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Abstract The phorbol ester, tetradecanoyl-phorbol 13-acetate (TPA), stimulates rapid proteolytic processing of
the transmembrane, pro- form of heparin-binding epidermal growth factor-like growth factor (HB-EGF) at cell surfaces,
suggesting the involvement of protein kinase C (PKC) isoforms in the HB-EGF secretion mechanism. To test this
possibility, we expressed a chimeric protein, consisting of proHB-EGF fused to placental alkaline phosphatase (AP) near
the amino terminus of processed HB-EGF, in NbMC-2 prostate epithelial cells. The proHB-EGF-AP chimera localized to
plasma membranes and functioned as a diphtheria toxin receptor. Secreted HB-EGF-AP bound to heparin and exhibited
potent growth factor activity. The presence of the AP moiety allowed highly quantitative measurements of cleavage-
secretion responses of proHB-EGF to extracellular stimuli. As expected, rapid secretion of HB-EGF-AP was induced in a
time- and dose-dependent manner by TPA. However, this was also observed with the Ca21 ionophore, ionomycin,
suggesting the involvement of extracellular Ca21 ions in the secretion mechanism. Ionomycin-induced secretion was
inhibited by extracellular calcium chelation but not by the PKC inhibitors, GF109203X, staurosporine, or chelerythrine.
The TPA-mediated secretion effect was inhibited by staurosporine, GF109203X, and by pretreatment with TPA, but not
by calcium chelation. A small secretion response was induced by thapsigargin, which releases Ca21 from intracellular
stores, but this was completely eliminated by extracellular calcium chelation. Ionomycin- and TPA-induced HB-EGF-AP
secretion was not dependent on the presence of the proHB-EGF cytoplasmic domain and was specifically inhibited by
the metalloproteinase inhibitors 1,10-phenanthroline and tissue inhibitor of metalloproteinase-1 (TIMP-1). These data
demonstrate that extracellular Ca21 influx activates a membrane-associated metalloproteinase to process proHB-EGF by
a pathway that does not require PKC. J. Cell. Biochem. 69:143–153, 1998. r 1998 Wiley-Liss, Inc.
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Heparin-binding epidermal growth factor-
like growth factor (HB-EGF) is an activating
ErbB1/EGF receptor ligand and a potent fibro-
blast and smooth muscle cell mitogen, origi-
nally purified from macrophage-like cells [Hi-

gashiyama et al., 1991, 1992]. In recent studies,
HB-EGF has been shown to be synthesized by a
wide variety of cell types, including T lympho-
cytes [Blotnick et al., 1994], smooth muscle
cells [Dluz et al., 1993; Freeman et al., 1998],
uroepithelial cells [Freeman et al., 1997], and
carcinoma cells originating from breast [Raab
et al., 1994], liver [Inui et al., 1994], and pan-
creas [Kobrin et al., 1994]. HB-EGF is initially
expressed as a membrane-anchored protein
(proHB-EGF) from which the mature, secreted
growth factor is derived by proteolytic process-
ing [Raab et al., 1994; Goishi et al., 1995]. Like
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the other ErbB1 ligands (EGF, TGFa, amphi-
regulin, betacellulin, and epiregulin), HB-EGF
may be involved in tumor growth. The secreted
form of HB-EGF is a potent mitogen for fibro-
blasts and some normal and transformed epithe-
lial cells. In addition, enhanced expression of
HB-EGF on the surface of human hepatocellu-
lar [Inui et al., 1994] and pancreatic cancer
cells [Kobrin et al., 1994] suggests an auto-
crine, paracrine, or juxtacrine role for HB-EGF
in neoplastic progression. ProHB-EGF contains
a single membrane-anchoring domain and a
small cytoplasmic tail domain and can associ-
ate with other cell surface proteins, including
DRAP27/CD9 and the a3b1 integrin [Nakamura
et al., 1995]. ProHB-EGF is of additional inter-
est because it has been identified as the cell-
surface receptor for diphtheria toxin (DT) in
DT-sensitive cells [Naglich et al., 1992]. DT
mediates cell killing by binding of the holotoxin
at a discrete site on the proHB-EGF ectodo-
main, after which the toxin-proHB-EGF com-
plex is internalized by receptor-mediated endo-
cytosis. Internalization allows the catalytic
moiety of the toxin access to the protein synthe-
sis machinery.

Several groups have demonstrated that treat-
ment of adherent cells expressing proHB-EGF
with the phorbol ester, tetradecanoyl-phorbol
13-acetate (TPA), results in the rapid release of
biologically active HB-EGF into the surround-
ing medium [Temizer et al., 1992; Raab et al.,
1994; Goishi et al., 1995; Freeman et al., 1997].
Proteolytic processing of the membrane-
anchored form of a growth factor is potentially
an important regulatory mechanism for conver-
sion from predominantly a juxtacrine form of
activity to paracrine or autocrine activity. TPA
is a potent protein kinase C activator, and the
fact that pharmacologic inhibition of PKC di-
minishes TPA-stimulated HB-EGF secretion is
evidence for the involvement of one or more
PKC isoforms in the proHB-EGF cleavage-
secretion mechanism [Raab et al., 1994; Goishi
et al., 1995]. In this study we have expressed in
adherent cells a proHB-EGF-alkaline phospha-
tase fusion protein, and deletion mutants of
this chimera, to better understand the mecha-
nism of HB-EGF cleavage-secretion. Although
we have found additional evidence for involve-
ment of PKC in this process, we also report the
first identification of a PKC-independent path-
way for HB-EGF processing. This second path-
way is activated by influx of extracellular Ca21

and, like the PKC-mediated pathway, activates
a membrane-associated metalloproteinase for
cleavage-secretion of membrane proHB-EGF.

EXPERIMENTAL PROCEDURES
Materials

12-0-tetradecanoyl-phorbol 13-acetate (TPA),
EGTA, ionomycin, p-nitrophenyl phosphate di-
sodium, diphtheria toxin, and AEBSF were
purchased from Sigma (St. Louis, MO). Stauro-
sporine, GF109203X, thapsigargin, phosphati-
dylcholine-specific phospholipase C (from Bacil-
lus cereus), and phospholipase D (from
Streptomyces chromofuscus) were purchased
from Biomol (Plymouth Meeting, PA). Highly
purified TIMP-1 was isolated from bovine scapu-
lar cartilage as previously described [Moses et
al., 1990]. Chelerythrine chloride was pur-
chased from LC Laboratories (Woburn, MA).
Aprotinin, leupeptin, and PMSF were from
Boehringer Mannheim (Indianapolis, IN). In
all cases, inhibitors and activators were tested
across dose ranges based on concentration val-
ues previously reported in the literature.

Cell Culture

NbMC-2 cells [Freeman et al., 1994] and
transfected NbMC-2 clonal sublines were main-
tained in T-medium: 4:1 DMEM and Ham’s
F12K supplemented with 5% fetal bovine se-
rum (FBS; BioWhittaker, Walkersville, MD),
0.25 µg/mL, adenine, 0.24 µg/mL biotin, 5 µg/mL
insulin, 13.6 pg/mL triiodothyronine, 100 µg/mL
streptomycin, and 100 U/mL penicillin. Trans-
fected cells demonstrating neomycin resistance
were maintained in T-medium supplemented
with 300 µg/mL active G418 (geneticin; Gibco,
Grand Island, NY).

HB-EGF-AP Fusion Proteins and Expression
in NbMC-2 Cells

Details of construction of the full-length and
cytoplasmic tail/membrane anchor deletion HB-
EGF-AP chimeric proteins used in this study
have been described [Chen et al., 1995]. In
these constructs, human placental alkaline
phosphatase (AP) cDNA was inserted within
the hydrophilic amino-terminal extension do-
main of human proHB-EGF, between positions
encoding Leu83 and Thr85. The cytoplasmic
tail/membrane-anchor deletion construct termi-
nates at Pro149. The tail-less fusion protein,
containing the membrane anchor segment, was
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derived from the full-length HB-EGF-AP con-
struct by replacing the codon for histidine 187
of the human HB-EGF cDNA sequence with a
stop codon at that position by oligo-directed
mutagenesis. This resulted in a fusion protein
in which the terminal amino acid is Tyr (human
HB-EGF position 186). Absence of the proHB-
EGF tail domain in the expressed protein was
confirmed in transfected cells by immunostain-
ing with an antibody (3100 [Chen et al., 1995]),
raised against the 16 C-terminal amino acids of
human proHB-EGF and shown to be specific for
the proHB-EGF cytoplasmic tail. HB-EGF-AP
cDNAs were cloned into the pRc/CMV plasmid
(Invitrogen, Carlsbad, CA), which confers neo-
mycin resistance, and were transfected into
NbMC-2 cells by lipofection using the lipofect-
amine system (Gibco/BRL, Gaithersburg, MD)
according to the manufacturer’s directions.
Stable transfectants were selected by growth in
G418. Cellular expression of the fusion proteins
was verified by immunoprecipitation, using an
anti-HB-EGF antibody (197) [Blotnick et al., 1994]
and anti-AP antibody (1801) (Medix Biotech,
Custer City, CA). Secretion of intact HB-EGF-AP
was further verified by precipitation of protein in
conditioned medium with heparin-Separose
(CL6B, Pharmacia, Piscataway, NJ), followed by
Western blot analysis with a second anti-AP anti-
body (18-099) (Zymed, San Francisco, CA).

Verification of Cell Surface Expression
of HB-EGF-AP

Detection of HB-EGF-AP at the cell surface
in transfected NbMC-2 cells was performed in
two ways: (1) analysis of diphtheria toxin (DT)
sensitivity by determining the effect of DT on
protein synthesis rate as described [Freeman et
al., 1997] (NbMC-2 cells are of rat origin and
are therefore DT-insensitive); and (2) immuno-
fluorescent localization by confocal imaging, us-
ing an anti-AP antibody (1801, Medix Biotech)
as described previously [Chen et al., 1995].

Alkaline Phosphatase (AP) Reporter Assays

Cells were plated into 24-well plates and,
after reaching confluency (approximately 50,000
cells/well), were treated with the various agents
in triplicate, in serum-free medium, at the con-
centrations and time periods indicated. Twenty-
microliter samples were removed from each
test well and were added to individual wells of a
96-well culture plate containing 100 µl of AP sub-
strate solution. The final AP reaction mixture was

5 mM p-nitrophenyl phosphate disodium, 1 mM
diethanolamine (pH 9.5), and 50 µM MgCl2, 0.15M
NaCl, 0.5M Tris, and 5 mM EDTA (pH 9.7). After
incubation overnight, AP activity was measured
with a microplate reader (Molecular Devices Corp.,
Palo Alto, CA) at 405 nm. Error bars in all figures
refer to standard deviation.

Heparin Chromatography and Determination
of Mitogenic Activity

Media (200 ml) from cells transfected with
HB-EGF-AP expression constructs were ap-
plied at 4oC to a heparin-Sepharose mini-
column (Pharmacia LKB code: 17-0467-01),
equilibrated with 0.2 M NaCl, 10 mM Tris-HCl,
pH 7.4. The column was washed extensively (10
col. vol.) with this buffer and bound proteins
were subsequently eluted with 5 ml 2M NaCl,
10 mM Tris-HCl, pH 7.4. The eluate was di-
luted 1/10 with 10 mM Tris-HCl, pH 7.4, and
applied to a TSK-heparin 5PW FPLC (fast pro-
tein liquid chromatography) column (8 x 75
mm, Tosohaas, Montgomeryville, PA). Bound
protein was eluted with a 40-ml linear gradient
of 0.2–2 M NaCl in 10 mM Tris-HCl, pH 7.4, at
a flow rate of 1 ml/min. Mitogenic activity was
tested using Balb/c3T3 fibroblasts as described
[Higashiyama et al., 1991, 1992].

RESULTS

To study agonist-induced secretion of soluble
HB-EGF from adherent cells, we used a series
of chimeric proteins in which placental alkaline
phosphatase (AP) was fused to the ectodomain
of proHB-EGF (Fig. 1). The chimeras consist of
the human HB-EGF precursor, with the cata-
lytic moiety of AP fused to the hydrophilic re-
gion of the mature HB-EGF peptide. A full-
length HB-EGF-AP fusion protein, an HB-
EGF-AP fusion protein with the cytoplasmic
tail segment deleted, and a fusion protein with
both the cytoplasmic tail segment and the mem-
brane anchor deleted were used in these experi-
ments. All three proteins were stably expressed
in NbMC-2 rat prostate epithelial cells under
the control of the CMV immediate-early pro-
moter to facilitate constitutive, high-level ex-
pression. Presence of a heat-stable AP enzyme
activity in the medium was used in the selec-
tion of HB-EGF-AP-expressing clones. In AP-
secreting cells chosen for further study, expres-
sion of the fusion proteins was verified by
immunoprecipitation with anti-HB-EGF and
anti-AP antibodies and visualization by SDS-
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PAGE (not shown). Further analysis demon-
strated that HB-EGF-AP expressed in trans-
fected cells localized to plasma membranes and
conferred DT-sensitivity (not shown), indicat-
ing a subcellular localization similar to the
native protein and an orientation toward the
extracellular space of the DT-binding region,
which resides within the EGF-like motif [Mita-
mura et al., 1995]. The DT-sensitivity results
also indicated that the full-length and cytoplas-
mic tail-deleted HB-EGF-AP chimeras were ca-
pable of functioning as DT receptors similarly
to the native protein, in that they were able to
mediate DT internalization. In transfected cells,
AP activity slowly accumulated in the medium
under serum-free conditions, indicating that
the secretory mechanism is cell-associated and
does not involve serum proteins. Fractionation
by heparin-affinity FPLC of medium condi-
tioned by cells transfected with HB-EGF-AP
demonstrated that the secreted protein bound
to immobilized heparin and was eluted with 0.8
M–1 M NaCl, demonstrating an affinity for hepa-
rin similar to native HB-EGF (Fig. 2). Secreted
HB-EGF-APdemonstrated potent mitogenic activ-
ity (Fig. 2A) and migrated as a single species in
SDS-PAGE gels (Fig. 2A, inset). These data
strongly suggest that an authentic cleavage-secre-
tion mechanism is functioning in this system.

Secretion of HB-EGF by PKC Activation

The enzymatic activity of the AP tag was
used in subsequent experiments as a quantita-
tive measure of the secretion of HB-EGF into

the medium following the challenge of trans-
fected cells with potential secretion agonists
and inhibitors. Protein kinase C (PKC) phos-
phorylates a large group of proteins involved in
intracellular signaling pathways and has been
implicated in regulated cell-surface shedding of
HB-EGF. To verify that the full-length HB-
EGF-AP chimera behaved similarly to the na-
tive protein with respect to induced secretion
by PKC activation, HB-EGF-AP-expressing cells
were treated with varying concentrations of the
phorbol ester, tetradecanoyl-phorbol 13-acetate
(TPA), a PKC activator. TPA treatment induced
a dose- and time-dependent increase inAP activ-
ity in the medium, with a corresponding loss of
AP activity in the cell lysate (Fig. 3A–C). This
observation is consistent with previous demon-
strations of HB-EGF secretion evoked by TPA
treatment, and it suggests the involvement of
PKC in this process. To verify this interpreta-
tion, we examined the effects of the non-specific
PKC inhibitors staurosporine, and the specific
PKC inhibitors GF109203X and chelerythrine,
on TPA-induced HB-EGF-AP secretion. In the
presence of staurosporine and GF109203X, TPA-
stimulated secretion of AP activity was reduced
nearly to baseline levels (Fig. 3D). In contrast,
at concentrations reported to be specific for
PKC (0.66 µM to 4 µM [Herbert et al., 1990]),
chelerythrine had no inhibitory effect.

The inhibitory activity of chelerythrine for all
PKC isoforms has not yet been documented,
and it is possible that chelerythrine may not
inhibit all PKCs that respond to phorbol ester

Fig. 1. HB-EGF-AP fusion proteins used in this study. Human placental alkaline phosphatase (AP) cDNA was
inserted between positions encoding Leu83 and Thr85 of human proHB-EGF cDNA. The tail-less construct terminates
at Tyr186. The membrane-anchor/cytoplasmic tail deletion construct terminates at Pro149.
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activation. Therefore, two additional tests were
performed to explore the role of PKC in regu-
lated HB-EGF secretion. Prolonged exposure of
cells to TPA results in the down-regulation of
cellular PKC activity; thus, a loss of a response
after TPA pretreatment has been used as a
basis to argue for the involvement of PKC in a
variety of cellular processes. TPA-inducible AP
activity released into the medium was reduced
by over 50% in cells pre-treated for 24 h with
TPA (Fig. 3D). Since both phorbol esters and
DAG bind and activate PKC in virtually the
same manner, we also investigated the effects
of exogenous phospholipase C (PLC) and phos-
pholipase D (PLD), as a source for DAG, on
secretion of HB-EGF. HB-EGF-AP-expressing

cells were treated with PLC and PLD for 6 and
24 h. Treatment of cells with both enzymes for 6
h had no effect on release of HB-EGF-AP but
cells treated for 24 h with PLC showed signifi-
cant release of AP activity into the medium
(Fig. 3E). The stimulatory effects of PLC were
over sevenfold greater than for PLD. During
receptor-mediated signaling, hydrolysis of mem-
brane phosphatidylcholine by PLC leads di-
rectly to the generation of DAG and subsequent
PKC activation while hydrolysis of phosphati-
dylcholine by PLD results in the formation of
DAG by an indirect mechanism [Thompson et
al., 1991]. These two experiments further sup-
port the involvement of PKC in the secretion
mechanism; however, the failure of chelery-
thrine to inhibit TPA-mediated secretion, in
combination with the inability of TPA pretreat-
ment to completely inhibit secretion induced by
TPA, also suggest the existence of alternative
mechanisms of regulated HB-EGF secretion
that do not involve the cPKC and nPKC iso-
forms (PKCs activatable by phorbol esters and
DAG).

Secretion of HB-EGF Mediated
by Extracellular Ca21

Additional experiments with the calcium iono-
phore, ionomycin, indicated that this agent was
also an HB-EGF secretion agonist of similar or
greater potency than TPA. Therefore, we set
out to determine the relationship of this secre-
tory mechanism to the one stimulated by TPA.
Ionomycin induced release of alkaline phospha-
tase activity from HB-EGF-AP-expressing cells
in a dose-dependent manner (Fig. 4A). The iono-
mycin effect was completely blocked in medium
containing the Ca21 chelator EGTA. These data
indicate that HB-EGF secretion can be induced
by the influx of Ca21 ions across the plasma
membrane. To determine whether PKC plays a
role in ionomycin-induced secretion of HB-EGF,
cells were pretreated cells with the PKC inhibi-
tors staurosporine, GF109203X, and chelery-
thrine prior to the addition of ionomycin. As
shown in Figure 4B, the presence of these agents
had no significant inhibitory effect on ionomy-
cin-induced release of AP activity, indicating
that the ionomycin secretion mechanism is
PKC-independent.

We subsequently tested the effect of in-
creased intracellular Ca21 alone on secretion of
HB-EGF-AP. For these experiments we used
thapsigargin, a specific inhibitor of the Ca21-

Fig. 2. Elution profile from heparin-affinity FPLC of medium
conditioned by cells expressing the full-length HB-EGF-AP fu-
sion protein. A: Secreted HB-EGF-AP is a mitogen for Balb/c3T3
cells. B: Functionally active alkaline phosphatase (AP). The inset
in A shows the processed HB-EGF-AP protein, precipitated with
heparin-Sepharose and identified by Western blot using an
anti-AP antibody. These data indicate that processed HB-
EGF-AP is a functional growth factor and exhibits an affinity for
heparin that is similar to the native protein.
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ATPase pump that sequesters intracellular
Ca21. Thapsigargin induced a small but statisti-
cally significant increase in AP activity in Ca21-
containing medium; however, this effect was
not seen in medium containing EGTA (Fig. 4C).
The raising of intracellular Ca21 levels with
thapsigargin has the ancillary effect of activat-
ing Ca21 channels in the plasma membrane
[Zitt et al., 1996]. The fact that chelation of
Ca21 in the medium abolished the thapsigargin
effect suggests the exclusive involvement of ex-
tracellular Ca21 in the secretory mechanism.

To determine whether extracellular Ca21 in-
flux is required if TPA is used as a secretion
agonist, cells were challenged with TPA in me-
dium containing EGTA. No significant inhibi-
tory effect on secretion was observed (Fig. 4D),

indicating that TPA-induced secretion acts
through an alternative mechanism that does
not require Ca21 influx.

Agonist-Induced Secretion of HB-EGF-AP Does
Not Require the Cytoplasmic Domain of the

HB-EGF Precursor

Cells expressing HB-EGF-AP chimeras with
deletions of the cytoplasmic tail segment and
the cytoplasmic tail plus the membrane anchor
(Fig. 1) were challenged in a similar fashion
with TPA and ionomycin. As anticipated, cells
expressing the cytoplasmic tail/membrane-
anchor deletion constitutively exported AP ac-
tivity into the medium, as assayed over a 12-h
period (not shown). Cells expressing only the
cytoplasmic tail deletion demonstrated a simi-

Fig. 3. Cleavage-secretion of HB-EGF-AP induced by activa-
tion of PKC. A,B: Time-dependent secretion of AP activity by
HB-EGF-AP-expressing cells in response to 300 nM TPA. A
indicates AP activity in the medium; B indicates AP activity in
the cell lysate. All data are expressed as percent of control
(unstimulated cells). C: Dose-dependent secretion of AP activity
in response to TPA. Cells were treated with TPA in serum-free
medium for 30 min prior to measurement of secreted AP activ-
ity. D: Effect of PKC inhibition on TPA-stimulated release of
HB-EGF-AP. Treatment was with 1 µM TPA in the presence or

absence of the PKC inhibitors, staurosporine (100 ng/ml),
GF109203X (1 µM), and chelerythrine (0.66 µM) for 30 min.
PKC activity was also down-regulated by pretreatment with 1
µM TPA for 24 h; the medium was then removed and replaced
with fresh medium containing 1 µM TPA. Sampling of medium
was at 1 h. E: Effect of exogenous PLC (1.4 U/ml) and PLD (60
U/ml) on secretion of HB-EGF-AP. Cells were treated for 24 h
before medium was sampled for AP measurement. *P , .001
(n 5 4) vs. non-treated controls.
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lar response to TPA and ionomycin as shown
above using cells expressing the full-length form
of the protein (Fig. 5); this indicates that the
cytoplasmic tail is not required for agonist-
induced secretion of HB-EGF. In contrast, iono-

mycin and TPA had no effect on alkaline phos-
phatase secretion in cells expressing the mutant
containing both the cytoplasmic tail/membrane-
anchor deletion. This is consistent with the
interpretation that agonist-mediated stimula-

Fig. 4. Cleavage-secretion of HB-EGF-AP induced by influx of
extracellular Ca21. A: Dose-dependent secretion of HB-EGF-AP
in response to ionomycin and inhibition of secretion with the
Ca21 chelator, EGTA (2 mM). In A,B, and C, medium was taken
for AP measurement after 30 min. All data are expressed as
percent of control (unstimulated cells). B: Cells were treated
with 1 µM ionomycin in the presence of staurosporine (100
ng/ml), GF109203X (1 µM), and chelerythrine (0.66 µM). C:

Effect of increase in intracellular calcium. Cells were treated
with 10 µM thapsigargin in the presence and absence of media
containing 2 mM EGTA. *P , .05 (n 5 4) vs. non-treated
control. D: Effect of extracellular Ca21 chelation on TPA-
stimulated HB-EGF-AP secretion. Medium was taken for AP
measurement at 1 h after treatment with 1 mM TPA in normal
medium or in medium containing 2 mM EGTA.
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tion of HB-EGF-AP secretion is the result
of proteolytic processing of the membrane-
anchored precursor.

Inhibition of Induced HB-EGF Secretion by
Metalloproteinase Inhibitors

To obtain additional evidence that this secre-
tion mechanism involves a proteolytic cleavage
event, and to attempt to obtain information on
the identity of the activatable proteinase(s), we
tested a panel of protease inhibitors with vary-
ing specificities for their ability to inhibit ago-
nist-stimulated release of AP activity from HB-
EGF-AP-expressing cells. Addition of the serine
protease inhibitors, aprotinin and leupeptin,
and the aspartic acid protease inhibitor pep-
statin to the cultures had minimal or no inhibi-
tory effect on ionomycin- and TPA-stimulated
secretion of AP activity (Fig. 6). In contrast, the
metalloproteinase inhibitors 1,10-phenanthro-
line, and purified TIMP-1 [Moses et al., 1990],
significantly inhibited AP secretion induced by
both ionomycin and TPA. These results strongly
suggest the involvement of one or more metallo-
proteinases in the proteolytic cleavage of cell-
surface proHB-EGF under conditions where the

secretion signal originates from activation of the
Ca21-dependent pathway or the PKC pathway.

DISCUSSION

With the exception of TGFa, there has been
very little study of mechanisms controlling the
regulated cleavage-secretion of the ErbB1 li-
gands, all of which are initially expressed as
membrane-anchored precursors. It is not
known, for example, to what extent informa-
tion accumulated on the mechanisms involved
in TGFa cell surface processing applies to the
other ErbB1 ligands expressed by mammalian
cells. Both PKC-dependent and PKC-indepen-
dent pathways have been proposed to regulate
TGFa processing [Pandiella and Massaguè,
1991a,b; Pandiella et al., 1992].

In this study we have used chimeric proteins,
in which membrane-anchored proHB-EGF was
fused to a reporter enzyme, placental alkaline
phosphatase (AP), to study regulated cleavage-
secretion of HB-EGF. This report demonstrates

Fig. 5. Effect of deletion of the HB-EGF cytoplasmic tail and
membrane anchor on secretion of HB-EGF-AP stimulated by 1
µM TPA and 1 µM ionomycin. Medium was sampled after 30
min. Data are expressed as percent of control (unstimulated
cells).

Fig. 6. Effect of proteinase inhibitors on the ionomycin- and
TPA-stimulated secretion of HB-EGF-AP. Cells were incubated
with 1 µM ionomycin or 1 µM TPA in the presence of the
aspartic acid inhibitor, pepstatin (10 µM), the serine proteinase
inhibitors aprotinin (6 µg/ml) and leupeptin (10 µg/ml). For the
metalloproteinase inhibitors, (1) data for 0.25 mM 1,10 phenan-
throline and 20 µg/ml TIMP-1 are shown for ionomycin and (2)
data for 0.25 mM 1,10 phenanthroline and 50 µg/ml TIMP-1 are
shown for TPA. Medium was sampled at 30 min after challenge
with the secretion agonists.
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the feasibility and highly quantitative nature
of this approach as a means of examining
mechanisms of regulated secretion of an ErbB1/
EGF receptor ligand. Previous studies of TGFa
cleavage-secretion have monitored cell surface
shedding of the growth factor ectodomain in
genetically manipulated cells by immunopre-
cipitation of processed growth factor and/or a
cell-associated tail fragment . In comparison to
these more traditional methods, the use of an
enzyme activity to quantitatively assess the
magnitude, duration, and kinetics of the secre-
tion response allows unambiguous confirma-
tion of relatively small effects (e.g., as little as
0.3-fold deviation can be demonstrated to be
statistically significant) (Fig. 3C). With this
strategy we have identified two independent
pathways of regulated secretion of HB-EGF
from adherent cells. One is activatable by extra-
cellular Ca21 influx into the cell and is PKC-
independent. The second pathway is TPA-
activatable and is partly PKC-dependent and
extracellular Ca21-independent.

The first pathway was activated by the Ca21

ionophore ionomycin and was inhibited com-
pletely by chelation of extracellular Ca21. Three
potent PKC inhibitors did not block the ionomy-
cin-induced secretion of the AP reporter activ-
ity, indicating that secretion induced by Ca21

influx can occur in the absence of functional
PKC. Increases in intracellular free Ca21 con-
centrations above normal baseline levels (10–
100 nM), to concentrations in the µM range,
can activate PKC [Bootman and Berridge, 1995].
However, the lack of an effect of PKC inhibition
on Ca21-stimulated HB-EGF-AP secretion indi-
cates that possible downstream PKC activation
is not required for functional activation of this
pathway.

The second HB-EGF cleavage-secretion path-
way identified was activatable by the phorbol es-
ter, TPA. The involvement of PKC in HB-EGF
release from adherent cells has been suggested
previously by results demonstrating rapid conver-
sion of cell surface proHB-EGF to the soluble form
after phorbol ester treatment.. Although TPA is a
potent PKC agonist, stimulation by TPA is insuffi-
cient to demonstrate conclusively the involvement
of PKC-dependent regulation. For example, the
TPA-induced cleavage of membrane-bound angio-
tensin converting enzyme (ACE) from mouse
ACE89 cells has been reported not to be in-
hibitable by several potent PKC inhibitors, includ-
ing staurosporine, indicating that phorbol ester-

mediated cleavage-secretion of cell surface proteins
can also result from activation of PKC-indepen-
dent pathways [Ramchandran et al., 1994]. We
conclude here that PKC is involved in the phorbol
ester-stimulated pathway regulating HB-EGF se-
cretion. The TPA-mediated secretion response was
significantly attenuated in the presence of the
PKC inhibitors staurosporine and GF109203X.
GF109203X is reported to be highly specific for
inhibition of PKC, and both staurosporine and
GF109203X are known to inhibit both Ca21-depen-
dent and Ca21-independent PKC isoforms [Simp-
son et al., 1993; Martiny-Baron et al., 1993]. We
were also able to attenuate the TPA response by
pretreatment of the cells with TPA, consistent
with the fact that prolonged phorbol ester treat-
ment down-regulates PKC activity. Interestingly,
however, a third PKC inhibitor, chelerythrine, did
not significantly inhibit the secretion response at
doses shown previously to be specific for several
PKC isoforms. This finding, which was highly re-
producible with several independent lots of the
reagent and multiple clonal populations of cells,
cannot presently be explained; however, differen-
tial effects between staurosporine and chelery-
thrine have been reported by others [Herbert et
al., 1993; Zachow and Terranova, 1993; Maurer et
al., 1996]. In addition, the ability of chelerythrine
to inhibit PKC activity has not yet been tested for
all known PKC isoforms. One possibility is that
chelerythrine-insensitive PKC isoforms can medi-
ate HB-EGF secretion and these are expressed in
NbMC-2 cells. Another line of evidence consistent
with the involvement of PKC is the observed effect
of exogenous PLC, which was substantially more
potent than exogenous PLD at stimulating HB-
EGF-AP shedding. This difference is likely to be
due to the fact that activation of PLC results in the
direct release of DAG and subsequent PKC activa-
tion, while PLD activation results primarily in the
liberation of phosphatidic acid, only some of which
is converted to DAG [Fukami and Takenawa,
1992].

Our data also suggest that mobilization of
Ca21 from intracellular stores by a PLC-medi-
ated mechanism is insufficient for regulated
HB-EGF cleavage-secretion. Treatment of HB-
EGF-AP-transfected cells with thapsigargin, a
sequiterpene lactone that selectively elevates
intracellular Ca21 levels by inhibiting the Ca21-
ATPase pumps in the endoplasmic reticulum
[Thastrup et al., 1990; Ghosh et al., 1991],
induced a small release of AP reporter activity.
This minimal effect was blocked under condi-
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tions of Ca21 chelation, suggesting that extracel-
lular Ca21, exclusively, mediates HB-EGF cell
surface shedding. Importantly, the phorbol es-
ter-stimulated secretion pathway is not attenu-
ated by chelation of extracellular Ca21, indicat-
ing that the Ca21-mediated mechanism is a
distinct pathway.

TPA and ionomycin both induced rapid HB-
EGF-AP secretion from cells expressing an HB-
EGF-AP mutant with a cytoplasmic tail dele-
tion, but not from a mutant where both the
proHB-EGF cytoplasmic tail and membrane an-
chor were deleted. These data indicate that,
unlike TGFa, where regulated secretion in-
duced by phorbol esters apparently requires a
valine residue at the carboxyl terminus [Bosen-
berg et al., 1992], the HB-EGF cleavage-secre-
tion pathways activated by ionomycin and TPA
do not require amino acid residues within the
tail domain. This is an important example of an
apparent difference in the mechanisms of cell
surface processing of HB-EGF and TGFa, illus-
trating how conclusions from data obtained with
one ErbB1 ligand might not necessarily apply
to other ligands capable of activating the same
receptor. It is interesting to note that the proHB-
EGF tail domain is one of the most highly
conserved regions of the HB-EGF protein [Abra-
ham et al., 1993]. Further, there is significant
amino acid sequence conservation between the
proHB-EGF and the pro-amphiregulin tail do-
mains, suggesting that the cytosolic region of
these growth factor precursors provides an im-
portant, albeit currently unknown, function de-
spite our data showing an absence of measur-
able inhibitory effects on secretion with deletion
of the proHB-EGF tail segment.

The HB-EGF secretion response was signifi-
cantly attenuated with the metalloproteinase in-
hibitor, 1,10-phenanthroline, and also by the physi-
ologic metalloproteinase inhibitor, TIMP-1. In
contrast, the serine/cysteine protease inhibitors,
aprotinin and leupeptin, and the aspartic acid
protease inhibitor, pepstatin, had little or no inhibi-
tory effect when either ionomycin or TPAwas used
as the secretion agonist. The relative potency of
the various inhibitors was similar with both ago-
nists. Lanzrein et al. [1995] concluded that one or
more metalloproteinases regulate loss of diphthe-
ria toxin (DT) receptors from DT-sensitive Vero
cells. Consistent with this interpretation, MMP-3
(stromelysin-1) has recently been identified as a
metalloproteinase capable of cleaving membrane-
anchored HB-EGF at a specific juxtamembrane

sequence [Suzuki et al., 1997]. Our results indicate
that both the extracellular Ca21-mediated path-
way and the PKC-mediated pathway activate one
or more metalloproteinases at the cell surface to
process proHB-EGF to the secreted form of the
growth factor.

In conclusion, we present the first direct evi-
dence for multiple independent signals mediat-
ing cleavage-secretion of HB-EGF from adher-
ent cells. Our observations indicate that distinct
secretory pathways are likely to regulate bio-
availability of the soluble forms of HB-EGF,
and by extension, other ErbB ligands, in di-
verse physiologic settings.
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Pandiella A, Massagué J (1991b): Cleavage of the mem-
brane precursor for transforming growth factor is a regu-
lated process. Proc Natl Acad Sci USA 88:1726–1730.

PandiellaA, Bosenberg MW, Huang EJ, Besmer P, Massagué J
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