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Epidermal growth factor receptor (EGFR) mutational status,
activation of downstream signaling, and effective apoptotic
cascade are all factors that may affect the tumor response to
EGFR tyrosine kinase inhibitors (TKIs) in non–small cell lung
cancer (NSCLC). Here we test whether 39-deoxy-39-18F-fluoro-
thymidine (18F-FLT) PET/CT can provide clues for the selection
of patients with NSCLC as candidates for treatment with re-
versible and irreversible EGFR TKIs or combination treatment
with Bcl-xL inhibitors. Methods: HCC827, H1975, and H1650
NSCLC cells were subcutaneously injected into flanks of nude
mice. Tumor-bearing animals were treated daily for 3 d by oral
gavage with erlotinib at 50 and 150 mg/kg, CL-387,785 (an
irreversible EGFR TKI) at 50 mg/kg, WZ4002 (a more potent
irreversible EGFR TKI) at 25 and 50 mg/kg, ABT-263 (a Bcl-xL
inhibitor) at 6.25 mg/kg, and a combination of erlotinib (50 mg/kg)
and ABT-263 (6.25 mg/kg). Imaging studies were performed
before and after 3 d of treatment by intravenous injection of
7.4 MBq of 18F-FLT and small-animal PET/CT of animals at 1 h
after injection. Quantitative analysis of reconstructed images
of baseline and posttreatment scans was performed, and the
percentage change in 18F-FLT uptake in each animal was de-
termined. Tumor sections were tested for Ki67 immunostaining
and the percentage of apoptotic cells. Results: Sensitive
tumors (HCC827) showed mean decreases in 18F-FLT uptake of
45% and 28% with high- and low-dose regimens of erlotinib, re-
spectively. Resistant NSCLC cells bearing a T790M mutation
(H1975) showed mean increases in 18F-FLT uptake of 27%
and 33% with high and low doses of erlotinib, respectively. Treat-
ment with CL-387,785, low-dose WZ4002, and high-dose
WZ4002 caused mean decreases in tracer uptake of 21%,
26%, and 36%, respectively. NSCLC cells that were resistant
because of dysregulation of Bcl-2 family members (H1650)
showed mean reductions in 18F-FLT uptake of 49% and 23%
with high and low doses of erlotinib, respectively, whereas the
addition of ABT-263 did not affect tracer uptake but significantly
increased the percentage of apoptotic cells in tumor sections.
Conclusion: PET/CT with 18F-FLT may contribute to the selection
of patients who may benefit from treatment with reversible and
irreversible EGFR TKIs and may provide clues about which

patients with NSCLC may be candidates for combination treat-
ment with erlotinib and Bcl-xL inhibitors.
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Several epidermal growth factor receptor (EGFR) tyro-
sine kinase inhibitors (TKIs) have been developed as tar-
geted therapeutic agents for the treatment of different types
of tumors, including non–small cell lung cancer (NSCLC).
Despite the expression of EGFR in a high percentage of
NSCLCs, only subgroups of patients benefit from treatment
with EGFR TKIs such as gefitinib and erlotinib (1,2). Pre-
vious studies indicated that the presence of somatic muta-
tions in the kinase domain of EGFR is a major determinant
of the high response rate of subgroups of patients (3–5).
Exon 19 deletions and single point mutations in exon 21
hyperactivate the kinase, and NSCLC cells become depen-
dent on EGFR signaling for survival (6). Consequently, when
cells with mutant EGFR are treated with gefitinib or erlotinib,
they undergo apoptosis in addition to growth arrest.

Despite the high responsiveness of tumors bearing
activating EGFR mutations, most may become resistant to
TKIs, and multiple molecular mechanisms may underlie
such resistance. Secondary mutations in the kinase domain
of EGFR have been reported in approximately 50% of re-
fractory tumors in patients; in particular, the T790Mmutation
is thought to confer resistance through steric hindrance or an
increased binding affinity for ATP (7–9). To overcome
T790M-mediated resistance, several irreversible EGFR TKIs
have been developed and have been reported to covalently
bind to the ATP pocket despite the presence of the T790M
mutation (10). Among those compounds are CL-387,785,
which binds to both T790M mutant EGFR and wild-type
EGFR, and WZ4002, which has a higher affinity for the
mutant form of EGFR than for wild-type EGFR and thus
results in less toxicity for normal tissues (11).

A growing body of evidence indicates that cancer cells
bearing activating EGFR mutations may become resistant if

Received Aug. 4, 2011; revision accepted Oct. 25, 2011.
For correspondence or reprints contact: Silvana Del Vecchio, Department

of Biomorphological and Functional Sciences, University of Naples Federico
II, Edificio 10, Via S. Pansini 5, 80131 Naples, Italy.
E-mail: delvecc@unina.it
Published online Feb. 13, 2012.
COPYRIGHT ª 2012 by the Society of Nuclear Medicine, Inc.

MOLECULAR IMAGING OF EGFR TKI RESISTANCE • Zannetti et al. 443

by on March 13, 2017. For personal use only. jnm.snmjournals.org Downloaded from 

mailto:delvecc@unina.it
http://jnm.snmjournals.org/


they can maintain the activity of downstream signaling
pathways in the presence of EGFR TKIs by redundant and
lateral signaling through Met amplification (12,13). To
overcome such resistance, Met inhibitors may be added to
erlotinib treatment (14). Previous studies also highlighted
the role of Bcl-2 family members as downstream mediators
of TKI-induced apoptosis (15). In this respect, proapoptotic
proteins containing only BH3 domain (BH3-only proteins)
such as Bim and Bad have been reported to mediate TKI-
induced killing of lung cancer cells with activating EGFR
mutations (16) and Bcr/Abl1 leukemic cells (17). Impaired
upregulation of Bim in response to EGFR TKIs has been
reported to confer resistance (15,16,18). Recently, high
levels of antiapoptotic protein Bcl-xL were reported in
a considerable percentage of NSCLC samples obtained
from patients (19), suggesting its involvement in the occur-
rence of resistance to EGFR TKIs that is due to an altered
apoptotic program. In this respect, several Bcl-xL/Bcl-2
inhibitors, including ABT-263, have been developed and
tested in clinical trials in combination with conventional
anticancer agents (20). Because multiple molecular mech-
anisms may cause resistance to EGFR TKIs, it is important
not only to detect noninvasively tumors refractory to EGFR
TKI treatment but also to identify the mechanisms underly-
ing such resistance, thus allowing the adaptation of therapy.
Here we tested whether PET/CT with 39-deoxy-39-18F-

fluorothymidine (18F-FLT) can identify sensitive and resis-
tant NSCLCs and can provide clues for the selection of
patients with NSCLC as candidates for treatment with re-
versible and irreversible EGFR TKIs or combination treat-
ment with Bcl-xL inhibitors.

MATERIALS AND METHODS

Cell Lines and Treatment
Three NSCLC cell lines with oncogenic mutations of EGFR

were obtained from the American Type Culture Collection:
HCC827, with a deletion of exon 19 (delE746_A750); H1975,
with point mutations in exon 21 (L858R) and exon 20 (T790M);
and H1650, with a deletion of exon 19 (delE746_A750) and a loss
of PTEN (phosphatase and tensin homolog). Despite the presence
of activating mutations in all cell lines (delE746_A750 or L858R),
H1975 cells also harbored the T790M mutation, which is known
to confer resistance to gefitinib and erlotinib (7,8); in addition,
H1650 cells were reported to be resistant because of impaired
upregulation of Bim in response to EGFR TKIs (15,16,1). Cells
were grown in RPMI medium containing 10% fetal bovine serum,
penicillin at 100 IU/mL, and streptomycin at 50 mg/mL in a hu-
midified incubator with 5% CO2 at 37�C.

Cells were treated with increasing concentrations of EGFR
TKIs (0.1–10 mM) for various time periods. Drug-induced toxicity
was assessed with the MTS assay (Promega) as previously de-
scribed (21). In addition, the extent of cell death was assessed
by staining with annexin V–fluorescein isothiocyanate–propidium
iodide (Pharmingen) after exposure of cells to 1 mM EGFR TKI
for 12–48 h. Flow cytometry was used for cell cycle analysis. In
brief, cells were treated with 1 mM EGFR TKI for 24 h, stained
with propidium iodide in the presence of ribonuclease, and ana-

lyzed by fluorescence-activated cell sorting (Becton, Dickinson
and Co.). At least 3 independent experiments were performed in
triplicate for each assay, and data were pooled.

Immunoblot Analysis
Whole-cell lysates were prepared as previously described (21).

In brief, cells were treated with increasing concentrations of erlo-
tinib for 24 h and then lysed in 200 mL of a buffer containing
1 mM ethylenediaminetetraacetic acid, 0.2% Triton X-100 (Sigma),
and protease and phosphatase inhibitors. Western blot analysis of
proteins from whole-cell lysates was performed with a standard
procedure. Polyvinylidene difluoride membranes were probed with
rabbit polyclonal antibodies against Bim (Cell Signaling; 1:500) and
a monoclonal antibody against actin (Sigma; 1:1,000).

Animal Tumor Models and Treatments
All animal experimental procedures were conducted in accor-

dance with Italian law for animal protection and were approved by
the Italian Ministry of Health, Animal Welfare Direction (Protocol
No. 5998-A-01/04/2008).

Female BALB/c (nu/nu) mice, 5 wk old and weighing 15–20 g,
were purchased from Charles River Laboratories. HCC827,
H1975, and H1650 cells (5 · 106–10 · 106) were resuspended
in 200 mL of RPMI medium, injected subcutaneously into the
flank of nude mice, and allowed to grow for 2 wk. When tumors
reached a mean volume of approximately 100 mm3 [volume5 0.5 ·
greatest diameter · (shortest diameter)2], animals were random-
ized into treatment groups (of at least 4 animals for each cell line
and for each treatment). Tumor-bearing animals were treated daily
for 3 d by oral gavage with erlotinib at 50 and 150 mg/kg,
CL-387,785 (an irreversible EGFR TKI) at 50 mg/kg, WZ4002
(an irreversible EGFR TKI with a higher affinity for T790M
mutant EGFR than for wild-type EGFR) at 25 and 50 mg/kg,
ABT-263 (a Bcl-xL inhibitor) at 6.25 mg/kg, and a combination
of erlotinib (50 mg/kg) and ABT-263 (6.25 mg/kg) (Table 1).

Imaging Studies with 18F-FLT and Small-Animal
PET/CT

The entire synthesis of 18F-FLT was performed with the com-
mercially available TRACERlab FX F-N synthesis module (GE
Healthcare). In brief, (59-O-DMTr-29-deoxy-39-O-nosyl-b-D-threo-
pentofuranosyl)-3-N-BOC-thymine was used as a precursor and was

TABLE 1
Animal Tumor Models and Treatments

Tumor Treatment (mg/kg) on day 0–day 2

HCC827 Erlotinib (50)

Erlotinib (150)
H1975 Erlotinib (50)

Erlotinib (150)

CL-387,785 (50)
WZ4002 (25)

WZ4002 (50)

H1650 Erlotinib (50)

Erlotinib (150)
ABT-263 (6.25)

Erlotinib (50) 1 ABT-263 (6.25)

Treatment was started 3 h after baseline 18F-FLT scan on day

0 and was stopped 3 h before posttreatment 18F-FLT scan on day 2.
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subjected to radiofluorination according to a previously described
procedure with slight modifications (22). The resulting labeled
products had a radiochemical purity of greater than 99%, as
assessed by high-performance liquid chromatography.

Each animal underwent baseline and posttreatment scans ac-
cording to the schedule shown in Table 1. The baseline scan on day
0 was performed 3 h before any treatment; the posttreatment scan
on day 2 was performed 3 h after the last drug administration. A
small-animal PET/CT scanner (eXplore Vista preclinical PET scan-
ner; GE Healthcare) was used for PET/CT studies. In brief, animals
were injected intravenously with 7.4 MBq of 18F-FLT, anesthetized
50 min later, and scanned by CT for 10 min. One bed position in-
cluding the tumor was scanned (axial field of view, 68 mm), and im-
ages were acquired with the x-ray source set at 35 kVp and 200 mΑ.
PET images were then acquired (at 1 h after injection) (23) for an
acquisition time of 20 min (24). The body temperature of the ani-
mals was held constant during tracer biodistribution and imaging
with a heating pad or heat lamp.

After acquisition, the images were reconstructed by use of
a combination algorithm based on Fourier rebinning followed by
2-dimensional iterative image reconstruction with ordered-subsets
expectation maximization. PET and CT images were automati-
cally coregistered, and fusion images were obtained. PET images
were corrected for decay, and the data were converted to
standardized uptake values (SUVs). No statistically significant
change in animal weight was observed after 3 d of treatment.
Caliper tumor measurements were not significantly different
between baseline and posttreatment scans.

Three-dimensional regions of interest were drawn around the
tumor on transaxial PET images of baseline and posttreatment
scans, and a volume of interest was determined by use of an
automated isocontouring program (GE Healthcare). The maximum
SUV within the tumor volume of interest was then registered for
each study. To account for differences in tracer biodistribution and
possible minimal occult extravasation of the administered dose,
a spheric region of interest was drawn in the contralateral flank as
a reference region; care was taken to avoid areas of physiologic
uptake (25,26). The maximum SUVof the tumor was normalized to
the corresponding mean SUV of the reference region.

Finally, the percentage change in 18F-FLT uptake in the post-
treatment scan relative to the baseline scan was determined for
each animal. All quantitative data from animal imaging studies
were expressed as mean 6 SE.

Analysis of Proliferation and Apoptosis in
Tumor Samples

After the imaging studies were completed, animals were
sacrificed, and tumors were surgically removed, immediately
frozen in liquid nitrogen, and stored at 280�C until studied. Ten
consecutive 5-mm adjacent sections corresponding to the largest
cross-sectional area of the tumor were cut in a cryomicrotome.
The rate of proliferation of tumor cells was evaluated with a rabbit
polyclonal antibody directed against the Ki67 antigen (Abicam;
1:100 dilution) and a goat polyclonal secondary antibody to rabbit
IgG–horseradish peroxidase (1:1,000 dilution). Tumor sections
were immunostained by a standard procedure with diaminobenzi-
dine as a chromogen and counterstained with hematoxylin.

The percentage of tumor cells undergoing apoptosis was deter-
mined by in situ end labeling of DNA fragments (terminal deoxy-
nucleotidyl transferase–mediated dUTP–biotin nick-end labeling
[TUNEL] assay) with a commercially available kit (Promega).

In brief, tumor sections were incubated with terminal deoxy-
nucleotidyl transferase enzyme and biotinylated deoxynucleotide
for 1.5 h at 37�C according to the manufacturer’s instructions. The
reaction was revealed by the addition of peroxidase-conjugated
streptavidin and diaminobenzidine as a chromogen.

Tumor sections adjacent to those used for the analysis of
proliferation and apoptosis were stained with hematoxylin and
eosin and examined by light microscopy. No measurable areas of
necrosis were observed in tumor sections; only microscopic foci
of necrosis were occasionally found in sensitive tumors after
treatment and were excluded from the histologic analysis. Tumor
sections were examined by light microscopy at a magnification of
·400. The observer was not aware of the treatment group or 18F-
FLT PET findings for the particular specimen examined. Each
section was divided into 4–10 regions randomly selected along
the 2 major diameters. A minimum of 100 tumor cells were
counted in every region, and the results were expressed as the
mean percentage of positively stained tumor cells in a section
(27). Data from treated tumors (3 for each cell line and for each
treatment) were averaged and compared with data from untreated
tumors (n 5 3) with an unpaired Student t test.

Statistical Analyses
The software used for statistical analyses was MedCalc for

Windows, version 10.3.2.0 (MedCalc Software). Unpaired and
paired Student t tests were used as appropriate to compare means.
In particular, a paired t test was used to compare 18F-FLT uptake in
the same tumors before and after treatment, whereas an unpaired t
test was used to examine differences between untreated controls and
treated groups with respect to quantitative histopathologic data, cell
cycle profiles, and fluorescein isothiocyanate–conjugated annexin V
staining. Differences between means were considered to be statis-
tically significant at P values of less than 0.05 and highly statisti-
cally significant at P values of less than 0.01.

RESULTS

The sensitivity of HCC827, H1975, and H1650 cells to
increasing concentrations of erlotinib was tested with the
MTS assay. HCC827 cells showed the highest level of drug
responsiveness, having a 50% inhibitory concentration of
less than 1 mM (Fig. 1A). Conversely, both H1650 and
H1975 cells were refractory to 48 h of erlotinib treatment,
having 50% inhibitory concentrations of greater than 1 mM.
The erlotinib concentration of 1 mM is usually considered
to be a cutoff for sensitivity because this concentration
approaches the levels achievable in the plasma of patients
receiving treatment (6,28). When HCC827, H1975, and
H1650 cells were exposed to this erlotinib concentration,
only HCC827 cells showed a significant increase in the
percentage of tumor cells undergoing apoptosis after 24
and 48 h of drug exposure, confirming the results of the
viability assay (Fig. 1B). Furthermore, cell cycle analysis of
HCC827 and H1650 cells exposed to 1 mM erlotinib for
24 h revealed a significant increase in the proportion of
cells in the G1 phase and a significant decrease in the pro-
portion of cells in the S phase relative to the findings for the
untreated controls, indicating that erlotinib caused G1 cell
cycle arrest in both cell lines (Fig. 1C). Therefore, in agree-
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ment with previous findings (15,18), the resistance of
H1650 cells was mainly due to a failure in apoptosis rather
than a lack of growth arrest in response to erlotinib. Con-
versely, no significant changes in the proportions of cells in
the G1 and S phases were observed for resistant H1975 cells
after erlotinib treatment, indicating that the T790M muta-
tion prevented erlotinib-induced G1 growth arrest, as pre-
viously reported (Fig. 1C) (18,29). As expected, only
HCC827 cells showed an upregulation of Bim after 24 h
of erlotinib exposure (Fig. 1D).
The sensitivity and resistance of the NSCLC cell lines

also were confirmed in tumor-bearing nude mice receiving
erlotinib treatment (Fig. 2A).
Imaging studies of nude mice bearing HCC827, H1975,

and H1650 xenografts were then performed with 18F-FLT
before and after treatment with reversible and irreversible
EGFRTKIs. Figure 2 shows representative PET/CT coronal
fusion images of tumor-bearing mice before and after treat-
ment with erlotinib at 50 and 150 mg/kg. Tumor uptake of
18F-FLT could be visualized in all baseline studies, whereas
after treatment only H1975 tumors showed a persistently
high level of uptake of 18F-FLT, indicating a lack of growth
arrest.
Quantitative analysis of percentage variations in 18F-FLT

uptake in posttreatment studies compared with correspond-
ing baseline studies is shown in Figure 3. Sensitive
HCC827 tumors showed a statistically significant reduction
in 18F-FLT uptake of 45% 6 3% (P , 0.01) after treatment
with a high dose of erlotinib, whereas a reduction of 28%6
4% was observed after treatment with the low-dose regi-
men. Resistant H1975 tumors bearing the T790M mutation
showed increases in 18F-FLT uptake of 27% 6 15% and
33% 6 10% in response to high and low doses of erlotinib,
respectively. In agreement with the results of cell cycle
analysis, H1650 tumors showed reductions in 18F-FLT up-
take of 49% 6 5% (P , 0.01) and 23% 6 16% after

treatment with high and low doses of erlotinib, respectively;
these results confirmed that in this cell line, resistance to
EGFR TKIs was mainly due to an impaired apoptotic pro-
gram rather than a lack of growth arrest.

To overcome T790M-mediated resistance, H1975 tu-
mor–bearing animals were treated with irreversible inhib-
itors, such as CL-387,785 and WZ4002. 18F-FLT imaging
studies were then performed. Figure 4 shows representative
PET/CT coronal fusion images of untreated and treated
animals. A striking reduction in 18F-FLT uptake was ob-
served in resistant H1975 tumors after treatment with CL-
387,785 (50 mg/kg), whereas erlotinib was ineffective in
the same animals. Similar findings were obtained after treat-
ment with WZ4002 at the same dose (50 mg/kg); further-
more, in agreement with the reported higher affinity of
WZ4002 for T790M mutant EGFR than for wild-type
EGFR, even a lower dose of the drug (25 mg/kg) was effec-
tive in those animals. The percentage reduction in 18F-FLT
uptake after treatment with CL-387,785 at 50 mg/kg was
21% 6 12%; this uptake was significantly different from
tracer uptake after treatment with erlotinib at 50 mg/kg
(P , 0.05). Treatment with WZ4002 at 50 and 25 mg/kg
significantly reduced 18F-FLT uptake by 36% 6 12% (P ,
0.01 for comparison with untreated controls and P , 0.01
for comparison with erlotinib at 50 mg/kg) and 26% 6 4%
(P , 0.05 for comparison with untreated controls and P ,
0.01 for comparison with erlotinib at 50 mg/kg), respec-
tively (Fig. 3). The use of irreversible EGFR TKIs in
H1975 tumor–bearing animals caused the reversal of T790M-
mediated resistance to EGFR TKIs, as confirmed by Ki67
staining (Fig. 4B).

To overcome the resistance of H1650 cells to EGFR
TKIs, which was likely due to an altered apoptotic pro-
gram, and because these cells express relatively high levels
of Bcl-xL (21), H1650 tumor–bearing animals were treated
with ABT-263 (a Bcl-xL inhibitor) either alone or in com-

FIGURE 1. Effects of erlotinib in sensitive

and resistant NSCLC cells. (A) Cell toxicity

assay after treatment with increasing con-
centrations of erlotinib for 48 h. (B) Percent-

age of cells undergoing apoptosis after

exposure to 1 mM erlotinib for 12–48 h. (C)

Effects of erlotinib on cell cycle in NSCLC
cells. (D) Representative Western blots of

samples obtained from sensitive and resis-

tant NSCLC cells exposed to increasing

concentrations of erlotinib for 24 h. Upregu-
lation of proapoptotic protein BimEL was

seen only in HCC827 cells. Actin served to

ensure equal loading. *P , 0.05. Untr 5 un-
treated.
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bination with erlotinib. 18F-FLT imaging studies were then
performed. Figure 5 shows representative PET/CT coronal
fusion images of untreated and treated animals. Treatment
with ABT-263 alone was followed by an increase in 18F-
FLT uptake of 37% 6 16%, whereas treatment with a com-
bination of ABT-263 and erlotinib (50 mg/kg) caused a re-
duction in 18F-FLT uptake of 23% 6 15%; the latter effect
was not different from the effect of erlotinib alone in the
same animals.
When excised tumors were analyzed for determination of

the rate of proliferation and the apoptotic index, HCC827
tumors showed a statistically significant reduction in the
rate of proliferation after treatment with both doses (P ,

0.01) of erlotinib and a parallel significant increase in the
percentage of apoptotic cells after treatment with low (P ,
0.05) and high (P , 0.01) drug doses (Fig. 6A). As
expected, resistant H1975 tumors did not show any signif-
icant change in the rate of proliferation or the apoptotic
index in response to both doses of erlotinib (Fig. 6B). Con-
versely, treatment with CL-387,785 caused a statistically
significant reduction in the rate of proliferation (P ,
0.05) and a parallel significant increase in apoptosis (P ,
0.01) compared with the results in untreated tumors. Sim-
ilar findings were obtained with WZ4002 at the same dose
and a lower dose; the rate of proliferation was significantly
reduced (P , 0.05) and apoptosis was significantly in-

FIGURE 2. (A) Tumor volumes measured
over time in animals receiving vehicle or

erlotinib at 150 mg/kg. Data are expressed

as percentage of tumor volume measured at

beginning of treatment. (B and C) Represen-
tative coronal fusion images of small-animal

PET/CT studies performed with 18F-FLT in

nude mice bearing HCC827 (top), H1975
(middle), and H1650 (bottom) xenografts be-

fore (left) and after (right) treatment with

erlotinib at 50 mg/kg (B) and 150 mg/kg

(C). After treatment, tumor uptake of 18F-
FLT decreased in HCC827 and H1650

tumors but remained unchanged in H1975

xenografts at both drug doses. The same

threshold values of SUV were applied to
PET images from pretreatment and post-

treatment scans of each animal, as shown

by color scale at right.

FIGURE 3. Quantitative analysis of per-
centage variations in 18F-FLT uptake in

posttreatment studies and corresponding

baseline studies. Asterisks indicate statisti-
cally significant differences in percentage

changes in 18F-FLT uptake in treated ani-

mals vs. corresponding untreated controls

(*P , 0.05, **P , 0.01). Number symbols
indicate statistically significant differences

in percentage changes in 18F-FLT uptake

after each treatment vs. those induced by

erlotinib at 50 mg/kg (#P , 0.05, ##P ,
0.01) in tumors derived from same cell line.
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creased (P , 0.01) in treated tumors (Fig. 6B). A statisti-
cally significant reduction in the rate of proliferation was
observed in H1650 tumors exposed to low (P , 0.01) and
high (P , 0.001) doses of erlotinib compared with the
results observed in untreated controls (Fig. 6C). Conversely,
no significant change in the rate of proliferation was ob-
served in H1650 tumors exposed to ABT-263 alone,
whereas combination treatment with ABT-263 and erlotinib
at 50 mg/kg caused a significant reduction in the rate of
proliferation (P , 0.01); the latter finding was not different
from that observed in H1650 tumors treated with the same
dose of erlotinib alone. Although the percentage of apopto-
tic cells in H1650 tumors was slightly increased after treat-
ment with erlotinib at 50 and 150 mg/kg compared with the
results observed in untreated controls, this change was not
statistically significant. Treatment with ABT-263 alone at

6.25 mg/kg did not induce any significant change in the
percentage of apoptotic cells in the same tumors, whereas
a strong effect on apoptosis was observed after combination
treatment with ABT-263 and erlotinib at 50 mg/kg (P ,
0.01); the latter effect was significantly greater than the
effect observed with erlotinib alone (P , 0.01).

DISCUSSION

This study showed that a persistently high level of uptake
of 18F-FLT after treatment with a reversible EGFR TKI can
successfully identify NSCLC cells that are resistant because
of the occurrence in the EGFR kinase domain of a T790M
secondary mutation that prevents EGFR TKI binding and
subsequent growth arrest. The reduction in 18F-FLT uptake
after 3 d of treatment with irreversible EGFR TKIs, such as
CL-387,785 and WZ4002, demonstrated the reversal of
T790M-mediated resistance and the successful induction
of growth arrest in association with enhanced apoptosis,
as documented by Ki67 staining and a TUNEL assay.

About one-half of cancers that become refractory to
EGFR TKIs harbor the T790M secondary mutation, which
represents the most prevalent mechanism of resistance in
patients with NSCLC (30). According to Sequist et al. (30),
molecular analyses of repeated lung biopsies from such
patients are needed to identify different mechanisms of
acquired resistance. A potential clinical application of our
observations could be the development of a test for respon-
siveness to EGFR TKI treatment using noninvasive imag-
ing. The information provided by such a test may help in
the selection of patients as candidates for therapy with re-
versible or irreversible EGFR TKIs and in the development
of therapeutic strategies for overcoming resistance in pa-
tients with refractory NSCLC.

FIGURE 4. (A) Representative images of small-animal PET/CT

studies performed with 18F-FLT in nude mice bearing resistant

H1975 xenografts harboring T790M mutation before (left) and after
(right) treatment with erlotinib at 50 mg/kg, CL-387,785 at 50 mg/kg,

and WZ4002 at 25 and 50 mg/kg. Coronal small-animal PET/CT

fusion images showed reduction in 18F-FLT uptake in resistant
H1975 tumors after treatment with CL-387,785 and WZ4002 (50

mg/kg), whereas erlotinib was ineffective in same animals. As

expected, treatment with lower dose of WZ4002 caused change

in 18F-FLT uptake that was less pronounced but still significantly
different from that observed in erlotinib-treated animals. Color scale

at right shows that the same threshold values of SUV were applied

to pretreatment and posttreatment PET images. (B) Representative

images of Ki67 staining in tumor sections from untreated and trea-
ted animals bearing H1975 xenografts. Administration of irreversible

EGFR TKIs (CL-387,785 and WZ4002) significantly reduced rate of

tumor cell proliferation, confirming imaging findings, whereas erlo-
tinib was ineffective in same tumors.

FIGURE 5. Representative

images of small-animal PET/
CT studies performed with
18F-FLT in nude mice bearing

H1650 xenografts before (left)

and after (right) treatment with
erlotinib at 50 mg/kg, ABT-263

at 6.25 mg/kg, and combina-

tion of erlotinib at 50 mg/kg

and ABT-263 at 6.25 mg/kg.
Coronal small-animal PET/CT

fusion images showed in-

crease in 18F-FLT uptake after
treatment with ABT-263 alone,

whereas combination of ABT-

263 and erlotinib caused re-

duction in 18F-FLT uptake that
was not different from effect of

erlotinib alone in same tumors.

The same threshold values

of SUV were applied to PET
images from pretreatment and

posttreatment scans of each

animal, as shown by color scale
at right.
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Several studies have reported on the use of 18F-FLT to
evaluate tumor responses to both conventional and molec-
ularly targeted therapy (31–33). In particular, Ullrich et al.
(29) reported a prompt reduction in 18F-FLT uptake in sen-
sitive PC9 and HCC827 xenografts and persistently en-
hanced tracer uptake in resistant H1975 tumors after 2–4 d
of erlotinib treatment. Our findings are in agreement with
these observations and confirmed that 18F-FLT provides
a faithful visualization of tumor cell proliferation and is a
sensitive tool for detecting the antiproliferative effects of
targeted anticancer agents. In addition, our findings indicate
that imaging studies with 18F-FLT can identify the success-
ful reversal of resistance by CL-387,785 and WZ4002,
which can neutralize the underlying molecular mechanism.
We hypothesize that a similar approach using Met inhibi-
tors in combination with EGFR TKIs may be adopted to
detect noninvasively the reversal of resistance that is due to
Met amplification.
A consistent body of evidence has indicated that re-

sistance to EGFR inhibition can be modulated by alter-
ations in the intrinsic apoptotic pathway that is controlled

by Bcl-2 family members. Dynamic interactions among the
proapoptotic and antiapoptotic proteins of the Bcl-2 family
ultimately regulate mitochondrial membrane permeabiliza-
tion, the release of cytochrome c from mitochondria, and
the subsequent activation of effector caspases. The expo-
sure of sensitive cells to EGFR TKIs induces the upregula-
tion of proapoptotic BH3-only protein Bim, which interacts
with the BH3 domain–binding site of antiapoptotic Bcl-2
proteins, thus facilitating the apoptotic cascade. Downregu-
lation of Bim by small interfering RNA reduces gefitinib-
induced apoptosis (16), and overexpression of Bcl-2 inhibits
cell death on exposure to erlotinib (15), thus causing re-
sistance. Recently, a class of compounds that inhibit anti-
apoptotic Bcl-2 proteins by mimicking the BH3 domain
interaction of the proapoptotic BH3-only proteins was in-
troduced and tested in clinical trials (20). One of these
molecules, ABT-263, was shown to enhance the efficacy
of taxanes in NSCLC (19). We used this compound in an
attempt to overcome the resistance to EGFR TKIs of H1650
cells, which have been reported to have impaired upregu-
lation of Bim in response to erlotinib and relatively high
levels of Bcl-xL. The addition of ABT-263 did not affect
18F-FLT uptake but significantly increased the percentage
of apoptotic cells in tumor sections, thus indicating a syn-
ergistic effect of the 2 drugs on apoptosis. Therefore, we
believe that, to monitor such a synergistic effect, a second
tracer such as 99mTc-hydrazinonicotinamide–annexin V or
18F-labeled 2-(5-fluoropentyl)-2-methyl malonic acid is
needed to reveal the effective induction of apoptosis.

CONCLUSION

T790M-mediated resistance to erlotinib treatment can be
revealed early after the initiation of therapy by persistently
enhanced 18F-FLT uptake in tumors, indicating the lack of
an antiproliferative effect. This observation may provide
clues for the selection of patients as candidates for treat-
ment with irreversible EGFR TKIs that are able to induce
growth arrest in tumors harboring the EGFR T790M muta-
tion. Patients showing a reduction in 18F-FLT uptake after
treatment with erlotinib may benefit from combination
treatment with ABT-263, which can interact with Bcl-xL/
Bcl-2, thus facilitating the apoptotic cascade and eventually
overcoming the resistance to EGFR TKIs that is due to
impaired upregulation of Bim in response to erlotinib.

DISCLOSURE STATEMENT

The costs of publication of this article were defrayed in
part by the payment of page charges. Therefore, and solely
to indicate this fact, this article is hereby marked “adver-
tisement” in accordance with 18 USC section 1734.

ACKNOWLEDGMENT

This work was partly supported by the Ministry of Univer-
sity and Research, MERIT–MEdical Research in ITaly (Project
No. RBNE08YFN3_008) and AIRC, Associazione Italiana

FIGURE 6. Rate of proliferation and percentage of apoptotic cells

in tumor sections. Blue columns indicate percentage of tumor cells

positively stained with anti-Ki67 antibody, whereas red columns in-
dicate percentage of apoptotic cells in tumor sections (mean 6 SD)

before and after indicated treatment. Asterisks indicate statistically

significant differences in each parameter between treated tumors
and untreated controls (*P , 0.05, **P , 0.01). Number symbols

indicate statistically significant differences in each parameter in-

duced by combination treatment (erlotinib at 50 mg/kg plus ABT-

263 at 6.25 mg/kg) vs. erlotinib alone (50 mg/kg) (##P , 0.01).

MOLECULAR IMAGING OF EGFR TKI RESISTANCE • Zannetti et al. 449

by on March 13, 2017. For personal use only. jnm.snmjournals.org Downloaded from 

http://jnm.snmjournals.org/


per la Ricerca sul Cancro (project no. 11756). No other poten-
tial conflict of interest relevant to this article was reported.

REFERENCES

1. Pao W, Chmielecki J. Rational, biologically based treatment of EGFR-mutant

non-small-cell lung cancer. Nat Rev Cancer. 2010;10:760–774.

2. Gazdar AF. Activating and resistance mutations of EGFR in non-small-cell lung

cancer: role in clinical response to EGFR tyrosine kinase inhibitors. Oncogene.

2009;28(suppl):S24–S31.

3. Lynch TJ, Bell DW, Sordella R, et al. Activating mutation in the epidermal

growth factor receptor underlying responsiveness of non-small-cell lung cancer

to gefitinib. N Engl J Med. 2004;350:2129–2139.

4. Paez JG, Janne PA, Lee JC, et al. EGFR mutations in lung cancer: correlation

with clinical response to gefitinib therapy. Science. 2004;304:1497–1500.

5. Pao W, Miller V, Zakowski M, et al. EGF receptor gene mutations are common in

lung cancers from “never smokers” and are associated with sensitivity of tumors to

gefitinib and erlotinib. Proc Natl Acad Sci USA. 2004;101:13306–13311.

6. Sharma SV, Bell DW, Settleman J, et al. Epidermal growth factor receptor

mutations in lung cancer. Nat Rev Cancer. 2007;7:169–181.

7. Pao W, Miller VA, Politi KA, et al. Acquired resistance of lung adenocarcinomas

to gefitinib or erlotinib is associated with a second mutation in the EGFR kinase

domain. PLoS Med. 2005;2:e73.

8. Kobayashi S, Boggon TJ, Dayaram T, et al. EGFR mutation and resistance of

non-small-cell lung cancer to gefitinib. N Engl J Med. 2005;352:786–792.

9. Engelman JA, Janne PA. Mechanisms of acquired resistance to epidermal growth

factor receptor tyrosine kinase inhibitors in non-small cell lung cancer. Clin

Cancer Res. 2008;14:2895–2899.

10. Yun CH, Mengwasser KE, Toms AV, et al. The T790M mutation in EGFR kinase

causes drug resistance by increasing the affinity for ATP. Proc Natl Acad Sci

USA. 2008;105:2070–2075.

11. Zhou W, Ercan D, Chen L, et al. Novel mutant-selective EGFR kinase inhibitors

against EGFR T790M. Nature. 2009;462:1070–1074.

12. Engelman JA, Zejnullahu K, Mitsudomi T, et al. MET amplification leads to

gefitinib resistance in lung cancer by activating ERBB3 signaling. Science.

2007;316:1039–1043.

13. Bean J, Brennan C, Shih JY, et al. MET amplification occurs with or without

T790M mutations in EGFR mutant lung tumors with acquired resistance to

gefitinib or erlotinib. Proc Natl Acad Sci USA. 2007;104:20932–20937.

14. Sequist LV, von Pawel J, Garmey EG, et al. Randomized phase II study of

erlotinib plus tivantinib versus erlotinib plus placebo in previously treated non-

small-cell lung cancer. J Clin Oncol. 2011;29:3307–3315.

15. Deng J, Shimamura T, Perera S, et al. Proapoptotic BH3-only BCL-2

family protein BIM connects death signaling from epidermal growth factor re-

ceptor inhibition to the mitochondrion. Cancer Res. 2007;67:11867–11875.

16. Costa DB, Halmos B, Kumar A, et al. BIM mediates EGFR tyrosine kinase

inhibitor-induced apoptosis in lung cancers with oncogenic EGFR mutations.

PLoS Med. 2007;4:1669–1679.

17. Kuroda J, Puthalakath H, Cragg MS, et al. Bim and Bad mediate imatinib-

induced killing of Bcr/Abl1 leukemic cells, and resistance due to their loss is

overcome by a BH3 mimetic. Proc Natl Acad Sci USA. 2006;103:14907–14912.

18. Gong Y, Somwar R, Politi K, et al. Induction of BIM is essential for apoptosis

triggered by EGFR kinase inhibitors in mutant EGFR-dependent lung adenocar-

cinomas. PLoS Med. 2007;4:e294.

19. Tan N, Malek M, Zha J, et al. Navitoclax enhances the efficacy of taxanes in non-

small cell lung cancer models. Clin Cancer Res. 2011;17:1394–1404.

20. Gandhi L, Camidge DR, Ribeiro de Oliveira M, et al. Phase I study of Navitoclax

(ABT-263), a novel Bcl-2 family inhibitor, in patients with small-cell lung cancer

and other solid tumors. J Clin Oncol. 2011;29:909–916.

21. Zannetti A, Iommelli F, Fonti R, et al. Gefitinib induction of in vivo detectable

signals by Bcl-2/Bcl-xL modulation of inositol trisphosphate receptor type 3.

Clin Cancer Res. 2008;14:5209–5219.

22. Oh SJ, Mosdzianowski C, Chi DY, et al. Fully automated synthesis system of

39-deoxy-39-[18F]fluorothymidine. Nucl Med Biol. 2004;31:803–809.

23. Waldherr C, Mellinghoff IK, Tran C, et al. Monitoring antiproliferative responses

to kinase inhibitor therapy in mice with 39-deoxy-39-18F-fluorothymidine PET.

J Nucl Med. 2005;46:114–120.

24. Wang Y, Seidel J, Tsui BM, et al. Performance evaluation of the GE Healthcare

eXplore VISTA dual-ring small-animal PET scanner. J Nucl Med. 2006;47:1891–1900.

25. Tseng JR, Kang KW, Dandekar M, et al. Preclinical efficacy of the c-Met in-

hibitor CE-355621 in a U87 MG mouse xenograft model evaluated by 18F-FDG

small-animal PET. J Nucl Med. 2008;49:129–134.

26. Wei LH, Su H, Hildebrandt IJ, et al. Changes in tumor metabolism as readout for

mammalian target of rapamycin kinase inhibition by rapamycin in glioblastoma.

Clin Cancer Res. 2008;14:3416–3426.

27. Zannetti A, Del Vecchio S, Carriero MV, et al. Coordinate up-regulation of Sp1

DNA-binding activity and urokinase receptor expression in breast carcinoma.

Cancer Res. 2000;60:1546–1551.

28. Engelman JA, Janne PA, Mermel C, et al. ErbB-3 mediates phosphoinositide

3-kinase activity in gefitinib-sensitive non-small cell lung cancer cell lines. Proc

Natl Acad Sci USA. 2005;102:3788–3793.

29. Ullrich RT, Zander T, Neumaier B, et al. Early detection of erlotinib treatment

response in NSCLC by 39-deoxy-39-[F]-fluoro-l-thymidine ([F]FLT) positron

emission tomography (PET). PLoS One. 2008;3:e3908.

30. Sequist LV, Waltman BA, Dias-Santagata D, et al. Genotypic and histological

evolution of lung cancers acquiring resistance to EGFR inhibitors. Sci Transl

Med. 2011;3:75ra26.

31. Zander T, Scheffler M, Nogova L, et al. Early prediction of nonprogression in

advanced non-small-cell lung cancer treated with erlotinib by using [18F]fluoro-

deoxyglucose and [18F]fluorothymidine positron emission tomography. J Clin

Oncol. 2011;29:1701–1708.

32. Cullinane C, Dorow DS, Jackson S, et al. Differential 18F-FDG and 39-deoxy-

39-18F-fluorothymidine PET responses to pharmacologic inhibition of the c-MET

receptor in preclinical tumor models. J Nucl Med. 2011;52:1261–1267.

33. Yang M, Gao H, Yan Y, et al. PET imaging of early response to the tyrosine

kinase inhibitor ZD4190. Eur J Nucl Med Mol Imaging. 2011;38:1237–1247.

450 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 53 • No. 3 • March 2012

by on March 13, 2017. For personal use only. jnm.snmjournals.org Downloaded from 

http://jnm.snmjournals.org/


Doi: 10.2967/jnumed.111.096503
Published online: February 13, 2012.

2012;53:443-450.J Nucl Med. 
  
Antonella Zannetti, Francesca Iommelli, Antonio Speranza, Marco Salvatore and Silvana Del Vecchio
  

Small Cell Lung Cancer− Inhibitors in NonLFactor Receptor Antagonists and Bcl-x
F-Fluorothymidine PET/CT to Guide Therapy with Epidermal Growth18-′-Deoxy-3′3

 http://jnm.snmjournals.org/content/53/3/443
This article and updated information are available at: 

  
 http://jnm.snmjournals.org/site/subscriptions/online.xhtml

Information about subscriptions to JNM can be found at: 
  

 http://jnm.snmjournals.org/site/misc/permission.xhtml
Information about reproducing figures, tables, or other portions of this article can be found online at: 

(Print ISSN: 0161-5505, Online ISSN: 2159-662X)
1850 Samuel Morse Drive, Reston, VA 20190.
SNMMI | Society of Nuclear Medicine and Molecular Imaging

 is published monthly.The Journal of Nuclear Medicine

© Copyright 2012 SNMMI; all rights reserved.

by on March 13, 2017. For personal use only. jnm.snmjournals.org Downloaded from 

http://jnm.snmjournals.org/content/53/3/443
http://jnm.snmjournals.org/site/misc/permission.xhtml
http://jnm.snmjournals.org/site/subscriptions/online.xhtml
http://jnm.snmjournals.org/

