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Targeting tyrosine kinase receptors (RTKs) with specific Abs is a
promising therapeutic approach for cancer treatment, although
the molecular mechanism(s) responsible for the Abs’ biological
activity are not completely known. We targeted the transmem-
brane RTK for hepatocyte growth factor (HGF) with a monoclonal
Ab (DN30). In vitro, chronic treatment of carcinoma cell lines
resulted in impairment of HGF-induced signal transduction, an-
chorage-independent growth, and invasiveness. In vivo, adminis-
tration of DN30 inhibited growth and metastatic spread to the lung
of neoplastic cells s.c. transplanted into immunodeficient nu�nu
mice. This Ab efficiently down-regulates HGF receptor through a
molecular mechanism involving a double proteolytic cleavage: (i)
cleavage of the extracellular portion, resulting in ‘‘shedding’’ of
the ectodomain, and (ii) cleavage of the intracellular domain,
which is rapidly degraded by the proteasome. Interestingly, the
‘‘decoy effect’’ generated by the shed ectodomain, acting as a
dominant negative molecule, enhanced the inhibitory effect of
the Ab.

Ab � metastasis � tyrosine kinase � receptor degradation �
proteolytic cleavage

Scientific exploration of cancer immunotherapy began in the
1950s, and the first application relied on polyclonal antibodies.

Today, after �5 decades, immunotherapy with mAbs continues to
offer a promising alternative for cancer treatment (1, 2). Several
antibodies targeting tyrosine kinase receptors (RTKs) are currently
used in clinical practice (3), even if their mechanism of action is still
poorly understood (4). Bevacizumab and Cetuximab target VEGF-
VEGFR and EGF-EGFR respectively, and act by preventing
ligand–receptor interaction (5, 6). The mechanism of action of
Trastuzumab, a mAb specific for HER2 (a member of the EGFR
family) is not completely clear, but it promotes HER2 degradation,
thus decreasing receptor levels at the surface of tumor cells (7).

The MET oncogene, encoding the RTK for hepatocyte growth
factor (HGFR), controls genetic programs leading to cell growth,
invasion, and protection from apoptosis. Deregulated activation of
HGFR is critical not only for the acquisition of tumorigenic
properties but also for the achievement of the invasive phenotype
(8). The role of MET in human tumors emerged from several
experimental approaches and was unequivocally proved by the
discovery of MET-activating mutations in inherited forms of car-
cinomas (9, 10). HGFR constitutive activation is frequent in
sporadic cancers, and studies from this and other laboratories have
shown that the MET oncogene is overexpressed in tumors of
specific histotypes or is activated through autocrine mechanisms
(for a list see www.vai.org�vari�metandcancer). Besides, the MET
gene is amplified in hematogenous metastases of colorectal carci-
nomas (11). Interfering with MET activation is, thus, becoming a
challenging approach to hamper the tumorigenic and metastatic
processes. In the past years, several strategies have been proposed
to block aberrant HGFR signaling, targeting either the HGFR itself
or its ligand. These approaches include the use of HGF antagonists,

HGF neutralizing antibodies, HGFR decoys, ATP-binding-site
inhibitors of HGFR, or small molecules, such as geldanamycin,
SH2-domain polypeptides, and ribozymes (reviewed in ref. 12).
Although many of these approaches are attractive, their clinical
application still remains elusive, mainly due to problems in efficient
delivery.

In this work, we show that a monoclonal Ab directed against the
extracellular domain of HGFR, is able to promote receptor down-
regulation; the underlying molecular mechanism is different from
that induced by ligand binding, and it involves proteolytic cleavage
of the receptor, resulting in HGFR ectodomain release from the
cell surface (‘‘shedding’’) and generation of the intracellular do-
main, which is rapidly degraded by the proteasome. As a conse-
quence, Ab-induced receptor down-regulation impairs HGFR-
activated signal transduction, abolishes the invasive growth
response in vitro, and interferes with the tumorigenic and metastatic
potential of cancer cells in vivo.

Results
The DN30 Ab Impairs HGFR Signal Transduction. DN30 is a mAb
directed against the extracellular domain of HGFR, where it
recognizes an epitope distinct from that bound by the ligand (13).
Previous work has shown that DN30 behaves as a partial agonist,
because it induces phosphorylation of the receptor but is unable to
trigger the whole set of downstream biological effects (13). To
address the question of whether the DN30 mAb might represent a
tool to interfere with constitutive HGFR activation, we first ana-
lyzed its biochemical and biological activity in tumor cells chroni-
cally exposed to the mAb. As a model, we used a human gastric
carcinoma cell line (GTL16), where HGFR, as in many naturally
occurring tumors, is overexpressed and constitutively activated (14).
As shown in Fig. 1A, DN30 treatment induced a significant reduc-
tion in HGFR levels and tyrosine phosphorylation. We then
analyzed the effect of this mAb on HGFR signal transduction.
Because HGFR is known to promote a strong antiapoptotic pro-
gram by stimulating Akt activation, we evaluated the level of Akt
phosphorylation upon treatment with DN30 or an irrelevant iso-
type-matched Ab (VSV-G), as a control. As shown in Fig. 1B, Akt
phosphorylation was inhibited in both basal condition and HGF-
stimulated cells.

DN30 Inhibits the Transformed Phenotype of Cancer Cells in Vitro. The
effect of this mAb on the transformed phenotype was assessed by
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measuring the ability of cells to grow in the absence of anchorage
and invade extracellular matrices. Anchorage-independent growth
depends on the ability of cells to overcome apoptosis due to lack of
anchorage, the so-called ‘‘anoikis’’ (15), and can be analyzed by
evaluating the capability of cells to grow in soft agar. Because many
reports have shown that HGFR activation is able to protect cells
from anoikis (16–18), we seeded GTL16 cells in 0.5% agar and
maintained the culture in the presence or absence of different
amounts of DN30 or the control VSV-G mAb. Whereas VSV-G-
treated and -untreated cells were able to form numerous colonies,
DN30 drastically inhibited anchorage-independent growth of can-
cer cells in a dose-dependent manner (Fig. 2A). On the contrary, no
difference in the ability of cells to grow in conditions of anchorage
dependency was observed upon mAb treatment (see Fig. 10, which
is published as supporting information on the PNAS web site).

To evaluate the ability of the Ab to interfere with cell
invasiveness, we studied MDA-MB-435�4, a mammary carci-
noma cell line that represents a suitable model to study the
invasive ability of cells in response to HGF (19). As shown in Fig.
2B, in vitro treatment of these cells with DN30 reduced the
invasive properties in response to HGF.

DN30 Inhibits the Transformed Phenotype in Vivo. To assess the
activity of DN30 on tumor growth, we inoculated s.c. GTL16 cells
into the posterior flank of immunodeficient nu�nu female mice.
The animals were treated twice a week with either DN30 or
VSV-G, injected in situ, in the tumor (2 �g�g). The therapy started
upon tumor appearance; animals bearing tumors of comparable
size were treated for 4 weeks. Tumor volume was monitored during
treatment, and a substantial decrease in growth was observed in
DN30-treated mice (Fig. 3A). At the end of the experiment, mice
were autopsied, and tumors were excised and weighed. In mice
treated with DN30, tumors were significantly smaller than in
controls (Fig. 3B). In these tumors, HGFR activation, shown by
staining with specific antibodies against the phosphorylated form of
the receptor, was reduced (Fig. 3C). Impairment of tumor growth
was mainly due to increased apoptotic rate (see Fig. 11 A and B,
which is published as supporting information on the PNAS web
site).

We performed the same kind of experiments on MDA-MB-435

�4 cells, a model system for in vivo spontaneous metastasis (19).
Tumor-bearing animals were treated twice a week with different
doses of DN30 or the control mAb, administered either systemically
(1 �g�g or 10 �g�g i.p.) or into the tumor (2 �g�g in situ). The
therapy started at the day of transplantation and was carried out for
8 weeks. After treatment, mice were autopsied, and analysis of
primary tumors and lungs was performed. Spleen, bone marrow,
liver, heart, bone, and kidney were also examined to rule out
potential toxic effects. Macroscopic analysis showed that DN30
treatment resulted in growth inhibition of the primary tumor mass
(Fig. 4A; and see Fig. 12 A–E, which is published as supporting
information on the PNAS web site). Immunohistochemical staining
with antibodies recognizing the tyrosine-phosphorylated form of
HGFR showed, also in this case, a marked reduction of receptor
activation (Fig. 12 F–J). Microscopic analysis of the lung sections
revealed that both intratumor injection and systemic administration
of DN30 prevented the appearance of distant metastases in the lung
and in the other inspected organs (Fig. 4B).

Because many works have shown that HGF is a potent angiogenic
factor and that HGFR signaling contributes to tumor angiogenesis
(20–23), we analyzed tumor vascularization upon DN30 treatment.
In these tumors, we found a significant reduction of the number of
vessels and of their area (Fig. 4 C and D). However, because DN30
mAb does not bind to mouse HGFR with high affinity (Fig. 12K),
the observed result is due to an indirect effect of the mAb on tumor
cells. It is known that HGFR promotes angiogenesis by inducing
release of VEGF and of other angiogenic factors (20–23). Blocking
HGFR activation in tumor cells can, thus, abrogate the release of
these angiogenic factors.

DN30 Induces HGFR Down-Regulation. To study the mechanism
through which DN30 interferes with HGFR activation, we treated
GTL16 cells with either DN30 or VSV-G and analyzed receptor

Fig. 1. DN30 impairs HGFR activation and signal transduction. (A) Evaluation of
HGFR activation. GTL16 cells were exposed to DN30 for 4 h. HGFR was immuno-
precipitated from cell lysates, and Western blots were probed with the indicated
Abs. The upper band corresponds to intracellular HGFR precursor (p170); the
lower band (p145) is the mature form. DN30 treatment resulted in a decrease of
receptor activation more pronounced than receptor down-regulation, as indi-
cated by band density quantification. (B) Analysis of HGFR signaling. Cells were
pretreated with either VSV-G or DN30 and stimulated with HGF for the indicated
times. Akt phosphorylation was evaluated in total cell lysates. As shown, DN30
reduced both basal and HGF-induced Akt activation.

Fig. 2. DN30 inhibits the transformed phenotype of cancer cells in vitro. (A)
Anchorage-independent growth of GTL16 cells. Cells pretreated with either
DN30orVSV-Gfor48hwereseeded in0.5%agarandmaintained in thepresence
of the indicated amounts of Abs with or without HGF (20 ng�ml). Anchorage-
independent growth was drastically inhibited in the presence of DN30, even at
low doses. (B) Invasion assay. MDA-MB-435 �4 cells were pretreated with the
indicated antibodies for 24 h before seeding on a Matrigel-coated Transwell
chamber. The lower chamber was filled with DMEM�2% FBS plus 100 ng/ml HGF.
After 24 h, migrated cells were stained and counted. Invasive capacity in response
toHGFisexpressedasfold increasecomparedwithnonstimulatedcells.Asshown,
DN30 treatment significantly impaired cell invasion.
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levels. As shown in Fig. 5A, the total amount of HGFR decreased
in a time-dependent manner upon DN30 but not VSV-G treatment,
suggesting that the anti-HGFR mAb specifically induced receptor
down-regulation. It is interesting to emphasize that, in these cells,
the ligand HGF was, instead, unable to induce receptor down-
regulation (Fig. 6 Lower).

We then verified whether the DN30 mAb could trigger receptor
down-regulation in cells expressing normal levels of HGFR (MDA-
MB-435 �4). As shown in Fig. 5B, also in these cells, DN30
efficiently down-regulated HGFR. MAb-induced reduction of
HGFR exposed at the cell membrane was also evaluated by
cytofluorimetric analysis, which showed that mAb treatment re-
duced the amount of HGFR expressed at the cell surface with an
efficiency higher than the cognate ligand HGF (see Fig. 13, which

is published as supporting information on the PNAS web site). A
similar reduction, in the same assay, was observed also in GTL16
cells (data not shown).

Molecular Mechanism of DN30-Induced HGFR Down-Regulation.
Ligand-dependent and Ab-induced down-regulation may follow
different pathways. Ligand-dependent down-regulation of RTKs is
a multistep process including internalization, ubiquitinylation, en-
dosomal sorting, and, finally, lysosomal or proteasomal degradation
(24). To assess which degradation pathway is involved in mAb-
induced HGFR down-regulation, we blocked the activity of either
the lysosome or the proteasome by using specific inhibitors (con-
canamycin and lactacystin�MG132, respectively) before mAb stim-
ulation. Surprisingly, although inhibition of the proteasomal path-
way severely impaired ligand-induced HGFR degradation, it did
not affect receptor down-regulation due to DN30 treatment (Fig. 6;
and see Fig. 14A, which is published as supporting information on
the PNAS web site), thus indicating that this mAb and HGF
promote HGFR down-regulation through different mechanisms.
When proteasome activity was impaired, a fragment of 60 kDa,
barely detectable in basal condition, was heavily accumulated in
cells upon DN30 treatment (Figs. 6 and 14 A and B). This fragment
was detectable on Western blots with an anti-intracellular HGFR
Ab and consisted in the cytoplasmic domain of the receptor
[intracellular domain (ICD)]. As expected for molecules committed
to proteasomal degradation, the 60-kDa fragment was tagged with
ubiquitin moieties (Fig. 14C).

Because the extracellular domain (ectodomain) of the receptor
was not detectable in cell lysates upon DN30 treatment, we verified
whether it was released outside the cells upon cleavage, a process
known as shedding (25). To test this hypothesis, we looked for the

Fig. 3. DN30 inhibits tumor growth in vivo. (A and B) Tumorigenesis assay. Nude mice were injected s.c. with 1.5 � 106 GTL16 cells. After tumor appearance,
mice displaying tumors of the same size were selected and then injected in situ in the tumor twice a week with 2 �g�g of either VSV-G or DN30. (A) Tumor volume
was measured at different time points. Mice were killed after 4 weeks of treatment, and tumor weight was evaluated (B). In mice treated with DN30, tumors
were significantly smaller than in control mice (P � 0.05). (C) Evaluation of HGFR activation. Tumor sections from mice treated with VSV-G (a), or DN30 (b) were
stained with anti-human phospho-HGFR. HGFR activation was strongly decreased in mice treated with DN30. Magnification �40.

Fig. 4. DN30 treatment interferes with tumor progression in vivo. (A) Nude
mice were inoculated s.c. with 2.5 � 106 MDA-MB-435 �4 cells and treated with
the indicated doses of VSV-G or DN30, administered i.p. (IP), or in situ (IS). As
shown, DN30 inhibited tumor growth. (B) Analysis of lung metastases. Me-
tastases were counted by microscopic observation of the lung sections after
hematoxylin�eosin staining. A dose-dependent reduction of metastases num-
ber was evident in DN30-treated mice. (C and D) Evaluation of tumor vascu-
larization. Blood vessels staining on tumor histological sections was per-
formed with an anti-mouse CD31 Ab. Number and area of vessels were
evaluated by fluorescence microscopy. As shown, both the number and the
area of vessels were reduced in response to DN30 treatment.

Fig. 5. DN30 induces HGFR down-regulation. GTL16 cells (A) and MDA-MB-
435 �4 (B) were treated with DN30 for the indicated times. Equal amounts of
total cell lysates were processed for Western blotting and probed with anti-
HGFR or, as a loading control, with anti-Hsp70 antibodies. As shown, DN30
induced HGFR down-regulation in both overexpressing cells (GTL16) and in
cells expressing normal levels of HGFR (MDA-MB-435 �4).
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presence of HGFR ectodomain in cell culture medium. As shown
in Fig. 7A, from culture media of metabolically labeled cells, we
immunoprecipitated a band showing, under nonreducing condi-
tions, an apparent molecular mass of 130 kDa (consistent with the
complex of the extracellular ��-chains); when the samples were
analyzed under reducing conditions, the complex was resolved in
the two bands of 80 kDa (�-chain) and 45 kDa (�-chain) (see Fig.
15A, which is published as supporting information on the PNAS
web site). Notably, whereas HGF stimulation did not enhance
receptor shedding, this process was dramatically increased upon
DN30 treatment. According to previous data (26, 27), a slight
amount of HGFR ectodomain was basally present in the cell-
conditioned media. DN30 was able to promote shedding of the

HGFR extracellular domain not only in GTL16 and HeLa cells but
in all of the cell lines tested expressing the endogenous receptor
(Fig. 15B) as well as in those where we exogenously expressed it
(Fig. 15C).

By treating cells with increasing amounts of Ab for 4 h or for
different lengths of time, we showed that mAb-mediated HGFR
shedding was specific (not observed with VSV-G) and dose- (Fig.
7B) and time-dependent (Fig. 7C). Unlike ligand-induced HGFR
down-regulation, ectodomain shedding did not require clathrin-
dependent endocytosis (Fig. 15D).

It is interesting to note that the ability to induce HGFR ectodo-
main shedding is not shared by all HGFR-specific mAbs. DO24, a
HGFR mAb characterized in ref. 13, is able to induce receptor
down-regulation but not shedding (Fig. 15E). Notably, DO24 is a
full agonist mAb that does not impair HGFR activation.

HGFR Activation Is Not Required for Ab-Induced Shedding. As we have
reported, a complex containing endophilin, CIN85, and Cbl medi-
ates ligand-dependent down-regulation of HGFR (28). This com-
plex is recruited to the receptor upon HGF-induced activation and
promotes receptor endocytosis, ubiquitinylation, and degradation.
For the accomplishment of this process, both the kinase activity of
the receptor and its ability to recruit intracellular transducers are
required (29). To verify whether this is required also for mAb-
induced down-modulation and shedding, we prompted the ability of
DN30 to down-regulate various HGFR mutants. We expressed in
COS-7 cells either WT HGFR or the following mutants: MET KD,
encoding a receptor devoid of tyrosine kinase activity due to a
Lys-Ala substitution in the ATP binding pocket (30); MET ‘‘dou-
ble,’’ encoding a HGFR lacking the docking tyrosines Y1349 and
Y1356 (30); and MET-GFP, a dominant-negative mutant, where
the sequence encoding the whole intracellular domain of the
receptor was replaced by the GFP sequence (31). Forty-eight hours
after transfection, cells were treated with DN30. Unexpectedly,
DN30 was able to trigger down-regulation and induce HGFR
shedding in all of the mutants (Fig. 8). This experiment suggests that
DN30-induced HGFR down-regulation does not require receptor
kinase activity or the recruitment of cytoplasmic transducers and
that the whole intracellular domain is dispensable for the process.
This further confirms that the Ab and the ligand activate different
down-regulatory mechanisms.

The HGFR Shed Ectodomain Behaves as a Decoy Receptor. Because we
have shown that an engineered extracellular domain of the HGFR
can effectively function as a dominant negative decoy molecule
(32), we tested the ability of the ectodomain shed upon DN30

Fig. 6. Ab-induced and ligand-dependent down-regulation exploit differ-
ent pathways. HeLa (Upper) and GTL16 (Lower) cells were pretreated with
lactacystine (lact), concanamycin (conc), or both for 2 h before treatment with
HGF or DN30. HGFR down-regulation was evaluated on total cell lysates. In the
presence of the proteasome inhibitor (lact), ligand-induced HGFR down-
regulation was impaired, whereas Ab-induced was not. In this condition, a
60-kDa fragment [intracellular domain (ICD)], detectable by an Ab directed
against the intracellular portion, accumulated in cells.

Fig. 8. Activation of signal transduction is not required for HGFR shedding.
COS-7 cells were transfected with the indicated HGFR mutants and, 48 h later,
were treated with DN30 for 4 h. Equal amounts of total cell lysates and
conditioned media were processed for Western blotting. As shown, DN30 was
able to induce down-regulation and ectodomain (ECD) shedding of all HGFR
mutants. HGFR mutants: Met KD, HGFR kinase dead; Met Double, HGFR
mutant lacking the docking tyrosines 1349�1356; Met-GFP, HGFR mutant
where the whole intracellular portion was replaced by the GFP sequence.

Fig. 7. DN30 induces proteolytic cleavage of HGFR and shedding of the
extracellular domain (ECD). (A) Supernatants obtained from metabolically
labeled GTL16 cells were collected and immunoprecipitated with an anti-
HGFR Ab directed against the extracellular domain. As shown, DN30, but not
HGF, induced shedding of HGFR ectodomain. (B and C) HGFR shedding is dose-
and time-dependent. Cells were stimulated either with increasing amounts of
DN30 or for different times.
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treatment to inhibit HGFR signaling. Cells were stimulated for
different times with HGF either in the presence (Fig. 9A, lanes 1–3)
or in the absence (Fig. 9A, lanes 4–6) of HGFR ectodomain
(obtained by pretreating cells with DN30 for 72 h), and Akt
activation was assessed. As shown, in the presence of HGFR
ectodomain, HGF-triggered Akt phosphorylation was strongly im-
paired. To prove that this impairment was, indeed, due to a decoy
effect, we cleared the ectodomain out of the medium by multiple
immunoprecipitation cycles before stimulating the cells with HGF.
The depleted medium was no longer able to prevent HGFR
activation (Fig. 9 B and C), thus supporting the idea that the shed
fragment acts like a decoy.

Discussion
The HGFR encoded by the MET protooncogene is a RTK that,
upon activation, elicits a complex spectrum of biological responses
known as ‘‘invasive growth,’’ implying induction and coordination
of cell proliferation, migration, differentiation, and survival. Under
physiological conditions, this invasive growth program plays a
pivotal role during embryo development, but, when unleashed in
cancer, contributes to tumor progression and metastasis (33). The
involvement of HGFR in human tumors is now firmly established,
as germ-line missense mutations of the MET gene are responsible
for some hereditary forms of cancer (9, 10), and inappropriate
HGFR activation has been shown in most types of solid tumors,
often correlating with poor prognosis (reviewed in ref. 34). The
most frequent alteration in human cancers is receptor overexpres-
sion (33) that leads to constitutive dimerization and activation of the
receptor, even in the absence of ligand (35). Increased HGFR
expression can be due to (i) gene amplification, as in colorectal
tumors, where MET confers to neoplastic cells a selective advantage
for liver metastasis (11); (ii) enhanced transcription, induced by
other oncogenes, such as Ras, Ret, and Ets (36–39); or (iii) hypoxia-
activated transcription, leading to higher amounts of receptor that
hypersensitize the cells to HGF and promote tumor invasion (40).

Two strategies are currently used in the clinical setting to
interfere with RTKs: (i) treatment with small molecules inhibiting
the tyrosine kinase activity; (ii) treatment with antibodies interfer-
ing with receptor activation. Very few HGFR tyrosine kinase
inhibitors are currently available, and they are not highly specific for
this kinase (41–43). Here, we describe an anti-HGFR mAb (DN30)
inducing receptor down-regulation. As in the case of the HER2-
specific mAb Trastuzumab (7), DN30 is very efficient in reducing
receptor levels in cells where HGFR is overexpressed and, conse-
quently, constitutively activated. Because overexpression is the most
frequent alteration of MET in human tumors (34), our observations
might have an impact for antineoplastic therapy. DN30-induced
HGFR down-regulation leads to inhibition of receptor-mediated
signal transduction and, in particular, of the Akt pathway, known to
be involved in the antiapoptotic response. This finding is consistent
with our observations, because we have shown that in vitro treat-
ment with DN30 resulted in impairment of anchorage-independent
growth, a property that requires the escape from apoptosis due to
lack of anchorage. In vivo, we observed that tumors in animals
treated with DN30 displayed an increased rate of apoptosis. On the
other hand, we did not observe modification of cellular growth
properties in response to the mAb, in agreement with the lack of
inhibitory effect of DN30 on the activation of MAPK pathway (data
not shown).

DN30-induced HGFR down-regulation is due to a mechanism
different from that promoted by HGF, because it involves shedding
of the extracellular portion of the receptor. The ectodomain of
many membrane proteins, including growth factor receptors, can be
released from the surface by a general shedding system activatable
by protein kinase C (25, 44, 45). The proteases most commonly
involved in this process are the �-secretases of the ADAM family
(25). In an attempt to identify the enzyme responsible for HGFR
shedding, we inhibited ADAMs and other Zn-dependent proteases,
urokinase, acidic proteases, serine and cysteine proteases, and PKC,
but, in all cases, receptor shedding was unaffected (data not shown;
and see Supporting Text, which is published as supporting informa-
tion on the PNAS web site), indicating that the enzyme responsible
for HGFR ectodomain release is outside the list of the proteases
usually involved in receptor shedding.

In this article, we provide evidence that DN30 is active in vivo,
where it impairs tumor growth and formation of spontaneous
metastases from cancer cells engrafted into nude mice. Our exper-
iments suggest that these effects are HGFR-dependent and are
mediated by the action of the Ab on cancer cells. We observed a
significant reduction of intratumor neovascularization due to a
decrease of the number of sprouting vessels of the microenviron-
ment. Because DN30 does not bind to mHGFR, the effect on tumor
vascularization is indirect and is likely due to the loss of release of
angiogenic factors that usually follows HGFR activation in tumor
cells. The HGFR extracellular domain shed from cancer cells can
sequester active HGF, thus preventing activation of HGFR exposed
on endothelial cells. Interestingly, Michieli et al. (32) obtained
similar findings targeting HGFR by using a soluble receptor form
(decoy Met) corresponding to the shed ectodomain produced upon
Ab treatment.

It is worth noting that treatment with DN30 did not impact the
functionality of different organs such as spleen, bone marrow, liver,
heart, bone, and kidney, which did not show evident pathological
alterations (data not shown) after long-term exposure to the Ab.

In conclusion, our results suggest Ab-induced down-regulation of
HGFR as a candidate tool for immunotherapy, because down-
regulation of growth factor receptors is considered a critical mech-
anism of signal attenuation (46, 47). This specific Ab exploits its
effect in inhibiting HGFR signaling by a dual mechanism: On one
hand it reduces the number of receptor molecules on the cell
surface; on the other hand it promotes the release of a decoy HGFR
which, according to our past (32) and present observations, is
endowed with a dominant negative activity. Another important

Fig. 9. The HGFR shed ectodomain behaves as a dominant negative molecule.
(A) Cells pretreated for 72 h with DN30 were stimulated with HGF in either the
presence (lanes 1–3) or absence (lanes 4–6) of the shed HGFR ectodomain in the
culture medium. As shown, shed HGFR ectodomain impaired Akt activation. (B
and C) GTL16 (B) and HeLa (C) cells were stimulated with HGF in the presence of
controlmedium(lanes1–3),mediumcontainingHGFRectodomain(lanes4–6),or
the same medium depleted of the shed ectodomain (lanes 7–9). As shown, the
depleted medium was no longer able to prevent Akt activation.

5094 � www.pnas.org�cgi�doi�10.1073�pnas.0508156103 Petrelli et al.



observation is that the inhibitory mechanism activated by the Ab
does not require HGFR tyrosine kinase activity. This feature
represents a relevant advantage in the perspective of a therapeutic
approach, because, in clinical practice, it is frequent to combine
different drugs to improve the effect on the target molecule. In the
case of HGFR, it would thus be possible to combine kinase
inhibitors with the Ab, allowing the contemporary action on both
HGFR activation and levels that is likely to enhance the therapeutic
efficacy of target therapy in HGFR-overexpressing tumors, with the
aim of interfering with both tumor growth and the acquisition of an
invasive–metastatic phenotype.

Materials and Methods
Reagents. Anti-HGFR mAbs DN30, DO24, and DL21 were char-
acterized in ref. 13. Other used Abs are anti-HGFR C12 (Santa
Cruz Biotechnology), anti-human phospho-HGFR (Cell Signaling
Technology), anti-ptyr PY20 (Transduction Laboratories), anti-
ubiquitin (Babco), anti-Hsp70 (Stressgen), anti-phospho Akt (Ser-
473, Cell Signaling Technology), anti-Akt (Santa Cruz Biotechnol-
ogy), anti-mouse CD31 (Pharmingen), and anti-vesicular stomatitis
virus (VSV-G, Sigma). Lactacystin, concanamycin, and MG132
were purchased from Calbiochem.

Down-Regulation Assay. DN30 (80 �g�ml) and HGF (80 ng�ml)
were added to serum-free DMEM. Where indicated, cells were
preincubated for 2 h with either 10 �M lactacystin or 100 nM
concanamycin. HGFR degradation was studied as described in
ref. 28.

Metabolic Labeling and Analysis of HGFR Shedding. Serum-starved
cells were pulse-labeled with [35S]methionine and [35S]cysteine
[100�Ci�ml (1 Ci � 37 GBq)], Amersham Pharmacia) for 30 min
and treated with DN30, VSV-G, or HGF for 4 h. Cell-conditioned
media were collected and subjected to immunoprecipitation with
anti-HGFR extracellular Ab.

In Vitro Biological Assays. For evaluation of anchorage-
independent growth, GTL16 was pretreated with either DN30 or
VSV-G for 48 h. Then 1,500 cells per well were seeded in DMEM
2%�FBS 0.5% soft agar and maintained in the presence of the
indicated amounts of Abs or HGF for 10 days. Grown colonies
were visualized by staining with tetrazolium salt (48). As de-
scribed in ref. 31, the invasion assay was performed in Transwell
chambers (Corning) with 5 � 104 cells pretreated with either
DN30 or VSV-G.

In Vivo Experiments. The in vivo experiments were performed by
inoculating s.c. either 1.5 � 106 GTL16 or 2.5 � 106 MDA-MB-435
�4 into the posterior flank of immunodeficient nu�nu female mice
on Swiss CD1 background (Charles River Breeding Laboratories).
Upon appearance of the tumor, mice bearing masses of comparable
size were selected and inoculated either i.p. or in situ twice a week
with the indicated amounts of mAbs. GTL16 and MDA-MB-435
�4-injected mice were killed after 4 or 8 weeks of treatment,
respectively, and tumor weight was evaluated. HGFR phosphory-
lation in primary tumors was analyzed by immunohistochemical
staining by an anti-phospho-HGFR Ab (Cell Signaling Technol-
ogy). In mice injected with MDA-MB-435 �4, the lungs were
analyzed for the presence of metastasis by means of microscopic
observation. Tumor vascularization was evaluated as described in
ref. 32.
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