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Heregulin b1 (HRG), a combinatorial ligand for human growth factor receptors 3 and 4, is a regulatory
polypeptide that promotes the differentiation of mammary epithelial cells into secretory lobuloalveoli. Emerg-
ing evidence suggests that the processes of secretory pathways, such as biogenesis and trafficking of vesicles in
neurons and adipose cells, are regulated by the Rab family of low-molecular-weight GTPases. In this study, we
identified Rab3A as a gene product induced by HRG. Full-length Rab3A was cloned from a mammary gland
cDNA library. We demonstrated that HRG stimulation of human breast cancer cells and normal breast
epithelial cells induces the expression of Rab3A protein and mRNA in a cycloheximide-independent manner.
HRG-mediated induction of Rab3A expression was blocked by an inhibitor of phosphatidylinositol 3-kinase but
not by inhibitors of mitogen-activated protein kinases p38MAPK and p42/44MAPK. Human breast epithelial cells
also express other components of regulated vesicular traffic, such as rabphilin 3A, Doc2, and syntaxin. Rab3A
was predominantly localized in the cytosol, and HRG stimulation of the epithelial cells also raised the level of
membrane-bound Rab3A. HRG treatment induced a profound alteration in the cell morphology in which cells
displayed neuron-like membrane extensions that contained Rab3A-coated, vesicle-like structures. In addition,
HRG also promoted the secretion of cellular proteins from the mammary epithelial cells. The ability of HRG
to modify exocytosis was verified by using a growth hormone transient-transfection system. Analysis of mouse
mammary gland development revealed the expression of Rab3A in mammary epithelial cells. Furthermore,
expression of the HRG transgene in Harderian tumors in mice also enhanced the expression of Rab3A. These
observations provide new evidence of the existence of a Rab3A pathway in mammary epithelial cells and
suggest that it may play a role in vesicle trafficking and secretion of proteins from epithelial cells in response
to stimulation by the HRG expressed within the mammary mesenchyma.

In many eukaryotic cells, the secretion of biomolecules is
mediated through both the constitutive and regulated trans-
port of vesicles (34). Constitutive exocytosis is characterized by
the continuous flow and fusion of vesicles to the plasma mem-
brane immediately after synthesis of these vesicles; regulated
exocytosis involves triggered fusion of preformed vesicles (9).
The mammary epithelium secretes several proteins at the time
of differentiation. Current evidence suggests that these pro-
teins are secreted through both constitutive and regulated se-
cretory pathways in the mammary epithelium (28, 41). Very
little is known, however, about the mechanisms of regulated
secretion in the mammary gland or the nature of the molecular
players involved in such processes.

The Rab family of GTP-binding proteins has been impli-
cated in vesicular trafficking in eukaryotic cells (16, 37). Many
Rab family members are expressed in all mammalian cell types.
The expression of Rab3A, however, is generally restricted to
certain types of cells and organs, e.g., in neuronal, neuroendo-
crine, and adipose cells involved in regulated exocytosis. Reg-
ulated exocytosis, studied extensively in the neuronal system, is
involved in cellular functions, such as neurotransmitter release,
neuroendocrine hormone release, and zymogen secretion (18,
39). There are four members of the Rab3 subfamily: Rab3A,

Rab3B, Rab3C, and Rab3D. Rab3A and -C are expressed
predominantly in brain and neuroendocrine cells (15), Rab3D
is widely expressed in adipocytes (4), and Rab3B is expressed
in epithelial cells (29). Nonneuronal expression of Rab3A in
adipocytes (5) and in the parathyroid gland (23) has been
reported. Although the role of Rab3A in the neuronal system
is well known, nothing is known about the potential role of
Rab3A in mammary gland secretion.

Mammary gland development proceeds in distinct stages de-
fined by the hormonal status of the animal (21). Heregulin b1
(HRG), a combinatorial ligand for human epidermal growth
factor (HER) receptors 3 and 4, is a secretory polypeptide that
affects growth stimulation and the differentiation, invasiveness,
and migration of breast cancer cells (1, 8, 25, 30, 33, 45). HRG
is known to be expressed in the mammary mesenchyma adja-
cent to lobuloalveolar structures and is maximally expressed
during pregnancy (33). HRG plays a role in the morphogenesis
and ductal migration of mammary epithelial cells (33, 45).
HRG also promotes the in vitro responsiveness of mammary
epithelial cells to lactogenic hormones (30). The ectopic deliv-
ery of HRG to the fat pad via implanted pellets induces the
differentiation of the mammary epithelium into secretory lobu-
loalveoli (25). The mechanism by which HRG affects the se-
cretory phenotype of mammary epithelial cells remains unex-
plored.

In this study, we investigated the possible role of HRG in
regulated exocytosis in mammary epithelial cells. Our results
demonstrated the expression of Rab3A in both cancerous and
normal mammary epithelial cells and showed that HRG pro-
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motes the accumulation of Rab3A-associated vesicles and
makes cells competent for regulated exocytosis in mammary
epithelial cells.

MATERIALS AND METHODS

Cell cultures and reagents. MCF-7 human breast cancer cells (1) were main-
tained in Dulbecco’s modified Eagle’s medium-F12 (1:1) supplemented with
10% fetal calf serum. HC11 mouse epithelial cells (generously provided by
Daniel Madina, Baylor College of Medicine, Houston, Tex.) were maintained in
RPMI 1640 medium supplemented with 8% fetal calf serum, 10 ng of EGF per
ml and 5 mg of insulin per ml. Antibodies against Rab3A and vinculin were
purchased from Santa Cruz (Santa Cruz, Calif.) and Sigma Chemical Company
(St. Louis, Mo.), respectively. Antibodies against cytokeratin 5 and T7 were from
Novagen (Milwaukee, Wis.). Antibody against HER2 was purchased from Neo-
markers (Fremont, Calif.). Lactogenic hormone treatment and preparation of
competent HC11 cells were performed according to Marte et al. (30).

Cell extracts, immunoblotting, and immunoprecipitation. For preparation of
cell extracts, cells were washed three times with phosphate-buffered saline and
lysed in radioimmunoprecipitation assay buffer supplemented with 100 mM NaF,
200 mM NaVO5, 1 mM phenylmethylsulfonyl fluoride, 10-mg of leupeptin per ml,
and 10 mg of aprotinin per ml for 15 min on ice. The lysates were centrifuged in
an Eppendorf centrifuge at 4°C for 30 min. Cell lysates were resolved on a
sodium dodecyl sulfate (SDS)–10% polyacrylamide gel, transferred to nitrocel-
lulose, and probed with the appropriate antibodies, using an enhanced chemi-
luminescence method (6).

Cloning and construction of Rab3A cDNA. A mammary gland DNA library in
the pcDNA3 vector was purchased from Invitrogen. Bacterial clones (106) were
screened with a 32P-labeled, 303-bp, Rab3A-specific probe generated from re-
verse transcription (RT)-PCR using MCF-7 cell total RNA. Filters were hybrid-
ized under high-stringency conditions (50% formamide buffer), washed, and
developed by autoradiography. Positive clones were purified and sequenced. An
open reading frame of Rab3A was isolated by PCR using 1.3-kb cDNA isolated
from mammary gland and subcloned into pcDNA3.1/HIS (Invitrogen) to gener-
ate T7-tagged Rab3A (primers: forward, 59-AAGATGGCATCGGCCACAGA-
39; reverse, 59-CTCGCAGGCGCAGTCC-39).

RT-PCR and Northern blot analysis. RT-PCR was performed using the Ac-
cess RT-PCR system (Promega, Madison, Wis.) per the manufacturer’s instruc-
tions. The following primers were used for Rab3A: forward (288 to 313), 59-T
ACCGGACCATCACCACCGCATAC-39; reverse (591 to 565), 59-CAGATGA
CATCCACCAGGCGCTCAAA-39. Total cytoplasmic RNA (20 mg) was
analyzed by Northern blot analysis using either 303-bp Rab3A-specific PCR
product or 1.3-kb Rab3A cDNA probe.

Membrane fractionation. Serum-starved MCF-7 cells (3 3 107) were treated
with or without HRG (30 ng/ml) for 8 h. Cells were scraped and resuspended in
300 ml of ice-cold hypotonic buffer containing 20 mM HEPES, 5 mM KCl, 1.5
mM MgCl2, 1 mM dithiothreitol, and protease inhibitor cocktail. Cells were
processed in a glass homogenizer and centrifuged at 3,000 rpm (Eppendorf) for
5 min. The resulting postnuclear supernatant was centrifuged at 10,000 3 g for
1 h, and the obtained pellet was designated the membrane portion. The mem-
brane pellet was resuspended in SDS buffer (the volume equal to that of the
cytosol fraction), and an aliquot (40 ml) was subjected to SDS-polyacrylamide
gel electrophoresis (PAGE).

Triton X-114 fractionation was performed as described by Bordier (7). Triton
X-114 (final concentration, 0.1% [vol/vol]) was added to the postnuclear super-
natant from the MCF-7 cells (3 3 107) and incubated on ice for 30 min. Liquid
phases were allowed to separate by keeping the samples at 37°C for 5 min,
followed by centrifugation for 5 min. The proteins in aqueous and detergent
phases were precipitated with trichloroacetic acid and were solubilized in 100 ml
of 13 SDS buffer; 40 ml of the sample was analyzed by SDS-PAGE.

Assays for protein synthesis and secretions. Subconfluent cultures in six-well
plates were serum starved for 4 days and stimulated with HRG for 6 h. Some
cultures were incubated with inhibitors LY294002 (20 mM), PD98059 (20 mM),
and SB203580 (20 mM) for 30 min before the addition of HRG. Cellular proteins
were metabolically labeled with [35S]methionine (10 mCi/ml of medium) during
the last 4 h of HRG treatment. Treatment was carried out in 1 ml of medium.
Proteins secreted into the culture supernatants were analyzed by loading 100 ml
of the conditioned medium onto SDS-polyacrylamide gels, followed by fluorog-
raphy.

GH secretion assays. The growth hormone (GH) release assay was performed
according to the method described by Wick et al. (44). Cells were transfected
with 1 mg of pXGH5 plasmid by using Fugene6 (Boehringer) and were treated
24 h later with HRG (30 ng/ml) for 3 days without serum. Cells were washed once
with a low-salt solution (140 mM NaCl–4.7 mM KCl–2.5 mM CaCl2–1.2 mM
MgSO4–1.2 mM KH2PO4–20 mM HEPES [pH 7.4]–11 mM glucose) and incu-
bated for 20 min in a high-salt solution (same as the low-salt solution except for
60 mM KCl and 80 mM NaCl). The amount of GH released into the medium was
measured using a radioimmunoassay kit (Nichols Institute, San Juan Capistrano,
Calif.).

Immunohistochemistry and immunofluorescence confocal studies. Mouse
mammary glands from different stages of development were cut out, fixed with

10% neutral buffered formaldehyde, and processed routinely into paraffin sec-
tions. The expression of Rab3A in paraffin sections was revealed by using the
peroxidase-antiperoxidase method. Briefly, the sections were deparaffinized with
xylene and rehydrated with graded ethanol. The sections were then incubated
with rabbit anti-Rab3A (1:50) for 2 h, goat anti-rabbit immunoglobulin G (1:100)
for 1 h, and rabbit peroxidase-antiperoxidase (1:200) for 1 h at room tempera-
ture. The staining was visualized with diaminobenzidine-H2O2 and counter-
stained with hematoxylin. For specificity control, the sections were stained with
antigen-preabsorbed antibodies. For immunofluorescence studies, cells were
transfected with T7-tagged Rab3A, and localization of Rab3A was visualized
using indirect immunofluorescence as previously described (1).

Transgenic studies. A breeding pair of HRG-transgenic mice were kindly
provided by Philip Leder (27). The genotype of the animals was confirmed by
Southern blotting of tail DNA. About 50% of transgenic offspring showed hy-
perplasia of the Harderian gland, as reported earlier (27). Hyperplastic Hard-
erian glands from transgenic lines and normal Harderian glands from wild-type
animals were dissected and processed for RNA extraction using the Trizol
method. Paraffin sections of the glands were also obtained with 10% parafor-
maldehyde fixation. Sections were stained with Rab3A polyclonal antibody. Ex-
pression of HRG and Rab3A was analyzed by RT-PCR. The HRG primers were
as follows: forward, 59-ATGTCTGAGCGCAAAGAAGGCAGA-39; and re-
verse, 59-TTGCTGATCACTTTGCACATATAC-39.

RESULTS

Identification of Rab3A as an HRG-inducible gene product.
To identify HRG-regulated genes in mammary epithelial
cells, we screened MCF-7 cells for inducible genes using Atlas
cDNA expression arrays (Clontech). Total RNA was isolated
from control cells and HRG-treated MCF-7 cells, and cDNAs
were generated by using a reverse transcriptase in the presence
of [a-32P]deoxycytidine triphosphate and were hybridized to
gene array filters. This screening identified Rab3A as an HRG-
inducible gene in breast epithelial cells (Fig. 1A). RT-PCR
analysis demonstrated a time-dependent stimulation of Rab3A
mRNA. The identity of the amplified band was confirmed by
sequencing and Southern analysis (Fig. 1B). When a 303-bp
PCR probe was used for Rab3A, Northern blot analysis showed

FIG. 1. Identification of Rab3A as an HRG-inducible gene. (A) RT-PCR
analysis of three genes initially identified in the gene array filter. 2, untreated; 1,
HRG treated for 6 h; TOB, transducer of ErbB-2; PUF, c-myc transcription
factor. (B) Kinetics of Rab3A expression in HRG-stimulated MCF-7 cells. Ex-
pression was analyzed by RT-PCR and subjected to Southern hybridization with
a rat Rab3A cDNA (18). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
(C) Northern blot analysis of Rab3A in HRG-treated MCF-7 cells using a 303-bp
Rab3A probe. (D) Serum-starved cells were treated with HRG, and Rab3A
expression was analyzed by Western blotting. Rat brain extract, positive control.
(E) Western blot analysis of Rab3A protein in breast cancer cell lines.
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a significant increase in the steady-state levels of 1.3-kb mRNA
for Rab3A, with maximal induction occurring 6 to 12 h after
HRG treatment (Fig. 1C). Since there was no precedent of
growth factor-inducible upregulation of Rab3A in breast cells,
the experiment was independently repeated three times and
similar results were obtained each time. The observed increase
in Rab3A mRNA was accompanied by an enhancement in the
level of 26-kDa Rab3A (Fig. 1D). The expression of Rab3A
was easily detectable in human breast cancer cell lines (Fig.
1E). Taken together, these results suggest that Rab3A is ex-
pressed in MCF-7 cells and may be upregulated by HRG.

Expression of Rab3A in mammary epithelial cells. To con-
firm the expression of Rab3A in mammary cells, we screened
a human mammary gland cDNA library with the PCR probe

obtained from the RT-PCR. Screening resulted in the isolation
of nine positive clones ranging from 1.2 to 1.3 kb. Comparison
of the DNA sequence of isolated Rab3A cDNA clones with
those in GenBank revealed that the sequences were 100% iden-
tical to human Rab3A (GenBank accession number M28210).
The full-length 1.3-kb Rab3A cDNA was used to reconfirm the
HRG-induced upregulation of Rab3A mRNA (Fig. 2A). Next,
we studied HRG regulation of Rab3A using immunostaining
and confocal microscopy. We used a T7-tagged Rab3A expres-
sion vector. The 1.3-kb cDNA that was isolated from mammary
glands contained a full-length open reading frame of Rab3A,
which was subcloned into pcDNA3.1 to obtain the T7 epitope-
tagged Rab3A expression vector. Expression of T7-tagged
Rab3A was verified by transient transfection into MCF-7 cells

FIG. 2. HRG regulates the localization of Rab3A. (A) Northern blotting analysis of Rab3A in MCF-7 cells using a full-length Rab3A cDNA isolated from a
mammary gland cDNA library. (B) Transient expression of T7-tagged Rab3A in MCF-7 cells. (Upper panel) Immunoblotting with a T7 monoclonal antibody. (Lower
panel) The above blot was stripped and reprobed with a Rab3A antibody which recognizes both T7-tagged and endogenous Rab3A. IB, immunoblotting; S, sense
construct; AS, antisense construct. Asterisks show the T7-tagged Rab3A protein band. (C to F) MCF-7 cells were transiently transfected with T7-Rab3A (C and E)
and treated with HRG for 6 h (D and F). Localization of T7-Rab3A was visualized by immunostaining and confocal microscopy (365 magnification). Arrows point
to the neuron-like membrane extensions observed in HRG-treated cells. CON, control.
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and by Western blot analysis using a T7 monoclonal antibody
(Fig. 2B). MCF-7 cells were transiently transfected with T7-
Rab3A and treated with HRG. Control MCF-7 cells exhibited
Rab3A staining localized on punctate structures that were dis-
tributed randomly in the cytosolic compartment and resembled
secretory vesicles. A similar pattern of punctate staining was
earlier observed in insulin-secreting HIT-T15 cells when Rab3A
was overexpressed (24). Interestingly, HRG treatment induced
a dramatic change in the cell morphology: cells displayed neu-
ron-like membrane extensions that contained Rab3A-coated,
vesicle-like structures (Fig. 2C). A similar pattern of Rab3A-
coated structures was observed in PC12 cells treated with nerve
growth factor (10). There was no vesicle formation by trans-
forming growth factor a, a close relative of the EGF family of
ligands (data not shown). To further confirm the role of HRG
in vesicle trafficking, we attempted to costain Rab3A along
with another characterized protein associated with vesicles,
such as rabphilin 3A or Doc2. However, since suitable, com-
mercially available forms of these two antibodies had an iso-
typic nature similar to that of T7-Rab3A, this could not be
accomplished. Therefore, as an alternate approach, we stained
the cells with the Doc2 monoclonal antibody alone, a molecule
that is implicated in regulated exocytosis and expressed in
MCF-7 cells. In untreated control cells, Doc2 was primarily
localized to perinuclear areas and HRG stimulation resulted in
the appearance of an increased number of punctate structures
directed toward the membrane (data not shown). These results
suggested that HRG regulates both Rab3A expression and
vesicle transport in breast epithelial cells.

HRG redistributes Rab3A to membranes. To analyze the
localization of Rab3A in mammary epithelial cells, MCF-7
cells were treated with or without HRG, and cell lysates were
fractionated into the cytosol and membrane. Rab3A was pre-
dominantly localized in the cytoplasmic fraction in unstimu-
lated MCF-7 cells. However, HRG treatment enhanced the
level of membrane-bound Rab3A (Fig. 3A). Since Rab3A is
known to associate with membranes via geranylgeranyl groups
(19), we performed partitioning studies by using the Triton
X-114 partition method (7). The Triton X-114 partition assay
has been widely used to identify membrane-associated gera-
nylgeranylated Rab3A (19). In this assay, geranylgeranylated
and/or farnesylated proteins are recovered in the detergent
phase, while nonprenylated proteins are retained in the aque-
ous phase. HRG treatment of cells was accompanied by a sig-
nificant increase in the amount of accumulated Rab3A in the
detergent phase (Fig. 3B, compare lanes 2 and 4). Syntaxin 4,
an integral membrane protein, was used as an internal control.
It was present only in the detergent phase, and there was no
effect of HRG on its level. These results indicate that in addi-
tion to its effect on the synthesis of Rab3A, the HRG-stimu-

lated signaling pathway may have a role in the redistribution of
Rab3A, probably via geranylgeranylation.

HRG signaling and Rab3A expression. HRG is known to
stimulate a number of signaling pathways, including phospha-
tidylinositol (PI) 3-kinase and the mitogen-activated protein
kinase p42/44MAPK and p38MAPK pathways (1, 38). In order to
delineate the nature of the signaling pathway(s) leading to
upregulation of Rab3A in HRG-treated cells, we employed
three specific inhibitors, LY294002, PD98059, and SB203580,
which specifically inhibit PI 3-kinase, p42/44MAPK, and
p38MAPK, respectively. Pretreatment of cells with LY294002
but not with PD98059 or SB203580 completely blocked HRG-
mediated upregulation of Rab3A (Fig. 4, compare lanes 2 and
4), suggesting a potential role for PI 3-kinase in the observed
HRG-mediated induction of Rab3A expression.

Upregulation of Rab3A expression by HRG and lactogenic
hormones in normal mammary epithelial cells. Using the
HC11 mouse model system, we investigated whether HRG
regulates the expression of Rab3A in normal mammary epi-
thelial cells. The growth of HC11 mammary epithelial cells is
stimulated by HRG, and pretreatment of these cells promotes
responsiveness to lactogenic hormones and enhances secretion
of b-casein (30). HRG treatment of HC11 cells in our study
significantly increased levels of Rab3A mRNA (Fig. 5A) and
Rab3A protein (Fig. 5B). Confocal analysis of HC11 cells
showed that HRG significantly induced cytoplasmic vesicles
and that transfected T7-Rab3A was distributed mainly on ves-
icles (Fig. 5C, upper panels). The control cells showed diffuse
cytoplasmic staining. To verify that the increased vesicle for-
mation was not an artifact of Rab3A overexpression by tran-
sient transfection, we next employed a monoclonal antibody
against Rab3A to localize the endogenous Rab3A and ana-
lyzed cells treated with or without HRG by confocal micros-
copy. HRG treatment of HC11 cells significantly induced cell
shape changes and increased formation of Rab3A-coated ves-
icles and their translocation towards membranes (Fig. 5C, low-
er panels).

We next investigated whether the lactogenic hormones dexa-
methasone, insulin, and prolactin (DIP), which together in-
duce differentiation and secretion of milk proteins (30), could
also influence the expression of Rab3A. Treatment of HC11
cells with DIP significantly upregulated Rab3A (Fig. 5D). Nei-
ther insulin alone nor prolactin alone affected the level of
Rab3A, but dexamethasone alone induced Rab3A expression.

FIG. 3. Distribution of Rab3A in MCF-7 cells. (A) Cytosol (Cyto.) and
membrane (Mem.) fractions from control (2) and HRG-treated (1) (30 ng/ml,
8 h) cells were analyzed by Western blotting. (B) Postnuclear supernatants from
control (2) and HRG-treated (1) (8 h) cells were extracted with Triton X-114
as described (7). The levels of Rab3A present in aqueous (lanes 1 and 2) and
detergent (lanes 3 and 4) phases were determined by Western blotting.

FIG. 4. HRG-mediated upregulation of Rab3A requires the PI 3-kinase
pathway. MCF-7 cells were treated with HRG for 8 h. Some cultures were
pretreated with PI 3-kinase inhibitor LY294002 (20 mM), p38MAPK inhibitor
SB203580 (20 mM), and p42/44MAPK inhibitor PD98059 (20 mM) 30 min before
HRG treatment. Expression of Rab3A was analyzed by RT-PCR followed by
agarose gel electrophoresis and Southern blotting.
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HRG enhances secretion of cellular proteins from mam-
mary epithelial cells. Next we investigated whether HRG
could regulate the secretion of cellular proteins from mam-
mary epithelial cells. To increase the sensitivity of the detec-
tion system, we analyzed the accumulation of secreted proteins
in the conditioned medium from metabolically labeled cells.
Three different mammary epithelial cell lines with different
levels of Rab3A expression (MCF-7, high; HC11, medium; and
BT-474, low) were used. HRG stimulation of MCF-7 cells
resulted in a significant enhancement of several proteins in the
culture supernatants (Fig. 6A, compare lanes within MCF-7
column). Similarly, HRG stimulation of HC11 also led to se-
cretion of cellular proteins. However, in BT-474 cells, which
have low levels of Rab3A, the levels of secreted proteins were
significantly lower than those in MCF-7 and HC11 cells.

To examine the effects of signaling pathways on the secre-
tion of proteins from HRG-treated cells, we pretreated cells
with signaling inhibitors LY294002, PD98059, and SB203580.
Blockage of the PI 3-kinase pathway with LY294002 was ac-
companied by a significant reduction in the ability of HRG to
induce the secretion of cellular proteins. However, the secre-
tion of two proteins in the molecular mass range of 40 to 50

kDa was induced by LY294002, suggesting the involvement of
the PI 3-kinase pathway in the secretion of most but not all
proteins in HRG-treated cells. Pretreatment of MCF-7 cells
with PD98059 or SB203580 was also inhibited during the
HRG-mediated secretion of cellular proteins, with SB203580
being more potent than PD98059.

To further visualize the effect of signaling inhibitors on
HRG-associated secretory function, MCF-7 cells were trans-
fected with T7-tagged Rab3A and treated with various inhib-
itors in the presence or absence of HRG, and T7-tagged
Rab3A was localized by confocal microscopy (Fig. 7). HRG-
treated cells exhibited an increase in the number of Rab3A-
associated vesicles, and vesicles were predominantly localized to
the membrane with a number of extensions. In contrast, T7-
Rab3A-coated vesicles were distributed randomly in the cyto-
plasm in cells treated with PD98059 and LY294002. Interest-
ingly, in SB203580-treated cells, T7-Rab3A-coated vesicles were
clustered in one place. Together, these observations suggest
that even though PI 3-kinase was involved in the HRG induc-
tion of Rab3A, other signaling pathways, including p38MAPK and
p42/44MAPK, are also involved in HRG-mediated secretion and
vesicular trafficking.

Expression of components of regulated exocytosis in human
and mouse mammary epithelial cells. Rab3A has been impli-
cated in regulated exocytosis in neuronal and endocrine sys-
tems. Upregulation of Rab3A expression by HRG and lacto-
genic hormones, each of which promotes differentiation of
mammary gland cells, raises the possibility that Rab3A is also
involved in regulated exocytosis in mammary epithelial cells.
Since regulated exocytosis involves interaction among several
proteins on vesicles, membranes, and cytoplasmic regulators,
we analyzed mammary epithelial cells for the expression pro-
file of proteins known to be involved in regulated exocytosis in
the neuronal system. Mammary epithelial cells express a num-
ber of proteins involved in regulated exocytosis, including rab-
philin 3A, Sec8, synaptogyrin, syntaxin 4, SNAP-25, rabaptin,
and Doc2 (Fig. 8). However, we observed no detectable levels
of integral membrane proteins, such as synaptogyrin, synapsin,
and complexin.

Effect of HRG stimulation on regulated secretion from
mammary epithelial cells. To evaluate the effect of HRG upon
regulated exocytosis, we used a GH transient-transfection sys-

FIG. 5. Expression and localization of Rab3A in normal mammary epithelial
cells. (A) Serum-starved HC11 cells were treated with HRG for 6 h, and the
expression of Rab3A was examined by Northern blot analysis. Con, control.
CHX, cycloheximide. (B) Expression of Rab3A protein in HC11 cells. 2, un-
treated; 1, HRG treated. (C) (Upper panels) HC11 cells were transiently trans-
fected with T7-Rab3A treated with HRG for 6 h, and localization of T7-Rab3A
was visualized by immunostaining and confocal microscopy. (Lower panels)
HC11 cells were treated with or without HRG for 6 h, and localization of
endogenous Rab3A was visualized by immunostaining with a monoclonal anti-
body and by confocal microscopy. CON, control. (D) HC11 cells were allowed to
become competent for differentiation, as described in Materials and Methods,
and were treated with DIP components separately or together. Rab3A expres-
sion was analyzed by immunoblotting (IB). Con, control.

FIG. 6. HRG induces secretion of cellular proteins. (A) MCF-7, HC11, and
BT-474 cells were serum starved, labeled with [35S]methionine, and treated with
HRG for 6 h. Conditioned media containing labeled proteins were analyzed by
SDS-PAGE. 2, untreated; 1, HRG treated. (B) MCF-7 cells were pretreated
with PI 3-kinase inhibitor LY294002 (20 mM), p38MAPK inhibitor SB203580 (20
mM), or p42/44MAPK inhibitor PD98059 (20 mM) 30 min before HRG treatment.
Secreted proteins were analyzed. The asterisk indicates two protein bands which
are secreted by HRG after blockage of the PI 3-kinase pathway with LY294002.
Absence (2) or presence (1) of inhibitors and HRG is indicated. Molecular
weights are given in thousands (A and B).
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tem. Expressed GH is stored in dense-core vesicles in the reg-
ulated secretory pathway in chromaffin granules and is released
upon stimulation of the vesicles with various agonists in a
Ca21-dependent manner (11, 44). MCF-7 and HC11 cells were
transfected with pXGH5 (the GH plasmid), which was treated
with HRG, and the amount of GH protein released into the
medium was analyzed. HRG-treated cells were stimulated with
elevated potassium in the presence of Ca21. HRG treatment
significantly potentiated the potassium-stimulated release of
GH into the medium (Fig. 9A). In addition, HRG treatment of
MCF-7 cells significantly increased the amount of secretion of
GH by the Ca21 ionophore ionomycin (Fig. 9B). Pretreatment
of HC11 cells with HRG significantly increased the amount of
GH released into the medium by the lactogenic hormones DIP
(Fig. 9C). To determine whether HRG alters Rab3A expres-
sion’s effect on the secretory function, MCF-7 cells were co-
transfected with Rab3A and GH plasmids in the presence or
absence of HRG, and secretion of GH into the culture super-
natant was measured. Expression of Rab3A was accompanied
by a slight enhancement in the secretion of GH. However,
expression of Rab3A in the presence of HRG resulted in
increased levels of secreted GH (Fig. 9D, compare lane 4 with
lanes 2 and 3). These results suggested that HRG-responsive
signaling pathways participate in promoting secretion by HRG,
in addition to upregulation of Rab3A in HRG-treated cells.

Expression of Rab3A in mammary epithelial cells in vivo.
To demonstrate the expression of Rab3A in mammary gland
cells, we isolated RNA from various stages of mammary gland
development and analyzed the expression of Rab3A mRNA by
RT-PCR. Rab3A expression was detected during all stages of
mammary gland development; the level of Rab3A expression
increased slightly during pregnancy. Interestingly, the mam-
mary gland showed elevated expression of HRG during late
pregnancy and early lactation (Fig. 10A). Western blot analysis
of whole-tissue lysates indicated the presence of Rab3A in all
stages of mammary gland development (Fig. 10B). The tem-
poral and spatial expression of Rab3A in the mammary gland
was assessed by using immunohistochemistry. Rab3A was found
to be present in both ductal and alveolar epithelial cells but not
in myoepithelial cells through all stages of mammary gland

development. Rab3A was also seen in the adipose cells of the
mammary gland (Fig. 10C to J). The specificity of the staining
was confirmed by blocking the staining with the epitope-spe-
cific peptide. These results confirm that mammary epithelial
cells express Rab3A in vivo.

HRG regulation of Rab3A expression in vivo. To evaluate
the HRG modulation of Rab3A in vivo, we used mouse mam-
mary tumor virus-driven HRG-transgenic mice, which develop
mammary adenocarcinomas and Harderian tumors (27). Since
Harderian tumors are usually detected by 3 weeks of age, as

FIG. 8. Mammary epithelial cells express components of regulated exocyto-
sis. MCF-7 and HC11 cells were treated with or without HRG (30 ng/ml) or
transforming growth factor a (TGFa) (30 ng/ml) or DIP, and cell lysates were
analyzed for expression of indicated proteins by Western blotting using specific
antibodies. PC12 and rat brain lysates were used as positive controls. CON,
control. Asterisks indicate the endogenous Rab3A band.

FIG. 7. Effect of signaling pathways on secretory functions in HRG-treated cells. MCF-7 cells were transiently transfected with T7-Rab3A and treated with HRG
for 6 h. Where indicated, p42/44MAPK inhibitor PD98059, p38MAPK inhibitor SB20358, or PI 3-kinase inhibitor LY294002 was added to the medium (final concentration,
20 mM) 30 min before the addition of HRG. T7-tagged Rab3A was localized by confocal microscopy (magnification, 365). CON, control. The long arrow indicates
the neuron-like extensions seen in HRG-treated cells. The short arrows indicate the clustering of vesicles in one place in HRG-treated cells when p38MAPK was blocked
by SB203580.
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opposed to 12 to 16 months for mammary gland tumors, we
used Harderian tumors to establish the proof of principle of
our hypothesis in vivo. Interestingly, overexpression of HRG in
Harderian tumors was accompanied by increased Rab3A ex-
pression. Harderian glands from wild-type and HRG-trans-
genic mice were analyzed by RT-PCR for the expression of
HRG and also for Rab3A. HRG-transgenic mice have signif-
icantly elevated levels of HRG transcript compared to those in
wild-type mice (Fig. 11). Interestingly, HRG-transgenic mice
also exhibited two- to threefold higher levels of Rab3A, as
determined by Southern analysis. Expression of Rab3A was
also verified by immunostaining (Fig. 11C). HRG-transgenic
mouse tissue sections showed increased Rab3A immunostain-
ing compared to the tissue of wild-type mice. Together, these
results imply a close relationship between the expression of
HRG and Rab3A in vivo.

DISCUSSION

Rab GTPases represent a large family of small G proteins
that play an important role in exocytosis, endocytosis, and
vesicular trafficking (16). Rab proteins, like the Ras family
of proteins, exist in active (GTP-bound) and inactive (GDP-
bound) form; the GTP-bound form associates with vesicles.
The conversion of GTP to GDP is regulated by GEP regula-
tory proteins (also called GDP/GTP exchange proteins) and
the GDP dissociation inhibitor, while the conversion of GTP to
GDP is regulated by GTPase-activating proteins (32). Further,
Rab proteins are geranylgeranylated at their C terminus, and
this process is required for their membrane association (37).
The Rab3 subfamily of proteins is particularly implicated in the
secretion of neuroendocrine hormones and neurotransmitters.
Very little information is available on Rab3A expression and
potential secretory function in mammary epithelial cells.

The results of our study show that Rab3A is a target of HRG
in mammary epithelial cells. Our conclusion that these cells
express Rab3A and that Rab3A expression is induced by HRG
and differentiation of the mammary epithelial cells is based on
the following evidence. (i) HRG stimulated the expression of
Rab3A mRNA, as measured by using RT-PCR and Northern
blot analysis. (ii) HRG increased the levels of Rab3A protein.
(iii) HRG and lactogenic hormones enhanced expression of
Rab3A in normal mouse mammary epithelial cells. (iv) Full-

length Rab3A cDNA was isolated from a human mammary
gland cDNA library. (v) Treatment of MCF-7 and HC11 cells
with HRG increased the accumulation of Rab3A-containing

FIG. 9. Effect of HRG on regulated exocytosis in mammary epithelial cells.
(A) MCF-7 cells were transiently transfected with pXGH5 (a reporter plasmid
for exocytosis). Cells were treated with either HRG (30 ng/ml) or transforming
growth factor a (TGFa) (30 ng/ml) in serum-free conditions for 3 days and
stimulated with elevated K1 for 20 min in the presence of Ca21 as described (7).
GH released into the medium was measured by radioimmunoassay, and results
are presented as a percentage of the control. (B) MCF-7 cells treated with or
without HRG were stimulated with ionomycin (10 mM) as described for panel A.
(C) HC11 cells transfected with pXGH5 plasmid were treated with HRG alone,
HRG followed by DIP, and DIP alone. (D) MCF-7 cells were transfected with
pXGH5 and Rab3A either alone or together, treated with or without HRG for
72 h in serum-free conditions, and stimulated with elevated K1 for 20 min in the
presence of Ca1. GH accumulation in the culture supernatant was measured by
radioimmunoassay. The experiment was repeated three times with similar re-
sults. Error bars represent standard errors of the means (n 5 3). Con, control.

FIG. 10. Expression of Rab3A in the mammary gland in vivo. Mammary
gland tissue was isolated from various stages of mammary gland development.
(A) Expression of Rab3A and HRG analyzed by RT-PCR. (B) Western analysis
of Rab3A in whole-gland tissue lysates. Lactation 2, second day of lactation. (C
to J) Immunohistochemical demonstration of Rab3A expression in various stages of
mammary gland development. Rab3A was present in the epithelial cells of the
ducts (C) (virginity), end buds (D and I) (pregnancy), alveoli (E and F) (lacta-
tion, days 2 and 18), and involuted and/or regressed mammary tissues (G) but not
in the myoepithelial cells, as revealed by staining with the marker protein MK-5
(H). A positive control for Rab3A antibody is shown (I). To create a negative
control, the staining was blocked by preabsorbing the primary antibody with
synthetic peptide (J) (pregnancy). Magnification, 3200 (C to H); 3100, (I and J).
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vesicles. (vi) There was immunohistochemical localization of
Rab3A in epithelial cells within the mammary gland sections.

Early studies showed that HRG induces differentiation in
mammary epithelial cells (30). Differentiation and secretion of
proteins are essential functions of mammary gland cells. Our
data showing that HRG induces expression of Rab3A and
makes cells competent to release stored secretory proteins
suggest that HRG may use Rab3A to make mammary epithe-
lial cells competent for differentiation. Our data also imply that
extracellular molecules secreted from the mammary epithelial
cells may be controlled by regulated exocytosis. Using the cal-
cium ionophore ionomycin, Turner et al. (41) showed that lac-
tating mammary cells possess both Ca21 pathways and Ca21-
independent pathways for protein secretion. The results from
the present study suggest that HRG participates in the re-
ported Ca21-dependent secretion of mammary epithelial cells.

Many of the Rab family proteins are regulated by posttrans-
lational mechanisms, including geranylgeranylation, phosphor-
ylation, and GDP/GTP exchange (14, 37). Such posttransla-
tional modifications are essential for regulated exocytosis.
There are, however, a few examples of upregulation of the
expression of Rab proteins. (i) Brain-derived neurotrophic
factor, which promotes differentiation and maturation, can
upregulate stimulation-evoked neurotransmitter release by
increasing levels of exocytosis-related and synaptic vesicle
proteins, including Rab3A (40). (ii) Gamma interferon in
mononuclear cells selectively increases the synthesis and pro-
cessing of Rab5 by geranylgeranylation (2). (iii) Rab3D is
upregulated during adipocyte differentiation (4) and myeloid
differentiation (31). Our data showing HRG-stimulated up-
regulation of Rab3A suggest that regulated secretion may play
a role in differentiated mammary epithelial cells.

Rab proteins are shown to have a role in vesicle docking.
Rab proteins cycle between an activated (GTP) membrane-
bound pool and a cytosolic GDP-bound pool complexed to the
members of the guanine nucleotide dissociation inhibitor gene
family (32). At steady state, Rabs are predominantly mem-
brane associated, and about 10 to 50% of the total Rab3A
can be found in the cytosol (37). The Rab3 subfamily con-
sists of four members, Rab3A, -3B, -3C, and -3D. Rab3 sub-

family members have a distinct expression pattern: Rab3A and
Rab3C are predominantly expressed in neurons (15), Ran3D
in adipocytes (4), and Rab3B in epithelial cells (29). Nonneu-
ronal expression of Rab3A was also reported in adipocytes (5)
and in the parathyroid gland (23). Immunolocalization studies
revealed that Rab3A was associated with large dense-core ves-
icles in PC12 cells (13). Rab3A was shown to be associated with
the insulin-containing granules in pancreatic beta cells (35).
Interestingly, in parathyroid gland chief cells, the majority
of Rab3A was found in the cytosol (23). In this context, re-
sults from the present study also show that in MCF-7 breast
cancer cells, the Rab3A was predominantly localized in the
cytoplasm, and HRG increased the pool of membrane-bound
Rab3A, probably due to increased geranylgeranylation. Recently,
another growth factor, insulin, was shown to upregulate gera-
nylgeranylation of Rab3A by activating geranylgeranyltrans-
ferase II (19). Thus, HRG-mediated posttranslational modifi-
cations of Rab3A may also have a role in secretory function.

The targeting of vesicles to organelles requires a set of pro-
teins and several levels of interaction between proteins (34).
Cellular pathways activated by HRG have a role in the reor-
ganization of cytoskeletal cells and the migration of mammary
epithelial cells (1, 38, 42). Recent evidence also suggests a close
link between Rab-mediated vesicle docking and actin- and
microtubule-based cytoskeleton reorganization (43). Other
examples of interactions between exocytosis and cytoskeletal
proteins include (i) regulation of secretory granule exocytosis
by RhoA and/or RhoC proteins in anterior pituitary cells (12),
(ii) stabilization of the neuronal cytoskeleton by Rab3 (3), and
(iii) interaction of Rab3A-binding protein rabphilin with al-
pha-actinin, an actin-binding protein (26). Since vesicle trans-
port involves passing through cytoskeleton barriers, our results
raise the possibility that HRG treatment-associated reorgani-
zation of cytoskeletal structures plays a role in making mam-
mary epithelial cells competent for regulated exocytosis.

Existing evidence suggests that Rab3A acts by regulating the
late steps in synaptic vesicle fusion. Overexpression of Rab3A
inhibited exocytosis in PC12 and chromaffin cells (22, 35).
However, overexpression of Rab3A had no significant effect on
the release of human C peptide, while expression of the GT-

FIG. 11. HRG regulation of Rab3A expression in vivo. (A and B) Harderian glands from four wild-type (WT) (lanes 1 to 4) and HRG-transgenic (HRG-Tg) (lanes
5 to 8) mice were analyzed for HRG and Rab3A expression. (A) Expression of HRG was analyzed by RT-PCR. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
levels were used as a loading control. (B) Expression of Rab3A was analyzed by RT-PCR, followed by Southern blotting. (C) Rab3A immunostaining analysis in the
representative Harderian gland sections from WT and HRG-Tg mice.
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Pase-deficient Rab3A mutant prevented exocytosis in insulin-
secreting cells (24). Rab3A knockout mice exhibited enhanced
exocytosis after the arrival of nerve impulse (17), confirming its
role as a regulator at the last stage of exocytosis. Even though
Rab3A is a key regulator in exocytosis, its activity is regulated
in turn by a number of other factors, including GTP/GDP
exchange proteins, rabphilin 3A, and geranylgeranylation. Com-
plex regulation of Rab3A indicates that the overall effects of
Rab3A on exocytosis may reflect the cumulation of its regulation
at multiple steps rather than of its expression alone. Interestingly,
HRG induces synthesis and HRG secretion of a number of pro-
teins in breast epithelial cells. Although the induction of Rab3A
expression requires a functional PI 3-kinase pathway, HRG-in-
duced secretion of cellular proteins requires additional signaling
pathways, such as the p38MAPK and p42/44MAPK pathways. Since
these proteins were newly synthesized after HRG treatment,
some of the signaling pathways may be involved in the synthesis of
these proteins. Also, blockage of the p38MAPK pathway resulted
in the accumulation of vesicles as clusters in the cytoplasm, sug-
gesting that signaling from the p38MAPK pathway may be involved
in the trafficking of vesicles during HRG-regulated secretion. At
this moment, we do not know the identity of the secreted proteins
in HRG-treated cultures, but planned studies will investigate the
nature of the proteins.

Some of the actions of Rab3A are shown to be mediated via
its effector molecule, rabphilin 3A. Rabphilin 3A binds Rab3A
and colocalizes on secretory organelles. Overexpression of rab-
philin 3A enhances both basal and induced secretion (11). In
the mammary epithelial cells, overexpression of Rab3A alone
had little effect on K1-evoked secretion. However, exposure of
cells to HRG significantly enhanced the secretory function of
Rab3A-overexpressing cells. Our findings suggest that in addi-
tion to induction of Rab3A protein, HRG signaling may be
involved in other aspects of the exocytosis pathway, including
posttranslational modification of Rab3A, regulation of rabphi-
lin 3A, and storage and trafficking of vesicles.

Accumulating evidence suggests that the basic mechanisms
of membrane fusion follow the SNARE hypothesis (20, 36).
According to the SNARE model, exocytosis involves inter-
actions between v-SNARE proteins (present on vesicles) and
t-SNARE proteins (present on target membranes) and is reg-
ulated by a number of proteins. SNAP-25 and the syntaxins
belong to the t-SNARE complex, while synaptotagmin and
synapsin belong to the v-SNARE complex. Rabphilin, Doc2,
and Sec8 are complex regulatory proteins. Our data suggest
that several components of regulatory exocytosis are expressed
in mammary epithelial cells. The presence of proteins belong-
ing to t-SNARE and regulatory subunits and the lack of ex-
pression of membrane components of v-SNARE in synaptic
vesicles suggest that the vesicle components in mammary epi-
thelial cells are different from those in neurons but probably
utilize regulators similar to those used by neurons. This was the
case with adipocytes, in which the nonneuronal expression of
Rab3A was detected without any detectable levels of synapto-
physin, an abundant integral protein of synaptic vesicles (5).

In summary, the results of our study demonstrate the ex-
pression of Rab3A in mammary epithelial cells in vivo and in
vitro and show that Rab3A expression and function may be
positively regulated by HRG and lactogenic hormones. These
observations suggest that Rab3A plays a role in exocytosis
within mammary epithelial cells.
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