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Con¯ict between mitogenic pressure, as is the case in tumour cells and an imposed inability to pro-

ceed through the cell cycle may result in cell death. In the present study we examined the eVect of �
galactoside binding protein (�GBP), a negative growth factor which controls cell cycle transition from

S phase into G2, on three human mammary cell lines which diVer for oncogenic potential, oestrogen

receptor expression and expression of the EGF receptor family. We found that in all cases �GBP

induced a cell cycle block prior to the cells' entry into G2 and that this was followed by progressive

apoptotic death. This evidence on epithelial cancer cells parallels previous data on tumour cells of

mesenchymal origin and suggests that �GBP has potential therapeutic implications in the treatment

of cancers. # 1999 Published by Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

In previous studies [1±4] we have demonstrated that in

murine ®broblasts and in human T lymphocytes cell cycle

transition from S phase to G2 is regulated by b galactoside

binding protein (bGBP), a monomeric 15 kDa cytokine whose

regulatory activities extend to the immune system [3, 5]. Also

we have demonstrated that at a dose range of 10ÿ10±10ÿ8 M

bGBP can enforce a reversible cell cycle arrest prior to the

cells' entry into G2 (S phase checkpoint block) which, when

sustained, in leukaemic T cells but not in their normal coun-

terparts, is followed by apoptotic death [4]. This evidence in

cells of mesenchymal origin indicates that the S phase check-

point may de®ne a critical cell cycle regulatory window which

in cancer cells can determine a shift from growth arrest to

apoptosis and prompts the suggestion that the anticancer

eVect of bGBP may extend also to cells of epithelial origin.

For this study, we examined the eVect of bGBP on three

types of human mammary cell lines which diVer for tumori-

genic properties, oestrogen receptor status (ER + ; ERÿ) and

expression of the EGF family of receptors. We examined

(ERÿ) BT20 cells developed from an in®ltrating primary

ductal carcinoma [6]; (ER + ) T47D cells derived from cells

isolated from the pleural eVusion of a patient with metastatic

carcinoma of the breast [7] and (ERÿ) MTSV 1-7 luminal

cells immortalised by the simian virus 40 large T antigen

(S40TAg) which have no ability to cause tumours in SCID

mice [8, 9]. We found that in all cases bGBP was able to

inhibit cell replication via an S/G2 cell cycle block and that

cell arrest was followed by progressive apoptotic death.

MATERIALS AND METHODS

Human mammary cell lines

BT20 cells were grown in Dulbecco's minimal essential

medium (MEM) supplemented with 10 mg/ml insulin, 0.3 mg/

ml glutamine and 15% fetal calf serum. Dulbecco's modi®ed

Eagle's medium supplemented with 0.3 mg/ml glutamine and

10% fetal calf serum was used for the T47D cells and the

MTSV 1-7 cells were grown in Dulbecco's modi®ed Eagle's

medium supplemented with 10 mg/ml insulin and 5 mg/ml

hydrocortisone, glutamine 0.3 mg/ml and 10% foetal bovine

serum. Cells were seeded in 24-well plates and incubated at

37�C in a humidi®ed atmosphere of 10% CO2 in air. Cell

viability was assessed by trypan blue exclusion.
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Flow cytometry

Cyto¯uorimetric analysis of DNA content was performed

on cells washed twice with phosphate buVered saline±bovine

serum albumin (PBS±BSA), ®xed with 70% ethanol at 4�C,

washed with phosphate-citrate buVer and stained with 40mg/

ml propidium iodide. Apoptosis TUNEL analysis was eval-

uated by the ¯uorochrome labelling of DNA strand breaks by

terminal deoxynucleotidyl transferase (TdT assay) using the

Apo-Brdu kit (Phoenix Flow System, U.S.A.). Brie¯y, 1�106

cells for each sample were suspended in 0.5 ml of PBS, 5 ml

of 1% paraformaldehyde in PBS was added and the suspen-

sion was placed on ice for 15 min. Cells were then washed

twice in 5 ml of PBS, 4 ml of ice cold 70% ethanol was added

and the samples were stored at ÿ 20�C until use. Staining was

performed according to the manufacturer's instructions.

Each sample was incubated for 60 min at 37�C with TdT

enzyme and FITC-DUTP in a reaction buVer. The cells were

washed and resuspended in 1 ml of propidium iodide and

RNase solution and then incubated for 30 min at room tem-

perature. Samples were analysed by ¯ow cytometry within 3 h

of staining in a FACS Calibur (Becton Dickinson, San Jose,

California, U.S.A.). Forward scatter was used as the trigger

parameter and all doublets and clumps were excluded from

analysis by pulse processing.

Assessment of mitogen activated protein (MAP) kinase

Cell cultures were lysed in 50 mM Tris±HCl pH 7.5,

150 mM NaCl and 0.1% Triton X-100 containing 1 mM

phenylmethylsulphonyl¯uoride, 2.5 mg/ml leupeptin, 0.1 TIU

aproteinin, 10 mM sodium ¯uoride, 1 mM sodium vanadate

and 10 mM b glycerol phosphate at 4�C for 30 min. After

centrifugation at 12 000 g at 4�C the supernatants were

rapidly frozen in liquid nitrogen and stored at ÿ 70�C. Fol-

lowing assessment of protein concentration (Pierce2 protein

assay reagent), 30 mg of lysate samples were run on 10%

sodium dodecyl sulphate (SDS) polyacrylamide gels using

Rainbow molecular weight markers (Amersham International,

Amersham, U.K.) to visualise protein migration. The gels

were run until the 30 kDa marker had reached the bottom of

the gel and they were then blotted on to nitrocellulose using

standard methods. To reveal both non-phosphorylated and

the more slowly migrating phosphorylated forms of both the

p42 and p44 MAP kinases, blots were probed with an anti MAP

kinase polyclonal rabbit antibody (a gift from C. Marshall,

Institute of Cancer Research, London, U.K.) [10]. This was

followed by an antirabbit horseradish peroxidase conjugated

antibody (Amersham) and detection by enhanced chemilumin-

escence (ECL). Blots were also probed with an anti-MAP

kinase antibody (Promega, Southampton, U.K.) which detects

only the dually phosphorylated active form of MAP kinase,

followed by a horseradish peroxidase conjugated secondary

antibody and ECL for visualisation by exposure to X-ray ®lm.

Recombinant human �GBP

The cDNA enclosing the full length coding sequence of the

human bGBP protein was isolated by screening a human lung

®broblast cDNA library in lgt 11 (Stratagene, Cambridge,

U.K.) using a full length murine bGBP cDNA as a probe.

The human cDNA was ®rst subcloned into pUC 19 vector

using a Kpn-Sst 1 fragment. Subsequently the sequence

encoding the human bGBP cDNA was ampli®ed by poly-

merase chain reaction (PCR) using forward primer 50 GT

TCA ATC ATG GCT TGT GGT CTG GTC 30 and

reverse primer 50 GT TCA GTC AAA GGC CAC AC 30 and

directly cloned into the eukaryotic cloning vector pCR3.1

using Escherichia coli TOP 10F0. Puri®ed plasmid DNA was

transfected in COS 1 cells and the recombinant protein pur-

i®ed by immunoaYnity chromatography following proce-

dures described previously [1].

RESULTS

As in previous studies, the cells were ®rst tested for a

growth inhibitory response to bGBP used at concentrations

ranging from 10ÿ10 to 10ÿ8 M. Sustained inhibition of

growth was obtained with the latter dose, lower doses gave

proportionally related responses (data not shown). The inhi-

bitory eVect of bGBP could be negated and growth could be

re-established by the addition to the culture medium of

monoclonal antibody clone B2 which neutralises bGBP [1].

In these experiments bGBP was added at a ®nal con-

centration of 2.5�10ÿ8 M from 6 h after seeding and left

throughout the duration of the experiment in the BT20 and

the MTSV 1-7 cells, but re-added at the same concentration

to the T47D cells at day 4 and day 7 of culture. Figure 1(a)

shows that the cells which originated from a primary mam-

mary carcinoma (BT20) did not increase in number in the

presence of bGBP and that the number of live cells dimin-

ished in time to values below those of the original seed. Par-

allel dual parameter TUNEL analysis under these conditions

(Figure 1b) showed a prompt occurrence of apoptotic death

which increased from approximately 11% at day 1 after

bGBP addition to 73% by the end of the 7 day period of

observation (right panels, boxed areas). Figure 1(b) also

shows that in contrast to the bGBP arrested cells, cells which

had not been exposed to bGBP showed a minimal degree of

apoptosis (left panels, boxed areas). The histograms of

Figure 1(b) (insets) demonstrate that where a subdiploid

DNA population had developed (left of G1 peak) as a con-

sequence of apoptotic death, cells that had arrested showed a

lack of development of a G2M population, thus indicating, as

in previous ®ndings [1±4], that bGBP had enforced a cell

cycle block prior to G2 entry. Observation of the T47D cells

which originated from a metastatic eVusion showed that,

although these cells responded promptly to the inhibitory

eVect of bGBP, re-addition of the protein (arrows) was

necessary to prevent resumption of growth and, thus, to

maintain the cell population at the basal level (Figure 2a).

Figure 2(b) shows that under these conditions the cell arrest

prior to entry into G2 enforced by bGBP resulted in an

apoptotic response (right panels, boxed areas and histograms)

that, although less prompt than in the case of BT20 cells,

extended in time to 87% of the cell population. The data of

Figure 3 demonstrate that luminal cells immortalised and

driven by SV40TAg responded to bGBP in a manner similar

to that of cells originating from mammary cancers. However,

in contrast to these, the MTSV 1-7 cells had an innate pro-

pensity to undergo apoptosis under unchallenged conditions

(Figure 3(b), left panels). Figure 4 illustrates the pattern of

occurrence and the extent of apoptotic death as a function of

time in the three cell lines, both under unrestricted growth

conditions and when exposed to bGBP.

Signalling pathways triggered by tyrosine kinase receptors.

are of importance in many cancers and in particular in the

case of cancers of the breast where the EGF family of recep-

tors can be overexpressed and can form highly eYcient hier-

archical associations which can potentiate and prolong EGF
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induced activation of MAP kinase [11]. We therefore exam-

ined whether bGBP aVected MAP kinase activity in the three

mammary cell lines under investigation. We found the p42

MAP kinase and the p44 MAP kinase to be strongly and

equally expressed throughout the full time course of the

experiment in all three cell lines, whether under restricted

Figure 1. (a) EVect of �-galactoside binding protein (�GBP)
on the proliferation of BT20 cells: ±&±, untreated controls; ±
&±, cells treated with �GBP (2.5�10ÿ8 M) from 6 h after seed-
ing. Data plotted are the means of triplicate experiments. (b)
Dual parameter TUNEL analysis from 10 000 events. The per-
centages give the proportion of cells in apoptosis. The histo-
grams represent the cell cycle distribution of DNA content
assessed by FACS analysis after propidium iodide staining.
Plots are the result of 10 000 events. Control cells, left panels;

treated cells, right panels.

Figure 2. (a) EVect of � galactoside binding protein (�GBP)
on the proliferation of T47D cells: ±&±, untreated controls; ±
&±, cells treated with �GBP (2.5�10ÿ8 M) at 6 h after seeding
and 5 at day 4 and day 7 of culture (arrows). Data are the
means of triplicate experiments. (b) Dual parameter TUNEL
analysis from 10 000 events. The percentages give the propor-
tion of cells in apoptosis. The histograms represent the cell
cycle distribution of DNA content assessed by FACS analysis
after propidium iodide staining. Plots are the result of 10 000

events. Control cells, left panels; treated cells, right panels.
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growth conditions or when arrested by bGBP (data not shown).

This is of importance as it demonstrates that bGBP can exert

its eVect by bypassing the impulse of mitogenic signals.

DISCUSSION

We have shown previously in ®broblastic cells and in T

lymphocytes [1±4] that bGBP is an endogenous negative

regulator of the cell cycle which physiologically controls pas-

sage from S phase into G2 and that at nanomolar concentra-

tions bGBP can act as a growth suppressor by arresting cells

during transition from S phase to G2. Possibly relevant to the

cell cycle regulatory role of bGBP is that the gene which

encodes this cytokine [12, 13] maps in the sis/PDGFB

homology region (murine chromosome 15E and human

chromosome 22 q12-q13), a syntenic group which is deleted

or translocated in a variety of human tumours [14±17]. In the

present study we examined cancer cells of epithelial deriva-

tion, focusing on mammary cells of luminal origin, as the

commonest phenotype in breast cancer is the luminal type. In

particular, we compared cells originating from a primary car-

cinoma of the duct (line BT20) and cells from an invasive,

metastatic breast carcinoma (line T47D). Also we examined

cells which did not originate from a cancer but instead had

been immortalised in the laboratory (MTSV 1-7) and which

were not tumorigenic [9]. The high degree of spontaneous

death of these latter cells as they increase in number

(Figure 3) is a possible explanation for their inability to pro-

duce tumours, an inability which remains when Bcl-2 is

Figure 3. (a) EVect of �-galactoside binding protein (�GBP)
on the proliferation of BT20 cells: ±&±, untreated controls; ±
&±, cells treated with �GBP (2.5�10ÿ8 M) from 6 h after seed-
ing. Data plotted are the means of triplicate experiments. (b)
Dual parameter TUNEL analysis from 10 000 events. The per-
centages give the proportion of cells in apoptosis. The histo-
grams represent the cell cycle distribution of DNA content
assessed by FACS analysis after propidium iodide staining.
Plots are the result of 10 000 events. Control cells, left panels;

treated cells, right panels.

Figure 4. Patterns of occurrence and percentage of apoptotic
death in untreated cells (unshaded areas) and in cells treated
with � galactoside binding protein (�GBP) (shaded areas).
�GBP 2.5�10ÿ8 M at 6 h after seeding in BT20 and MTSV 1-7

cells and at 6 h, day 4 and day 7 in T47D cells.
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overexpressed and spontaneous death is inhibited [18]. By

contrast, the low degree of spontaneous death in the BT20

and the T47D cells, even under crowded cultural conditions

(Figures 1 and 2), is an indication of the ability of these cells

to form and expand as solid tumours. Our data show that the

eVect of bGBP on cancer and immortalised cells of epithelial

origin parallels that already demonstrated in tumour cells

which originate from the mesenchyma [4]. Regardless of their

oncogenic potential the three cell lines examined behaved

similarly. They were promptly arrested by bGBP during

transition from S phase to G2 and were then led into apop-

tosis. The requirement for re-addition of bGBP to the T47D

cells could relate to the presence of oestrogens in the medium

which would stimulate these ER + cells or/and to the abun-

dance of proteolytic enzymes that metastatic cells may pro-

duce, a fact which would accelerate bGBP degradation and

consequent shortening of its 24±28 h operational half-life (V.

Wells and L. Mallucci, data not shown). It is of interest that

in normal luminal cells, obtained from cosmetic reduction

mammoplasties, in short-term culture growth arrest by bGBP

is not followed by apoptosis and growth is instead resumed

(M. O'Hare, UCL Breast Cancer Laboratory and the Ludwig

Institute for Cancer Research, London, U.K.) adding to the

evidence that treatments which induce apoptosis in tumour

cells fail to do so in their normal counterparts [4, 19, 20] and

endorsing the view that apoptosis is the response of trans-

formed cells to an unresolved con¯ict between sustained

mitogenic signals and the cells' inability to progress through

the cell cycle [21, 22].

The diVerent properties of the cells examined, such as the

oncogenicity of the BT20 and T47D cells and the lack of

oncogenicity of the MTSV 1-7 cells plus the dissimilarities in

their molecular make up, such as the diVerence in EGF

receptor expression [11, 23] and in ER expression [24], point

to the enforced cell cycle arrest as the common feature in all

three cell types and as the critical occurrence which may

determine a shift from growth arrest to apoptosis. Which

molecular events are controlled by bGBP in the transition

from S phase to G2 and may, therefore, be responsible for

the apoptotic response of tumour cells, have to be elucidated,

but it is conceivable that the activation of the death pro-

gramme is the result of an alteration of S phase regulatory

events. Our emerging view is that high levels of ectopic

expression of the E2F1 transcription factor during S phase

arrest may be linked to the apoptotic death induced by bGBP

[4, 25]. This view is supported by the ®nding that unsched-

uled binding of E2F1 to speci®c DNA sequences during S

phase can activate an S phase check point and cause cell cycle

arrest, accumulation of cells in S phase and apoptosis [26], by

the ®nding that overexpression of E2F1 can be an initiator of

apoptosis [27] and by the ®nding that an E2F1 block by

dominant negative mutants in HBL-100 breast cancer cells

inhibits apoptosis and induces tumour growth in SCID mice

[28].

Taken together the results of the observations reported

above and those of previous studies [4] indicate that bGBP is

a potent cell growth suppressor of potential therapeutic value.

The present study based on mammary cell lines with diVerent

properties now calls for an extended survey of mammary

derived cells to determine whether bGBP induced apoptosis

is a common property of mammary cancer. What seems of

particular interest is that bGBP appears to be eVective

regardless of EGF receptor and ER expression. Also the evi-

dence presented and its analysis provide reasons to assume

that an understanding of the molecular mechanism of action

of this novel negative regulator of the cell cycle may permit

the identi®cation of molecular phenotypes that are predis-

posed to bGBP induced cell death.

1. Wells V, Mallucci L. Identi®cation of an autocrine negative
growth factor: mouse b-galactoside-binding protein is a cyto-
static factor and cell growth regulator. Cell 1991, 64, 91±97.

2. Wells V, Mallucci L. Molecular expression of the negative
growth-factor murine b-galactoside binding-protein (mGBP).
Biochim Biophys Acta 1992, 1121, 239±244.

3. Allione A, Wells V, Forni G, Mallucci L, Novelli F. b galactoside
binding protein (bGBP) alters the cell cycle, up-regulates
expression of the a and b chains of the IFN-g receptor and trig-
gers IFN-g-mediated apoptosis of activated human T lympho-
cytes. J Immun 1998, 161, 2114±2119.

4. Novelli F, Allione A, Wells V, Forni G, Mallucci L. Negative cell
cycle control of human T cells by b-galactoside binding protein
(bGBP). Induction of programmed cell death in leukaemic cells.
J Cell Physiol 1999, 178, 102±108.

5. Blaser C, Kaufmann M, MuÈller C, et al. b galactoside binding
protein secreted by activated T cells inhibits antigen induced
proliferation of T cells. Eur J Immun 1998, 28, 2311±2319.

6. Lasfargues EY, Ozzello L. Cultivation of human breast carcino-
mas. J Natl Cancer Inst 1958, 21, 1131±1147.

7. Keydar J, Chen J, Kary S, et al. Establishment and characterisa-
tion of a cell line of human breast carcinoma origin. Eur J Cancer
1979, 15, 659±670.

8. Bartek J, Bartkova J, Lalai E-N, Brezina V, Taylor-Papadimi-
triou J. Selective immortalization of phenotypically distinct epi-
thelial cell type by micro-injection of SV40 DNA into cultured
human milk cells. Int J Cancer 1990, 45, 1105±1112.

9. Bartek J, Bartkova J, Kyprianou N, et al. EYcient immortalisa-
tion of luminal epithelial cells from human mammary gland by
introduction of simian virus 40 large tumour antigen with a
recombinant retrovirus. Proc Natl Acad Sci USA 1991, 88, 3520±
3524.

10. Cowley SJ, Leevers S, Hancock D, Marshall CL. Activation of
MAP kinase is both necessary and suYcient for the progression
of PK12 through S phase. Cell 1995, 21, 31±39.

11. Imai Y, Leung CK, Friesen HG, Shiu RP. Epidermal growth
factor receptors and eVect of epidermal growth factor on growth
of human breast cancer cells in long term tissue culture. Cancer
Res 1982, 42, 4394±4398.

12. Chiariotti L, Wells V, Bruni CB, Mallucci L. Structure and
expression of the negative growth factor mouse b-galactoside
binding protein gene. Biochim Biophys Acta 1991, 1089, 54±60.

13. Baldini A, Gress T, Patel K, et al. Mapping on human and
mouse chromosomes of the gene for the b-galactoside binding
protein, an autocrine-negative growth factor. Genomics 1993, 15,
216±218.

14. Aurias A, Rimbaut C, BuVe D, Zucker JM, Mazabraud A.
Translocation involving chromosome 22 in Ewing's sarcoma. A
cytogenetic study of four fresh tumours. Cancer Genet Cytogenet
1984, 12, 21±25.

15. Turc Carel C, Dal Cin P, Rao U, Karakousis C, Sandberg AA.
Recurrent breakpoints at 9q31 and 22q12.2 in extraskeletal
myxoid chondrosarcoma. Cancer Genet Cytogenet 1988, 30, 145±
150.

16. Bridge JA, Borek DA, NeV JR, Huntrakoon M. Chromosomal
abnormalities in clear cell sarcoma. Implication for histogenesis.
Am J Clin Pathol 1990, 93, 26±31.

17. Rey JA, Bello MJ, de Campos JM, et al. Abnormalities of chro-
mosome 22 in human brain tumours determined by combined
cytogenetic and molecular genetic approaches. Cancer Genet
Cytogenet 1993, 66, 1±10.

18. Lu PJ, Lu QL, Rughetti A. Taylor-Papadimitriou J. Bcl 2 over-
expression inhibits cell death and promotes the morphogenesis
but not tumorigenesis of human mammary epithelial cells. J Cell
Biol 1995, 129, 1363±1378.

19. Lowe SW, Ruley HE, Jacks T, Housman DE. p53-dependent
apoptosis modulates the cytoxicity of anticancer agents. Cell
1993, 74, 957±967.

982 V. Wells et al.



20. Fisher DE. Apoptosis in cancer therapy: crossing the threshold.
Cell 1993, 78, 539±542.

21. Askew DS, Ashmun RA, Simmons BC, Cleveland JL. Con-
stitutive c-myc expression in an IL3-dependent myeloid cell line
suppresses cell cycle arrest and accelerates apoptosis. Oncogene
1991, 6, 1915±1922.

22. Symonds H, Krall L, Remington L, et al. p53-dependent apop-
tosis suppresses tumour growth and progression in vivo. Cell
1994, 78, 703±711.

23. Karunagaran D, Tzahar E, Beerli RG, et al. ErbB.2 is a common
auxiliary subunit of NDF and EGF: implication for breast
cancer. EMBO J 1996, 15, 254±264.

24. Taylor-Papadimitriou J, Bedichersky F, D'Sousa B, Burchel J.
Human models of breast cancer. In Lemoine NR, Wright NA,
eds. Cancer Survey: The Molecular Pathology of Cancer, Vol. 16.
Cold Spring Harbor Laboratory Press, 1993, 59±78.

25. Mallucci L, Wells V. Negative control of cell proliferation.
Growth arrest versus apoptosis. Role of bGBP. J Theor Med
1998, 1, 169±173.

26. Krek W, Xu G, Livingston DM. Cyclin A-kinase regulation of
E2F-1 DNA binding function underlies suppression of an S
phase checkpoint. Cell 1995, 83, 1149±1158.

27. De Gregori J, Leone G, Miron A, Jakoi L, Nevins JR. Distinct
roles for E2F proteins in cell growth control and apoptosis. Proc
Natl Acad Sci, USA 1997, 94, 7245±7250.

28. Bargou RC, Wagener C, Bommert K, et al. Blocking of tran-
scription factor E2F/DP by dominant negative mutants in a
normal breast epithelial line eYciently inhibits apoptosis and
induces tumor growth in SCID mice. J Exp Med 1996, 183,
1205±1213.

AcknowledgementsÐWe are grateful to all colleagues who have
read and commented on the paper and we are indebted to Joyce
Taylor Papadimitriou for comments and feedback, for the donation
of the three cell lines and the generous gift of culture media. This
study was supported by KCL Research Programme for Cell and
Molecular Biology.

Growth Arrest on Apoptosis in Mammary Cancer Cells 983


