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Abstract-The estrogen receptor positive human breast cancer cel1 line, MCF-7, can be growth 
inhibited by high concentrations of newborn calf serum (NU). MCF-7 cells grown with high 
concentration of NCS can be growth stimulated by 10 -’ M estradiol, and the growth stimulation 
seems to involve the abolishment of the effect of inhibitory activity in serum. Flow cytometry has been 
used to determine cel1 cycle parameters such as distribution of cells in the different phases of the cel1 
cycle and growth fraction. The cel1 cycle analysis revealed that addition of 10% NCS to cultures 
grown with 0.5% fetal calfserum (FCS) increased the doubling time by elongating the G1 transit 
time. Estradiol stimulation occurred through a shortening of the G1 transit time. An effect on 
growth fraction was observed neither during growth inhibition with high NCS concentration nor 
dwing growth stimulation with estradiol. Cells which are growth stimulated by estradiol have an 
activated estrogen receptor mechanism as indicated by the presence ofhlled nuclear estrogen receptors 
and high leve1 of progesterone receptors. We suppose that a possible mechanism for this estrogen 
.stimulation could be induction of synthesis of growth factors which annul the effect of the inhibitory 
activib present in NCS. 

INTRODUCTION 
THERE HAS been much controversy as to whether 
or not the human breast cancer cel1 line MCF-7 
can be growth stimulated by estradiol. In some 
studies [ 1-91 varying degrees of growth stimulation 
by estradiol have been demonstrated whilc othcrs 
have reported no effect of estradiol on thc in vitro 

growth of MCF-7 cells [9-131. Our own studies 
have shown no direct effect of estradiol on growth 
of MCF-7 cclls in tissuc culture although estrogcn 
receptors were translocatcd to the nucleus and 
induccd progesteronc receptor synthcsis [ 131. 

Sincc cstrogcns arc rcquircd for thc growth of 
MCF-7 cclls in athymic micc [ 11, 141 thc lack of a 
direct mitogcnic effect of estradiol on MCF-7 cclls 
in vitro may bc cxplained by an indirect mcchanism 
of action [ 1 l]. Thrcc mcchanisms for indirect 
action of cstrogcns have been suggcstcd. Firstly, 
cstrogcns may inducc thc synthcsis of growth fac- 
tors in vivo which arc rcsponsiblc for tumor growth 
as shown by Sirbasku who has found that cstrogcns 
inducc thc synthesis of growth factors in rodcnt 
uterus, kidncy, and livcr [ 151. Secondly, cstrogcns 
may work in coopcration with a growth factor 
which is present in thc serum and, thirdly, 
cstrogens may annul thc effect of a growth inhibi- 
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tory activity present in thc serum [8, 11, 161. 
An indirect action of cstradiol in growth stimula- 

tion of MCF-7 cells involving cooperation with 
factors present in serum could easily cxplain why - 
only in some laboratorics - MCF-7 cclls can br 
growth stimulated by estradiol. Thc importancc of 
serum factors for cstradiol stimulation has bcrn 
described in several papers during thc last ycars. 
and the genera1 picture is that high conccntration 
of cstrogcn dcprivcd or estrogcn poor serum is thc 
best growth condition for stimulation by cstradiol 
[6-8, 11, 161. Undcr these growth conditions 
estrogcns stem to ncutralizc thc action of inhibi- 
tory activity in serum [8, 161. 

Suthcrland ct al. [ 171 have rcvicwcd thc papers 
on thc cffcct of cstrogens on cc11 prolifcration and 
cc11 cycle kinetics. They discuss a number of in vivo 

studies on cstrogcn stimulatcd growth, but only 
one study includes cc11 cycle kinctic data on 
cstrogen stimulation of growth of a human brcast 
canccr cc11 lint in vitro [2]. By usc of growth curves, 
‘H-thymidinc labclling indices and pulsc-label cx- 
pcrimcnts Wcichelbaum et al. have found that lO_” 
h4 estradiol enhanccd thc ratc of cc11 prolifcration 
of MCF-7 cells by shortening thc overall cc11 cyclc 
timc. Thc proportion of cclls in S-phasc was in- 
crcascd and thcy suggcst that thc shortcning of thc 
mean cycle timc may bc dut to a rcduction in thc 
G 1 phasc of thc cc11 cycle [2]. A similar obscrvation 
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of an incrcase in thc S-phase fraction has rcccntly 
been describcd for thc human brcast canccr cc11 
lint T47D grown in presencc of lO-“M cstradiol 
[18]. In this study we have used flow cytomctry to 
estimate the growth fraction and thc distribution of 
MCF-7 cells in the different phascs of the cel1 cycle 
in cultures which arc growth inhibited by newborn 
calf serum and cultures with 10% ncwborn calf 
serum which are growth stimulatcd by lO-s M 
cstradiol. Thc involvement of estrogcn rcceptors in 
the estrogen stimulated growth is discusscd. 

MATERIALS AND METHODS 
Cel1 cultures 

MCF-7 cells were kindly supplicd from thc 
Human Cel1 Culture Bank, Mason Research Insti- 
tute, Rockville, MD, U.S.A. The cells were prop- 
agated in plastic T flasks (Nunc, Denmark) in 
growth medium composed of Dulbecco’s MEM + 
Ham’s F 12 (1 : 1) supplemented with glutamine 
2 mM, insulin 6 ng/ml and 0.5% heat inactivated 
fetal calf serum (FCS). 

Growth curves 
For the experiments the cells were plated at a 

cel1 density of 1.25 X 105 per T-25 flask in growth 
medium. After 6 hr thc cultures were divided into 
four groups. Group 1 continued in normal growth 
medium with 0.5% FCS, group 2 received medium 
with 0.5% FCS + 10% NCS, group 3 received 
medium with 10% NCS, and group 4 rcccived 
medium with 10% NCS -î- 10-s M estradiol. 
Medium was renewed each day from day 2. Three 
cultures from each group were trypsinized and the 
cells countcd in a Bürker-Türck chamber at day 3, 
4, 5,6, 7, and 10. Estimates of doubling timcs were 
bascd on the cc11 count from day 3 to 6. 

Determination of growth fraction 
5-Bromodcoxyuridinc, BUdR (final conccntra- 

tion 0.02 mM) was addcd to four T-25 flasks in 
each group at day 3. In cach group nuclei from 
cclls in two T-25 flasks were prcpared for flow 
cytomctry (as describcd bclow) aftcr the duration 
of one doubling time and after thc duration of two 
doubling timcs. Thc GO fraction is estimatcd as 
the proportion of cells which contain a Gl amount 
of DNA without incorporatcd BUdR after the 
duration of two doubling timcs. Thc GO fraction 
cstimated after the duration of one doubling timc is 
2-12% higher than the GO fraction cstimatcd after 
two doubling timcs indicating that thc cultures 
contain a smal1 fraction of cells with an cxtcndcd 
cc11 cycle timc. Thc growth fraction was calculatcd 
as 100% minus the GO fraction. 

Flow cytometry 
Nuclei for flow cytomctry were prcpared as 

described previously [ 191. For convcntional flow 
cytometric cel1 cycle analysis the nuclei wcrc 
staincd with propidium iodide (50 pg/ml, Sigma) 
and RNasc (0.1 mg/ml, Sigma Typc 1A) for at 
least 30 min. The samples for determination of 
growth fraction were stained with mithramycin (20 
pg/ml, Mithracin@, Pfizer) and MgClp (25 mM) 
[20]. Stained chicken and trout erythrocytc nuclei 
were used as internal DNA rcference. Furthcr 
details of the cel1 cycle analysis are dcscribed in 
[ 191. The flow cytometcr used was a Becton Dick- 
inson FACS IV Cel1 Sorter with a Spectra Physics 
5W argon laser (488 nm, 400 mW for propidium 
iodide, 457 nm, 100 mW for mithramycin). Thc 
C.V. of thc Gl peak was 2.5-3.1 with propidium 
iodide and 3.7-5.3 with mithramycin. 

Statistics 
The number of nuclei analyzed in cach sample 

was greatcr than 20,000. The phase fractions of thc 
DNA histograms were estimated by fitting thc 
observed distributions of fluorescencc (dcconvolu- 
tion) by maximum likelihood as describcd earlier 

[lg]. 

Receptor determinations 
Near confluent cultures grown for 1 week in thc 

respective media were harvestcd and cytosol and 
nuclear extract prcpared as described in [ 131. Fret 
estrogen and free progcsterone receptor were dctcr- 
mincd by the dextran charcoal techniquc [21]. 
Filled nuclear estrogen rcccptors were determincd 
by the hydroxylapatite assay described by Garola 
and McGuire [22] with thc smal1 modification that 
thc nuclear extract obtaincd aftcr the ultraccntri- 
fugation was dilutcd threc times to avoid salt 
effects on the binding of hormone to receptor and 
on the binding of receptor and rcccptorcomplcx to 
hydroxylapatite. 

RESULTS 
In our laboratory thc human brcast cancer cc11 

line MCF-7 is routinely propagatcd in medium 
with 0.5% FCS. Under thcsc culture conditions no 
growth stimulation can bc obtained by addition of 
cstradiol [ 131. If MCF-7 cclls are transfcrrcd to 
medium with 10% NCS or NCS is addcd to the 
cultures with 0.5% FCS, the doubling timc is 
incrcased from 24 hr to 48 hr or 36 hr (Fig. 1). Cclls 
grown with 10% NCS + lO_’ M cstradiol have a 
doubling timc of 22 hr (Fig. 1) but thc growth ratc 
of thc cstrogen stimulatcd culture does not cxcced 
the growth ratc in thc control cultures with 0.5% 
FCS. It should bc noticed that thc cultures with 
rapid growth rate achicvc a much higher cc11 
density than thc cultures with 10% NCS. 
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Fig. 1. Growth curues for cultures groum with 0.5% FCS (O), 10% 
NCS (A), 10% NCS + 0.5% FCS (0) and 10% NCS + lO-’ .M 
E2 ( A). The lines arc drawn between mcdian cel1 numbtr of threeflasks. 

Thc cel1 number at day 0 (+) is the number of cells seeded pcrjask. 

A cel1 cycle analysis of the growth of cultures in 
the presence of0.5% FCS, 10% NCS, 0.5% FCS + 
10% 
been 

NCS and 10% NCS + lom8 M estradiol has 
performcd. Samples for flow cytometry were 
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prepared at day 3, 5, 7 and 10 of thc cxpcrimcnt. 
Rcprcsentative DNA histograms from day 3 arc 
shown in Fig. 2. The percentage of cclls in thc 
different phascs of the cel1 cyclc has been cstimatcd 
and Fig. 3 shows the rcsult. It may bc sccn that thc 
distribution of cclls in thc different phascs of thc 
cel1 cycle in thc cultures which arc growth stimu- 
lated by cstradiol is very similar to the distribution 
of cells in the control cultures with 0.5% FCS. Thc 
cultures with 0.5% FCS + 10% NCS and 10% 
NCS alonc have more cclls in thc Gl phasc and a 
lower percentage of cells in thc S phasc than 
control cultures and cultures with 10% NCS + 
IO-” M cstradiol. 

Diffcrences in the distribution of cclls in thc 
different phases of the cel1 cycle can bc dut to 
changes in the transit times, thc growth fraction or 
a selcctive cc11 10s~. Thc cel1 loss in these cxpcri- 
ments is negligible as judged by phasc contrast 
microscopy, assuming that dead cclls do not cscapc 
visual detection within 1 day. We have detcrmined 
thc growth fraction by use of the bromodeoxyuri- 
dine - mithramycin tcchniquc dcscribcd carlier 
[ 191. We found that during cxponential growth 
(day 3-6) thc growth fraction in cultures with 10% 
NCS and 10% NCS + 0.5% FCS is 92% and 91% 
rcspectively, whercas thc growth fraction in cul- 
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Fis. 2. DNA histograms from cells harvested at day 3. The DNA was stained ulith propidium jodide and measured 4’: pou, 
cytomet- with chicken and trout ecvthrocvte nuclei as internal rcference. 
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Fig. 3. Cel1 cycle parameters of cultures grown with 0.5% FCS (0) 
10% NCS (A), 10% NCS + 0.5% FCS (0) and 10% NCS + 
1 O-” M EL ( A). The proporfion of cells in the different phaxr of the cel1 

cycle is calculated from DNA histograms as presented in Fig. 2. 

tures with 0.5% FCS or 10% NCS + 10P8 M 
estradiol is 98%. 

We have detcrmined the estrogen and progcstcr- 
one receptor content and distribution in MCF-7 

cclls grown in presencc of 0.5% FCS, 10% NCS 
and 10% NCS + 10-s M cstradiol, Tablc 1. Thc 

majority of thc cstrogcn receptors in cultures 
grown with 0.5% FCS is found as free rcccptors in 
the cytosol, however a smal1 amount of fillcd 

nuclcar reccptors arc also dctermincd. Thc prog- 
cstcrone receptor content is low but significantly 

abovc thc detcction limit of 10 fmol per mg protcin. 
Cclls grown with 10% NCS contain frcc cstrogcn 
rcccptors, no free progesteronc rcccptors and no 
fìllcd nuclear cstrogen reccptors whcrcas cclls 
propagatcd with 10% NCS + 10-” M estradiol 
have no frcc cstrogcn receptors, a high amount of 
frcc progcsterone receptors and fillcd nuclcar 
cstrogcn rcceptors. 

DISCUSSION 
We have prcviously shown that MCF-7 cclls 

adaptcd to growth in FCS from 5 to 0.05% cannot 
be growth stimulatcd by cstradiol [ 131. Howcvcr, 
whcn thc MCF-7 cclls arc grown in high conccn- 
tration of cstrogcn-poor serum, cstradiol can 
stimulatc thc growth considcrably 17, 8, 161. Thc 

Table 1. Estrogen and progesterone receptor content in MCF-7 
cells grown with 0.5% FCS, 10% NCS and 10% NCS + 

10-” M estradiol 

Cytosoi Nuclear 
extract 

Culture medium Free ER* Free PgR’ Filled ER* 

0.5% FCS 348 + 152 44+ 17 -1ot 
10% NCS 213 + 5 <lO <lO 
10% NCS + 
10-” M E2 <lO 849 f 308 290 + 36 

* Fmol per mg protein f S.D. 
t Close to the detection limit 
Near confluent cultures of .MCF-7 cells grown Tor 1 week with 
0.5% FCS, 10% NCS or 10% NCS + IO-’ M E2 were 
harvested and cytosol and nuclear extract were prepared as 
described in Materials and Methods. Free estrogen and free 
progesterone receptors were determined by the dextran charcoal 
technique 1201, and fìlled nuclear estrogen receptors determined 
by the hydroxylapatite technique [21]. The numbers in the 
table are the average of three receptor determinations + S.D. 
The amount of fìlled nuclear estrogen receptors in cells grown 
with 0.5% FCS is indicated as being close to the detection limit 
of 10 fmol/mg protein since two experiments gave values below 
the detection limit and one experiment gave 38 fmol/mg protein. 

growth stimulation is an annullation of thc cffcct of 
inhibitory activity in serum [8, 161. In this paper 

WC present a cc11 cycle analysis of thc cffcct of thc 
inhibitory activity in NCS as wcll as thc effect of 
estradiol on cultures grown with NCS. An inhibi- 
tory cffcct of NCS in thc prcscncc of 0.5% FCS 

cxcludes that thc inhibition is dut to lack of growth 
factors in NCS and dcmonstratcs the prcscncc of 
inhibitory activity in NCS. Thc slightly highcr 
growth ratc obtaincd by thc addition of 0.5% FCS 
to 10% NCS may bc ascribcd to thc prcscncc of 
smal1 amounts of cstrogcns in FCS as indicated by 

thc prcsencc of frcc progcstcrone rcccptors and 
fìllcd nuclcar cstrogcn rccrptors in cultures grown 
with 0.5% FCS (Table 1). Thc growth stimulation 
by cstradiol is dcmonstratcd by thc decrcasc in 
doubling timc from about 48 hr for thc cultures 
grown with 10% NCS to about 22 hr in cultures 
grown with 10% NCS + lO_” M cstradiol. Sincc 
thc growth ratc in thc cstrogcn stimulatcd cultures 
does not cxcccd thc growth ratc in cultures grown 
with low FCS conccntration, these rcsults support 
our carlicr ohscrvation that cstradiol stimulation 
occurs through an annullation of thc &cct of 
inhibitory activity in serum [16, 231. 

Thc cc11 cycle analysis showcd that addition of 
10% NCS to cultures grown at 0.5% FCS in- 
crcascd thc proportion of cclls in thc Cl phase of 
thc cc11 cycle. A similar incrcasc in thc Gl fraction 
is obscrvcd whcn MCF-7 cclls arc trcatcd with thc 
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anticstrogcn tamoxitkn ( 1 O-” hl), and this incrcasr 

was found to bc dut to a dccrcasc in thr growth 
fraction [ 191. Thc prcscnt work rcvcalcd only a 
smalt diffcrrncc in thc growth fraction bctwccn thc 
rapidly growing cultures and thc cultures bvhich 
wcrc growth inhibitcd hy NCS. This smalt diflir- 
cncc in growth fraction cannot alom account for 
thc grcat diffèrcncc in doubling timc. \2’c thcrcforc 
assumc that high NCS conccntration rcduccs th( 
growth ratc by incrcasing thc transit timc in thc G 1 
phasc of thc cel1 cycle rathcr than by dccrcasing thc 
growth fraction. Corrrspondingly, thc cstradiol 
stimulation occurs through a dccrcasc of thc (G 1 
transit tirnc. It is a gcnckral obscrvation that cul- 

turcs with a long gcncration timc ha\rc a high C 1 
phasc fraction, and Cross PI al. [ 241 ha1.c rcccntl>- 

shown that insulin stimulation ofgrowth of MCF-7 
cclls is accompanicd b> a dccrcasrd G1 transit 
timc. 

Thr mcasurcmrnts ofcstrogcn and progcstrronï 

rcccptor content and thc distribution of cstrogcn 
rcccptors within thc crlls grown with 10% NCS 

and 10% NCS + cstradiol indicatc that cells grown 
on 10% NCS prolifcratc without an acti\,atcd 
cstrogcn rcccptor mcchanism sincc alt cstrogcn 

rcccptors arc detcrmincd as frcr rccrptors in thc 
cytosol and no progcstcronc rcccptors can bc dctcr- 
mincd. Addition of cstradiol rcsults in thc prcscncc 
of only fillrd nuclcar cstrogcn rcccptors and induc- 
tion of progesteronc receptor, synthcsis, demon- 
strating that c& undcr thcsc growth conditions 
prolifcratc with an activatrd rstrogrn rcccptol 
mrchanism. Thc rcccptor dctcrminations on cclls 
grown with 0.5% FCS indicatc that a fully acti- 
vatcd cstrogcn rcccptor mcchanism may not bc d 

prerequisite for rapid growth since these cells 
grow rapidly with a minimal activation of thc 
cstrogrn rcccptor mcchanism. Howcvcr. cclls 
which arc growth inhihitcd by high conccntration 

of NCS may rcquirc an activatcd cstrogcn rcccptor 

mcchanism to achicvc rapid growth sincc WC have 

prcviously found that only cstrogcn rcccptor posi- 
tivc human breast canccr ccll lincs grown with 
10% NCS can bc growth stimulatcd by rstradiol 
[ 161. By usc of a tamoxifcn rcsistant sublinr of 
hlCF-7 cclls, thc AL-1 ccll linc, wc have furthcr 
indicatcd that only cclls with a functional rccrptor 
mcchanism can bc growth stimulatcd [ 161. 

Thc prcscnt ccll cycle analysis has rcvcalcd that 
thc gro\vth stimulation occurs through a shortcn- 
ing of’ thc transit timc in thc Cl phasc of thc ccll 

c).clc, and wc assume that thc functional cstrogcn 
rcccpror mcchanism rrsults in production of 
growth factors which annul thc cffcct of thr inhibi- 
tory activity in NCS. Furthcrmore, cstrogcn stimu- 

latcd cclls grow to a much higher ccll drnsity (Fig. 
1) indicating that thc cstradiol stimulation also 
triggcr thc cclls to grow to an increascd total crll 
numbcr. Thc increasc in total cel1 numbrr may bc 
dur to lack of dcnsity inhibition in thc cstrogcn 
stimulatcd cclls sincc cclls grown with 10% NCS 
tcnd to grow in monolaycr whcrcas cclls grown 
witti 10% NCS + cstradiol pilr up upon onc 
anothcr and grow in multilaycrs. 

Thc growth of MCF-7 cclls in athymic micc 
rcquircs cstrogrn stimulation. Thc shortening of 
thc cc11 cycle timc as wcll as thc incrcased ability to 
grow without density inhibition may bc csscntial 
for thc tumor growth. Whrthcr cstrogcn depcndcnt 
growth of human hrcast cancrr is dut to both a 
shortcr ccll cycle time and cscapc from dcnsity 
inhibition rcmains to br elucidatcd. 
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