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Abstract Maspin, a non-inhibitory member of the serine pro-
tease inhibitor superfamily, has been characterized as a tumor
suppressor gene in multiple cancer types. Among the estab-
lished anti-tumor effects of Maspin are the inhibition of cancer
cell invasion, attachment to extracellular matrices, increased
sensitivity to apoptosis, and inhibition of angiogenesis. How-
ever, while significant experimental data support the role of
Maspin as a tumor suppressor, clinical data regarding the prog-
nostic implications ofMaspin expression have led to conflicting
results. This highlights the need for a better understanding of
the context dependencies ofMaspin in normal biology and how
these are perturbed in the context of cancer. In this review, we
outline the regulation and roles of Maspin in normal and
developmental biology while discussing novel evidence and
emerging theories related to its functions in cancer. We provide
insight into the immense therapeutic potential of Maspin and
the challenges related to its successful clinical translation.
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1 Introduction

The ultimate goal in cancer research is that the information
gleaned from studying a specific pathway, gene, or interaction
be translated for the diagnosis and prevention of cancer as well
as the betterment of patient survival through more directed
therapeutic approaches. Whether the latter goal is accom-
plished by development of a novel therapy or improvement
to an existing treatment is complicated by cell and tissue
context dependencies, signaling pathway interactions, and a
milieu of microenvironmental influences [1–3]. Understand-
ing the mechanisms of tumor suppressor genes and how to
effectively incorporate this knowledge to the clinic has been a
focus of cancer research and translational development. This
approach has led to noteworthy news of therapies that have
increased the survival rates of patients living with specific
types of cancer.

When evaluating studies related to cancer-associated genes
with the goal of translating these findings to the clinic, several
key points must be considered, such as which reported effects
are correlative and which are causative to the suppression of
tumorigenicity and/or metastasis. More specifically, while
experiments using in vivomodels are essential prior to clinical
trials, these data do not always reflect the clinical course of
disease in humans—sometimes leading to unexpected or dis-
couraging results. It is, therefore, a priority to continue to
improve and develop in vivo models which more closely
resemble and recapitulate cancer progression in humans to
avoid the generation of in vivo data that are artifactual con-
sequences of species variation [4–6].

Collectively, these complexities highlight the fact that
while important paradigms have been established, cancer
does not always progress in a dogmatic or linear fashion.
This is frequently demonstrated by conflicting clinical data
related to the expression or absence of a given gene in
patient tissue. In addition, the genetic instability of human
cancer, epigenetic influences, host background, and hetero-
geneous stromal interactions not only confounds
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experimental interpretation but also enables cancer to re-
main a moving target for therapy, often leading to resistance
of effective treatments [7–10].

This review focuses on the tumor suppressor gene Maspin
(mammary serine protease inhibitor; also SerpinB5), which
has been shown to inhibit both tumor growth andmetastasis in
multiple models and cancer types [11–17], though data from
the clinic have both supported and conflicted with experimen-
tal results, highlighting gaps in our knowledge of this gene
across various cancers. As discussed in this review, Maspin
possesses a multitude of functions that suggest great therapeu-
tic potential including alterations to cancer cell motility, apo-
ptosis, angiogenesis, and adhesion [11, 16, 18–27].
Delineation of these relationships and how each relates to
context-specific aspects of cancer progression are keys to
successful translational studies for Maspin. Equally important
is the evaluation of how these effects can be legitimately
implemented for patient care and treatment.

2 Key features of Maspin

Maspin is an unusual member of the serine protease inhibitor
(serpin) superfamily which includes inhibitory members that
target proteinases, as well as non-inhibitory members that
possess a diverse array of functions. Inhibitory serpins are
characterized by the ability to deactivate proteases at a 1:1
stoichiometric ratio [28, 29]. A characteristic feature of serpin
structure is the reactive center loop (RCL; also referred to as
reactive site loop), a flexible region exposed toward the top of
the molecule. For inhibitory serpins, this loop acts as bait for
target proteases. The RCL, in part, designates the protease
specificity for inhibitory serpin members, dependent on the
amino acid present at the scissile bond P1 site (P1–P1′) which
is cleaved by the protease. Upon cleavage, the protease is
trapped and the RCL is inserted into β-sheet A contained
within the serpin. This reaction is non-reversible rendering
the protease inactive and increasing the stability of the serpin.
The associated conformational change is known as the
“stressed-to-relaxed” transition. Maspin, however, contains a
relatively short, hydrophobic RCL not capable of undergoing
this transition [30, 31]. Inhibitory serpins also contain a highly
conserved sequence proximal to the RCL known as the hinge
region. This region is involved in proper structure/function
relationships related to target proteases binding to the RCL
and subsequent inhibition. Non-inhibitory serpins, however,
often contain divergent hinge regions as is the case with
Maspin [31, 32]. The Maspin hinge region is composed of
amino acids with larger side chains, and the insertion site
within Maspin β-sheet A exists in a closed conformation
[32].To date, there have been no proteases found that are
directly inhibited by Maspin through classical serpin mecha-
nisms. Collectively, these properties place Maspin into the

non-inhibitory category of the large serpin superfamily and
shift the focus away from attempting to identify a target
protease as explanation for the biological activities of Maspin.
Rather, Maspin possesses a diversity of functions, unique
structural characteristics, and several context dependencies
that have made its study both complicated and interesting.

The humanMaspin gene is located within a serpin cluster
at 18q21.3 which includes PI8, PI10, SCCA1, SCCA2,
Headpin, PAI2, and Megsin [33–36]. The gene extends just
over 28 kb spanning seven exons and six introns with
translation beginning in exon 2. The Maspin protein spans
375 amino acids (1,128 bp CDS) with a molecular weight of
42 kDa containing three β-sheets (A, B, C) and nine alpha-
helices (A–I) [32, 37, 38] (Fig. 1). Studies using recombi-
nant Maspin (rMaspin) demonstrated that the protein is
stable at 37 °C/pH 7.0 and remains monomeric at pH 7.0
with concentrations as high as 20 μM [31, 39]. Lower pH
levels (pH 5.0) induce self-association and precipitation of
rMaspin, while temperatures above 40 °C result in denatur-
ation [31]. Additionally, Maspin has been characterized
from a cancer biology perspective in other species such as
rat and mouse [40, 41] after isolation from cDNA libraries
and shown to have 88 and 89 % sequence homology with
human Maspin, respectively. As with human Maspin, these
homologs are expressed in normal murine and rat mammary
cells, downregulated in murine and rat cancer cell lines, and
re-expression inhibited invasion, migration, tumorigenicity,
and metastasis in multiple models [14, 22, 40, 41], demon-
strating conservation of function among species.

Fig. 1 Three-dimensional representation of Maspin protein (reprinted
from Narayan and Twining [251], modified from Law et al. [38], PDB
ID: 1xu8, figure used with permission)
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2.1 Reactive center loop

Despite the RCL of Maspin having no protease inhibitory
activity, it remains a vitally important component required
for many of Maspin’s functional abilities including effects
on invasion [11, 23, 41, 42], increased apoptosis [24, 43],
and inhibition of urokinase plasminogen activator (uPA) and
tissue plasminogen activator [44–46]. Ngamkitidechakul et al.
reported that changing the RCL of Maspin with that of oval-
bumin, a non-inhibitory serpin with homology to Maspin,
imparted Maspin-like functional activities including adhesion
to extracellular matrix [47]. In fact, in this study, the Maspin
RCL itself was capable of inducing cell adhesion and inhibit-
ing invasion. In contrast, however, the RCL is not required for
the anti-angiogenic functions of Maspin as will be discussed
later [25]. Additionally, Maspin’s RCL is sensitive to cleavage
by trypsin-like proteases [42], demonstrating a mechanism for
Maspin functions to be post-translationally inhibited. It is
possible that the short length of the RCL may impart struc-
ture/function relationships that would be hindered by the
longer RCL regions of inhibitory serpins. The precise mech-
anisms related to how all of these interactions are mediated by
the RCL remain to be determined.

2.2 G-helix

One of the most intriguing aspects of the three-dimensional
structure of Maspin pertains to the G α-helix (G-helix). Law
et al. demonstrated that the Maspin G-helix is capable of an
“open and closed” conformational change inducing redistri-
bution of charged residues within the molecule [38] and
suggested that this G-helix-dependent transition may medi-
ate cofactor binding. This was the first report of conforma-
tional change in the G-helix of a serpin and highlights the
unique nature of Maspin’s structure. What cellular events
induce this G-helix switch, either intracellularly or extracel-
lularly at the plasma membrane, have not yet been revealed.
However, Ravenhill et al. demonstrated that Maspin-null
DU145 cells transfected with Maspin containing a mutated
G-helix did not possess the ability to inhibit migration
compared to wild type. Maspin mutations in other regions
of the protein, including the RCL, did not cause loss of
inhibitory capability on migration [48]. While the G-helix
on Maspin was found to be critical for the modulation of cell
migration, a sequence comprised of a 15-mer peptide span-
ning the sequence of the G-helix (residues 236–250) was
used to determine if this isolated portion of Maspin could
exert the same effect. Intriguingly, the G-helix 15-mer pep-
tide successfully mimicked full length Maspin’s ability to
inhibit cell migration, demonstrating the G-helix is both
essential and sufficient for this function. Furthermore, this
effect was shown to involve the direct binding of the G-helix

15-mer peptide to the β1 integrin subunit resulting in the
inactivation of β1 integrins (see section below).

Understanding the key structural and stability features of
Maspin and how these are related to both normal and cancer
biology will be important to unraveling the molecular details
of how Maspin may be translated therapeutically. To address
the functional implications of Maspin, this review will sum-
marize the multiple modes of Maspin regulation and high-
light its functions in both normal and cancer biology.

3 Regulation of Maspin

3.1 Transcriptional

Seminal work regarding promoter analysis, transcriptional,
and cell-type-specific regulation of Maspin expression was
performed by Zhang et al. These studies demonstrated that a
1-kb region upstream from the transcription start site was
sufficient to induce the expression of Maspin [49]. This 1-kb
region contained multiple transcriptional regulatory regions
including Ets and AP1 sites, as well as a hormone response
element (HRE). Through deletion analysis, it was deter-
mined that the proximal Ets site in the Maspin promoter
was the primary inducer of Maspin expression, while dual
activity of a downstream AP1 site increased Maspin levels
synergistically compared to the Ets site alone. The activity
of these elements was high in the normal mammary cell line
70N but decreased in tumorigenic and metastatic 21NT and
MDA-MB-231 cell lines, suggesting that transcriptional
elements may be altered during breast cancer progression
and act to reduce expression of Maspin. Interestingly, Mas-
pin was found to be regulated at the transcriptional level
differently in prostate cells. While the proximal Ets site
continued to serve as a positive regulator of Maspin expres-
sion, binding of the androgen receptor to the HRE negative-
ly regulated Maspin transcription [50]. These findings
highlighted both positive and negative transcriptional regu-
lation of Maspin. Collectively, these data provide not only
mechanistic information but also insight into how Maspin
expression may be potentially regulated in different cells
depending on the production of tissue and organ-specific
hormones.

Additional research studying the Maspin promoter iden-
tified a consensus p53 site which induced expression of
Maspin upon binding of p53 [51]. Following adenoviral
mediated expression of wild-type p53 in Maspin-null pros-
tate and breast cancer cell lines, Maspin expression was
increased. This was also observed following induction of
cellular stress and p53-responsive pathways while mutant
p53 in this study failed to induce the expression of Maspin.
Purified p53 protein bound to regions within the promoter
from −297 bp and p53 antibody supershifted Maspin bands.
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In support of these data, a later study (using tissue micro-
array analysis) reported an inverse relationship between
mutated p53 and Maspin in human tumors [52]. The impli-
cation of Maspin involvement in the p53 pathway demon-
strated a potential hierarchy of tumor suppressor pathways.
It also suggested that Maspin may act as an effector mole-
cule downstream of the p53 stress-induced pathway. Inter-
estingly, other proteins and signaling pathways related to
Maspin regulation were reported that are dependent on p53.
Transforming growth factor β (TGFβ) was also found to
increase Maspin expression and required wild-type p53
activity [53]. This work demonstrated two p53 binding sites
in the Maspin promoter that were either in close proximity
or overlapped with a Smad binding element leading to
recruitment of Smad2/3 and p53 to the Maspin promoter
following TGFβ signaling. In addition, Smad 2/3 increased
the binding of p53 to the Maspin promoter demonstrating
transcriptional co-regulation. In another example, when
glioblastoma cells were grown under hypoxic conditions,
PTEN associated with p53 in the nucleus to induce Maspin
expression [54]. Other factors regulating Maspin expres-
sion, however, have proven to be independent of p53. Ex-
pression of the antioxidant manganese superoxide dismutase
in breast and prostate cells led to an increase in stability of
Maspin mRNA, and this effect persisted in the presence of
wild-type or mutant p53 [55]. Additionally, the activating
transcription factor (ATF-2) was shown to induce Maspin
expression independently of p53 by binding to a CRE-like
sequence downstream of the transcription start site [56].
How all of these transcriptional regulators cooperate in
different cell types and in response to various stimuli and
p53 activation is unclear but further promote the idea of
Maspin as a multi-functional protein tightly regulated by a
variety of factors.

Other members of the p53 family, specifically the p63
isoform TAp63γ, induce expression of Maspin by binding
to the same consensus p53 promoter element and can sub-
stitute for activation in the absence of p53 [57, 58]. Al-
though mechanistic explanations for these observations
can be attributed to protein homology between members of
the p53 family, including similarities in the DNA binding
domains and functional overlap between the proteins, the
significance for regulation by both p53 and p63 is not
known.

3.2 Epigenetic

Work by Domann and colleagues reported that methylation
of the Maspin promoter inhibits expression and that while
methylation was not present in normal human mammary
epithelial cells, it was found to be common in breast cancer
cell lines [59]. This methylation and reduced expression was
also associated with a closed chromatin structure further

reducing transcriptional accessibility. Treatment of
Maspin-null cancer cell lines with 5-aza-2′-deoxycytidine
resulted in the induction of Maspin expression. Further-
more, promoter methylation was found to serve as a mech-
anism for tissue and cell-specific expression of Maspin.
Examination of cells positive for Maspin revealed unmethy-
lated promoter regions and an acetylated histone structure in
contrast to Maspin-null cells which contained methylated
promoter regions and lacked acetylation of histones [60]. In
support of this, additional studies showed that treatment of
breast and prostate cancer cell lines with trichostatin A, a
histone deacetylase (HDAC) inhibitor, led to induction of
Maspin mRNA [61, 62]. Re-expression of Maspin using
demethylating agents and HDAC inhibitors has been con-
firmed in additional studies [63–65], and in some cases,
Maspin expression was only induced by trichostatin A re-
gardless of promoter methylation status, highlighting that
chromatin condensation alone may determine transcriptional
activity [66, 67]. In melanoma cells, silencing of protease
activated receptor-1 (PAR-1) was shown to induce expres-
sion of Maspin [68], and this increase was attributed to Ets-1
and the AP1 subunit, c-Jun, binding to the Maspin promoter.
The study demonstrated that PAR-1 upregulated p38, an
inhibitor of CBP/p300 (a histone acetyl transferase), thus
making chromatin less accessible to the transcriptional acti-
vators. Upregulation of Maspin in these cells led to
decreases in their invasive abilities by reducing MMP-2
activity, consistent with other studies examining Maspin in
melanoma [27], and these results are in line with observa-
tions that PAR-1 is often overexpressed in malignant mela-
noma cell lines. These reports underscore the significance of
chromatin remodeling and histone acetylation in addition to
promoter methylation of Maspin.

Building on in vitro work in cancer cell lines, analysis of
ductal carcinoma in situ (DCIS) breast cancer samples found
that methylation of the Maspin promoter in neoplastic
lesions was a frequent event in early stages of breast cancer
[69]. Additional studies in breast cells, as well as other
cancer cell types including thyroid, pancreatic, bladder,
and ovarian, have confirmed the epigenetic regulation of
Maspin [67, 70–79].

Taken together, these results offer further support for the
development of therapies using demethylating agents and
(HDAC) inhibitors. The effects of normal cellular processes
must be taken into consideration, however, when using non-
specific methods to induce Maspin. Interestingly, the use of
ATFs targeting 18-bp regions in the Maspin promoter in-
creased levels of Maspin in multiple breast cancer cell lines
[80]. These ATFs could also induce Maspin expression in
MDA-MB-231 cells which possess a methylated Maspin
promoter. In fact, ATFs targeting Maspin worked synergis-
tically with both demethylating and HDAC compounds,
suggesting a benefit of co-treatment therapies [81]. Further
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evidence for a therapeutic approach based on these obser-
vations was demonstrated in non-small cell lung carcinoma
cells. Maspin ATFs were shown to independently reprogram
promoter methylation and decrease cancer cell aggressive-
ness in vitro and metastasis in vivo using an athymic murine
model [82]. These results provide a more specific means to
regulate Maspin at the transcriptional level even in cells
with methylated promoters.

3.3 Nitric oxide

A link between Maspin expression and nitric oxide (NO)
was discovered when experiments using MCF-7 breast can-
cer cells revealed that increasing NO levels in growth media
by NO-donor molecules could induce Maspin expression
[83]. Furthermore, transfection of endothelial nitric oxide
synthase (eNOS) into eNOS-null MCF-7 cells led to
increases in Maspin protein levels; however, reciprocal
experiments which induced Maspin expression did not lead
to eNOS induction suggesting that Maspin expression
remains downstream of NO. In support of these data, ace-
tylsalicylic acid (aspirin) has been shown to induce levels of
NO. Additionally, increasing NO production through aspirin
treatment increased Maspin levels in tissue and cells isolated
from breast cancer patients [84] as well as plasma [85] and
reduced metastasis [86]. Although the precise mechanism(s)
related to how NO regulates Maspin expression remain
unclear, they appear to be downstream of NO-induced cy-
clic GMP production [84] and are p53 dependent [87].

3.4 Tamoxifen

While both direct transcriptional and epigenetic regulation
of Maspin has been established, an interesting observation
has been reported for a role of tamoxifen treatment. When
myoepithelial cells were treated with the estrogen receptor
inhibitor tamoxifen, an increase in the secretion of Maspin
resulted without a concomitant increase in mRNA levels
[88]. In this study, 17β-estradiol inhibited the effects of
tamoxifen suggesting that tamoxifen transcriptional events
were responsible for the increase in Maspin secretion. These
effects were attributed to estrogen receptor (ER)β expressed
in myoepithelial cells since they do not express ERα. In-
ducible nitric oxide synthase also increased following ta-
moxifen treatment leading to higher NO levels and may
have influenced Maspin expression in cooperation with
tamoxifen. Further work using normal mammary epithelial
and breast cancer cells demonstrated that Maspin expression
could be increased by tamoxifen treatment in cells express-
ing ERα [89, 90]. Binding of tamoxifen to ERα was suffi-
cient to induce Maspin promoter activity by binding in the
promoter region between −97 and +87 bp containing Sp1
and Ap-1 elements [90]. However, mutation of the HRE site

in the Maspin promoter decreased the effect of tamoxifen
suggesting additional involvement of this transcriptional
element in the tamoxifen response [89].

3.5 Fatty acids

A study by Jiang and colleagues revealed differential expres-
sion patterns of Maspin mRNA and protein expression fol-
lowing treatment of cancer cells with essential fatty acids
(EFAs). Addition of omega-6 EFAs arachidonic acid and α-
linolenic acid had no effects on the expression of Maspin,
while treatment with γ-linolenic acid led to rapid increases in
Maspin mRNA [91]. Consumption of γ-linolenic acid has
been linked to many beneficial effects in humans including
anti-inflammatory properties, reduced hypertension, and in-
creased response to tamoxifen in breast cancer patients. Inter-
estingly, in the same study, another omega-6 EFA, linoleic
acid, resulted in decreased Maspin expression. This study
highlighted specific effects of EFAs on Maspin that may have
significant implications in cancer biology as well as a role for
Maspin in lipid signaling and processing. Supporting this
possibility, peroxisome proliferator-activated receptor-γ
(PPAR-γ), a nuclear transcription factor activated in part
through binding of prostaglandins and leukotrienes processed
from fatty acids, increased Maspin expression in breast cancer
cells [92]. Activation of PPAR-γ and upregulation of Maspin
in these cells led to a more differentiated phenotype and
reduced growth rates, consistent with previous reports of
Maspin expression in breast cancer cells.

3.6 Post-translational

Maspin is a non-glycosylated protein [93]; however, phosphor-
ylated forms have been identified and detected [94, 95]. Early
studies using normal mammary and breast cancer cells found
tyrosine phosphorylation in both endogenously expressedMas-
pin from mammary cells and after induction of Maspin in
transfected breast cancer cells [94]. Although the kinases re-
sponsible for this phosphorylation have yet to be identified,
incubation of rMaspin with the TKD38 EGFR kinase domain
led to tyrosine phosphorylation in a cell-free system. The
crystal structure of nativeMaspin suggests that the five tyrosine
residues present within the molecule are not spatially available
for incorporation of a phosphate group or accessible to a kinase;
however, the flexibility of regions within Maspin may allow
phosphorylation to occur [38]. The indication from these stud-
ies is that varying cellular or culture conditions may permit or
inhibit Maspin tyrosine phosphorylation. More recently, serine
and threonine phosphorylation sites have been identified on
Maspin secreted from cornea cells using a mass spectrometry
approach [95]. Unlike normal mammary cells, tyrosine phos-
phorylation was not detected, suggesting that the pattern of
Maspin phosphorylation may potentially be due to cell-type-
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specific kinases and phosphatases. While much work remains
to identify and demonstrate the relevance of these novel phos-
phorylation sites on Maspin, this is an area of investigation
likely to aid in our molecular understanding of how Maspin is
regulated and functions.

In addition to phosphorylation studies, Maspin also con-
tains eight cysteine residues; however, intramolecular disul-
fide bonding had not previously been observed nor
predicted from Maspin crystallography evidence [38].
Nonetheless, when MCF10A cells (a non-tumorigenic
breast cell line) were grown under oxidative stress, Maspin
adopted an oxidized, disulfide-bonded structure when ana-
lyzed under non-reducing conditions [96]. In this state,
Maspin was no longer able to bind glutathione S-transferase
(GST), a binding partner for Maspin, which suggested a
potential difference in protein functionality. While the sig-
nificance of this novel Maspin structure remains unknown,
it may possess a role in cellular response to oxidative stress.

4 Role in normal biology

To understand the role of how a tumor suppressor functions
in cancer, it is often helpful to understand its role in non-
pathologic conditions and cellular processes. While many
aspects related to Maspin’s functions under normal condi-
tions have yet to be fully elucidated, the biological function
(s) of Maspin in a few normal and developmental states have
been characterized and are briefly described below.

4.1 Mammary gland

Since Maspin was initially discovered to have tumor sup-
pressing activity in human mammary epithelial cells [11],
initial efforts were made to understand its function in mam-
mary biology. Murine Maspin was further evaluated in the
developing mammary gland during pregnancy by placing it
under the control of the whey acidic protein promoter in a
transgenic model [97]. This promoter is activated within
mammary cells during mid-pregnancy and early lactation,
allowing evaluation of the effects of Maspin upregulation
during these stages. Higher expression of Maspin resulted in
abnormal development of the mammary gland as evidenced
by alveolar defects including fewer and smaller alveolar
structures, in addition to closed lumens. This also resulted
in reduced milk protein production. Altered rates of apopto-
sis and proliferation of mammary cells were also noted at
various stages during pregnancy and lactation compared to
wild-type mice. Since these effects were noted when Maspin
expression increased, this study provided primary evidence
that Maspin levels are finely tuned within the mammary
gland during pregnancy, and perturbations result in severe
complications.

Additional support for the role of Maspin in mammary
gland morphogenesis stems from the discovery that Maspin
binds to a member of the interferon regulatory factor (IRF)
family, IRF6. This association was first discovered using a
yeast two-hybrid system to identify Maspin-interacting pro-
teins [98]. RNA and protein expression analysis of IRF6 in
human cancer cell lines exhibited similar patterns to that of
Maspin—expression was reduced or absent in tumorigenic and
aggressive cancer cells while strongly expressed in immortal-
ized normal mammary cells. Data from in vitro studies were
strengthened when staining of normal and invasive human
breast cancer tissue revealed strong expression of IRF6 in
normal, but not invasive samples. Interestingly, IRF6 existed
in a phosphorylated and non-phosphorylated state, and Maspin
predominantly immunoprecipitated with the phosphorylated
form of IRF6. While the precise role(s) of IRF6 are largely
not well understood, in quiescent cells IRF6 is phosphorylated
via an unknown kinase in response to growth signals which
subsequently target IRF6 to the proteasome [99]. This suggests
that IRF6 is downregulated during the cells’ entry into the G1

phase ofmitosis. Expression of IRF6 in IRF6-null breast cancer
cell lines reduced proliferation, and this effect was further
increased when Maspin was co-expressed, suggesting that
IRF6 and Maspin may cooperate to maintain cells in a G0

differentiated phase.While the significance of Maspin interact-
ing with the phosphorylated form of IRF6 is still being deter-
mined, it is known that this association is localized to the
cytosol and Maspin may sequester a portion of IRF6 from
nuclear translocation and/or proteosomal degradation. When
mammary glands from C57/Black6 mice were examined for
Maspin and IRF6 expression during pregnancy and lactation,
IRF6 was expressed at lower levels during pregnancy and
significantly upregulated during lactation, followed by progres-
sive loss through involution. By comparison, Maspin expres-
sion was higher during pregnancy and late involution with both
Maspin and IRF6 being strongly expressed at lactation. During
this differentiation phase, polarized lobuloalveolar cells exhibit
localization of IRF6 to the luminal compartment while Maspin
remained throughout the cell [100]. IRF6 was also found
secreted into the milk, although the significance of this is not
clear. These studies demonstrated that similar to Maspin, IRF6
expression is tightly regulated during pregnancy, parturition,
and involution. However, since the expression and cellular
localization patterns of Maspin and IRF6 do not overlap at all
stages, both independent and cooperative roles of these genes
and their respective proteins may exist during mammary
morphogenesis.

4.2 Development

Important additional information concerning the role of
Maspin in normal cellular processes was revealed when
Maspin knockout and heterozygous mice were developed
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and characterized in detail [101]. Maspin knockout proved
to be embryonic lethal, which was not reported in other
serpin knock out models, demonstrating a crucial role for
Maspin in early embryonic development. It was found that
Maspin −/− embryos successfully implanted into the uterine
wall; however, these embryos died shortly afterward. Char-
acterization of the embryos in vitro revealed that trophoblast
differentiation was not affected by the absence of Maspin,
but there were significant defects in the outgrowth of the
inner cell mass. When embryonic stem cells from both
normal and Maspin knockout mice were induced to form
embryoid bodies, severe deficits were noted in lumen for-
mation and overall structural organization in the absence of
Maspin. These effects were partially rescued by transduction
with a Maspin-expressing adenovirus. This work helped to
define a critical role for Maspin in development, specifically
at the stage of embryonic ectoderm formation. Combined
with the roles for Maspin in mammary gland morphogene-
sis, it is clear that Maspin is involved during specific stages
of early development and transiently during pregnancy.
However, since Maspin remains expressed in multiple adult
cell types (such as myoepithelial cells of the breast), Maspin
is not strictly an embryonic gene, but rather possesses di-
verse, context-dependent functions maintained under tight
regulation throughout the life of the organism.

Maspin expression has also been evaluated in the devel-
oping human placenta. Following blastocyst implantation
into the uterine wall, cytotrophoblast cells from the inner
trophoblast layer invade the uterine epithelium, anchoring
the developing blastocyst and remodeling maternal arteries
in this region. These events are part of normal placental
development, and invasion of cytotrophoblasts during this
process is regulated throughout pregnancy. Changes in Mas-
pin expression within the placenta were observed and in-
creased progressively from first to third trimester with
localization to the cytotrophoblasts. These observations cor-
related to the invasive in vitro qualities of subsequently
isolated cytotrophoblasts in that cells isolated in later terms
expressed higher levels of both Maspin mRNA and protein
and exhibited decreased invasive capabilities, similar to later
stages of pregnancy in vivo [102]. When rMaspin was
applied to isolated cytotrophoblasts in vitro, invasion of
these cells was significantly decreased. It was later deter-
mined that this pattern of Maspin expression in the placenta
was regulated at the chromatin level through modulation of
histones, rather than changes in promoter methylation [67,
103]. These data suggest that Maspin expression is tempo-
rally regulated throughout pregnancy to control the invasion
of cytotrophoblasts during placental development, provid-
ing the first evidence for a developmental role of Maspin in
humans; however, additional studies are warranted to delin-
eate a more comprehensive analysis of Maspin’s role
throughout developmental stages.

4.3 Non-epithelial functions

While early research on Maspin focused on its role in
epithelial cells, work from the laboratory of Sally Twining
was the first to demonstrate that Maspin was produced by
cells of non-epithelial origin. Examination of cells from
human cornea revealed that Maspin is expressed in corneal
epithelial and endothelial cells, as well as keratocytes [19],
specialized fibroblasts present within the corneal stroma.
Application of exogenous rMaspin increased stromal cell
attachment to multiple proteins found within the extracellu-
lar matrix, including fibronectin, laminin, and collagen
types I and IV [19]. This work was followed by observa-
tions showing both corneal epithelial and stromal cells se-
crete Maspin, and during the transformation of stromal
keratocytes into wound healing fibroblasts and myofibro-
blasts, expression of Maspin is downregulated through epi-
genetic mechanisms [65]. Collectively, this work has led to a
wound healing model within the cornea—stromal cells near
an injured location decrease their production of Maspin in
order to migrate to the wounded area. Epithelial cells adja-
cent to the wound deposit Maspin into the extracellular
environment, and this pre-deposited Maspin leads to in-
creased attachment of stromal cells as the wound is repaired.
Indeed, this model supports remarkable regulation of multi-
ple cell-type-specific functions that are, in part, coordinated
through the dynamic regulation of Maspin in response to
local environmental cues.

5 Maspin and cancer

5.1 Subcellular localization, clinical significance,
and mutations

Numerous reports have demonstrated that Maspin protein
can be found localized to the cytoplasm and within the
nucleus. As will be discussed later, this nuclear/cytoplasmic
localization of Maspin has prognostic implications for how
various types of cancer progress. Maspin has also been
reported by multiple research groups to be secreted and
localized at the plasma membrane where it interacts with
other membrane proteins [11, 65, 104–108]. An initial re-
port using human mammary epithelial cells (HMEC)
showed by multiple approaches that Maspin was predomi-
nantly localized within the cytoplasm, with small amounts
found in the endoplasmic reticulum and Golgi as well as on
the plasma membrane. When the 45 hydrophobic amino
acids at the N-terminal were removed, Maspin was no
longer found within the Golgi, suggesting the amino-
terminus of Maspin may be involved in trafficking of Mas-
pin to the membrane. Khalkhali-Ellis and Hendrix readily
detected Maspin secreted from HMEC in culture media, and
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Maspin was deposited in the extracellular matrix by these
cells over the course of 1–2 weeks [109]. In another study,
H460 lung carcinoma cells were treated with γ-irradiation to
induce a p53 stress response. Upregulating p53 resulted in
the secretion of multiple proteins into the culture media,
including Maspin, without the induction of apoptosis
[110]. However, the observation that Maspin can be secreted
has recently been challenged. Using MCF10A breast cells
and RWPE-1 prostate cells (both of which express endoge-
nous Maspin), Teoh et al. demonstrated that Maspin was not
detected at the cell surface via immunofluorescence or bio-
tinylation techniques [93]. Secreted Maspin was also not
detected in growth media of these cells, although media
was not concentrated as in previous reports. Interestingly,
when a hemagglutinin signal sequence was added to Maspin
to facilitate secretion, Maspin was found retained within the
endoplasmic reticulum, signifying that Maspin is not capa-
ble of progressing through the classical secretory pathway.
These results suggest that Maspin is restricted to functioning
intracellularly and that the reported effects at the plasma
membrane are indirect. Whether these discrepancies repre-
sent differences between cell types, detection methods, or
whether Maspin is secreted and/or localized to the plasma
membrane via non-traditional trafficking pathways remains
to be conclusively defined.

While a substantial amount of in vitro and in vivo data
provides mechanistic support for the description of Maspin
as a tumor suppressor, the clinical data related to Maspin
expression in tumors has been challenging to interpret. It has
become clear that Maspin expression may serve as a nega-
tive prognostic marker in some cancers; however, Maspin
expression alone may not predict outcome or tumor progres-
sion. Many of the early clinical observations reported for
Maspin in breast cancer supported the concept that Maspin
is a tumor suppressor in breast tissue. Analysis of primary
breast tumors from patients comprising multiple histological
types demonstrated less invasion of Maspin-expressing cells
from the primary tumor into surrounding stroma [111],
characteristic of the numerous reports of Maspin inhibition
of invasion and motility. These tumor tissues also exhibited
less tumor vasculature when Maspin expression was pres-
ent, supportive of Maspin’s anti-angiogenic effects, which
was confirmed in other studies examining microvessel den-
sity and vascular endothelial growth factor (VEGF)-A ex-
pression [112, 113]. In another study, Maspin protein
expression was found to progressively decrease from nor-
mal tissue to DCIS, to invasive carcinoma, and finally,
metastasis to the lymph nodes [114], in agreement with
earlier reports that Maspin expression is lost in aggressive
breast cancers. Other data using reverse transcriptase poly-
merase chain reaction methods demonstrated that breast
tumors with lower Maspin expression correlated with re-
duced disease-free survival and higher metastatic rates

[115]. Still more studies provided evidence that Maspin
expression led to better outcomes and increased disease-
free survival [116–118]. However, it was also determined
that these supportive clinical observations for Maspin as a
tumor suppressor did not always hold true. In a study of
patients with invasive ductal carcinoma who were followed
over the span of 1–10 years, expression of Maspin correlat-
ed with increased relapse and decreased overall survival, in
addition to increased tumor size and histologic grade [119].
This decrease in relapse-free survival related to Maspin
expression has been supported by additional studies in
breast cancer [120, 121]. Umekita and Yoshida provided
evidence in invasive ductal carcinoma of the breast that
Maspin expression was associated with a more aggressive
phenotype [122]. Further studies have also correlated Mas-
pin expression with poor prognosis and malignant cellular
characteristics in breast cancer [123–125].

Conflicting data regarding Maspin expression on clinical
outcomes and prognostic implications are not limited only
to breast cancer, and confounding reports exist in cancers
including thyroid [126–128], gastric [129–138], and colo-
rectal [139–143]. Additionally, while space limitations do
not allow for a full discussion of all clinical observations
regarding Maspin expression, much data are evident both in
support [27, 144–167] and against [73, 168–186] the tumor
suppressive implications of Maspin in patient tissue, while
still other studies have found no associations [187–189].
Based on this, it is clear that significant discrepancies exist
within the literature relating to the therapeutic implications
of Maspin expression. It is important to remember that the
overwhelming majority of in vitro and in vivo experimental
data using Maspin re-expression or rMaspin treatment val-
idate the inhibition of cancer cell aggressiveness by the
Maspin protein. While new data are emerging, there is
currently a paucity of experimental results demonstrating
that Maspin expression imparts characteristics which in-
crease the aggressive phenotype in cancer cells. Only when
Maspin expression is examined in clinical samples within
the milieu of host and stromal influences, additional muta-
tions, and other variable factors, do discrepancies between
reports most often become apparent. The presence or ab-
sence of Maspin in tumor samples is informative and im-
portant; however, other parameters must be considered as
will be discussed below.

One area of research which appears to address some of
these disparate observations examines the nuclear localiza-
tion of Maspin which may result in different patient out-
comes for certain types of cancer. This topic has recently
been covered in an excellent review [190] and will only
briefly be discussed here in the context of breast cancer.
Mohsin et al. provided evidence that when Maspin localizes
to the nucleus in invasive breast cancer tissue samples, there
was an association with good prognostic factors, including
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the expression of estrogen and progesterone receptors [191].
When Maspin was localized solely to the cytoplasm,
markers related to poor prognosis were observed, including
S-phase fraction, aneuploidy, estrogen, and progesterone
receptor negativity. Recently, strong experimental evidence
from Goulet et al. demonstrated that nuclear localization of
Maspin was essential for the inhibition of tumor growth and
metastasis in breast cancer cells [192] and that the presence
of Maspin within the nucleus alters expression of key genes
involved in tumor progression [190, 192]. To further con-
firm the importance of nuclear localization of Maspin in
breast cancer, a recent report demonstrated that Maspin is
frequently expressed in triple negative basal-like breast can-
cers correlating with high histologic grade. Maspin protein
expression in these samples was predominantly localized to
the cytoplasm and not the nucleus [185]. Clinical data from
other cancers also support the role of nuclear Maspin as an
indicator of better prognosis or improved survival [138, 163,
193–202]. These data regarding cellular localization of Mas-
pin and its subsequent differential roles provide possible
explanations for why there is a disparity between clinical
data associated with Maspin tumor suppressive functions in
breast cancer. The manner in which Maspin translocates to
the nucleus, under what conditions, and what biological
functions are associated with differing localizations (cyto-
plasm, nucleus, membrane) are still being examined in both
normal and cancer biology. It is important to note, however,
that many of the early mechanistic studies that clearly de-
fined changes in tumor characteristics with Maspin expres-
sion did not show a dependence on Maspin’s localization to
the nucleus and therefore is not required for all of Maspin’s
functions. Furthermore, while better prognostic outcomes
regarding nuclear Maspin are supported in multiple cancers,
nuclear localization of Maspin was linked to angiogenesis in
lung carcinoma [203] and in colorectal cancer was associat-
ed with higher tumor grade [204] and shorter overall sur-
vival [141, 205], although it should also be mentioned that
nuclear Maspin led to a better response to 5-flurouracil
therapy in stage III colon cancer [205]. These reports once
again highlight cell and tissue context differences related to
patient outcomes as a consequence of Maspin expression
and localization.

While Maspin has been considered a class II tumor
suppressor gene, variations in human Maspin DNA have
been reported since the original published sequence from
mammary cells. Whether these changes represent somatic
mutations in theMaspin gene or polymorphisms in the germ
line have not been definitively determined. Conservative
changes were noted in Maspin isolated from human prostate
tissue and revealed an isoleucine to valine change at amino
acid 66 (I66V) and leucine to valine at 187 (L187V) [40].
The I66V sequence change has also been reported in corneal
cells [19], and we have observed both I66V and L187V in

the human melanoma cell line C8161 (unpublished obser-
vation). In addition, Maspin isolated from prostate cancer
cell lines contained an I319V variation [40]. These changes,
however, all represent substitutions of branched chain ami-
no acids (Leu, Ile, Val), and therefore, predicted structural
changes to the Maspin protein would be minimal. These
branch chained differences are also observed when compar-
ing the sequence of other serpins, such as equine leukocyte
elastase inhibitor and ovalbumin, that share sequence simi-
larity with human Maspin as well as Maspin isolated from
other species, including mouse and rat.

In contrast to this, a less conserved sequence change has
been reported within exon 5 of Maspin at amino acid 176
constituting proline to serine (P176S). The differences be-
tween these amino acids suggest a higher possibility of
alterations to the Maspin molecule that may affect function-
ality. Supporting this, Jang et al. showed that when Maspin
containing serine at 176 was expressed in cancer cells, this
resulted in decreased apoptosis, increased colony formation,
and higher rates of tumorigenesis in a murine model when
compared to proline at 176 [206]. Serine 176 was prevalent
in both gastric and lung cancer cell lines and strikingly in
this study was found in 89 % of gastric cancer tissue sam-
ples that expressed Maspin protein. This proposed the pos-
sibility that the P176S change may be involved in gastric
cancer progression or may indicate a higher risk of gastric
cancer incidence, although this remains to be determined. In
addition to the original report in human cells, mouse, rat,
and chicken also contain proline at this location. As Jang
and colleagues pointed out, it is worth noting that the two
reports for the crystal structure of Maspin contained differ-
ent sequences, Val 66, Ser 176, Val 187 (in addition to eight
cysteines mutated to serine for structure determination pur-
poses) [32] and Ile 66, Pro 176, Leu 187 [38], the latter of
which corresponds to the originally reported sequence in
mammary cells. Importantly, comparison of the structures
revealed changes within the G-helix. To address the effects
of the P176S change on the inhibition of cancer cell inva-
sion through three-dimensional matrices, a hallmark of Mas-
pin function, we used recombinant forms of Maspin
containing these sequence differences to evaluate the effects
on cancer cell invasion through a collagen/laminin based
matrix. While Pro 176 rMaspin inhibited invasion as previ-
ously reported, Ser 176 rMaspin surprisingly reversed the
well-known inhibitory capability of rMaspin on invasion
(Fig. 2), implying functional differences between these two
recombinant forms. These results provide further experi-
mental evidence for the sequence of Maspin related to its
functionality in cancer biology. It may also provide recon-
ciliation of clinical data in which sequence has not been
examined.

Finally, Maspin expression alone is not indicative of its
functional activities within a cell. For instance, Testisin, a
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serine protease often overexpressed in malignant cells, was
shown to directly bind Maspin [207]. This association led to
decreased ability of Maspin to induce cell death pathways
through activation of caspase-3 in cervical cells. This bind-
ing also reduced Maspin’s effect on the inhibition of cancer
cell invasion. Thus, the presence of Maspin protein expres-
sion within a cell does not necessarily indicate activity. The
remainder of this review will focus on the molecular mech-
anisms of Maspin function that have been established and
validated both in vitro and in vivo in cancer biology and will
highlight the implications that many of these effects have on
potential future therapies and how they may be applied in
the clinic. The work of many research groups that have
characterized Maspin as a tumor suppressor and as a nega-
tive indicator has greatly expanded our knowledge of Mas-
pin in a relatively short time. Collectively these studies have
sought to bring to fruition a therapeutic application for
Maspin as well as increase our understanding of its role in
cancer and its progression in various cell types.

5.2 Inhibition of cellular motility

One of the most consistent effects that Maspin exerts on
cancer cells, whether endogenously expressed or exoge-
nously applied, is the inhibition of cancer cell migration
and invasion. These effects were first demonstrated by trans-
fecting Maspin-null MDA-MB-435 breast carcinoma cells
with a Maspin-expressing plasmid (for a discussion on the
origin of the MDA-MB-435, please see [208]). When these
transfectants were grown in Matrigel to recapitulate the
three-dimensional microenvironment, the ability to invade
was significantly inhibited [11]. When Maspin neutralizing
antibodies were added to the culture conditions, the trans-
fected cells regained their ability to invade, suggesting that

Maspin may act at the plasma membrane, inducing changes
that affect cytoskeletal networks. These observations on
invasion were confirmed by other reports which utilized
both breast and prostate cancer cells [23, 42]. Using time-
lapse photomicroscopy, the migration of Maspin transfected
cells in two-dimensional cultures was also reduced [11, 23],
further supporting a role for Maspin on the inhibition of cell
motility. The murine ortholog of Maspin was shown to
possess similar characteristics by reducing both the migra-
tory and invasive potentials of murine mammary tumor cells
[41], and this was later corroborated using an orthotopic
murine model. TM40D mammary tumor cells were
implanted into the mammary fat pads of BALB/c mice,
and the resulting tumors were highly invasive into surround-
ing tissue. These cells were also efficient in metastasizing to
intestine and lung. When TM40D cells expressed Maspin,
the tumors were less invasive and remained encapsulated
within the primary tumor with no signs of metastasis [22]. In
addition to this, re-expression of Maspin was also capable of
inhibiting epidermal growth factor induced epithelial-to-
mesenchymal transition in the esophageal cancer cell line
EC109 [209].

Molecular data investigating Maspin effects on migration
reported that treatment of MDA-MB-231 cells with rMaspin
led to decreases in the activity of Rac1 and Cdc42, GTPases
that are involved in cytoskeletal rearrangement and cell
migration [210]. Confirming this effect, downstream signal-
ing of Rac1 and Cdc42 through JNK activity was decreased
following the addition of rMaspin to the culture media.
These data help to provide mechanistic insight to the regu-
lation of cellular motility by Maspin protein.

It is also interesting to note that within the context of
breast tissue, Maspin is most strongly expressed in myoepi-
thelial cells [11, 104, 211, 212], which have been proposed
as a barrier for tumor growth [213–217]. Maspin’s ability to
inhibit the invasive and migratory potential(s) of cancer
cells has significant implications when considering the
multi-step progression of the metastatic cascade. Cancer
cells must migrate away from a primary tumor where they
invade surrounding tissues or intravasate into nearby blood
or lymphatic vessels, survive transport, and extravasate to
distant tissue environments where they adapt and proliferate
into a new tumor mass. Each step of the metastatic cascade
is rate limiting, and thus, reducing the ability of tumor cells
to invade local stroma and intravasate/extravasate holds
significant potential to inhibit the process of metastasis.
More extensive mechanistic data related to Maspin inhibi-
tion of cancer cell adhesion and invasion is discussed below.

5.3 Integrins

How tumor cells interact with their extracellular environ-
ment is a primary focus in studies of cancer progression and

Fig. 2 Representative data from invasion experiments using rMaspin
with proline or serine at amino acid 176. MDA-MB-231 were pre-
treated with 30 μg/ml rMaspin containing a proline 176 or serine 176
point mutation for 24 h. Cells were then placed in a human laminin,
collagen IV, gelatin matrix invasion chamber containing 10 μM pores
for 24 h with additional rMas treatment (30 μg/ml). Cells invading
through the matrix were counted, and percent invasion was compared
to control. Proline 176 rMaspin inhibited invasion of cells as previous-
ly described. Serine 176 rMaspin lost the ability to inhibit invasion
(error bars represent standard deviation, *p<0.05)
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metastasis, and integrins—a family of transmembrane gly-
coproteins—have been shown to play a key role in the
invasive and metastatic processes. Integrins are heterodi-
meric glycoproteins containing non-covalently linked α
and β subunits with each subunit containing a single
membrane-spanning helix and carboxy-terminal cytoplas-
mic domain of variable size. The large, extracellular seg-
ments contain the ligand binding sites composed of the N-
terminal domains of the α and β subunits, and in general,
the ligand specificity of the integrin is determined by the α
subunit. While ligand-specific signals are conveyed to the
cell via the cytoplasmic tail of some α subunits, ligand-
independent clustering of integrins to focal adhesion sites
results in their organizing at the ends of actin filaments
where they associate with the proteins vinculin, talin, α-
actinin, and kindlin through the cytoplasmic tail of the β-
subunit. There are presently 18 α and 8 β subunits identified
in vertebrates that can assemble into 24 different receptors
with various binding properties in diverse tissues. Histori-
cally, integrins fall into three groups based on similar chain
structures and/or ability to recognize similar protein or ad-
hesion motifs: the β1-containing integrins, the β2-contain-
ing integrins, and the β3-(αv)−containing integrins. The
integrin–ligand combination may be further clustered into
four main classes based on their molecular interactions: All
five αv integrins, two β1 (α5, α8) and αIIbβ3 integrins
recognize ligands with an RGD tripeptide active site (e.g.,
found in fibronectin); the four members of the β2-subfamily,
α4β1, α4β7, α9β1, and αEβ7 integrins, all recognize and
bind to an acidic motif “LDV” (or its structural homolog)
that is functionally related to RGD; the α1β1, α2β1, α10β1,
and α11β1 integrins form a distinct laminin/collagen-bind-
ing subfamily; and α3β1, α6β1, α7β1, and α6β4 are highly
selective laminin receptors [26, 218, 219].

Based on earlier observations that mammary carcinoma
cells transfected with Maspin were significantly less inva-
sive in vitro and less metastatic in nude mice [11] and that
addition of rMaspin to human breast and prostate cancer
cells acts at the cell membrane to inhibit invasion and
motility [23], work from our laboratory was the first to
examine whether integrins participate in the response of
human breast carcinoma cells to exogenous rMaspin and/
or in cells induced to express Maspin. Our work demon-
strated that addition of rMaspin to human breast carcinoma
cells resulted in an increase in the α5β1 (RGD or fibronectin
receptor) and α3β1 (laminin receptor) integrins, decreases in
the α2β1 (laminin/collagen receptor), α6-containing (lami-
nin receptor) and αv-containing (RGD or fibronectin recep-
tor) integrins, and an overall decrease in β1-containing
integrins. The increase in expression of the α5β1 integrin
was corroborated by Northern blot analysis that showed an
increase in the cellular levels of the α5-subunit mRNA.
Coincident with these changes was an increase in the cells’

adhesiveness to fibronectin (which could be abrogated by
the addition of a function blocking antibody to the α5β1

integrin), together with little-to-no change in the cells’ ad-
hesiveness to laminin, vitronectin, collagen IVor collagen I,
and a decrease in the cells invasiveness through either a
fibronectin- or laminin-enriched gelatin matrix in vitro.
These studies further substantiated a prior observation that
addition of an RGD peptide (known to block integrin func-
tion) could competitively reverse the effects of exogenously
applied rMaspin. Phenotypically, rMaspin-treated cells as-
sumed a more epithelial-like phenotype (compared to the
fibroblastic phenotype of the untreated cells) and demonstrat-
ed an increase in the distribution of the α5β1 integrin on the
cells. Transfecting the cells with Maspin resulted in a decrease
in their invasive potential in vitro and resulted in a more
epithelial-like phenotype with a broader distribution of the
α5β1 integrin throughout a more extensive filopodial and
lamellipodial network of projections. A change was also seen
in the urokinase-type plasminogen activator receptor (uPAR)
distribution pattern from a clustered to more uniform distribu-
tion in the perinuclear region of the cells [26, 220].

Since prior work from our laboratory showed that liga-
tion and perturbation of integrins can result in changes in the
activity and expression of matrix metalloproteinases that are
involved in tumor cell invasion and metastasis, we also
examined whether rMaspin could alter the cells’ expression
and extracellular levels of matrix metalloproteinase-2
(MMP-2) coincident with the changes we saw in their integ-
rin expression. We found that treating cells with rMaspin
and plating them on a fibronectin-enriched gelatin matrix
(compared to a matrix enriched with laminin, collagen IV,
collagen I, or just Matrigel) resulted in a decrease in MMP-2
(pro-enzyme) activity in the conditioned medium as well as
a decrease in the cellular level of MMP-2 mRNA. Further-
more, we found that addition of the RGD blocking peptide
(but not an RGE non-blocking, control peptide), abrogated
the decrease in MMP-2 activity which indicated that Maspin
can modulate the expression of MMP-2 through an integrin
signaling pathway, most probably via the α5β1 integrin [26].

While subsequent studies of Maspin and integrin inter-
actions that followed this original research have made sig-
nificant advances in our understanding of how Maspin
functions via the integrins in normal compared to disease
states, it can be noted that there appears, at least in some
cases, to be a loss of a basic and underlying concept that
integrins function as heterodimeric glycoproteins with the
alpha subunit being a key component in ligand specificity
leading to integrin function and activity (specifically, please
see [222] and discussion below). While there is a substantial
and growing body of research that focuses on a “β1 integ-
rin,” in actuality, this “integrin” could be anywhere from one
up to a combination of 12 different specific integrins with
markedly different interactions and activities based on their
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α-subunit. In this regard, a first step to any study should be a
profiling of which integrins are expressed by the cell line
used in the study, as well as a clear understanding of what
extracellular matrices and molecules are relevant to the cell
line and particular condition(s) pertinent to the study.

A report that followed our original work used the non-
transformed, immortalized human mammary epithelial cell
line, MCF-10A (which expresses high levels of endogenous
Maspin), and showed that addition of rMaspin acts at an early
stage of cell adhesion at the cell surface through its association
with an integrin belonging to the β1-subfamily of integrins
(most probably α3β1 (termed “β1 integrin”), since MCF-10A
cells deposit and predominantly adhere via the α3β1 integrin
to an extracellular matrix composed mainly of laminin-5
[221]). This study found that Maspin physically and function-
ally associates with a “β1 integrin”where it co-localizes on the
cell surface. Since Maspin was seen to also associate with
cytoskeletal elements, it was suggested that Maspin may form
part of a supramolecular structure of adhesion plaques. How-
ever, contrary to previous results from other laboratories
working with tumor and stromal cells that showed Maspin’s
effects are dependent on the RCL domain (essential for
Maspin-mediated inhibition of cell invasion and migration),
this study showed that treating MCF-10A cells with rMaspin
increased their adhesiveness without involving the RCL. In
this case, the rapid and increased adhesion of these cells in
response to rMaspin was shown to be facilitated by amino
acids 139–225 in the Maspin molecule. It is interesting to note
that while an anti-“β1 integrin” [anti-β1-subunit] antibody
could decrease the cell adhesiveness if the cells were first
incubated with the antibody, this effect was nullified when
the cells were incubated with rMaspin prior to the antibody
treatment. In relation to our original work, it must be pointed
out that the cells used in this study were not tumor cells, they
normally express high levels of Maspin, they were grown and
manipulated on their own deposited extracellular matrix (com-
posed primarily of laminin-5), and rMaspin was added to an
environment already rich in Maspin. Nonetheless, these dif-
ferent approaches arrived at a similar conclusion that Maspin
can interact and act through integrins to affect how cells
respond to their environment.

More recent work has extended these studies with MCF-
10A cells and demonstrated that Maspin can form a bridge
between uPA and its receptor uPAR with a “β1 integrin”
(probably α3β1, see above) to form a mega-complex that
regulates mammary epithelial cell adhesion [107]. Using
competition peptides and mutation analyses, this study
showed that two regions of Maspin, amino acid residues
190–202 and 260–275, facilitate the increase in MCF-10A
cell adhesion in response to rMaspin. Furthermore, this
work demonstrated that the uPA–uPAR complex is required
for the localization and adhesion function of Maspin in
MCF-10A cells.

Additional work using vascular smooth muscle cells
(VSMC) demonstrated that rMaspin rapidly inhibits their
ability to migrate by binding specifically to the surface of
VSMC in the dedifferentiated, but not the differentiated
phenotype [222]. Ligand blotting identified that of the Mas-
pin binding proteins present, it was the integrin β1-subunit
that was differentially expressed between the two VSMC
phenotypes and co-immunoprecipitation with Maspin iden-
tified both the α3β1 and α5β1 integrins as these differen-
tially expressed Maspin binding partners. Maspin affinity
chromatography confirmed these integrins as Maspin bind-
ing partners in HT1080 cell lysates and direct binding of
Maspin to the α5β1 integrin was shown using a recombinant
α5β1-Fc fusion protein. Furthermore, rMaspin binding to
VSMC was shown to lead to a decrease in the integrin
activation state using a conformation-dependent anti-β1 an-
tibody. More specifically, the functional involvement of the
α5β1 integrin in binding rMaspin and inhibiting CHO cell
migration was demonstrated in cells that were transfected
with and overexpressed the human α5-integrin subunit, but
not in cells lacking α5-subunit expression, and showed that
the inhibition of CHO migration by rMaspin requires the α5-
integrin subunit. This work clearly demonstrated that Mas-
pin engages a limited number of integrins in specific inter-
actions on VSMC which leads to the inactivation of these
integrins and an inhibition of VSMC migration.

rMaspin has also been shown to affect endothelial cell
adhesion and migration via an integrin signal transduction
pathway [106]. Blood vessel endothelial cells and human
umbilical vein endothelial cells (HUVEC) have been shown
to express Maspin, and rMaspin enhanced HUVEC adhesion
to various matrix proteins. The work in this study demonstrat-
ed that this effect depended on the activation of β1-containing
integrin(s) vs. the work discussed above with VSMC where
rMaspin’s interactions with specific integrins resulted in their
inactivation and an inhibition of VSMC migration [222] and
resulted in changes in the distribution pattern of vinculin and
F-actin. Treating HUVECs with rMaspin increased integrin-
linked kinase activity and phosphorylated FAK levels. It was
also noted that HUVECs treated with bFGF to stimulate
migration experienced a dramatic decrease in active Rac1
and cdc42 small GTPase levels within 30 min after the addi-
tion of rMaspin. The increase in FAK phosphorylation in
HUVECs treated with rMaspin was correlated with a reduc-
tion in focal adhesion disassembly and inhibition of cell
migration. Taken together, these results suggested that rMas-
pin inhibits HUVEC adhesion and migration through integrin
signaling pathways.

5.4 Apoptosis

The initial link between Maspin and apoptosis was noted
during mammary gland morphogenesis throughout
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pregnancy, as previously discussed, in which rates of apo-
ptosis and proliferation were altered due to increased Mas-
pin expression [97]. Further evidence supported a role for
Maspin in apoptotic processes when Maspin transfected
MDA-MB-435 breast carcinoma cells displayed increased
sensitivity to staurosporine induced apoptosis [24]. Howev-
er, exogenously applied rMaspin was not able to recapitulate
this effect, demonstrating that endogenous expression and
possible processing of Maspin was required. Additional
supporting evidence using prostate cancer cells have also
reported that Maspin induces apoptosis sensitivity to chem-
ical reagents [223], as well as increased the rate of apoptosis
related to inhibition of proteosomal pathways [224]. Maspin
itself is not sufficient to induce apoptosis in all cell types
considering the observation that Maspin protein expression
is high in mammary cells without a concomitant high rate of
apoptosis. Since these initial observations were made in
cancer cells, it is possible that Maspin may restore
apoptosis-sensitive pathways that are altered during neo-
plastic progression as well as coordinate the sensitivity of
cells to stromal and context-dependent influences during
development and mammary gland morphogenesis. In partial
support of this, normal mammary epithelial cells are capable
of inducing apoptosis in breast cancer cell lines in part,
through secretion of Maspin [108].

The search for mechanisms linking Maspin to apoptosis
sensitivity led to studies involving mitochondria. Maspin
expression increased levels of the pro-apoptotic protein
Bax in cancer cells with higher levels of Bax translocating
to the mitochondria during chemical apoptosis induction
[225]. When Bax levels were reduced, the effects of Maspin
expression on apoptosis sensitivity were decreased. Addi-
tional work demonstrated that the Bax protein was stabilized
by Maspin expression and not upregulated transcriptionally
[226], although Maspin upregulated Bax expression and
apoptosis sensitivity in the gastric cancer cell line
SGC7901 [227], demonstrating dichotomy between cell
types. Overexpression of Maspin in TM40D murine cancer
cells induced higher rates of tumor cell apoptosis in mam-
mary tumors. In vitro experiments employing subcellular
fractionation of these TM40D cells revealed that Maspin
protein was translocated to the inner mitochondrial mem-
brane upon induction of apoptosis. This occurred through
the mitochondrial permeability transition, and translocation
was necessary for the increase in Maspin-induced sensitivity
to apoptosis [43]. A recent paper indicates that the mecha-
nism may involve increasing the acetylation of Ku70 [228].
Ku70 is a novel DNA repair protein that, when in a de-
acetylated state, may also bind and sequester the pro-
apoptotic protein Bax, which prevents its translocation to
the mitochondrial membrane and activation of the apoptotic
pathway. However, in the acetylated state, Ku70 dissociates
from Bax leading to the induction of apoptosis, and it is

thought that this may be a major mechanism by which
Maspin prevents tumor development.

Clinical reports also support the observation that Maspin
expression correlates with apoptosis levels when localized
to the nucleus in ampullary [229], laryngeal [198], and head
and neck squamous cell carcinomas [199]. However, Mas-
pin expression appears to remain a negative prognostic
indicator in colorectal cancer, and in the context of apopto-
sis, recent evidence has demonstrated that Maspin expres-
sion in colorectal cancer increases apoptosis resistance,
rather than sensitivity [230]. In this study, prolonged treat-
ment of colon cells to the carcinogen deoxycholate resulted
in upregulated Maspin expression and apoptosis resistance.
While an initial interpretation could be that Maspin is upre-
gulated as an anti-tumor response to the carcinogenic insult,
the authors demonstrated that when Maspin expression was
reduced through siRNA, the cells exhibited increased apo-
ptotic rates. These data provide initial mechanistic evidence
regarding some of the clinical observations of Maspin in
colorectal cancers [140, 141, 204] and highlight further
evidence for the cell- and tissue-specific differential nature
of Maspin function.

5.5 Angiogenesis

Definitive anti-angiogenic effects of Maspin were first dem-
onstrated by Zhang and colleagues in endothelial cells.
Increasing concentrations of rMaspin inhibited both the
growth and migration of endothelial cells towards VEGF
and bFGF in vitro. Furthermore, using a rat corneal pocket
angiogenesis assay in which bFGF was added to avascular
regions of rat corneas with or without rMaspin, neo-
vasculogenesis was inhibited when rMaspin was present
[25]. These data were coupled with in vivo experiments
using LNCaP human prostate cancer cells in an immunode-
ficient xenograft model, LNCaP; tumor growth and neo-
vascularization was reduced following rMaspin treatment.
Subsequent reports using endogenous expression of Maspin
corroborated the effects observed in the rMaspin studies. A
chimeric bone cancer model in which human cancer cells
were injected into human bone that had been implanted into
scid/scid mice demonstrated that DU145 human prostate
cancer cells transfected with Maspin exhibited less tumor
neovascularization from murine endothelial cells compared
to controls [231]. This effect was associated with a decrease
in tumor growth and bone destruction. Another study dem-
onstrated that conditioned media (CM) from Maspin-
expressing human keratinocytes inhibited the ability of hu-
man endothelial cells to migrate toward angiogenic factors
(VEGF, bFGF, IL8) in a dose-dependent manner [232].
When a Maspin neutralizing antibody was added to the
CM, the cells resumed their ability to migrate, providing
evidence for a paracrine anti-angiogenic role of Maspin. A
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wealth of clinical data has confirmed the inhibitory effects
of Maspin on angiogenesis and microvessel density from
colon, bladder, breast, laryngeal, head and neck squamous
cell carcinomas, as well as melanoma [112, 142, 160, 194,
199, 233]. However, conflicting clinical data exist in ovar-
ian carcinoma which both proposes an inhibitory as well as
stimulatory role for Maspin on angiogenesis [161, 195,
234].

Li et al. provided more detailed molecular information on
the anti-angiogenic effects of Maspin by using an adenoviral
based strategy to induce endothelial cell expression of Mas-
pin within tumor vasculature [235]. Following left ventric-
ular cardiac injections of Maspin adenovirus, both mature
blood vessels and developing tumor vasculature were
infected by the virus. While existing blood vessels were
not affected, tumor endothelial cells became leaky which
suggested a breakdown in tumor vasculature. When endo-
thelial cells were transduced with the virus in vitro, the
resulting apoptosis suggested a possible mechanistic expla-
nation for vessel leakiness, and Bax protein levels were
found to be increased while Bcl-2 was reduced. Taken
together, these results connect the apoptotic inductive
effects of Maspin and further demonstrate the potent inhib-
itory capabilities of Maspin on angiogenesis as well as the
therapeutic potential of Maspin for disrupting tumor vascu-
lature. However, the role for Maspin inhibiting neovascula-
rization under normal conditions, either during development
or in adult cells, remains to be fully defined.

5.6 Protein binding partners of Maspin

While some of the direct protein–protein associations of
Maspin have been discussed above, other proteins have also
been shown to bind directly to Maspin within the cytosol
and nucleus. Yeast two-hybrid approaches have identified
possible protein–protein interactions with Maspin [98, 236,
237]. Included among these proteins are glutathione perox-
idase, GST, heat shock protein 70, heat shock protein 90,
and HDAC1. In particular, interactions of Maspin with GST
and HDAC1 have been shown to have significant functional
implications. For instance, breast and prostate cancer cells
transfected with Maspin, or treated with rMaspin, exhibited
increased levels of GST activity and a corresponding de-
crease in reactive oxygen species (ROS). This effect was
reduced by either knockdown of Maspin or inhibition of
GST. In addition, increasing the levels of ROS in these cells
induced the interaction of Maspin and GST, suggesting that
these proteins cooperate to reduce oxidative cellular stress
[237]. Maspin has also been shown to decrease the activity
of HDAC1 through a direct interaction and worked syner-
gistically with HDAC inhibitors [238]. GST was found in
the Maspin/HDAC1 complex, and a COOH-end truncation
of the Maspin protein allowed for HDAC1, but not GST

binding. When GST was not able to bind to Maspin,
HDAC1 activity was not inhibited. It was determined that
Maspin acts to recruit GST to this complex, and GST is
required for HDAC1 inhibition. In addition, mutation of the
Maspin RCL also decreased binding to GST, although not to
the degree of C-terminal truncation. These studies help to
highlight intricate relationships of Maspin at the protein
level, possibly serving a scaffolding role in multi-protein
complexes.

Yeast two-hybrid approaches continue to identify new
protein binding relationships including interactions of Mas-
pin with the RNA-binding protein KHDRBS3 [239] and
FBX032 [239, 240], involved in ubiquitin protein ligase
reactions. How these and subsequently discovered protein
interactions with Maspin fit into our understanding of the
molecular basis of Maspin function will be important.

6 Maspin and regulation of drug sensitivity

The ultimate goal of pharmacogenomics research is the
prediction of patient response to drug therapy. This is spe-
cifically important in cancer treatment and would be instru-
mental in selecting the most effective chemotherapeutic
agent tailored for individual patients. It is unfortunate that
up until now, this selection remains largely arbitrary [241]
and the administration of ineffective chemotherapeutic
agents often results in adverse effects and diminishes the
quality of life for many cancer patients.

Genome-wide expression profile analyses, such as cDNA
microarray on panels of human cancer cell lines, have
identified the genes associated with sensitivity to anticancer
drugs [242, 243]. However, it is important to note that the
majority of available breast cancer cell lines are derived
from the pleural effusion of patients who have most proba-
bly undergone chemotherapy and thus developed some form
of resistance. In addition, the very complex nature of the
drug response in a multi-organ system compared to single
cells renders the clinical application of such findings quite
challenging.

Over a decade of research on tumor, suppressive proper-
ties of Maspin has resulted in valuable information on its
role in the induction of chemosensitivity in different cancer
cell lines. Most noteworthy, Maspin renders cancer cells
more susceptible to chemotherapy-induced apoptosis. This
is reported in MDA-MB-435 and MT40 (human and mouse
mammary cancer cell lines, respectively) in response to
staurosporine [24, 226]; in the prostate cancer cell line
DU145 treated with doxazosin, or proteosome inhibitors
[223, 224]; in lung cancer cell lines treated with doxorubicin
and etoposide [244]; and in osteosarcoma cell lines U2OS
and SAOS2 treated with doxorubicin and cisplatin [245].
Maspin’s sensitizing effect appears to be cell-specific
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(cancer-specific) and drug-dependent and occurs via distinct
mechanisms. For example, in DU145 prostate cancer cells,
application of proteasome inhibitor(s) induced Maspin ex-
pression through activation of p38MAPK, which resulted in
proteasome-induced apoptosis. In lung cancer cells,
Maspin-induced drug effects are prompted through the mod-
ulation of the AKT pathway. Interestingly, in osteosarcoma
cell lines, the ability of Maspin to regulate the transcription
factor E2F1 (and vice versa) rendered the cells, sensitive to
doxorubicin and cisplatin [245].

Studies from our laboratory have also supported a signifi-
cant role for Maspin in sensitizing breast cancer cells to the
chemotherapeutic agent IFN-γ [246], and this effect involves
the aspartyl endopeptidase cathepsin D (CatD). CatD was
originally identified by a yeast two-hybrid approach as a
Maspin binding partner [247], and contrary to Maspin, which
is silenced in breast cancer [59], CatD is excessively produced
and aberrantly secreted [248]. It exerts a mitogenic effect on
cancer cells and the stroma of the tumor and thus is critical in
tumor growth and extracellular matrix degradation [249].

Notably, IFN-γ has been a widely utilized chemothera-
peutic agent in many types of cancer; however, the majority
of breast cancer cells are refractory to this cytokine [250].
The nature of this non-conformity was studied in our labo-
ratory and determined to be associated (at least in part) with
the absence of Maspin and deregulated expression of CatD
[246]. Our studies revealed that IFN-γ treatment of normal
mammary epithelial cells results in reduced proliferation,
changes in vacuolar pH, altered CatD processing, and the
disruption of cell polarity, culminating in autophagic cell
death. By comparison, breast cancer cells (which are com-
monly devoid of Maspin) are non-responsive to IFN-γ with
respect to changes in vacuolar pH, CatD processing, and
autophagy. However, Maspin transfection of these cell lines
rendered them responsive to IFN-γ. Specifically, MCF-7
cells transfected with Maspin displayed disrupted cell po-
larity (comparable to that observed in normal mammary
epithelial cells) and a modest increase in autophagy-
associated gene beclin-1 when treated with IFN-γ. Based
on our studies, Maspin transfection of breast cancer cell

Fig. 3 Summary of validated
effects of Maspin in cancer
biology. a Re-expression of
Maspin or treatment with
rMaspin decreases tumor
growth and metastasis using in
vivo models. b Cellular
responses related to expression
or treatment with Maspin in
cancer cells

Cancer Metastasis Rev



lines affects post-translational modification and changes in
the processing of CatD.

Collectively, these studies suggest that Maspin-based
therapeutic approaches have to be tailored to specific can-
cers and chemotherapeutic agents for maximal efficacy.
While studies on Maspin’s role in the induction of chemo-
sensitivity are yet at their infancy and need to be greatly
expanded, detailed mechanistic analyses are required to
dissect the crosstalk between Maspin and the molecules
through which it works, in both a cell- and drug-specific
context and under physiological conditions. Elucidation of such
processes would further promote our insight into Maspin’s role
in cancer development, progression and metastasis, and define
another dimension in the discovery of more efficient Maspin-
based therapeutic agents.

7 Human rMaspin as a viable anticancer drug candidate

A question that remains to be considered is whether rMaspin
itself could be a viable anti-cancer candidate. Maspin clearly
possesses different intracellular and extracellular activities,
several binding partners, and different mechanisms of action
depending on the cancer. Despite these data on intracellular
Maspin function, it is clear that exogenously added rMaspin,
or Maspin-derived peptide fragments, can act at the surface
of numerous migratory cell types to suppress cell motility
and movement by enhancing cellular adhesion to the extra-
cellular matrix components laminin, fibronectin, and colla-
gen. It is also clear that some or all of this Maspin is taken
up by cells. In contrast to the intracellular pro-apoptotic
activity of Maspin, these extracellular in vitro activities of
Maspin appear to be cytostatic as cells regain motility and
migratory activity when treatment with rMaspin is stopped.
Furthermore, the extracellular effects appear to be dose-
related and dependent on the nature of the rMaspin used
since different results have been reported for wild-type
rMaspin produced in yeast vs. GST-Maspin fusion proteins
produced in E. coli. The wild-type yeast protein appears
optimally active at 170 nM with decreasing activity at
higher concentrations. In contrast, the GST-fusion protein
is equally active at 170 nM as the wild-type yeast protein
but appears to have maintained, if not enhanced inhibitory
activity at higher concentrations. It is clear from these
observations that these two forms of rMaspin are not the
same and that fusing a GST molecule onto the N-terminal
end of Maspin enhances Maspin’s inhibitory activity.

There have been as yet unpublished tumor xenograft
mouse model studies performed using the breast MDA-
MB-435 cancer cell line with yeast rMaspin administered
intravenously to mice at different doses once tumors had
been established (P. Pemberton, unpublished data). In brief,
this rMaspin inhibited the growth of established breast

tumors by up to 25 % compared to untreated controls but
was dose-dependent and low-dose Maspin in combination
with paclitaxel inhibited growth of MDA-MB-435 tumors
by up to 41 %, proving superior to either Maspin or pacli-
taxel alone. In summary, it appears that an exogenously
administered rMaspin may be a viable cancer therapeutic
and has the potential to work more effectively as an adjunct
therapy with certain other approved agents. Perhaps some of
those agents might target the functions that intracellular
Maspin normally controls, as future studies will hopefully
illuminate.

8 Summary and perspectives

Our fundamental knowledge of the biological function(s) of
Maspin has been significantly enhanced since its discovery
in 1994. Studies related to the structure, biological activity,
and translational promise of Maspin have generated new
insights into the feasibility of administering rMaspin as a
viable cancer therapy—either alone or in combination with
other known anti-cancer agents. A summary of key, biolog-
ically relevant observations related to Maspin regulation,
cellular localization, and function(s), presented in Fig. 3,
offers a global perspective of the myriad effects of this
unique serpin. The implications underlying the therapeutic
potential of Maspin rest in the distinctive cell- and tissue-
specific context of various cancers and their respective
phenotypes. Indeed, the time is right to address our knowl-
edge gaps and advance novel Maspin-based therapies based
on the foundation of solid scientific discovery.
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