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PROSPECTS

Tumor Suppressive Maspin and Epithelial Homeostasis
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Abstract Maspin is a 42-kDanovel serine protease inhibitor (serpin)withmultifaceted tumor suppressive activities.
To date, the consensus thatmaspin expression predicts a better prognosis still largely holds for breast, prostate, colon, and
oral squamous cancers. Interestingly, however,moredetailed analyses revealed abiphasic expressionpattern ofmaspin in
early steps of tumorigenesity and re-expression of maspin in dormant cancer metastastic revertants. These data suggest a
sensitivity of maspin expression to changes of epithelial microenvironments, and a role of maspin in epithelial
homeostasis. Experimental evidence consistently showed that maspin suppresses tumor growth, invasion andmetastasis,
induces tumor redifferentiation, and enhances tumor cell sensitivity to apoptosis. Maspin protein isolated from biological
sources is amonomer, which is present as a secreted, a cytoplasmic, a nuclear, aswell as a cell surface-associated protein.
Nuclear maspin is associated with better prognoses of cancer. It is further noted that extracellular maspin is sufficient to
block tumor induced extracellular matrix degradation, tumor cell motility and invasion, whereas intracellular maspin is
responsible for the increased cellular sensitivity to apoptosis. Despite these exciting developments, the mechanistic
studies ofmaspin have proven challenging primarily due to the lack of a prototypemolecularmodel. Although themaspin
sequence has overall homologies with other members in the serpin superfamily, it does not behave like a typical serpin,
that is, non-inhibitory towardactive serine proteases in solution. This novel feature is in linewith theX-ray crystallographic
evidence. Several recent studies dedicated to finding the maspin partners support a paradigm shift. The current review is
intended to summarize these recent findings and discuss a new perspective of maspin in epithelial homeostasis. J. Cell.
Biochem. 97: 651–660, 2006. � 2005 Wiley-Liss, Inc.
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MASPIN EXPRESSION AND SUBCELLULAR
LOCALIZATION IN TUMOR PROGRESSION

The maspin cDNA encodes a 42 kDa protein
(376 amino acids) with the overall sequence
homologies with serine protease inhibitors, or
serpins, and an Arginine residue at its reactive
site loop (RSL) p1 site [Zou et al., 1994]. The
protein sequence of maspin is highly conserved
among human, mouse and rat [Umekita et al.,
1997; Zhang et al., 1997a]. The human maspin
gene has been mapped to a cluster of serpins at
chromosome 18q21.3-q23 [Sager et al., 1994].
Mouse maspin, mMaspin, is found to have a

similar tissue expression pattern as human
maspin [Zhang et al., 1997a]. Maspin protein
isolated from biological sources is a monomer,
which is present as a secreted, cytoplasmic,
nuclear, as well as a cell surface-associated
protein [Pemberton et al., 1997; Shao et al.,
1998; Katz and Taichman, 1999; McGowen
et al., 2000; Chim et al., 2005; Lonardo et al.,
2005]. The epithelial-specific expression of
maspin in placenta during embryogenesis
[Chim et al., 2005] and in normal somatic
tissues is controlled by the methylation mecha-
nism [Futscher et al., 2002].

The clinical relevance of maspin in human
cancers is extensively investigated since its
discovery in 1994. In breast, maspin is highly
expressed in normal epithelial cells, especially
in myoepithelial cells, downregulated in inva-
sive and metastatic breast carcinoma cells [Zou
et al., 1994; Lele et al., 2000]. In oral squamous
carcinoma, maspin expression correlates with
better prognoses [Xia et al., 2000]. In prostate
cancer, loss ofmaspin expression correlateswith
higher tumor stages and increasing histological

� 2005 Wiley-Liss, Inc.

*Correspondence to: Shijie Sheng, The Department of
Pathology, Wayne State University School of Medicine
and the Protease program of the Karmonos Cancer
Institute, Detroit, MI 48201.
E-mail: ssheng@med.wayne.edu

Received 18 October 2005; Accepted 19 October 2005

DOI 10.1002/jcb.20721



dedifferentiation [Pierson et al., 2002]. In
contrast, prostate cancer patients who retain-
ed maspin expression had a significantly longer
recurrence-free survival [Machtens et al.,
2001]. The expression of maspin in both breast
and prostate epithelial cells may be directly
activated by tumor suppressor p53 [Zou et al.,
2000], or inactivated by hormone [Zhang et al.,
1997b]. Consistently, nude mice induced
maspin expression in LNCaP xenograft tumors
[Zou et al., 2002]. Zou et al., subsequently
reported that when patients were treated with
neoadjuvant androgen ablation therapy before
radical prostatectomy, maspin expression was
significantly higher [Zou et al., 2002].

While the loss of maspin expression is often
detected at the step of tumor invasion, using
both radical prostatectomy and prostate
autopsy specimens, we studied the expression
of maspin in early steps of tumor development.
We found that in normal prostate, the basal
epithelial cells uniformly express maspin at a
high level, mostly in the nuclei. In contrast,
secretory prostate epithelial cells express little
or no maspin. Intraepithelial neoplasm (PIN)
(especially high grade PIN) and low grade
prostate carcinoma (LGPC) expressed a high
level of maspin as compared to the secretory
epithelial cells, and with mixed nuclear/cyto-
plasmic positivities. In LGPC,maspinwasmore
associated with the cell membrane towards the

lumen (Fig. 1). High grade prostate carcinoma
(HGPC) express maspin at a significantly
reduced level [Pierson et al., 2002]. Overall,
the expression of maspin in PC and PC-asso-
ciated PIN lesions is significantly decreased
when the Gleason’s grade increases from 6 (or
lower) to 7 (and above). Clinically, this division
marks a transition towards poor prognosis
[Sakr and Partin, 2001].

Specific subcellular localizations of maspin
seems to be associated with distinct tumor
progression pathways. For example, in invasive
breast cancer, a nuclear maspin signal was
associated with estrogen receptor (ER) and
progesterone receptor (PR) positivities, but not
to S-phase fraction or ploidy. In contrast,
cytoplasmic staining was related to ER and PR
negativity, high S-phase fraction and aneu-
ploidy [Mohsin et al., 2003]. In invasive ovarian
cancers, maspin signals were more likely to
have predominantly cytoplasmic staining com-
pared with benign and low-malignant-potential
tumors, which featured with nuclear maspin
signal [Sood et al., 2002]. In lung cancer, a
nuclear, opposed to a combined nuclear and
cytoplasmic localization, has been associated
with increased survival in humanmalignancies
including non small cell lung cancer
(NSCLC) [Heighway et al., 2002; Smith et al.,
2003]. Immunohistochemistry revealed maspin
expression to be virtually universal in NSCLC.

Fig. 1. Maspin immunoreactivity (brown color) in (a) benign prostate epitheliumwith high grade PIN (inset:
normal humanbreast); (b) atrophicprostate epithelia; (c) lowgradeprostate carcinoma (LGPC); (d) high grade
prostate carcinoma (HGPC). �200. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Interestingly, squamous cell carcinoma of the
lung showed almost exclusively a combined
nuclear and cytosolic maspin stain. In contrast,
in adenocarcinoma of the lung, nuclear maspin
(but not combined nuclear-cytoplasmic maspin)
significantly correlated with low histological
grade, lower proliferative rate, absence of
invasion, and negative p53 stain. Thus, the
nuclear localization of maspin may stratify
subtypes of cancer with favorable clinical–
pathological features [Lonardo et al., 2005].
Furthermore, since the eventual loss of maspin
is associated with more aggressive phenotypes
(reviewed in Sheng [2004]), the seemingly
paradoxical increase of cytoplasmic maspin in
early steps of tumor progression may signal a
suboptimal suppressive effect in the transition
from non-invasive to invasive diseases.
The itinerant subcellular compartmentaliza-

tion combined with its novel biphasic ex-
pression profile in early tumor development
also suggests that maspin has versatile biologi-
cal functionsunderdifferent pathophysiological
influences. It is noted that a high level ofmaspin
in both nuclear and cytoplasmic compartments
was found in all atrophic secretory prostate
epithelial cells examined (Fig. 1). Atrophy is
considered as a stressed state of prostate
epithelia and has been linked to chronic inflam-
mation [De Marzo et al., 1999, 2004; Nelson
et al., 2004]. Not surprisingly, in vitro promoter
activity study showed that, in addition to p53
[Zou et al., 2000], a list of stress-related signals
including DNA-damaging agents, cytotoxic
drugs [Zou et al., 2000], peroxisome prolifera-
tor-activated receptor-gamma [Mueller et al.,
1998], noxide [Khalkhali-Ellis and Hendrix,
2003] and manganese superoxide dismutase
(MnSOD) [Li et al., 1998] activates maspin
expression. Consistently, several stress signals
that induce maspin expression also induced
more differentiated phenotypes [Li et al., 1998;
Mueller et al., 1998; Zou et al., 2000; Khalkhali-
Ellis and Hendrix, 2003]. Interestingly, Barsky
and colleagues reviewed 200 cases of metastatic
human breast cancer and found 21% of these
cases showed features of reversion to a ductal
carcinoma in situ (DCIS) growth pattern. These
‘‘revertants’’ can be easily distinguished for the
expression of maspin [Barsky et al., 1997]. This
data raises the possibility that maspin re-
expression may contribute to metastasis dor-
mancy in vivo. Taken together, a new theme
emerged from the clinical correlative studies

suggests that maspin is a responder to changes
in epithelial microenvironment in favor of
differentiation.

COMPARTMENTALIZED MASPIN
FUNCTIONS IN TUMOR SUPPRESSION

Maspin has been consistently shown to sup-
press the aggressive tumor phenotypes, inhibit-
ing invasion andmotility in vitro and inhibiting
tumor growth and metastasis in experimental
animal models (reviewed in Sheng [2004])
including the SCID-Hu model for human pros-
tate cancer bone metastasis [Cher et al., 2003].
Consistent with the clinical correlative studies,
experimental evidence further supports that
the biological functions of maspin are compart-
mentalized.

A Novel Extracellular Mode of Maspin Action
and Pericellular Proteolysis

An anti-invasive effect was observed with
both endogenousmaspin (re-expression or over-
expression) and exogenously added purified
maspinprotein, and canbepartially reversedby
a maspin-neutralizing antibody made against
the maspin RSL peptide (Abs4A). Consistently,
the maspin effect on cell motility and invasion
seems to be localized at the interface of cell and
extracellularmatrix (ECM) [Sheng et al., 1996].
Although maspin does not directly inhibit an
active serine protease, in light of the following
considerations, it remains a possibility that
extracellular maspin plays an important role
to block pericellular proteolysis.

A current consensus suggests that cell moti-
lity and invasion require both the dynamic
formation of new adhesion and the detachment
from matured (or established) cell–matrix
interaction [Zamir and Geiger, 2001]. In fact,
mature focal adhesion contacts (FAC) have been
shown to retard cell detachment and limit cell
migration [Schlaepfer and Mitra, 2004]. On the
other hand, both cell adhesion and detachment
may be associated with, and further propelled
by, ECM remodeling [Friedl andWolf, 2003]. In
vitro studies have demonstrated that maspin
enhances cell adhesion to ECM protein fibro-
nectin (FN) with increased FAC [Seftor et al.,
1998; Odero-Marah et al., 2003]. Since in-
creased cell adhesion dynamics in the absence
of retraction controlmay lead to anet increase of
tumor cell migration and invasion, the maspin
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effect on cell adhesion to FN alonemay not fully
explain the inhibitory effect of maspin on cell
motility and invasion. In a recent study, we
found that maspin strengthened established
FAC and inhibited cell detachment [Yin et al.,
2005a].

Exogenously added maspin protein was suffi-
cient to inhibit cell detachment, motility, and
invasion, indicating the pre-existence of the
maspin-responsive pathway. Previously, we
showed that maspin inhibits the activity of cell
surface-associated urokinase type plasminogen
activator (uPA) [McGowen et al., 2000; Biliran
and Sheng, 2001]. Since extracellular maspin is
efficiently internalized [Biliran and Sheng,
2001; Odero-Marah et al., 2003], it is possible
that internalizedmaspinmay initiate an inside-
out signaling mechanism that subsequently
changes the FAC dynamics. The identification
of several intracellular molecules as candidate
maspin partners [Bailey et al., 2005; Yin et al.,
2005b] may be of value for future research in
this direction. In the meantime, it is not unre-
asonable to assume that the endocytosis of
maspin must start with some kind of molecular
interactions on the cell surface. To this end, the
uPA/uPAR (uPA receptor) complex is the only
cell surface-associated target of maspin impli-
cated thus far. Although we cannot rule out the
possibility that maspin may interact with other
cell surface-associated molecules, the evidence
that disruption of uPA and uPAR interaction
prevents maspin binding to the cell surface
further suggests that the cell surface-associated
uPA/uPAR complex may be the primary extra-
cellular target of maspin [Yin et al., 2005a].

A long standing question is howmaspin binds
to uPAR-associated uPA if it has no affinity for
active uPA and does not act as a proteolytic
inhibitor of soluble active uPA. It is worth
noting that uPAR initially recruits pro-uPA.
The pro-uPA then gets proteolytically cleaved,
presumably by an adjacent plasmin, and
becomes active uPA. At a steady state, while
some cell surface uPAR may be occupied by
active uPA, other uPAR molecules may be
either unoccupied or occupied by pro-uPA. It
has been shown that pro-uPAhas a low intrinsic
reactivity to activate plasminogen [Behrendt
et al., 2003]. This intrinsic proteolytic activity
is postulated to help maintain the reciprocal
uPA-plasminogen activation loop [Behrendt
et al., 2003]. It is not clear how pro-uPA is
enzymatically controlled. To this end, our

kinetic studies revealed a novel preference of
maspin for pro-uPA via non-covalent interac-
tions [Yin et al., 2005a].

Targeting the cell surface-associated uPA/
uPAR complex may be particularly effective to
block tumor-mediated ECM remodeling, since
plasmin derived from plasmiongen activation
can directly degrade non-fibrillar ECMproteins
and activate other types of proteases such as
matrix metalloproteinases (MMPs) [Mueller,
1996]. Plasminogen activator inhibitor type
2 (PAI-2), a tumor suppressive homolog of
maspin that also triggers the internalization of
cell surface-associated uPA/uPAR complex
[Tsatas et al., 1997], has been shown to counter-
act the uPA-mediated cell detachment in vitro
[Reinartz et al., 1996]. The inhibitory effect of
maspin on cell surface-associated uPA activity
semi-quantitatively correlates with its effect on
cell motility and invasion [McGowen et al.,
2000], tumor cell-mediated ECM degradation
in vitro and tumor-mediated osteolysis in vivo
[Cher et al., 2003]. Asmore detailed biochemical
and biophysical studies are underway to further
characterize the novel maspin/pro-uPA inter-
action, considering the evidence that both pro-
uPA and active uPA can be internalized by the
LRP mediated mechanism [Kounnas et al.,
1993], maspin may prove to be an efficient
quencher of the cell surface-associated uPA/
uPAR complex by triggering the internalization
even before pro-uPA becomes proteolytically
activated.

It is important to note that the negative
correlation of maspin expression with tumor
progression [Sheng, 2004] is to be contrasted by
the positive correlation of uPA and uPAR with
tumor progression [Duffy, 2002]. This clinical
observationmay argue that the effect of maspin
on uPA/uPAR complex may be biologically
irrelevant but only of therapeutic significance.
Alternatively, it is intriguing to speculate
that during tumor progression, uPA and uPAR
are upregulated as a result of maspin down-
regulation. Cell surface-associated uPA/uPAR
complex may lead to activation of extracellular
signal-regulated kinase 1 and 2 (ERK1/2)
[Aguirre Ghiso et al., 1999; Nguyen et al.,
2000], a consequence of which is the transacti-
vation of AP-1 genes including uPA and uPAR
[Hsu et al., 2000]. Thus, a positive feedback
regulation of uPA and uPAR transcription
by cell surface uPA/uPAR is implicated. If
this is the case, the inhibition and/or depletion
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of cell surface uPA/uPAR complex by maspin
may further down-regulate the expression of
both uPA and uPAR. Indeed, maspin was
reported to suppress the expression of uPA
and uPAR even when the tumor cells were
challenged with hypoxic conditions [Amir et al.,
2005].
Maspin is a secreted, a cytoplasmic, a nuclear,

as well as a cell surface-associated protein.
Missing in the correlative clinical data base
is the profile of secreted and cell surface-
associated maspin. To this end, an inhibitory
effect of extracellular maspin on the uPA/uPAR
systemhelps explain the experimental evidence
that purified maspin and maspin stable trans-
fection both effectively block tumor cell motility
and invasion, tumor-mediated ECM degrada-
tion and angiogenesis, and induce tumor
cell redifferentiation (reviewed in Sheng
[2004]), despite the fact that in most of
these cases, the bioengineered maspin was not
predominantly nuclear. For example, although
overexpressed maspin in cytosol is an indepen-
dent marker for bad prognosis of ovarian
cancer, transfection of invasive ovarian cancer
cell lines with maspin cDNA inhibited
tumor invasion in vitro [Sood et al., 2002].
Taken together, extracellular maspin may
specifically regulate the cell surface-presenta-
tion of uPA/uPAR complex, inhibit the
dynamic ECM remodeling, and consequently
stabilize matured FAC-dependent cell–matrix
interactions.

Intracellular Maspin Is Implicated in Cellular
Stress Responses

Accumulated evidence suggests that the in
vivo inhibitory effect ofmaspin on tumor growth
is, at least in part, due to increased apoptosis
[Zhang et al., 2000a; Shi et al., 2002, 2003]. As
compared to maspin transfected MDA-435 and
DU145 cells, normal breast or normal prostate
epithelial cells that express a high level of
maspin exhibited a strong resistance to TRAIL
or staurosporine (STS)-induced apoptosis as
judged by the specific 116! 85 kDa PARP
cleavage (Fig. 2). Later, we found that maspin
expression sensitized tumor cells to a series of
apoptotic stimuli, ranging from death ligands
(TRAIL and TNF-a) to brefeldin-induced endo-
plasmic reticulum stress [Jiang et al., 2002; Liu
et al., 2004a]. We also showed that maspin also
sensitized DU145 cells to apoptosis induced by
doxazosin, an a1-adrenoceptor antagonist in
clinical trials for prostate cancer [Tahmatzo-
poulos et al., 2005].

We screened both pro- and anti-apoptotic
factors to identify the maspin effectors, and
found that maspin expression led to elevated
expression of pro-apoptotic Bax [Liu et al.,
2004a]. Although the elevated Bax expression
did not result in spontaneous apoptosis, it is
associated with a slightly increased transloca-
tion from cytoplasm to mitochondria. When
induced by apoptotic stimuli, the translocation
of Bax was almost driven to completion. TRAIL

Fig. 2. Western blotting of PARP, maspin and GAPDH in cells
treated with either STS (0.5 mM, 3 h) or TRAIL (50 ng/ml, 1 h).
CF9,MLC8891 andMLCSV40 are immortalized normal prostate
epithelial cells (fromDr. Rhim,NIH). CRL2220 andCRL2221 are
immortalized non-tumorigenic human prostate epithelial cells

(ATCC). MCF10A is a naturally immortalized normal breast
epithelial cell line. PCIneo and Tn15 were derived from mock
and maspin transfection of MDA-MB-435 cells, respectively.
Neo andM7were derived frommock andmaspin transfection of
DU145 cells, respectively.
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(or TNF-a) treatment of maspin transfected
cells led to a more dramatic increase of cyto-
chrome-c release, caspase-9 and caspase-3
activities, PARP cleavage, and nuclear DNA
fragmentation,which can be partially abolished
by specific caspase-9 inhibitor. Consistently,
Bax knockdown by siRNA blocked the sensitiz-
ing effect of maspin on TRAIL-induced apopto-
sis. We also demonstrated that intracellular
maspin, but not secreted or exogenously added
rMaspin sensitizes drug-induced tumor apop-
tosis [Jiang et al., 2002].While the extracellular
maspin depends on its intact RSL to inhibit cell
surface-associated uPA/uPAR, cell motility and
tumor invasion, intracellular maspin needs
both the N-terminal and the C-terminal
domains to sensitize cellular apoptotic
response. Two maspin-PAI-1 swapping chi-
meras lost the ability to sensitize breast cancer
cells to STS-induced apoptosis [Jiang et al.,
2002]. This is the first evidence linking intra-
cellular maspin to a biological function.
Furthermore, our data further supports the
notion that intracellular maspin may act in a
mechanism distinct from that for extracellular
maspin.

In search of the intracellular partners of
maspin, we constructed a full-length maspin
bait for yeast two-hybrid screening (using both
human prostate epithelial cDNA library and a
HeLa cDNA library) and identified GST (m and
o isoforms), Hsp90 and HDAC1 as candidate
maspin interactors [Yin et al., 2005b]. We
confirmed these interactions in human prostate
tissues. Consistent with clinical data [Pierson
et al., 2002], noninvasive prostate tumor
sample a comparable level of maspin as the
matching normal tissues, while invasive pros-
tate tumor expressed significantly less maspin
as compared to their matching normal samples.
Interestingly, significantly greater amounts of
maspin, Hsp90, and HDAC1, were pulled down
from normal tissues as compared to the tumor
tissues.

The maspin/GST interaction was initially
characterized [Yin et al., 2005b]. Endogenous
maspin correlates with increased cellular GST
activity, even though purified maspin does not
affect the activity of GST in vitro. The basal
levels of ROS in maspin transfected tumor cells
were significantly lower than that in the
transfection control cells. In contrast, siRNA
knockdown of maspin in prostate cancer cells
PC3 increased the basal ROS level. Oxidative

stress, that is, treatment of with H2O2 (or PMA)
but not with TRAIL, further increases the
maspin/GST interaction in DU145 cells, and
significantly attenuated H2O2-induced ROS
generation and VEGF expression. This evi-
dence is further supported by the evidence that
maspin transfected tumor cells produced less
VEGF than the transfection control cells when
treated with doxazosin [Tahmatzopoulos et al.,
2005]. Interestingly, a single point mutation at
the RSL p1 position of maspin (MasR340A)
greatly reduced the affinity for GST. Consis-
tently, treatment with purified wild type mas-
pin, but not MasR340A, significantly increased
cellular GST activity.

In a complementary yeast two-hybrid expedi-
tion, Bailey et al., reported a specific interaction
between maspin and interferon regulatory
factor 6 (IRF6) [Bailey et al., 2005]. IRF6, a
member of the IRF family, is expressed in
normal mammary epithelial cells, but down-
regulated in invasive breast cancer cells [Bailey
et al., 2005]. IRF6 expression in mammary
epithelial cells correlates with cell morphologi-
cal changes that are associated with epithelial-
to-mesenchymal transition and an increase
of N-cadherin. The interaction between maspin
and IRF6 appears to be regulated by IRF6
phosphorylation, and may negatively regulate
the IRF6 activity [Bailey et al., 2005]. The exact
biological activity of IRF6 remains to be eluci-
dated. In the meantime, many other IRF family
members have been shown to regulate inter-
feron and interferon-inducible genes. Interest-
ingly, IRF1 is thought to regulate the growth
and differentiation of keratinocytes in Psoria-
sis, a chronic inflammatory skin disease in
which the cells are subjected to physico-chemi-
cal and immunological stress [McKenzie and
Sabin, 2003]. The activation of IRF3, on the
other hand, is thought to represent a cellular
detection pathway that recognizes viral nucleo-
capsid structure, as a part of the innate
immune response to infection [Servant et al.,
2003].

Intracellular maspin is functionally asso-
ciatedwith differentiated epithelial phenotypes
and epigenetics as well as cellular sensitivity
to apoptosis. Considering the complex correla-
tion of maspin expression with different
stages of tumor progression, its itinerant sub-
cellular localization, and its uniquemeta-stable
structural features, it is likely that maspin
regulates cellular responses to changes in
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epithelial microenvironment by its versatile
interactions with various stress-responsive
proteins.

A PARADIGM SHIFT AND ITS IMPLICATIONS

The mechanistic studies of maspin have
proven challenging in the absence of a prototype
molecular model. Earlier attempts to test
whether maspin acts as a ‘‘classical serpin’’ to
inhibit an active serine protease led to the
identification of fibrin-activated tissue type
plasminogen activator (tPA) [Sheng et al.,
1998] and cell surface-associated uPA [McGo-
wen et al., 2000; Biliran and Sheng, 2001] as
candidate extracellular targets. While addi-
tional evidence suggests that maspin actually
binds to the zymogen formof the protease target
[Yin et al., 2005a], the ‘‘classical serpin’’ model
has become increasingly insufficient to explain
the multifaceted biological functions of maspin.
For example, intracellular maspin specifically
sensitizes tumor cells, but not normal cells, to
induced apoptosis. This apoptosis-sensitizing
effect of maspin not only depends on its reactive
site loop, but also the N-terminal domain.
Furthermore, systemic maspin knockout is
lethal at embryogenesis [Gao et al., 2004]. This
dramatic finding suggests a uniquely important
function of maspin in development, which can
not be compensated by other serpins. Based on
the recent X-ray crystallographic analyses,
maspin does seem to have retained certain
structural flexibilities to undergo limited con-
formational changes. This meta-stable confor-
mation without the ability to engage in a strong
partnership may confer versatile chaperon
functions in different subcellular compart-
ments. In light of the recent advances inmaspin
research, a new paradigm has emerged that
maspin may act as a ‘‘chaperone’’ to restores
normal cellular response to environmental
stress signals. Although at the present time,
the temporal and spatial regulation of maspin
interaction with each of the implicated stress-
response proteins is not clear, based on the
existing literature, the biological implications of
these interactions may include the followings.
Maspin is the only proapoptotic serpin

amongst all serpins implicated in apoptosis
regulation. The underlying molecular mechan-
ism remains elusive. However, we speculate
that maspin may regulate cellular apoptotic
sensitivity via its interaction with Hsp90.

Malignant tumors evolve to acquire solitary
survival by dysregulating signaling mechan-
isms. The oncogenic signaling pathways are,
therefore, potential therapeutic targets. How-
ever, as oftennoted, targeting one or two specific
signaling pathways may be insufficient to elicit
cytostatic/apoptotic effects, andmay eventually
lead to drug-resistance. Complex interactive
networks of signaling pathways are involved in
regulating cellular response to pro- and anti-
survival stimuli. To this end, Hsp90, a cellular
chaperone that is overexpressed in many types
of cancer, may be a unique target for cancer
therapy for it assists in proper folding of a
variety of clients. The known Hsp90 clients
include oncogenic or pro-survival proteins
including c-Src, AKT, FAK, EGFR, MEK, c-
Raf, HIF-1a [Beliakoff and Whitesell, 2004;
Citri et al., 2004; Sreedhar et al., 2004; Zhang
and Burrows, 2004]. The correct protein folding
of the client proteins is protected by Hsp90 at
the cost of ATP-hydrolysis, inhibition of which
will release these client proteins to proteasome-
mediated degradation. Hsp90 activity is regu-
lated by its co-factors [Hostein et al., 2001;
Isaacs et al., 2003]. Recently, synthetic 17-
Allyamino-17-demethoxygeldanamycin (17-AAG)
that locks Hsp90 in its ADP-bound form has
been shown to either sensitize tumor cells to
apoptosis or directly induce tumor apoptosis.
Currently, 17-AAG is in clinical trials at several
leading cancer centers including the Barbara
Ann Karmonos Cancer Institute.

Thehomeostasis of gene expression is, at least
in part, controlled by the acetylation/deacetyla-
tion of chromatin. Considering the evidence
thatmaspin directly interacts withHDAC1, the
most abundantHDAC, it is possible thatmaspin
may regulate stress-responsive gene expression
by negatively regulating the HDAC1 activity.
When the charged acetyl groups are removed by
the action of housekeeping histone deacetylases
(HDACs), chromatinwill be packed into a closed
structure, disallowing the access of transcrip-
tional factors, thus repressing gene expression
[Barnes et al., 2005; Bhalla, 2005; Mai et al.,
2005; Monneret, 2005]. Although the under-
lying mechanisms are far from clear, HDAC
inhibitors in clinical trials, with some tolerable
side effects, show clinical activity with objective
tumor regression [Marks et al., 2001]. It is noted
that HDAC1 seems to be specifically associated
with p53-mediated stress response. PID/MTA2,
a p53-interacting protein that induces p53
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deacetylation by recruiting the HDAC1 com-
plex, can attenuate p53 transcriptional activity
[Gu et al., 2004]. Consistently, HDAC1 and its
associated HDAC2 prevent the p21-dependent
tumor cell apoptotic sensitivity [Zhu et al.,
2004]. Conversely, DNA-damaging treatments
increase p53-depedent p21 expression [Lagger
et al., 2003] and the NF-kB function [Rocha
et al., 2003] by simultaneously inducing the
formation of a p53–Sp1 complex and the
dissociation of HDAC1 from the C-terminus of
Sp1. The deacetylated p53 can also be recruited
byMDM2, leading to p53 degradation [Ito et al.,
2002], and downregulation of Bax expression
[Juan et al., 2000]. These data suggest that the
biological activities of HDACs may be gene-
specific. To this end, maspin sensitizes tumor
cell to apoptosis through upregulated Bax
expression [Liu et al., 2004a].

We also showed that maspin interaction with
GST led to increased cellular capacity to block
oxidative stress-induced ROS generation [Yin
et al., 2005b]. This activity may be particu-
larly important for protecting cells from geno-
toxic oxidative stress. The uncontrollable tumor
growth, at both primary and metastatic sites,
poses metabolic stress and exhausts local oxy-
gen supply (hypoxia), leading to insufficient
electron transfer in the mitochondrial respira-
tory chain reaction and elevated electrophilic
metabolic intermediates. In cellular response to
reoxygenate these intermediates, reactive oxy-
gen species (ROS), such as hydrogen peroxide
(H2O2) and superoxides, are accumulated. ROS
can directly cause cell injury by damagingDNA,
proteins, and lipids [Cook et al., 2004; Pervaiz
andClement, 2004; Shi et al., 2004]. In addition,
ROS can inactivate prolyl hydroxylase (PHD).
Inactivated PHD releases hypoxia-induced fac-
tor-1a (HIF-1a) fromvonHippel-Lindau protein
(VHL) in an E3 ubiquitin ligase complex, thus
protecting HIF-1a from proteasome-mediated
degradation. HIF-1a directly activates the
transcription of vascular endothelial growth
factor (VEGF-A) [Dachs and Tozer, 2000], a key
tumor angiogenic factor. The detoxification of
ROS is carried out bya redox circuitry composed
of enzymes that directly convert peroxides and
superoxides to oxides, and enzymes that cata-
lyze glutathione (GSH)-based reduction [Per-
quin et al., 2000; Maulik, 2002]. Glutathione S-
transferases (GST) and GSH peroxidases
are major GSH-based reductases. Consistent
with an earlier report that maspin is a potent

inhibitor of tumor-induced angiogenesis in a
subcutaneous xenograft animal model [Zhang
et al., 2000b], we have recently shown that
maspin expression leads to inhibition of tumor-
induced angiogenesis in bone [Cher et al., 2003].

Tumor progression leads to and depends
on ECM remodeling, which is mediated by a
network of pericellular proteolytic enzymes
[Tumber et al., 2003]. Tumor-induced ECM
remodeling further facilitates tumor dissemina-
tion, angiogenesis, and the release of growth
factors such as transforming growth factor-b
(TGF-b). TGF-b is implicated as a driving force
in tumor epithelial-mesenchymal transition
(EMT), amanifestation of further dedifferentia-
tion [Thiery, 2003]. Unfortunately, no drug has
come out of the tremendous investment into
developing specific inhibitors of ECMdegrading
enzymes. A major problem is that these syn-
thetic inhibitors inhibit active proteases wher-
ever they may be, thus may not be specific for
the tumor microenvironment. On the other
hand, these inhibitors may be sufficient to
neutralize active enzymes but may not block
the robust production and activation of these
enzymes. In fact the pro-form of some proteases
may have protease-independent activities. For
example, plasminogen activator inhibitor type-
1 (PAI-1) preferentially binds, inhibits and
internalizes active uPAwith insignificant effect
at the step of pro-uPA activation [Durand et al.,
2004]. PAI-1 is inefficient in inhibiting cell
surface-associated uPA, in part, due to the pro-
uPA/uPAR!plasminogen activation! active
uPA/uPAR loop [Behrendt et al., 2003]. In
addition, PAI-1 is upregulated together with
uPA and uPAR in many types of cancer [Sheng,
2001; Sheng et al., 2002] and is shown to
promote tumor invasion, angiogenesis, and
metastasis [Sheng, 2001]. Our studies showed
that epithelial-specific maspin inhibits tumor
cell motility, inhibits cell surface-mediated
uPA/uPAR activity, triggers rapid uPA/uPAR
internalization, and inhibits tumor-mediated
ECM degradation in vitro. Further biochemical
evidence indicates that maspin binds specifi-
cally to pro-uPA [Yin et al., 2005a]. Thus,
maspin may quench the uPA/uPAR function
even before pro-uPA becomes activated.

Concluding Remarks

The homeostasis of a functional organ in our
body has to be maintained at least in part by
the reciprocal feedback control between the
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functional cell types and their stromal environ-
ment. This reciprocal feedback relationship
may become impaired due to aging or disease-
related stresses.Tumorprogression, for example,
is accompanied by changes of its microenviron-
ment at both cellular and molecular levels
including decreased local oxygen concentrat-
ion (hypoxia), increased extracellular matrix
degradation, and proliferation and activation of
stromal cells. In contrast to normal cells that
respond to aberrant changes in the microenvir-
onment by either a circuitry of defensemechan-
isms aimed at minimizing the damage or by
undergoing cell death so that the source for
increased instability is depleted, tumor cells
may be propelled to acquire further instabilities
at both genetic and epigenetic levels. While
ample laboratory evidence suggests that tumor
microenvironment may be specifically targeted
in cancer treatment, an alternative approach to
this strategy could be to block the receptive
tumor response to the microenvironmen-
tal flares. To this end, maspin is a promising
natural defense of epithelial homeostasis
against the adverse effects of microenviron-
mental changes associated with tumor progres-
sion.

REFERENCES

Aguirre Ghiso JA, Kovalski K, Ossowski L. 1999. J Cell Biol
147(1):89–104.

Amir S, Margaryan NV, Odero-Marah V, Khalkhali-Ellis Z,
Hendrix MJ. 2005. Cancer Biol Ther 4(4):400–406.

Bailey CM, Khalkhali-Ellis Z, Kondo S, Margaryan NV,
Seftor RE, Wheaton WW, Amir S, Pins MR, Schutte BC,
Hendrix MJ. 2005. J Biol Chem 280(40):34210–34217.

Barnes PJ, Adcock IM, Ito K. 2005. Eur Respir J 25(3):552–
563.

Barsky SH, Doberneck SA, Sternlicht MD, Grossman DA,
Love SM. 1997. J Pathol 183(2):188–194.

Behrendt N, List K, Andreasen PA, Dano K. 2003. Biochem
J 371(Pt 2):277–287.

Beliakoff J, Whitesell L. 2004. Anticanc Drugs 15(7):651–
662.

Bhalla KN. 2005. J Clin Oncol 23(17):3971–3993.
Biliran H, Jr., Sheng S. 2001. Cancer Res 61(24):8676–
8682.

Cher ML, Biliran HR, Jr., Bhagat S, Meng Y, Che M,
Lockett J, Abrams J, Fridman R, Zachareas M, Sheng S.
2003. Proc Natl Acad Sci USA 100(13):7847–7852.

Chim SS, Tong YK, Chiu RW, Lau TK, Leung TN, Chan LY,
Oudejans CB, Ding C, Lo YM. 2005. Proc Natl Acad Sci
USA 102(41):14753–14758.

Citri A, Kochupurakkal BS, Yarden Y. 2004. Cell Cycle
3(1):51–60.

Cook JA, Gius D, Wink DA, Krishna MC, Russo A, Mitchell
JB. 2004. Semin Radiat Oncol 14(3):259–266.

Dachs GU, Tozer GM. 2000. Eur J Cancer 36(13 Spec
No):1649–1660.

De Marzo AM, Coffey DS, Nelson WG. 1999. Urology 53(3
Suppl 3a):29–39; discussion 39–42.

De Marzo AM, De Weese TL, Platz EA, Meeker AK,
Nakayama M, Epstein JI, Isaacs WB, Nelson WG. 2004.
J Cell Biochem 91(3):459–477.

Duffy MJ. 2002. Biochem Soc Trans 30(2):207–210.
Durand MK, Bodker JS, Christensen A, Dupont DM,

Hansen M, Jensen JK, Kjelgaard S, Mathiasen L,
Pedersen KE, Skeldal S, Wind T, Andreasen PA. 2004.
Thromb Haemost 91(3):438–449.

Friedl P, Wolf K. 2003. Nat Rev Cancer 3(5):362–374.
Futscher BW, OshiroMM,Wozniak RJ, Holtan N, Hanigan

CL, Duan H, Domann FE. 2002. Nat Genet 31(2):175–
179.

Gao F, Shi HY, Daughty C, Cella N, Zhang M. 2004.
Development 131(7):1479–1489.

GuW, Luo J, Brooks CL, Nikolaev AY, Li M. 2004. Novartis
Found Symp 259:197–205; discussion 205–197, 223–
195.

Heighway J, Knapp T, Boyce L, Brennand S, Field JK,
Betticher DC, Ratschiller D, Gugger M, Donovan M,
Lasek A, Rickert P. 2002. Oncogene 21(50):7749–7763.

Hostein I, Robertson D, DiStefano F, Workman P, Clarke
PA. 2001. Cancer Res 61(10):4003–4009.

Hsu TC, Young MR, Cmarik J, Colburn NH. 2000. Free
Radic Biol Med 28(9):1338–1348.

Isaacs JS, Xu W, Neckers L. 2003. Cancer Cell 3(3):213–
217.

Ito A, Kawaguchi Y, Lai CH, Kovacs JJ, Higashimoto Y,
Appella E, Yao TP. 2002. Embo J 21(22):6236–6245.

Jiang N, Meng Y, Zhang S, Mensah-Osman E, Sheng S.
2002. Oncogene 21(26):4089–4098.

Juan LJ, Shia WJ, Chen MH, Yang WM, Seto E, Lin YS,
Wu CW. 2000. J Biol Chem 275(27):20436–20443.

Katz AB, Taichman LB. 1999. J Invest Dermatol
112(5):818–821.

Khalkhali-Ellis Z, Hendrix MJ. 2003. Am J Pathol
162(5):1411–1417.

Kounnas MZ, Henkin J, Argraves WS, Strickland DK.
1993. J Biol Chem 268(29):21862–21867.

Lagger G, Doetzlhofer A, Schuettengruber B, Haidweger E,
Simboeck E, Tischler J, Chiocca S, Suske G, Rotheneder
H, Wintersberger E, Seiser C. 2003. Mol Cell Biol
23(8):2669–2679.

Lele SM, Graves K, Gatalica Z. 2000. Appl Immunohisto-
chem Mol Morphol 8(1):32–36.

Li JJ, Colburn NH, Oberley LW. 1998. Carcinogenesis
19(5):833–839.

Liu J, Yin S, Reddy N, Spencer C, Sheng S. 2004a. Cancer
Res 64(5):1703–1711.

Liu Z, Shi HY, Nawaz Z, Zhang M. 2004b. Cancer Lett
209(1):55–65.

Lonardo F, Li X, Siddiq F, Singh R, Al-Abbadi M, Pass HI,
Sheng S. 2005.Lung Cancer (in press).

Machtens S, Serth J, Bokemeyer C, Bathke W, Minssen A,
Kollmannsberger C, Hartmann J, Knuchel R, Kondo M,
Jonas U, Kuczyk M. 2001. Int J Cancer 95(5):337–342.

Mai A, Massa S, Rotili D, Cerbara I, Valente S, Pezzi R,
Simeoni S, Ragno R. 2005. Med Res Rev 25(3):261–309.

Marks P, Rifkind RA, Richon VM, Breslow R, Miller T,
Kelly WK. 2001. Nat Rev Cancer 1(3):194–202.

Maulik N. 2002. Antioxid Redox Signal 4(5):783–784.

Tumor Suppressive Maspin 659



McGowen R, Biliran H, Jr., Sager R, Sheng S. 2000. Cancer
Res 60(17):4771–4778.

McKenzie RC, Sabin E. 2003. Exp Dermatol 12(4):337–345.
Mohsin SK, Zhang M, Clark GM, Craig Allred D. 2003.

J Pathol 199(4):432–435.
Monneret C. 2005. Eur J Med Chem 40(1):1–13.
Mueller BM. 1996. Curr Top Microbiol Immunol 213(Pt

1):65–80.
Mueller E, Sarraf P, Tontonoz P, Evans RM, Martin KJ,

Zhang M, Fletcher C, Singer S, Spiegelman BM. 1998.
Mol Cell 1(3):465–470.

Nelson WG, De Marzo AM, De Weese TL, Isaacs WB. 2004.
J Urol 172(5 Pt 2):S6–S11; discussion S11–S12.

Nguyen DH, Webb DJ, Catling AD, Song Q, Dhakephalkar
A, Weber MJ, Ravichandran KS, Gonias SL. 2000. J Biol
Chem 275(25):19382–19388.

Odero-Marah VA, Khalkhali-Ellis Z, Chunthapong J, Amir
S, Seftor RE, Seftor EA, Hendrix MJ. 2003. Cancer Biol
Ther 2(4):398–403.

Pemberton PA, Tipton AR, Pavloff N, Smith J, Erickson JR,
Mouchabeck ZM, Kiefer MC. 1997. J Histochem Cyto-
chem 45(12):1697–1706.

Perquin M, Oster T, Maul A, Froment N, Untereiner M,
Bagrel D. 2000. Cancer Lett 158(1):7–16.

Pervaiz S, Clement MV. 2004. Curr Pharm Des 10(16):
1969–1977.

Pierson CR, McGowen R, Grignon D, Sakr W, Dey J, Sheng
S. 2002. Prostate 53(4):255–262.

Reinartz J, Schaefer B, Bechtel MJ, KramerMD. 1996. Exp
Cell Res 223(1):91–101.

Rocha S, Martin AM, Meek DW, Perkins ND. 2003. Mol
Cell Biol 23(13):4713–4727.

Sager R, Sheng S, Anisowicz A, Sotiropoulou G, Zou Z,
Stenman G, Swisshelm K, Chen Z, Hendrix MJ,
Pemberton P, et al. 1994. Cold Spring Harb Symp Quant
Biol 59:537–546.

SakrWA, Partin AW. 2001. Urology 57(4 Suppl 1):115–120.
Schlaepfer DD, Mitra SK. 2004. Curr Opin Genet Dev

14(1):92–101.
Seftor RE, Seftor EA, Sheng S, Pemberton PA, Sager R,

Hendrix MJ. 1998. Cancer Res 58(24):5681–5685.
Servant MJ, Grandvaux N, tenOever BR, Duguay D, Lin R,

Hiscott J. 2003. J Biol Chem 278(11):9441–9447.
Shao ZM, Nguyen M, Alpaugh ML, O’Connell JT, Barsky

SH. 1998. Exp Cell Res 241(2):394–403.
Sheng S. 2001. Cancer Metastasis Rev 20:287–296.
Sheng S. 2004. Front Biosci 9:2733–2745.
Sheng S, Carey J, Seftor EA, Dias L, Hendrix MJ, Sager R.

1996. Proc Natl Acad Sci USA 93(21):11669–11674.
Sheng S, Truong B, Fredrickson D, Wu R, Pardee AB,

Sager R. 1998. Proc Natl Acad Sci USA 95(2): 499–504.
Sheng S, Biliran J, Jr., McGowen R. 2002. Maspin. In:

Hendrix MJC, editor. Georgetown, TX, USA: Published
by Landes Bioscience. 57–67.

Shi HY, Liang R, Templeton NS, Zhang M. 2002. Mol Ther
5:755–761.

Shi HY, Zhang W, Liang R, Kittrell F, Templeton NS,
Medina D, Zhang M. 2003. Histol Histopathol 18:201–
206.

Shi H, Shi X, Liu KJ. 2004. Mol Cell Biochem 255(1–2):67–
78.

Smith SL, Watson SG, Ratschiller D, Gugger M, Betticher
DC, Heighway J. 2003. Oncogene 22(54):8677–8687.

Sood AK, Fletcher MS, Gruman LM, Coffin JE, Jabbari S,
Khalkhali-Ellis Z, Arbour N, Seftor EA, Hendrix MJ.
2002. Clin Cancer Res 8(9):2924–2932.

Sreedhar AS, Soti C, Csermely P. 2004. Biochim Biophys
Acta 1697(1–2):233–242.

Tahmatzopoulos A, Sheng S, Kyprianou N. 2005. Oncogene
24(34):5375–5378.

Thiery JP. 2003. Curr Opin Cell Biol 15(6):740–746.
Tsatas D, BakerMS, Rice GE. 1997. J HistochemCytochem
45(12):1593–1602.

Tumber A, Papaioannou S, Breckon J, Meikle MC,
Reynolds JJ, Hill PA. 2003. J Endocrinol 178(3):437–447.

Umekita Y, Hiipakka RA, Liao S. 1997. Cancer Lett 113(1–
2):87–93.

Xia W, Lau YK, Hu MC, Li L, Johnston DA, Sheng S,
El-Naggar A, Hung MC. 2000. Oncogene 19:2398–
2403.

Yin S, Jaron Lockett J, Meng Y, Biliran H, Jr., Blouse GE,
Li X, Reddy N, Zimin Zhao Z, Xinli Lin X, John Anagli J,
Cher ML, Sheng S. 2005a. Submitted to Cancer Research
(under review).

Yin S, Li X, Meng Y, Finley RL, Jr., SakrW, Yang H, Reddy
N, Sheng S. 2005b. J Biol Chem 280(41):34985–34996.

Zamir E, Geiger B. 2001. J Cell Sci 114(Pt 20):3583–
3590.

Zhang H, Burrows F. 2004. J Mol Med 82(8):488–499.
Zhang M, Sheng S, Maass N, Sager R. 1997a. Mol Med
3:49–59.

ZhangM,Magit D, Sager R. 1997b. Proc Natl Acad Sci USA
94(11):5673–5678.

Zhang M, Shi Y, Magit D, Furth PA, Sager R. 2000a.
Oncogene 19:6053–6058.

Zhang M, Volpert O, Shi YH, Bouck N. 2000b. Nat Med
6(2):196–199.

Zhu P, Huber E, Kiefer F, Gottlicher M. 2004. Cell Cycle
3(10):1240–1242.

Zou Z, Anisowicz A, Hendrix MJ, Thor A, Neveu M, Sheng
S, Rafidi K, Seftor E, Sager R. 1994. Science 263(5146):
526–529.

Zou Z, Gao C, Nagaich AK, Connell T, Saito S, Moul JW,
Seth P, Appella E, Srivastava S. 2000. J Biol Chem
275(9):6051–6054.

Zou Z, ZhangW, YoungD, GleaveMG, Rennie P, Connell T,
Connelly R, Moul J, Srivastava S, Sesterhenn I. 2002.
Clin Cancer Res 8(5):1172–1177.

660 Lockett et al.


