








used to compare [18F]FLT uptake in the same tumors before
and after treatment, whereas an unpaired t test was used to
test differences between untreated controls and treated
groups with respect to quantitative histopathologic data
and toxicity assays. Differences between means were con-
sidered statistically significant for P < 0.05, indicated by the
symbol �, and highly statistically significant for P < 0.01,
indicated by the symbol ��.

Results
Levels ofMET expression in the three selected NSCLC cell

lines are shown in Fig. 1A. The relative highest levels ofMET
andphospho-METwere found inH1993 cells containing 15
copies of theMET gene. H820 cells, containing six copies of
the MET gene, showed considerable levels of MET and
phospho-MET proteins that were lower than those found
in H1993 cells and similar to those expressed by HCC827
cells lacking MET amplification.

The sensitivity of H1993, H820, and HCC827 cells to
increasing concentrations of erlotinib, PHA-665,752, and
crizotinib was preliminarily tested by MTS assay and the
results are shown in Fig. 1B–D. As expected, H1993 were

the most resistant cells to erlotinib, whereas HCC827 cells
showed the highest responsiveness to the same drug.
Furthermore, an intermediate grade of resistance to erlo-
tinib was observed in H820 cells. Conversely, the highest
sensitivity to MET inhibitors was found in H1993 cells,
whereas HCC827 failed to respond to both PHA-665,752
and crizotinib treatment and H820 cells showed sensi-
tivity to MET inhibitors only at high concentrations of the
drug.

To test whether MET inhibitors were able to block the
signaling pathway downstream the EGFR in aHER3-depen-
dent manner, whole-cell lysates from untreated and treated
cells were analyzed by Western blotting (Fig. 2A and B). All
cell lines treated with PHA-665,752 showed a dramatic
decrease of phospho-MET as compared with the corre-
sponding untreated cells but only H1993 cells showed a
concomitant decrease of phospho-HER3, phospho-AKT,
phospho-ERK, and cyclin D1. Also, a strong inhibition of
the EGFR pathway was observed in HCC827 cells when
treated with erlotinib and not with MET inhibitor (Fig. 2A
and B). Conversely, H820 cells, despite the reduction
of phospho-MET and phospho-HER3 levels, did not
show a significant concomitant decrease of phospho-AKT,

Figure 2. Modulation of EGFR
signaling by EGFR and MET
inhibitors. A, representative
Western blot analyses of samples
obtained from NSCLC cells
exposed to 1 mmol/L erlotinib or
PHA-665,752 for 6 hours. Levels of
total and phosphorylated forms of
EGFR, MET, and HER3. B,
representative Western blot
analyses of samples obtained as
described in A showing the levels
of EGFR downstream signaling
mediators. Protein samples
obtained from untreated and
treated cells were separated by
SDS-PAGE and immunoblotted
with specific antibodies (see
Materials and Methods). Tubulin
served to ensure equal loading.
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phospho-ERK, and cyclin D1 in response to 1 mmol/L
PHA-665,752, whereas EGFR signaling was weakly inhib-
ited by 1 mmol/L erlotinib.
To test whether the resistance of H1993 cells to erlotinib

was MET mediated, these cells were transfected with MET-
targeted siRNA pool or control nontargeting siRNA pool
and then were exposed to 0.5 and 1 mmol/L erlotinib for 6
hours. Figure 3A shows that downregulation of MET levels
by MET-targeted siRNA transfection of H1993 cells results
in a strong reduction of cyclinD1 levels only after treatment
with erlotinib.
H1993 and HCC827 cells were then selected for in vivo

imaging studieswith [18F]FLTPET/CTwith the aim to detect
in vivoMET-mediated resistance to erlotinib and tomonitor
the reversal of such resistance by MET inhibitors. Further-
more, due to its poor pharmaceutical properties and oral
bioavailability, PHA-665,752 could not be used for in vivo
treatment, and tumor-bearing animals received crizotinib
and were compared with erlotinib-treated animals. Figure
3B shows that the effects of crizotinib on MET phosphor-
ylation and cyclinD1 levelswere similar to those inducedby
PHA-665,752 in H1993 and HCC827 cells. Furthermore,
long-term tumor response to crizotinib and erlotinib was
preliminarily tested in animals bearing H1993 xenografts
(Fig. 3C). Tumor volume was stably reduced by 50% in
response to crizotinib treatment, whereas it increased up to
2.6- and 4-folds after treatment with erlotinib or vehicle,
respectively.
Then nude mice bearing H1993 and HCC827 xenografts

were studied with [18F]FLT PET/CT before and after treat-
ment. All tumors showed increased [18F]FLT uptake at the

basal scan, whereas tracer uptake was reduced in H1993
xenografts after treatment with crizotinib in a dose-depen-
dent manner (Fig. 4A and B) and remained persistently
high after treatment with erlotinib (Fig. 4C). Conversely,
HCC827 tumors showed no significant changes of [18F]FLT
uptake after high-dose treatment with crizotinib (Fig. 5A)
but tracer uptake was significantly reduced after treatment
with erlotinib (Fig. 5B).

Quantitative analysis of percentage variations of
[18F]FLT uptake in PET/CT studies performed after 3 days
of treatment and compared with the corresponding base-
line scans is shown in Fig. 6A. In the group of H1993
tumor–bearing animals treated with 50 mg/kg crizotinib,
the mean SUVmax value was significantly reduced from
2.80 � 0.43 at the baseline scan to 2.03 � 0.24 (P < 0.05)
in posttreatment scan, corresponding to a percentage
reduction of 28%. After treatment with 100 mg/kg crizo-
tinib, we observed a significant reduction of mean SUVmax

value from 2.96 � 0.07 to 1.76 � 0.18 (P < 0.01),
corresponding to a percentage reduction of 41%. Con-
versely, no significant reduction of tracer uptake was
observed in response to low- (P ¼ 0.85) and high-dose
(P ¼ 0.65) treatment with erlotinib. In the group of
HCC827 tumor–bearing animals, the mean SUVmax value
was significantly reduced from 1.48 � 0.07 to 1.03 � 0.03
(P < 0.05) after treatment with 50 mg/kg erlotinib, corre-
sponding to a percentage reduction of 30%, whereas a
significant reduction of mean SUVmax value from 1.37 �
0.27 to 0.83� 0.17 (P < 0.05) was observed after treatment
with 100 mg/kg erlotinib, corresponding to a percentage
reduction of 39%. Conversely, no significant changes of

Figure 3. Downregulation of MET in H1993 cells, effects of crizotinib on EGFR signaling in H1993 and HCC827 cells and long-term tumor growth of
H1993 xenografts in untreated and treated animals. A, Western blot analysis of MET and cyclin D1 levels in H1993 cells transfected with MET-targeted
siRNA pool or control nontargeting siRNA pool for 72 hours and subsequently treated with 0.5 and 1 mmol/L erlotinib for 6 hours. B, Western blot analysis of
whole-cell lysates of H1993 and HCC827 cells exposed to 1 mmol/L crizotinib for 6 hours. Immunoblotting was performed with the indicated specific
antibodies and tubulin served to ensure equal loading. C, tumor growth of H1993 xenografts in animals treated with crizotinib (100 mg/kg/d), erlotinib
(100 mg/kg/d), or vehicle. Tumor size was measured daily by a caliper. Data are expressed as percentage of tumor volume at day 0 considered as 100%.
Tumor volume was stably reduced by 50% in response to crizotinib treatment, whereas it increased up to 2.6- and 4-folds after treatment with erlotinib or
vehicle, respectively.
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[18F]FLT uptake were observed after treatment with low
(P ¼ 0.90) and high dose of crizotinib (P ¼ 0.67).

Longitudinal imaging studies (up to 9 days) were then
performed in two subgroups of H1993 tumor–bearing
animals treated with 100 mg/kg/d crizotinib or 100 mg/
kg/d erlotinib. [18F]FLT uptake, expressed as percentage of
tracer uptake at the baseline scan, is shown in Fig. 6B.
Animals treated with crizotinib showed an early reduction
of [18F]FLT uptake that remained stably low until the end of
the study, whereas animals treated with erlotinib showed a
persistently high [18F]FLT uptake that progressively inc-
reased over time.

At the end of imaging studies, animals were sacrificed,
and tumors were excised and tested for levels of EGFR
signaling mediators by Western blot analysis and rate of
proliferation byKi67 immunostaining. As shown in Fig. 6C,

levels of p-AKT, p-ERK 1/2, and cyclin D1were dramatically
reduced in H1993 tumors in response to crizotinib (100
mg/kg for 3 days) as compared with tumors from animals
treated with erlotinib (100mg/kg for 3 days). Conversely in
HCC827 tumors, the levels of p-AKT, p-ERK 1/2, and cyclin
D1 were strongly reduced after treatment with erlotinib
(100 mg/kg for 3 days) as compared with tumors from
animals treated with crizotinib (100 mg/kg for 3 days).

Figure 6D shows the rate of proliferation in tumors before
and after 3 days of treatment. H1993 cells showed a statis-
tically significant reduction of the rate of proliferation after
low- (P ¼ 0.01) and high-dose (P < 0.01) treatment with
crizotinib, whereas no significant change was observed in
response to erlotinib treatment at low-dose (P ¼ 0.18) and
high-dose (P ¼ 0.65) regimens. Conversely, the rate of
proliferation was significantly reduced in HCC827 cells
after low- (P < 0.01) and high-dose (P < 0.01) treatment
with erlotinib but it remained unchanged in response to
crizotinib at low (P ¼ 0.86) and high dosage (P ¼ 0.48).

Discussion
Our study showed that [18F]FLT PET/CT is able to detect

MET-mediated resistance to EGFR TKIs in NSCLC and to
monitor the reversal of such resistance by MET inhibitors.
The persistently high uptake of [18F]FLT in H1993 xeno-
grafts after treatment with erlotinib identified resistance to

Figure 4. Imaging studies performed with [18F]FLT and PET/CT in nude
mice bearing H1993 xenografts. A–C, representative coronal fusion
images of small animals before (left) and 3 days after (right) treatment with
50 mg/kg (A) and 100 mg/kg crizotinib (B), or 100 mg/kg erlotinib (C). All
tumors showed increased [18F]FLT uptake at the basal scan, whereas
tumor uptake of [18F]FLT was significantly reduced in a dose-dependent
manner after treatmentwithMET inhibitor but notwith erlotinib. The same
maximum threshold value of SUV was applied to PET images from
pretreatment and posttreatment scans of each animal as shown by the
color scale on the right.

Figure 5. Imaging studies performed with [18F]FLT and PET/CT in nude
mice bearing HCC827 xenografts. A and B, representative coronal fusion
images of small animals before (left) and 3 days after (right) treatment with
100 mg/kg crizotinib (A) or 100 mg/kg erlotinib (B). Tumors showed no
significant changes of [18F]FLT uptake after treatment with crizotinib,
whereas tracer uptake was reduced after erlotinib treatment. The same
maximum threshold value of SUV was applied to PET images from
pretreatment and posttreatment scans of each animal as shown by the
color scale on the right.
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EGFR TKIs, whereas the significant reduction of tracer
uptake in the same tumors after treatment with MET inhi-
bitors indicated the reversal of MET-mediated resistance to
EGFR TKIs. Conversely, HCC827 xenografts that do not
bearMET amplification, despite the expression of relatively
high levels of MET, do not undergo growth arrest in
response to treatment with MET inhibitors as shown by
unchanged [18F]FLT uptake in posttreatment imaging stud-
ies and by Ki67 immunostaining.
MET overexpression resulting from transcriptional upre-

gulation in the absence of gene aberrations has been found
in a variety of epithelial malignant tumors, including
NSCLC (26), and its constitutive activation has been
reported to promote cell growth, invasion, and metastatic
dissemination (9). An additional mechanism causing MET
constitutive activation is gene amplification that has been
observed in different human cancers, including NSCLC,

where the increased gene copy number is an independent
negative prognostic factor (12). Engelman and colleagues
(3, 6) reported that MET amplification in EGFR-mutant
NSCLC cells can cause resistance to EGFR TKIs by main-
taining activation of the EGFR downstream pathway in the
presence of EGFR inhibitors. MET amplification has been
indeed confirmed in tumors of about 15% to 20% of
patients with NSCLC refractory to erlotinib treatment
(7, 27); but, at present, the copy number of the MET gene
necessary to cause such resistance is undefined.

Therefore, we reasoned that in NSCLCs bearing a high
copy number of the gene, MET inhibition would have
resulted in EGFR downstream pathway inhibition and
decreased proliferation. Our study showed indeed that non-
invasivemolecular imaging, bymonitoring in vivo the rate of
proliferation in response to MET inhibitors, can identify the
functional cross-talk between EGFR and MET occurring in

Figure 6. Quantitative analysis of percentage variations of [18F]FLT uptake in xenografts after treatment of each animal, levels of EGFR signaling mediators in
posttreatment tumor samples, and rate of proliferation in tumor sections. A, quantitative analysis of percentage variations of [18F]FLT uptake in xenografts
after 3 days of treatment on PET images considering baseline [18F]FLT uptake as 100%. H1993 tumors showed a significant dose-dependent reduction
of [18F]FLT uptake in response to crizotinib but not to erlotinib, whereas HCC827 showed a significant reduction of tracer uptake after erlotinib but not
crizotinib treatment. B, longitudinal [18F]FLT PET/CT imaging studies in H1993 tumor–bearing animals treated with 100 mg/kg/d crizotinib or 100 mg/kg/d
erlotinib up to 9 days. [18F]FLT uptake variations in xenografts over time are expressed as percentage of baseline [18F]FLT uptake. C, representative
Westernblot analysesofwhole-cell lysates obtained fromH1993andHCC827 tumors surgically removed fromanimals after 3days of treatmentwith crizotinib
or erlotinib (100 mg/kg/d) at the end of imaging studies. Relative levels of EGFR downstream signaling mediators are shown along with actin levels to
ensure equal loading. D, the rate of proliferation was determined by Ki67 staining of tumor sections and was significantly reduced in H1993 and HCC827
tumors after 3 days of treatment with crizotinib and erlotinib, respectively. Data are expressed as mean � SE, and asterisks indicate statistically significant
difference in treated animals as compared with the correspondent untreated controls (�, P < 0.05; ��, P < 0.01).
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the presence of a high copy number of theMET gene. It can
be argued that MET inhibitors may modulate proliferation
independently of the EGFR signaling pathway but this is not
the case of patients with EGFR-driven NSCLC bearing acti-
vating mutations of EGFR. Our study showed indeed that
proliferation cannot be modulated by MET inhibitors in
HCC827 tumors expressingMETbut showing ahigh respon-
siveness to EGFRTKIs due to the expressionofmutant EGFR.

A number of MET-targeting agents are currently under
evaluation in clinical trials either alone or in combination
with conventional or molecularly targeted agents (28). In
these studies, patient stratification according toMET expres-
sion, amplification, and activity is an essential requirement
to ensure clinical benefit. However, in patients with refrac-
tory NSCLC, methods for assessing MET levels, gene copy
number, or phosphorylation may require repeated tumor
biopsy samples that cannot be easily obtained in all
patients. The noninvasive detection of MET-mediated resis-
tance to EGFR TKIs by [18F]FLT PET/CT may be helpful for
stratification of patients by identifying those that will ben-
efit from treatment with MET inhibitors either alone or in
combination with EGFR TKIs. [18F]FLT PET/CT has been
evaluated as a noninvasive imagingmethod to discriminate
responders from nonresponders to EGFR-targeted therapy
(29). In particular, [18F]FLT PET/CT scans performed before
and 7 days after gefitinib treatment in patients with
advanced lung adenocarcinoma showed that the percentage
changes of [18F]FLT uptake were significantly different in
responders and nonresponders (�36.0% � 15.4% vs.
10.1% � 19.5%; P < 0.001).

Recently, simultaneous targeting of EGFR and MET by
WZ4002 and crizotinib, respectively, has been reported to
be effective in lung cancers bearing T790M mutation and
concurrent MET amplification (30). We have previously
demonstrated that [18F]FLT PET/CT is able to detect T790M-
mediated resistance to erlotinib and its reversal byWZ4002
treatment (8). Here, we showed that [18F]FLT PET/CT may
also identify tumors with a functional cross-talk between
EGFR and MET. Because up to one third of patients with
NSCLCwhobecome refractory to reversible EGFRTKIs have
tumors with concurrent T790M mutation and moderate

MET amplification (7, 15); functional imaging with
[18F]FLT PET/CT may contribute to select the optimal
treatment regimen in those patients by providing an adap-
tive imaging biomarker for therapy (31).

In conclusion, [18F]FLT PET/CT is able to detect MET-
mediated resistance to EGFR TKIs and to monitor the
reversal of such resistance by MET inhibitors. Current clin-
ical guidelines for treatment of advanced NSCLC (32)
recommend that newly diagnosed patients are assigned to
specific first-line therapy on the basis of genetic profiling
and mutational analysis of tumor samples (33). Our study
indicates that [18F]FLT PET/CT may be successfully used to
identify during first-line therapy with EGFR TKIs patients
who become refractory and to select those whomay benefit
from treatment with MET inhibitors either alone or in
combination with EGFR TKIs, thus contributing to person-
alized therapy.
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