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Effect of ploidy, recruitment, environmental factors, and
tamoxifen treatment on the expression of sigma-2
receptors in proliferating and quiescent tumour cells
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Summary Recently, we demonstrated that sigma-2 receptors may have the potential to be a biomarker of tumour cell proliferation (Mach
et al (1997) Cancer Res 57: 156-161). If sigma-2 receptors were a biomarker of tumour cell proliferation, they would be amenable to detection
by non-invasive imaging procedures, thus eliminating many of the problems associated with the flow cytometric measures of tumour cell
proliferation presently used in the clinic. To be a good biomarker of tumour cell proliferation, the expression of sigma-2 receptors must be
essentially independent of many of the biological, physiological, and/or environmental properties that are found in solid tumours. In the
investigation reported here, the mouse mammary adenocarcinoma lines, 66 (diploid) and 67 (aneuploid), 9L rat brain tumour cells, and
MCF-7 human breast tumour cells were used to study the extent and kinetics of expression of sigma-2 receptors in proliferative (P) and
quiescent (Q) tumour cells as a function of species, cell type, ploidy, pH, nutrient depletion, metabolic state, recruitment from the Q-cell
compartment to the P-cell compartment, and treatment with tamoxifen. In these experiments, the expression of sigma-2 receptors solely
reflected the proliferative status of the tumour cells. None of the biological, physiological, or environmental properties that were investigated
had a measurable effect on the expression of sigma-2 receptors in these model systems. Consequently, these data suggest that the
proliferative status of tumours and normal tissues can be non-invasively assessed using radiolabelled ligands that selectively bind sigma-2
receptors. © 1999 Cancer Research Campaign
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For years, the proliferative status of a tumour has been known to To date, flow cytometric measurements of various cell cycle
have a profoundféect on the outcome of both chemotherapy andparameters or biomarkers (e.g. S-phase fraction, proliferating cell
radiotherapy treatments (Shackney et al, 1978; McGuire anduclear antigen (PCNA), Ki-67, potential doubling tim‘f%otl,
Dressle, 1987; Chaval et al, 1989; Grogan et al, 1989; Hedleyetc.) have been the most extensively studied predictors of tumour
et al, 1993, 1993; Begg, 1995). For example, both laboratory cell proliferation (Hedley et al, 1983 1993; Begg, 1995).
and clinical data suggest that accelerated and/or hyperfractionatetbweve, these flow cytometric predictors of outcome have met
radiotherapy schedules are better for the treatment of rapidiwith limited success in selecting anti-tumour agents or treatment
proliferating tumours, while conventional daily radiotherapy schedules for individual patients due to sampling and technical
schedules are better for the treatment of slowly proliferatingoroblems (Dresste 1993; Hedley et al, 1983 Begg, 1995;
tumours (e.g. Thames et al, 1988ywad, 1992; Begg et al, 1992; Haustermans et al, 199%sang et al, 1995). Recentive have
Begg, 1995; Corro et al, 1995; Sarkaria et al, 1995). Similarl been studying sigma-2 receptors as possible biomarkers of tumour
rapidly proliferating tumours respond better to cell cycle-specificcell proliferation because these receptors are potentially amenable
chemotherapeutic agents (e.g. 5-fluorouracilB-D-arabino-  to detection by non-invasive imaging techniques (e.g. positron
furanosylcytosine (Ara-C), etc.), while slowly proliferating emission tomography and single-photon emission tomography).
tumours respond better to cell cycle-non-specific chemotherdJdsing the well-characterized in vitro mouse mammary adenocarci-
peutic agents (e.g. 1,3 bis-(2-chloroethyl)-1-nitrosourea (BCNU)noma model, line 66, proliferative (P) cells were shown to express
cisplatin (Cis-DDP), etc). Consequsntbiomarkers of tumour =10 times more sigma-2 receptors per cell than quiescent (Q) cells
cell proliferation, particularly those that could be detected with(Mach et al, 1997). In addition, the kinetics for the loss of sigma-2
non-invasive imaging techniques, should be very useful irreceptors from 66 Q-cells was identical to the kinetics for the loss
selecting agents and/or schedules for treating a pattembou. of PCNA from 66 Q-cells. Howevgethese results were obtained
with a single rodent tumour cell line, so any suggestion that
sigma-2 receptors might be used as a universal biomarker of
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tumour. Using mouse mammary adenocarcinoma cells, lines 66ell proliferation analysis

and 67, 9L rat brain tumour cells, and MCF-7 human breasé,he percentage of 67, 66 and 9L cells labelled by a short (1 h) or

tumour cells, the extent and kinetics of expression of sigma- L ~
receptors in P and Q tumour cells was studied as a function ??ng (36 h) exposure to bromodeoxyuridine (BrdU) 1) was

species, cell type, ploidy, pH, nutrient depletion, metabolic state etermined flow cytometrically because the in vitro growth condi-

recruitment from the Q-cell compartment to the P-cell Compart_tions in these sigma-2 receptor experiments were slightly different

ment, and treatment with tamoxifen. The data suggest that tfrom those described previously (Wheeler and Wallen, 1980;

. . . . allen et al, 1984, 1984). Similar BrdU labelling experiments
expression of sigma-2 receptors may indeed be a universa

biomarker of tumour cell proliferation, assuming that these in vitro'€"€ not pe_r_formed for_ the_MCF-? cells because the_ln V|_tro
results can be duplicated in solid tumour models growth conditions were identical to those where the proliferation
' kinetics had recently been determined by flow cytometrically

measuring the Ki-67 and idoxuridine (IdU) labelling index (Dong

et al, 1997).
Both unlabelled and BrdU-labelled cultures were handled iden-
MATERIALS AND METHODS tically. After trypsinization, the resulting single-cell suspensions
were gently centrifuged at°@, resuspended in phosphate-
Drugs buffered saline (PBS), and fixed in 70% ethanol at a final

DTG (1,3-dio-tolyguanidine) and (+)-pentazocine  were concentration of l—g 1@ ml~L. For the flow cytometry analysis,
purchased from Research Biochemical International (Natick, MAZ1-5 10° cells were first incubated for 20 min at’&with 0.2 mg
USA). PH]DTG was purchased from Dupont-NEN (Billerica, ml-* of pepsin in 24 HCI-PBS, washed twice in PBS containing

MA, USA). Tamoxifen was purchased from Sigma Chemical0-5% fetal bovine serum (FBS), and then incubated for 45 min
Company (St. Louis, MO, USA). with a mouse anti-BrdU antibody conjugated to fluorescein isoth-

iocyanate (Boehringer-Mannheim, Indianapolis, IN, USA). The
cells were then washed in 1 ml of PBS containing 0.5% FBS and
Cell culture procedures 0.5% Tween-20, incubated for 30 min in RNAase (1 mg)rahd

The 66 (diploid) and 67 (aneuploid) cells in these experiment§tained with propidium iodide (I0y mt). All flow cytometry
were originally derived from a mouse mammary adenocarcinom@as performed using a Coulter Epics flow cytometer equipped
and cultured in Waymouth’s medium supplemented with 3% fetayvith an air-cooled argon laser using an excitation wavelength of
calf serum, 6% newborn calf serum, 6% horse serum, 1% g|uf188 nm. In each experiment, cells isolated from unlabelled 67, 66
amine, 80.5mg mt of streptomycin and 80.5 units Thlof and 9L cultures were handled as described above in order to set
penicillin as previously described (Wallen et al, 1881984). the gating parameters that compensate for autofluorescence and
The 9L rat brain tumour cells were grown in BME supplemented'on-specific binding of the anti-BrdU monoclonal antibody.
with 10% newborn calf serum, 1% glutamine, 80.5 mg i Although exponentially growing 67, 66 and 9L tissue culture
streptomycin and 80.5 units thlof penicillin as previously cells that were pulse-labelled with BrdU contained as much BrdU
described (Wallen et al, 1980; Wheeler et al, 1992). MCF-7 cellger cell as exponentially growing human tissue culture cells, the
were grown in phenol red-free essential modified Eagle’s mediurR@ackground fluorescence due to autofluorescence and non-specific
(EMEM) supplemented with 10g m of bovine insulin, 1% binding of the monoclonal antibody to the 67, 66 and 9L tumour
glutamine, 1% nonessential amino acids, 80.5 mg ehistrepto- cells was much higher than that seen with human cells because
mycin, 80.5 units mt of penicillin and 5% calf serum that had the commercially available antibody was produced in mice.
been treated with dextran-coated charcoal for 45 min &€ 5  Consequently, the signal to noise ratio was much less than that
remove any endogenous hormones (Eckert and Katzenellenbogdiprmally obtained with human tumour cells. Two gating methods
1982; Katzenellenbogen et al, 1984; Berthois et al, 1986). All cell¥ere employed to estimate the percentage of BrdU-labelled cells
were grown at 37T in a 5% carbon dioxide atmosphere. At 3- to in €ach sample. The flow cytometry data was displayed either as a
6-month intervals, each cell line was rejuvenated from frozerpivarate distribution of the BrdU content as a function of the cell’'s
stock and tested fovtycoplasmgMach et al, 1997). position in the cell cycle or as a histogram of the BrdU content.
With the exception of the recruitment experiments, exponen&ating parameters were selected so thag6 of the unlabelled
tially growing cells were trypsinized from stock cultures andcontrol cells had fluorescence intensities sufficient to be consid-
seeded at: (a) 1-210° cells per 25-cihflask in 5 ml of the appro- ered BrdU-labelled cells. Although both methods gave identical
priate medium for the growth curve experiments, and (b)<1:e2 results, a box analysis on the bivariate distributions was used to
cells per 175-ciflask in 30 ml of the appropriate medium for the 9enerated the data in Table 1.
sigma-2 receptor experiments. For the growth curve experiments,
three flasks were trypsinized at various times after seeding, t I . .
cells were counted and sized on a Coulter counter/channelizlneB}etermmatlon of the sigma-2 receptor density
system, and the meanl s.d. of the three counts was plotted as aFor each cell population, the tissue culture flasks were placed on
function of the incubation time. The doubling time was calculatedce, the medium was removed, the flasks were rinsed with ice-cold
from a regression analysis of the day 1-4 data. In the sigma+®edium without serum, and the cells harvested with a plastic
receptor experiments, exponentially growing cells were obtainedcraper (Mach et al, 1997). In each experiment, the cells in three
from 17 x 175-cn? flasks seeded 3 days prior to harvesting, andadditional 175-crh flasks were trypsinized, counted and their
plateau phase cells were obtained fronx 175-cnt flasks seeded protein content determined by the method of Bradford (1976). For
at 5-12 days prior to harvesting, depending on which cell line wathe various calculations, it was assumed that the number of
used in the experiment. scraped cells per flask and their protein content were identical to
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Table 1 Summary of the percentage of BrdU-labelled cells obtained when T T T T T T
exponential and plateau phase 67, 66 and 9L tissue culture cells were
exposed to 10-°m BrdU for 1 h or 36 h
BrdU exposure time 107F 3
Cells Days in culture 0h 1h 36 h E
67 3 3.2 39.7 44.1 }é’
10 11 4.3 6.1 5 108 Tp=1584+03h 1
66 3 2.1 35.1 63.0 = )
10 03 1.9 9.5 8
oL 3 3.1 16.7 89.2
5 5.0 21.2 68.1
10°F E
1 1 1 1 1 L L

0 2 4 6 8 10 12 14 16 18

those obtained by trypsinizing the cells. After harvesting, cel Time (day)

membranes were prepared as previously described (Mach et a,

: [ ; Figure 1  In vitro growth curve for aneuploid mouse mammary
1997)’ a”fj a“qUOtS contz?unlng 1 mg—hﬂf protein were stored at adenocarcinoma cells, line 67. Each data point represents the mean + 1 s.d.
—8C°C until assayed for sigma-2 receptors. of the cell counts in three independent experiments. If not shown, the error

The sigma-2 receptor density was determined for eacbarsIielwithinthedatapoint.Thelpopulationdqublingtim_e(TD)was
membrane preparation as previously described by Mach et ﬂzfsr{gi?f;iggrgﬂgféﬁﬂ?g;&"eaf regression analysis of the natural log
(1997). Briefly, 30—6Qug of protein was incubated with 4in
[H]DTG and varying amounts of cold DTG (0.1-1006) in the

presence of (+)-pentazocine (10@)rto mask the sigma-l sites. o rosnonsible for the loss of sigma-2 receptors in plateau phase
Nonspecific binding was determined in the presenceusf BTG. o5 9| rat brain tumour cells were seeded at218 cells per
After rapidly harvesting each sample on filters and counting thg 75_crz flask. These 9L cells grew exponentially for 3-4 days
radioactivity with a Ilqt_ud scintillation spectrometer, the bln_dlng before reaching a plateau on day 5 that results from an equilibrium
d"’_‘ta were analysed W!th the Scatchard _program, EBDA (B'Oso%etween the addition of 9L cells to the culture through cell division
Miltown, NJ, U_SA)’ using the COLD o_ptmn to calculate Byg, and loss of 9L cells from the culture through cell death and lysis
values. The sigma-2 receptor density was then calculated @G heeler and Wallen, 1980). On day 5 after subculture, all of these
previously described (Mach et al, 1997). 9L cells appeared healthy, even though a few of these cells were
clonogenically dead or dying. By day 7, 50% of the 9L cells were
rounded up and in the final stages of cell death because the glucos
in the medium had been depleted (Li, 188P982). The clono-
In order to determine the effect of ploidy on the expression ofienic efficiency of these 7-day 9L cells was < 1%. The sigma-2
sigma-2 receptors in P- and Q-cells, 17 flasks of aneuploid mouseceptor density of 3-day 9L cells was 6.3 times greater than the
mammary adenocarcinoma cells, line 67, were seeded 3 days prgigma-2 receptor density of these nonclonogenic 7-day 9L cells.
to harvesting 12 flasks of 67 Q-cells. Thus, a 3-day P-cell populaonsequently, if the sigma-2 receptor density remained relatively
tion could be analysed simultaneously with either a 7-, 10-, oconstant for day 3 and day 5 9L cells, cell-cell contact, nutrient
12-day Q cell population. The P- and Q-cells were harvested bgepletion, metabolic state and low pH (6.6—6.8) are not likely to
scraping, cell membranes were prepared, and the sigma-2 recept@mve much influence on the expression of sigma-2 receptors in
density was measured as previously described (Mach et al, 1998plid tumours.
The results from the aneuploid 67 cells were compared to the In order to determine if changes in the sigma-2 receptor density
previously published results from the diploid 66 cells to determinemimic changes in the proliferative status of tumour cells after
if ploidy influenced the expression of sigma-2 receptors in P and @eatment with chemotherapeutic agents, oestrogen-responsive
mouse mammary adenocarcinoma cells. MCF-7 cells obtained from the American Type Tissue Culture
In order to determine if the expression of sigma-2 receptorsepository were seeded atx21(° cells per 175-cihflask and
followed the kinetics of recruitment of Q-cells back into the P-cellgrown for 3 days in phenol red-free medium containing charcoal
compartment, 66 or 67 cells were trypsinized from 10-day culturescrubbed serum (Berthois et al, 1986). A 1@ stock solution of
and reseeded at 1€ells per 175-citissue culture flask (Wallen tamoxifen was prepared in ethanol and stored atG:20n day 3,
et al, 198%4). The initial sigma-2 receptor density (day 0) wasthe tamoxifen stock solution was diluted in ethanol and added to
determined on an aliquot of the 10-day Q cells that were used to b culture medium to produce a final tamoxifen concentration of
the recruitment experiment. On day 2, 4, 7, 10, 14 and 17 afte&rnm and a final ethanol concentration of 0.1%. In some experi-
subculturing, the cells were harvested by scraping, cell membranesents, the medium containing tamoxifen was removed on day 6,
were prepared, and the sigma-2 receptor density measured asd the cells retreated for another 3 days with fresh medium
previously described (Mach et al, 1997). The kinetics of thecontaining 1 m tamoxifen. On day 6 and day 9 after seeding, both
expression of the sigma-2 receptors was then compared with thmtreated and tamoxifen treated cells were harvested by scraping
population growth kinetics as the cells progressed from Q to P arzkll membranes were prepared, and the sigma-2 receptor density
then back to Q. was determined as previously described (Mach et al, 1997). The
In order to determine if factors such as cell—cell contact, nutrienteduction in the sigma-2 receptor density measured in these
depletion, changes in metabolic state, or low pH (6.6—6.8) mightxperiments was then quantitatively compared to the reduction in

Experimental design
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Figure 2 Flow cytometric determination of the percentage of labelled cells obtained when exponential or plateau phase cultures of 67 and 9L cells were
exposed to 10-°m BrdU for 1 h or 36 h. Each dot within the box represents a cell that is considered to have been labelled by BrdU and is, therefore, a
proliferating cell. The gating parameters were chosen so that <5% of a population of cells that had not been exposed to BrdU resided in the box (left panels)

British Journal of Cancer (1999) 81(6), 925-933

© 1999 Cancer Research Campaign



Table 2 Summary of the o, receptor analyses for 3-day 67 P-cells and

either 7-day, 10-day, or 12-day 67 Q-cells®

Bm X

(fmol mg iy protein) Receptors per cell
3-day P-cells 7937 + 987 533 204 + 178 809
7-day Q-cells 4989 + 1465 89362 +29172
P:Q ratio 1.66 £ 0.11 5.99 +0.27
3-day P-cells 8652 + 988 348 655 + 178 809
10-day Q-cells 5045 + 1374 51 865 + 11 706
P:Q ratio 2.02+0.21 7.74 + 0.64°
3-day P-cells 12 824 + 1328 856 505 *+ 243 956
12-day Q-cells 6032 + 2061 116 128 + 67 099
P:Q ratio 2.36£0.28 8.65 + 1.16°

aAll values are the mean + 1 SE from at least three independent experiments.
The P-cells experiments were run simultaneously with the corresponding

Q-cell experiments. PValue statistically different from 7-day P:Q ratio;

P < 0.02. “Value statistically different from 7-day P:Q ratio; P < 0.03, but not

statistically different from 10-day P:Q ratio; P> 0.4.

T T T T T T T
10}
T *
o
8 6L
o
o
1
oL @
A o6
0 1 1 1 1 ] I 1
0 2 4 6 8 10 12 14

Days in culture

Figure 3 Ratio of the sigma-2 receptor density in 3-day 66 or 67 P-cells to
the sigma-2 receptor density in 7-, 10- or 12-day 66 or 67 Q-cells. Each data
point is the mean + 1 s.d. of the P:Q ratios obtained in three independent

experiments. If not shown, the error bars lie within the data point
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of the growth curve and the population doubling time for these 67
cells were identical to those previously published by Wallen et al
(1984).

The percentage of 67 cells in day 3 cultures that were labelled
by a 1 h pulse of BrdU in 175-énflasks &39%) was slightly
lower than that expected for an exponentially growing population
with a doubling time of 16 h (Figures 1 and 2, Table 1). In day 10
cultures, about 4% of these 67 cells appeared to be lightly labelled
by a 1 h BrdU pulse (Figure 2, Table 1). Few, if any, additional 3-
day or 10-day 67 cells were labelled by a 36 h exposure to BrdU
(Table 1) indicating that > 90% of these 67 cells would enter the Q-
state after the next division (day 3 cultures) or were already in the
Q-state (day 10 cultures). Although the percentage of proliferating
cells in these day 10 cultures6@bo) was slightly greater than that
previously reported by Wallen et al (1284it is consistent with
the shape and kinetics of the growth curve for 67 cells shown in
Figure 1.

All B_, values for the aneuploid 67 cells (Table 2) were slightly
larger than thé8__ values previously reported for the diploid 66
cells (Mach et al, 1997). However, the 67 P- and 67 Q-cells were
slightly smaller than the corresponding 66 P- and 66 Q-cells
(Wallen et al, 1984). Consequently, the slightly highy_ values
for the 67 cells was offset by the smaller size of the 67 cells when
the sigma-2 receptor density was calculated on a per cell basis. In
these experiments, 3-day 67 P-cells had 300 000—800 000 sigma-Z
receptors per cell (Table 1); a range identical to that previously
reported for the diploid 66 P-cells (Mach et al, 1997). The 7-
to 12-day Q-cells had 50 000-120 000 sigma-2 receptors per cell
(Table 1); a range identical to that previously reported for the
diploid 66 Q-cells (Mach et al, 1997). The P:Q ratio, expressed on
a receptor per cell basis, was much greater thaB the:Q ratio,
because 67 P-cells had a higher protein content than 67 Q-cells
(Table 2). The P:Q ratio, expressed on a receptor per cell basis, dic
not reach the maximum ef8 until day 10, even though > 90% of
these 67 cells were in a quiescent state by day 7 (Figure 1, Table 1
(Wallen et al, 1984). Although the number of sigma-2 receptors
per P-cell, the number of sigma-2 receptors per Q-cell and the
maximum P:Q ratio were identical for both the 66 and 67 cell
lines, the 67 cells appeared to reach the maximum P:Q ratio
slightly faster than the 66 cells (Figure 3). This is consistent with
the 36 h BrdU labelling data in Table 1 which indicated that 3-day
67 cells underwent only one more division before the majority
entered quiescent, while 3-day 66 cells underwent two divisions
before the majority entered quiescence.

Expression of sigma-2 receptors during the Q to P to Q
transitions

the Ki-67 labelling index, AGNOR scores, and IdU-labelling indexWhen day 10 66 Q- and 67 Q-cells were trypsinized and reseedec
recently reported for these MCF-7 cells treated with 4-hydroxyat & concentration of 1Qells per 175 ctflask, the Q-cells

tamoxifen under identical conditions (Dong et al, 1997).

RESULTS

Effect of ploidy on the expression of sigma-2 receptors

during the P to Q transition

rapidly entered the P-cell compartment with little or no delay

(Figure 4). The kinetics of the expression of sigma-2 receptors in
both 66 and 67 cells followed the population growth kinetics as

expected (Figure 4). There was a rapid increase in the sigma-2
receptor density during the exponential growth phase that levelled
off during early plateau phase and then decreased during late
plateau phase. Although the kinetics of the expression of sigma-2

The 67 cells in these experiments grew exponentially for 4 dayseceptors followed the population growth kinetics, the decrease in

with a population doubling time of 1580.3 h (Figure 1). After

the sigma-2 receptor density in late plateau phase did not start until

day 5, there was a slight reduction in the number of cells per flas#fay 10-12 after subculturing the Q-cells (Figure 4). Thus, the
until a stable plateau phase was reached by day 7. Both the shajerrease in the sigma-2 receptor density occurred 3-5 days later i

© 1999 Cancer Research Campaign
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Table 3 Expression of sigma-2 receptors in exponentially growing and

6
] 10 plateau phase 9L rat brain tumour cells
Days in culture B, . (fmol mg =) Receptors per cell
X+1s.d.) X +£1s.d.)
— J10°®m 3-day 3239 + 672 341183 + 22 263
g ] > 5-day 3200 +178 251 358 + 23 568
f@ 107 2 Exp:Plat 1.01+0.04 1.36 + 0.08
S a
] N
fe) '
g J10* €
= @ . , ;
Q
]
66 Cells 1 5
10° [N WA R N R T S ! 10
0 2 4 6 8 10 12 14 16 18 20 ~ 107 B
: g
Days in culture %
]
o
10% 3 10° °
r @ 3 o
ﬁ M ] = @ Control
1 = @ 1 2 A 1 nM tamoxifen
= |
—~ 1105 =
o 3 10 ! 108 . ‘ )
X 1 = 0 3 6 9
3 107 2
S 8 Time (day)
Ke) [N)
g 10 © Figure 5 In vitro growth curves for aneuploid MCF-7 human breast tumour
= 3 g, cells with (A) and without (e) continuous exposure to 1 nm tamoxifen starting
° (7] on day 3 after subculturing from exponentially growing cells. Each data point
o represents the mean + 1 s.d. of the cell counts from 2-3 independent
experiments. If not shown, the error bars lie within the data point
67 Cells 5
108 R R T N N SV S B | 10
0 2 4 6 8 10 12 14 16 18 20
Days in culture density of 66 and 67 cells in 7- to 12-day cultures are present in
Figure 4 Comparison of the population growth kinetics and the kinetics of 5-day cultures of 9L cells; however, none of these 5-day 9L cells
expression of sigma-2 receptors when 10-day 66 Q-cells (upper panel) or 67 have entered a true quiescent state. Bn% and the sigma—2
&

Q (lower panel) were recruited back into the P-cell compartment by . .
subculturing. Each data point represents the mean + 1 s.d. of the values from receptors per cell ratios for 3-day exponential and 5-day plateau

two independent experiments. If not shown, the error bars lie within the data phase 9L cells was 1.04 0.04 and 1.36: 0.08 respectively
point (Table 3). For comparison, day 7 66 and 67 cells had exponential
to plateau phase ratios of 2.8 (Mach et al, 1997) and 5.99 (Table 2)
respectively. The slight decrease in the sigma-2 receptor density of
the cultures were set from 10-day Q-cells than if the cultures werdae 5-day 9L cells (Table 3) probably occurred because a few of
set from 3-day exponentially growing P-cells. these 9L cells were clonogenically dead or dying. As described in
Materials and Methods, non-clonogenic 9L cells have a lower

. . . igma-2 r r density than clon nic 9L cells.
Effect of physiological and environmental factors on sigma-2 receptor density than clonogenic 9L cells

the expression of sigma-2 receptors
dEffect of cytotoxic concentrations of tamoxifen on the

9L cells in 5-day cultures exist in medium that is virtually deplete . :
expression of sigma-2 receptors

of glucose and has a pH of 6.6—6.8 (Li, 188P982; Zhang and
Wheeler, 1994). These plateau phase cells grow in layers that deposing day 3 cultures of oestrogen-responsive MCF-7 cells to
several cells thick and have a metabolism that is substantiallyy nv tamoxifen for either 3 or 6 days resulted in a virtual cessation
reduced from that of exponentially growing cells (Wheeler et alof cell division (Figure 5). The number of MCF-7 cells recovered
1992). Finally, virtually the same number of cells labelled by a 1 Hrom the tamoxifen treated flasks on days 6 and 9 was not statisti-
pulse of BrdU in day 3 and day 5 cultures (Table 1) indicates thatally different @ > 0.05) from the number of MCF-7 cells recov-
day 4-6 plateau phase cultures result from an equilibrium betweeated from untreated flasks on day 3. By day 9, there was a 50%
cell division and cell death as previously described (Wheeler andecrease in cell growth in the tamoxifen-treated flasks (Figure 5).
Wallen, 1980). The slight reduction in the number of cells labelledNo appreciable difference in the cell cycle distribution of the
by a prolonged 36 h exposure to BrdU from 89% in 3-day culturesintreated or tamoxifen-treated cells was observed suggesting that
to 68% in 5-day cultures (Table 1) is also expected if the 9lfew, if any of these MCF-7 cells, entered a true quiescent state
plateau phase results from an equilibrium between cell divisiorfdata not shown). However, there was a reduction in the number of
and cell death. Consequently, all of the physiological and envirorsigma-2 receptors per cell after 3 or 6 days of treatment with 1 n
mental factors that might have modulated the sigma-2 receptéamoxifen (Table 4). The average reduction in the sigma-2
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Table 4  Effect of tamoxifen on the expression of sigma-2 receptors in MCF- transition. This would certainly limit the usefulness of sigma-2
7'human breast tumour cells receptors as a biomarker of tumour cell proliferation during and
after therapy. There were also physiological and environmental

Days in culture Experiments Sigma-2 receptors per cell . ]
(untreated:treated) factors that could have caused the apparent relationship betweer
the expression of sigma-2 receptors and cell proliferation. For
6-day® A 2.05+0.11 example, the metabolic status of these tumour cells could be dras-
B 1.28 +0.11 . ; . ey
c 1244013 tically altered under nutrient depletion or low pH conditions, even
Average 1.52 + 0.41 though these cells may continue to progress through the cell cycle.
9-day® B 2.51+0.33 If the expression of sigma-2 receptors reflected primarily changes
c 1.95+0.28 in the metabolic state of the cells or the composition and pH of the

Average 2.23 £ 0.41 surrounding milieu, sigma-2 receptors would not always be a

biomarker of tumour cell proliferation.

In the study reported here, P-cells of the aneuploid mouse
mammary adenocarcinoma line 67 had about eight times more
sigma-2 receptors per cell than the Q-cells (Table 2); a result
essentially identical to that previously reported for the diploid 66
receptor density was 1.520.41 after a 3-day exposure to® n  |ine (Mach et al, 1997). Thus, ploidy did not appear to substan-
tamoxifen, and 2.23 0.41 after a 6-day exposure to NN tally influence the expression of sigma-2 receptors. This is partic-
tamoxifen. These values compare favourably with the reductioyjarly important if radioligands selective for sigma-2 receptors are
in the Ki-67 labelling index (1.24), AGNOR scores (1.32) andgoing to be used to assess the proliferative status of human breas
IdU-labelling index (2.36) reported by Dong et al (1997) fortumours because 25-30% of human breast tumours are comprise:
oestrogen-responsive  MCF-7 cells whose growth had beegf predominantly aneuploid tumour cells, 25-30% are comprised
reduced by 50% after exposure to 0.14IM0 4-hydroxy-  of predominantly diploid tumour cells, and 30-40% contain
tamoxifen. substantial populations of both aneuploid and diploid tumour cells.

In many tissue culture models, there is a strong relationship
DISCUSSION between cell-cell co.ntact., nutrient depletion, low pH, metabolic

state and cell proliferation. In general, as cell-cell contact
Sigma receptors were originally described as a subtype of thacreases and nutrients are depleted from the medium, the pH, cell
opiate receptors. Subsequent studies demonstrated that sigmatabolism and cell proliferation decreases. 9L rat brain tumour
receptors represented a distinct class found in a variety of tumoucells are somewhat unique in that they will grow exponentially
and normal tissues (Walker et al, 1990). Two types of sigma recep¥ith their normal doubling time at pH 6.6-6.8, thereby forming a
tors have been identified. Sigma-1 receptors have a moleculanonolayer that is several cells thick (Zhang and Wheeler, 1994).
weight of 25 kDa; sigma-2 receptors have a molecular weight ofis the glucose is depleted from the medium, the oxygen consump-
18-21 kDa (Walker et al, 1990; Hellwell et al, 1994). In generaltion of these 9L cells decreases and other sources of energy such &
tumour cells have been reported to have more sigma-2 receptsgccinate are utilized if they are present (Wheeler et al, 1992).
than sigma-1 receptors (Bem et al, 1991; Vilner and Bowen, 199 Ithough day 4 and day 5 9L cells have a distinctly altered metab-
Vilner et al, 1995), and in at least one case, MCF-7 cells, it haglism, 9L cells continue to progress through the cell cycle at nearly
been reported that sigma-1 receptors are undetectable (Vilner et alnormal rate (Figure 2 and Table 1). When the glucose is suffi-
1995). Consequently, our studies have emphasized the establishiently depleted (day 5-6), these 9L cells rapidly progress to death
ment of a relationship between the density of sigma-2 recepto@nd lysis, rather than entering a quiescent state (Li,al988D).
and the proliferative status of tumour cells because such a relatioBeath occurs at all phases of the cell cycle within 24 h, not just in
ship is more likely to occur in a variety of human cancers. M or G1. In the present study, day 5 9L cells which had existed at

At the present time, sigma-2 receptors have no known functiojmH 6.6-6.8 for at least 48 h, were in a monolayer several cells
have no known endogenous ligand and have not been cloned. Qhick, had a reduced metabolism from the day 3 cells, and existed
initial study with mouse mammary adenocarcinoma cells, line 66at a glucose concentration that would result in the 60-80% normal
indicated that proliferative tumour cells expressed about ten timesdonogenic efficiency being reduced to < 1% within the next 48 h.
more sigma-2 receptors per cell than quiescent tumour celldone of these physiological or environmental factors resulted in a
(Mach et al, 1997). In addition, the kinetics for the loss of sigma-Zhange in the sigma-2 receptor density from that found in day 3
receptors appeared to be identical to the kinetics for the loss ekponentially growing 9L cells (Table 3). Consequently, this result
PCNA from these 66 Q-cells. Although these data suggested thatiggests that cell-cell contact, nutrient depletion, low pH and
sigma-2 receptors might be a biomarker of tumour cell proliferaaltered metabolic states are not likely to be important regulators of
tion, there were many biological, physiological and environmentathe sigma-2 receptor density in tumour cells.
factors other than progression through the cell cycle that could Although the 66, 67, and 9L data strongly support the hypoth-
have been responsible for either the overexpression of sigmaesis that the density of sigma-2 receptors in tumour cells reflects
receptors in 66 P-cells or the decreased expression of sigmasBlely their proliferative status, the information will be useless
receptors in 66 Q-cells. unless the expression of the sigma-2 receptors matches changes i

Among the biological reasons for the results with the 66 linethe proliferative status observed after treatment with various anti-
was the possibility that the relationship between the expression eéincer agents. It is well known that recruitment of Q-cells back
sigma-2 receptors and cell proliferation would be limited tointo the P-cell compartment is a major event in the regrowth of a
diploid, rodent breast cancer lines. In addition, sigma-2 receptotsimour after treatment. When both 66 and 67 Q-cells were
might be a biomarker of the P to Q transition, but not of the Q to Pecruited back into the P-cell compartment by subculturing, the

aCells were treated with tamoxifen (1 nm) on day 3 after seeding. "Cells were
treated with tamoxifen (1 nm) on day 3 and day 6 after seeding.
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sigma-2 receptor density increased rapidly, reached a maximum Facility. We wish to thank C Wall for technical support and
2-4 days, and then decreased after the cells entered quiesceBc@yler for preparation of the manuscript.

with kinetics that were similar to those previously described for
these same cells during the P to Q transition (Figure 4 and Table 2
(Mach et al, 1997). Thus, the kinetics of the expression of sigma—3
receptors matched the population growth kinetics when 66 and 6yywad H (1992) Unconventional fractionation studies apgcbrrelation Semin
Q-cells were recruited back into the P-cell compartment. It is also  Rad OncoR: 62-66

well known that many anticancer agents have cytostatic effects #99 AC, Holﬂgmdblll_ van Glafbbekg_Mhand Horli‘or: J% (1932) Plr(edictive value of
wel as cyotoxic effects. For exampl, at low concenirations of 20l Soting e sty e s
tamoxifen, human breast tumour cells stop progressing throu%bgg AC (1995) The clinical status oJO;I'as a predictor? Or why no tempest in a

the cell cycle or do so only very slowly (Katzenellenbogen et al, T,,! Int J Radiat Oncol Biol Phy82: 15391541

1984). At high concentrations of tamoxifen, human breast tumousem WT, Thomas GE, Mamone JY, Homan SM, Levy BK, Johnson FE and Coscia

cells are killed (Katzenellenbogen et al, 1984). When MCF-7 CJ (1991) Overexpression ofreceptors in nonneural human tumo@ancer
human breast tumour cells were treated ;n our study with a cyto; ResS1: 6558-6562 .
%erthms Y, Katzenellenbogen JA and Katzenellenbogen BS (1986) Phenol red in

static concentration of tamoxifen, the sigma-2 rece_ptor dens_ity tissue culture media is a weak estrogen: implications concerning the study of
was reduced to the same extent (Table 4) as the Ki-67-labelling estrogen-responsive cells in cultuPeoc Natl Acad Sci US83: 24962500
index, AQNOR scores and IdU-labelling index reported by DongBradford MM (1976) A rapid and sensitive method for the quantitation of

et al (1997). Taken together, these data suggest that the sigma-2 microgram quantities of protein utilizing the principle of protein-dye binding.
’ Anal Biochenv2: 248-254

receptor denSIty will “kew reflect the prollferatlve status of Chaval P, Courdi A, Gioanni J, Vallicioni J, Santini J and Demard F (1989) The
human tumours before, during and after treatment with anticancer |abeling index: a prognostic factor in head and neck carcinBagiother
agents. Oncol14: 231-237

In summary, the hypothesis that the expression of Sigma_Qorro R, Giaretti W, Sanguinet G, Geido E, Orecehia R, Guenzi M, Margarino G,

. . . ) i Bacigalupo A, Garaventa G, Barbieri M and Vitale V (1995) In vivo cell
receptors is predominantly influenced by a tumour cell’s ability to kinetics in head and neck squamous cell carcinomas predicts local control and

progress through the cell cycle in a timely manner, and not by  peips guide radiotherapy regimerClin Oncoll3 18431850
other biological, physiological, or environmental properties waSong H, Bertler C, Schneider E and Ritter MA (1997) Assessment of cell
tested by Comparing: (a) the expression of Sigma_z receptors in pr.oliferatiorj by AgN_OR_scores and Ki-67 labeling indices and a comparison
diploid (66) and aneuploid (67) mouse mammary adenocarcinoma with potential doubling time<ytometry28: 280-288 o
. . . . ressler LG (1993) DNA flow cytometry measurements and their clinical relevance
cells, (b) the expression of S|gma-2 receptors in eXponentla"y in node-negative breast candeecent Results in Cancer R 61-69
growing and plateau phase 9L rat brain tumour cells, (C) th@ckert RL and Katzenellenbogen BS (1982) Effects of estrogens and antiestrogens
kinetics of expression of sigma-z receptors with the population on estrogen receptor dynamics and the induction of progesterone receptor in
growth kinetics obtained when 10-day 66 Q- or 67 Q-cells were  MCF-7 human breast cancer cefancer Red2 139-144 _
. . . _Grogan TM, Lippman SM, Spier CM, Slymen DJ, Rybski JA, Rangle CS, Richter
recruited back into the P-cell compartment, and (d) the reductiofi LC - SR
. ) . . and Miller TP (1988) Independent prognostic significance of a nuclear
of the expression of sigma-2 receptors with the reduction of other  qjiferation antigen in diffuse large cell lymphomas as determined by the
biomarkers of cell proliferation after treatment of MCF-7 human  monoclonal antibody Ki-6Blood 71: 1157-1160
breast tumour cells with cytostatic concentrations of tamoxifen. Itaustermans K, Hofland |, Pottie G, Ramaekers M and Begg AC (1995) Can
should be emphasized that the above tests of the hypothesis Measurements of potential doubling timg,fbe compared between
. . laboratories? A quality control studgytometryl9: 154-163
involved tumour cells from three species (mouse, rat and human)egiey pw, Shankey TV and Wheeless LL (189BNA cytometry consensus
two tumour cell types (breast and brain) and tissue culture models  conferenceCytometry14: 471
where the proliferative status of the cells changed drasticallyjedley DW, Clark GM, Cornelisse CJ, Killander D, Kute T and Merkel D (8993
slightly, or not at all. In every case, the expression of the sigma-Z Consensus review of the clinical utility of DNA cytometry in carcinoma of the
receptors solely reflected the proliferative status of the tumouy,  CreastCytometryla: 482-485
i Hellwell SB, Bruce A, Feinstein G, Orringer J, Williams W and Bowen WD (1994)
cells. Consequently, all of the data support the hypothesis that the rqt jiver and kidney contain high densitiewpfindo, receptors:
expression of sigma-2 receptors is predominantly influenced by a characterization by ligand binding and photoaffinity labellgr: J Pharmacol
tumour cell’'s ability to progress through the cell cycle in a timely ~ Mol Pharmacol Se26& 9-18
manner, and suggest that sigma-2 receptors may be a univer§gfzenelienbogen BS, Norman MJ, Eckert RL, Peltz SW and Mangel WF (1984)
. . . . . Bioactivities, estrogen receptor interactions, and plasmlnogen activator-
biomarker of cell proliferation. If the in vitro results reported here inducing activities of tamoxifen and hydroxytamonxifen isomers in MCF-7
can be demonstrated in solid tumours, then it should be possible t0 human breast cancer cel@ancer Reg4: 112-119
non-invasively assess the proliferative status of tumours and CKN (1982a) The glucose distribution in 9L rat brain multicell tumour spheroids

normal tissues using radioligands that selectively bind to sigma-2 _ and its effect on cell necrosBancers0: 2066-2073 _
Li CKN (1982b) The role of glucose in the growth of 9L multitumour spheroids.
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