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Abstract

Small-cell lung cancer (SCLC) is the most aggressive subtype of lung cancer in its clinical
behavior, with a 5-year overall survival as low as 5%. Despite years of research in the field,
molecular determinants of SCLC behavior are still poorly understood, and this deficiency has
translated into an absence of specific diagnostics and targeted therapeutics. We hypothesized that
tumor DNA copy number alterations would allow the identification of molecular pathways
involved in SCLC progression. Array comparative genomic hybridization was performed on DNA
extracted from 46 formalin-fixed paraffin-embedded SCLC tissue specimens. Genomic profiling
of tumor and sex-matched control DNA allowed the identification of 70 regions of copy humber
gain and 55 regions of copy number loss. Using molecular pathway analysis, we found a strong
enrichment in these regions of copy number alterations for 11 genes associated with the focal
adhesion pathway. We verified these findings at the genomic, gene expression and protein level.
Focal Adhesion Kinase (FAK), one of the central genes represented in this pathway, was
commonly expressed in SCLC tumors and constitutively phosphorylated in SCLC cell lines.
Those were poorly adherent to most substrates but not to laminin-322. Inhibition of FAK
phosphorylation at Tyr3%7 by a small-molecule inhibitor, PF-573,228, induced a dose-dependent
decrease of adhesion and an increase of spreading in SCLC cell lines on laminin-322. Cells that
tended to spread also showed a decrease in focal adhesions, as demonstrated by a decreased
vinculin expression. These results support the concept that pathway analysis of genes in regions of
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copy number alterations may uncover molecular mechanisms of disease progression and
demonstrate a new role of FAK and associated adhesion pathways in SCLC. Further investigations
of FAK at the functional level may lead to a better understanding of SCLC progression and may
have therapeutic implications.
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Introduction

Results

Small-cell lung cancer (SCLC) and non-small-cell lung cancer account for approximately 15
and 85% of annual lung cancer cases, respectively (Jemal et al., 2009). SCLC is the most
aggressive subtype of lung cancer in its clinical behavior, with a five-year overall survival as
low as 5% (Jemal et al., 2009). SCLC is characterized by rapid doubling time and early
development of metastasis (Jackman and Johnson, 2005). To date, no targeted therapy is
available in SCLC. This is in sharp contrast to progress made in non-small-cell lung cancer,
in which identification of key gene amplifications, fusion oncogenes and somatic oncogene
mutations has led to the development of successful targeted therapies (Greulich et al., 2005).

Chromosomal imbalances were first studied in SCLCs with low-throughput analytical
platforms (Sozzi et al., 1987; Miura et al., 1992; Levin et al., 1994; Balsara and Testa,
2002). More recently, few genomic studies analyzed SCLCs with greater resolution arrays
(Ullmann et al., 1998; Peng et al., 2005; Zhao et al., 2005; Coe et al., 2006). In one of them,
analysis of 19 SCLC tumors and 5 SCLC lines with 115 000 single-nucleotide
polymorphism arrays led to the identification of new regions of interest (Zhao et al., 2005).
Later, submegabase resolution tiling-set arrays compared DNA from 14 SCLCs with those
from 27 non-small-cell lung cancer lines and showed differential disruption of cell cycle
pathways (Coe et al., 2006). Despite their important contribution to the field, these studies
have not identified specific molecular targets for SCLC diagnostics or therapeutics.

We hypothesized that tumor DNA copy number alterations would allow the identification of
molecular pathways of SCLC progression. We therefore undertook a genome-wide approach
using gene copy number assessment in SCLC tumors, identified significant regions of copy
number alterations and determined that these regions were enriched for the focal adhesion
pathway and, among the genes represented, PTK2 (Focal Adhesion Kinase, FAK). Because
of its role in cell adhesion, spreading, migration, invasion, survival and anchorage-
independent growth (Hanks et al., 2003; Parsons, 2003; Mitra et al., 2005; Siesser and
Hanks, 2006), all relevant to SCLC behavior, we investigated the role of FAK in SCLC cell
lines with respect to adhesion, spreading and migration.

Identification of recurrent gene copy number alterations in SCLC by array CGH

Forty-six pathologically confirmed formalin-fixed paraffin-embedded SCLCs were used in
genomic profiling experiments. Patient characteristics are described in Supplementary Table
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1. The tumors displayed numerous chromosomal regions of copy number gain and loss
(Figure 1). Seventy regions of copy number gain and 55 regions of copy number loss were
identified as significant (log, copy number ratio > 0.3 or < —0.3) and recurrent (prevalence >
50%). A total of 329 and 99 genes were described in these regions, respectively
(Supplementary Tables 2A and 2B).

To validate our findings, we compared these alterations with those of eight previously
published studies in SCLC: Ried et al. (1994) (13 tumors, comparative genomic
hybridization (CGH)), Levin et al. (1994) (10 tumors, CGH), Lindblad-Toh et al. (2000) (17
tumors, 1500 single-nucleotide polymorphism arrays), Peng et al. (2005) (10 tumors, 800
BAC clone arrays); Zhao et al. (2005) (19 tumors, 5 cell lines, 115 000 single-nucleotide
polymorphism arrays); Coe et al. (2006) (14 cell lines, 97 299 elements submegabase
resolution tiling-set arrays); Kim et al. (2006) (24 cell lines, ~22 000 genes complementary
DNA microarrays); and Olejniczak et al. (2007) (23 cell lines, ~114 000 single-nucleotide
polymorphism arrays). Overall, we did not identify new regions of copy number alterations,
but our results confirmed the regions of copy number gain and loss that were published in
literature in the largest number of primary SCLCs (n = 46). Comparison with Coe et al.’s
data was performed in greater depth, as we obtained their detailed dataset. We found that
184 of 212 (87%) of their probes matching the 70 BAC clones with copy number gain and
136 of 159 (86%) of their probes matching the 55 BAC clones with copy number loss
identified in our arrays presented a very similar copy number trend.

Enrichment for genes associated with the focal adhesion and the neuroactive ligand-
receptor interaction pathways in SCLC

To identify molecular pathways enriched in this genomic data set, we compared the 428
genes with significant and frequent copy number gain or loss in SCLCs with the reference
gene set that corresponds to all 7913 genes represented in this array. We found a strong
enrichment in these regions for 11 genes associated with the focal adhesion pathway (P =
0.0018) (Table 1) and for eight genes associated with the neuroactive ligand—receptor
interaction pathway (P = 0.0481) (Table 1). In this report, we focus on the focal adhesion
pathway. Among genes represented in this pathway, FAK is a non-receptor tyrosine kinase
that is overexpressed in many cancers. Because of its role in cell adhesion, spreading,
migration, invasion, survival, proliferation and anchorage-independent growth (Hanks et al.,
2003; Parsons, 2003; Mitra et al., 2005; Siesser and Hanks, 2006), we seek to determine its
potential contribution to SCLC progression.

Verification of gene copy number alterations in the focal adhesion pathway

Genomic level—Gene copy number of FAK and PIK3CA, genes selected for their central
role in the pathway, was evaluated by fluorescent in situ hybridization (FISH) in 46 SCLCs.
Defining gene copy number gain as a relative copy number (test gene/corresponding
centromeric probe) = 1.8 in = 15% nuclei, we found that FAK displayed copy number gain
in 7 of 42 (17%) and PIK3CA in 10 of 46 (22%) SCLCs (Figure 2a). Among the SCLCs
studied by array CGH, 12 were also tested by FISH, demonstrating concordant copy number
alterations in 83% of them for FAK and in 69% for PIK3CA. FAK copy number was also
verified by quantitative real-time polymerase chain reaction in 10 of the 46 SCLCs studied
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by array CGH. Copy number gains were confirmed in 8 of 10 (80%) of them (Figure 2b).
Finally, FAK gene copy number was evaluated in five SCLC cell lines. As control, we tested
MAPKZ10 copy number status, a gene that showed strong copy number loss by array CGH.
Copy number gain of FAK and loss of MAPK10 were found in all tested cell lines (Figure
2¢), in striking concordance with results obtained by array CGH in primary SCLCs.

Gene expression level—Significant and recurrent gene copy number alterations were
correlated to gene expression data found in a publicly available data set (Garber et al.,
2001), in which five SCLC and six normal lung tissues were analyzed by complementary
DNA microarrays. We tested the correlation between median log, gene expression ratios
(SCLC/normal) from this data set and copy number ratios (SCLC/normal) from our array
CGH data set. There was a significant correlation between gene copy number and
expression levels (Pearson = 0.68) for genes represented in both the focal adhesion pathway
and the gene expression data sets (9 of 11) (Figure 3). This further supports the potential
importance of the observations made at the genomic level.

Protein expression level—FAK protein expression was then evaluated by
immunohistochemistry (IHC) in five normal lung and 52 SCLCs. FAK expression was
absent in one, low in two, moderate in one and strong in one of the tested normal lung
tissues. FAK was highly expressed in the cytoplasm of 47 of 52 (90%) SCLCs. Average
staining score was =2 for 29 (56%), =1 and <2 for 14 (27%), and >0 and <1 for 4 (7%) of
these SCLCs. Representative images of tumors with positive and negative staining are
displayed in Figure 4. Among tumors tested by IHC, 14 were also tested by array CGH and
35 by FISH. FAK gene copy number and protein expression were correlated (copy number
gain and average IHC score =2, or no copy number gain and average IHC score <2) in 8 of
14 (57%) cases for array CGH and 18 of 35 (51%) cases for FISH. FAK expression was also
evaluated by western blotting in cell lines. Similar levels of total FAK expression were
observed in three immortalized normal bronchial epithelial and five SCLC cell lines.
However, phosphorylation of FAK Tyr397/576 yyas mainly observed in SCLC cell lines,
demonstrating activation of FAK in SCLC (Figure 5a).

Inhibition of FAK kinase activity by PF-573,228 (PF-228) in SCLC cell lines

Because of the expression and activation of FAK in SCLC and its central role in cellular
functions contributing to cancer metastasis, we attempted to inhibit its activity in SCLC cell
lines and investigate the effects on key cellular functions, including adhesion, spreading,
motility and invasion. We used PF-228 (6-[(4-((3-(methanesulfonyl)benzyl)amino)-5-
trifluoromethylpyrimidin- 2-yl)amino]-3,4-dihydro-1H-quinolin-2-one), a commercially
available competitive inhibitor of adenosine triphosphate with specificity for FAK family
proteintyrosine kinases, which prevents FAK Tyr397 autophosphorylation (Slack-Davis et
al., 2007). To assess PF-228’s ability to inhibit endogenous FAK activity, FAK Tyr3%7
phosphorylation was evaluated by western blotting in SCLC cells treated with increasing
concentrations of PF-228 for 90 min. A significant decrease in FAK Tyr397 phosphorylation
was achieved with PF-228 in a dose-dependent manner (Figure 5b). FAK forms a binary
complex with Src family kinases, which can phosphorylate other downstream substrates
such as p130CAS and paxillin to regulate various cellular functions, including migration.
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Inhibition of FAK phosphorylation in SCLC by PF-228 was accompanied by inhibition of
p130CAS Tyrl65 phosphorylation (Figure 5c).

Effect of FAK inhibition on adhesion, spreading and migration of SCLC cell lines

FAK has been shown to promote cell adhesion, spreading and motility in different types of
cell lines. However, despite their constitutive activation of FAK, SCLC cell lines grow in
suspension and do not adhere on plastic substrates. We tested the ability of four SCLC cell
lines (NCI-H69, NCI-H82, NCI-H146 and NCIH209) to attach on collagen I, fibronectin,
vitronectin or laminin-332 (Supplementary Figure 1), and found that laminin-332
significantly promoted SCLC adhesion, except for NCI-H82 cells that did not adhere on any
of these substrates. NCI-H146 displayed the highest adhesion on laminin-332 (P = 6.3 x
107° compared with phosphate buffered saline), followed by NCI-H69 (P = 4.2 x 107°) and
NCI-H209 (P = 2.5 x 1075). Therefore, we decided to use, for further experiments,
laminin-332-coated dishes or filters.

To determine the role of FAK inhibition on adhesion, NCI-H69, NCI-H146 and NCI-H209
cells were treated with increasing concentrations of PF-228 for 30 min before plating on
laminin-332-coated wells and incubated for 24 h before analysis of crystal-violet staining of
adherent cells. Treatment with FAK inhibitor induced a dose-dependent decrease of
adhesion (Figure 6). The effect became statistically significant with 10 pv PF-228 (NCI-
H69: P = 3 x 1074, NCI-H146 and NCI-H209: P = 1 x 10~4 compared with DMSO).

To determine whether PF-228 affects SCLC motility and invasion, we first used a transwell
assay. None of the cells tested (NCI-H69, NCI-H82, NCI-H209) migrated through the
porous membrane for up to 24 h in any of the conditions tested (coating the lower or upper
side of the membrane with laminin-332 or basal membrane extract, PF-228 or DMSO,
serum or VEGF gradient) (Figure 7a). This was in sharp contrast to the migration observed
with fibrosarcoma cells HT1080, used as positive control. In the migration assay, 488 (s.d. =
24) and 402 (s.d. = 30) HT1080 cells per x40 microscopic field were counted on the
membrane’s lower side after 6 and 24 h, respectively (Figure 7b). Similarly, in the invasion
assay, 206 (s.d. = 16) and 156 (s.d. = 18) HT1080 cells per x40 microscopic field were
counted on the membrane’s lower side at 6 and 24 h, respectively.

To further address migration, NCI-H209 cells were tested in a single-cell motility assay. The
cells were seeded on laminin-332-coated dishes, allowed to adhere overnight, treated with
increasing concentrations of PF-228 and analyzed by time-lapse microscopy for 8 h. These
studies demonstrated that most SCLC cells would not move regardless of the presence of
PF-228 (Supplementary Movies 1 and 2), and that a subset of SCLC cells treated with
PF-228 spread on laminin-332, losing their rounded shape and presenting extended
processes. Spreading was also observed on images of unstained NCI-H69, NCI-H146 and
NCI-H209 cells after 90 min and 24 h treatment with 10 pum PF-228, as compared with
DMSO (Figure 8). No change in morphology was observed in 16-HBE, an immortalized
normal bronchial epithelial cell line constitutively lacking phospho-FAK Tyr397 expression
and treated with PF-228, ruling out an off-target effect.
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Immunostaining for phospho-FAK Tyr397 confirmed that NCI-H209 cells treated with 10 i
PF-228 were spread and displayed a lower expression of phospho-FAK, in contrast to cells
treated with DMSO (Figure 9a). Moreover, PF-228 decreased focal adhesions, as
demonstrated by a decrease in vinculin immunostaining in the absence of actin fiber
reorganization (Figure 9b).
Discussion

The main objective of this study was to test the hypothesis that recurrent copy humber
alterations in SCLCs will point toward molecular pathways relevant to tumor progression.
We report the largest series of SCLCs to undergo high-throughput genomic analysis. Our
array CGH analysis revealed 70 regions of copy number gain and 55 regions of copy
number loss, including 329 and 99 genes, respectively, and consistent with published reports
(Levin et al., 1994; Ried et al., 1994; Lindblad-Toh et al., 2000; Peng et al., 2005; Zhao et
al., 2005; Coe et al., 2006; Kim et al., 2006; Olejniczak et al., 2007). Molecular pathway
analysis centered on these genes led to the discovery of two enriched pathways in SCLCs,
the focal adhesion and the neuroendocrine ligand—receptor interaction pathways. This is the
first report of the activation of these pathways in SCLC.

We deliberately focused on the focal adhesion pathway because of the potential relevance in
understanding SCLC metastatic and aggressive behavior. Among genes represented in this
pathway is FAK, which has an important role in cell adhesion, spreading, migration,
invasion, survival and anchorage-independent growth (Hanks et al., 2003; Parsons, 2003;
Mitra et al., 2005; Siesser and Hanks, 2006). Although FAK overexpression has been
reported in highly invasive cancers (Owens et al., 1995; Gabarra-Niecko et al., 2003), this is
a first report of its possible implications in SCLC progression.

Once activated by integrins, G protein-coupled receptor ligands or growth factors, FAK is
autophosphorylated at Tyr397 and activates proteins such as Src, p130CAS, paxillin and
PI3KR2 (Hanks et al., 2003) to regulate adhesion turnover at the cell front, a process central
to migration (Hanks et al., 2003; Parsons, 2003; Webb et al., 2004; Mitra et al., 2005;
Siesser and Hanks, 2006). Small molecule inhibitors targeting the FAK kinase domain have
been developed (NVP-TAE226, PF-562,271 and PF-573,228 (PF-228) used in our
functional experiments) (Shi et al., 2007; Slack-Davis et al., 2007; Roberts et al., 2008).
These inhibitors decreased FAK Tyr397 phosphorylation and induced inhibition of migration
in various cell types. Preclinical studies with PF-562,271 showed tumor stasis or regression
in mouse models of prostate, breast, colon, non-small-cell lung cancer, glioblastoma and
pancreatic cancers (Roberts et al., 2008).

We carefully verified our findings at the DNA copy number, gene expression and protein
expression levels. At the genomic level, we observed very concordant results between those
obtained for FAK by array CGH and FISH. Next, We verified FAK gene copy number by
quantitative real-time polymerase chain reaction on DNA extracted from SCLC primary
tumors and cell lines, and found it to be amplified in 80% of tumors and in all tested cell
lines. Testing the relevance of these genomic results in the focal adhesion pathway at the
gene expression level, we observed a positive correlation between copy number determined
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by array CGH and gene expression data from a publicly available data set (Garber et al.,
2001). Finally, at the protein level, we found that FAK was highly expressed in primary
SCLC tumors and autophosphorylated in SCLC cell lines. Enrichment for genes associated
with the focal adhesion pathway is a novel finding in SCLC and may be important because
dysregulation of focal adhesions contributes to cell transformation, is observed in metastatic
cancers and could explain SCLC high propensity of invasion and metastasis (Cooper and
Spiro, 2006). However, we have not been able to show a direct correlation between FAK
copy number and protein expression levels. Normal lung tissues adjacent to SCLC tissues
tested by IHC were not available; hence, we were unable to compare FAK expression
between unaffected lung and SCLC. Moreover, total FAK expression was similar in
immortalized normal bronchial epithelial and SCLC cell lines. Yet, the most important
observation is that FAK was preferentially phosphorylated in SCLC cell lines, even though
the mechanisms of FAK activation remain unknown. Similarly, EGFR overexpression is
observed more often than its amplification, and the relationship between protein expression
and gene amplification is not fully understood in lung cancers (Hirsch et al., 2003).
Moreover, clinical response to EGFR inhibitors is better related to activating mutations of
EGFR or to its level of gene amplification than to its level of overexpression (Cappuzzo et
al., 2005).

Should FAK activation be important in SCLC phenotype, inhibition-of-function studies are
warranted. We therefore treated four SCLC cell lines with a FAK inhibitor, PF-228, and
demonstrated a dose-dependent decrease in FAK Tyr397 phosphorylation. Inhibition of FAK
phosphorylation was associated with inhibition of its downstream substrate p130CAS Tyr165
phosphorylation, providing a likely mechanism of action. FAK inhibition decreased
adhesion of SCLC cells to laminin-332 in a dose-dependent manner, supporting results
found in other systems (Guan et al., 1991; Burridge et al., 1992; Schwartz et al., 1995). We
also studied cell migration and invasion using a transwell assay and found that none of the
three tested SCLC cells migrated in the tested conditions, irrespective of FAK inhibition.
Pursuing these findings, we performed a single-cell motility assay with NCI-H209 and
confirmed that they did not migrate significantly, regardless of FAK inhibition. Yet, few
cells that did not detach from laminin-332-coated dishes in the presence of PF-228 acquired
a more spread morphology. It is important to note that this increased spreading was not
associated with increased motility. In fact, PF-228 prevented focal adhesions assembly, as
shown by markedly reduced vinculin immunostaining at the periphery of cells. From these
experiments, we learned that FAK is constitutively activated in SCLC and may be
responsible for focal adhesions turnover, which, once inhibited, may prevent cells from
adhering to substrates. Our results exemplify the complexity of the focal adhesion pathway
and demonstrate that FAK phosphorylation in SCLC is independent of cell-substrate and
cell—cell contact. Future studies will need to clarify the role of FAK in SCLC motility and
determine the potential therapeutic implications of these observations.

Further validating our approach and consistent with the literature (Taniwaki et al., 2006),
our pathway analysis also implicated the neuroactive ligand-receptor interaction pathway.
SCLC is thought to originate from neuroendocrine cells (Sidhu, 1979; Osada et al., 2008)
and neuroendocrine mediators have been shown to activate G protein-coupled receptors that
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in turn activate FAK (Rozengurt, 2007). The relatively low resolution of the arrays we used
leaves the possibility of other pathway activations to be discovered in SCLC.

In summary, we have established a role for FAK in SCLC. The genomic data were validated
in independent data sets at the DNA, RNA and protein levels, and functionally by studying
the in vitro effects of FAK inhibition on SCLC cell adhesion, spreading and motility. The
results presented strengthen the validity of the approach taken and support that pathway
analysis of array CGH data may uncover important molecular mechanisms of tumor
progression.

Materials and methods

Primary SCLC specimens and SCLC cell lines

Primary SCLC surgical pathology blocks were obtained from the archives of the Department
of Pathology at the Vanderbilt University Medical Center, the Nashville VA Medical Center
and St-Thomas Hospital in Nashville, TN, USA. On the basis of the availability of surgical
pathology blocks and the amount of material, 46 tumors from 46 patients were selected for
array CGH. Surgical pathology specimens were obtained at the time of surgery or
bronchoscopy. All tissues were obtained before medical treatment, and a lung cancer
pathologist (ALG) confirmed the diagnosis. Institutional Review Boards at each medical
center approved the study. Five SCLC cell lines were used, NCI-H69, NCI-H82, NCI-H146,
NCI-H209 and NCIH1618 (ATCC, Manassas, VA, USA), and three immortalized normal
bronchio-epithelial cell lines, BEAS-2B (ATCC), HBEC-3KT (Dr Minna’s gift, University
of Texas Southwestern, TX, USA) and 16-HBE (Dr Gruenert’s gift, Children’s Hospital,
Oakland Research Institute, OK, USA).

Tumor DNA extraction and array CGH

Tissue sections of tumor blocks were cut 20 um thick and placed on glass slides. A 5 pm
section was obtained in the middle of the series for pathological evaluation (ALG) and to
confirm the presence of > 70% tumor cells and absence of necrosis. Other sections were
stained with methyl green, tumor cells were manually microdissected under a
stereomicroscope and DNA was extracted and purified as previously reported (Massion et
al., 2002, 2008). Tumor DNA was random-primer labeled with Cy5 and cohybridized onto a
2464-BAC clone array CGH slide obtained from the UCSF array CGH core laboratory
(http://cancer.ucsf.edu/array/services.php#human-BAC), along with Cy3-labeled sex-
matched leukocyte control DNA (Invitrogen, Carlsbad, CA, USA). Array CGH
hybridizations were performed as described in previous reports (Pinkel et al., 1998; Massion
et al., 2002, 2008). Microarray slides were analyzed using GenePix software (Axon Inc.,
Darien, CT, USA). Hybridization signals were obtained from GenePix and consisted of red-
to-green intensity ratios.

Pathway analysis of recurrent and significant copy number alterations

We identified recurrent (prevalence > 50% of analyzed tumors) and significant (log, copy
number ratio > 0.3 or <—0.3) regions of gene copy number alterations. From these regions,
we outputted the reference sequence genes located within a 300 kb genomic distance fixed
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on the centroid of the BAC clone using UCSC Genome Browser (Human Mar. 2006
Assembly) following our previous protocol (Massion et al., 2008). Using WebGestalt2.0
software (http://bioinfo.vanderbilt.edu/webgestalt) (Kirov et al., 2005; Zhang et al., 2005),
we determined enrichment for molecular pathways compared with a reference gene set
consisting of the 7913 genes included in the array.

Fluorescent in situ hybridization

Dual-color FISH was performed on interphase nuclei in tissue sections as described before
(Massion et al., 2002) on 46 primary SCLCs. Probes targeting FAK at 8q24.3 (RP11-13A18)
and PIK3CA at 3926.3 (RP11-245C23) and the reference centromeric regions of CEP3 and
CEPS8 (Vysis Inc., Downers Grove, IL, USA) were hybridized and spot counts were
obtained in =50 nuclei per specimen for each probe. The ratio of mean counts for test and
reference probes on the same chromosome was reported as the relative copy number for the
test gene.

Quantitative real-time polymerase chain reaction

Gene copy number in 10 SCLCs and five SCLC cell lines was evaluated by quantitative
real-time polymerase chain reaction following a previously reported protocol (Gallia et al.,
2006). Primer sequences are reported in Supplementary Table 3. The AACt method was used
for DNA quantification. DNA content was normalized to that of RNase P.

Immunohistochemistry

Tissues sections were stained following a previously reported protocol (Massion et al.,
2003) with anti-FAK (A-17) (1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
antibody. Immunostains were scored by two independent observers (SO, PPM) as follows: 0
—no staining, 1—weak, 2—moderate and 3—strong staining.

Western blotting

Cell lysates were obtained following standard protocol (Qian et al., 2009). Blots were
probed with antibodies against phospho- FAK (Tyr397/576) (1:1000; BioSource, Camarillo,
CA, USA), FAK (C-20) (1:200; Santa Cruz Biotechnology), phosphop130CAS (Tyr165)
(1:1000; Cell Signaling, Danvers, MA, USA), p130CAS (1:2000; BD Transduction
Laboratories, San Jose, CA, USA) or actin (1:5000; Sigma, St Louis, MO, USA).

Cell adhesion assay

Plates of 96 wells were coated with phosphate-buffered saline, 5 pg/ml collagen 1 (BD,
Franklin Lakes, NJ, USA), fibronectin (Chemicon, Billerica, MA, USA), vitronectin
(Sigma) or laminin-332 (VUMC Protein Users Club, Nashville, TN, USA) and incubated
overnight at 4 °C. Single-cell suspensions were seeded in complete medium at a density of
8x10* cells/ well and allowed to adhere for 24 h at 37 °C. Cells were treated with
PF-573,228 (PF-228) (3-10-30 pwm, Tocris Biosciences, Ellisville, MO,USA) or DMSO for
30 min before seeding and during the whole experiment. After 24 h, non-adherent cells were
washed off, whereas adherent cells were fixed and stained with crystal violet. Absorbance
was measured at 595nm and experiments performed three times in triplicate wells.
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Transwell migration and invasion assay

Transwell permeable supports of 24 wells with 8-um pores (Corning Life Sciences, Lowell,
MA, USA) were coated overnight on the lower (migration) or upper (invasion) side with
laminin-332 (5 pg/ml) or basal membrane extract (1x, Trevigen, Gaithersburg, MD, USA).
Lower chambers were then filled with 10% fetal bovine serum medium, supplemented with
PF-228 (10 pwm) or DMSO. VEGF (10-50 ng/ml, R&D Systems, Minneapolis, MN, USA)
was added in the lower chamber of some wells for being previously reported to induce
SCLC cells migration (Tanno et al., 2004). SCLC cells were seeded at 1 x 10° cells/well in
serum-free or complete medium supplemented with PF-228 (10 pw) or DMSO.
Fibrosarcoma cells HT1080 were used as positive control. Cells were allowed to migrate for
24 h at 37 °C, then fixed and stained with hematoxylin—eosin. Migration and invasion were
evaluated by counting cells on the membrane’s lower side in five microscopic fields of x40
magnification under a light microscope. Experiments were performed three times in
triplicate wells.

Single-cell motility assay

Six-well Corning Costar, clear plates (Sigma-Aldrich, St Louis, MO, USA) were coated
overnight with 5 pg/ml laminin-332. NCI-H209 cells were seeded in complete medium at a
density of 3 x 10° cells/well. PF-228 (3-10-30 pw) or DMSO was then added to the medium.
Time-lapse microscopy was conducted using a Zeiss Axiovert 200M microscope (Zeiss,
Thornwood, NY, USA). Ten fields were randomly selected within each well. Phase-contrast
images were captured automatically every 6 min for 8 h. Following image capture, 51
individual images from each coordinate were combined using MetaMorph to produce image
stacks. Cells were tracked manually using an ImageJ (NIH, Bethesda, MD, USA) plugin,
MTrackJ.

Immunofluorescence

Glass-bottom microwell dishes of 35 mm (MatTek, Ashland, MA, USA) were coated with 5
pg/ml laminin-332. NCI-H209 cells were seeded at a density of 2.5 x 104 cells/dish with
PF-228 or DMSO. After 12 h, adherent cells were fixed, permeabilized and incubated with
Hoechst (1:1000, blue, Invitrogen), phalloidin (1:2000, green, Invitrogen) and phospho-FAK
(Tyr397) (1:200, BioSource) or vinculin antibody (1:200, Sigma) for 2 h at RT. Bound
primary antibody to phospho-FAK (Tyr397) or vinculin was detected using goat antirabbit
IgG Alexa Fluor568 (1:200, red, Invitrogen) or goat antimouse 1gG Alexa Fluor568 for 1 h
at RT. Cells were observed under LSM510 laser scanning confocal microscope (Carl Zeiss,
Thornwood, NY, USA).

Statistical analyses

Array CGH analysis—Red-to-green intensity ratios were analyzed by snapCGH package
in R. Data were filtered by flag and R square <0.49 (correlation of Cy3 versus Cy5 pixel
intensities). Background was corrected by a log linear interpolation method. Normalization
of background-subtracted fluorescence ratios was obtained within each array by Print-tip
loess methods and between arrays by quantile normalization (Bolstad et al., 2003). All
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intensity ratios were log, transformed. Threshold for determining copy number gain or loss
was defined as an average logo copy number ratio > 0.3 or < —0.3.

Webgestalt pathway analysis—Fisher’s exact test was used to evaluate enrichment of
the candidate gene set in KEGG pathway categories using Webgestalt software (http://
bioinfo.vanderbilt.edu/webgestalt) (Kirov et al., 2005; Zhang et al., 2005). Comparison with
a public gene expression data set: mMRNA expression levels of candidate genes in the format
of fold changes (log, ratio SCLC/normal) were retrieved from a public data set with a
similar design, including six normal lung and five SCLC samples (Garber et al., 2001). An
average fold change between SCLC and normal was calculated for each candidate gene.
Integration of genetic dosages and the corresponding gene expression levels was performed
by correlation plot and Pearson’s correlation analyses. Other statistical analyses were
performed by Student’s t-test (two-tailed distribution).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Gene copy number alterations in 46 primary small-cell lung cancers (SCLCs). Each dot

represents the average log, copy number ratio in 46 SCLC tumors at a given genomic locus
across the genome tested by array comparative genomic hybridization (CGH). The value of
0 represents an equal fluorescence intensity ratio between SCLC and normal reference
genomic DNA. Logj ratios > 0.3 or < —0.3 are defined as copy number gain or loss. Vertical
lines represent chromosomal boundaries.
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Figure2.
Verification of FAK and PIK3CA increased gene copy number by FISH in primary SCLCs

and by quantitative RT-PCR in SCLC cell lines. (a) Dual color fluorescence in situ
hybridization of FAK gene (8924.3, green spots) and CEP8 probe (red spots) or of PIK3CA
gene (3g26.3, green spots) and CEP3 probe (red spots) on the centromeric region of the
same chromosome in representative SCLC tissue samples. Interphase nuclei (stained in blue
with DAPI) with increased copy number of FAK (left panel) and PIK3CA (right panel) are
shown in green boxes. Interphase nuclei with normal gene copy number are shown in red
boxes. Pictures magnification: x100. (b) Quantitative RT-PCR of FAK in primary SCLCs.
Copy number gain of FAK was confirmed in 8 of 10 tested tumors. () Quantitative RT—
PCR of FAK and MAPK10 genes in SCLC cell lines. Copy number gain of FAK and copy
number loss of MAPK10 were observed in all tested cell lines. Copy number changes per
haploid genome were calculated using the formula 2(Nt-NRNase P)-(Dt-DRNase P) ‘\yhere Nt is
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the average threshold cycle number observed for an experimental primer in the normal DNA
sample, NRNase P is the threshold cycle number observed for an RNase P primer in the
normal DNA sample, Dt is the average threshold cycle number observed for the
experimental primer in the SCLC DNA sample and DRNase P is the average threshold cycle
number observed for an RNase P primer in the SCLC DNA sample. Data represent averages
and error bars £ 1 s.d. (n = 3).
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Figure 3.
Positive correlation between the focal adhesion pathway gene copy number data and gene

expression level. Array CGH gene copy number of 46 SCLC tumors was compared with
gene expression level of the same genes represented in Garber et al.’s public gene
expression data set, based on the analysis of five primary SCLC tumors. A positive
correlation between the median log, gene expression ratio (SCLC/normal) and the median
log, gene copy number ratio (SCLC/normal) was found (Pearson: 0.68) for 9 of 11 genes
represented in the focal adhesion pathway.
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Figure4.
FAK expression by immunohistochemistry: a representative example of 52 studied SCLCs.

Tissue sections were incubated with an antibody against FAK (A-17). All immunostains
were independently scored by two independent observers (SO and PPM) as follows: 0—no
staining, 1—weak staining, 2—maoderate staining and 3—strong staining. FAK displayed a
cytoplasmic staining. (a) Representative image of SCLC with absence of total FAK
expression. (b) Representative image of SCLC tumor with maximum staining score for total
FAK. It is noteworthy that positively stained cancer cells are infiltrating the stroma. Pictures
magnification: x40.
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Figureb5.
FAK is activated in SCLC cell lines and inhibited by PF-228 in a dose-dependent manner.

(a) FAK is phosphorylated in SCLC cell lines. Whole-cell lysates were resolved with SDS-
PAGE and blots were incubated with antiphospho-FAK Tyr397/576 total FAK or actin
antibodies. FAK Tyr397/576 and total FAK levels were normalized to actin. FAK
phosphorylation at tyrosine residues was mainly observed in SCLC cell lines, demonstrating
an activation of FAK in SCLC. (b) Dose-dependent inhibition of FAK Tyr397
phosphorylation by PF-228 in SCLC cell lines. SCLC cell lines in suspension were treated
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with the indicated concentrations of PF-228 for 90 min. Whole-cell lysates were resolved
with SDS-PAGE and blots were incubated with antiphospho-FAK Tyr397, total FAK or
actin antibodies. FAK Tyr397 and total FAK levels were normalized to actin. Significant
decrease of FAK phosphorylation at Tyr397 was achieved with PF-228 in a dosedependent
manner. (c) PF-228 decreases p130CAS Tyr165 phosphorylation, downstream substrate of
FAK, in SCLC cell lines. SCLC cell lines in suspension, as well as adhering on laminin-332,
were treated with 10 pwm PF-228 for 90 min. Whole-cell lysates were resolved with SDS-
PAGE and blots were incubated with antiphospho-FAK Tyr3%7, total FAK, phospho-
p130CAS Tyrl65 total p130CAS or actin antibodies. FAK Tyr397 phosphorylation, total
FAK, phospho-p130CAS Tyrl65 and total p130CAS levels were normalized to actin.
Significant decrease of p130CAS phosphorylation at Tyr165 was achieved with PF-228,
parallel to the decrease of FAK phosphorylation at Tyr3%7.
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Figure6.
PF-228 induces a dose-dependent decrease in the adhesion of SCLC lines to laminin-332.

Cells were treated with increasing concentrations of PF-228 for 30 min before seeding on
laminin-332-coated plates and then during the entire experiment. Adhesion was evaluated by
crystal violet staining 24 h after seeding. The extent of cell adhesion was determined by
measuring the absorbance of wells at 595nm with an ELISA reader. (a) This figure,
representative of one of the experiments performed in triplicate wells three independent
times, shows that treatment with PF-228 induced a dose-dependent decrease of the adhesion
of the three SCLC cell lines to laminin-332. Data represent averages and error bars +1 s.d. (n
= 3). P-values: absorbance of wells treated with PF-228 vs those treated with DMSO;
*P<0.05. (b) This image, representative of one of the experiments performed with NCI-
H209, shows the decrease of crystal violet staining with increasing concentrations of
PF-228.
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H209 b HT1080

Figure?.
Absence of motility and invasion of SCLC cells in a transwell assay. Migration and invasion

were assessed for up to 24 h by counting cells on the lower side of the transwell’s membrane
in five microscopic fields of high magnification (40x) under a light microscope. Cells on the
membrane were fixed and stained with hematoxylin and eosin. (a) This image,
representative of one of the numerous experiments performed in triplicate wells to address
migration and invasion under different conditions, shows the absence of SCLC cells on the
lower side of the membrane. Only pores of the membrane are observed. (b) This is in sharp
contrast to the large number of HT1080 (human fibrosarcoma) cells observed on the lower
side of the membrane, as demonstrated in this figure representative of one of the three
independent experiments performed in triplicate wells to address migration. Pictures
magnification: x40.
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Figure8.
Treatment of SCLC cells with PF-228 increases their spreading on laminin-332. NCI-H69,

NCI-H146, NCI-H209 and 16-HBE cells were plated for 12 h on laminin-332-coated dishes
and then treated with 10 pw PF-228 or DMSO for 24 h. Pictures of unstained cells were
taken after 24 h treatment and show that SCLC cells treated with PF-228 spread on
laminin-332, losing their rounded shape and presenting extended processes. No change in
morphology was observed in 16-HBE, an immortalized normal bronchial epithelial cell
constitutively lacking phospho-FAK Tyr397 expression. Pictures magnification: x20.
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Figure9.
Treatment of SCLC cells adherent to laminin-332 with PF-228 decreases

immunofluorescence staining for phospho-FAK Tyr3%7 and vinculin. NCI-H209 cells were
plated for 12 h on laminin-332-coated dishes and then treated with 10 pm PF-228 or DMSO
for 12 h. After 12 h treatment, they were fixed and immunostained using Hoechst (blue, for
nuclei), Phalloidin (green, for Actin) and phospho-FAK Tyr3%7 (red) in a or vinculin (red) in
b. (a) Cells treated with PF-228 spread on laminin-332 and showed decreased phospho-FAK
Tyr397 accumulation at the spreading edges and at cell-cell contact sites compared with

o
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NCI-H209 cells treated with DMSO. (b) Immunofluorescence staining of NCI-H209 cells
also showed a decrease in vinculin expression in the presence of 10 um PF-228. Pictures
magnification: x63.
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Table 1

Enrichment of primary small-cell lung cancer tumors

Gene symbol Gene description FISH location Copy number aberration
(average log, copy humber)

(a) For genes associated with the focal adhesion pathway
PIK3CA Phosphatidylinositol 3-kinase catalytic subunit a 3026.32 Gain (0.32)
MAPK10 Mitogen-activated protein kinase 10 4921.3 Loss (-0.34)
LAMB1 Laminin f1 7931.1 Gain (0.54)
LAMB4 Laminin 4 7931.1 Gain (0.54)
FAK Focal adhesion kinase 1 8024.3 Gain (0.30)
HRAS Ras family small GTP binding protein H-Ras 11p15.5 Gain (0.30)
ACTC1 a-cardiac actin 15914 Loss (-0.45)
THBS1 Thrombospondin-1 15q14 Loss (-0.33)
ITGB4 Integrin 4 17925.1 Gain (0.32)
PIK3R2 Phosphatidylinositol 3-kinase regulatory subunit 3 19p13.11 Gain (0.33)
VASP Vasodilator-stimulated phosphoprotein 19913.2-q13.3 Gain (0.32)

(b) For genes associated with the neuroactive ligand—receptor interaction pathway
THRB Thyroid hormone receptor 1 3924.2 Loss (-0.34)
DRD4 Dopamine receptor D4 11p15.5 Gain (0.31)
SCT Secretin 11p15.5 Gain (0.31)
HTR2A Serotonin receptor 2A 13q14.2 Gain (0.47)
EDG6 Endothelial differentiation G-protein coupled receptor 6 19p13.3 Gain (0.34)
GRIN3B Glutamate receptor subunit 3B 19p13.3 Gain (0.40)
PTGIR Prostacyclin receptor 19p13.3 Gain (0.35)
GIPR Gastric inhibitory polypeptide receptor 19p13.3 Gain (0.34)
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