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The development of kinase inhibitors is revolutionizing cancer
treatment. Assessing the oncogenic potential of individual kinase
activities and ensuring that a drug of interest acts by direct
inhibition of its putative target kinase are clear priorities. We
developed a genetic strategy to selectively inactivate the catalytic
activity of kinases. This approach generates isogenic cells in which
a given kinase gene is expressed but is devoid of enzymatic
activity. As a model to test this approach, we chose the MET
receptor, which is involved in multiple cancers and is the focus of
several therapeutic efforts. The exon encoding the ATP-binding
site of MET was deleted from the genome of colorectal, bladder,
and endometrial cancer cells. The derivative isogenic cells ex-
pressed a kinase-inactive Met (MET-KD) and were completely
unresponsive to its ligand hepatocyte growth factor (HGF), indi-
cating the exclusivity of this ligand–receptor axis. The in vivo
tumorigenic potential of MET-KD cells was reduced but could be
partially restored by HGF, suggesting that concomitant targeting
of the receptor and its ligand should be therapeutically exploited.
A reportedly selective Met-kinase inhibitor (SU-11274) markedly
affected the growth of MET-KD cancer cells, indicating this com-
pound exerts its effects not only through the intended target. The
genetic strategy presented here is not limited to kinase genes but
could be broadly applicable to any drug/protein combination in
which the target enzymatic domain is known.

knockout � somatic knockout � targeted therapy � kinase inhibitor �
invasive growth

Based on their relevance as therapeutic targets, kinase genes
have been among the first to be systematically analyzed in

human cancers (1, 2).
Establishing the contribution of the enzymatic activity of

individual kinases to the oncogenic properties of cancer cells is
crucial for the identification of therapeutic targets. Moreover,
ensuring that a drug of interest exerts its effect by inhibiting its
putative kinase target is difficult because of the homology among
the active sites of kinases, and because diverse kinases are
essential for cell growth.

In this study, we addressed these issues by developing a genetic
strategy to permanently abrogate a specific protein function such
as the catalytic activity of a kinase by stable modification of the
corresponding genomic locus. To this end, we used somatic cell
genetics to delete the exon coding for the ATP-binding site of a
kinase gene in cancer cells. This strategy generates cells in which
a given protein kinase is expressed but is catalytically inactive
(Fig. 1A). This approach therefore resembles the chronic phar-
macological treatment of cancer cells with a specific and selec-
tive kinase inhibitor.

As a model to test this approach, we chose the MET receptor,
which is genetically altered in multiple cancers (3–7). Met is
activated by its cognate ligand hepatocyte growth factor (HGF),
thus triggering ‘‘invasive-growth,’’ a complex biological program
resulting in proliferation, motility, and invasion (8). Deregula-
tion of these activities leads to uncontrolled cell proliferation
and metastasis. Targeting the MET receptor could therefore be

a promising therapeutic approach (9). Accordingly, a number of
pharmaceutical enterprises are developing Met inhibitors
(10–12).

Results
To identify cellular models in which HGF-mediated Met acti-
vation could be assessed both at the biochemical and the
biological level, we screened a panel of 15 human cancer cell
lines. [supporting information (SI) Figs. 5 and 6]. From this
panel, we selected four cell lines, including colorectal (HCT116
and DLD1), bladder (RT112), and endometrial (HEC1A) can-
cer cells in which the HGF-mediated Met activation could be
readily and unambiguously measured. The catalytic activity of
protein kinases relies on their ability to bind ATP and transfer
a phosphate group to their targets. This process involves a highly
conserved protein moiety known as the catalytic loop, which
contains the ATP-binding site.

We devised a genetic strategy to generate cancer cells ex-
pressing a kinase-inactive Met receptor, hereafter referred to as
MET-KD (MET kinase dead). This strategy implies the use of
homologous recombination to generate an in-frame deletion of
exon 16, which encodes the ATP-binding site (Fig. 1 and SI Fig.
7). A two-step genetic strategy was used to obtain first heterozy-
gous and then homozygous clones, in which both alleles of the
MET locus were correctly targeted (SI Fig. 7). Analysis of the
RNA extracted from the targeted cells confirmed expression of
a MET transcript with an in-frame deletion of exon 16 (Fig. 1 B
and C). Multiple homozygous clones could be readily obtained
in HCT116, DLD1 and HEC1A cells (Table 1). Interestingly,
although multiple MET heterozygous clones could be obtained
in RT112 cells, we were unable to generate RT112 cells in which
both alleles of the MET exon 16 had been targeted. Instead, we
repeatedly obtained retargeting of the first allele. Statistical
analysis of the targeting frequency shows these results are
significant (P � 0.004, Fisher’s exact test) and likely suggest that
homozygous deletion of the MET exon 16 yields nonviable
RT112 cells (Table 1). This suggests that the kinase activity of
the Met receptor may be required for the survival of this bladder
cancer cells. The expression of the mutated receptor protein
(MET-KD) was evaluated in the targeted cell lines. Fig. 2 shows
that the deleted protein has a slightly lower molecular weight
that is consistent with the deletion of the amino acid residues
corresponding to the ATP-binding site. The Met protein is a
glycosylated heterodimeric membrane receptor composed of an
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� and a � chain linked by disulfide bonds, which are generated
by proteolitic cleavage of a single-chain precursor. In human
cells, the Met protein is typically detected by immunoblotting in
two forms: p145 Met, corresponding to the mature form of the
receptor, and p170 Met, which is thought to correspond to the
partially glycosylated single-chain precursor. Interestingly, we
found that the ratio of the p170/p145-Met protein is increased in
MET-KD cells (Fig. 2). This effect was particularly evident in
late passages of the targeted cells. The increase in p170kD
MET-KD suggests that deletion of the ATP-binding site could,
at least in part, affect the post-translational processing of the
receptor. Importantly, the MET-KD protein is correctly located
at the cell surface as shown by cell-surface biotinylation exper-
iments (Fig. 2C). Next we assessed whether MET-KD was
capable of transducing the intracellular signaling cascade trig-
gered by HGF, the Met-specific ligand. Biochemical experiments
showed that deletion of the ATP-binding site results in a
kinase-inactive Met receptor, which is incapable of autophos-
phorylation both in basal conditions and upon HGF stimulation
(Fig. 2 A and B).

We also found that MET-KD is completely incapable of
interacting with and phosphorylating the multidocking protein
Gab1, which acts as the main phosphorylation substrate of this
receptor (Fig. 2D). Furthermore, in contrast to its WT coun-
terpart, MET-KD cannot activate either the MAPK or the AKT
signaling pathways (SI Fig. 8). These results indicate that a
catalytically active Met is critical to mediate the intracellular
signaling initiated by HGF.

Next we assessed the effect of the genetic inactivation of Met
kinase activity on the oncogenic properties of cancer cells in
vitro. The proliferation of MET-KD cancer cells was comparable
to that of their WT counterpart (Fig. 3A). In the absence of
HGF, anchorage-independent growth of cell lacking a functional
Met receptor was unaffected (Fig. 3B and SI Fig. 9B). These
results were confirmed by using multiple independent MET- KD
clones, thus excluding the potential effect of clonal variations.
These data show that selective targeting of the Met catalytic
activity does not have a profound effect on the proliferative
potential of the targeted cancer cells in vitro.

The hallmark of MET biological activities is known as ‘‘inva-
sive growth’’ (9, 13, 14). This process integrates multiple cellular
outputs, including proliferation, motility, apoptosis, and inva-
sion, that are deregulated in many human cancers. ‘‘Invasive
growth’’ can be measured by growing Met-expressing cells in a
3D collagen matrix in the presence of HGF. In these conditions,
activation of the HGF/Met signaling triggers the formation of
typical multicellular branched structures (Fig. 3C). Although
cancer cells carrying WT MET could be instructed by HGF
stimulation to perform the ‘‘invasive growth program,’’
MET-KD cells were completely unresponsive (Fig. 3C).

Next we took advantage of the WT and MET-KD cells to
assess the role of the catalytic activity of Met in mediating the
antiapoptotic properties of HGF. When challenged with 5-FU
treatment, the MET-KD cells were unable to elicit an antiapo-
ptotic response upon HGF stimulation (SI Fig. 9A). Previous
work suggested that Met-mediated prevention of apoptosis could
be independent from its catalytic activity (15). Our data clearly
indicate that the mechanisms by which Met triggers the antiapo-
ptotic response are also strictly reliant on its kinase activity.
Overall, these results indicate that the kinase activity of the Met
receptor is required to mediate the biological effects of HGF.
They also unequivocally prove the exclusivity of this ligand–
receptor axis. This information has obvious implications for the
therapeutic targeting of the HGF-Met ligand–receptor pair.

We then evaluated the contribution of the kinase activity of
the Met receptor to the tumorigenic properties of human cancer
cells in vivo. The oncogenic potential of WT and MET-KD cells
was evaluated by s.c. injection into immunodeficient mice. The
data showed that cells harboring MET-KD had a reduced
tumorigenic potential (Fig. 3D). These results were reproducible
in independent experiments and in another cancer cell line

Table 1. Allele-specific frequencies at which targeted clones
were obtained in cancer cells

Cell line Allele A, % Allele B, %

DLD1 4.5 (9/200) 2 (8/400)
HCT116 3.25 (13/400) 1 (3/300)
HEC1A 1 (5/500) 0.3 (1/300)
MDA-MB435S 1 (6/600) Not done
RT112 1 (4/400) 0 (0/1,200, P � 0.004)

The frequency at which heterozygous and homozygous clones were ob-
tained and the name of the cell lines are indicated. In parentheses are
indicated the numbers of positive clones with respect to those analyzed.
Statistical significance of the probability of targeting the second allele vs. the
retargeting of the first allele was determined by using Fisher’s exact test.

Fig. 1. Targeted deletion of the ATP-binding site of the MET receptor in cancer cells. (A) The schematic structure of the Met genomic locus, the targeting vector,
and the effects of the deletion on the MET protein are represented. (�/�), heterozygous; (�/�), homozygous. PC, post-CRE recombinase treatment. (B)
Electrophoresis analysis of PCR products generated by using the cDNA obtained from WT and targeted (�/�) DLD1 cells using primers flanking exon 16 of the
MET gene. The PCR strategy and the position of the primers are represented. (C) Sequence analysis of the MET transcript in WT and MET-KD cells. Upper and
Lower represent the sequence of the MET cDNA obtained from WT and targeted cells, respectively. The arrow indicates the location of the boundary between
exons.
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(HCT116), in which the kinase activity of the Met receptor had
also been targeted (SI Fig. 6 and SI Fig. 10).

Growth factors play a crucial role in promoting tumor growth,
by acting not only on cancer cells but also on the surrounding

normal parenchyma. We reasoned that cells lacking MET kinase
activity could represent an ideal model system to dissect the
relative contribution of the HGF to tumor growth. An HGF
autocrine loop was established by lentiviral transduction in both

Fig. 2. MET-KD is expressed on the surface of cancer
cells but is catalytically and signaling inactive. (A) The
Met protein was immunoprecipitated from lysates of
the indicated cells, untreated or stimulated with HGF,
and detected by immonoblotting with anti-MET and
antiphosphotyrosine antibodies. (B) The Met protein
was immunoprecipitated as in A from the indicated
cells, and its ability to autophosphorylate on tyrosine
residues was assessed. (C) The surface proteins of the
indicated cells were labeled with biotin, the Met re-
ceptor was immunoprecipitated by using streptavidin
(StAv) and revealed by Western blotting analysis. MDA
cells were used as positive control. (D) The multidock-
ing protein Gab1, which acts as the main MET phos-
phorylation substrate, was immunoprecipitated from
the indicated cells in the presence and absence of HGF.
The ability of the indicated Met proteins to bind and
phosphorylate Gab1 was evaluated by Western blot-
ting by using anti-MET and antiphosphotyrosine anti-
bodies. (�/�), heterozygous; (�/�), homozygous; PC,
post-CRE recombinase treatment; MDA, MDA 435S
cancer cells; ATP, AdenosinTriPhosphate.

Fig. 3. Biological and tumorigenic properties of cancer cells expressing a catalytically inactive MET receptor. (A) Proliferation of cancer cells lacking Met kinase activity.
The indicated cells were seeded at the same concentration on day 0, and cell density was measured for 5 consecutive days. Each point represents the mean of triplicates;
error bars, SD. (B) Anchorage-independent growth of cancer cells lacking Met kinase activity. The indicated cells were seeded in soft agar, and the colonies appearing
after 15 days of incubation were counted. Each column represents the mean of triplicates; error bars, SD. (C) Measurement of the ‘‘invasive growth’’ potential of cancer
cells lacking the Met kinase activity. The indicated cells were seeded in collagen and examined for their ability to form branched tubules in response to HGF stimulation.
Representative pictures are presented. (D) Tumorigenic potential of cancer cells lacking the Met tyrosine activity. Cells were transduced with a control vector or with
a lentivirus expressing HGF and were injected s.c. into the right posterior flank of 6-week-old immunodeficient nude mice. Tumor growth was measured for 30 days.
Statistical significance was determined by two-tailed Student’s t test. Mean � SEM, n � 4.
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WT and MET-KD cancer cells, and their tumorigenic potential
was assessed in mouse models. Intriguingly, HGF-expressing
MET-KD cells showed a marked and reproducible increase in
their tumorigenic potential with respect to the MET-KD cells
not expressing HGF (Fig. 3D). This effect was independent of
the activity of HGF on the tumor cells, because the latter express
a functionally inactive Met. Similar results were obtained in
another cancer cell line (HCT116; see SI Fig. 10). Interestingly,
we found there was a direct correlation between vessel density
and the size of the tumors, suggesting that HGF was promoting
its tumorigenic response by increasing the angiogenic potential
of tumors (SI Fig. 11). We conclude that the Met receptor plays
a dual role in tumor progression: on one side, it is involved in the
control of the growth of cancer cells, and on the other, Met and
its ligand HGF promote tumor progression by acting on sur-
rounding noncancerous cells, most likely by triggering angiogen-
esis. These results underscore the importance of assessing the
effect of a drug on its target protein in the appropriate tumor
environment. Furthermore, they suggest that therapies aimed at
interfering with the Met–HGF axis will be more effective if they
concomitantly target both the receptor and its ligand.

The most exciting new developments in cancer revolve around
the use of kinase inhibitors to treat patients with genetic
alterations that affect kinase activity. Because of the homology
among the active sites of kinases, and because diverse kinases are
essential for cell growth, it is very difficult to ensure that a drug
of interest interferes with any biological property directly by
inhibiting its putative target.

Clearly, in vitro systems for testing specificity cannot provide
definitive answers to this question. Similarly, systems in which
kinases are expressed exogenously and are not physiologically

regulated can provide misleading answers. The strategy we have
developed allows the genetic inactivation of a specific catalytic
activity and should therefore overcome these limitations. To test
this hypothesis, we used SU11274, a Met kinase inhibitor thought
to specifically inhibit the kinase activity of Met (12). Any effect
achieved by SU11274 on MET-KD cells should be associated
with the inhibition of cellular activities independent from the
enzymatic activity of the receptor. In accordance with previous
reports when used at 2.5 �M concentration, SU11274 almost
completely inhibited Met kinase activity in DLD1 colorectal
cancer cells (Fig. 4A). We then measured the effect of 2.5 �M
SU11274 on the proliferation of parental cells and on two
independently obtained MET-KD DLD1 clones. SU11274 af-
fected the growth of WT cells but also markedly impaired the
proliferation of cells carrying a kinase-inactive Met, indicating
this compound affects one or more Met-independent cellular
functions (Fig. 4B). To begin the identification of the ‘‘non-Met’’
targets of SU11274, we measured activation of multiple signaling
pathways by using a high-throughput phospho-specific antibod-
ies platform (the Human Phospho-MAPK Array kit, R&D
Systems, Minneapolis, MN). Parental and MET-KD cells were
treated with SU11274, and cell signaling was assessed in the
corresponding cell lysates. These experiments showed that the
Met kinase activity modulates a number of key signaling mole-
cules in cancer cells. For example, in MET-KD cells, the
phosphorylation status of JNK, MSK, p38�, and p70s6K was
markedly reduced both by the Met kinase inhibitor and by
genetic inactivation of the Met kinase. Conversely GSK3�/
GSK3� phosphorylation is relatively unaffected in both systems
(Fig. 4C). Interestingly, these experiments also showed that
SU11274 treatment affects a number of signaling pathways in

Fig. 4. Biological and biochemical effects of the MET inhibitor SU11274 in cancer cells lacking the MET kinase activity. (A) The ability of SU11274 to inhibit the
kinase activity of the MET receptor was evaluated on WT DLD1 cells. Cells were treated for 16 h with 2.5-�M SU11274 and then lysed. The Met protein was
immunoprecipitated and analyzed by Western blotting by using the specified antibodies. (B) Cell lines were treated as indicated, and the cell number was
evaluated by using an ATP-based assay. Each column represents the mean of triplicates; error bars, SD. RLU, relative light units. (C) Modulation of intracellular
signaling pathways by the MET enzymatic activity and by SU11274. The indicated cells were incubated for 16 h in the absence and presence of 2.5 �M SU11274.
Phosphorylation of intracellular signaling molecules was assessed by using the Human Phospho-MAPK Array Kit. The columns represent the result of the
densitometric analysis of the dot images corresponding to the phosphorylation status of individual proteins. The numbers are referred to the untreated DLD1
WT cells that were given an arbitrary value of 1. Statistical significance was determined by two-tailed Student’s t test by using WT untreated cells as reference.

Arena et al. PNAS � July 3, 2007 � vol. 104 � no. 27 � 11415

M
ED

IC
A

L
SC

IE
N

CE
S

http://www.pnas.org/cgi/content/full/0703205104/DC1
http://www.pnas.org/cgi/content/full/0703205104/DC1


cells carrying a kinase-inactive Met. For example, we found that
SU11274 can modulate AKT and ERK phosphorylation in a
Met-independent fashion (Fig. 4C). This suggests that SU11274
may inhibit or activate central signaling switches possibly by
interfering with the activity of presently unknown kinases acting
upstream to AKT and ERK.

Discussion
The pharmacological modulation of proteins with enzymatic
activity (such as kinases) is revolutionizing medicine (16). Es-
tablishing the contribution of individual enzymatic activities to
the biology of human cells is essential for the identification of
therapeutic targets. Ensuring that a drug of interest exerts its
effect by inhibiting its putative target is also critical.

Although RNAi-mediated gene knockdown can be used to
address these issues, this technology has drawbacks. These
include the incomplete down-regulation of the target protein
and the well known off-target effects. Furthermore, many pro-
teins, including kinases and phosphatases, have multiple inde-
pendent functions associated to specific domains. Clearly, the
RNAi approach does not allow abrogation of a specific function/
domain (such as the catalytic activity of a kinase) while leaving
the corresponding protein (and the associated additional func-
tions) expressed in the target cells.

In this work, we address these issues by developing an inno-
vative genetic strategy to permanently abrogate a specific protein
function by stable modification of the corresponding genomic
locus. This approach generates human cells in which a given
enzyme is expressed but is catalytically inactive. This strategy
therefore closely resembles the chronic pharmacological treat-
ment of the target enzymatic domain with a specific and selective
inhibitor. This approach was applied here to the tyrosine kinase
receptor Met but can be used to assess the specific contribution
of any given kinase gene to the oncogenic properties of cancer
cells. Our strategy also allows for unequivocal establishment of
whether a kinase inhibitor exerts its effects through the intended
target protein.

The genetic approach presented here is not limited to kinase
genes but could be broadly applicable to any drug/protein
combination in which the target enzymatic domain is known. We
also envisage the use of cells carrying genetically inactivated
kinase alleles for synthetic lethality screening. For example,
compound libraries could be screened against WT and MET-KD
cells to identify drugs inhibiting oncogenic signaling pathways
acting synergistically or in cooperation with the Met receptor.
These drugs could then be used in combination with the Met
kinase inhibitors currently being developed.

Materials and Methods
Cell Culture and Reagents. Cell lines were purchased from Amer-
ican Type Culture Collection (Bethesda, MD) and cultured
following standard procedures. Recombinant HGF was obtained
from culture supernatant of Sf9 cells infected with the baculo-
virus vector containing the full-size human HGF. The lentiviral
vector expressing HGF and the infection and transduction
procedure have been described (17, 18). Geneticin (G418) was
purchased from Gibco (Carlsbad, CA). SU11274, PP2,
LY294002, and PD98059 were purchased from Calbiochem (San
Diego, CA).

Gene Targeting. The experimental procedures used to delete exon
16 from the genome of cancer cells are described in SI Methods
and SI Fig. 7.

RT-PCR Analysis. RNA was extracted from the indicated cell lines
by using the TRIzol Reagent from Invitrogen (Life Technology,
Carlsbad, CA). Retrotranscription was carried out with Moloney
murine leukemia virus reverse-transcriptase RNase H minus

(Promega, Madison, WI) and oligodeoxythymidine nucleotide,
following the manufacturer’s instructions. PCR conditions and
primers for cloning are described in SI Methods. All primers were
synthesized by Invitrogen.

Protein Analysis. Immunoprecipitation and Western blotting were
performed as described (19). In particular, the Met protein was
immunoprecipitated with the monoclonal antibody DQ13 (20)
and detected by Western blotting with DL21 monoclonal anti-
body (Upstate Biotechnology, Lake Placid, NY). Tyrosine phos-
phorylation was detected with the monoclonal antibody clone
4G10 (Upstate Biotechnology). Other primary antibodies used
for immunoblotting were: anti-AKT, antiphospho-AKT S473,
anti-MAPK, and antiphospho-MAPK were all purchased from
Cell Signaling (Cell Signaling Technology, Danvers, MA); the
antiactin antibody was purchased from Sigma (Sigma–Aldrich,
St. Louis, MO). The biotinylation assay was performed as
described (21). Phosphoprotein detection was performed by
using the human phospho-MAPK Array kit (R&D Systems),
according to the manufacturer’s instructions. Image analysis was
performed with MetaMorph 6.1 software (Universal Imaging,
Downingtown, PA).

In Vitro Autophosphorylation Assay. The Met receptor was immu-
noprecipitated with anti-Met antibodies from cell lysates in the
absence of sodium orthovanadate to allow dephosphorylation.
After extensive washing, immunoprecipitates were subjected to
autophosphorylation in kinase buffer (50 mM Hepes; pH 7.5 150
mM NaCl; 12.5 mM MgCl2) in the presence of 10 �M ATP. The
reaction was carried out for 10 min at room temperature, and
then samples were washed and analyzed by 8% SDS/PAGE.

Cell-Based Assays. Branching morphogenesis was evaluated by
culturing cells in a collagen matrix, as described in ref. 22.
Anchorage-independent growth was assessed in soft agar, as
described (23). Growing or serum-starved cells were stimulated
with recombinant HGF (30 or 60 ng/ml) for 15 min, as indicated
in Results. SU11274 was diluted and used to treat cells as
described (12). For proliferation assays, cells were seeded at
equal density in 96-wells Costar microtiter plate on day 0, and
cell number was measured for 5 consecutive days by using the
ATPlite 1 step kit (PerkinElmer, Milan, Italy). For the survival
assay, the cells were seeded at equal density in 96-well Costar
microtiter plate. After treatment for 48 h with 80 �g/ml 5-
fluoruracil, cell viability was measured by a luminescence ATP
assay (ATPlite 1 step kit, PerkinElmer). All luminescence
measurements were recorded by the DTX 880-Multimode plate
reader (Beckman–Coulter, Fullerton, CA).

Animal Studies. For ex vivo tumorigenesis assay, 5 � 106 cells
transduced with a control or an HGF lentiviral vector were
injected s.c. into the right posterior flank of 6-week-old immu-
nodeficient nu�/� female mice on a Swiss CD1 background
(Charles River Breeding Laboratories, Calco, Lecco, Italy).
Tumor appearance was evaluated every 2 days by caliper mea-
surement. Tumor volume was calculated by using the formula
V � 4/3 � � (d/2)2 � D/2, where d is the minor tumor axis, and
D is the major tumor axis. A mass of 15 mm3, corresponding
approximately to the initial volume occupied by injected cells,
was chosen as the threshold for tumor positivity. Tumors were
weighed at the end of the observation period. All animal
procedures were approved by the Ethical Commission of the
University of Torino, Italy, and by the Italian Ministry of Health.

Statistics. Results are given as the mean � SD. or SEM where
indicated. Statistical analyses were performed by the two-tailed
Fisher’s exact test or the two-tailed Student’s t test by using the
Instat program (GraphPad; GraphPad Software, Inc., San Di-
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ego, CA). Differences of means were considered significant at a
level of 0.05.
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