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Abstract
Multifunctional macrophage inhibitory cytokine-1, MIC-1, is a member of the transforming growth
factor-β (TGF-β) superfamily that plays key roles in the prenatal development and regulation of the
cellular responses to stress signals and inflammation and tissue repair after acute injuries in adult
life. The stringent control of the MIC-1 expression, secretion, and functions involves complex
regulatory mechanisms and the interplay of other growth factor signaling networks that control the
cell behavior. The deregulation of MIC-1 expression and signaling pathways has been associated
with diverse human diseases and cancer progression. The MIC-1 expression levels substantially
increase in cancer cells, serum, and/or cerebrospinal fluid during the progression of diverse human
aggressive cancers, such as intracranial brain tumors, melanoma, and lung, gastrointestinal,
pancreatic, colorectal, prostate, and breast epithelial cancers. Of clinical interest, an enhanced MIC-1
expression has been positively correlated with poor prognosis and patient survival. Secreted MIC-1
cytokine, like the TGF-β prototypic member of the superfamily, may provide pleiotropic roles in the
early and late stages of carcinogenesis. In particular, MIC-1 may contribute to the proliferation,
migration, invasion, metastases, and treatment resistance of cancer cells as well as tumor-induced
anorexia and weight loss in the late stages of cancer. Thus, secreted MIC-1 cytokine constitutes a
new potential biomarker and therapeutic target of great clinical interest for the development of novel
diagnostic and prognostic methods and/or cancer treatment against numerous metastatic, recurrent,
and lethal cancers.

The transforming growth factor-β (TGF-β) superfamily comprises a wide number of
structurally and functionally related growth and differentiation factors that provide critical roles
in tissue patterning during embryogenesis and the maintenance of tissue homeostasis and repair
after injuries in adult life (Piek et al., 1999; Blobe et al., 2000; Massague and Wotton, 2000;
Massague et al., 2000; de Caestecker, 2004; Feng and Derynck, 2005; Bernabeu et al., 2009;
Soderberg et al., 2009; Trombly et al., 2009). Human macrophage inhibitory cytokine-1
(MIC-1) has attracted much attention because of its remarkable multifunctional roles in
controlling numerous physiological and pathological processes. MIC-1, also designated as
prostate-derived factor (PDF), placental TGF-β (PTGF-β), placental bone morphogenetic
protein (PLAB), and non-steroidal anti-inflammatory drug-activated gene-1 (NAG-1), or its
murine ortholog known as growth/differentiation factor-15 (GDF-15), may participate in the
stringent regulation of the expression of specific target gene products in response to diverse
external stimuli and tissue damage (Bootcov et al., 1997; Hromas et al., 1997; Lawton et al.,
1997; Paralkar et al., 1998; Bottner et al., 1999; Moore et al., 2000; Strelau et al., 2000,
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2009; Kempf et al., 2006; Xu et al., 2006; Zimmers et al., 2006; Van Huyen et al., 2008; Ding
et al., 2009; Ago et al., 2010). The functions mediated by secreted MIC-1 include the control
of embryonic, osteogenic, and hematopoietic development and embryo implantation and
pregnancy (Paralkar et al., 1998; Detmer et al., 1999; Moore et al., 2000). MIC-1 also plays
important roles in the regulation of the cellular stress and immune responses, cartilage and
bone formation, and adipose tissue function and body fat mass (Paralkar et al., 1998; Ding et
al., 2009). MIC-1 can also suppress the inflammation through the inhibition of macrophage
activation, inhibit the proliferation of primitive hematopoietic progenitors, and participate in
the repair of the brain, bone, heart, liver, lung, kidney, and other tissues after severe injuries
(Bootcov et al., 1997; Hromas et al., 1997; Bottner et al., 1999; Blobe et al., 2000; Moore et
al., 2000; Schober et al., 2001; Xu et al., 2006; Zimmers et al., 2006; Van Huyen et al.,
2008). In addition, MIC-1 can act as a potent survival and anti-apoptotic factor and display
protective roles for a developing fetus and diverse cell types such as midbrain dopaminergic
and serotonergic neurons and cardiomyocytes (Blobe et al., 2000; Moore et al., 2000; Strelau
et al., 2000; Tong et al., 2004; Kempf et al., 2006; Xu et al., 2006; Ago et al., 2010). Hence,
the modulation of MIC-1 expression and functions represents a potential therapeutic strategy
for the treatment of diverse human disorders such as obesity, miscarriage, and
neurodegenerative and cardiovascular disorders.

In counterbalance, intense cellular stress and inflammation and/or genetic alterations, leading
to an enhanced MIC-1 expression and aberrant activation of the MIC-1-mediated signaling
cascades, may result in an enhanced risk of developing diverse diseases such as thalassemia,
and congenital dyserythropoietic anemia (CDA), characterized by ineffective erythropoiesis
and increased iron absorption (Tanno et al., 2007; Tamary et al., 2008). Moreover, enhanced
MIC-1 levels may also contribute to cancer progression and tumor-associated weight loss
(Brown et al., 2002; Bauskin et al., 2006; Levy and Hill, 2006; Johnen et al., 2007; Boyle et
al., 2009; Karan et al., 2009). Especially, an increase of MIC-1 expression level frequently
occurs during the progression of numerous aggressive cancers, including brain, melanoma,
oral squamous cell carcinoma and lung, thyroid, gastrointestinal, colorectal, pancreatic,
prostate, breast, and cervical epithelial cancers (Brown et al., 2003, 2006, 2009; Karan et al.,
2003; Lee et al., 2003; Nakamura et al., 2003; Welsh et al., 2003; Cheung et al., 2004;
Koopmann et al., 2004; Wollmann et al., 2005; de Wit et al., 2005; Rasiah et al., 2006; Chen
et al., 2007; Shnaper et al., 2009; Zhang et al., 2009; Zhao et al., 2009; Xue et al., 2010). Like
the TGF-β prototype of superfamily members, MIC-1 can play dual roles during cancer
development by negatively or positively modulating cancer cell behavior. MIC-1 may
influence the proliferation, differentiation, survival, migration, invasion, and/or metastatic
spread of cancer cells in a manner depending on cell type and context. In general, MIC-1
displays anti-tumoral activities in the early stages of cancer development, while this cytokine
can rather promote the invasion and metastases of cancer cells at distant tissues in the late
stages of cancer. In this regard, we reviewed the structural organization and expression pattern
of mature MIC-1 ligand and the potential signal transduction elements involved in the
mediation of the cellular effects of this secreted cytokine in physiological and pathological
conditions. The molecular mechanisms regulating the expression, secretion, and multiple
cellular functions of MIC-1 and the pathological consequences resulting from their
deregulation in the development of diverse human diseases and cancers are discussed. The
emphasis is on the pleiotropic roles played by secreted MIC-1 cytokine in the carcinogenesis
process and its therapeutic implications in the development of novel diagnostic and prognostic
methods and cancer therapies.
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MIC-1 Structural Organization, Expression Pattern, and Signal Transduction
Mechanisms
MIC-1 structural organization, processing, and secretion

The human MIC-1 gene maps to chromosome 19 in the region p13.1-13.2 and consists of a
DNA sequence of 2,746 base pairs that encompass two exons separated by a single intron.
MIC-1 is synthesized under a 308-amino acid (aa) protein precursor composed of a 29-aa signal
peptide, a 167-aa propeptide, and a 112-aa mature region (Fig. 1) (Bootcov et al., 1997;Bauskin
et al., 2000). The studies carried out by deletion mutagenesis indicated that the N-terminal 28-
aa of the propeptide may be involved in the proteasomal degradation of misfolded pro-MIC-1
monomer (Bootcov et al., 1997;Bauskin et al., 2000). During proteolytic processing, the N-
terminal hydrophobic signal peptide sequence is removed from the pro-MIC-1 precursor. After
disulfide-linked dimerization and correct folding in the endoplasmic reticulum, the dimeric
pro-MIC-1 precursor is further cleaved at a typical furin-like RRAR processing site at the
position 196 by a proprotein convertase. The proteolytic cleavage generates a N-terminal
propeptide and a C-terminal polypeptide fragment that constitutes the mature and biologically
active portion of the molecule, which is then secreted in the extracellular medium (Fig. 1)
(Bootcov et al., 1997;Bauskin et al., 2000,2005,2006). Unlike other TGF-β superfamily
members, propeptide is not required for the proper folding and secretion of a mature and
biologically active MIC-1 dimer (Bauskin et al., 2000,2005,2006;Fairlie et al., 2001). During
the secretion process, the propeptide of pro-MIC-1 precursor may be N-glycosylated at the 70-
aa position (Bauskin et al., 2000). The mature MIC-1 also contains seven cysteine residues
forming a cysteine knot, a structural hallmark that is highly conserved among the different
members of the TGF-β superfamily. Nevertheless, although the mature MIC-1 polypeptide
may be secreted as a disulfide-linked homodimer after intracellular processing, the unprocessed
pro-MIC-1 precursor molecules may also be secreted and associated with the extracellular
matrix (ECM) components of cancer cells via an interaction mediated through the propeptide
(Fig. 1) (Bauskin et al., 2005,2006). It has been proposed that the association of unprocessed
pro-MIC-1 precursor with ECM components may contribute to its latent storage in stroma, and
thereby modulate its local bioavailability, cellular functions, and serum concentration (Bauskin
et al., 2005,2006). In fact, the presence of proprotein convertases within ECM at the cell surface
could contribute to the extracellular processing of the pro-MIC-1 precursor under specific
conditions (Tsuji et al., 2003;Bauskin et al., 2005,2006).

MIC-1 expression pattern and regulatory mechanisms
A variety of signaling pathways may contribute to the stringent regulation of endogenous
MIC-1 expression, secretion, and stromal storage, and thereby modulate its functions in
physiological and pathological conditions (Fig. 2). MIC-1 expression level is usually low in
resting cells but may be substantially increased following an adaptive response to diverse
cellular stress signals, such as a partial or complete oxygen deprivation termed as hypoxia and
anoxia, inflammation, short-wavelength light exposure, acute tissue injuries, and during cancer
progression (Albertoni et al., 2002;Zimmers et al., 2006;Akiyama et al., 2009;Ding et al.,
2009;Ago et al., 2010;Krieg et al., 2010). In this regard, MIC-1 was first isolated by a
subtraction cloning approach using a cDNA library enriched for macrophage activation-
associated genes prepared from U937 myelomonocytic cells (Bootcov et al., 1997). It has been
observed that the MIC-1 expression in human U937 and KG-1 monocytoid cell lines was
greatly enhanced by a treatment with a differentiation agent, trans-retinoic acid (RA) followed
by activation with phorbol 12-myristate 13-acetate (PMA) (Bootcov et al., 1997). More
specifically, the induction of MIC-1 mRNA expression in activated macrophages by secreted
pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α ), interleukin (IL)-1β and
IL-6, macrophage colony-stimulating factor (M-CSF) and TGF-β, suggests that MIC-1 may
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act through an autocrine loop as an inhibitory factor in the late phases of the macrophage
activation during inflammatory responses (Bootcov et al., 1997;Fairlie et al., 1999). In this
regard, the macrophages in the adrenal gland and tissue-infiltrating activated macrophages
recruited after acute tissue injuries strongly express high amounts of MIC-1/GDF-15 mRNA
transcript and mature product (Bottner et al., 1999;Fairlie et al., 1999;Schober et al., 2001).
Interestingly, it has also been observed that the blue- and near-UV light exposure also induced
MIC-1 expression in human dermal fibroblasts, suggesting that certain functions of this
cytokine could be controlled by the light signals (Akiyama et al., 2009).

In addition, the results from in situ hybridization and immunohistochemical analyses have also
revealed that MIC-1 and its murine ortholog GDF-15 show a comparable expression pattern
in adult tissues in normal physiological conditions. MIC-1/GDF-15 is detected at high levels
in placenta and, to a lower extent, in epithelial cells of mammary and prostate glands, lung,
liver, gastrointestinal tract, pancreas, and kidney (Lawton et al., 1997; Paralkar et al., 1998;
Bottner et al., 1999; Fairlie et al., 1999; Li et al., 2000; Schober et al., 2001; Kim et al.,
2002; Marjono et al., 2003). The epithelium of the choroid plexus of all ventricles and
ependyma in the adult brain also express MIC-1 which is secreted into the cerebral spinal fluid
(Strelau et al., 2000; Schober et al., 2001). A significant increase of human MIC-1
concentration in the serum has also been detected by using a sensitive enzyme-linked
immunosorbent assay (ELISA) in pregnant women as well as individuals with an elevated risk
for developing stroke and myocardial infarction as compared to the basal serum level of this
cytokine (Moore et al., 2000; Brown et al., 2002). In contrast, low MIC-1 serum concentration
has been detected before miscarriage, suggesting possible predictive and causative roles of the
low expression of this cytokine in pregnancy complications and the therapeutic potential to
up-regulate MIC-1 to prevent the miscarriage (Tong et al., 2004).

Importantly, numerous lines of experimental evidence have also revealed that MIC-1 can act
as a downstream mediator of the cell growth arrest and/or apoptosis induced following the
DNA damages and the activation of p53/p21WAF1/CIP1 pathway in response to cellular stress
signals and inflammation (Li et al., 2000; Tan et al., 2000; Albertoni et al., 2002; Yang et al.,
2003; Modlich et al., 2004; Chenau et al., 2009; Kelly et al., 2009). Consistently, it has been
shown that the MIC-1 gene promoter, which contains two consensus p53-binding sites, may
be activated by the wild-type p53 tumor suppressor protein but not by the transcriptionally
inactive p53 mutants (Li et al., 2000; Tan et al., 2000; Yang et al., 2003). Also, MIC-1
expression was significantly up-regulated by TAp63α and involved in keratinocyte
differentiation (Ichikawa et al., 2008). Furthermore, several non-steroidal anti-inflammatory
drugs (NSAIDs), peroxisome proliferator-activated receptor-γ ligands, dietary compounds
such as genistein, retinoids, and resveratrol as well as chemotherapeutic drugs, including
etoposide and doxorubicin, have been shown to increase MIC-1 expression levels in a p53-
dependent or -independent manner in cancer cells in vitro and in xenograft models established
in mice in vivo (Li et al., 2000; Tan et al., 2000; Yang et al., 2003; Yamaguchi et al., 2004;
Baek et al., 2005). It has also been reported that MIC-1 is markedly up-regulated in biopsies
from breast cancer patients after chemotherapeutic treatment with the combination of
epirubicin and cyclophosphamide or epirubicin and taxol (Modlich et al., 2004). Thereby, these
therapeutic agents may trigger anti-tumorigenic mechanisms leading to a decreased rate of cell
proliferation and/or altered cell survival. For instance, the expression of endogenous MIC-1
was remarkably induced by chemotherapeutic drug, etoposide in p53 wild-type cancer cell
lines but not in p53-deficient cells (Li et al., 2000; Tan et al., 2000).

On the other hand, other transcription factors, such as EGR-1 tumor suppressor protein, nuclear
factor-κB (NF-κB), and hypoxia-inducible factor-1α (HIF-1α ), can also induce the MIC-1
expression in certain cell types, including p53 wild-type and p53-mutant cancer cells (Fig. 2)
(Baek et al., 2005;Shim and Eling, 2005;Krieg et al., 2010). More specifically, it has been
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observed that the treatment of LNCaP prostate cancer cells with 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) resulted in an up-regulation of MIC-1 expression via the activation
of protein kinase C and an increase of transcriptional activity of NF-κB that specifically
interacts with the MIC-1 promoter (Shim and Eling, 2005). Moreover, it has been reported that
the induction of HIF-1α under hypoxic conditions prevalent within the tumor
microenvironment may result in the activation of histone demethylase, JMJD1A that, in turn,
may decrease the promoter histone methylation, and thereby enhance the hypoxic gene
expression including MIC-1 (Krieg et al., 2010). The Akt activation also up-regulated the
MIC-1 expression level in breast cancer cell lines, including MCF-7 cells through the Sp1-
binding site found in the MIC-1 promoter (Wollmann et al., 2005). The treatment of rats with
α-dihydrotestosterone (α-DHT) has also been observed to increase the MIC-1/PDF expression
in the prostate suggesting that the androgens may control the expression of this cytokine in the
normal prostate gland (Paralkar et al., 1998). It has also been reported that androgens may
contribute to the regulation of MIC-1 expression in prostate cancer cell lines (Karan et al.,
2003;Liu et al., 2003;Kakehi et al., 2004). The MIC-1 mRNA expression may also be up-
regulated by ultraviolet (UV) irradiation in melanocytes and via the stimulation of the MAPK
pathway and microphthalmia-associated transcription factor (MITF) in melanoma cell lines
(Boyle et al., 2009). Hence, the MIC-1 expression level and secretion will influence the cellular
functions mediated by this cytokine in a given cell type.

Analogies between MIC-1 signal transduction mechanisms and other TGF-β superfamily
members

Major progress has been made over the past years to define the molecular mechanisms at the
basis of the observed autocrine and paracrine effects mediated through different TGF-β
superfamily members (Piek et al., 1999; Massague and Wotton, 2000; de Caestecker, 2004;
Feng and Derynck, 2005; Levy and Hill, 2006). In general, TGF-β superfamily members,
including TGF-β1, 2, and 3, GDFs, bone morphogenetic proteins (BMPs), activins, nodal,
inhibins, myostatins, and anti-Müllerian hormone (AMH) mediate their biological effects, at
least in part, by activating the heteromeric transmembrane receptor complex comprised of two
type I and two type II receptor serine/threonine protein kinases and intracellular downstream
effectors, Smad proteins (Figs. 1 and 3) (Piek et al., 1999; Feng and Derynck, 2005; Levy and
Hill, 2006). The specificity and versatility of the biological effects mediated by each ligand of
the TGF-β superfamily may be achieved through the activation of different combinations of
type I and II receptor serine/threonine kinases at the cell surface and the formation of different
intracellular Smad protein complexes or other signaling effectors (Fig. 3). More specifically,
seven type I receptor kinases termed as activin-like receptors (ALKs) 1–7 have been identified
in mammalians and shown to form a specific complex with five different type II receptors
designated as TGF-βR-II, ActR-II, ActR-IIB, bone morphogenetic protein receptor-II (BMPR-
II), and anti-Müllerian hormone receptor-II receptor (AMHR-II) (Piek et al., 1999; Gouedard
et al., 2000; Oh et al., 2000; Reissmann et al., 2001; Levy and Hill, 2006). There are two
principal Smad pathways, the activated type I receptors ALKs 1, 2, 3, and 6 can phosphorylate
the Smad members 1, 5, and 8 while Smads 2 and 3 are substrates for ALKs 4, 5, and 7
(Massague and Wotton, 2000; Levy and Hill, 2006).

Although the specific receptors activated by secreted MIC-1 have not been precisely identified,
it has been suggested that secreted MIC-1 cytokine, like all other TGF-β superfamily members,
can mediate certain cellular responses via the stimulation of TGF-β receptors type I and II and
intracellular Smad signal transduction protein complexes (Fig. 3) (Tan et al., 2000;Xu et al.,
2006;Johnen et al., 2007;Soto-Cerrato et al., 2007;Ago et al., 2010). More specifically, it has
been observed that MIC-1 can activate certain TGF-β-responsive promoters and pure
recombinant or transfected MIC-1-induced growth inhibition in cancer cell lines with intact
TGF-β signaling (Tan et al., 2000). In contrast, neither TGF-β1 ligand nor conditioned medium
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from MIC-1 expressing cells exhibited the growth inhibitory effect on TGF-β receptor type I
or II mutant cells or Smad 4 null cells (Tan et al., 2000). It has also been reported that the
prodigiosin-mediated p21WIF1/CIP1 expression in MCF-7 breast cancer cells was blocked by a
selective inhibitor of the TGF-β type I receptor kinases ALK5, ALK4, and ALK7 and MIC-1/
NAG-1, which is overexpressed in response to prodigiosin was co-localized with TGF-β
receptor type I at the cell surface, suggesting a possible interaction between them (Soto-Cerrato
et al., 2007). In addition, the MIC-1/GDF-15 expression in cultured neonatal cardiomyocytes
also induced an anti-hypertrophic response through the activation of Smad2/3 signaling
elements, whereas an overexpression of the inhibitory proteins, Smad6/7, reversed the anti-
hypertrophic effects of MIC-1/GDF-15 (Xu et al., 2006).

Thus, in analogy with other TGF-β superfamily members, a simplified view of potential signal
transduction mechanisms of MIC-1 may involve the ligand binding to a constitutively active
type II receptor kinase that recruits and phosphorylates a type I receptor (Fig. 3). The activated
type I receptor kinase, in turn, may phosphorylate the downstream signaling effectors,
designated as receptor-regulated Smads (R-Smads), which can bind the common co-Smad
partner, Smad4 protein. The activated R-Smad/Smad4 complexes then translocate from
cytoplasm into nucleus where they act as transcription factors in interacting with the DNA
recognition sequence, CAGAC, found in the regulatory elements of target genes (Shi et al.,
1998;Massague and Wotton, 2000). Other nuclear DNA-binding co-factors may also co-
operate with Smad proteins in the regulation of the expression of numerous target genes (Fig.
3) (Tsukazaki et al., 1998;Massague and Wotton, 2000). Moreover, the nuclear Smad multi-
subunit complexes may recruit other transcriptional factors, acting as the co-activators or co-
repressors, and which may influence the specific cellular response mediated by heteromeric
Smad complexes in a given cell type (Fig. 3).

In addition, secreted MIC-1 cytokine, like other TGF-β superfamily members, can also
stimulate other intracellular signaling elements, such as Ras/MAPKs and PI3K/Akt/mTOR
signaling pathways (Massague and Wotton, 2000). Moreover, a variety of positive and negative
regulatory molecules may interfere with the expression, subcellular localization, secretion,
storage, and stability of MIC-1 and/or the activities of its receptors and intracellular signaling
elements, and thereby control its functions. The cross-talks between MIC-1 signaling with
other growth factor cascades have been undiscovered, which may promote or attenuate the
Smad-dependent- and independent-mediated responses (Massague and Wotton, 2000). Hence,
the activation of the MIC-1 pathway and its integration within the intracellular signaling
network will determine the final outcome on the target gene expression and responses in a
given cell type.

Physiological and Pathological Functions of Secreted MIC-1 Cytokine
Numerous studies on cell culture and animal models have revealed that the signal transduction
pathways and cellular responses induced by secreted MIC-1 cytokine during tissue patterning,
embryonic, and fetal development as well as its pleiotropic effects on normal and cancer cells
in adult life are highly dependent on cell type and context (Bootcov et al., 1997; Hromas et al.,
1997; Lawton et al., 1997; Paralkar et al., 1998; Bottner et al., 1999; Moore et al., 2000; Strelau
et al., 2000, 2009; Kempf et al., 2006; Xu et al., 2006; Zimmers et al., 2006; Van Huyen et al.,
2008; Ding et al., 2009; Ago et al., 2010). Moreover, MIC-1 can mediate certain biological
effects via the modulation of other signaling cascades initiated by different growth factors
through their cognate receptors (Fig. 3). Since the identity of MIC-1 receptors are not well
defined, the molecular mechanisms at the basis of the observed physiological and cellular
effects of endogenous MIC-1 as well as its implications in the development of diverse human
diseases remain to be established more precisely. In this regard, we discussed the postulated/
potential functions of MIC-1 in physiological and pathological conditions and their therapeutic

MIMEAULT and BATRA Page 6

J Cell Physiol. Author manuscript; available in PMC 2010 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



implications for the development of novel therapies to treat diverse human disorders and
aggressive cancers.

MIC-1 functions during embryonic and fetal development and adult life and its therapeutic
applications

Numerous accumulating lines of evidence obtained on human subjects and using transgenic
mouse models in which the MIC-1 expression is manipulated or pure recombinant MIC-1 has
been systemically administrated to animal models have indicated that this secreted cytokine
may control different developmental and physiological processes and tissue homeostasis and
repair in adult life. For instance, it has been observed that the subcutaneous implantation of
pure recombinant MIC-1/PDF to rat embryos induced cartilage formation and the early stages
of endochondral bone formation (Paralkar et al., 1998). A substantial rise of MIC-1 level in
the sera of pregnant women has also been observed to progressively occur during placental
gestation (Moore et al., 2000). In fact, MIC-1 has been detected, in large amounts, in amniotic
fluid and placental extracts. More specifically, it has been observed that the placental
trophoblastic cell line constitutively expresses the MIC-1 transcript and secretes large amounts
of this cytokine (Moore et al., 2000). Hence, the secreted MIC-1 by placental trophoblast could
promote fetal survival by suppressing the production of maternally derived pro-inflammatory
cytokines within the uterus (Moore et al., 2000).

On the other hand, it has also been observed that the homozygous GDF-15−/− deficient mice
were viable and fertile, but the weight of adult female GDF-15-deficient mice was increased
as compared to the wild-type mice (Strelau et al., 2009). Importantly, GDF-15−/− null mice,
however, exhibited progressive postnatal losses of about 20% at the age of 6 months of spinal,
facial, and trigeminal motoneurones which was accompanied by losses of motor axons and a
significant impairment of motor skills as well as sensory neurons in the dorsal root ganglia
(Strelau et al., 2009). It has been proposed that GDF-15 may be secreted by Schwann cells and
act in a paracrine manner as a neurotropic factor by promoting the survival of axotomized facial
neurons, cultured neurons, sensory and sympathic neurons (Strelau et al., 2009). Consistent
with this, GDF-15 also induced the neurotropic and neuroprotector effects on cultured
dopaminergic and serotonic neurons (Strelau et al., 2000). Hence, these data suggest that the
secreted MIC-1/GDF-15 cytokine can supply critical roles in the adult central nervous system
(CNS), by acting as a postnatal survival factor for the motor, sensory, and dopaminergic
sympathetic neurons. These observations support the potential applications of MIC-1 to
develop new strategies to treat diverse devastating neurodegenerative disorders such as
Parkinson’s disease.

Importantly, it has also been reported that the MIC-1 mRNA expression was negatively
associated with body mass index and fat mass in human subjects and MIC-1 secreted by
adipocytes could supply a paracrine role in the regulation of adipose tissue function (Ding et
al., 2009). In this regard, the transgenic mice engineered to overexpress MIC-1 or normal mice
treated with systemic recombinant MIC-1 also exhibited the symptoms of hypophagia and a
marked reduction of body weight and total fat mass as compared to normal and untreated mice
used as group control (Johnen et al., 2007). These observations suggest then that an up-
regulation of endogenous MIC-1 or systemic application of exogenous MIC-1 could represent
a potential therapeutic approach to treat certain cases of obesity.

Although secreted MIC-1/GDF-15 cytokine is not expressed at a significant level in the normal
adult heart, it may be induced in response to diverse pathophysiological stimuli such as
hypertension and ischemic heart diseases that promote hypertrophic growth of myocardium,
dilated cardiomyopathy, and heart failure (Kempf et al., 2006; Xu et al., 2006; Ago et al.,
2010). In fact, the secreted MIC-1/GDF-15 protein can display the cardioprotective effects and
act as an anti-hypertrophic regulatory factor in the heart, and thereby this cytokine can
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antagonize the hypertrophic response and improve the ventricular performance (Kempf et al.,
2006; Xu et al., 2006; Ago et al., 2010). Consistently, it has been shown that the transgenic
mice with cardiac-specific overexpression of mouse GDF-15 were normal but partially
resistant to pressure overload-induced hypertrophy (Xu et al., 2006). Moreover, the expression
of mouse GDF-15 by adenovirus-based gene transfer in neonatal cardiomyocyte cultures
antagonized phenylephrine plus angiotensin II-induced cardiac hypertrophy in vitro (Xu et al.,
2006). The intravenous adenoviral delivery of GDF-15 outside the heart or the injection of
human recombinant MIC-1 protein also attenuated the ventricular dilation and heart failure in
the muscle LIM protein (MLP) gene-targeted mice through an endocrine effect (Xu et al.,
2006). Conversely, it has been observed that homozygous GDF-15−/− null mice generated by
gene targeting were viable but exhibited an enhanced cardiac hypertrophic growth following
a pressure overload stimulation and a pronounced loss in the ventricular performance after a
pressure overload stimulation as compared to the wild-type mice (Xu et al., 2006). These data
support the interest to up-regulate the MIC-1 expression in the heart to attenuate the cardiac
hypertrophy, and thereby prevent ischemia/reperfusion injury and heart failure, which are
among the main causes of morbidity and mortality in humans.

MIC-1 functions in cancer and treatment resistance
MIC-1 expression levels during cancer progression and its therapeutic
implications as diagnostic and prognostic biomarker—Many efforts have been made
to establish the MIC-1 expression levels and define its specific roles during the early and late
stages of cancer progression. It has been observed that MIC-1 expression levels and its secreted
form markedly enhance in malignant tissues, established cancer cells, and plasma during the
transition of numerous localized cancers to invasive and metastatic disease stages as compared
to non-malignant tissues, normal cells, and basal MIC-1 concentration detected in the serum
(Brown et al., 2003, 2006, 2009; Karan et al., 2003; Lee et al., 2003; Nakamura et al., 2003;
Welsh et al., 2003; Cheung et al., 2004; Koopmann et al., 2004; Wollmann et al., 2005; de Wit
et al., 2005; Rasiah et al., 2006; Chen et al., 2007; Selander et al., 2007; Shnaper et al., 2009;
Zhang et al., 2009; Zhao et al., 2009; Xue et al., 2010). More specifically, an increase in MIC-1
levels has been observed during the progression of melanoma, oral squamous cell carcinomas,
and gastrointestinal, colorectal, pancreatic, prostate, breast, and cervical epithelial cancers. Of
clinical interest, high MIC-1 levels in serum samples from cancer patients have been associated
with a poor outcome and patient survival (Brown et al., 2003, 2009; Zhao et al., 2009).
Consequently, secreted MIC-1 cytokine constitutes a novel potential diagnostic and prognostic
biomarker of great clinical interest for a better risk assessment of disease progression of cancer
patients. As a matter of fact, it has been reported that the MIC-1 levels in serum progressively
increase during the transition of premalignant colonic lesions to cancer initiation and
progression and might represent an independent prognostic marker of colon relapse-free and
overall survival of patients (Brown et al., 2003). Moreover, it has been noted that the allelic
histidine 6-to-aspartate (H6D) polymorphic variation in the MIC-1 DNA sequence was an
independent predictor of the presence of metastases at the time of diagnosis (Brown et al.,
2003). The establishment of serum MIC-1 level combined with the current diagnostic marker,
prostate-specific antigen (PSA), has also been reported to significantly improve the diagnostic
specificity (Brown et al., 2006). Moreover, it has been noted that the serum MIC-1
concentration was correlated with the presence of bone metastases in prostate cancer patients
(Selander et al., 2007). Consequently, it appears that the combined use of serum MIC-1 level
and current biomarkers associated with prostate cancer could represent the potential diagnostic
and prognostic methods to reduce the number of unnecessary diagnostic biopsies and surgeries
and predict the risk of bone metastases for PC patients. In the same way, it has also been reported
that the determination of serum MIC-1 level and cancer antigen 19-9 (CA 19-9) significantly
improved diagnostic accuracy of the patients with pancreatic ductal adenocarcinoma
(Koopmann et al., 2004). Interestingly, the measurement of MIC-1 expression levels in the

MIMEAULT and BATRA Page 8

J Cell Physiol. Author manuscript; available in PMC 2010 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cerebrospinal fluid samples from 94 patients with intracranial tumors has also revealed a
significant increase of MIC-1 concentration in glioblastoma patients as compared to the
patient’s samples with non-neoplastic diseases (Shnaper et al., 2009). The enhanced MIC-1
expression was also correlated with a shorter patient survival (Shnaper et al., 2009). These
observations support the interest in considering the assessment of the MIC-1 level in serum in
combination with other current available tumor biomarkers for earlier and accurate diagnosis
and prognosis and the management of cancer patients in the clinics.

Pleiotropic functions of MIC-1 during cancer progression and its therapeutic
implications as a molecular target—Secreted MIC-1 cytokine has been implicated in
both the inhibition and promotion of cancer progression and tumor-induced anorexia and
weight loss in the late stages of cancer (Li et al., 2000; Baek et al., 2001; Albertoni et al.,
2002; Lee et al., 2003; Liu et al., 2003; Levy and Hill, 2006; Chen et al., 2007; Johnen et al.,
2007; Kim et al., 2008; Boyle et al., 2009; Senapati et al., 2010; Zhang et al., 2009). More
specifically, MIC-1 can induce various pleiotropic effects during cancer progression by
negatively or positively modulating cell proliferation, differentiation, apoptosis, invasion, and
metastases in a manner dependent of cancer cell types, disease stage, and tumor
microenvironment. In general, MIC-1 can act as a tumor suppressor protein by inhibiting tumor
growth and inducing apoptosis in the early stages of cancer, while this secreted cytokine rather
can promote the proliferation, migration, invasion, and metastases at distant tissues of cancer
cells in advanced stages of disease. In this regard, the genetic and/or epigenetic alterations in
the signaling elements involved in the mediation of MIC-1 effects on cancer cells or modulators
of these pathways may occur during cancer progression, and thereby influence the final cellular
response induced by this cytokine in a given cell type (Fig. 3). For instance, MIC-1
overexpression in epithelial cancer cells, such as HCT116 colon cancer cells and breast cancer
cell lines, including MDA-MB-468 and MCF-7, resulted in a decreased cell viability in vitro
and induced the growth inhibitory effect on tumor xenograft established from HCT-116 cells
in vivo (Li et al., 2000; Baek et al., 2001). Moreover, it has also been observed that the ectopic
overexpression of MIC-1 in the LN-Z308 glioblastoma cell line completely inhibited its
tumorigenic property in nude mice in vivo, while the proliferation of these cancer cells
established by in vitro assays was not attenuated (Albertoni et al., 2002). These data suggest
that secreted MIC-1 cytokine can display its anti-tumorigenic properties at least in part, via a
paracrine mechanism mediated by host cells found in the tumor microenvironment in the
animal model (Albertoni et al., 2002).

In contrast, secreted MIC-1 may contribute to the acquisition of a more malignant behavior
and enhanced invasive and metastatic abilities by cancer cells and co-operate with other
oncogenic growth factors in late stages of carcinogenesis. In support with this, it has been
observed that the MIC-1 down-regulation by short hairpin RNA (shRNA) in melanoma cell
lines inhibited the tumor growth in an in vivo mouse xenograft mouse model (Boyle et al.,
2009). Moreover, MIC-1 overexpression or treatment with purified recombinant MIC-1 of
gastric cancer cell lines significantly increased their invasive ability in vitro through the
activation of extracellular signal-regulated kinase-1/2 (ERK-1/2)-dependent pathway and an
up-regulation of the urokinase type-plasminogen-activator (uPA) activity (Lee et al., 2003).
The pure recombinant MIC-1 also induced the activation of basal and estrogen-stimulated
ERK-1 phosphorylation in ERα-positive MCF-7 breast cancer cells, suggesting the potential
role of this cytokine in breast cancer progression under specific conditions (Wollmann et al.,
2005). Importantly, purified recombinant MIC-1 has also been shown to activate ERK1/2 and
Akt via a transactivation of the ErbB2 receptor tyrosine kinase concomitant with an increase
of tyrosine phosphorylation of EGFR (ErbB1), ErbB2, and ErbB3 in SK-BR-3 breast cancer
cells and SNU-216 gastric cancer cells in vitro, and thereby promote their invasive potential
(Fig. 3) (Kim et al., 2008). It has also been noticed that MIC-1 increased the expression levels
of ErBb2 target genes, such as vascular endothelial growth factor (VEGF) and HIF-1α in SK-
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BR-3 cells through the phosphorylation of mammalian target of rapamycin (mTOR) signaling
pathway and its downstream targets p70S6K and 4E-BP1 (Kim et al., 2008). In the same way,
it has been reported that the small interference RNA (siRNA) directed against MIC-1 inhibited
the proliferation and colony formation of Tca3118 oral squamous cell carcinoma suggesting
this cytokine could mediate the oncogenic functions during OSCC development (Zhang et al.,
2009). The gain-and loss-functional studies of MIC-1 in androgen-dependent LNCaP-C33 and
its highly metastatic variant, androgen-independent LNCaP-LN3 cell line have also revealed
that MIC-1 can promote the proliferation of androgen receptor (AR+)-positive LNCaP cells
via the stimulation of ERK-1/2 signal pathway, while Smad2/3 was not activated in these cells
expressing a high MIC-1 level (Chen et al., 2007). Moreover, the MIC-1 overexpression in
androgen-independent AR− PC3 prostate cancer cells (PC3-MIC-1) enhanced their migratory
and invasive abilities in vitro at least in part by the activation of focal adhesion kinase (FAK)–
RhoA signaling pathway-mediated actin reorganization (Fig. 3) (Senapati et al., 2010).
Importantly, it has also been observed that the intraprostatic orthotopically implanted PC3-
MIC-1 cells in nude mice developed the metastases at near and distant tissues, such as lymph
nodes, liver, and kidney, while no metastasis was seen for the animal group implanted with a
PC3 vector (Senapati et al., 2010). No significant difference, however, was noted between the
intratumoral growth of the PC3-MIC-1 cells and the PC3 vector in this orthotopic animal model
(Senapati et al., 2010). Importantly, it has also been observed that the parental MIC-1 non-
expressing DU145 prostate cancer cells and their derivative DU145-MIC-1 cells engineered
to overexpress MIC-1 induced mixed sclerotic and osteolytic bone lesions (Wakchoure et al.,
2009). An increase of the osteolytic components of tumors, however, was seen for DU145-
MIC-1 cells grown in bone as compared to parental MIC-1 non-expressing DU145 cells
(Wakchoure et al., 2009). This suggests that the MIC-1 can also play an important role in the
pathophysiology of bone metastases by inducing the osteoclast formation and promoting
osteolytic lesions which constitute a major cause of severe bone pain in prostate cancer patients.

In addition to its effect on cancer cells, MIC-1 has also been implicated in the mediation of
tumor-induced anorexia and weight loss occurring generally in the late stages of cancer, and
which may contribute to morbidity and mortality in cancer patients (Johnen et al., 2007;
Senapati et al., 2010; Wakchoure et al., 2009). Consistently, it has been reported that the MIC-1
concentration in serum samples from patients with advanced prostate cancer was associated
with a weight loss (Johnen et al., 2007). In subcutaneously or orthotopically implanted prostate
cancer cell models, the elevated MIC-1 level was also related with a marked body weight, fat,
and lean tissue loss (Johnen et al., 2007; Senapati et al., 2010; Wakchoure et al., 2009). It has
been proposed that the promoting effect of MIC-1 on cancer-associated anorexia and weight
loss may be induced through its central action on appetite control (Johnen et al., 2007). This
cachectic effect of MIC-1 may be mediated via its specific interaction with the hypothalamic
TGF-β receptor II, stimulation of ERK-1/2 and anorexigenic pro-opiomelanocortin, and
inhibition of orexigenic neuropeptide Y (Johnen et al., 2007). Of therapeutic interest, it has
also been noticed that the decreased food intake of mice could be reversed by administration
of an antibody directed against MIC-1, suggesting that MIC-1 down-regulation may constitute
a potential strategy to prevent the cancer-associated anorexia and weight loss in cancer patients
at the late stages of disease (Johnen et al., 2007).

MIC-1 functions in the resistance to current cancer therapies
Numerous gene products altered during cancer progression may contribute to the acquisition
of survival advantages by cancer cells, and thereby enhance their resistance to the current
therapeutic therapies. In this regard, MIC-1 overexpression in certain cancer cell types, such
as lung, colon, prostate, and breast cancer cells, has been shown to supply important
cytoprotective roles and resistance to different clinical chemotherapeutic drugs (Campbell et
al., 2001; Whiteside et al., 2004; Huang et al., 2007; Proutski et al., 2009; Zhao et al., 2009).
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For instance, cDNA microarray analyses of changes in gene expression in NCI-H226 and NCI-
H2170 lung cancer cells after treatment with cisplatin have revealed that the increase in MIC-1
expression correlated with their resistance to cisplatin (Whiteside et al., 2004). The results from
a phase II clinical trial with patients diagnosed with high-risk localized prostate cancer treated
with neoadjuvant chemotherapy consisting of docetaxel and mitoxantrone followed by
prostatectomy have revealed that the MIC-1 transcript level was significantly enhanced in
prostate cancer cells surviving after chemotherapy. This suggests that MIC-1 may contribute
to docetaxel and mitoxantrone resistance (Huang et al., 2007). Consistently, it has been
observed that MIC-1/GDF-15 overexpression in metastatic PC3 and DU145 prostate cancer
cell lines or their exposure to exogenous recombinant MIC-1/GDF-15 protein enhanced their
resistance to the current chemotherapeutic drugs, docetaxel and mitoxantrone in vitro (Huang
et al., 2007). Of clinical interest, it has also been observed the MIC-1 serum levels detected in
patients with hormone-refractory prostate cancer was enhanced after docetaxel treatment and
significantly associated with cancer progression and shorter patient survival after
chemotherapeutic treatment (Zhao et al., 2009). Moreover, the MIC-1 level was also up-
regulated in PC3-Rx cells made resistance to docetaxel as compared to parental PC3 cells and
the down-regulation of endogenous MIC-1 by siRNA method sensibilized the PC3-Rx cells
to the cytotoxic effects induced by docetaxel (Zhao et al., 2009). In the same way, it has also
been reported that the Akt overexpression in breast cancer cells expressing estrogen receptor
α (ERα) led to the activation of ERα in the absence of estrogen and the induction of ERα target
genes pS2, Bcl-2, and MIC-1 (Campbell et al., 2001). These molecular events conferred
resistance of breast cancer cells to tamoxifen-induced apoptosis (Campbell et al., 2001). The
exposure of colon cancer cell lines to current clinical chemotherapeutic drugs such as
oxaliplatin, 5-fluorouracil, and SN38, which is the active metabolite of the widely used cancer
drug irinotecan, has also been observed to result in an increase in MIC-1/PDF mRNA levels
(Proutski et al., 2009). The MIC-1 overexpression in colon cancer cells, in turn, contributed to
their chemoresistance through the activation of the PI3K/Akt survival pathway (Proutski et al.,
2009). Interestingly, it has also been shown that the MIC-1/PDF gene silencing did not induce
a significant apoptotic effect on colon cancer cell lines while MIC-1/PDF down-regulation
before chemotherapeutic treatment significantly sensitized colon cancer cells expressing wild-
type p53 but not p53-null or p53-mutant cells to apoptotic effects induced by chemotherapeutic
drugs (Proutski et al., 2009). Thus, in view of these observations, it appears that the MIC-1
may supply an important protective role against the cytotoxic effects induced by diverse current
chemotherapeutic drugs in cancer cells. Therefore, the MIC-1 down-regulation may represent
a potential therapeutic strategy of great clinical interest for reversing chemoresistance and
improving cytotoxic effects induced by different current chemotherapeutic drugs in certain
cancer cell types and prevent disease relapse.

Conclusions and Perspectives
Together these recent investigations have revealed that secreted MIC-1 cytokine provides
critical functions in the maintenance of tissue homeostasis and repair after intense injuries by
controlling cell behavior and more particularly modulating adaptive responses to cellular stress
signals and inflammation. The deregulation of the molecular mechanisms involved in the
stringent regulation of endogenous expression of MIC-1 and/or signal transduction mediating
its cellular effects, however, may lead to diverse pathological disorders and promote the
progression of numerous aggressive cancers to invasive and metastatic disease stages.

Although this is an importance advance, the precise physiological and pathological roles of
MIC-1 are still not well understood, due in part to the pleiotropic effects of this cytokine on
different normal and cancer cell types and complex cellular mechanisms regulating the
endogenous MIC-1 expression and signal transduction process. The lack of precise information
on the MIC-1 receptor types I and II and other regulatory factors of signal transduction

MIMEAULT and BATRA Page 11

J Cell Physiol. Author manuscript; available in PMC 2010 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pathways induced by this cytokine underlines the urgent need to further establish their identities
and implications in mediating the specific cellular responses induced by secreted MIC-1 in a
given cell type. It will be especially important to define the molecular mechanisms that regulate
enhanced MIC-1 expression levels and its dual functions during cancer progression. The
determination of how MIC-1 signaling deregulation may induce tumor growth inhibition at
early stages or promote the proliferation, invasion, and/or metastases of cancer cells at the late
stage of disease is of immense importance. The establishment of the potential functions of the
transmembrane protein co-receptors, such as endoglin and betaglycan, which are known to
modulate the actions of TGF-β superfamily members in diverse human cancers (Bernabeu et
al., 2009), in the mediation of cellular responses induced by MIC-1 is also of particular interest.
Future studies are also required to determine the potential implications of MIC-1 in the
acquisition of more malignant phenotypes and behavior by cancer stem/progenitor cells versus
their differentiated progenies during cancer progression as well as in their resistance to current
cancer therapies.

These additional studies should lead to a better understanding of the molecular mechanisms at
the basis of the pleiotropic effects of MIC-1 during cancer etiopathogenesis and progression
as well as shed light on its functional divergences and analogies with other TGF-β superfamily
members. Hence, this work should help researchers to develop new therapeutic approaches
against a variety of human pathological disorders and aggressive, metastatic, and recurrent
cancers that remain incurable with the treatments currently available.
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Fig. 1.
Molecular mechanisms associated with the cellular MIC-1 processing, secretion, storage, and
its autocrine and paracrine actions. The scheme shows the molecular mechanisms associated
with the cellular processing of inactive pro-MIC-1 precursor via the formation of dimeric
molecules followed by their proteolytic cleavage at a furin-like site catalyzed by a convertase
in reticulum endoplasmic, which results in there lease of N-terminal propeptide and C-terminal
fragment constituting the mature and active form. The secretion of dimeric MIC-1 protein into
extracellular compartment as well as the storage of unprocessed pro-MIC-1 precursor in
extracellular matrix (ECM) is also shown. The potential autocrine or paracrine actions of
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mature MIC-1 dimer on secreting and neighboring responsive cells are also illustrated. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 2.
Cellular events and signaling elements involved in the regulation of the MIC-1 expression
levels. The increase of MIC-1 expression induced via cellular stress signals, light signal,
inflammation, cancer progression, and chemotherapeutic drugs is indicated. The potential
cellular signaling elements involved in the regulation of MIC-1 expression as well as the cells
expressing high levels of MIC-1, such as activated macrophage, normal cells, cancer cells, and
tumor host cells are also shown. The potential to assess the increase of MIC concentration in
serum or cerebrospinal fluid as diagnostic and prognostic biomarkers of cancers and the
molecular targeting of MIC-1 for improving the current cancer treatment is also indicated. α-
DHT, α-dihydrotestosterone; H2O2, hydrogen peroxide; HIF-α1, hypoxia inducible factor-α1;
IL, interleukin; MIC-1, macrophage inhibitory cytokine-1; NF-κB, nuclear factor-κB; TGF-
β, transforming growth factor-β; TNF-α, tumor necrosis factor-α. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 3.
Potential signal transduction mechanisms involved in the mediation of cellular responses
induced by secreted MIC-1 cytokine in certain cancer cells. The scheme shows the potential
signaling transduction elements mediating the cellular responses induced by MIC-1 in certain
cancer cell types and interactive cross-talks with other oncogenic signaling pathways. In
analogy with other TGF-β superfamily members, MIC-1 can interact with type I and II receptor
serine/threonine kinases, which remain to be identified more precisely in a given cell type.
Thereby, MIC-1 can induce the formation of heteromeric receptor complex that, in turn, may
stimulate different R-Smad proteins by phosphorylation and their association with their Smad4
co-partner. The R-Smad/Smad4 complexes may translocate to the nucleus, where they may
participate in co-operation with other factors, such as co-activators or co-repressors, in the
transcriptional regulation of the expression of gene products that mediate specific cellular
responses. Moreover, MIC-1 can also induce its cellular effects through the stimulation of other
signaling elements and cross-talks with intracellular pathways initiated by distinct growth
factors. Particularly, the activation of the EGFR family members, EGFR, ErbB2, and ErbB3
via their phosphorylation which can be induced by MIC-1, is shown. The activation of the
FAK/RhoA, PI3K/Akt, and MAPK signaling elements induced by MIC-1, which may
contribute to the acquisition of more malignant behavior by cancer cells, including an increase
in their migratory and invasive abilities, is also illustrated. In addition, the frequent
deregulations in the MIC-1 signaling network that may promote its oncogenic effects are also
indicated. Moreover, the cytoprotective effect induced by MIC-1 via the stimulation of the
PI3K/Akt survival pathway, which may contribute to the resistance of certain cancer cell types,
to current chemotherapeutic treatment is also indicated. EGFR, epidermal growth factor
receptor; FAK, focal adhesion kinase; HIF-1α, hypoxia inducible factor-1α; MAPK, mitogen-
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activated protein kinase; PI3K, phosphatidylinositol 3′ kinase; R-Smads, receptor regulated
Smads; VEGF, vascular endothelial growth factor; uPA, urokinase type-plasminogen
activator. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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