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Maspin (SERPINB5) is a tumor suppressor lost in breast
and prostate cancer whose molecular function is unknown. It
is a non-inhibitory member of the clade B serpins suggested
to play a role in a plethora of intracellular and extracellular
settings, yet its normal cellular distribution has never been
clarified. Here we investigate the distribution of maspin in
non-transformed human epithelial cells. By indirect immu-
nofluorescence, maspin has a nucleocytoplasmic distribution
in breast (MCF10A) and prostate (RWPE-1) cells and, by
immunoblotting and pulse-chase analyses, is neither glyco-
sylated nor secreted. Cell surface biotinylation studies also
show that maspin is not present at the cell surface. Differen-
tiation of MCF10A cells into three-dimensional acini results
in the redistribution of maspin from the nucleus to the cyto-
plasm but does not resultin secretion. Addition of an efficient
conventional signal peptide to maspin directs it into the
secretory pathway and results in glycosylation but not secre-
tion. We further show that maspin in the cytoplasm of
MCF10A cells is a soluble monomeric protein that is not
detectably associated with the cytoskeleton or other extract-
able components. Taken together, these results suggest that
maspin is restricted to an intracellular, possibly nuclear, role
in which it influences cell-matrix interactions indirectly. It is
probably released only as a consequence of cell damage or
necrosis.

Serpins comprise a large superfamily of intracellular and
extracellular protease inhibitors with a small number of mem-
bers that have evolved non-inhibitory functions (1). Inhibitory
serpins inactivate target proteases through a “molecular
mousetrap” mechanism that leads to the formation of a stable
complex between serpin and protease. During this process, the
serpin undergoes a dramatic conformational change that
requires conserved “hinge” regions flanking the protease-bind-
ing site (reactive center loop). Most non-inhibitory serpins have
non-conserved hinges.

Maspin (SERPINBS5) is a 42-kDa non-inhibitory serpin first
identified in a screen for potential tumor suppressors lost in
human breast cancer cells (2). Reintroduction of maspin into
tumor cells inhibits growth, cell migration and invasion, and
angiogenesis and increases cell adhesion, all of which are
hallmarks of a tumor suppressor. Multiple clinical studies
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have confirmed maspin loss in various carcinomas, particu-
larly breast and prostate, and have demonstrated that re-
tention of maspin expression is associated with a good
prognosis.

Despite numerous studies implicating it in tumor suppres-
sion and striking evidence from a mouse model indicating its
developmental importance (3), the normal function of maspin
is unknown. It was originally suggested to act outside the cell by
regulating cell-extracellular matrix adhesion in a mechanism
dependent on the reactive center loop (4). For example, incu-
bation of breast or prostate tumor cells with recombinant
maspin or transfection with maspin ¢cDNA inhibits invasion
and motility (5), and yeast two-hybrid analysis demonstrated
binding between maspin and type I and III collagens (6). It was
also observed that maspin deficiency leads to mouse embryo
death associated with failure to bind laminin (3), whereas
maspin enhances the adhesion of cultured human corneal stro-
mal cells to fibronectin, type Iand IV collagens, and laminin (7).
It has been suggested that maspin might modulate cell-matrix
adhesion through an interaction with B1-integrin (8). Although
maspin has features suggesting that it is non-inhibitory, it is
reported to inhibit the extracellular urokinase-type plasmino-
gen activator/urokinase-type plasminogen activator receptor
system, but this is controversial (9-11).

More recently, intracellular functions of maspin have been
suggested. [t may remodel cell-extracellular matrix interactions
inside-out via signaling through Rac and Cdc42 (12, 13). Other
suggested roles include induction of apoptosis (14-17) as well
as involvement in cellular stress responses (9, 18).

The above findings demand that maspin should have both an
extracellular and an intracellular cytoplasmic distribution.
Maspin belongs to clade B of the serpin superfamily, whose
members lack a classical secretory signal peptide and are pre-
dominantly intracellular and nucleocytoplasmic (1, 19, 20).
However, two clade B serpins, PAI-2 (SERPINB2) and SCCA-1
(SERPINBS3), can be released from cells under certain circum-
stances. Furthermore, the prototype of the clade B group,
chicken ovalbumin, is efficiently secreted. Analysis of ovalbu-
min and SERPINB2 shows that they carry unconventional sig-
nal peptides that are absent in other clade B members, includ-
ing maspin (21).

On balance, therefore, it is likely that maspin is an intracel-
lular protein with an intracellular role, but it remains possible
that maspin resembles SERPINB2 and can be secreted as a gly-
coform. Here we unequivocally demonstrate, using non-trans-
formed cells, that maspin is an intracellular nucleocytoplasmic
protein that cannot be secreted.
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EXPERIMENTAL PROCEDURES

Cell Culture—CQOS-1, MCF10A, and RWPE-1 cells were
maintained as described (20, 22, 23). MCF10A acini were cul-
tured as described (23). COS-1 cells were transfected using the
DEAE-dextran/chloroquine method as described (24).

Antibodies—The mouse anti-maspin monoclonal antibody
was purchased from BD Pharmingen. The mouse anti-maspin
polyclonal and rabbit anti-maspin polyclonal antisera were
raised against recombinant maspin produced in Escherichia
coli (25). The anti-B1-integrin antibody P5D2, developed by
E. A. Wayner, was obtained from the Developmental Studies
Hybridoma Bank (Department of Biological Sciences, Univer-
sity of Iowa, Iowa City, IA). Alexa Fluor 594-conjugated con-
canavalin A (Molecular Probes, Eugene, OR) was used as a
marker of the endoplasmic reticulum; a rabbit anti-giantin
polyclonal antibody (Covance) was used as a marker of the
Golgi apparatus; and rhodamine isothiocyanate (RITC)?-con-
jugated phalloidin (Invitrogen) was used as a marker of poly-
merized actin. The secondary antibody used in immunoblot-
ting was sheep anti-mouse IgG conjugated to horseradish
peroxidase (Chemicon), and the secondary antibodies used in
indirect immunofluorescence were goat anti-mouse IgG con-
jugated to Alexa 488 (Invitrogen), goat anti-rabbit IgG conju-
gated to Alexa 488 (Invitrogen), goat anti-mouse IgG conju-
gated to Cy5 (Chemicon), and goat anti-rabbit conjugated to
RITC (Sigma).

Plasmids—For the expression of maspin in COS-1 cells, a
maspin cDNA was modified by PCR amplification using the
oligonucleotide primers 5'-GGG AGA TCT CAT GGA TGC
CCT GCA ACT AGC-3' (adds a BgllI site to the 5" end for
cloning into pSHT) and 5'-CCC GCG GTT AAG GAG AAC
AGA ATT TGC C-3' and Taq DNA polymerase (New England
Biolabs) for 25 cycles of 95 °C for 45 s, 55 °C for 45 s, and 72 °C
for 90 s. The resulting 1.15-kb product was cloned into pCR-
Blunt (Invitrogen) and then released and purified as a BglII-
Xbal fragment. This was subcloned into pSHT (26) digested
with BamHI and Spel. To make pSVTf{/maspin, maspin was
released and purified from pCR-Blunt/maspin digested with
EcoR], and then subcloned into pSVTf also digested with EcoRI
and dephosphorylated using calf intestinal alkaline phospha-
tase (New England Biolabs).

Pulse-Chase Experiments—Pulse-chase experiments were
performed on transfected COS-1, MCF10A, and RWPE-1
cells as described (27), except that [>**S]methionine was pur-
chased from MP Biomedicals, and cells were labeled for 30
min. To immunoprecipitate B1-integrin, a rabbit polyclonal
antiserum against mouse IgG (Dako) was used as a bridging
antibody between protein A-Sepharose and the anti-B1-in-
tegrin antibody.

Endoglycosidase  Treatments—Immunoprecipitates from
transfected and labeled COS-1 cells or labeled MCF10A cells
were treated with endoglycosidase H (Endo H) or peptide:N-
glycosidase F (PNGase F), depending on the experiment, fol-
lowing the manufacturer’s instructions (New England Biolabs).

2The abbreviations used are: RITC, rhodamine isothiocyanate; Endo H,
endoglycosidase H; PNGase F, peptide:N-glycosidase F; PBS, phosphate-
buffered saline; HA, hemagglutinin; ER, endoplasmic reticulum.
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Briefly, immunoprecipitates were resuspended in 20 ul of water
with 2% of the supplied denaturing buffer and boiled for 10 min.
Immunoprecipitates were then incubated for 1 h at 37 °C with
or without endoglycosidase. Samples were analyzed by SDS-
PAGE and fluorography.

Cell Surface Biotinylation—MCF10A cells (4 X 10°) were
washed with ice-cold phosphate-buffered saline (PBS; 154 mMm
NacCl, 2.7 mm Na,HPO,, and 1.54 mm KH,PO,), pH 8.0, and
then incubated on ice with EZ-Link sulfo-NHS-biotin at a final
concentration of 0.5 mg/ml (Pierce) for 30 min and washed
with ice-cold PBS with 100 mm glycine to quench excess biotin.
From this point, all buffers were supplemented with 100 mm
glycine. Equal amounts of cells were then lysed in either Non-
idet P-40 lysis buffer (50 mm Tris, pH 8.0, 10 mM EDTA, and 1%
(v/v) Nonidet P-40) or in 0.5% SDS in PBS and then diluted to a
final concentration of 0.05% SDS with 150 mMm NaCl, 5 mMm
EDTA, 50 mm Tris, pH 7.4, 0.05% (v/v) Nonidet P-40, 0.25%
(w/v) gelatin, 60 Bloom, and 0.02% (w/v) NaN;. Nonidet P-40
lysates were used for immunoprecipitation of S1-integrin, and
SDS lysates were used for the immunoprecipitation of maspin
as described (27). A rabbit polyclonal antiserum raised against
mouse IgG was used as a “bridging antibody” between protein
A-Sepharose and the anti-B1-integrin monoclonal antibody.
Immunoprecipitates were analyzed by nonreducing or by
reducing SDS-PAGE, depending on the experiment, and
immunoblotted for maspin.

Indirect Immunofluorescence and in Situ Cell Extractions—
Cell monolayers grown on 10-well microscope slides were
washed in PBS containing 0.1 mm CaCl, and 1.0 mm MgCl,
(PBS+), fixed in 3.7% (w/v) formaldehyde in PBS+ for 20 min,
quenched with 20 mm ammonium chloride, and where indi-
cated permeabilized by incubation in 0.5% Triton X-100 in
PBS+ for 5 min. Antigens were detected by incubation of the
cells for 30 min with the appropriate dilution of primary anti-
body (1:1000 for mouse anti-maspin polyclonal antiserum,
1:500 for rabbit anti-maspin polyclonal antiserum, 1:50 for
anti-B1-integrin, 1:800 for anti-giantin, and 1:50 for Alexa 594-
conjugated concanavalin A). After being washed with PBS+,
the cells were incubated with Alexa 488-conjugated secondary
antibodies diluted 1:800 or RITC-conjugated secondary anti-
bodies diluted 1:200. After 30 min, cells were washed in PBS+
and then mounted in Mowiol. Where double staining occurred,
cells were first incubated with monoclonal and then with poly-
clonal primary antibodies, followed by incubation with the
appropriate secondary antibodies. Cells were examined using
either epifluorescence microscopy (Nikon TE-2000U Eclipse
upright fluorescence microscope) or confocal laser scanning
microscopy (Leica SP Multiphoton microscope, DMI6000
Invert).

For in situ extractions, 2.5 X 10* cells/well were grown on
10-well microscope slides, and acini were grown in 8-well
chamber slides (23). Untreated cells were fixed, permeabilized,
and stained as described above. Actin was marked with RITC-
conjugated phalloidin (0.1 ug/ml final concentration). To
remove proteins from the cytoplasm, cells were placed on ice,
washed twice with ice-cold HMKE buffer (20 mm HEPES, pH
7.2, 5 mm MgCl,, 10 mm KCl, 1 mm EDTA, and 250 mm
sucrose), and then exposed to 25 pg/ml digitonin in 50 ul of
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HMKE buffer containing protease inhibitors (1 ug/ml each
aprotinin, leupeptin, and pepstatin, and 0.5 mm 4-(2-aminoeth-
yl)benzenesulfonyl fluoride) for 10 min. Cells were then fixed
and permeabilized for staining as described above.

Size-exclusion Chromatography—MCF10A cells resus-
pended at 107 cells/ml in ice-cold 50 mm Tris-HCI, pH 7.4, 25
mm KCl, and 5 mm MgCl, were disrupted by homogenization,
and only the supernatant was isolated to generate cytosol and
non-nuclear membrane fractions as described (28). Size-exclu-
sion chromatography was performed on a Superdex 200 10/300
GL high performance column (GE Healthcare) equilibrated
with Tris-buffered saline (20 mm Tris, 150 mm NaCl). Sixteen
fractions were resolved by SDS-PAGE and analyzed by immu-
noblotting for maspin. To determine the size of the eluted
maspin, individual runs on the same column were performed
for a set of protein standards (blue dextran, 2000 kDa; catalase,
232 kDa; aldolase, 158 kDa; albumin, 67 kDa; ovalbumin, 43
kDa; and chymotrypsinogen, 25 kDa), and the elution fraction
for each protein was determined and then compared with that
of maspin.

RESULTS

Maspin Has a Nucleocytoplasmic Localization and Is Not
Present at the Cell Surface—MCF10A is an immortalized non-
transformed mammary epithelial cell line that exhibits features
of normal breast epithelium (23) and in three-dimensional cul-
tures has the ability to differentiate into acinus-like spheroids
with a hollow lumen. RWPE-1 is an immortalized non-
tumorigenic prostate epithelial cell line (22). We confirmed
expression of endogenous maspin in these cell lines by immu-
noblotting, where it appears as a 42-kDa protein (Fig. 14).
Importantly, there is no evidence of larger (glyco)forms that
would be expected if maspin enters the endoplasmic reticulum
and one or more of the three potential asparagine-linked glyco-
sylation sites on the molecule is used. This was confirmed using
peptide PNGase F to probe the glycosylation state of maspin in
MCF10A cells (Fig. 1B). PNGase F removes high mannose,
hybrid, and complex oligosaccharides from N-linked glycopro-
teins. Although PNGase F successfully removed complex oligo-
saccharides from the control glycoprotein 1-integrin, result-
ing in a decrease in molecular weight (Fig. 1B, left panel), it had
no effect on maspin (Fig. 1B, right panel), demonstrating that
endogenous maspin in MCF10A cells is not glycosylated. We
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then looked at the distribution of maspin in MCF10A and
RWPE-1 cells by indirect immunofluorescence. In permeabi-
lized cells, maspin appears in the cytoplasm and nucleus, and no
staining was observed in non-permeabilized cells, indicating
that it is not found on the cell surface (Fig. 1C). We also exam-
ined a human breast myoepithelial cell line, Hs578Bst, for
maspin, as it has been suggested that myoepithelial maspin may
inhibit breast carcinoma cell invasion (29). However, we could
not detect the presence of maspin in these cells by either immu-
noblotting or immunofluorescence (data not shown).

We investigated the localization of maspin in MCF10A acini.
Because maspin is thought to be important for cell-extracellu-
lar matrix interactions, and such interactions are important for
proper differentiation of individual cells into acini, we expected
that maspin would localize to the cell surface upon differentia-
tion. However, confocal analysis of MCF10A acini stained for
maspin as well as for B1-integrin to mark the surface of these
structures shows that in these differentiated cells, maspin
remains intracellular and not on the cell surface (Fig. 1D). A
close-up view of the luminal epithelial cell wall shows that
maspin is clearly intracellular and that no co-localization with
Bl-integrin can be observed (Fig. 1D). Interestingly, acini lack
maspin in the nucleus, suggesting that the protein redistributes
during differentiation.

To confirm the absence of maspin on the cell surface, we
biotinylated the MCF10A cell surface using cell-impermeable
biotin and then immunoprecipitated total cell lysates using
antibodies to maspin or Bl-integrin. B1-Integrin serves as a
positive control for surface biotinylation because MCF10A cells
secrete a matrix of laminin-5 and adhere to this matrix via
a3B1-integrin (30). Immunoprecipitated samples were then
analyzed by SDS-PAGE and streptavidin-horseradish peroxi-
dase to detect maspin or B1-integrin that had been biotinylated
on the cell surface. As expected, B1-integrin was detected as a
130-kDa protein (Fig. 1E, left panel, first lane). By contrast,
maspin was not detected (Fig. 1E, middle panel), demonstrating
that it was not present at the cell surface during biotinylation.
To ensure that maspin was present in the lysates, the same blot
was stripped and re-probed with monoclonal antibody to
maspin, which showed maspin species at 42 and 62 kDa (Fig. 1E,
right panel). Fig. 1F shows that the 62-kDa species arises
because of nonspecific oxidative dimerization of maspin during

FIGURE 1. Maspin is expressed by MCF10A and RWPE-1 cells but is absent from the cell surface. A, lysates of MCF10A cells and acini or RWPE-1 cells were
separated via 12.5% SDS-PAGE and immunoblotted with recombinant maspin (rMaspin) as a control. The membrane was probed with mouse anti-maspin
monoclonal antibody diluted 1:1000 and detected with horseradish peroxidase-conjugated secondary against mouse IgG. RWPE-1 lysates were analyzed on
a separate gel. B, maspin in MCF10A cells is not glycosylated. Lysates of 30-min metabolically labeled MCF10A cells were immunoprecipitated (/P) using mouse
anti-B1-integrin monoclonal antibody (left panel), rabbit anti-maspin polyclonal antiserum (right panel), or preimmune (pre-i) serum and then either treated
with PNGase F or left untreated. Maspin samples were separated by 12.5% SDS-PAGE, and B1-integrin samples were separated by 7.5% SDS-PAGE. Gels were
analyzed by fluorography. C, maspin is in the nucleus and cytoplasm and not on the cell surface. MCF10A and RWPE-1 cells were fixed and permeabilized or
fixed alone to detect cell surface proteins and then probed with mouse anti-maspin polyclonal antiserum or with the preimmune serum. The primary antibody
was detected using goat Alexa 488-conjugated secondary antibodies. Cells were examined by epifluorescence microscopy. Brightfield images of cells exam-
ined for cell surface staining are shown. D, maspin is intracellular in each luminal epithelial cell and does not co-localize with B1-integrin. MCF10A cells were
grown on Matrigel, and acini were developed for 20 days. Acini were prepared as described for B and examined by confocal microscopy. Images shown are
single optical sections. E, MCF10A cells were surface-biotinylated, and lysates were immunoprecipitated using rabbit anti-maspin polyclonal antiserum,
preimmune serum, or mouse anti-f31-integrin monoclonal antibody. Immune complexes were collected and analyzed by 10% SDS-PAGE, and the immunoblot
(WB) was probed with horseradish peroxidase-conjugated streptavidin (S-H) diluted 1:5000. The blot was stripped and re-probed with mouse anti-maspin
monoclonal antibody (Mas) and detected with horseradish peroxidase-conjugated secondary against mouse IgG. Bridge refers to samples immunoprecipi-
tated with bridging antibody alone. F, MCF10A cell lysates were immunoprecipitated, and immune complexes were left nonreduced (without dithiothreitol
(—DTT) or reduced (+DTT) and analyzed via 12.5% SDS-PAGE and immunoblotting with mouse anti-maspin monoclonal antibody followed by horseradish
peroxidase-conjugated secondary against mouse IgG.
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FIGURE 2. Maspin is not secreted from MCF10A or RWPE-1 cells. A, ribbon structure of maspin. White arrows
denote asparagine residues that may be glycosylated. B and C, pulse-chase experiments were performed on
MCF10A cells (B) and the primary prostate cell line, RWPE-1 (C), as indicated under “Experimental Procedures.”
Cell lysates and media were collected at each time point and immunoprecipitated with rabbit anti-maspin
polyclonal antiserum. Immune complexes were collected, reduced, and analyzed by 10% SDS-PAGE and fluo-
rography. Comparison of antiserum and preimmune (pre-i) serum complexes for MCF10A immunoprecipita-
tion is shown in the middle panel. The preimmune complex from RWPE-1 immunoprecipitation shown in Cis

from a separate autoradiograph.
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FIGURE 3. Maspin directed into the classical secretory pathway is not
released into the extracellular milieu. A, comparison of the N terminus of
HA/maspin and maspin. Boxed residues comprise the HA signal peptide.
B, COS cells were transfected with maspin (upper panel) and HA/maspin (lower
panel) DNA. Forty-eight hours after transfection, cells were used in a pulse-
chase experiment as described under “Experimental Procedures.” COS cells
transfected without DNA (mock) were included as a negative control.

immunoprecipitation (which was carried out in the absence of
reductant), as it can be reduced to 42 kDa, the expected size of
maspin. Taken together, these results suggest that maspin is an
intracellular serpin and is not found at the cell surface.
Maspin Is Not Released from MCF10A or RWPE-1 Cells—We
next investigated whether maspin is released from MCF10A or
RWPE-1 cells. Although maspin lacks a conventional secretory
peptide, it is possible that it enters the classical secretory path-
way using an unusual signal, as is the case for SERPINB2. If this
were to occur, maspin should be glycosylated, increase in size,
and be detected in medium conditioned by the cells. Maspin
has three potential glycosylation sites (Fig. 24), so increases in
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precipitated using preimmune
serum (Fig. 2B, lower panel). Taken
together, these results show that
maspin is not released from
MCF10A or RWPE-1 cells by either
the classical or unconventional
pathways.

Maspin Is Not Released from Cells on Addition of a Conven-
tional Signal Sequence—The above results do not rule out the
secretion of maspin in response to a specific but as yet undeter-
mined stimulus. Our inability to detect secreted maspin could
also be explained by the absence of a specific cofactor required
for an unconventional or inefficient signal sequence to function
in these cells. However, if maspin has evolved to be released
(like SERPINB2), it should be glycosylated and move efficiently
through the secretory pathway once directed there by its signal
sequence. To mimic this scenario and avoid the need for a spe-
cific stimulus (Fig. 3A4), we provided maspin with the efficient
influenza virus hemagglutinin (HA) signal sequence, which
functions as a signal peptide that facilitates endoplasmic retic-
ulum (ER) association and subsequent transmembrane move-
ment (31). As a control, cDNA encoding wild-type maspin was
cloned into the expression vector pSVT{.

To investigate whether the addition of the HA signal
sequence could induce the secretion of maspin, HA/maspin
and maspin expression plasmids were transfected into COS-1
cells, and a pulse-chase analysis was performed. A mock trans-
fection without the addition of expression plasmids was also
performed as a control. In lysates of cells producing maspin, a
42-kDa protein was detected, and there was no evidence of
release into the medium (Fig. 3B, upper panel). This was con-
sistent with the results observed in the MCF10A and RWPE-1
cells, showing that native maspin is not glycosylated or
secreted. By contrast, in lysates of cells producing HA/maspin,
proteins migrating at 42 and 47 kDa were evident, with the
larger form probably resulting from glycosylation at two of the
three potential sites, indicating that maspin had entered the ER
(Fig. 3B, lower panel). However, HA/maspin was not detected
in the medium (Fig. 3B, lower panel), suggesting that it cannot
exit the secretory pathway.

The observation that HA/maspin could not be detected in the
medium suggests that it is sequestered somewhere along the secre-
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maspin is sequestered in the ER.
Maspin, even when supplied with an
efficient signal sequence, cannot
move through the secretory path-
way to the cell surface or be
secreted, strongly suggesting that it
has an intracellular role.

Maspin Is a Soluble Monomeric
Protein in the Cytoplasm—With the
observation that maspin is an intra-
cellular serpin and has a diffuse
nucleocytoplasmic distribution, we
next questioned whether maspin is
specifically associated with a cellu-
lar structure such as the cytoskele-
ton because it is thought to oppose
cell migration and invasion. We
investigated this through indirect
immunofluorescence of MCF10A
monolayers treated with digitonin,

FIGURE 4. Glycosylated maspin is retained in the ER. A, COS-1 cells transfected with HA/maspin or maspin were
prepared as described in the legend to Fig. 1 and probed with mouse anti-maspin polyclonal antiserum. As a control,
COS-1 cells were mock-transfected. The primary antibody was detected with goat anti-mouse IgG conjugated to
Alexa 488, and cells were examined by epifluorescence microscopy. The lower panel shows brightfield images of
cells examined for cell surface staining. B, COS-1 cells transfected with HA/maspin were fixed, permeabilized, and
probed with mouse anti-maspin monoclonal antibody. The primary antibody was detected with goat anti-mouse
IgG conjugated to Alexa 488. The ER was marked with Alexa Fluor 594-conjugated concanavalin A (Con A), and the
Golgi was marked with rabbit anti-giantin polyclonal antibody detected with goat anti-rabbit IgG conjugated to
RITC. Cells were examined by confocal microscopy. Images show single optical sections. C, COS-1 cells were trans-
fected with HA/maspin or maspin DNA or without DNA (Mock). Forty-eight hours after transfection, cells were
labeled for 30 min in medium lacking methionine containing 100 uCi of [**SImethionine and then incubated in
complete medium for 6 h. Cell lysates and medium were then collected and immunoprecipitated with rabbit anti-
maspin polyclonal antiserum. Immune complexes were either treated (+) or left untreated (—) with Endo H. Sam-

which permeabilizes the plasma
membrane and allows the selective
extraction of cytosolic but not
nuclear proteins (20, 32). Maspin
was fully extractable from the cyto-
plasm, suggesting that it is a soluble
protein that is not associated with
the cytoskeleton or any other cyto-
plasmic structure, and as expected,

ples were then reduced and analyzed by 10% SDS-PAGE and fluorography.

tory pathway. By indirect immunofluorescence, it was determined
that maspin in COS-1 cells has a nucleocytoplasmic distribution
and is not at the cell surface, whereas HA/maspin shows a reticular
pattern of staining consistent with localization in the endoplasmic
reticulum (Fig. 4A). Surface staining of cells showed that
HA/maspin is not on the cell surface, suggesting that it is seques-
tered inside the cell (Fig. 4A). To confirm that HA/maspin is
trapped in the ER, co-localization studies with concanavalin A, a
marker of the ER, as well as giantin, a marker of the Golgi, were
performed. HA/maspin co-localized with concanavalin A but not
with giantin (Fig. 4B), suggesting that HA/maspin is indeed
sequestered in the ER and cannot move through to the Golgi.
This was further supported by use of Endo H to probe the
glycosylation state of HA/maspin. Endo H can remove “high
mannose” oligosaccharides present on ER resident proteins or
on nascent proteins that have not left the ER. However, proteins
that enter the Golgi become resistant to Endo H. COS-1 cells
transfected with HA/maspin and maspin were metabolically
labeled, chased for 6 h, lysed, and immunoprecipitated using
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a fraction remained associated with
the nucleus (Fig. 5A4). Actin staining
showed that the structure of the
cells remained intact following digitonin treatment. In acini,
maspin was also evident as a soluble cytoplasmic protein and
was absent from the nucleus (Fig. 5B).

Because maspin does not bind to detergent-resistant frac-
tions of the cell, we next investigated whether maspin could
bind to an extractable cellular protein or whether it exists in the
cytoplasm in an oligomeric form, as serpins have a propensity
to oligomerize (33, 34). MCF10A cells were subjected to hypo-
tonic lysis, and cytosolic fractions were evaluated by gel filtra-
tion through a Superdex 200 column. Based on gel filtration of
protein standards from 25 to 2000 kDa through the Superdex
200 column, maspin eluted within the monomeric range of
22-67 kDa (Fig. 5C). Together, these results suggest that
maspin in MCF10A cell cytoplasm is monomeric and is not
stably associated with other cellular proteins.

DISCUSSION

We have shown here that maspin is an obligate intracellu-
lar serpin, which is neither secreted nor found at the plasma
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FIGURE 5. Maspin is not stably associated with the cytoskeleton or other
cellular proteins and exists as a monomeric serpin. A and B, maspin is a
soluble cytoplasmic protein. MCF10A monolayers (A) growing on microscope
slides and MCF10A acini (B) were extracted with HMKE buffer containing dig-
itonin and then fixed, permeabilized, and probed with mouse anti-maspin
polyclonal antiserum. The primary antibody was detected with goat anti-
mouse IgG conjugated to Alexa 488. The actin cytoskeleton was marked by
RITC-conjugated phalloidin. Cells were examined by confocal microscopy.
Images show single optical sections. C, MCF10A cells were harvested in hypo-
tonic buffer, and gel filtration was performed on the cytosolic fraction (CF) of
lysate. Fractions were separated by 12.5% SDS-PAGE, analyzed by immuno-
blotting for maspin using mouse anti-maspin monoclonal antibody, and
detected with horseradish peroxidase-conjugated secondary against mouse
1gG. A series of molecular mass standards ranging between 25 and 2000 kDa
was assessed, and the fractions in which they appeared are shown. The
molecular mass of the eluted maspin was within the predicted monomeric
range.

membrane of immortalized non-transformed mammary or
prostate epithelial cells. Earlier research on maspin and its
function as a tumor suppressor employed transformed
breast and prostate cancer cell lines that do not express
maspin and depended on the addition of purified recombi-
nant maspin to the exterior of these cells or the re-introduc-
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tion of a functional gene via transfection. This led to the
general view that maspin functions extracellularly as a tumor
suppressor by inhibiting cell motility and invasion and
increasing cell adhesion but without evidence that endoge-
nous maspin actually reaches the cell surface.

Although clade B serpins do not possess conventional signal
peptides, there are examples of secreted and glycosylated clade
B serpins, such as SERPINB2 and ovalbumin. However, the N
termini of these two serpins have characteristics of uncleaved
signal peptides that are absent from other clade B serpins,
including maspin. In other words, maspin is predicted to be a
cytoplasmic non-secreted protein (19, 21), which is confirmed
by our data. It is important to note that SERPINB2 and ovalbu-
min are efficiently folded, glycosylated, and released from the
secretory pathway and, unless mutated (35), show no evidence
of retention in secretory pathway organelles. By contrast, we
have shown that although maspin can be artificially targeted to
the ER, it cannot travel through the secretory pathway. The HA
signal sequence used here has been previously employed to suc-
cessfully translocate nuclear or cytosolic proteins into the ER
(27, 36, 37). Although such proteins enter the ER, where they
can be glycosylated, they fail to move along the secretory path-
way because of misfolding and degradation (38). However, the
addition of the HA signal sequence to a protein that is normally
secreted only enhances its trafficking and does not impair its
usual processing and secretion (27). Based on these studies, the
fact that maspin cannot be secreted even when provided with a
signal sequence suggests that it is restricted to a nucleocyto-
plasmic role.

A formal possibility remains that maspin is released from
cells following an unconventional pathway in response to an
unknown signal (39). In a recent report, maspin was identified
through a mass spectrometry-based proteomics approach as a
protein potentially secreted through an unconventional path-
way regulated by activation of caspase-1, but the authors were
unable to verify its secretion (40). In another study, proteomics
analysis of conditioned medium from MCF10A, BT474, and
MDA-MB-468 cells showed maspin in the medium, but it was
not in the top 100 secreted proteins based on abundance. Fur-
thermore, over 50% of the proteins released were identified as
intracellular, suggesting that significant nonspecific release
resulted from cell damage or death (41). The confounding effect
of nonspecific release is also illustrated by an analysis of neo-
plastic (maspin-negative) prostate epithelium, which similarly
identified over 50% intracellular proteins in the conditioned
medium (42). Finally, maspin is released from H460 cancer cells
in response to irradiation, possibly packaged in exosomes (43).
Whether other cells can release maspin in the same way in
response to stress remains to be discovered. Together, these
results suggest that extracellular maspin arises as a conse-
quence of cell damage or lysis and not via active secretion.
Interestingly, the release of the related intracellular serpins
SERPINB3 and SERPINB4 from tumor cells has also been
explained as a consequence of cell damage or lysis (44).

What then is the molecular function of maspin within cells?
Several lines of evidence suggest that maspin modulates the
cell-matrix interaction (4, 6, 13, 45), and an inside-out signaling
mechanism for regulating such interactions is not without
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precedent (46). Maspin has also been suggested to interact with
the apoptotic machinery (14-17). However, as shown here by
imaging and fractionation or by affinity-based approaches,® we
have been unable to detect association of maspin with cytoskel-
etal or other cellular structures or components, including
Bl-integrin, as previously reported (8). Alternatively, it is pos-
sible that maspin exerts its role in the nucleus at the level of
gene or chromatin regulation and thus indirectly affects the
cell-matrix interaction or differentiation state. This would be
consistent with previous reports of nuclear maspin (47-54) and
the redistribution of maspin from the nucleus to the cytoplasm
on MCF10A differentiation shown in this study. It is also con-
sistent with observations that maspin interacts with the tran-
scription factor IRF6 (18) and that a related clade B serpin has
chromatin remodeling capability (55).
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