475

The differential processing of proenkephalin A in mouse and
human breast tumour cell lines
B K Brar and P J Lowry
The School of Animal and Microbial Sciences, The University of Reading, Reading, Berkshire RG6 6AJ, UK
(Requests for offprints should be addressed to P J Lowry)
(B K Brar is now at Department of Molecular Pathology, Middlesex Hospital Medical School, The Windeyer Building, 46 Cleveland Street,
London WIP 6DB, UK)

Abstract
We have carried out an investigation into the processing of
the enkephalin-like immunoreactivity reported in breast
tissue using two human breast tumour cell lines and a
mouse tumour cell line. A 46 kDa form of proenkephalin
(PE) has been observed in the cell lysates of two human
breast tumour cell lines (MCF-7, ZR-75–1) and the
mouse androgen-responsive Shionogi breast carcinoma cell
line (SC115). PE processing in the cell lysates of these cells
was assessed by a specific met-enkephalin RIA. The basal
levels of processed PE in the MCF-7, ZR-75–1 and
SC115 cell lysates were 30, 30 and 76% respectively. The
processing enzymes PC1 and PC2, which have been

Introduction
The induction and growth of human breast cancer appear
to be directly related to the endocrine status of the host.
The implication of ovarian hormones in breast cancer
has been extensively reported (Sirbasku et al. 1980). In
addition to these steroid hormones, various other factors,
such as glucocorticoids, thyroid hormones, vitamin D,
insulin, prolactin, growth hormone, prostaglandins, epidermal growth factors and endogenous neuroendocrine
peptides have also been shown to affect breast tissue
(Medina et al. 1987). One such family of peptides are the
opioids, which include the enkephalins, endorphins and
dynorphin. These peptides are derived by enzymic
processing of three separate precursors; proenkephalin A
(PE), proopiomelanocortin (POMC) and prodynorphin.
Enzymic processing of the prohormone precursors usually
occurs at selected dibasic or monobasic amino acid cleavage sites by specific prohormone-processing enzymes with
which they are co-localised.
These opioid peptides and their precursors are widely
distributed throughout the body but are generally
localised within the tissues of the brain and the central
and peripheral nervous system (Cooper et al. 1996). The
co-expression of endogenous opioid peptides and the

implicated in the differential processing of PE, were
detected by immunoblot analysis in these cells. PC1 was
found within the cell extracts of all three cell lines. PC2
was only observed in the SC115 cell line, which may
account for the higher percentage of processed PE
measured. The cDNA of PC2 has been transfected into
ZR-75–1 cells and this was accompanied by an increase in
the level of processed PE from 30 to 76%. These breast
tumour cell lines may provide a useful insight into the
function of enkephalin-containing peptides in breast
cancer.
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putative opiate receptors, through which their wide
spectrum of effects are mediated, have been described in
several benign and malignant tumours from humans and
other animals by immunohistochemical techniques
(Zagon et al. 1987). Immunoreactive opioid peptides
were also identified in 56% of invasive ductal
carcinomas of the breast from 61 premenopausal women
(Scopsi et al. 1989). A recent immunocytochemical
study of â-endorphin and enkephalin expression in
primary breast cancers, adrenofibromas and peritumoral
non-neoplastic tissue showed around 90% of all tumours
to be positive (Chatikhine et al. 1994). Leu-enkephalin
and met-enkephalin occurred predominantly in the
epithelial cells of both benign and malignant tumours,
whereas â-endorphin was found mainly in the stroma.
In non-neoplastic tissues all three opioids were
predominantly expressed in the stroma. Although the
role of opioids in the neoplasms is unclear, they have
been implicated in the controlling of analgesic,
behavioural (Morley 1986) and endocrine responses
(Olson et al. 1986) and are also thought to have effects
on the humoral and cellular immune system (Chang
1984, Teschemacher & Schweigerer 1985). With regard
to the action of opioids on the growth of tumour cells,
reports in the literature are contradictory, since they
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exert both stimulatory and inhibitory effects on the growth
of experimental tumours in vivo and in vitro depending on
the type of opioid peptide, the dosage of the opioid and the
type of cancer cell and tissue (Zagon & McLaughlin 1981,
1984, Lewis et al. 1983, Murgo 1985, Scholar et al. 1987,
Maneckjee et al. 1990). Neuropeptides may therefore act as
endocrine, paracrine or autocrine stimulatory growth factors on the cancer cell (neoplasia) or on the surrounding
stroma (desmoplasia).
Although much work has been performed on the effects
of opioid peptides on breast cancer cell growth, the
mechanisms by which the bioactive peptides are enzymically released from their precursors in this tissue have
not yet been investigated. The prohormone-processing
enzymes responsible for processing opioid prohormone
precursors were first identified in mammalian tissues at the
end of 1989 (Fuller et al. 1989) and the first half of 1990
(Seidah et al. 1990, 1991a). In these early studies three
enzymes were recognised as the mammalian Kex-2-like
convertases, namely furin (Van den Ouweland et al. 1990),
PC1 (Smeekens et al. 1991) and PC2 (Smeekens & Steiner
1990). This was followed by the complete elucidation of
the cDNA sequence of mouse and human PC1 (Seidah
et al. 1992). Furin cleaves proproteins that in vivo are
normally expressed in cells devoid of secretory granules
(constitutively secreting cells). In contrast, PC1 and PC2
demonstrate a selectivity of cleavage at paired basic
residues that is best suited to the activation of precursors
synthesised in cells containing secretory granules (Seidah
et al. 1991a,b). This functional specialisation of these
enzymes correlates with their observed cellular and
tissue distribution. Thus furin is ubiquitously expressed
in constitutive secreting cells whereas PC1 and PC2
are mostly found in neuroendocrine and endocrine cells
and tissues that are endowed with a regulatory secretory
pathway (Smeekens & Steiner 1990, Seidah et al.
1991a,b, 1992, Smeekens et al. 1991). In addition to the
differential subcellular distribution of the subtilisin-like
enzymes, the levels of PC1 and PC2 transcripts are
often co-regulated with those of their substrates (Day
et al. 1992), whereas furin does not exhibit such
regulation.
PC1 and PC2 are implicated in the processing of PE
in selected tissues of the central and peripheral nervous
system (Seidah et al. 1990, 1991b, Schafer et al. 1993)
(Fig. 1). In a preliminary study we had observed different
processing patterns of PE and enkephalin-containing
peptides (ECPs) in MCF-7 and ZR-75–1 human metastatic cells and the mouse androgen-responsive breast
tumour cell line known as SC115. The present study was
designed to investigate whether the distinct processing
patterns of the ECPs were the result of co-localisation and
activity of specific prohormone-processing enzymes such
as PC1 and PC2 in these breast tumour cells, which could
alter the spectrum of activity of the final products and thus
tumour pathogenicity.

Figure 1 Representation of PE and some of the processing sites of
PC1 and PC2. The main processing sites are indicated by thick
arrows and the minor by thin. Adapted from Breslin et al. (1993).

Experimental procedures
Cell culture
Culture media, gentamicin, trypsin–EDTA solution,
trypan blue, fetal calf serum (FCS) and horse serum were
purchased from Gibco-BRL, Uxbridge, Middlesex, UK.
Tissue culture flasks and apparatus were obtained from
Falcon Marathon Lab. Supplies, London, UK.
The human MCF-7 breast carcinoma cell line was
originally isolated from a pleural effusion of a primary
breast cancer patient (Soule et al. 1973). MCF-7 cells were
maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with gentamicin (50 µg/ml),
110 8 M 17â-estradiol (Steraloids Ltd, London, UK)
and 10% (v/v) heat-inactivated FCS.
The ZR-75–1 human breast cancer cell line was
derived from a pleural effusion from a breast cancer patient
(Engel et al. 1978) and was maintained in the supplemented DMEM medium (as the MCF-7 cells) with the
addition of 0·1 unit/ml insulin (Sigma Chemical Co. Ltd,
Poole, Dorset, UK).
The SC115 tumour originated spontaneously in a
female mouse of the DD/S strain (Minesita & Yamaguchi
1965). Cells were maintained in DMEM supplemented
with 3·510 8 M testosterone (Steraloids), gentamicin
(50 µg/ml) and 10% heat-inactivated FCS.
A Chinese hamster ovary (CHO) cell line stably transfected with the cDNA of rat preproenkephalin (DL1/50)
was kindly donated by Dr I Lindberg, Department of
Biochemistry and Molecular Biology, Louisiana State
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University Medical Center, New Orleans, LA, USA
(Lindberg et al. 1991). The DL1/50 cells were grown in
alpha modified Minimal Essential Medium, without
nucleotides or ribonucleotides, with 10% (v/v) welldialysed FCS, 50 µg/ml gentamicin and 50 µM methotrexate (Sigma). The cells were maintained at 37 C in a
humidified atmosphere of 5% CO2 in air and were grown
in 10 cm culture dishes at an initial density of 45103
cells per dish. Growth medium was replaced every 2 days
until the cells reached 80% confluence. At this point the
cells were ready for transfection or experimentation.
Antibodies
The sheep polyclonal anti-PE antiserum (W346) was
raised to recombinant full-length rat PE (purified from
DL1/50 cell media by Q-Sepharose anion exchange
chromatography (Hannah 1993)). Purified rat PE (3 mg)
was conjugated to purified protein derivative (PPD) of
avian tuberculin (MAFF, Central Veterinary Laboratory)
at a ratio of 2:1 (w/w) of PPD to PE. Sheep were
immunised with 400 µg rat PE conjugate added to 2 ml
Freund’s incomplete adjuvant (Sigma). Thereafter, 200 ìg
of peptide conjugate in 2 ml of incomplete adjuvant were
given every 4 weeks and the sheep were bled at similar
time intervals.
The anti-rat-PC2 antiserum was generously supplied by
Dr J Hutton of the Department of Clinical Biochemistry,
University of Cambridge, UK and was raised to a bacterial
fusion protein containing rat PC2 amino acids 168–380
(Bennett et al. 1992). Anti-PC1 antiserum, developed
against peptides representing the segment of amino acids
84–100 at the amino terminus of mouse PC1 was a
generous gift from Dr N G Seidah of the Clinical Research
Institute Montreal, Montreal, Quebec, Canada (Benjannet
et al. 1993).
Secondary antibodies used were horseradish peroxidase
(HRP)-conjugated anti-sheep and anti-rabbit IgG
(DAKO A/S, Glostrup, Denmark). The SM2–2 antiserum, used for the met-enkephalin sulphoxide (MEO)
RIA (a gift from Dr S Medbak of the Department of
Chemical Endocrinology, St Bartholomew’s Hospital,
London, UK) was raised against MEO and has a similar
specificity to that described previously (Clement-Jones
et al. 1980).
A monoclonal antiserum that was raised previously in
this laboratory to human PE (PE-1) was used at a dilution
of 1:1000 for SDS-PAGE immunoblot detection of PE
within breast tumour cells (Spruce et al. 1989). This
antiserum was generated to a chimeric peptide of
Escherichia coli â-galactosidase fused to the amino acid
sequence 69–207 of human preproenkephalin. Sera from
BALB/c mice immunised with the â-galactosidase–
preproenkephalin A (69–207) hybrid polypeptide were
tested for anti-PE activity and the binding domains of
PE-1 were broadly located with respect to the primary
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translation product, within amino acid sequences 152–
207. The anti-PE-1 antiserum was used to confirm the
specificity of the W346 antiserum in detection of PE.
Transfection of human PC2 (hPC2) into the ZR-75–1 cells
All the buffers and most of the methods used during this
work were taken from Maniatis (Sambrook et al. 1988).
Genetic manipulation reagents and restriction endonucleases were obtained from Promega (Southampton,
Hants, UK) and New England Biolabs (Bishop’s Stortford,
Herts, UK). Full-length cDNA for hPC2 was a generous
gift from Drs Steiner and Smeekens at the Department
of Biochemistry and Molecular Biology, Howard Hughes
Medical Institute, University of Chicago, IL, USA. The
multiple cloning site from Bluescript (Stratagene,
Cambridge, Cambs, UK) (19 restriction sites) was ligated
into the BamHI site (blunt ended ligation) of pSRá
(obtained from the Department of Biochemistry, Imperial
College, London, UK). pSRá possesses a promoter which
is a fusion between the simian virus (SV40) early promoter
and part of the long-term repeat of type 1 human T-cell
leukaemia virus (Takebe et al. 1988) and additionally
incorporates a pBr322 origin of replication and an
ampicillin resistance gene. The full-length cDNA for
hPC2 was subcloned from the cloning vector Bluescript II
(Stratagene) into the multiple cloning site of the pSRá
expression vector. The expression vector containing the
cDNA of hPC2 was stably transfected by calcium phosphate co-precipitation into the ZR-75–1 cells and transfected cells were selected on the basis of neomycin
resistance (G418 sulphate, geneticin, Schering, purchased
from Gibco). Expressing transfectants of PC2 were
assessed using SDS-PAGE immunoblot analysis.
Cell lysate preparation
The cells were lysed with 1 ml ice-cold lysis buffer
(50 mM HCl, 0·1% (v/v) 2-mercaptoethanol, 0·001%
(v/v) Triton X-100). The lysate was then sonicated
(320 s bursts), heat treated (85 C for 15 min) and
subsequently centrifuged (12 000 g for 15 min). The
supernatant was retained and the processed enkephalin
peptides were analysed by the MEO RIA and by SDSPAGE immunoblot analysis (see below). An aliquot (50 µl)
of cell lysate was retained for cell protein content determination using the Bio-Rad protein assay kit (Bio-Rad
Laboratories Ltd, Hemel Hempstead, Herts, UK).
Trichloroacetic acid (TCA) extraction of proteins for
SDS-PAGE immunoblot analysis
To extract cellular proteins, 50% (w/v) of ice-cold TCA
was added to 1 ml cell lysate at a final dilution of
10% (w/v) TCA and incubated overnight at 4 C. The
protein precipitate was pelleted by centrifugation
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(12 000 g for 10 min) and traces of TCA were removed
by ether extraction (31 ml). Precipitated proteins were
resuspended in 100 µl SDS-PAGE sample treatment
buffer (8% (w/v)) with an equal volume of sterile water.
The pH of the samples was then adjusted to pH 7·6 with
1 M Na2HCO3. Proteins were analysed with 16% polyacrylamide gel using the 0·75 mM mini gel Tris/Tricine
Schagger and Von Jagow buffer systems (Schagger & Von
Jagow 1987). The electrophoresed proteins were subsequently transferred onto polyvinyldifluorine Flourotrans
transfer membrane (PALL Europe Ltd, Portsmouth, UK)
using a semi-dry blotter (Biotech Instruments Ltd, Luton,
UK). Non-specific protein binding sites were blocked
using 0·05 M PBS (0·8% (w/v) NaCl, 0·02% (w/v)
KCl, 0·181% (w/v) Na2HPO4.2H2O, 0·024% (w/v)
KH2HPO4, pH 7·4) containing 1% (w/v) BSA and 1%
(w/v) non-fat dry milk and then probed with W346 sheep
anti-PE antiserum and the mouse anti-human PE (PE-1)
antiserum. The cell lysate proteins of the breast tumour
cells were additionally probed with anti-PC1 and antiPC2 antiserum. PE immunoreactive bands were visualised
using the enhanced chemiluminescence (ECL) system
(Amersham Corp., Arlington Heights, IL, USA). The
immunoblot was exposed to pre-flashed Fuji RX film in a
film cassette (Genetic Research Instrumentation, Gene
House, Feltsted, Essex, UK) and the film was developed
using Kodak D-19 and fixed with Kodak Unifix.
RIA for MEO
MEO, TPCK-treated trypsin, carboxypeptidase B (CPB)
and other miscellaneous chemical reagents were purchased from Sigma. One millilitre samples of both cell
lysates were digested for 2 h at 37 C with 1 mg/ml
N-tosylphenyl-alanine chloromethyl-ketone (TPCK)treated trypsin that was dissolved in RIA buffer which
contained 0·2% (w/v) human serum albumin (HSA),
0·05 M phosphate pH 7·4, 0·01% (w/v) sodium azide.
Trypsin digestion was terminated by heat inactivation
(85 C for 15 min) and has been described previously
(Hannah et al. 1993). A series of control digestions of 0 to
1 mg/ml of TPCK-treated trypsin and 0·2% (w/v) HSA
(i.e digestion buffer alone) failed to detect measurable
quantities of met-enkephalin immunoreactive peptides
using the MEO RIA following a 2 h digestion at 37 C.
Samples were treated with CPB (40 µg/ml diluted in RIA
buffer) for 30 min at 37 C and CPB activity was then
terminated by heat inactivation (85 C for 15 min). Metenkephalin released from PE and ECPs in samples was
converted to the immunoreactive sulphoxide by oxidation
with H2O2 (100 volumes, Fisons Scientific Co., Crawley,
Sussex, UK) by the addition of a final concentration of 1%
(v/v) H2O2 and incubation at room temperature for 2 h.
MEO standards were serially diluted from 2000 to 1·9 pg/
ml in RIA buffer. The samples were assayed in triplicate
200 µl aliquots and were incubated overnight at 4 C with

50 µl rabbit polyclonal anti-MEO, SM2–2 antiserum
at a final dilution of 1:64 000 in 300 µl with 50 µl
radiolabelled MEO (125I-MEO, 12 000 c.p.m.). MEO
immunoreactivity was pelleted following a 1 h incubation
at 4 C with 200 µl pre-precipitated sheep anti-rabbit
fragment crystalline (10% (v/v) in 1% (v/v) normal rabbit
serum, 4% (w/v) polyethylene glycol in (0·05 M phosphate buffer (pH 7·4)). Ice-cold wash buffer (2 ml 9%
(w/v) NaCl, 0·001% (v/v) Triton X-100) was added to
each tube. Following centrifugation (4200 g, 30 min at
4 C), the supernatants were aspirated and the MEO
radioactivity retained in the pellets was assessed using a
1261 Multigamma counter (LKB, Malmo, Sweden). The
lower sensitivity limit of the assay was between 5 and
10 pg/ml MEO. To assess the intracellular proteolytic
activity of prohormone-processing enzymes in the processing of PE, not all samples were treated with trypsin or
CPB. Trypsin and CPB treatment (treatment I), measures
total met-enkephalin and by inference total PE. CPB
treatment only (treatment II) measures PE partially
processed by trypsin-like endogenous enzymes to metenkephalin containing carboxy-terminal basic amino acid
residues and PE that has been completely processed to
met-enkephalin by endogenous trypsin-like and CPB-like
enzymes. ‘No treatment’ (treatment III) measures PE that
has been processed to met-enkephalin by specific trypsinlike and CPB-like endogenous proteolytic enzymes. To
calculate the percentage of processed PE by endogenous
trypsin-like enzymes, the CPB treatment (treatment II) is
calculated as a percentage of the cellular PE content
(treatment I).
Statistical analysis
Values of MEO content were corrected to cell protein
content and expressed as mean... pg per µg cell
protein (n=3). Student’s t-test was used when applicable.
Results
SDS-PAGE immunoblot analysis detected PE within the
cell lysates of the ZR-75–1, MCF-7 and SC115 breast
tumour cell lines (Fig. 2a and b). Figure 2a and b show the
immunoblot detection of PE using the sheep anti-rat
(W346) and mouse anti-human PE (PE-1) antisera respectively. Both antisera detected a 46 kDa form of PE in
the breast tumour cell lines, suggesting that this protein
is PE. In contrast to the breast tumour cell lines, the
recombinant rat PE expressed in the Chinese hamster
ovary CHO/Dl150 cells migrated with molecular masses
of 30 and 32 kDa. The 32 kDa form of PE has been
previously characterised by Lindberg et al. (1991) as a
glycosylated form of the 30 kDa PE.
To measure the intracellular processing of PE in each of
the breast tumour cell lines, the cell lysates were subjected
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Figure 2 (a) Immunoblot of the TCA-precipitated protein extracts
from the cell lysates of the human breast tumour cell lines
ZR-75–1 (lane 1) and MCF-7 (lane 2), the mouse breast tumour
cell line SC115 (lane 3) and CHO cells transfected with the cDNA
encoding rat PE (CHO/DL150 cells (lane 4)), using a 1:1000
dilution of W346 sheep anti-PE antiserum. The methods and
reagents for detection of PE were by ECL using an HRPconjugated secondary antibody. PE that migrated with a molecular
mass of 46 kDa was detected in all three breast tumour cell lines
(lanes 1–3) in contrast to the rat PE expressed by the DL1/50 cell
line that migrated with molecular masses of 30–32 kDa. (b) The
same experiment as in (a) but using a 1:1000 dilution of mouse
anti-human PE (PE-1) antiserum. The methods, reagents and results
were the same as in (a).

to three different enzymic treatments (as described in the
Experimental procedures), and the resultant peptides were
analysed by the MEO RIA. Treatment I corresponds to
the total amount of met-enkephalin and by inference is the
total amount of PE. Treatment II (an addition of CPB
only) corresponds to the amount of PE processed to
met-enkephalin and carboxy-terminally elongated metenkephalins which are formed by the action of cellular
trypsin-like enzymes on the precursor. The total amount
of PE processed to peptides containing the metenkephalin sequence is calculated by expressing treatment
II as a percentage of treatment I. As shown by Fig. 3 the
MCF-7, ZR-75–1 and SC115 cells processed 285·0,
2911 and 7817% of the total cellular PE respectively,
indicating that the human and mouse breast tumour cell
lines differentially process PE. As shown by Fig. 4, the
amount of met-enkephalin (pg per µg cell protein) varies
between each breast tumour cell line. The majority of all
the enkephalin peptides present in the SC115 cell extracts
were detected as processed met-enkephalin.
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Figure 3 Histogram of the percentage of intracellular processed PE
(calculated by MEO RIA analysis) contained within the cell lysate
extracts of the MCF-7, ZR-75–1 and SC115 breast tumour cells.
The percentage of PE processed by the SC115 cell line is
significantly greater than that by both the MCF-7 and ZR-75–1
wild type cell lines (*P<0·05). The percentage of PE processed to
met-enkephalin immunoreactive peptides is significantly greater
within the cell lysates of the ZR-75–1/PC2 cells when compared
with the ZR-75–1 wild type cells (***P<0·01).

The differential PE processing patterns between the
MCF-7, ZR-75–1 and the SC115 breast tumour cells
suggested that these cell lines may contain different
complements of the PE-processing enzymes. To determine whether the differential processing profiles of PE
were due to the co-expression of prohormone-processing
enzymes, such as the prohormone-converting enzymes
PC1 and/or PC2, TCA-precipitated cell proteins were
separated by SDS-PAGE and the immunoblots were
probed with anti-PC1 and anti-PC2 antisera. PC1 was
detected in all three breast tumour cell lines; however,
variant molecular mass forms of PC1 were observed in
each of the cell lines (see Fig. 5). The MCF-7 and the
ZR-75–1 breast tumour cells both contained a 68 kDa
form of PC1. The most predominant form of PC1
detected within the SC115 cells exhibited a molecular
mass of 69 kDa. In contrast to the SC115 cells the MCF-7
cells contained multiple forms of the PC1 enzyme. The
five forms of PC1 detected within the cell lysates of the
MCF-7 cells exhibited molecular masses of 100, 96, 88, 68
and 52 kDa. It is possible that the 100 kDa form of PC1
can be identified as the unactivated mature proenzyme.
The 52 kDa form of PC1 is not noticeable within the cell
lysates of the ZR-75–1 and SC115 cells. Two 96 and
68 kDa forms of PC1 were found within the cell lysates of
ZR-75–1 cells.
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Figure 4 MEO RIA analysis of the relative amounts of PE and
ECPs contained within the cell lysates of the MCF-7, ZR-75–1 and
SC115 breast tumour cells. The cell lysates were subjected to
three CPB or trypsin treatments. Trypsin and CPB treatment
(treatment I), measures total met-enkephalin and by inference total
PE. CPB treatment only (treatment II) measures PE partially
processed by trypsin-like endogenous enzymes to met-enkephalin
containing carboxy-terminal basic amino acid residues and PE that
has been completely processed to met-enkephalin by endogenous
trypsin-like and CPB-like enzymes. ‘No treatment’ (treatment III)
measures PE that has been processed to met-enkephalin by
specific trypsin-like and CPB-like endogenous proteolytic enzymes.
The values of PE-derived peptides and PE (pg per ìg cell protein)
varies significantly between each of the breast tumour cell lines.
Statistical significance (P<0·05) between the three treatments was
achieved with ZR-75–1 and MCF-7 cells. There was no difference
between the three treatments in the case of the SCll5 cells.

Both PC1 and PC2 were detected within the cell
protein extracts of the SC115 cells (Fig. 6). It is possible
that the co-localisation of both PC1 (68 kDa) and PC2
(67 kDa) in the SC115 cell line may be responsible for
the high level of processed PE measured in this cell line
in comparison with the ZR-75–1 and MCF-7 cell lines
(Fig. 3).
To demonstrate that PC2 is more active than PC1 in
processing PE, the cDNA of hPC2 was stably transfected
into the ZR-75–1 cell line, which does not express this
enzyme endogenously (Fig. 6). Immunoblot analysis confirmed the expression of hPC2 in this cell line (Fig. 6) and
the expression of PC2 was accompanied by a significant
increase in the intracellular processing of PE to metenkephalin immunoreactive peptides from 225% in the
ZR-75–1 wild type cell line to 768% (P<0·01) in
the PC2-expressing ZR-75–1 cells (Fig. 3).
Discussion
In this study we have detected PE and met-enkephalin
immunoreactive peptides co-localised with the

Figure 5 Immunoblots of the TCA-precipitated proteins from the
cell lysate extracts of the MCF-7 (lane 1), ZR-1–75 (lane 2) and
SC115 (lane 3) breast tumour cells were probed with a 1:1000
dilution of rabbit anti-PC1 amino terminus antiserum. The bands
were visualised by luminescence using a 1:1000 dilution of
HRP-conjugated secondary antibody. PC1 expression was
detected in all three cell lines. The molecular masses of the PC1
varied in each of the cell lines. The major form of PC1 in the SC115
cells is of a lower molecular mass (68 kDa) than the predominant
form of PC1 detected within the ZR-75–1 cell (90 kDa). The
major forms of PC1 in the MCF-7 cells are present in two high
molecular mass forms of 90 kDa and 86 kDa.

prohormone-processing enzyme PC1 in two human breast
tumour cell lines (MCF-7 and ZR-75–1) and in the
mouse androgen-responsive SC115 metastatic breast
tumour cell line. In addition, PC2 has been detected in the
mouse SC115 cell line. The variant forms of PC1 located
within the cell lysates of the MCF-7 cells may represent
different post-translationally modified forms of PC1 or
carboxy-terminal truncated variants. The large 100 kDa
form of PC1 detected in the MCF-7 cells may represent
the precursor form of the enzyme. A pro-form of PC1
has been previously characterised in AtT-20 cells (a rat
anterior pituitary cell line) (Vindrola & Lindberg 1993),
where it exhibited a molecular mass of 87 kDa. The
87 kDa form of PC1 is thought to be processed further to
a 66 kDa form of the enzyme. Both the 66 and 87 kDa
forms of PC1 are active in the processing of prohormone
precursors (Benjannet et al. 1993, Vindrola & Lindberg
1993). These higher molecular mass forms of PC1 were
not detected in the SC115 cells where only the 69 kDa
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Figure 6 Immunoblots of TCA-precipitated proteins from the
ZR-75–1 cell lysate extract (lane 1), ZR-75–1/PC2 cells stably
transfected with the cDNA encoding hPC2 (lane 2), MCF-7 cells
(lane 3) and SC115 cells (lane 4) were probed with a 1:1000
dilution of anti-PC2 antiserum. PC2 (66 kDa) was visualised only
in the SC115 cell lysates (lane 4) and the ZR-75–1 cells that were
stably transfected with the cDNA encoding PC2 (lane 2).

processed form of PC1 was present, co-expressed with the
67 kDa form of PC2 (Benjannet et al. 1993).
It was interesting to observe the 46 kDa protein in the
cell lysates of the human and mouse breast tumour cells
(Fig. 2), in contrast to the 32 kDa recombinant rat PE
which immunoreacted with antisera to PE. Human PE has
been shown to exhibit a molecular mass of 36·5 kDa in a
human pheochromocytoma (Comb et al. 1982). As there is
only a difference of two in the number of amino acids in
the rat and human PE, it is possible that the larger form of
PE in the breast tumour cells has been subjected to
differential post-translational modifications such as glycosylation; however, initial deglycosylation and dephosphorylation experiments failed to reduce the molecular
mass of the tumour PE (data not shown). The PE secreted
by SK-N-MC cells (a human neuroblastoma cell line)
has also been shown to be appreciably glycosylated and
phosphorylated (Lindberg & Shaw 1992); however, the
molecular mass for the higher molecular weight form of
PE in this cell line was only 34 kDa. Met-enkephalin
immunoreactivity eluting with the authentic peptide and
higher molecular weight material have also been detected
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in other human tumour tissues (Clement-Jones et al. 1982)
including adrenal medullary tumours, tumours of the lung,
pancreas, thymus and the gall bladder; however, an
explanation for these higher molecular weight forms of PE
was not given.
The detection of substantially more processed PE in the
SC115 cell lysates in comparison with the human breast
tumour cells (Figs 3 and 4) may be due to the colocalisation of both PC1 and PC2 with PE in this cell line
(Figs 5 and 6). PE processed by both PC1 and PC2 would
theoretically result in four free met-enkephalins in addition to met-enkephalin-Arg6-Phe7 and met-encephalinArg6-Gly7-Leu8. The latter two peptides would not be
detected by our MEO assay. Therefore the theoretical
percentage of PE processed by PC1 and PC2 measured by
the MEO assay would be 67% similar to the 79% that we
observed in the SC115 cells. The theoretical partial
processing of PE by PC1 would only give two aminoterminally extended peptides with detectable enkephalin
(by the immunoassay) at their carboxy terminus and
therefore a much lower theoretical value in the MEO assay
of 33%, similar to the 29% of processed PE that we
observed in the human breast tumour cell lines.
Such differential PE processing patterns are apparent in
the tissues of the central nervous system and in the nuclei
of the brain (Giraud et al. 1984), which may be due to
the differential tissue distribution of PC1 and PC2. The
distribution of PE-derived peptides varies greatly between
discrete regions of the brain, but is particularly apparent
between the striatum and the hypothalamus (Schafer et al.
1993), where there is evidence for differential PE processing. For example, the level of PC1 expression is high in
the supraoptic and the paraventricular nuclei of the
hypothalamus (Seidah et al. 1991b), where more selectively cleaved PE-derived peptides have been found. PC2
mRNA is also observed in these areas with moderate
abundance. However, high levels of PC2 mRNA have
been detected in the preoptic area and the mamilliary
bodies and in other regions of the CNS including the
thalamic nuclei in the hippocampus, the deep superficial
layers of the cortex, the amygdala, and in the striatum
where more complete cleavage of PE is noticeable. Therefore, PC2 is thought to be less selective in the cleavage
of PE and where PC1 and PC2 are co-localised the
processing of PE is enhanced.
The less selective proteolytic action of PC2 on PE was
observed in the cell lysates of both the ZR-75–1 breast
tumour cell line that had been transfected with the cDNA
of hPC2 and the SC115 cells. Both PC1 and PC2 would
appear to be co-localised in these cells with more completely processed PE-derived peptides. The high percentage of PE processed to met-enkephalin in the SC115 and
the ZR-75–1/PC2 cells is similar to the data published by
Seidah and coworkers in which PC1, PC2 and PE were
transiently expressed by a vaccinia virus expression system
in a rat somatotroph cell line (GH4Cl) (Breslin et al. 1993).
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The data produced from their study revealed that
the major immunoreactive enkephalins formed from the
activity of PC2 are met-enkephalin-Arg6-Phe7, free
met-enkephalin-Arg6-Gly7-Leu8, leu-enkephalin and
met-enkephalin (see Fig. 1). In contrast PC1 is shown to
produce intermediate-sized processing products (3–
10 kDa); the major immunoreactive ECP eluted at the
position of peptide B (5·3 kDa) and free leu-enkephalin
(Cullinan et al. 1991).
This work differed from the present study as they
co-expressed PC1, PC2 and PE by the transient transfection procedure in a foreign cell line. The disadvantage in
expressing proteins transiently is that the cells can only be
used for short-term experiments and not for long-term cell
manipulation studies. We have, however, stably transfected hPC2 into the ZR-75–1 human breast tumour cell
line, which processes endogenous PE and PC1. These
breast tumour cell lines additionally possess opiate receptors (Maneckjee et al. 1990). The distinct processing
patterns of PE by PC1 and PC2, in our stably transfected
human breast tumour cell lines, will need to be investigated in more detail. To our knowledge this is the first
stably transfected human cell where PC2 has been shown
to be active in the processing of PE.
The function of the expression of opioid peptides in
breast tumour cells is yet to be determined. However,
opioid peptides released from specific cancer tissues and
cells have been shown to affect the growth of these cells
(Zagon & McLaughlin 1981, 1983, 1984, Murgo 1985,
Scholar et al. 1987, Maneckjee & Minna 1990, Maneckjee
et al. 1990, Kirchimair et al. 1992, Schrey & Patel 1994).
For example human small cell lung cancer (SCLC) cell
lines express both opioid peptides and receptors; however,
the growth of these cells is inhibited in response to
endogenous opioid peptides (Maneckjee & Minna 1990).
In contrast, the POMC peptide, â-endorphin, has been
reported to stimulate the clonal growth of human SCLC
cells (Murgo 1985). The chronic administration of the
opioid agonist heroin has been shown to retard tumour
growth and prolong survival time of mice with transplanted neuroblastoma tumours and to inhibit neuroblastoma cell growth in vitro. The opioid antagonist
naloxone was shown to block these anti-tumour effects
(Zagon & McLaughlin 1981). Met- and leu-enkephalins
have been shown to produce anti-metastatic actions on
B16-BL6 melanoma as well as decrease the number of
metastases to the lung (Scholar et al. 1987). Pretreatment
with naloxone and naltrexone may significantly inhibit the
growth of carcinogen-induced mammary cancers in rats
and cause complete regression in mice with spontaneous
and transplantable mammary tumours (Zagon &
McLaughlin 1983). In the human breast cancer cell line
known as MCF-7, opioid peptides inhibited cell growth
only in the presence of oestradiol (Maneckjee et al. 1990).
It is conceivable that PC1 and PC2 could additionally
be involved in the activation of other prohormone precur-

sors or growth factors that have also been detected in breast
tumour cells, which could in turn affect tumour growth
and development. Breast tumour cells are also known to
express other prohormone precursors and POMC-derived
opioid peptides. Like PE these are located in the tissues of
the central and peripheral nervous system (Cullinan et al.
1991). POMC is completely processed in the pars intermedia, where there is a high expression of PC2 with a
low expression of PC1 (Benjannet et al. 1991, Zhou &
Mains 1994). The corticotrophs of the anterior pituitary
only contain PC1, which has been shown in vitro and
in co-expression studies to process POMC to adrenocorticotrophin (ACTH), â-lipotrophin and a 16 kDa
amino-terminal fragment (pro-ã-melanocyte-stimulating
hormone (MSH)). The melanotrophs of the intermediate
lobe contain very little PC1 and large amounts of PC2
and hence the amino-terminal POMC fragment is processed to ã3-MSH, ACTH is processed to á-MSH
and corticotrophin-like intermediate peptide and âlipotrophin is processed to ã-lipotrophin and â-endorphin.
Prosomatostatin (PSS) has also been detected in breast
tumour cells (Nelson et al. 1989). It has been observed that
PSS is proteolytically activated by furin, PC1 and PC2 in
eukaryotic cell lines (Galanopoulou et al. 1993). Whether
these enzymes are responsible for the activation of PSS in
breast tumour cells, which may in turn have a direct or
indirect effect on the growth and development of breast
tumour cells, needs further investigation. A recent study
reporting the comparative analysis of expression of furin,
PACE4, PC1 and PC2 in human lung tumours suggests
that these enzymes may be intimately involved in the
production of many signalling molecules, when abnormally expressed in lung cells, and could lead to their
neoplastic transformation (Mbikay et al. 1997).
In conclusion, we have established that PE is differentially processed in human and mouse breast tumour cell
lines. In the mouse breast tumour cell, PE is completely
processed to met-enkephalin, met-enkephalin-Arg-Phe
and met-enkephalin-Arg-Gly-Leu, which may be due to
the co-localisation of both PC1 and PC2 in this cell line.
More limited PE processing is evident in the human breast
tumour cell lines, which may be due to the expression of
only PC1 and not PC2. Preliminary immunoblot analysis
of total protein extracted from solid metastatic breast
tumours (1·5 g) from six patients has detected PC1, PE
and PC2 in all the tumours; however, the expression
of these proteins varied between the subjects (data
not shown). Further investigation of these tissues may
reveal the function of these enzymes in the growth and
development of breast tumour cells.
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