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Hepatocellular carcinoma (HCC) is the most common primary liver cancer and one of the most frequent
types of cancer worldwide. It normally develops in patients with chronic liver disease, especially cirrhosis,
although some cases without an apparent underlying liver disease have been reported. The pathogenesis of
HCC is multi-factorial and complex. Hepatitis viruses are the main factors favoring the development of HCC.
In fact, chronic inflammation associated with hepatitis C or B virus infection can lead to progressive liver
fibrosis, cirrhosis and ultimately HCC. Chronic inflammation and liver fibrosis cause a continuous remodeling
of the extracellular matrix (ECM), a dynamic process that involves several molecules including integrins and
matrix processing enzymes. An increasing body of evidence indicates that ADAMs are involved in promoting
tumor formation and progression of HCC. A Disintegrin And Metalloproteases (ADAMs) are a group of
proteins belonging to the zinc protease superfamily. ADAMs are usually transmembrane proteins that
contain disintegrin and metalloprotease domains and are, therefore, able to carry out both cell adhesion and
protease activities. Soluble isoforms of ADAMs have also been discovered and characterized. In this review,
we focus on the contribution of ADAM proteins to HCC tumorigenesis and cancer progression. The potential
role of ADAMs as key modulators of tumor–stroma interactions during tumor progression, by means of the
activities of their constituent domains, is also discussed.
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1. Introduction

A Disintegrin AndMetalloproteases (ADAMs) are proteins belonging
to the superfamily of zincoproteases known as metzincins. Two other
classes of proteases closely related to ADAMs are the snake venom
metalloproteases (SVMP) and ADAMs with a thrombospondin type 1
motif (ADAMTS); all together they constitute the adamalysin subfamily
[1,2]. Through their different domains, the ADAMs are involved in
multiple cellular functions such as cell fusion, adhesion, migration,
proteolysis of the extracellularmatrix (ECM) components and shedding
of membrane proteins such as cytokines and growth factors [3,4].
Accordingly, these molecules intervene in both physiological (fertiliza-
tion, development, and cell–cell interactions) and pathological process-
es (inflammation, cancer, asthma, aswell asneurodegenerativediseases
such as Alzheimer's) [5–7]. Various studies have demonstrated that
ADAMs are highly expressed in both tumor cell lines and tissues and
that these molecules may play a fortuitous role in cancer through the
action of different mechanisms including shedding of growth factors
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and the control of important functions of tumor cells such as adhesion,
migration and invasion [8–10]. In fact, one of the functionally important
features of ADAMs is their capacity to shed (these enzymes are also
termed sheddases) transmembrane growth factors and cytokines (i.e.
HB-EGF, TGF-α and potentially other membrane-bound EGFR family
members) that are then released in the surroundingmicroenvironment
and act on their specific receptors [11,12]. For example, activation of the
heptaspanin family of G protein-coupled receptors (GPCRs) by their
agonists (i.e. biogenic amines, lipids and peptides) results in a highly
increased ADAMs sheddase activity of membrane-bound EGFR ligands,
which in turn activate their receptors [2]. Paradigmatic of shedding is
the activity of the tumor necrosis factor-alpha converting enzyme
(TACE)/ADAM-17, that cleaves the ectodomain of TNFα [13,14]. This is
currently arousing great interest as a therapeutic target in inflammatory
diseases and cancer [15]. In the case of liver cells, the activity of TACE/
ADAM-17 is much higher in rat hepatoma cells than in adult
hepatocytes and this is correlated to increased levels of the EGFR
ligands found in those liver cancer cells [16]. A different mechanism
exerted by ADAMs for the regulation of cell adhesion, migration and
invasion is achieved through binding of the disintegrin domain to
integrins and the consequent modulation of their activity [17,18]. More
recently, the involvement of ADAM proteins in liver disease and
particularly in chronic liver processes (i.e. liver fibrosis) [19] and
liver cancer (HCC) has begun to look like an event that is not merely
fortuitous but on the contrary, may have an important pathogenic
significance in these conditions. The purpose of this review is to provide
an overview of ADAMs and their role in the pathogenic mechanisms
underlying HCC.

2. The ADAMs: a class of multidomain and
multifunctional proteins

The ADAM family proteins are a group of transmembrane
metalloproteases that belongs to the superfamily of zinc-proteases.
The members of this family of proteins share the following structural
domains: a pro-domain, a metalloproteinase domain, a disintegrin-
like domain, a cysteine-rich domain, an EGF-like domain, a trans-
membrane and a short intracellular domain (Fig. 1). The presence of
both a metalloprotease and a disintegrin domain allows these
proteins to carry out a proteolytic function associated with adhesive
properties [20–23]. Over thirty ADAM genes have been described in a
variety of species and at least nineteen have been identified in
humans. The physiological functions of ADAM proteins are still largely
unknown, although they seem to be involved in several biological
processes such as cell–cell and cell–matrix interactions, sperm–egg
fusion, muscle development and proteolysis of cytokines and growth
factors [24]. ADAMs are usually transmembrane proteins, but soluble
truncated variants of some members have lately been identified.
Fig. 1. Structure of ADAMs. A, Conserved domains of ADAM transmembrane proteins includ
binding site), and disintegrin and cysteine-rich domains. ADAMs also contain EGF-like and tr
lack part of the juxta-membrane domain at the cysteine-rich or EGF-like level and hence th
These isoforms could be produced either by post-translational
proteolytic modifications or by alternative splicing. For example, it
is known that ADAM22, ADAM29 and ADAM30 have two or three
isoforms featuring different lengths of the cytoplasmic domain, but
identical from a functional standpoint. In other cases, however,
soluble isoforms are obtained by alternative splicing and can carry
out different functions than the corresponding full-length proteins,
as in the case of ADAM9 and ADAM12. Such proteins have two
isoforms: a long form, transmembrane, termed FL (Full-Length), and a
short form, soluble, called S, that lacks part of the juxta-membrane
domain, the transmembrane and the intracellular domains. These
proteins are secreted into the extracellular spacewhere they act “in an
autocrine–paracrine fashion”, directly or indirectly by cleaving matrix
components, cytokines and growth factors [25,26]. Preliminary
studies have indicated a possible role of ADAM12-S in the cleavage
of insulin-like growth factor-binding protein-3 (IGFBP-3) and IGFBP-
5, proteins that hold insulin-like growth factor-I (IGF-I) bound,
thereby increasing its half-life [27,28]. In this regard, since ADAM12 is
highly expressed during pregnancy, it is conceivable that this protein
is responsible, through proteolysis of IGFBP, for the increased IGF-I
blood levels detected in this condition. ADAM9 (also known as MDC-
9, metalloproteinase disintegrin cysteine-rich protein-9 or meltrin-γ)
is a cell-surface protein expressed in a variety of human tissues [25].
The function of this protein, like that of other members of the same
family, is not yet well understood. However, it has been shown that in
co-operation with α6β1 integrin ADAM9 stimulates cell motility in
fibrosarcoma cells [29]. Moreover, the metalloproteinase domain of
ADAM9 seems to be involved in proteolysis of both the extracellular
domain of heparin-binding EGF-like growth factor and ECM proteins
[30–32]. From the physiological point of view, ADAMs have been
implicated in various processes [24]. Some of them (ADAM1 and
ADAM2) have been involved in fertilization [33] and others (i.e.
ADAM9, 10, 12, 17, 19, and 21) in the fusion of myoblasts [34],
neurogenesis and axon extension [35,36].

3. ADAMs with a proven role in cancer

The relationship between ECM and the infiltrating tumor tissue is
largely regulated by enzymes able to degrade the ECM,which aremostly
produced by stromal cells. Several studies carried out over the last
decade have established that many families of enzymes degrading the
ECM are involved in tumor progression and the metastatic process [37–
39]. Historically speaking, the earliest characterized family of enzymes
degrading the ECM is that of conventional matrix metalloproteases
(MMPs) [40]. Proteolytic modification of ECM profoundly alters the
microenvironment and contributes to different steps in tumor formation
and progression. Recently, ADAM proteins have received close attention
because they may reveal important regulators of the crosstalk between
e the signal sequence (SS), pro-domain, metalloprotease domain (includes a zinc (Zn)
ansmembrane domains (TM) and a cytoplasmic (Cyt) tail. B, Soluble isoforms generally
e anchorage to the plasma membrane.
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cancer cells and the tumor microenvironment. Several studies, recently
reviewedbyDuffyMJ et al. [10], have showna fortuitous role ofADAMs in
cancer (Table 1). Some of the first evidence of the involvement of these
molecules in cancer came from an analysis showing differences in the
expression levels of ADAMs members, including ADAM9, ADAM10,
ADAM12 and Metargidin (ADAM15) in various hematological malig-
nancies [41]. Later, it was shown that ADAM15 is associated with the
integrin receptor αvβ3 in melanoma cells, suggesting a potential role in
integrin-mediated neo-vascularization and cancer progression [42,43].
More recently, using a mouse model of prostate cancer, Najy et al. have
demonstrated that ADAM15 modulates the metastatic capability of
tumor cells to colonize the bone, likely affecting the interaction between
the endothelium and cancer cells [44]. Different studies have shown that
ADAM12 is highly expressed inmany types of cancer and tumor cells and
that ADAM12 may regulate important cellular functions (i.e. between
cells, or cells and the ECM) through its interaction with adhesion mole-
cules such as integrins and syndecans [45]. For example, ADAM12 pref-
erentially binds toα9β1but in caseswhere this receptor is not expressed,
as in many carcinomas, it could bind to other members of the beta1
integrin family [46]. Also, ADAM12 interacts with syndecan-4 and this
interaction can promote cell spreading and stress fiber assembly [47]. A
functional study by Kveiborg et al. [48] demonstrated that ADAM12
accelerates tumor progression in a murine breast cancer model. In
Table 1
ADAMs in cancer.

Adam Expression in cancers Funct

ADAM8 Up-regulated in most cancers
including renal cell carcinomas
and astrocytomas

Tumo
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gastric, lung, and breast
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Shedd
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gastric, and hematological malignancies
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up-re
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a PIN = prostatic intraepithelial neoplasia.
b NSCLC = non-small cell lung cancer.
c HCC = hepatocellular carcinoma.
addition, they found indications that ADAM12 regulates tumor–stroma
interactions by affecting the apoptosis of stromal cells. The involvement
of ADAM9 in cancer has also been investigated. Over the last decade,
studies conducted by different research teams have attempted to shed
light on the role of this ADAM in cancer progression. For instance, it has
been reported that in breast carcinoma, increased expression levels of
ADAM9 are correlated with cancer progression [29] and that ADAM9 is
highly expressed in renal cancer, where it is significantly correlated with
markers of poor prognosis [49]. In prostate cancer ADAM9 is over-
expressed and seems to be an independent prognosticmarker of disease-
free survival following radical prostatectomy [50]. In addition, the ex-
pression of ADAM9 in prostate cancer can be regulated by intracellular
reactive oxygen species and/or hydrogen peroxide generated when the
cells are exposed to stress conditions such as cell crowding and hypoxia
[51]. In an interesting study by Peduto et al. [52], it was found that
transgenic overexpression of ADAM9 in mouse prostate results in an
abnormal glandular epithelium and high-grade prostatic intraepithelial
neoplasia (PIN), whereas mice lacking ADAM9 form well-differentiated
tumors; thus this study unveiled a key role of this molecule in prostate
carcinogenesis. They also suggested that the shedding of EGF and FGFR2
operated by ADAM9 can be a potential mechanism underlying prostate
carcinogenesis. Another study, using a lasermicrodissection andpressure
catapulting technique, showed that ADAM9, along with ADAM15, is
ion in tumorigenesis Ref.
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highly expressed in pancreatic cancer as compared to normal pancreatic
tissues [53]. A similar study, donebygeneprofiling, revealed thatADAM9
is up-regulated in different pancreatic cell lines [54]. In addition,
Grutzmann et al. [55] demonstrated that the expression of ADAM9 is
associated with certain types of pancreatic cancer and can be considered
a reliable prognostic factor in ductal adenocarcinoma. Evidence of
significantly up-regulated ADAMs, including ADAM9, ADAM12 and
ADAM15, was also provided in an analysis of gastric cancer [56]. More-
over, overexpression of ADAM9 was found to be correlated with the
capacity of non-small cell lung cancer (NSCLC) cells to seedmetastasis to
the brain [57]. Interestingly, ADAM9 was one of the genes de-regulated
by recurrent high-level amplifications associated with reduced survival
duration in patients with breast cancer [58]. Besides ADAM9, ADAM12
and ADAM15, other ADAMs have been implicated in cancer formation
and/or progression. For example, ADAM17 regulates important auto-
crine signaling pathways through its sheddase activity on TGF-α that is
essential for an efficient EGFR activation in renal carcinoma cells.
Moreover, when ADAM17 is knocked down by RNA interference this is
sufficient to suppress renal carcinoma formation in nude mice,
suggesting that pharmacological targetingofADAM17couldbebeneficial
in this type of cancer [59]. ADAM28 and its soluble isoform, ADAM28-S,
are up-regulated in human breast carcinomas as compared to non-
neoplastic tissues and are correlated with the mitotic activity of car-
cinoma cells. In a xenograft model, silencing of ADAM28 inhibits the
growth of breast cancer cells [60]. In addition, the same study showed
that ADAM28 cleaves IGFBP-3, making unbound IGF-I more available to
act on its receptor. In another study, the same authors demonstrated that
ADAM28 is overexpressed and activated in human non-small cell lung
carcinomas as compared to non-carcinoma lung tissues, and that this is
correlated with a higher mitotic cell index [61].
Fig. 2. ADAMs promote tumorigenesis through different mechanisms including the regulatio
ADAMs interact in the crosstalk between tumor and stromal cells. Tumor cells can recruit str
cells by producing soluble factors, ECM and a variety of enzymes including ADAMs. Transmem
become activated and exert their biological activity in an autocrine or paracrine fashion. This
thereby stimulating tumor growth and/or stromagenesis. For example, ADAM17 can be e
(HB-EGF). This growth factor acts on both tumor and stromal cells, thus promoting tumor gro
inhibited by miR-122, which exerts a tumor suppressor action. In the case of soluble ADAM9
the surface of tumor cells. Through its proteolytic activity, ADAM9-S then promotes inva
surrounding tissues.
4. Tumor–stromal interactions during HCC progression

The crosstalk between stroma and tumor cells is unquestionably
relevant to tumor progression. In particular, during the transition from
carcinoma in situ to invasive carcinoma, the cancer cells penetrate
through thebasementmembraneand infiltrate the surrounding stroma.
Pathologists consider this a clear sign of malignancy. As a consequence
of this infiltration, tumor cells gain access to lymphatic and/or blood
vessels and eventually to the systemic circulation. Important changes in
the stroma distribution, organization and composition occur during the
acquisition of the invasive phenotype [62,63]. In HCC, the stromal
component is very different (structurally and qualitatively) from that of
normal liver tissue but seems to more closely resemble that of cirrhotic
liver, of which HCC often originates [64]. HCC stroma is made up of
several cell types, including immune cells, inflammatory cells, smooth
muscle cells, fibroblasts and myofibroblasts, activated Ito cells, Kupffer
and endothelial cells [65]. The stroma of HCC is also composed of ECM
components and soluble factors (i.e. growth factors and cytokines) that
play an active role during tumor progression [66–68]. Using various
experimental models it has been demonstrated that the tumor
microenvironment determines the efficiency of neoplastic transforma-
tion, growth rate, degree of invasiveness, and the ability to form distant
metastases in HCC [69,70]. Like inmost carcinomas, the influence of the
microenvironment in HCC is in large part mediated by paracrine signals
between cancer cells and stromal cells (fibroblasts/myofibroblasts,
endothelial cells and other cell types) [71,72]. Myofibroblasts are
generally the main cellular element determining the reactive stroma in
HCC [65]. Myofibroblasts also play an important role in epithelial–
stromal interactions in the tumor microenvironment at the invasive
front. Furthermore,myofibroblasts are detectable in a higher proportion
n of tumor–stromal interactions. Schematic model illustrating the mechanism by which
omal cells by secreting growth factors (GFs) and cytokines, which in turn act on tumor
brane ADAMs shed many cell-surface proteins including growth factors, which in turn

activity can be exerted by growth factors and cytokines on both tumor and stromal cells,
xpressed by tumor or stromal cells and shed heparin-binding EGF-like growth factor
wth. Moreover, ADA17 is overexpressed in most poorly differentiated HCC and it can be
(ADAM9-S), this is released by stromal cells and binds to integrins (α6β4 andα2β1) on
sion by degrading components of the ECM, thus allowing tumor cells to invade the
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of invasive cancers as compared to carcinomas in situ [73]. Myofibro-
blasts are able to produce enzymes that degrade the ECM, a prerequisite
for tumor invasion. The cancer-associated myofibroblasts are largely
responsible for the so-called “desmoplastic reaction” as they are able to
synthesize and secrete large quantities of collagen and other ECM
components. They are also able to contract, on account of their smooth
muscle actin and myosin. The abundant deposition of collagen and
tissue contraction are responsible for the dense, hard consistency of
tumors [74]. Myofibroblast differentiation is initially induced by
cytokines released by tumor cells from carcinoma in situ [75,76].
There are also many indications that tumor-associated myofibroblasts
acquire an increased ability to support tumor growth as compared with
myofibroblasts from the normal surrounding tissue [77]. They are also
believed to provide a favorable environment for the seeding and
development of metastases [78], so targeting tumor–stroma is a new,
emerging anti-cancer strategy [79,80]. This strategy is aimed at
interrupting the molecular crosstalk between tumor and stromal cells
that supports invasive and metastatic growth, through the inhibition of
those factors that play a key role in mediating tumor–stroma inter-
actions. Stromal cells are abundant in metastases, suggesting that the
metastatic cell continues to be dependent on stromal cells for optimal
autologous outgrowth in the invaded organ. The characteristics of the
specific tissue microenvironment likely play a key role in inducing
susceptibility to metastatic transformation.

5. The contribution of ADAMs to HCC oncogenesis and
tumor progression

There is an increasing body of evidence that ADAM proteins play
an active role in the pathogenesis of HCC. In Fig. 2, a schematic model
summarizes some of the mechanisms in which ADAMs participate
during hepatocarcinogenesis. In an effort to identify novel HCC-
associated proteins using protein microarrays, Tannapfel et al. [81]
found that ADAM9 is up-regulated in HCC as compared to non-
neoplastic liver tissue. Similarly, the expression levels of ADAM17
Fig. 3. ADAM9 expression levels in liver colon carcinoma metastasis. The APAAP staining (r
tumor invasive growth. Moving away from the tumor, the ADAM9 positive stromal cells be
mRNA were significantly higher in poorly differentiated than in
moderately or well-differentiated HCC, and this was correlated with
HCC progression [82]. At the same time, Le Pabic et al. [32] showed
that the mRNA levels of ADAM9 and ADAM12 are significantly
increased in HCC patients as compared to normal subjects or those
with benign tumors, and that ADAM12, but not ADAM9, is under the
transcriptional control of TGF-β1 in Ito cells. TGF-β1 is an important
and controversial regulator in cancer. In normal and premalignant
conditions, it seems to act as a tumor suppressor with a bivalent
action on both tumor and stromal cells whereas it acts as a tumor
promoter in advanced phases of tumor progression [83]. For example,
it has been shown that TGF-β1 activates the EGFR-mediated survival
signaling pathway in fetal rat hepatocytes through the involvement of
TACE/ADAM-17, and that TGF-β1 suppresses adult quiescent hepa-
tocytes but not hepatoma cells that escape from this suppressor effect,
thereby acquiring a more aggressive phenotype [84,85].

In another study, Mazzocca et al. [86] showed that a soluble form
of ADAM9 (ADAM9-S) secreted by activated myofibroblasts/hepatic
stellate cells promoted tumor invasion by means of stromal–tumor
interactions in different carcinoma cell lines. ADAM9-S, secreted by
stromal cells, acts on tumor cells in a paracrine fashion through direct
binding to α6β4 andα2β1 integrins. In this way, the tumor cell surface
can be “armed” with a fresh proteolytic activity that is able to degrade
the surrounding matrix [86]. It is important to point out that in our
analysis of liver tissues the expression of ADAM9was rarely detected in
carcinoma cells and never observed in normal hepatocytes (data not
shown). On the contrary, it was mostly expressed by α-SMA-positive/
activated myofibroblasts in both HCC and cirrhotic liver tissue,
supporting the idea that the expression of this protease is related to
the activation state of this important component of the hepatic stroma.
In the sameway, ADAM9 expression in livermetastatic colon carcinoma
is prevalently detected in the stromal cells within the tumor
corresponding to activated liver myofibroblast/α-SMA-positive cells
(Fig. 3). A study by Schwettmann et al. [19] has recently shown a strong
correlation between ADAM9, ADAM28 and ADAMTS1 withMMP-2 and
ed) is appreciable in the stromal cells within the tumor and is stronger at the front of
come rarer and eventually disappear.
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α-SMA in patients with chronic liver diseases of different etiology,
including HBV and HCV infection. They also suggest a role of these
ADAMs in ECM remodeling during liver fibrogenesis. For example,
ADAM10 and ADAM17 are up-regulated in patients with chronic liver
disease associated with a high grade of fibrosis and can shed CX3CL/
fractalkine,which in turn contributes to sustain chronic inflammation of
the liver through the recruitment of inflammatory cells [87]. Translo-
cation of ADAM12 to the cell surface induced by type I collagen, one of
themajor ECM components of fibrotic liver, through binding to integrin
receptors and the consequent activation of a PKC/RACK1-dependent
pathway, may contribute to the fibrogenic process in liver via the
activation of pro-fibrotic stimuli (i.e. TGF-β or human Delta-like 1
homolog) [88].

Since chronic liver diseases with sustained fibrosis represent an
important risk factor for developing HCC, it is reasonable to assume a
contribution of these molecules during the initial phases of hepato-
carcinogenesis. Recent studies have demonstrated that ADAMs
control important oncogenic signaling pathways in HCC cells. The
molecular crosstalk between angiotensin II and EGFR leads to
increased proliferation and requires the activity of ADAM9 and
ADAM17 for signaling via ERK1/2 STAT3 and AKT [89]. Moreover, it
has been suggested that the cleavage of the membrane-bound
Amphiregulin precursor by ADAM17 is a mechanism that takes part
in the early stages of hepatocarcinogenesis. In agreement with this, is
the observation that ADAM17 is up-regulated in both cirrhotic liver, a
precancerous condition, and in HCC tissues but not in healthy controls
[90]. Lastly, a tumor suppressor microRNA called miR-122 has been
shown to reduce intrahepatic HCC metastasis by inhibiting angiogen-
esis. One of the target genes of this tumor suppressor microRNA is
ADAM17, whose inhibition by RNA interference results in a reduced
tumor progression in a nude mouse model [91].

6. Concluding remarks

This review has examined the involvement of ADAM proteins in
tumorigenesis and cancer progression, focusing particularly on HCC. In
this typeof cancer, different studies havedemonstrateda significant link
between some members of the ADAM proteins superfamily and the
pathogenic mechanisms underlying HCC formation. ADAMproteins are
involved in various regulatory mechanisms during HCC progression.
These molecules act as regulators of tumor cell functions and the
relationship between tumor and stromal cells. Suchmechanisms can be
autocrine or paracrine and regulate cell proliferation, cell movement
and invasion of tumor cells. Autocrine and paracrine mechanisms can
occur through the shedding of growth factors and cytokines, which in
turn results in the activation of their receptors and signaling pathways,
or through the action of soluble isoforms of certain ADAMs. Alterna-
tively, ADAMs can bind to integrins or other adhesion molecules via
their disintegrin and cysteine-rich domain and, in this way, ADAMs can
modulate the function of these molecules. Despite these valuable
findings on ADAMs in cancer, we are at the dawn of understanding of
the role played by thesemolecules in liver diseases, particularly in HCC.
The development of appropriate animal models and more detailed
large-scale clinical analysesmay contribute to a better knowledge of the
role of ADAMs, and hopefully lead to more and more translational
applications of the obtained results in patients with liver cancer.
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