogram for exponential cultures
fell around channel 100 whereas the corresponding values for
spheroid and plateau cultures occurred around channels 80
and 60 respectively. Clearly, there was a shift of the entire
RNA distributions of spheroid and plateau cultures towards
lower values relative to the exponential cells. This suggested
that subpopulations of cells with low DNA and RNA (.e,
Q-cells) existed in both unelutriated spheroid and plateau
cultures (Luk ef al., 1985; Luk et al., 1986; Bauer et al.,
1982; Darzynkiewicz et al., 1981; Traganos et al., 1977). By
using the histogram substraction program, the percentage of
Q-cells in the latter cultures could be estimated. Essentially,
this process involved comparing the RNA profiles of either
the spheroids or the plateau cultures respectively with that of
the asynchronously dividing exponential cells. The results
yielded an estimate of 55% Q-cells for plateau and between
33% to 57% for spheroids of various sizes (Table I).

Table Il Percentage of A431 cells in various cell-cycle
compartments as determined by AO-staining
Type of *Geometric Q-cells
culture diameter (um) G, S G,-M (%)
Exponential - 43 34 23 -
- 41 35 24 ~
Fed Plateau - 65 26 9 55
Spheroids 462+38 50 36 14 33
902+ 19 61 30 9 40
1337141 57 35 8 57

*Mean +s.e. of 50 spheroids.

In order to isolate the Q-cells, spheroids of ~900um
diameter were dissociated and elutriated. Figure 4 depicts
representative  Coulter  volume profiles of dissociated
spheroid cells before and after elutriation. Unseparated cells
typically gave a bimodal distribution encompassing a broad
range of cell volumes from ~800um3 to 4800 um3,
indicating their heterogeneity in size (or volume). Elutriation,
however, provided relatively homogeneous subpopulations of
increasing size. Three of these subpopulations, labelled
consecutively as A to C in their order of recovery (median
volumes ~1380, 1790, 2100um3) are displayed for
comparison.

The DNA and RNA histograms from FCM analysis of
the elutriated fractions were different (Figure 5). The DNA
histogram analysis shows predominantly G,-like DNA
content in fractions A and B which was quite different from
fraction C which contained a much greater proportion of S
phase cells. The RNA distribution of fraction A, however,
was observed at relatively lower values (channel numbers)
than that of fraction B, indicating that although these two
fractions contained cells with G,-like DNA content they
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Figure 4 Representative cell volume profiles of dissociated A431
spheroids. Top panel shows the profile obtained from
unelutriated spheroids. Bottom panel shows the 3 fractions
recovered after elutriation (‘A’, ‘B’ and ‘C’) with approximate
median volumes of 1380, 1790 and 2100 um3, respectively.

differed in their RNA content and possibly proliferative
status (i.e., fraction A =Q-cells; fraction B=P-cells).

Continuous labelling of cells in spheroids with 3H-
thymidine showed that only ~20% of the cells in fraction A
were labelled after 48 h, confirming the quiescent nature of
these cells. In contrast, ~78% of the cells in fraction B were
labelled, indicating that they were predominantly
proliferating cells. The control, unelutriated spheroid fraction
comprised ~51% labelled cells (Table III). Table III also
shows the plating efficiencies of these fractions which were
not significantly different.

Figure 6 shows the Coulter volume distribution of
trypsinized exponential-phase cells following centrifugal
elutriation. Unseparated exponential cells ranged in volume
from ~500um3 to 4800 um3 (median volume ~ 2500 um3).
Elutriated cells formed a homogeneous distribution with a

Table I Continuous labelling index and plating efficiency of
clutriated A431 spheroid cells

*Labelling index  *Plating efficiency

Fraction (%) (%)
Unseparated control 54.0+3.1 30.7+2.2
Separated Q 19.8+3.6 33.74+2.0
Separated PG, 78.34+3.5 350+1.8

*Mean ts.e. of 3 experiments and in each experiment at least
400 cells were scored.
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Figure 5 Green fluorescence and red fluorescence histograms obtained by AO-staining FCM analysis of the various fractions
recovered after elutriation of the A431 spheroids as described in Figure 4. Percentage of cells in various cell-cycle compartments:
Unelutriated (G, =51,8=35,G,-M=14), A (G,=938,8=6.1,G,—-M=1), B (G,=82,S=18,G,-M=0) and C
(G,=52,5=47,G,—M=1). Note that another control comprised of exponential phase A431 cells (not shown here but see Figure
3 for typical profiles of exponential phase cells) was routinely included for comparison with the unelutriated, spheroid control in

these experiments.
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Figure 6 Representative cell volume profiles of A431
exponential cells. Top panel shows the profile before elutriation.
Bottom panel shows the profile after elutriation with an
approximate median volume of 1920 um?3.

small median volume (~ 1920 um3). FCM analysis revealed
that the separated cells had a DNA distribution compatible
with cells with G,-like DNA content but with a narrower
range of RNA values relative to unseparated cells (Figure 7).

The radiation survival curves obtained with the Q-cells
isolated from spheroids by elutriation demonstrated that
they were more radiosensitive than the P-cells while the latter
were quite similar in sensitivity to the exponential cells
(Figure 8). It should be noted that all three fractions had
G,-like DNA content as determined by FCM analysis. The
survival curve of Q-cells was steeper than that for P-cells and
exponential cells. The various radiobiological parameters
(D,,D,) are summarized in Table IV.

Table IV Radiobiological parameters of the
various elutriated fractions

Cells *Do(Gy) *D(Gy)
EG, 1.5+0.1 2.6
PG, 1.3+0.1 2.8
0.940.1 2.6

EG,: Exponential G, monolayer cells; PG,:
Proliferating G, spheroid cells; Q: Quiescent
spheroid cells; *Mean +s.d. of 5 experiments.

Discussion

Tumour heterogeneity may arise because of variations in the
microenvironmental conditions such as pH, nutrition, oxygen
status or osmolarity. Non-proliferating tumour cells arrested
in G, (Denekamp, 1970; Pallavicini et al., 1979) or in S and
G, —M have been observed (Pallavicini et al., 1979; Epinova
& Terskitch, 1969). Using centrifugal elutriation, a relatively
non-perturbing technique (Keng er al., 1980), we have been
able to isolate several subpopulations of cells of different
sizes from the A431 human squamous carcinoma spheroids.
Characterization of the elutriated subpopulations with FCM
analysis and autoradiography demonstrated that the small
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Figure 7 Green fluorescence and red fluorescence histograms obtained by AO-staining FCM analysis of the G, fraction
recovered after elutriation of the exponential cells described in Figure 4. Percentage of cells in various cell-cycle compartments:
exponential, unelutriated (G, =45,S=33,G, —M =22) and exponential, elutriated, G, (G, =95,5S=5,G,—M=0).
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Figure 8 Survival curves of A431 cells which were isolated and
then irradiated with various doses. Note the following: fractions
Q and PG, are equivalent to fractions A and B respectively from
Figures 4 and 5, that is, they were derived from spheroids.
Fraction EG,, however, represents the elutriated, exponential
monolayer cells isolated and characterized as described in Figures
6 and 7. Each group comprised 5 experiments; error bars refer to
I se.

cell volume fractions recovered after elutriation were
considerably enriched for Q-cells compared to control,
unelutriated spheroid cells. This study therefore provided
direct evidence of the presence of Q-cells in these human
multicellular tumour spheroids. In addition, the recovered Q-
cells were clonogenic, had G,-like DNA content and were
more radiosensitive than their proliferating counterparts, P-
cells, derived under similar experimental conditions.

The 2-parameter AO-staining technique of Darzynkiewicz
et al. (1981) and Traganos et al. (1977) formed the basis for
the determination of the DNA and RNA distribution and
content of the P- and Q-cells by FCM analysis. The
clonogenicity of the isolated Q-cells showed that we were
recovering real, intact cells and not merely cell nuclei or
cytoplasmic fragments which might have DNA and RNA
content resembling that of the former but would not have
formed colonies after incubation. Evidence supporting the
validity of the AO-staining technique for the determination
of RNA content was provided by the finding that the mean
red fluorescence of AO-stained A431 cells was linearly
related to RNA content (unpublished) as was reported
previously for HeLa and CHO cells (Bauer & Dethlefsen,
1981), and which we have confirmed for other cell lines. By
making a similar assumption, we were able to estimate the
number of Q-cells in this study from the red fluorescence
obtained after AO-staining. Further confirmation of the
quiescent status of the Q-cells was obtained from continuous
3H-thymidine labeling studies after a period equivalent to
about one and a half cell-cycle times for the A431 cells.

It has been previously suggested by in vitro studies that Q-
cells were less clonogenic than P-cells (Bauer et al., 1982;
Sigdestad & Grdina, 1981). This was speculated to support
the thesis that Q-cells formed an intermediate compartment
between P- and dead cells. In this study, there was no
significant differences in clonogenicity between these cells.
This observation agreed with recent mouse EMT6 mammary
tumour data (Luk et al., 1985, 1986). It should be noted,
however, that the differences in clonogenicity reported
among P- and Q-cells from the various studies might be
reflecting different modes of induction of Q-cells from those
studies, for example, by nutrient-deprivation, catabolite
accumulation, hypoxia, etc. and/or the ability of the Q-cell
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population in different cell lines to remain clonogenic under
various conditions.

Q-cells isolated from human tumor spheroids in this study
have been found to be more radiosensitive than P-cells from
the same spheroids, in agreement with previous results for
EMT6 spheroids (Luk, 1986). However, this does not
necessarily indicate that these cells are not important to
radiation therapy. This is because Q-cells may well turn out
to be more competent in repairing radiation damage than P-
cells. A comparison of Q-cell radiosensitivity with
exponential phase G,-cells showed that the latter were also
more radioresistant. This study supports the concept that
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