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(Fig. 6C) in patients who had a partial response (PR) to cetuximab-based
therapy (1 = 16) than in those who had either stable disease (SD) or
progressive disease (PD; n = 49). The same was true (P < 0.0001, ¢ test)
when the comparison was made only in patients with KRAS wild-type
cancers (Fig. 6C). Because plasma heregulin may not fully reflect tu-
mor heregulin concentrations, we asked whether tumor heregulin ex-
pression correlated with cetuximab efficacy. We isolated RNA from
pretreatment tumor specimens in a subset of 44 of 70 (63%) patients,
in whom tumor tissue was available, performed qPCR for heregulin

Fig. 6. Both ERBB2 amplification and heregulin
cause drug resistance in cetuximab-treated
CRC patients. (A) (Left) OS for all CRC patients
with (n = 13) and without (n = 220) ERBB2
amplification treated with cetuximab-based
therapy. Data for KRAS wild type (WT)-only
patients (ERBB2-amplified, n = 11; ERBB2 non-
amplified, n = 171). Comparison based on
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(Fig. 6D), and correlated the findings with cetuximab efficacy. As in
the ELISA studies, patients achieving a PR (n = 9) had significantly (P <
0.0001, ¢ test) lower tumor heregulin expression compared to those
with SD or PD (n = 35), whether we considered all patients or just
those with KRAS wild-type (P = 0.0001, ¢ test) cancers (Fig. 6D). We
further divided the patients into two groups (low heregulin and high
heregulin) based on the median plasma value (1622.5 pg/ml) and eval-
uated the relationship to PFS and OS. The low-heregulin group had
significantly longer PFS (P = 0.004, log-rank test) and OS (P = 0.0014,
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log-rank test. (B) ERBB2 FISH from a baseline ot
primary tumor specimen (left) and after ac- i
quired cetuximab resistance in two indepen-
dent drug-resistant specimens (right). The
patient was initially treated with single-agent
cetuximab and achieved a PR. ERBB2 (red)
and CEP17 (green). (C) Scatter diagram of pre-
treatment heregulin concentration in plasma
from all (n = 65) or KRAS wild type-only (n =
33) CRC patients achieving a PR and those not
achieving a PR when treated with cetuximab-
based therapy. Mean + 95% Cl is shown. (D)
Scatter diagram of pretreatment heregulin
mRNA expression in tumors from all (n = 44)
or KRAS wild type-only (n = 34) CRC patients
achieving a PR and those not achieving a
PR when treated with cetuximab-based ther-
apy. Mean + 95% Cl is shown. (E) (Left) PFS
for all CRC patients treated with cetuximab-
based therapy divided on the basis of low
(n = 35) or high (n = 35) plasma expression.
(Right) Data for KRAS wild type-only patients
(low, n=18; high, n = 24). Comparison based
on log-rank test. (F) (Left) OS for all CRC pa-
tients treated with cetuximab-based therapy
divided on the basis of low (n = 35) or high
{n = 35) plasma expression. (Right) Data for
KRAS wild type-only patients (low, n = 18;
high, n =24). Comparison based on log-rank
test. (G) Comparisons of plasma levels of
heregulin from CRC patients treated with
cetuximab-based therapy before therapy
and after the development of drug resistance.
All patients achieved a PR. S, single-agent
cetuximab; C, combination with irinotecan.
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log-rank test) compared to the high-heregulin group [median PFS,
161 versus 59 days; hazard ratio (HR), 0.36; 95% confidence interval
(CI), 0.20 to 0.63; median OS, 366 versus 137 days; HR, 0.34; 95% CIL,
0.18 to 0.66] when treated with cetuximab-based therapy (Fig. 6, E
and F). This result was similar in KRAS wild-type patients (median
PFS, 182 versus 52 days; HR, 0.41; 95% CI, 0.20 to 0.85; median OS,
345 versus 137 days; HR, 0.36; 95% CI, 0.16 to 0.80).

To evaluate the role of heregulin in acquired cetuximab resistance,
we examined changes in serum heregulin levels after the development
of drug resistance in seven patients, all of whom initially achieved a PR
to cetuximab-based therapy (Fig. 6G). Compared to the pretreatment
values, the posttreatment heregulin plasma concentrations were signif-
icantly higher (P = 0.0313, Wilcoxon signed-rank test) after the devel-
opment of clinical cetaximab resistance (Fig. 6G). Collectively, these
clinical studies further support our in vitro and in vivo studies and
demonstrate that both ERBB2 amplification and increased heregulin
levels are associated with both de novo and acquired resistance to
cetuximab-based therapy in CRC patients.

DISCUSSION

Studies of drug resistance mechanisms are critical for the development
of effective cancer therapies. Mechanistic insights gained from studies
of preclinical models and patient tumor specimens can be used to de-
sign new treatments or combination treatment strategies. This ap-
proach has led to the development of ABL kinase inhibitors for
patients with imatinib-resistant chronic myeloid leukemia and the
combination of EGFR and MET inhibitors for drug-resistant NSCLC
(12, 25, 26).

Studies of drug resistance to EGFR inhibitors have focused on
understanding resistance mechanisms to EGFR kinase inhibitors,
and findings from the studies have been applied to develop the next
generation of clinical trials (12, 27, 28). In contrast, there has been
limited exploration of mechanisms of acquired resistance to EGFR-
directed antibodies and none have been evaluated in cancer patients
(29, 30). Here, using a combination of resistant clones of cetuximab-
sensitive cell lines coupled with analyses of cetuximab-treated CRC pa-
tients, we uncover aberrant ERBB2 signaling as a mediator of cetuximab
resistance. We further demonstrate that aberrant ERBB2 signaling con-
tributes to both de novo and acquired drug resistance in cetuximab-
treated CRC patients.

Aberrant ERBB2 signaling (by ERBB2 amplification or heregulin
production) is an example of a resistance mechanism that leads to ac-
tivation of a bypass signaling pathway. This is possible becanse ERBB2
is not the direct or indirect target of cetuximab. Both mechanisms of
aberrant ERBB2 activation lead to persistent ERK1/2 signaling in the
presence of cetuximab, thus preventing cetuximab-mediated growth in-
hibition (which is normally mediated by down-regulation of ERK1/2
signaling). In support of this hypothesis, both GEO and the ERBB2-
amplified cetuximab-resistant GEO CR3 cells remain equally sensitive
to the MEK inhibitor AZD6244. Notably, activation of EGFR signal-
ing induces resistance to the ERBB2-directed therapeutic antibody
trastuzumab in breast cancer cell lines in vitro and in vivo, suggesting
a common mechanism for drug resistance to therapeutic antibodies in
ERBB-driven cancers (31). ERRB2 amplification is a unique mechanism
of drug resistance in the case of cetuximab because ERBB2-amplified,
cetuximab-resistant NSCLC cells remain sensitive to the EGFR kinase
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inhibitor gefitinib in vitro and in vivo (Fig. 5A and fig. S1A), likely be-
cause gefitinib, but not cetuximab, in addition to inhibiting EGFR, is
also able to inhibit ERBB2 at clinically achievable concentrations (32).

Our findings are directly relevant to patients who develop acquired
resistance to cetuximab-based therapy and may help guide subse-
quent treatment. Several agents that target ERBB2 signaling, including
lapatinib and trastuzumab, are already approved and others, includ-
ing irreversible ERBB2 kinase inhibitors and pertuzumab, are under-
going clinical development. Hence, the findings from the current
study can be immediately used to design potential clinical therapies
for CRC patients. Given the retrospective nature of the studies, these
findings will need further clinical validation. The frequency and the
relationship of ERBB2 amplification to heregulin overexpression in
cetuximab-resistant cancers need to be fully assessed in prospective
studies. Our preclinical studies suggest that these are two independent
means by which cancers can develop cetuximab resistance. However,
whether ERBB2 amplification and heregulin overexpression can occur
together in the same drug-resistant tumor or tumor cells remains to be
defined. It is intriguing that both increased levels of hepatocyte growth
factor (HGF) and MET amplification have been observed in some
EGEFR kinase inhibitor-resistant NSCLCs (16).

Prospective clinical trials of cetuximab need to include evaluation
of drug resistance mechanisms, including ERBB2 amplification and
heregulin measurements, at the time of disease progression. For patients
with evidence of one of these drug resistance mechanisms, cetuximab
combined with ERBB2-targeted therapy (for both mechanisms) or
with an anti-ERBB3 antibody (heregulin only) should be further eval-
uated in clinical trials.

MATERIALS AND METHODS

Cell culture and reagents

The HCC827, H1648, HN11, GEO, A431, and DiFi cell lines have been
previously characterized (14, 17, 33, 34). Cetuximab and trastuzumab
were purchased from the Dana-Farber Cancer Institute pharmacy.
Gefitinib and lapatinib were purchased from American Custom Chem-
icals Corporation. Pertuzumab was provided by Roche Diagnostics. Cell
proliferation and growth assays were performed with the MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt] assay as described (12). All experimental
points were a result of 6 to 12 replicates, and all experiments were re-
peated at least three times. The data were graphically displayed with
GraphPad Prism version 5.0 for Windows (GraphPad Software).

Generation of drug-resistant cell lines

To generate drug-resistant cell lines, we exposed HCC827, GEO, and
A431 cells to increasing concentrations of cetuximab similar to previ-
ously described methods (12, 13). Individual clones from cetuximab-
resistant cells were isolated and confirmed to be resistant.

Antibodies and Western blotting

Cells grown under the previously specified conditions were lysed in
NP-40 buffer. Western blot analyses were conducted after separation
by SDS-polyacrylamide gel electrophoresis and transfer to nitrocellulose
membranes. Immunoblotting was performed according to the antibody
manufacturers’ recommendations. Anti-pAKT (Ser*™), anti~total AKT,
anti-pERBB2, anti-pERBB3, anti-ERBB2, and anti-EGFR antibodies
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were obtained from Cell Signaling Technology. The anti-heregulin
antibody was purchased from NeoMarkers. The pEGFR (pY'%%),
total ERK1/2, and pERK1/2 (pT**/pY*#) antibodies were purchased
from Invitrogen. Total ERBB3 antibody was purchased from Santa
Cruz Biotechnology. The biotin-conjugated anti-EGFR antibody
(ab24293) was obtained from Abcam. Relative pERK1/2 quantifica-
tion was performed with the Image] 1.44 software.

Single-nucleotide polymorphism analyses

Single-nucleotide polymorphism (SNP) analyses were performed as
described (12). Samples were processed for the Human Mapping 250K
Sty SNP array according to the manufacturer’s instructions. Compar-
ison of gene copy number differences was performed with the dChip
software according to previously established methods (12, 35).

Site-directed mutagenesis

The ERBB2 K753M (kinase dead) and the BRAF V600E mutations
were introduced into ERBB2 or BRAF, respectively, using site-directed
mutagenesis with the QuikChange Site-Directed Mutagenesis kit ac-
cording to the manufacturer’s instructions (14). All constructs were con-
firmed by DNA sequencing. The constructs were shuttled into the
retroviral vector JP1540 with the BD CreatorPP System (BD Biosciences).
Retroviral infections were carried out as described (36). Cells infected
with a GFP expression vector were used as a control.

FISH analyses

Cell suspensions were dropped onto precleaned slides and air-dried.
Three-day-old slides were analyzed with the dual-color FISH assay
with the PathVysion DNA probe set. The slides were incubated in
70% acetic acid for 40 s, digested in 0.008% pepsin/0.01 M HCI at
37°C for 5 min, fixed in 1% formaldehyde for 10 min, and dehydrated
in an ethanol series. Formalin-fixed, paraffin-embedded (FFPE) tissue
sections from CRC patients were subjected to a dual-color FISH assay
with the PathVysion probe (LSI HER2 SO/CEP17 SG, Abbott Molec-
ular). Initially, the slides were incubated from 2 hours to overnight at
56°C, deparaffinized in Citri-Solv, and washed in 100% ethanol for
10 min. The slides were sequentially incubated in 2x SSC at 75°C for
10 to 24 min, digested in proteinase K (0.25 mg/ml)/2x SSC at 45°C
for 10 to 24 min, washed in 2x SSC for 5 min, and dehydrated in
ethanol. The probe was applied according to the manufacturer’s in-
structions to the selected hybridization area, which was covered with
a glass coverslip and sealed with rubber cement. DNA denaturation
was performed for 15 min at 85°C, and hybridization was allowed to
occur at 37°C for 12 to 24 hours. Posthybridization washes were per-
formed sequentially with 2x SSC/0.3% NP-40 (pH 7.0 to 7.5) at 73°C
for 2 min and 2x SSC for 2 min, and dehydrated in ethanol. Chromatin
was counterstained with 4',6-diamidino-2-phenylindole (DAPT) (0.3 pg/ml)
in Vectashield mounting medium (Vector Laboratories). Analysis was per-
formed on an epifluorescence microscope with single interference filter
sets for green [fluorescein isothiocyanate (FITC)], red (Texas red), blue
(DAPI), dual (red/green), and triple (blue, red, green) band-pass filters.

shRNA and siRNA constructs and lentiviral infection

ERBB2 shRNA constructs cloned in pLKO.1 puro vector were described
(13, 20). A vector containing a nontargeting shRNA was used as a con-
trol. Lentivirus production, titrations, and infections were performed as
in (13, 37). The specific ShRNA sequences are available upon request.
The HRG1 (heregulin) siRNA was from Dharmacon (ON-TARGETplus
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SMARTpool #1.-004608-01). HRG1 siRNA was a mixture of four sets
of 21-nucleotide sense and antisense strands. ERBB2 siRNA was de-
signed as follows: antisense, 5'-UGAGCUACCUGGAGGAUGUATAT-
3'. Control siRNA was nontargeting siRNA #1 (Dharmacon) and was
used as a nonspecific control. For transfections, cells were plated at 50%
confluence in six-well plates and incubated for 24 hours in RPMI 1640
supplemented with 0.1% fetal bovine serum (FBS). Cells were then
treated with siRNAs mixed with Lipofectamine RNAiMax (Invitrogen).

Phospho-RTK array

Cells were lysed with NP-40 lysis buffer after incubation in RPMI 1640
supplemented with 0.1% FBS for 24 hours. Cell lysates were centrifuged
at 14,000g for 5 min. Supernatants were transferred to and incubated
with the Human Phospho-RTK Array (R&D Systems) according to the
manufacturer’s procedure.

Xenograft studies

The xenograft studies were performed with the HCC827 GFP,
HCC827 ERBB2, A431, and A431 cetuximab-resistant cells as de-
scribed (38). Cetuximab or pertuzumab was administered by intra-
peritoneal injection (cetuximab: 40 mg/kg, twice weekly; pertuzumab:
12 mg/kg, week 1 followed by 6 mg/kg weekly), and gefitinib (150 mg/kg
per day) by oral gavage (38). The studies were performed in accordance
with the standards of the Institutional Animal Care and Use Commit-
tee under a protocol approved by the Animal Care and Use Committee
of the Beth Israel Deaconess Medical Center and the Kinki University.

Patients

Plasma and tumor specimens from CRC patients treated with cetuximab-
based therapy were obtained from Istituto Clinico Humanitas (Rozzano,
Italy), University Hospital of Heraklion (Heraklion, Greece), the Dana-
Farber Cancer Institute/Brigham and Women’s Hospital (Boston, MA),
Kinki University Hospital (Osaka, Japan), Osaka City General Hospital
(Osaka, Japan), Kinki University Sakai Hospital (Osaka, Japan), and the
Kinki University Nara Hospital (Nara, Japan) under Institutional Review
Board-approved studies. All patients provided written informed consent.

HER2 ECD measurements

Plasma specimens were obtained from nine CRC patients before
cetuximab treatment and after development of acquired resistance
to cetuximab. ERBB2/HER2 ECD was measured with an ELISA assay
according to the manufacturer’s recommended conditions (Siemens
Healthcare Diagnostics). Only patients who developed PR or SD were
included in these analyses. The studies were approved by the Institu-
tional Review Board at the Kinki University.

KRAS sequencing
DNA was extracted from each tissue specimen with standard tech-
niques. Codons 12 and 13 of exon 2 of KRAS were sequenced directly.

Quantitative heregulin PCR from cells and primary tumors
Total RNA was isolated from A431 and A431CR cells with the RNeasy
Mini Kit (Qiagen), according to the manufacturer’s specifications. The
complementary DNA (cDNA) was synthesized with RT Enzyme Mix
(Applied Biosystems) according to the manufacturer’s specifications
and was used for real-time PCR with SYBR Green (Cambrex Bio Science)
to measure GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
and heregulin,
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All tumor specimen samples were formalin-fixed and paraffin-
embedded. Tumor RNA was isolated from FFPE tumors with the
RNeasy FFPE kit (Qiagen). RNA was extracted form DNA digestion with
DNasel according to the manufacturer’s protocol. Reverse transcrip-
tion was performed with a High Capacity RNA-to-cDNA Kit (Applied
Biosystems) and was followed by quantitative reverse transcription—
PCR (RT-PCR) with a Solaris PCR GENE Expression Assays SYBR
(Thermo Fischer Scientific) measured by ABI PRISM 7900HT (Applied
Biosystems). Heregulin expression was measured in duplicate and nor-
malized against the reference gene GAPDH.

Heregulin ELISA assay

Heregulin was measured in cell culture medium or human plasma with
a sandwich ELISA (NRG1-B1 DuoSet) with methods as described (17).
Cells were seeded in six-well plates at a concentration of 0.5 x 10° cells
per well with RPMI 1640 supplemented with 10% FBS. After confluent
growth, the medium was replaced with 5 ml of RPMI 1640 supple-
mented with 0.1% FBS. After a 48-hour incubation, cell culture me-
dium was collected. Human plasma samples were obtained from CRC
patients within a week before cetuximab treatment. All subjects pro-
vided written informed consent. In the case of patients who acquired
resistance to cetuximab, samples were also obtained at the point of dis-
ease progression. After centrifugation at 15,000 rpm for 3 min, the
supernatant was collected.

Statistical analysis

Statistical analysis was performed with the StatView statistical program
(SAS Institute) to compare patient characteristics with responses to
therapy. PES and OS curves were generated with the Kaplan-Meier
method, and differences based on ERBB2 amplification and median
heregulin plasma levels were evaluated with the log-rank test. All
P values are two-sided.

SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/3/99/99ra86/DC1

Oligonucleotide sequences

Fig. S1. Cetuximab-resistant HCC827 and GEO cells.

Fig. S2. ERBB2 causes resistance to cetuximab in cetuximab-sensitive cells.

Fig. 3. ERBB2 maintains ERK1/2 signaling in the presence of cetuximab.

Fig. S4. Lapatinib restores sensitivity to cetuximab.

Fig. $5. Heregulin mediates resistance to cetuximab in A431 cells.

Fig. $6. Heregulin mediates resistance to cetuximab in the GEO cells.

Fig. 7. Progression-free survival for all CRC patients treated with cetuximab-based therapy.
Fig. $8. increased ERBB2 copy number is associated with acquired cetuximab resistance.
Table S1. Characteristics of colorectal cancer patients used to evaluate impact of ERBB2
amplification.

Table S2. Clinical and treatment information on colorectal cancer patients used for plasma
ERBB2 extracellular domain measurements.

Table S3. Characteristics of colorectal cancer patients used for plasma- and tumor-based studies
of heregulin.
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Differential roles of trans-phosphorylated EGFR, HER2, HERS3,
and RET as heterodimerisation partners of MET in lung
cancer with MET amplification
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BACKGROUND: MET is a receptor tyrosine kinase (RTK) whose gene is amplified in various tumour types. We investigated the roles and
mechanisms of RTK heterodimerisation in lung cancer with MET amplification.

METHODS: With the use of an RTK array, we identified phosphorylated RTKs in lung cancer cells with MET amplification. We examined
the roles and mechanisms of action of these RTKs with immunoprecipitation, annexin V binding, and cell migration assays.
RESULTS: We identified epidermal growth factor receptor (EGFR), human EGFR (HER)2, HER3, and RET in addition to MET as highly
phosphorylated RTKs in lung cancer cells with MET amplification. Immunoprecipitation revealed that EGFR, HER2, HER3, and RET
each formed a heterodimer exclusively with MET and that these associations were markedly reduced in extent by treatment with a
MET kinase inhibitor. RNA interference-mediated depletion of EGFR, HER?2, or HER3 induced apoptosis in association with inhibition
of AKT and ERK signalling pathways, whereas depletion of HER2 or RET inhibited both cell migration and STAT3 signalling.
CONCLUSION: Our data suggest that heterodimers of MET with EGFR, HER2, HER3, or RET have differential roles in tumour
development, and they provide new insight into the function of trans-phosphorylated RTKs as heterodimerisation partners of MET

in lung cancer with MET ampilification.
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The proto-oncogene MET encodes a receptor tyrosine kinase
(RTK). Amplification of MET occurs in a subset of solid tumour
types, with aberrant MET signalling having been implicated in cell
proliferation and survival as well as in cell migration and
invasiveness (Trusolino and Comoglio, 2002; Birchmeier et al,
2003). Tumours with MET amplification are highly dependent on
MET signalling for their progression, and several small-molecule
inhibitors of MET have been developed and found to manifest
marked antitumour efficacy both in vitro and in vivo (Smolen et al,
2006; Lutterbach et al, 2007; Okamoto et al, 2010). Such inhibitors
are now undergoing clinical trials in humans.

Lung cancer is the leading cause of cancer mortality worldwide.
Molecularly targeted agents, such as epidermal growth factor
receptor (EGFR)-tyrosine kinase inhibitors (TKIs), have been
found to provide substantial clinical benefit in lung cancer patients
(Asahina et al, 2006; Sequist et al, 2008; Kwak et al, 2010), and
MET is considered a molecular target of potential relevance to lung
cancer. Amplification of MET occurs in ~4% of lung cancer
patients, with activation of MET signalling being associated with
advanced cancer stage and shorter patient survival (Masuya et al,
2004; Zhao et al, 2005; Nakamura et al, 2007). MET-TKIs are
currently undergoing early-phase clinical testing in lung cancer
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patients. Optimisation of the clinical efficacy of such drugs will
require further characterisation of MET signal transduction in
tumours with MET amplification. Although MET has been found
to associate with other RTKs (Jo et al, 2000; Engelman et al, 2007;
Lai et al, 2009; Mueller et al, 2010), the underlying mechanisms
and regulation of such association in lung cancer with MET
amplification remain largely unclear.

We have now shown that several RTKs, including EGFR, human
EGFR (HER)2, HER3, and RET in addition to MET, are highly
phosphorylated in MET amplification-positive lung cancer cells,
and that these RTKs form heterodimers with MET. Such
heterodimerisation results in trans-phosphorylation of these RTKs
in a manner dependent on the kinase activity of MET. We further
investigated the functional roles of these RTKs in lung cancer cells
with MET amplification.

MATERIALS AND METHODS
Cell culture and reagents

The human non-small cell lung cancer (NSCLC) cell lines H1993,
PC9, and HCC827, the human breast cancer cell lines SK-BR3 and
BT-474, and the human medullary thyroid carcinoma cell line TT
were obtained from American Type Culture Collection (Manassas,
VA, USA). The human NSCLC cell line EBC-1 was obtained
from the Health Science Research Resources Bank (Tokyo, Japan).
SK-BR3 cells were cultured in McCoy’s medium (Invitrogen,
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Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
(FBS); BT-474 cells in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% FBS; TT cells in Ham’s F-12
medium (Sigma, St Louis, MO, USA) supplemented with 10% FBS;
and other cells in RPMI 1640 medium (Sigma) supplemented with
10% FBS. All cell lines were maintained under a humidified
atmosphere of 5% CO, at 37 °C. PHA-665752 was obtained from
Tocris Bioscience (Bristol, UK), gefitinib was from Kemprotec
(Middlesbrough, UK), lapatinib was from Sequoia Research
Products (Pangbourne, UK), and vandetanib was from ShangHai
Biochempartner (Shanghai, China).

RTK array analysis

Tyrosine-phosphorylated RTKs were detected with the use of
Array 001 (R&D Systems, Minneapolis, MN, USA), which contains
capture antibodies to 42 RTKs in duplicate wells. Cell lysates were
incubated overnight at 4 °C with the array in the provided buffer.
Target RTKs are captured by the respective capture antibodies,
and tyrosine-phosphorylated RTKs are subsequently detected with
horseradish peroxidase-conjugated antibodies to phosphotyrosine.

Immunoblot analysis

Cells were washed twice with ice-cold phosphate-buffered saline
(PBS) and then lysed in a solution containing 20 mm Tris-HCl
(pH 7.5), 150mM NaCl, 1mm EDTA, 1% Triton X-100, 2.5mM
sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, and
leupeptin (1 ugml™"). The protein concentration of cell lysates was
determined with the use of a BCA protein assay kit (Thermo
Fischer Scientific, Waltham, MA, USA), and equal amounts of
lysate protein were subjected to SDS-polyacrylamide gel electro-
phoresis on a 7.5 or 12% gel (Bio-Rad, Hercules, CA, USA). The
separated proteins were transferred to a nitrocellulose membrane,
which was then incubated with Blocking One solution (Nacalai
Tesque, Kyoto, Japan) for 20min at room temperature before
incubation overnight at 4°C with primary antibodies. Rabbit
polyclonal antibodies to phosphorylated human MET (pY1234/
pY1235), to phosphorylated EGFR (pY1068), to phosphorylated
HER2 (pY1221), to phosphorylated HER3 (pY1289), to phos-
phorylated RET (pY905), to AKT, to phosphorylated AKT, to
signal transducer and activator of transcription 3 (STAT3), to
phosphorylated STAT3, and to poly(ADP-ribose) polymerase
(PARP) were obtained from Cell Signaling Technology (Danvers,
MA, USA); those to HER3, to RET, to extracellular signal-regulated
kinase (ERK), and to phosphorylated ERK were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); those to MET were from
Zymed (South San Francisco, CA, USA); those to HER2 were
from Millipore (Billerica, MA, USA); and those to f-actin were
from Sigma. Mouse monoclonal antibodies to EGFR were obtained
from Invitrogen. All antibodies were used at a 1:1000 dilution, with
the exception of those to f-actin (1:200) and to EGER (1:100). After
incubation with primary antibodies, the membrane was washed with
PBS containing 0.05% Tween 20 before incubation for 1h at room
temperature with horseradish peroxidase-conjugated goat antibodies
to rabbit or mouse immunoglobulin (Ig) G (Sigma). Immune
complexes were finally detected with chemiluminescence reagents
(GE Healthcare, Little Chalfont, UK).

Immunoprecipitation

Total cell lysates (800 ug of protein) were incubated overnight at
4°C either with antibodies to MET (Cell Signaling), to EGFR
(Cell Signaling), to HER2 (Cell Signaling), to HER3 (Santa Cruz
Biotechnology), or to RET (Santa Cruz Biotechnology) or with
control IgG (Cell Signaling). Immune complexes were then
precipitated by further incubation for 1h at 4 °C with a suspension
of protein G- and protein A-conjugated agarose (Calbiochem,
Darmstadt, Germany). Immunoprecipitates were isolated, washed,
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resolved by SDS - polyacrylamide gel electrophoresis on a 7.5% gel,
and subjected to immunoblot analysis as described above.

Gene silencing

Cells were plated at 50-60% confluence in six-well plates or
25-cm’ flasks and then incubated for 24h before transient
transfection for the indicated times with small interfering RNAs
(siRNAs) mixed with the Lipofectamine reagent (Invitrogen). The
siRNAs specific for MET (MET-1, 5-ACAAGAUCGUCAACAAA
AA-3'; MET-2, 5-CUACAGAAAUGGUUUCAAA-3'), EGFR
(EGFR-1, 5'-GAAAUAUGUACUACGAAA-3'; EGFR-2, 5'-GGAACU
GGAUAUUCUGAAA-3"), HER2 (HER2-1, 5-CCAUUGAUGUCUA
CAUGAU-3’; HER2-2, 5-AGGACAUCUUCCACAAGAA-3'), HER3
(HER3-1, 5-UCUUCGUCAUGUUGAACUA-3’; HER3-2, 5'-CCUCC
UUGAUGAUGACCCA-3"), or RET (RET-1, 5-GGGAUGCUU
ACUGGGAGAA-3; RET-2, 5-CCACCCACAUGUCAUCAAA-3)
mRNAs as well as nonspecific (control) siRNAs were obtained
from Nippon EGT (Toyama, Japan). The data presented were
obtained with MET-1, EGFR-1, HER2-1, HER3-1, and RET-1
siRNAs, but similar results were obtained with MET-2, EGFR-2,
HER2-2, HER3-2, and RET-2.

Cell proliferation assay

Cells were transferred to 96-well flat-bottomed plates and cultured
for 24h before exposure to various agents or transfection with
siRNAs for 72h. TetraColor One (5mM tetrazolium monosodium
salt and 0.2 mM 1-methoxy-5-methyl phenazinium methylsulphate;
Seikagaku, Tokyo, Japan) was then added to each well, and the
cells were incubated for 3h at 37°C before measurement of
absorbance at 490nm with a Multiskan Spectrum instrument
(Thermo Labsystems, Boston, MA, USA). Absorbance values were
expressed as a percentage of that for control cells.

Annexin V-binding assay

Binding of annexin V to cells was measured with the use of an
annexin-V-FLUOS Staining Kit (Roche, Basel, Switzerland).
Cells were harvested by exposure to trypsin-EDTA, washed with
PBS, and centrifuged at 200 x g for 5min. The cell pellets were
resuspended in 100ul of annexin-V-FLUOS labelling solution,
incubated for 10-15min at 15-25°C, and then analysed for
fluorescence with a flow cytometer (FACSCalibur, Becton
Dickinson, Franklin Lakes, NJ, USA) and Cell Quest software
(Becton Dickinson).

Cell migration assay

Cells were transfected with siRNAs specific for MET, EGFR HER2,
HER3, or RET mRNAs for 24h and were then transferred in
serum-free medium to cell culture inserts (pore size, 8 um; BD
Falcon, Franklin Lakes, NJ, USA) of a transwell apparatus.
Complete medium (containing 10% FBS) served as the chemoat-
tractant in the lower chamber. After culture for 24 h, cells that had
migrated through the membrane pores were fixed and stained. Cell
migration was quantified by counting the numbers of cells in five
randomly chosen microscopic fields of view (magnification,
X 400) per membrane, and the mean value was then expressed
relative to that for cells transfected with a control siRNA.

RESULTS

EGFR, HER2, HER3, and RET are highly phosphorylated in
a manner dependent on MET kinase activity in lung
cancer cell lines with MET amplification

We first examined the phosphorylation of RTKs in lung cancer
cells positive for MET amplification. With the use of an RTK array,

© 2011 Cancer Research UK



we found that EBC-1 and H1993, two human lung cancer cell lines
with MET amplification, exhibited a high level of tyrosine
phosphorylation of MET, EGFR, HER2, HER3, and RET under
conditions of serum deprivation (Figure 1A). The MET inhibitor
PHA-665752 markedly reduced the level of MET phosphorylation
as well as that of EGFR, HER2, HER3, and RET phosphorylation
(Figure 1A). Consistent with these results obtained with the RTK
array, immunoblot analysis showed that PHA-665752 inhibited the
phosphorylation of MET, EGFR, HER2, HER3, and RET as well as
that of the downstream signalling molecules AKT, ERK, and
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STAT3 in both EBC-1 and H1993 cells (Figure 1B). To investigate
whether the observed phosphorylation of these RTKs is mediated
by the corresponding intrinsic kinase activities, we examined the
effects of various TKIs. The EGFR - TKI gefitinib had little effect on
the phosphorylation of EGFR or that of AKT, ERK, or STAT3 in
EBC-1 or H1993 cells (Figure 1B), whereas it markedly inhibited
the phosphorylation of these molecules in EGFR mutation-positive
lung cancer cell lines (PC9 and HCC827) that manifest constitutive
activation of the EGFR kinase (Figure 1C, data not shown).
Neither lapatinib (a dual TKI of EGFR and HER2) nor vandetanib
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Phosphorylation of multiple RTKs in lung cancer cells with MET amplification. (A) EBC-1 and H1993 cells were deprived of serum for 24 h and

then incubated for 2 h in the absence (control) or presence of PHA-665752 (500 nM). Cell lysates were prepared and incubated with an RTK array for
determination of the phosphorylation status of each enzyme. Each RTK is spotted in duplicate, and the pairs of dots in each corner of the array are positive
controls. The numbered pairs of dots correspond to the indicated phosphorylated (p-) RTKs. (B) EBC-1 and H1993 cells were deprived of serum for 24 h
and then incubated for 2 h in the absence or presence of PHA-665752 (PHA, 500 nm), gefitinib (1 um), lapatinib (1 uM), or vandetanib (1 pmM), after which cell
lysates were subjected to immunoblot analysis with antibodies to phosphorylated or total forms of MET, EGFR, HER2, HER3, RET, AKT, ERK, or STAT3 or
with those to f-actin (loading control). (C) The indicated cell lines were deprived of serum for 24 h and then incubated for 2 h in the absence (Con) or

presence of gefitinib (Gef, | um), lapatinib (Lap, | uM), or vandetanib (Van, t umM), after which cell lysates were subjected to immunoblot analysis with
antibodies to the indicated proteins.
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(a TKI of RET) had a substantial effect on the phosphorylation of  cells with PHA-665752 (Figure 2A). Reciprocal immunoprecipita-
any of the RTKSs or their downstream signalling molecules in EBC- tion analysis further revealed that MET, but not HER2, HER3,
1 or H1993 cells (Figure 1B), whereas these drugs inhibited their or RET, co-precipitated with EGFR and that only MET co-
specific target RTKs in HER2 amplification-positive breast cancer ~ precipitated with HER2, HER3, or RET (Figure 2B). These data
cell lines (SK-BR3 and BT-474) or RET mutation-positive thus suggested that phosphorylation of EGFR, HER2, HER3, and
medullary thyroid carcinoma TT cells, respectively (Figure 1C). RET in MET amplification-positive lung cancer cells is mediated
These data thus suggested that phosphorylation of MET, EGFR, through interaction of these RTKs with MET.

HER2, HER3, and RET as well as that of the downstream signalling
molecules is dependent on the kinase activity of MET, but is

independent of that of the other RTKs, in MET amplification- Effects of TKIs on cell proliferation and apoptosis in

positive lung cancer cells. lung cancer cells with MET amplification
To examine the roles of MET, EGFR, HER2, HER3, and RET in
d RET iate with MET i lung cancer cells with MET amplification, we first investigated the
ﬁlc;I;Rc’ aﬁfgzéelﬁflgig%E%‘Ea;;Isi(g cl:tfoy ET in effects of PHA-665752, gefitinib, lapatinib, and vandetanib on cell

proliferation and survival. PHA-665752 inhibited the proliferation
To investigate further the mechanism of EGFR, HER2, HER3, and of EBC-1 and H1993 cells, whereas gefitinib, lapatinib, and
RET phosphorylation in MET amplification-positive cells, we vandetanib had no such effect (Figure 3A), consistent with our
examined the interactions among these RTKs by immunoprecipi- findings that AKT, ERK, and STAT3 signalling pathways are not
tation analysis. MET was immunoprecipitated from EBC-1 and dependent on the kinase activity of EGFR, HER2, or RET in these
H1993 cell lysates, and the resulting precipitates were subjected to cells (Figure 1B). We further found that PHA-665752, but not
immunoblot analysis with antibodies to MET, to EGFR, to HER2, gefitinib, lapatinib, or vandetanib, induced marked apoptosis in
to HER3, and to RET. EGFR, HER2, HER3, and RET EBC-1 and H1993 cells (Figure 3B). A substantial level of PARP
co-precipitated with MET from both cell lines, and the extent of  cleavage, a characteristic of apoptosis, was also apparent only in
these associations was markedly reduced by prior treatment of the the cells treated with PHA-665752 (Figure 3C). These results thus
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Figure 2 Association of MET with EGFR, HER2, HER3, and RET in lung cancer celis positive for MET amplification. (A) Serum-deprived EBC-1 and H1993
cells were incubated for 2 h in the absence or presence of PHA-665752 (500 nM), lysed, and subjected to immunoprecipitation (IP) with antibodies to MET
or control IgG. The resulting precipitates were subjected to immunoblot analysis with antibodies to the indicated proteins. (B) Serum-deprived cells were

lysed and subjected to IP with antibodies to EGFR, to HER?2, to HER3, or to RET, and the resulting precipitates were subjected to immunoblot analysis with
antibodies to the indicated proteins.
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Figure 3  Effects of various TKIs on cell proliferation and apoptosis in lung cancer cells with MET amplification. (A) EBC-1 and H1993 cells were cultured
for 72 h in complete medium with or without PHA-665752 (500 nM), gefitinib (1 M), lapatinib (1 uM), or vandetanib (1 um), after which the number of viable
cells was determined. Absorbance values were expressed as a percentage of that for untreated cells (control). Data are means * s.e. from three independent
experiments. (B) Cells were incubated for 72h as in (A), after which the number of apoptotic cells was determined by staining with annexin V and
propidium iodide followed by flow cytometry. Data are expressed as the percentage increase in the number of annexin V-positive cells relative to the
corresponding value for cells incubated without agent and are means # s.e. from three independent experiments. (C) Cells incubated as in (A\) were lysed
and subjected to immunoblot analysis with antibodies to PARP and to B-actin.
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suggested that only the MET - TKI induced apoptosis, resulting in
inhibition of cell growth, in MET amplification-positive cells.

Effects of depletion of MET, EGFR, HER2, HER3, or RET
on cell proliferation, apoptosis, and migration in MET
amplification-positive lung cancer cells

With the use of specific siRNAs, we next depleted EBC-1 and
H1993 cells of MET, EGFR, HER2, HER3, or RET. Immunoblot
analysis confirmed that transfection of cells with each siRNA
resulted in the marked and selective depletion of the targeted RTK
(Figure 4A). Phosphorylation of AKT and ERK was inhibited by
depletion of MET, EGFR, HER2, or HER3, but not by that of RET,
whereas phosphorylation of STAT3 was inhibited by depletion of
MET, HER2, or RET (Figure 4A). We further examined the effects
of depletion of these RTKs on cell proliferation and apoptosis in
MET amplification-positive cells. Depletion of MET resulted in
marked inhibition of cell proliferation and induced a substantial
level of apoptosis in these cells, whereas depletion of EGFR, HER2,
or HER3 elicited similar effects but to a lesser extent (Figure 4B
and C). Depletion of RET had little effect on cell proliferation or
apoptosis. Finally, we examined the effects of RTK depletion
on cell migration. Depletion of MET, HER2, or RET reduced the
number of migrated cells compared with that apparent for cells

Trans-phosphorylated RTKs in MET-amplified cancer
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&

transfected with a control siRNA, whereas depletion of EGFR
or HER3 had no substantijal effect on the migration of EBC-1 or
H1993 cells (Figure 4D). Together, these results suggested that
MET, EGFR, HER2, and HER3 activate AKT and ERK signalling
pathways and promote cell proliferation and survival in lung
cancer cells with MET amplification, whereas MET, HER2, and
RET activate the STAT3 signalling pathway and promote cell
migration.

DISCUSSION

We have here shown that MET associates with EGFR, HER2, HER3,
and RET, and that these heterodimerisation partners of MET are
highly phosphorylated in lung cancer cells positive for MET
amplification. MET was previously shown to associate with HER3
in EGFR - TKI-resistant NSCLC cells with acquired MET amplifica-
tion (Engelman et al, 2007), but the regulation of such association
has remained unclear. We have now found that MET also forms a
complex with HER3 in lung cancer cells with endogenous
amplification of MET and that the heterodimer was dissociated
as a result of inhibition of MET kinase activity. Given that HER3 is
a kinase-inactive protein and requires a dimerisation partner to
become phosphorylated (Guy et al, 1994; Kim et al, 1998; Holbro
et al, 2003), our data indicate that the kinase activity of MET is
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Figure 4 Effects of depletion of MET, EGFR, HER2, HER3, or RET on cell proliferation, apoptosis, and migration in lung cancer cells with MET amplification
(A), EBC-I and H1993 cells were transfected with MET, EGFR, HER2, HER3, RET, or nonspecific (Con) siRNAs for 72h, after which cell lysates were
prepared and subjected to immunoblot analysis with antibodies to the indicated proteins. (B) Cells transfected as in (A) were evaluated for cell proliferation.
Absorbance values were expressed as a percentage of that for cells transfected with a control siRNA. (C) Cells transfected as in (A) were evaluated for the
proportion of apoptotic cells. Data are expressed as the percentage increase in the number of annexin V-positive cells relative to the corresponding value
for cells transfected with a control siRNA. (D) Cells were transfected with the indicated siRNAs for 24 h and then transferred in serum-free medium to cell
culture inserts of a transwell apparatus for 24 h. The number of cells that migrated toward complete medium was counted with the use of a light microscope.
Data are expressed relative to the value for cells transfected with a control siRNA. Data in (B—D) are means * s.e. from three independent experiments.
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required for formation of the MET-HER3 heterodimer, which
results in the phosphorylation of HERS3, in lung cancer cells with
MET amoplification, although it remains unclear whether HER3
phosphorylation is mediated by MET directly or by another kinase
that is activated by MET.

Dimerisation of RTKs is a key event in signal transduction
(Olayioye et al, 2000), but much remains unknown with regard to
the heterodimerisation partners of RTKs expressed on the surface
of cancer cells. To identify heterodimerisation partners of MET in
lung cancer cells with MET amplification in a comprehensive
manner, we made use of an RTK array. With this approach, we
identified several highly phosphorylated RTKs, including EGFR,
HER2, HER3, and RET. Moreover, immunoprecipitation analysis
revealed that each of these RTKs formed a heterodimer with MET,
demonstrating for the first time that EGFR, HER2, HER3, and
RET are the main heterodimerisation partners of MET in MET
amplification-positive lung cancer cells. In contrast to HER3,
EGFR, HER2, and RET each possess intrinsic kinase activity
(Takahashi et al, 1988; Schlessinger, 2002). We found that the
EGFR-TKI gefitinib did not inhibit EGFR phosphorylation in lung
cancer cells with MET amplification. In addition, phosphorylation
of HER2 or RET was not inhibited by the corresponding specific
TKIs lapatinib or vandetanib. These results thus suggest that the
observed phosphorylation of EGFR, HER2, and RET is not
attributable to autophosphorylation. Moreover, we found that the
MET~TKI PHA-665752 induced the dissociation of heterodimers
containing MET and either EGFR, HER2, HER3, or RET, and that
this effect was accompanied by dephosphorylation of these RTKs.
Taken together, these data thus suggest that the association
between MET and these RTKs is dependent on MET kinase activity
and results in their trans-phosphorylation by MET in lung cancer
cells with MET amplification.

We found that siRNA-mediated depletion of EGFR, HER2, or
HER3 resulted in inhibition of cell proliferation and induction
of apoptosis accompanied by inhibition of AKT and ERK
signalling pathways in lung cancer cells with MET amplification,
although these effects were less pronounced that were those of
MET depletion. Given that these RTKs associate predominantly
with MET, our data suggest that heterodimers of MET with EGFR,
HER2, or HER3 activate AKT and ERK signalling and thereby
promote cell proliferation and survival (Figure 5). EGFR, HER2,
and HER3 appear to activate signalling by forming a complex with
MET in a manner dependent on MET kinase activity rather than
on their own kinase activity in lung cancer cells with MET
amplification. We also found that heterodimers of MET with either
HER2 or RET activate STAT3 signalling and likely thereby
promote cell migration (Figure 5). Heterodimerisation of MET
with different partners thus appears to result in different down-
stream effects, although the underlying mechanisms responsible
for such differences remain to be elucidated. Activation of the
kinase JAK by growth hormone has been shown to result in
phosphorylation of EGFR and consequent activation of the ERK
signalling pathway. This activation of the ERK pathway is not
dependent on the kinase activity of EGFR, but is mediated by
docking sites on EGFR for Grb2, consistent with the notion that
RTKs may also contribute to signal transduction by functioning as
adaptor proteins (Yamauchi et al, 1997). It is thus possible that
trans-phosphorylated EGFR, HER2, HER3, and RET act as scaffold
proteins to promote downstream signalling of MET in lung cancer

REFERENCES

Asahina H, Yamazaki K, Kinoshita I, Sukoh N, Harada M, Yokouchi H,
Ishida T, Ogura S, Kojima T, Okamoto Y, Fujita Y, Dosaka-Akita H,
Isobe H, Nishimura M (2006) A phase II trial of gefitinib as
first-line therapy for advanced non-small cell lung cancer with

British Journal of Cancer (2011) 105(6), 807813

AT £ \
f 15 1 s 1
it B et
&G0 b
et o i

Cell proliferation
cell survivial

Cell migration

Figure 5 Proposed model for the roles of signalling pathways activated
by heterodimers of MET and either EGFR, HER2, HER3, or RET in lung
cancer cells with MET amplification.

cells with MET amplification. Given that inhibition of MET kinase
activity resulted in inhibition of signalling pathways activated by
all the heterodimers of MET with the other RTKs, MET seems to be
positioned at the apex of a signalling network in MET amplifica-
tion-positive lung cancer cells, explaining why MET inhibition is
associated with pronounced antitumour effects in these cells.

We found that, whereas HER3 depletion resulted in down-
regulation of AKT and ERK phosphorylation, it appeared to induce
upregulation of STAT3 phosphorylation in cells with MET
amplification. Furthermore, depletion of RET inhibited STAT3
phosphorylation but appeared to increase ERK phosphorylation in
such cells. Inhibition of one signalling pathway has previously
been found to result in activation of other signalling pathways
(Carracedo et al, 2008; Hoeflich et al, 2009; Pratilas et al, 2009).
Such feedback regulation might explain the increases in STAT3
and ERK phosphorylation observed in this study, although further
investigation is required to evaluate this notion.

In conclusion, our results suggest that EGFR, HER2, HER3, and
RET are trans-phosphorylated by MET and promote cell
proliferation and survival or cell migration as heterodimerisation
partners of MET in lung cancer cells with MET amplification
(Figure 5). Targeted therapeutic approaches for lung cancer,
including treatment with TKIs for EGFR or the fusion protein
EML4-ALK, have seen substantial progress over the last few years
(Sequist et al, 2008; Kwak et al, 2010). Although amplification of
MET is not common in NSCLC, lung tumours with MET
amplification are highly dependent on MET signalling for their
development (Lutterbach et al, 2007). Amplification of MET may
thus define a subgroup of tumours that are susceptible to targeted
kinase inhibition. An understanding of signal transduction in
tumours with MET amplification will thus be important for further
development of MET-targeted therapy. Our study provides new
insight into the functional roles of trans-phosphorylated RTKs in
MET amplification-positive lung cancer.
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Objective: LKB1 mutations are common in patients with Peutz—Jeghers syndrome, which is
characterized by mucocutaneous pigmentation, intestinal polyps and a high incidence of
cancers at variable sites. This study investigated the status of the LKB7 gene in mucinous
bronchioloalveolar carcinoma with or without Peutz—Jeghers syndrome.

Methods: Three mucinous bronchioloalveolar carcinoma tumors from two Peutz—Jeghers
syndrome patients and seven tumors from sporadic mucinous bronchioloalveolar carcinoma
patients were collected by surgery between 2002 and 2008, and high molecular weight
genomic DNA was extracted from them. The nucleotide sequences in exons 1—-9 of LKB1
were determined by genomic polymerase chain reaction-direct sequencing. The loss of het-
erozygosity was analyzed by high-resolution fluorescent microsatellite analysis using two
microsatellite markers that encompass the LKB7 locus, D19S886 and D19S565. The
mutations of KRAS, EGFR and p53 were also evaluated.

Results: The germline mutation of LKBT in the Peutz—Jeghers syndrome patients was ident-
ified as G215D by analyzing genomic DNA from normal lung tissue specimens. Furthermore,
two of the three mucinous bronchioloalveolar carcinomas from these Peutz—Jeghers syn-
drome patients exhibited additional somatic mutations. On the other hand, four of seven
sporadic ‘non-Peutz—Jeghers syndrome’ mucinous bronchioloalveolar carcinomas had LKB1
mutations. Loss of heterozygosity analyses revealed allelic loss in two tumors with
LKB1 mutations. As a result, 70% of the mucinous bronchioloalveolar carcinomas exhibited
LKB1 mutations. KRAS, EGFR and p53 mutations were mutually exclusive and observed in
four, two and one tumors, respectively. Among them, five mutations occurred concomitantly
with LKB1T mutations.

Conclusions: The relatively high frequency of LKB17 mutations in mucinous bronchioloalveo-
lar carcinoma patients may therefore suggest its involvement in lung carcinogenesis, at least
in mucinous bronchioloalveolar carcinoma.

Key words: tumor suppressor gene — hereditary disease — bronchioloalveolar carcinoma — loss of
heterozygosity

INTRODUCTION

Liver kinase B1 (LKBI) is a gene encoding a serine—
threonine kinase, which was initially deposited in the data-
base by Nezu et al. in 1996, without writing a published
report, in a screen aimed at identifying new kinases. In

1997, Hemminki et al. (1) revealed that the locus respon-
sible for Peutz—Jeghers syndrome (PJS) was located on
chromosome 19p13.3, where they then found the locus
encoding LKB/ with diverse mutations in PJS families (2).
Another group also reported mutations in the LKB/ gene

{ The Author (2011). Published by Oxford University Press. All rights reserved.
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Table 1. LKB mutations in mBACs

Jpn J Clin Oncol 2011;41(9) 1133

Tumor Age Sex PYI Size LOH at LKBI mutation LOH at KRAS EGFR  p33
(mm)  D19S886 D19S565
EX01 02 03 04 05 06 07 08 09
PIS
I 68 F 0 82 NI E223L G251D° - Gi2C
2 43 F 0 29 NI Y60X G251D° - Gi2v
3 4 F 0 10 NI G251D° -
Non-PJS
4 65 F 20 43 + F354L + Del
EX19
5 69 M 42 90 NI D194H + Y220C
6 55 F 44 39 - D53T-63X Del
EX19
7 79 F 0 8 NI F354L NI
8 61 M 82 10 - - Gi2D
9 76 M 47 15 - - GI12D
10 69 M 66 29 I NI

LKBI, liver kinase B1; mBACs, mucinous bronchioloalveolar carcinoma; PY1, pack-year index: LOH, loss of heterozygosity; PJS, Peutz—Jeghers syndrome;

NI, not informative,
“Tdentical base substitution mutation confirmed in the germline.

"Tumeor 3 is a secondary carcinoma that occurred in the PIS patients with tumor 2.

and called this enzyme serine—threonine kinase 11
(STK11) (3).

PJS is a rare autosomal-dominant disease characterized by
mucocutaneous pigmentation and gastrointestinal hamarto-
matous polyposis (4,5). Furthermore, patients with PJS have
an increased cancer risk, especially for cancers of gastroin-
testinal origin (6). Tumors arising from PJS are characterized
by mucinous phenotypes, as are often observed in gastroin-
testinal tumors [i.c. adenoma malignum in the cervix (7),
pancreatic adenocarcinoma (8) and intraductal pancreatic
mucinous neoplasms (9)]. LKB/ mutations are not as
common in sporadic cancers except for non-small cell lung
cancers (NSCLC) (10), about a third of which exhibit LKB/
mutations (11-—13). The representative mucinous NSCLC is
mucinous bronchioloalveolar carcinoma (mBAC). mBAC is
relatively rare among NSCLC, and there is only one case
report of a PJS patient with mBAC (14).

The LKBI mutations in two PJS patients with mBAC
were herein evaluated, along with sporadic cases of mBAC.

PATIENTS AND METHODS
PATIENTS

Seventeen patients with mBAC were identified from 512
consecutive Japanese lung adenocarcinomas that underwent
surgery at the Department of Thoracic Oncology, National
Kyushu Cancer Center, from 2002 to 2008. Frozen tissue
specimens were collected from 10 mBACs out of nine

patients (four male and five female; age range: 43—79 years;
median: 68 years; Table 1): 3 mBACs were derived from
two PJS patients, who belonged to the same family. Tumor 1
was from a woman and Tumors 2 and 3 were from her
daughter. Tumors 4—10 were from sporadic mBAC patients.
Written informed consent was obtained from all patients,
and ethical approval was obtained from the institutional
review board of the National Kyushu Cancer Center. The
histology of mBAC was determined based on hematoxylin
and eosin staining according to the criteria of the World
Health Organization (15). High-molecular-weight genomic
DNA was extracted from the surgically resected specimens
by standard phenol—chloroform methods and then was
stocked in the bio-bank at our institute.

MuTtaTioN AND Loss oF HETEROZYGOSITY ANALYSIS OF THE
LKB] GeNE

PCR primers were designed to cover all of the exons in the
LKBI gene (Table 2). Twenty-five nanograms of genomic
DNA from the bio-bank were used for each PCR amplifica-
tion. The sequences of the primers are listed in Table 2.
Direct sequencing of the PCR products was performed using
the ABT Prism 310 Genetic Analyzer (Perkin-Elmer). All
sequencing reactions were performed in both forward and
reverse directions. Mutations were confirmed by an analysis
of at least two independent PCR amplifications.

Loss of heterozygosity (LOH) was analyzed by a high-
resolution fluorescent microsatellite analysis (HRFMA)
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using two microsatellite markers (D19S886 and D19S565)
that encompass the LKB/ locus. Specific primers were
designed for these microsatellite markers (Table 2).
Separation was done with a four-color laser-induced fluor-
escence capillary electrophoresis system (ABI Prism 310
Genetic Analyzer, Perkin-Elmer). The collected data were
evaluated using the Genescan analysis software package 310
Genescan v. 3.1.2 (16).

Muration ANALYSIS OF THE EGFR, KRAS aND P53 GENES

Genomic PCR-direct sequencing was performed for exons
18—21 of the epidermal growth factor receptor (EGFR)
gene, for codons 12—13 of the KRAS gene and for exons
5—9 of the p53 gene (17,18). The detailed sequences of the
primers are available on request.

Table 2. Primers used for analyses

LKBI Primer sequences

Forward Reverse
EX01 5'-aacacaaggaaggaccgcte-3' 5'-aagacagaaccatcagcacc-3'
EX02 5'-aggtacgccacticcacagg-3’ 5'-ccattgecacaatggetgac-3'
EX03 3'-cettticagaggggtggetgag-3’ 5'-tatcaggacaageagtgtgg-3’
EX04 5'-cetggacttetgtgacttee-3’ S'-cgaacgggtgcagtgectgtg-3'
EX05 3'-caccetcaaaatetecgace-3' S'-agctgeccaagacgeagagg-3’
EX06 5'-cgtcaaccaccttgactgac-3' 5'-ccaaccctacatttctgeac-3
EX07 5'-aggagcglccaggtarcac-3’ 5'-ctagegeecgetcaaccag-3'
EX08 5'-ctgggleggaanactggace-3’ 5'-gacgtgggatiggecaccag-3’
EX09 5'-ticaggetggatacacetgg-3' 5'-ggtcaccatgactgactage-3’
D19S565 S'-tegaggcagegtgattgcac-3’ 5'-gatcattcetgtagtgatge-3

D19S886 §'-cattitactggetggeactig-3' 5'-gtgttgggaacattcagetc-3’

Fragment analysis

DNA sequencing

RESULTS
LKB] MutaTions N PJS PATIENTS

The LKBI mutation in PJS was confirmed by analyzing the
genomic DNA from normal lung tissue specimens. Both
patients, the mother and her daughter, were proven to
possess the G251D mutation. The same mutation was
observed in the three tumors derived from those patients. In
addition, the mother’s tumor had E223L, and one of the
daughter’s tumors had Y60X. Both of these two tumors are
thought to have compound heterozygotes. LOH were not
informative in these three tumors (Table 1).

LKB1 MutaTions i Sporapic MBACS

Four of the seven sporadic mBACs had LKBI mutations:
F354L in two and D194H and 63-stop in one each. LOH
analyses revealed definite allelic loss in Tumor 4 (LOH was
positive for both D19S886 and D19S565) and possible
allelic loss in Tumor 5 (LOH was positive for D19S565 but
not informative for D19S886). These results therefore
explain one distinct (Tumor 4) and another possible
(Tumor 5) biallelic inactivation of LKB/ (Fig. 1). The other
two sporadic cases exhibited neither LKB1 mutations nor
LOHs.

Finally, 70% of mBACs exhibited LKB1 mutations. An
analysis of the sporadic cases, excluding the PJS cases,
revealed that the percentage was still as high as 57%.

Murations IN KRAS, EGFR anp P53

A KRAS mutation was observed in four tumors: G12D in
two and G12C and G12V in one each. The deletion in exon
19 (del E746-A750) of EGFR was observed in two tumors.
The p53 mutation (Y220C) was observed in one tumor. The
mutations in KRAS, EGFR and p53 were mutually exclusive
(Table 1). Commonly, LKB1 mutations co-existed with

Fragment analysis
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Figure 1. Representative mutation and loss of heterozygosity (LOH) analyses of LKB/ are shown (Tumor 4). F354L was recognized at the black arrow by
DNA sequencing. LOH was determined by fragment analyses using two microsatellite markers that encompassed the LKB/ locus (D19S886 and D19S565).
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Figure 2. The spectrum of LKBI mutations is shown. G:C to A:T were
E223L and G251D, and G:C to C:G were D194H and F354L. Y60X was a
single-base insertion and D53T-63X was a single-base deletion.

KRAS mutations in Tumors 1 and 2, which are derived from
familiar PJS cases; EGFR mutations in Tumors 4 and 6; and
p53 mutation in Tumor 5.

MurtaTion SPECTRA oF LKBI ™ MBAC

The mutation spectra of LKB! were analyzed. The germline
mutation in the PJS pedigree was the G:C to A:T transition.
The somatic mutations identified were one G:C to A:T tran-
sition, three G:C to C:G transversions, one single-nucleotide
insertion and one single-nucleotide deletion (Fig. 2). None
of the other mutations were observed.

The mutation spectra of KRAS and p53 are G:C to T:A in
two tumors, G:C to A:T in two tumors and T:A to C:G in
one tumor. Both £GFR mutations were deletions.

DISCUSSION

The current study demonstrated the frequency of LKB/
mutation in mBAC to be relatively high (4/7; 57%) in spora-
dic lung tumors; it was found in all of the tumors derived
from PJS patients, although the frequency of LKB/ mutation
is reported to be 4—5% among lung cancers in Japan
(19,20). LKB] mutations in lung cancer were related with
male sex, smoking history and KRAS mutations
(10,13,19,20). No significance of these parameters was
observed in the current series, other than the relationship
between LKB/ mutation and mBAC. The mutations observed
here have been reported in PIS patients, which inactivate
kinase activity or impair farnesylation at the C-terminus
(21,22).

Biallelic inactivation resulted from LKB! mutations with
LOHs or from compound heterozygotes recognized in PJS
cases account for the importance of LKB/ mutation in
mBAC tumorigenesis. LKB/ is a tumor suppressor gene that
causes Gl arrest when overexpressed (23). Further studies
have shown that LKBI acts as a master kinase controlling
cellular polarity via MAP/microtubule affinity-regulating

Jpn J Clin Oncol 2011;41(9) 1135

kinase, energy metabolism and the mammary target of the
rapamycin (mTOR) pathway via AMP-activated protein
kinase (AMPK) (24). Enterocytes with wild-type LKB1
differentiate and gain polarity once attached to the basal
layer or become confluent; nevertheless, mutant LKB1
cannot gain polarity (25).

LKB1’s role in polarity control was also confirmed from
in vivo experiments by Shorning et al. (26). They also
suggested the existence of possible relationships between
LKBI inactivation, polarity deregulation and excessive
mucin production. They constructed a conditional knockout
mouse model of LKBI. The epithelial cells of the mouse
small intestine demonstrated an increased size and number
of mucin-containing, goblet-cell-like cells when LKB1 was
inactivated in the small intestines of mice by intraperitoneal
injection of B-naphthoflavone. These undifferentiated cells
showed features that were somewhere intermediate between
Paneth and goblet cells (26). They concluded that these
phenomena could explain the pathological aspect of polyp
development in PJS patients, because alterations in goblet
cells and elevated mucin production are commonly observed
in  hamartomas developing in PJS patients (27).
Pathologically, similar features are observed in mBACs.
mBAC cells are characterized by goblet cell dysplasia of the
lining surface cells in the terminal respiratory unit, with
excessive mucin production in the bronchioli and alveoli.
‘Pure mucinous’ colloid carcinomas, in which the immuno-
histochemical stains for luminal surface glycoproteins have
shown inverted polarity, allow the colloid carcinoma cells to
secrete mucin towards the stroma (28). Tt is therefore poss-
ible that such an LKBI1 alteration would result in the deregu-
lated polarity of mucin-producing cells, thereby leading to
an overproduction of mucin, and an impaired differentiation
of goblet cells, thus leading to uncontrolled proliferation.
Further investigations are warranted to elucidate these
hypotheses.

Homozygous Lkbl-deficient mice are lethal at midgesta-
tion by defects in the neural tube, mesenchymal cell death
and vascular abnormalities (29). Heterozygous mice die of
gastric polyps before forming carcinomas (30-32).
However, heterozygous mice with other conditional mutants,
such as KRAS (12), p53 (33) or PTEN (34), show a malig-
nant potential once one of those switches has either been
turned on or off. Several oncogene mutations were identified
among the mBACs with LKB] mutations. LKBI1 loss could
therefore be oncogenic even under heterozygous inactivation
with other oncogenic mutations.

Several drugs have been tested against LKB I-causative
tumors. Rapamycin, a macrolide antibiotic that inhibits the
mTOR pathway, has been shown to reduce the gastric tumor
burden in LkbI(+/~) mice by oral administration (35).
Metformin and phenformin, biguanides commonly used to
treat diabetes, are some other candidates for treating those
tumors. Biguanides inhibit ATP synthesis and thereby cause
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1136 LKBI in mucinous bronchioloalveolar carcinoma

a rise in the cellular AMP:ATP ratio, which in turn activates
AMPK (36). Several models have also indicated the possible
therapeutic use of biguanides for tumors caused by
LKBI1-AMPK insufficiency (34,37).

In conclusion, frequent LKBJ mutations were found in
mBAC in both PIS cases and sporadic cases. LKB1 inacti-
vation is therefore a possible cause of mBAC tumorigenesis.
Furthermore, LKB1 may be a possible target of therapy for
mBAC, using LKB1-targeted drugs, such as rapamycin and
biguanides delivered ecither systemically or by airway
inhalation.
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We herein report a case of signet ring cell adenocarcinoma of the lung with an EML4-ALK fusion gene
mimicking mucinous (colloid) adenocarcinoma. A 79-year-old female presented with a pulmonary tumor
located in the right lower lobe measuring 21 mm in size. A right lower lobectomy was performed. The
postoperative pathological examination revealed signet ring cell carcinoma with abundant mucin pools,
and a multiplex RT-PCR analysis revealed the variant 2 inversion of the EML4-ALK gene.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Primary lung adenocarcinomas in which neoplastic cells float
in large mucin pools are unusual, and their exact classification is
still controversial. Signet ring cell carcinoma is an unusual subtype
of adenocarcinoma of the lung. The most prominent pathologi-
cal feature of this cancer is the intracellular mucin accumulation
with a signet ring conformation [ 1]. Meanwhile, primary mucinous
(colloid) adenocarcinoma (MC) is an extremely rare subtype of pul-
monary adenocarcinoma that accounts for 0.24% of all lung cancers
[2].MCis described as a variant of adenocarcinoma by the latest edi-
tion of the world health organization (WHO) classification of lung
cancers and was recently proposed to be colloid adenocarcinoma
[1,3]. MCis pathologically characterized by a lesion with dissecting
pools of mucin containing islands of neoplastic epithelium [1].

Recently, the echinoderm microtubule-associated protein-like
4 (EML-4)-anaplastic lymphoma kinase (ALK) gene inversion was
detected in 6.7% of Japanese non-small cell lung cancer (NSCLC)
patients [4]. The fusion gene encodes a constitutively active
oncoprotein with an activated ALK kinase, resulting in the aber-
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rant activation of downstream signaling targets including AKt,
signaltransducer and activator of transcription (STAT) 3, and Ras-
extracellular signal regulated kinase (ERK) 1/2 [5]. Several series
have reported the clinicopathological factors in patients with the
EML4-ALK inversion [6,7]. EML4-ALK positive lung adenocarcino-
mas tended to be characterized by a less-differentiated grade,
predominantly the acinar subtype or the signet-ring cell subtype
in histology[6,7]. .

We herein report a case of primary signet ring cell adenocarci-
noma mimicking MC with the inversion of the EML4-ALK gene.

2. Case report

A 79-year-old female who was a never smoker, was referred to
our hospital because of left chest pain. Chest computed tomography
(CT) performed as an initial screening showed an irregularly formed
and well-defined nodule measuring 21 mm in the right lower lobe.
The tumor was uniformly enhanced with regard to the density
of the mediastinum (Fig. 1). Positron emission tomography (PET)
with 18F-fluorodeoxyglucose (FDG) showed positive activity in this
lesion (maximum standardized uptake values (SUVmax); 4.78)and a
hilar lymph node (SUVmax: 3.59). No metastatic tumor was detected
by brain magnetic resonance imaging (MRI). The results of clinical
examination and routine laboratory tests were within normal lim-
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Fig. 1. CT demonstrated a round and well-defined nodule with spiculation measuring 21 mm in diameter in the right lower lobe (arrow). (A) The density of the lung. (B) The.
density of the mediastinum.

Fig.2. (A)The cut surface of the tumor shows the nodule is well demarcated and filled with a yellowish-white gelatinous substance. (B) Two-thirds of the tumor was composed
of abundant mucin pools that distended the alveoli. (H&E, objective lens magnification; 1.25x). (C and D) Foci of adenocarcinoma (H&E, objective lens magnification; 20x).
(E) The nuclei and cytoplasm of the signet ring tumor cells in the fibrous stroma were positive for TTF-1 (arrows) (objective lens magnification; 20x). (F) The cytoplasm of
the signet ring tumor cells was weakly positive for CEA (arrows) (objective lens magnification; 20x).



