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Figure 5 Disruption of the conserved Glu(E)884-Arg(R)958 salt bridge by a R958D substitution differentially altered L858 R mutant
receptor sensitivity to epidermal growth factor receptor (EGFR) inhibitors. (a) Stable COS-7 transfects expressing the sensitizing
L858R and double-mutant L858R + R958D variants of EGFR were cultured in 0.5% bovine serum albumin-containing serum-free
media for 16 h, and then incubated with increasing concentrations of either erlotinib or gefitinib, in the presence of EGF stimulation
(100 ng/mi). Whole-cell lysates were extracted for SDS-polyacrylamide gel electrophoresis and immunoblotted using antibodies against
the followings: p-EGFR (Y 1068), EGFR and B-actin. R958D mutation modutated the effect of L858R on inhibitor sensitivity resulting
in desensitization of the mutant receptor to erlotinib inhibition but modestly enhanced sensitivity to gefitinib inhibition.
{b) Densitometric quantitation of the p-EGFR (Y 1068) levels showing that R958D mutation differentially altered L858R mutant
receptor sensitivity to erlotinib (more resistant) and gefitinib (more sensitive). Densitometric scanning of the immunoblot signals shown
in (a) was performed using NIH ImageJ software program, with normalization to total EGFR expression levels.

2008). Stable COS-7 transfectant cells expressing
similar levels of wild type and E1271K-MET were used
in this experiment using the two reversible preclinical
MET inhibitors SU!I1274 (Ma et al., 2005a) and
PHAG665752 (Ma et al., 2005a,b). We did not find
any significant modulation of sensitivity to SU11274
inhibition in the E1271K-MET cells (Figure 6b). On the
other hand, the E1271K mutation of MET enhanced
the sensitivity of inhibition by PHA665752 in the
phosphorylation of the mutant MET at its major
autophosphorylation sites (pY1234/1235) (equivalent
to pY1252/1253 phosphosites as in the full-length
MET transcript, with a difference of 18 amino acids in
the exon 10 with the common alternatively spliced
variant) in the kinase domain, and its downstream
signaling proteins AKT and ERKI/2 (Figure 6b).
Hence, disrupting the MET kinase salt bridge by
the E1271K mutation also differentially alters sensitivity
to MET kinase inhibitors in an inhibitor-specific
manner.

Oncogene

Mutations at the conserved Glu(E)—Arg(R) ion pair

in the human kinome

As the E884K somatic mutation was originally identified
in a never-smoker woman of Japanese descent, we
performed mutational screening for the presence of
mutation at the E884 and R958 residues of EGFR among
a cohort of 67 lung tumor genomic DNA specimens
from Japanese non-small-cell lung cancer patients
(including 66 transbronchial biopsies and | surgical
specimen). Nonsynonymous mutations were not present
in either residue location in this patient cohort. On the
basis of our resuits suggesting the conserved structure
and function of the Glu(E}-Arg(R) ion pair in EGFR
and among other kinases in the kinome, we hypothesized
that there would be other cancer-associated mutations
at the conserved ion pair within the human kinome
in kinases other than EGFR. Here, we performed
bioinformatics survey of the updated Catalog of
Somatic Mutations In Cancer (COSMIC) database
(http://www.sanger.ac.uk/genetics/CGP/cosmic/) containing
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Figure 6 Mutational disruption of the conserved E1271-R1345 ion pair in MET kinase salt bridge causes inhibilor-specific
modulation of sensitivity to SU11274 (unchanged) and PHA665752 (more sensitive). (a) MET kinase domain crystal structure (PDB
accession code: 2RFS) (Bellon ef al., 2008) highlighting the salt bridge between E[271 and R1345. Crystal structure solved in complex
with SU11274 is shown. The conserved Glu—Arg ion pair is shown in stick format, with oxygen atoms colored red, nitrogen atoms
colored blue and carbon atoms colored yellow. This figure was prepared using the program PYMOL (www.pymol.org). (b} Stable
COS-7 transfects expressing E1271K mutant MET were cultured in 0.5% bovine serum albumin-containing serum-free media for i6h,
then incubated with increasing concentrations of the MET inhibitors SU11274 (top) and PHA665752 (bottom) as indicated, in the
presence of HGF stimulation (50 ng/ml). Whole-cell lysates were extracted for immunoblotting using antibodies against p-MET
(Y1234/Y1235), MET, p-AKT, AKT, p-ERK1/2, ERK1/2 and P-actin. Wild-type MET-expressing COS-7 transfectant cells were
included as control. E1271K mutation of MET increased the sensitivity of MET kinase phosphorylation inhibition by PHA665752.

somatic mutations identified in kinases among human
cancers (Figure 7). We have conducted a complete and
comprehensive survey throughout the entire human
kinome for mutations identified at the conserved
Glu(E)-Arg(R) ion pair in COSMIC. We aiso docu-
mented here the hits identifying mutations clustered in
the vicinity of the ion pair, 30 amino acids proximal or
distal to the Glu(E) or Arg(R). Interestingly, several
kinases within the kinome were found to have mutations
occurred at the Glu(E) residue, homologous to the
E884-EGFR residue. These include KIT (E839K), RET
(E921K), STKI11/LKBI1 (E223*). These are all known

cancer-associated kinases that have dysregulated signal-
ing in various human cancers, including GIST and
hematological malignancies (KIT), papillary thyroid
cancer (multiple endocrine neoplasm syndrome type 2)
(RET) and lung cancer (RET, LKBI).

Discussion
In the era of molecularly targeted therapeutics in cancer

therapy, the impact of cancer-associated mutations on
kinase inhibitor sensitivity-resistance has increasingly
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GENES Mutations

ABL1: F382L, L387M, T388A, H396P, H386R, S417Y
CDKS8: D18SN

CDKL2: R149Q

EGFR: L858R, E884K, V837!

EPHA2: GT777S

EPHAS:  T856]
ERBB2: LB6YQ, H878Y, RBS6C
FAK: A612V

FGFR1: Ve64L

FGFR3: KB650E, K650M, K&50Q, Ke50T

FLTH: L1061V

FLTS: D835E, D835F, D835H, D835N, D835V, D83SY, 1836F, IB36M, 18365, MB37P, N841H,
N841K, Y842C

KIT: C809G, CB09R, AB14S, A814T, D816A, DB16E, DB16F, D816G, D816H, D8161, DB16N,
D816V, D816Y, 1817V, K818R, D820E, D820G, D820H, D820N, D820V, D820Y, N822H,
N822K, N822T, N822Y, Y823C, Y823D, YB23N, V825A, V825I, AB28P, EB39K, L85SP

LKB1: A205T, D208N, C210*, Q214°*, G215D, Q220°, £223", F231L

MET: D1246H, Y1248C, Y1248H, Y1253D, K1262R, M1268/ M1268T

PAK3: T4258

PDGFRA: RB41S, D842*, D842l, DB42V, D842Y, DB46Y, Y849C, N870S

PDGFRB: 7882

PKD3: V716M

PRKCB1: V496M

PSKH2: K212l

RET: EQ01K, RO0SK, G811D, MI18T, A919V, E921K, D925H

ROS: F2138S

SGK2: E259K

SIK: G2118

TRKC: R721F

TYRO3: A709T
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Figure 7 Continued.

important implications in the success of novel targeted
inhibitors such as erlotinib (EGFR-TKI). Furthermore,
knowledge of mutational correlation with inhibitor
sensitivity-resistance would most likely facilitate more
effective and ‘personalized’ targeted therapeutics develop-
ment in cancer therapy. The clinical course of the
patient where the somatic E884K mutation was
identified (Choong et al., 2006) suggested that different
mutations of a target kinase, such as EGFR, may lead to
differential responses to targeted kinase inhibitors.
Alternatively, one may postulate that there might be

differences in cerebrospinal fluid penetrance by TKIs
that could potentially account for central nervous
system failure with disease progression in the compart-
ment on therapy (Jackman et al., 2006). Our biochem-
ical studies here now show that E884K mutation in-cis
with L858R differentially altered inhibitor sensitivity
when compared with LS8R alone, through differential
inhibition of the pro-survival AKT and STAT3 signal-
ing pathways associated with altered induction of
cleaved-PARP(Asp214). This is also shown to occur in
an inhibitor-specific manner within the class of various

d
|

Figure 7 Survey of identified mutations at the conserved salt bridge ion pair in the human kinome (COSMIC). The COSMIC database
for the human cancer genome resequencing was surveyed and screened for potential mutations identified at or near the conserved
Glu(E)}-Arg(R) salt bridge ion pair in the human kinome. (A) (a) Glu(E)884-EGFR and analogous alignment in the kinome. (b) List of
the mutations identified in the kinome is included as reference. (B) () Arg(R)958-EGFR and analogous alignment in the kinome. (b)
List of the mutations identified in the kinome is included as reference. The color code for the amino acids is included here. We have
identified several kinases within the kinome that have mutations occurred at the Glu (E) residue, homologous 1o the E884-EGFR. These
include KIT (E839K), RET (E921K) and LKBI1 (E223*). These are all known oncogenic kinases that have dysregulated signaling in
various human cancers, including GIST and hematological malignancies (KIT), papillary thyroid cancer (multiple endocrine neoplasm
syndrome type 2) (RET) and lung adenocarcinoma (RET, LKBI1). Whereas KIT and RET are oncogenes, LKB/ has been shown to be a
tumor-suppressor gene in lung cancer, and here we showed clustering of truncation mutations at and near the salt bridge ion pair as a
result of a number of mostly nonsense mutations among some missense mutations. Although no mutation at E1271-MET was found,
there are frequent clustered hotspots of mutations at its close vicinity: three amino-acid residues proximally at M 1268 (M 1268T/I). This
is a known activating mutation of MET frequently associated with metastatic lesions promoting tumor motility and progression. The
sclected kinases with positive ‘mutational hits® in our kinome bioinformatics screen are shown here for illustration.
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ERBB family small-molecule inhibitors, including
reversible single EGFR or dual inhibitors (gefitinib,
erlotinib, lapatinib, 4557W, GW583340 and Tyrphostin-
AG1478) and irreversible EGFR inhibitor (CL.-387,785).

Moreover, the E884K alone and L858R 4 E884K
double-mutant EGFR remained sensitive to EGF, and
the E884K mutation cooperates with L858R when in-cis
to enhance the mutational effects on downstream
phosphoprotein activation. To date, essentially all
mutational combinations involving L858R studied were
found to exist in-cis, suggesting potential cis mutation-
to-mutation cooperation in EGFR signaling and possi-
bly tumorigenesis (Tam er al., 2006). Interestingly, the
double mutation L.858R + E884K conferred a distinctly
more sensitive response to EGF stimulation selectively
in the MAPK-ERKI1/2 cell proliferation pathway
compared with either wild type, E884K alone or
L858R  alone. Hence, the double mutation
L858R + E884K modulated downstream EGFR signal-
ing differentially with distinctly different effects on the
AKT (downregulated) and MAPK-ERK /2 phosphor-
ylation (upregulated). Moreover, E884K had a domi-
nant effect over L858R, when in-cis, in these signaling
modulatory effects. E884K, alone or in-cis with L858R,
can also mediate induction of p-STAT3 (pY705)
(important for STAT3 dimerization and transcriptional
activation of target genes) and may have a role
in differential regulation of STAT3 activation and
thus nuclear translocation for transcriptional activity
(Lo et al., 2005). Our data also share some similarities to
the recent findings that various activating ‘gain-of-
function’ mutations of FLT3 showed differential down-
stream signaling activation along the STAT3, STATS,
AKT and MAPK-ERK1/2 pathways, whereas all
induced FLT3 kinase activation constitutively (Frohling
et al., 2007). EGFR somatic doublet mutations are
potentially more frequent than understood previously,
with majority of them representing driver/driver muta-
tions rather than driver/passenger mutations (Chen
et al., 2008). Future kinome-targeted therapies should
take into account oncogenic effects of doublet mutations
in the targets, and detailed analysis of the identified
doublet mutations would be warranted.

Through sequence bioinformatics and structural
analysis, we identified that the E884-R958 ion pair in
EGFR kinase domain is highly conserved, by both
sequence homology and structural salt-bridge forma-
tion, across the entire human kinome. Many of the
protein kinases in the human kinome are ‘druggable’
therapeutic targets for various human cancers (Krause
and Van Etten, 2005; Ma et al., 2005a). This striking
finding provides a structural basis for the potential
mechanism of alteration of substrate specificity. This
hypothesis is substantiated by our study using muta-
tional disruption of the E884-R958 ion pair through an
R958D substitution resulting in an opposite electrostatic
charge between the wild-type and the mutant residue at
codon 958. Similar differential sensitivity toward gefiti-
nib (more sensitive) and erlotinib (more resistant) was
observed in our in vitro EGFR inhibition study here. It
is interesting to note that this salt bridge is located
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directly between two regions critical for normal EGFR
activation, the intermolecular EGFR activation inter-
face and the activation loop. Residue R958 falls between
helices aH and ol and is proximal to the intermolecular
EGFR activation interface recently revealed by struc-
ture-directed studies (Zhang et al., 2006). Residue E884
is the conserved glutamate of the MALE motif (MAPE
in PKA) and falls within helix «EF at the C terminus of
the activation loop. This salt bridge helps to orientate
helix oEF. In the recent EGFR kinase domain crystal
structure bound to a peptide substrate analog (PDB
accession code: 2GS6) (Zhang et al., 2006), helix «EF
packs against the substrate analog, suggesting that
disruption of the salt bridge by an acquired E884K
mutation could influence substrate recognition and
binding. The acquisition of a lysine at codon 884 may
therefore bring about local conformation disruptions
that alter EGFR interactions with downstream sub-
strates. Although we did not identify further E884K
mutation (or any mutations involving R958 residue) in
EGFR from the Japanese patients tumor sample cohort,
the results of our study may have implication on the
potential impact of cancer-associated mutations that
may interrupt the integrity of the salt bridge of a kinase.
As the human kinome is a rich source of ‘druggable’
targets, we extended our search through bioinformatics
data-mining from the COSMIC human cancer genome
resequencing project. To this end, we identified several
proximal ion pair residue substitutions recorded in the
COSMIC database at the E884 (EGFR) homologous
residue, in the oncogenic kinases KIT and RET as well
as in the tumor-suppressor LKBI (also known as
STK11). Mutations at the neighboring residues of the
conserved motif MAPE(884), as exemplified in FAK-
A612V, MET-M12681)T, RET-M918T and RET-
A919V, as well as the truncational nonsense mutation
in LKB1-Q220*, were also identified from the COSMIC
database. Furthermore, the juxtaposing proximal region
to the MAPE(884) conserved motif in the kinome also
appears to harbor mutational hotspots in the human
cancer genome. Nonetheless, the significance of these
mutations with respect to the kinase structure and
signaling function is not clear. Although KIT has been
extensively characterized with an established oncogenic
role in some hematological malignancies and GIST, it
has not been found to play a key role in lung cancer.
However, recent studies have implicated interesting
oncogenic role of RET (Thomas et al., 2007), FAK
(Ma et al., 2007; Rikova et al., 2007), MET (Ma et al.,
2005a) and tumor-suppressor role of LKB1 (Ji et al,
2007) in lung cancer.

Recently, better understanding of signaling network
interactions between EGFR and MET is beginning to
emerge (Guo er al., 2008; Tang et al., 2008). MET
genomic oncogenic amplification has also been identi-
fied to correlate with acquired resistance to EGFR
inhibitors (gefitinib/erlotinib) with or without T790M-
EGFR mutation (Bean er al., 2007, Engelman et al,
2007). Numerous kinase domain mutations of MET
have been identified in previous studies, many of them
shown to be activating and most frequently found in



metastatic tumor lesions compared with the primaries
(Di Renzo ef al., 2000). The E1271-MET conserved ion
pair residue occurs within the conserved MALE motif,
where M 1268 is a mutational hotspot frequently found
substituted in human cancers (M1268T/I). This is a
known activating mutation of MET frequently asso-
ciated with metastatic lesions promoting tumor motility
and progression. Our results here demonstrate that
E1271K-MET effectuated differential effect on sensitiv-
ity toward the two preclinical MET inhibitors, SU11274
(unchanged) and PHAG665752 (sensitizing). Hence,
mutations in the kinase domain of MET may play a
role in modulating the inhibitory spectrum of MET
inhibitors, similar to what is established in EGFR-
targeted therapy using gefitinib/erlotinib. Whether these
mutationally specific differences in inhibitor sensitivity
would eventually be clinically relevant is not clear at
present and should be a focus of future research. MET is
emerging as an important therapeutic target in cancer
therapy beyond EGFR. More detailed studies to better
define the relative role of kinase mutations in MET and
how they can modulate inhibitor sensitivity would be
warranted. Furthermore, nonkinase mutations of MET,
in the extracellular sema domain and the short
cytoplasmic juxtamembrane domain, have been identi-
fied to be important in lung cancer and mesothelioma
(Ma et al., 2003a, 2005a; Jagadeeswaran et al., 2006).
Little is known about the correlation of inhibitor
sensitivity with these nonkinase mutations, and they
should be included in future studies. Bellon et al.
(2008) recently compared the crystal structures of a
novel MET inhibitor AM7, and that of SU11274 when
bound to the unphosphorylated form of MET kinase.
They identified a novel binding mode of a MET
inhibitor AM7 compared with SU11274 and raised the
possibility of designing TKIs that have improved
specific activity and specificity toward different mutant
profiles in different cancers; hence ‘mutationally-
targeted inhibitors’.

Although the role of kinase domain mutations in
modulating the sensitivity-resistance to small-molecule
inhibitors, in the case of BCR/ABL, KIT and EGFR,
has been quite extensively studied, in-depth under-
standing of the relative role of mutations in other target
kinases, such as MET, RET and FAK in determining
specific inhibitor sensitivity is still largely lacking. The
ion pair formed by residues E884 and R958 in the
EGFR kinase domain is a highly conserved feature in
the human kinome, and mutations of this conserved ion
pair may result in conformational changes that alter
kinase substrate recognition. The discovery that disrup-
tion of the conserved E884-R958 ion pair affects EGFR
signal transduction and inhibitor sensitivity indicates the
clinical importance of in vitro and biochemical analysis
for all documented resistance mutations. Our analysis
also suggests that targeted therapy using small-molecule
inhibitors should take into account potential coopera-
tive effects of multiple intramolecular kinase mutations.
As the number of targeted TKIs available increases, it is
anticipated that a ‘personalized’ approach to cancer
therapy on the basis of knowledge of the activating
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mutations present should improve the efficacy of these
treatments.

Materials and methods

Plasmid constructs and site-directed mutagenesis

The plasmids pcDNA3.1l containing the full-length wild-type
EGFR and the L858R-EGFR cDNA insert was a generous gift
from Dr Stanley Lipkowitz (NIH/NCI). The generation of the
kinase domain missense mutations of EGFR, E884K,
L858R + E884K and L858R + R958D were performed using
the QuikChange Site-Directed Mutagenesis XL II kit (Strata-
gene, La Jolla, CA, USA) as described previously (Choong
et al., 2006). The E1271K mutation of MET was introduced
into the wild-type MET plasmid (Ma et al, 2003a).
Incorporation of the correct mutations was confirmed by
direct DNA sequencing of the constructs.

Cell culture and transfection

COS-7 cells were grown as described previously (Choong ef al.,
2006). Transfection method was described in Supplementary
Materials and methods.

Cell proliferation and cytotoxicity assays
Cell proliferation and cytotoxicity assays were performed
using tetrazolium compound-based CellTiter 96 AQ,eous One
Solution Cell Proliferation (MTS) assay (Promega) (see
Supplementary Materials and methods).

Preparation of cell lysates and immunoblotting

Whole-cell lysates were extracted, separated by 7.5% SDS-
polyacrylamide gel electrophoresis , immunoblotted using the
various primary antibodies indicated and developed with
SuperSignal West Pico Chemiluminescent Substrate (Pierce,
Rockford, IL, USA) as described previously (Choong et al.,
2006). The following primary antibodies were used: phospho-
tyrosine (4G10, Upstate Biotechnology, Lake Placid, NY,
USA), phospho-EGFR (Y1068) (BioSource International,
Camarillo, CA, USA), EGFR (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), phospho-STAT3 (Y705) (Cell Signal-
ing, Danvers, MA, USA), STAT3 (Zymed, South San
Francisco, CA, USA), phospho-AKT (S473) (Cell Signaling),
AKT (Biosource International), phospho-ERK1/2 (T202/
Y204) (Cell Signaling), ERK1/2 (Biosource International),
cleaved-PARP(Asp214) (cleaved-poly (ADP-ribose) polymer-
ase (Asp214)) (Cell Signaling) and p-actin (Santa Cruz
Biotechnology).

Chemicals

The details regarding the EGFR TKIs and MET TKIs used in
this study are described in the Supplementary Materials and
methods.

Lung tumor genomic DNA extraction and DNA sequencing
Genomics DNA was extracted using standard techniques from
67 non-small-cell lung cancer patients treated from July 1995
to March 2003 at Osaka Prefectural Medical Center for
Respiratory and Allergic Disease (Osaka, Japan). All tumor
samples were used in accordance with Institutional Review
Board protocol, with patients’ informed consent wherever
necessary. Screening for mutations within exon 22 (harboring
E884) and exon 23 (harboring R958) was performed using
standard single-strand conformational polymorphism analysis,
followed by direct DNA sequencing when indicated (for
details, see Supplementary Materials and methods).
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Bioinformatics sequence analysis

Multiple sequence alignments of kinase domains in the human
kinome were performed for 321 human kinase domains. The
positions of the conserved glutamate (E) and arginine (R)
residues are colored purple and those of EGFR are indicated in
red. FASTA files for human kinase domains were obtained from
the kinase database at Sugen/Salk (Kinbase, La Jolla, CA,
USA) and aligned with the AliBee multiple sequence alignment
program (GeneBee) (Brodsky et al., 1992) using Clustal format.
Resulting alignments were colored using JalView 2.2 (Clamp
et al., 2004) according to sequence conservation (BLOSUMG62).
In addition, the amino-acid sequences from a selected list of 32
diverse human protein kinases were obtained from the
ENSEMBL database (www.ensembl.org). The amino-acid
sequences of these kinase domains were analysed and aligned
using the EMBL-EBI online CLUSTALW software (www.e-
bi.ac.uk/clustalw).

Structural analysis

EGFR crystal structures (PDB accession codes IM17, 1XKK
and 2GS6) (Stamos et al., 2002; Wood et al., 2004; Zhang
et al., 2006) were analysed using the program O (Jones et al.,
1991). Superposition of the EGFR kinase domain with the
catalytic domains of diverse kinases was performed to study
the structural conservation of a buried Glu(E)}-Arg(R) ion
pair. The crystal structure of EGFR tyrosine kinase (PDB
accession code: 1M17) (Stamos ef al., 2002) was superimposed
with the catalytic kinase domains of human CDK2 (PDB
accession code: 1VYW) (Pevarello et al., 2004), human JNK3
(PDB accession code: 1PMQ) (Scapin e al., 2003), human
insulin receptor kinase (PDB accession code: 1IR3) (Hubbard,
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Inhibition of Insulin-Like Growth Factor 1 Receptor by CP-751,871
Radiosensitizes Non-Small Cell Lung Cancer Cells

Tsutomu lwasa,’

Isamu Okamoto," Minoru Suzuki,? Erina Hatashita,' Yuki Yamada,’

Masahiro Fukuoka,® Koji Ono,? and Kazuhiko Nakagawa'

Abstract

; Purpose Therapeutlc strategles that target the |nsul|n like growth factor | receptor (lGF— '
- 1R} hold promlse for a wide variety of cancers. We have now mvestugated the effect of
CP-751,871, a fully human monoclonal ‘antibody specific for IGF-IR, on the sensmvaty of

human non-small cell lung cancer (NSCLC) cell lines to radlatlon. , ,
Experimental Design: The radiosensitizing effect of CP-751,871 was evaluated onthe ba- '

sis of cell death, clonogenic survival, and progression of tumor xenografts Radiation-
induced damage was evaluated by lmmunofluorescence analy5|s of the hlstone,‘
v-H2AX and Radb1. -

* Results: A clonogenlc survival assay revealed that CP—751 871 increased the sensmvnty o

of NSCLC cells to radiation in vitro. CP-751,871 inhibited radiation-induced IGF-IR sig-
naling, and potentiated the radiation-induced increases both in the number of apoptotic -

cells and in the activity of caspase-3. Immunofluorescence analysis of the histone
' y-H2AX and Rad51 also showed that CP-751,871 inhibited the repair of radiation-

induced DNA double-strand breaks. Finally, combination therapy with CP-751,871

and radiation delayed the growth of NSCLC tumor xenografts in nude mice toa greater -
: extent than did either treatment modality alone.
ConclusuonS' These results show that CP-751,8771 sensitizes NSCLC cells to radlatlon i
“both in vitro and ln vivo, and that this effect of CP-751,871 is likely attributable to the .

inhibition of DNA repair and enhancement of apoptosis that result from attenuation of
IGF-IR signaling. Combined treatment with CP-751,871 and radiation thus warrants fur-

ther investigation in clinical trials as a potential anticancer strategy. (Clin Cancer Res.

20089;15(16):5117-25)

The insulin-like growth factor I receptor (IGF-IR} is a receptor
tyrosine kinase that contributes to the regulation of cell growth,
transformation, and apoptosis, and plays an important role in
wumor cell proliferation and survival (1, 2). Antisense oligonu-
dleotides, inhibitory peptides, and kinase inhibitors that target
IGE-IR, as well as dominant negative mutant and soluble forms
of the receptor have been found to inhibit the proliferation of
tumor cell lines in vitro and in experimental mouse models
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(3-7). Targeting of IGF-IR is thus a promising strategy for cancer
therapy. The two most investigated therapeutic approaches in
preclinical models are based on specific tyrosine kinase inhibi-
tors and monoclonal antibodies (mAb; ref. 7-11). Although
IGF-IR tyrosine kinase inhibitors have a high affinity for IGF-
IR, cross-inhibition of the insulin receptor remains a problem
because of the high level of sequence similarity between the ty-
rosine kinase domains of these two receptors {12). Such cross-
inhibition has the potential to induce symptoms of diabetes in
treated individuals (13). In contrast, antibodies that target the
extracellular domain of IGF-IR are highly selective for IGF-IR.
Currently available antibodies to IGF-IR are of the I1gG1 and
1gG2 isotypes (7-10). These two isotypes differ in that IgG2 anti-
bodies manifest a longer half-life in humans, whereas IgG1 anti-
bodies are more effective at eliciting immune cell effector
functions (antibody-dependent cytotoxicity). CP-751,871 is a
potent, fully human IgG2 mAD specific for IGF-IR that inhibits
tumor growth as a single agent and enhances the efficacy of
other anticancer agents in human tumor xenograft models
(10). CP-751,871 is thus an attractive candidate drug for cancer
therapy, and clinical trials of this agent in combination with che-
motherapy are currently underway for certain types of cancer.
Overexpression of IGF-IR in NIH 3T3 fibroblasts confers
radioresistance in preclinical models (14). Expression and acti-
vation of IGF-IR have also been associated with resistance to

Clin Cancer Res 2009;15(16) August 15, 2009
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‘ Translatlonal Relevance

Targetmg of IGF—IR is a promlsmg strategy for .
cancer therapy CP-751, 871is a fully. human mono-
clonal antlbody specific for IGF-IR that inhibits tumor '

_ growth in human tumor xenograft models in vivo.

~ Although phase Il studies of CP-751,871 in combma—ka

tion with chemotherapy are currently underway for

, certam types of cancer, the effects of CP-751,871 in
comblnatlon with radiation have not been descnbed '
We now show a radlosensmzmg eﬁemt of CP—751 871
in non-small cell lung cancer cell lin: es. in vitro and_
in vivo. Our preclinical data provude a rationale for
future clmlcal mvestlgat:on of the therapeutlc effica-
cy of CP-751 871 m combmatlon wcth rad:otherapy

radiotherapy in cancer patients (15). Inhibition of IGF-IR by
antisense oligonucleotides, IGF-IR tyrosine kinase inhibitors,
or mouse mAbs to the receptor has been shown to enhance
the radiosensitivity of tumor cells (16-18). However, the effects
of fully human mAbs to IGF-IR on radiosensitivity in cancer
cells have not been characterized in detail. We have now exam-
ined the effects of the combination of CP-751,871 and radia-
tion on non-small cell lung cancer (NSCLC) cell lines as well
as the mechanism responsible for enhancement of radiosensi-
tivity by CP-751,871.

Materials and Methods

Cell culture and reagents. The human NSCLC cell lines National
Cancer Institute {NCI}-H292 (H292), NCI-H460 (H460), NCI-H1299
(H1299), LK-2, and NCI-H1975 (H1975) were obtained from Ameri-
can Type Culture Collection (Manassas, VA). The cells were cultured
under an atmosphere of 5% CO, at 37°C in RPMI 1640 (Sigma, St.
Louis, MO) supplemented with 10% fetal bovine serum. Recombinant
human IGF-I was obtained from R&D Systems (Minneapolis, MN). CP-
751,871 was kindly provided by Pfizer Global Research & Development
(Groton, CT).

Immunoblot analysis. Cells were washed twice with ice-cold PBS,
and then lysed in a solution containing 20 mmol/L Tris-HCI (pH
7.5), 150 mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-100,
2.5 mmol/L sodium pyrophosphate, 1 mmol/L phenylmethylsulfonyl
fluoride, and leupeptin (1 ug/mL}). The protein concentration of lysates
was determined with the Bradford reagent (Bio-Rad, Hercules, CA), and
equal amounts of protein were subjected to SDS-PAGE on a 7.5% gel.
The separated proteins were transferred to a nitrocellulose membrane,
which was then exposed to 5% nonfat dried milk in PBS for 1 h at room
temperature before incubation overnight at 4°C with rabbit polyclonal
antibodies to phosphorylated human [GF-IR (1:1,000 dilution; Cell
Signaling, Beverly, MA), to human IGF-IR (1:1,000 dilution; MBL Inter-
national, Wobum, MA), to phosphorylated human AKT (1:1,000 dilu-
tion; Cell Signaling), to human AKT (1:1,000 dilution; Cell Signaling),
or to P-actin (1:500 dilution; Sigma). The membrane was then
washed with PBS containing 0.05% Tween 20 before incubation
for 1 h at room temperature with horseradish peroxidase-conjugated
goat antibodies to rabbit IgG (Sigma). Immune complexes were finally
detected with chemiluminescence reagents (Perkin-Elmer Life Sciences,
Boston, MA).

Flow cytometric analysis of surface IGF-IR expression.  Cells (2 x 10°)
were stained for 2 h at 4°C with an r-phycoerythrin-conjugated mAb to
IGF-IR (BD Biosciences, San Jose, CA) or with an isotype-matched con-
trol antibody (BD Biosciences). The cells were washed thrice before
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measurement of fluorescence with a flow cytometer (FACScalibur; Bec-
ton Dickinson, San Jose, CA).

Clonogenic survival assay. Exponentially growing cells in 25-cm?
flasks were harvested by exposure to trypsin and counted. They were
diluted serially to appropriate densities, and plated in triplicate in
25-cm? flasks containing 10 mL of complete medium in the presence
of 50 nmol/L CP-751,871 or vehicle (PBS) before exposure at room
temperature to various doses of radiation with a “°Co irradiator at a rate
of ~0.82 Gy/min. After incubation for 4 h, the cells were washed with
PBS, cultured in antibody-free medium for 10 to 14 d, fixed with meth-
anolfacetic acid (10:1, volume per volume), and stained with crystal
violet. Colonies containing >50 cells were counted. The surviving frac-
tion was calculated as: {mean number of colonies)/(number of inocu-
lated cells x plating efficiency). Plating efficiency was defined as the
mean number of colonies divided by the number of inoculated cells
for the corresponding nonirradiated cells. The surviving fraction for
combined treatment was corrected by that for CP-751,871 treatment
alone. The dose enhancement factor was then calculated as the
dose (Gy) of radiation that yielded a surviving fraction of 0.1 for vehi-
cle-treated cells divided by that for CP-751,871-treated cells (after
correction for drug toxicity).

Detection of apoptotic cells.  Cells were fixed with 4% paraformalde-
hyde for 1 h at room temperature, after which a minimum of 1,000 cells
per sample was evaluated for apoptosis with the use of the terminal
deoxyribonucleotide transferase-mediated nick-end labeling technique
(In situ Cell Death Detection kit; Boehringer Mannheim, Mannheim,
Germany).

Assay of caspase-3 activity. Theactivity of caspase-3 in cell lysates was
measured with a CCP32/Caspase-3 Fluometric Protease Assay kit (MBL).
Fluorescence attributable to cleavage of the Asp-Glu-Val-Asp-7-amino-4-
trifluoromethyl coumarin (DEVD-AFC) substrate was measured at exci-
tation and emission wavelengths of 390 and 460 nm, respectively.

Immunofluorescence staining of v-H2AX and Rad51. Cells were
grown to 50% confluence in 2-well Lab-Tec Chamber Slides (Nunc,
Naperville, IL), deprived of serum overnight, exposed to 10 Gy of ra-
diation in the presence of 50 nmol/L CP-751,871 or vehicle in serum-
free medium, incubated for 4 h, and then cultured for various times
in complete medium alone. The cells were fixed with 4% paraformal-
dehyde for 10 min at room temperature, permeabilized with 0.1%
Triton X-100 for 10 min at 4°C, and exposed to 5% nonfat dried milk
for 10 min at room temperature. They were then washed with PBS
and stained overnight at 4°C with mouse mAbs to y-H2AX (Upstate
Biotechnology, Lake Placid, NY) at a dilution of 1:300 and with rabbit
polyclonal antibodies to Rad51 (Oncogene Research Products, San
Diego, CA) at a dilution of 1:500. Immune complexes were detected
by incubation of the slides for 1 h at room temperature with Alexa
488-labeled goat antibodies to mouse IgG (Molecular Probes, Eugene,
OR) at a dilution of 1:700 and with Texas red-labeled goat antibodies
to rabbit IgG (Vector Laboratories, Burlingame, CA) at a dilution of
1:300. The slides were mounted in fluorescence mounting medium
(Dako Cytomation, Hamburg, Germany), and fluorescence signals
were visualized with a confocal laser scanning microscope (Axiovert
200M; Carl Zeiss, Oberkochen, Germany) equipped with the LSM 5
PASCAL systemn (Carl Zeiss). Three random fields, each containing
at least 50 cells, were examined at a magnification of x100, and the
percentage of cells containing >5 Rad51 foci per nucleus was deter-
mined (19). Nuclei containing 210 immunoreactive foci were counted
as positive for y-H2AX, and the percentage of positive cells was calcu-
lated (20).

Evaluation of tumor growth in vivo. All animal studies were done
in accordance with the Recommendations for Handling of Laboratory
Animals for Biomedical Research compiled by the Committee on Safety
and Ethical Handling Regulations for Laboratory Animal Experiments,
Kyoto University. The ethical procedures followed met the require-
ments of the United Kingdom Co-ordinating Committee on Cancer Re-
search guidelines (21). Tumor cells (2 x 10°) were implanted into the
right hind leg of 6-week-old female athymic nude mice {BALB/c nu/nu).
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Tumor volume was determined from caliper measurement of tumor
length (L) and width (W) according to the formula LW?/2. Treatment
was initiated when tumors in each group of animals achieved an aver-
age volume of ~200 to 250 mm?>. Treatment groups {each containing
five mice) consisted of vehicle control (PBS), CP-751,871 alone, vehicle
plus radiation, and CP-751,871 plus radiation. CP-751,871 was given
i.p. in a single dose of 500 pg per mouse; mice in the control and radia-
tion-alone groups were treated with vehicle (PBS). Mice in the radiation
groups received 10 Gy of radiation from a $0Co irradiator either as a
single fraction on day 1 of drug treatment or fractionated over 5 consec-
utive days (days 1 to 5); the radiation was targeted at the tumor, with the
remainder of the body shielded with lead. Growth delay (GD) was cal-
culated as the time required to achieve a 5-fold increase in volume for
treated tumors minus that for control tumors. The enhancement factor
was then determined as:

(GDcombination~GDcp-751,871)/ GDradiation-

Statistical analysis, Data are presented as means + SD and were
compared between groups with the unpaired Student's ¢ test. A P-value
of <0.05 was considered statistically significant. The effect of the com-
bination of CP-751,871 and radiation on cell survival was assessed by
calculation of the combination index with the use of CalcSyn software
Biosoft (Cambridge, United Kingdom). Derived from the median-effect
principle of Chou and Talalay (22), the combination index provides a
quantitative measure of the degree of interaction between 22 agents. A
combination index of 1 denotes an additive interaction, of >1 denotes
antagonism, and of <1 denotes synergy.

Results

IGF-IR expression in NSCLC cells. Immunoblot analysis re-
vealed that IGF-IR was expressed in all human NSCLC cell lines

tested (Fig. 1A). Flow cytometry further showed that IGF-IR was
expressed at the cell surface in each of these cell lines (Fig. 1B).

CP-751,871 inhibits IGF-IR signaling by blocking IGF-I
binding and inducing receptor down-regulation. The efficacy
of treatment with mAbs to IGF-IR is thought to be attributable
in part to the prevention of ligand binding to the receptor (9).
We examined the effects of CP-751,871 on IGF-IR phosphory-
lation and on activation of the downstream effector AKT in-
duced by ligand stimulation. Immunoblot analysis showed
that IGF-1 induced marked phosphorylation both of IGF-IR
and of the protein kinase AKT in H460 cells, whereas CP-
751,871 largely prevented these effects of IGF-1 (Fig. 1C). Anti-
bodies to IGF-IR have also been shown to induce receptor
down-regulation (12). We also found that CP-751,871 induced
a time-dependent decrease in the abundance of IGF-IR in H460
cells, with this effect being pronounced after only 2 hours
(Fig. 1D). These results thus suggested that CP-751,871 sup-
presses IGF-IR signaling through both the direct antagonism of
ligand binding and the induction of receptor down-regulation.

CP-751,871 sensitizes NSCLC cells to radiation in vitro, To
determine whether CP-751,871 affects the sensitivity of NSCLC
cells to radiation, we did a clonogenic survival assay. CP-
751,871 enhanced the cytotoxic effect of radiation in all tested
cell lines (Fig. 2A), with dose enhancement factors of 1.28,
1.20, 1.27, 1.20, and 1.25 for H460, H1299, H292, LK-2, and
H1975 cells, respectively. We examined whether the interaction
between CP-751,871 and radiation was additive or synergistic
by calculating the combination index based on the median-
effect principle of Chou and Talalay (22). Synergism with
CP-751,871 was apparent at radiation doses of 4, 6, and

IGF-1:
CP-751,871:

P-IGF-IR

AKT

H460

H1209 1

H292

IGF-1IR o W o 58 5 b
Actin

Time with CP-751,871 (h)

0 1 2 4 8 120N

Fig. 1. IGF-1R expression and the effects of CP-751,871 on IGF-IR signaling in human NSCLC cell lines. A, H460, H292, H1298, LK-2, and H1975 cells
were deprived of serum overnight, lysed, and subjected to immunoblot analysis with antibodies to IGF-IR and to B-actin (loading control). B, surface
expression of IGF-IR in serum-deprived H460, H1298, H292, LK-2, and H1975 cells was determined by flow cytometry. Representative histograms for cells
stained with a mAb to IGF-IR {green) or with an isotype-matched control antibody (black) are shown. C, H460 cells were deprived of serum overnight
and then incubated, first in the absence or presence of CP-751,871 (50 nmol/L) for 10 min, and then in the additional absence or presence of IGF-1 {50 nmol/i)
for 10 min, in serum-free medium. Cell lysates were prepared and subjected to immunoblot analysis with antibodies to phosphorylated (P-) or total
forms of IGF-IR or AKT, and to B-actin. D, serum-deprived H460 cells were incubated with 50 nmol/L CP-751,871 for the indicated times in serum-free
medium, after which cell lysates were subjected to immuncblot analysis with antibodies to IGF-IR and to B-actin.

www.aacrjournals.org

5119

Clin Cancer Res 2009;15(16) August 15, 2009



Cancer Therapy: Preclinical

A
H460 14 H1299 1 H292
g = g
2 2 2
- i ot
& < &
g g £
tn :b 0.14 ‘:a 0.14
g £ ]
z z z
5 4 E
= 3 =
7] 7] 177}
-~ Radiation alone < Radiation alone -0~ Radiation alone
0.014 0.011 0.011 -
- Radiation + CP-751,871 -« Radiation + CP-751,871 -+ Radiation + CP-751,871
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Radiation (Gy) Radiation (Gy) Radiation (Gy)
14 LK-2 19
] ]
2 2
ki kst
] &
o] ]
o 0.1 e 0.1
£ g
z £
£ E
3 3
7} 7]
-0~ Radiation alone -0~ Radiation alone
0.011 R 0.011
-+ Radiation + CP-751,871 -»- Radiation + CP-751,871
0 2 4 6 8 0 2 4 6 8
Radiation (Gy) Radiation (Gy)

Fig. 2. Effects of CP-751,871 on the sensitivity of NSCLC cells to radiation. A, H460, H1299, H292, LK-2, and H1975 cells were deprived of serum overnight,
and then exposed to 50 nmol/l. CP-751,871 or vehicle (PBS) in serum-free medium before irradiation at the indicated doses. After incubation for 4 h, the
cells were washed with PBS and then cultured in antibody-free complete medium for 10 to 14 d for determination of colony-forming ability. Colonies were
counted, and the surviving fraction was calculated. Plating efficiency for nonirradiated celis exposed to vehicle or CP-751,871, respectively, was 65.3%
and 48.3% for H460 cells, 60.5% and 45.0% for H1299 celis, 63.5% and 52.0% for H292 cells, 31.0% and 27.8% for LK-2 cells, and 87.5% and 52.0% for

H1975 cells. All surviving fractions for cells exposed to radiation were corrected for these baseline plating efficiencies. Data, means x SD from three

independent experiments.

8 Gy in all tested cell lines (Fig. 2B), with combination index
values ranging between 0.42 and 0.99. These results thus
indicated that CP-751,871 increased the radiosensitivity of
NSCLC cell lines in vitro.

CP-751,871 blocks radiation-induced IGF-IR activation. Acti-
vation of IGF-IR plays an important role in preventing the in-
duction of cell death by a variety of stimuli, including ionizing
radiation {23). We examined the effects of radiation and CP-
751,871 on IGF-IR signaling in NSCLC cells by immunoblot
analysis. Radiation induced time-dependent increases in the
phosphorylation of IGF-IR and AKT, with these effects being
first apparent 2 hours after irradiation and still evident at
8 hours (Fig. 3A). CP-751,871 completely blocked these effects
of radiation on IGF-IR and AKT phosphorylation (Fig. 3B), sug-
gesting that radiation-induced activation of IGF-IR in NSCLC
cells was inhibited by CP-751,871.

Enhancement of radiation-induced apoptosis by CP-
751,871. We next examined whether the inhibitory effect of
CP-751,871 on IGF-IR-mediated survival signaling results in
enhancement of the proapoptotic activity of radiation. H460
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cells were exposed to radiation in the absence or presence of
CP-751,871, incubated for 4 h, and then cultured in antibody-
free medium for up to a total of 24, 48, or 72 hours. The percent-
age of apoptotic cells at 72 hours was markedly greater for cells
exposed to radiation and CP-751,871 than the sum of the values
for cells exposed to radiation or CP-751,871 alone (Fig. 4A). To
examine further the effect of radiation and CP-751,871 on the
apoptotic pathway, we measured the activity of caspase-3 in cell
lysates. Again, combined treatment of H460 cells with CP-
751,871 and radiation induced an increase in caspase-3 activity
greater than that induced by either treatment alone (Fig. 4B).
These data thus indicated that CP-751,871 promoted radia-
tion-induced apoptosis in NSCLC cells.

CP-751,871 inhibits DNA repair in irradiated NSCLC
cells. Defects in DNA repair have been associated with en-
hanced sensitivity of cells to radiation (24), and activated 1GF-
IR promotes genomic stability by enhancing DNA repair (25).
We therefore next investigated the effect of CP-751,871 on
DNA repair by immunostaining of cells with antibodies to the
phosphorylated form (y-H2AX) of histone 2AX, foci of which
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form at DNA double-strand breaks. Irradiation of H460 cells in-
duced the formation of y-H2AX foci, with the number of such
foci being maximal at ~1 hour and having largely returned to
the basal level by 24 hours (Fig. 5A). In the presence of CP-
751,871, however, the radiation-induced increase in the number
of v-H2AX foci persisted for at least 24 hours, Evaluation of the
percentage of H460 cells with y-H2AX foci at 24 hours after irra-
diation revealed that CP-751,871 significantly inhibited the
repair of double-strand breaks (Fig. 5B). The formation of
v-H2AX foci has been proposed to result in the recruitment of
downstream DNA repair factors to the sites of DNA damage
(26). The repair protein Rad51 is a key player in homologous re-
combination during DNA repair (27). Radiation induced the
formation of Rad51 foci in H460 cells, with this effect being max-
imal at 6 hours and still apparent at 24 hours after irradiation
(Fig. 5A and C). The radiation-induced formation of Rad51 foci
was largely prevented in the presence of CP-751,871. These re-
sults thus suggested that CP-751,871 sensitizes NSCLC cells to
radiation by inhibiting the Rad51-dependent repair of radia-
tion-induced double-strand breaks.

CP-751,871 enhances radiation-induced tumor regression. To
determine whether the CP-751,871-induced radiosensitization
of NSCLC cells observed in vitro might also be apparent in vivo,
we implanted H460 or H1299 cells into nude mice to elicit the
formation of solid tumors. After tumor formation, the mice were
treated with CP-751,871, radiation, or both modalities. Com-
bined treatment with radiation and CP-751,871 inhibited
H460 and H1299 tumor growth to a markedly greater extent
than did either modality alone (Fig. 6). The tumor growth delays
induced by treatment with radiation alone, CP-751,871 alone,
or both CP-751,871 and radiation were 13.3, 5.4, and 23.7 days,
respectively, for H460 cells; and 1.6, 1.6, and 8.6 days, respec-
tively, for H1299 cells. The enhancement factor for the effect of
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CP-751,871 on the efficacy of radiation was 1.4 for H460 cells
and 4.4 for H1299 cells, revealing the effect to be greater than
additive. No pronounced tissue damage or toxicity, such as
weight loss, was observed in mice in any of the treatment
groups.

Finally, we evaluated whether the combination of CP-
751,871 and fractionated radiation treatment would result
in inhibition of tumor growth similar to that observed with
CP-751,871 plus single-fraction radiation. We examined on-
ly the H460 xenograft model in the fractionated radiother-
apy experiments. The tumor growth delays induced by
treatment with radiation alone, CP-751,871 alone, or both
CP-751,871 and radiation were 6.4, 2.7, and 27.2 days, re-
spectively (Supplementary Fig. S1). The enhancement factor
for the effect of CP-751,871 on the efficacy of radiation was
3.8. Again, there was no evidence of toxicity, such as body
weight loss, and there were no animal deaths in any of the
four groups. These data suggested that CP-751,871 en-
hances the tumor response to both single-dose and fraction-
ated radiotherapy in vivo.

Discussion

Several mAbs to IGF-IR that block ligand binding and induce
receptor down-regulation have been developed (8, 9). We have
now shown that CP-751,871 suppresses IGF-IR signaling
through direct antagonism of ligand binding and receptor
down-regulation. We also found that CP-751,871 sensitizes tu-
mor cells to radiation in vitro, and that combination treatment
with CP-751,871 and radiation results in a greater-than-additive
delay in tumor growth in tumor xenograft models without
systemic toxicity. The mechanism by which CP-751,871 en-
hances radiosensitivity seems to involve inhibition of the repair
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Fig. 3. Effects of CP-751,871 on IGF-IR and AKT phosphoryiation

induced by radiation, Serum-deprived H460 cells were exposed to 10 Gy of
radiation in the absence (A) or presence {B) of 50 nmol/L CP-751,871 in
serum-free medium. Cell lysates were prepared at the indicated times after
irradiation and subjected to immunoblot analysis with antibodies to
phosphorylated or total forms of IGF-IR or AKT, and to B-actin.

of radiation-induced double-strand breaks and potentiation of
cancer cell apoptosis.

Cellular stress induced by several chemotherapeutic agents or
radiation triggers the activation of IGF-IR signaling (14, 28, 29).
We found that radiation induced IGF-IR phosphorylation in
NSCLC cells. Other growth factor receptors, such as the epider-
mal growth factor receptor, are also activated by radiation (30,
31). Reactive oxygen species and reactive nitrogen species gen-
erated by radiation are thought to shift the steady-state tyrosine
phosphorylation status of epidermal growth factor receptor to
the phosphorylated (active) form as a result of the inactivation
of critical cysteine residues in the catalytic center of corres-
ponding protein phosphatases (32-34). Activated epidermal
growth factor receptor signaling in turn promotes the release
of paracrine ligands, such as the pro form of transforming
growth factor «, and the consequent activation of receptors
and intracellular signaling pathways (35). The insulin receptor
is a receptor tyrosine kinase that is also activated by a reactive
oxygen species—dependent mechanism (30, 36). Although the
precise mechanism by which radiation induces IGF-IR
phosphorylation remains to be elucidated, these previous obser-
vations suggest that radiation-induced IGF-IR activation may
occur in ligand-dependent or ligand-independent manners. We
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found that CP-751,871 blocked radiation-induced 1GF-IR
activation, likely as a result of both competition with ligand for
binding to IGF-IR and receptor down-regulation. Given that
radiation-induced IGF-IR phosphorylation contributes to
radiation-induced acceleration of tumor cell repopulation and
enhancement of radioresistance (37), our data indicate that
CP-751,871 increases radiosensitivity by suppressing radiation-
induced IGF-IR activation.

IGF-IR activation results in suppression of apoptosis sig-
naling pathways and promotion of cell survival. Previous
studies have shown that another type of antibody to IGF-
IR promotes apoptotic cell death (8, 38). In the present
study, we found that the combination of CP-751,871 and
radiation induced NSCLC cell apoptosis as well as the activa-
tion of caspase-3 to an extent greater than that apparent with
either agent alone. Our data thus suggest that CP-751,871 in-
hibits antiapoptotic signaling elicited by radiation-induced
IGF-IR activation. However, the fraction of apoptotic cells de-
tected under our experimental conditions was relatively
small. Given that the relation between apoptosis and radio-
sensitivity is controversial (39-41), we examined additional
mechanisms by which CP-751,871 might contribute to
radiosensitization.
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Fig. 4. Effects of CP-751,871 on radiation-induced apoptosis and caspase-3
activity in H460 cells. A, serum-deprived H460 cells were exposed (or

not) to 10 Gy of radiation in the presence of 50 nmol/L CP-751,871 or vehicle
(PBS) in serum-free medium, incubated for 4 h, and then cultured in
antibody-free complete medium for up to a total of 24, 48, or 72 h. The
percentage of apoptotic cells was then determined by terminal
deoxyribonucleotide transferase-mediated nick-end labeling staining. B,
lysates of cells treated as in A were assayed for caspase-3 activity 72 h
after irradiation, Data, means t SD from three independent experiments;
those in B are expressed relative to the corresponding value for the control
condition. *, P < 0.01 versus the corresponding value for treatment with
radiation or CP-751,871 alone.
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Fig. 5. Effects of CP-751,871 on the radiation-induced formation of y-H2AX and Rad51 foci in H460 cells, A, serum-deprived cells were exposed to

10 Gy of radiation in the presence of vehicle (PBS) or 50 nmol/L CP-751,871 in serum-free-medium, incubated for 4 h, and then cultured for up to the indicated
total times in antibody-free complete medium. The cells were then fixed and subjected to immunofluorescence staining for y-H2AX (green fluorescence)

and Rad51 (red fluorescence). B, cells treated as in A were fixed at 24 h after irradiation, and the percentage of cells containing y-H2AX foci was determined.
Data, means £ SD from three independent experiments. *, P < 0.05 versus the corresponding value for cells exposed to radiation or CP-751,871 alone.

C, cells treated as in A were evaluated for the percentage of cells containing Rad51 foci. Data, means x SD from three independent experiments,

The IGF-IR signaling pathway has been implicated in regu-
lation of DNA repair (29, 42, 43). We investigated the effects
of CP-751,871 on the repair of radiation-induced DNA
damage by immunofluorescence staining of y-H2AX. Given
that y-H2AX appears rapidly at DNA double-strand breaks
and disappears as repair proceeds (44), it serves as a sensitive
and specific marker for unrepaired DNA damage. We found
that CP-751,871 inhibited the repair of radiation-induced
double-strand breaks. Ligand-induced IGF-IR activation was
previously shown to attenuate a cytosolic interaction between
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the DNA repair protein Rad51 and insulin receptor substrate
1, a key mediator of IGF-IR signaling, resulting in the translo-
cation of Rad51 to the sites of DNA double-strand breaks
(43). Given that radiation induced IGF-IR activation, we ex-
amined whether CP-751,871 in combination with radiation
might affect the subcellular distribution of Rad51. We found
that radiation increased the number of nuclear RadS1 fodi,
likely as a result of radiation-induced IGF-IR activation, where-
as CP-751,871 inhibited this effect. These results indicate
that prevention of radiation-induced IGF-IR activation by
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Fig. 6. Effects of CP-751,871 on the growth of H460 or H1299 tumors in mice subjected to single-dose radiotherapy. H460 or H1299 cells were implanted into
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CP-751,871 results in insufficient recruitment of Rad51 to dou-
ble-strand breaks and consequent impairment of DNA repair.
Although it is possible that CP-751,871 also inhibits DNA re-
pair in a manner independent of Rad51, our results suggest
that radiosensitization by CP-751,871 is mediated at least in
part by suppression of Rad51-dependent DNA repair.

In conclusion, our results indicate that CP-751,871 blocks
radiation-induced IGF-IR activation, and consequently sensi-
tizes tumor cells to radiation by inhibiting DNA repair and
promoting apoptosis. Our preclinical data suggest that clinical

evaluation of CP-751,871 in combination with radiation as a
potential anticancer therapy is warranted.
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FOXQ1 Is Overexpressed in Colorectal Cancer and Enhances

Tumorigenicity and Tumor Growth
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Kazuko Sakai', Marco A. De Velasco', Kazuko Matsumoto', Yoshihiko Fujita', Yasuhide Yamada®,
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Abstract

Forkhead box Q1 (FOXQ1) is a member of the forkhead transcription factor family, and it has recently
been proposed to participate in gastric acid secretion and mucin gene expression in mice. However, the
role of FOXQ1 in humans and especially in cancer cells remains unknown. We found that FOXQI mRNA
is overexpressed in clinical specimens of colorectal cancer (CRC; 28-fold/colonic mucosa). A microarray
analysis revealed that the knockdown of FOXQI using small interfering RNA resulted in a decrease in
p21PYWAFL oxpression, and a reporter assay and a chromatin immunoprecipitation assay showed that
p21 was one of the target genes of FOXQI. Stable FOXQl-overexpressing cells (H1299/FOXQ1) exhibited
elevated levels of p21 expression and inhibition of apoptosis induced by doxorubicin or camptothecin.
Although cellular proliferation was decreased in H1299/FOXQl cells in vitro, H1299/FOXQ1 cells signifi-
cantly increased tumorigenicity [enhanced green fluorescent protein (EGFP): 2/15, FOXQI: 7/15] and en-
hanced tumor growth (437 = 301 versus 1735 + 769 mm®, P < 0.001) in vivo. Meanwhile, stable p21
knockdown of H1299/FOXQl cells increased tumor growth, suggesting that FOXQ1 promotes tumor
growth independent of p2l. Microarray analysis of H1299/EGFP and H1299/FOXQI revealed that FOXQ1
overexpression upregulated several genes that have positive roles for tumor growth, including VEGF4,
WNT3A, RSPO2, and BCL11A. CD31 and terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling staining of the tumor specimens showed that FOXQI overexpression mediated the angiogenic
and antiapoptotic effect in vivo. In conclusion, FOXQ1 is overexpressed in CRC and enhances tumorige-
nicity and tumor growth presumably through its angiogenic and antiapoptotic effects. Our findings show
that FOXQ1 is a new member of the cancer-related FOX family. Cancer Res; 70(5); 2053-63. ©2010 AACR.

Introduction

The forkhead box (Fox) gene family is a large and diverse
group of transcription factors that share certain characteris-
tics of a conserved, ~100 amino acid DNA-binding motif
known as the forkhead or winged helix domain; over 100
proteins with forkhead domains have been identified, com-
prising at least 17 subclasses to date (1). The Fox gene family
plays various important roles, not only in biological pro-
cesses including development, metabolism, immunology,
and senescence but also in cancer development (2, 3).
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Forkhead box Q1 (FOXQI, also known as HFHI) is a
member of the FOX gene family and contains the core
DNA binding domain, whereas the flanking wings of FOXQ1
contribute to its sequence specificity (4). As a transcription
factor, FOXQI1 is known to repress the promoter activity of
smooth muscle-specific genes, such as telokin and SM22a,
in Al10 vascular muscle cells (5), and FOXQ1 expression is
regulated by Hoxal in embryonic stem cells (6). The bio-
logical function of Foxql has been clearly identified in hair
follicle differentiation in satin (sa) homozygous mice (7); in-
terestingly, satin mice also exhibit suppressed natural killer
cell function and T-cell function, suggesting a relation with
immunology. Satin mice have provided evidence that
Hoxcl3 regulates foxql expression and that “cross-talk”
occurs between Homeobox and Fox (8). Foxql mRNA is
widely expressed in murine tissues, with particularly high
expression levels in the stomach and bladder (5). Recently,
two important findings have been reported regarding its in-
volvement in stomach surface cells. Foxql-deficient mice
exhibit a lack of gastric acid secretion in response to vari-
ous secretagogue stimuli (9). On the other hand, Foxql reg-
ulates gastric MUC5AC synthesis, providing clues as to the
lineage-specific cell differentiation in gastric surface epithe-
lia (10). Despite accumulating evidence supporting the bio-
logical function of the murine foxql gene in hair follicle
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morphogenesis and gastric epithelial cells, no data regard-
ing the cellular and biological functions of human FOXQ,
especially in cancer cells, are available.

pZICWV‘M\F1 (hereafter called p21) is a member of the cip/
kip family of cyclin kinase inhibitors, and initial reports have
shown that p21 functions as a G, cyclin kinase inhibitor
(11, 12) and a downstream molecule of p53 (13). p21 pos-
sesses a variety of cellular functions, including the negative
modulation of cell cycle progression (14), cellular differenti-
ation (15), and the regulation of p53-dependent antiapoptosis
(reviewed in ref. 16). The expression of p2l is regulated by
both p53-dependent and p53-independent mechanisms at
the transcriptional level. Other regulatory mechanisms of
p21 expression involve proteasome-mediated degradation,
mRNA stability, alterations in the epigenetic silencing of
the p21 promoter, and secondary decreases resulting from
viral activity targeting p53, such as the activities of human
papilloma virus and hepatitis C virus (17). However, its
expression is considered to be regulated mainly at the tran-
scriptional level (18). Accumulating data indicate that many
molecules from diverse signaling pathways can activate or
repress the p21 promoter, including p53, transforming
growth factor-p (TGF-B), c-jun, Myc, Sp1/Sp3, signal trans-
ducers and activators of transcriptions, CAAT/enhancer
binding protein-a (C/EBP-a), C/EBP-B, basic helix-loop-helix
proteins, and myogenic differentiation 1 (reviewed in ref. 19).
Thus, p21 is integrally involved in both cell cycle and apopto-
sis; therefore, identifying its regulatory molecules is of great
importance.

We performed a microarray analysis of clinical samples of
paired colorectal cancer (CRC) specimens and normal colon-
ic mucosa specimens to identify genes that were over-
expressed in CRC. Our results revealed that FOXQI gene
expression was ~28-fold higher in CRC than in normal colon-
ic mucosa, and we hypothesized that FOXQ1 may play a role
in CRC. In the present study, we investigated the biological
function of FOXQ1.

Materials and Methods

Antibodies. The following antibodies were used: anti-p21,
anti-p53, anti-cdk?2, anti-cdk4, anti-cyclin D, anti-phos-
phorylated Rb, anti-poly(ADP-ribose) polymerase (PARP),
anti-cleaved PARP, anti-caspase-3, anti-cleaved caspase-3,
secondary antibodies, and Myc-tag mouse antibody (Cell Sig-
naling), as well as anti-B-actin (Santa Cruz Biotechnology).
A mouse anti-CD31 monoclonal antibody was purchased
from BD Biosciences.

Cell lines and cultures. The DLD-1, MKN74, H1299,
SBC3, and U251 cell lines were cultured in RPMI 1640
(Sigma). The WiDr, ColLo320DM, and human embryonic
kidney cell line 293 (HEK293) cell lines were cultured in
DMEM (Sigma), and the LoVo cell line was cultured in
Ham/F12 medium [Life Technologies Bethesda Research
Laboratories (BRL)]. All media were supplemented with
10% heat-inactivated fetal bovine serum (Life Technologies
BRL), and the cell lines were maintained in a 5% CO,-
humidified atmosphere at 37°C.

Patients and samples. Paired CRC and noncancerous co-
lonic mucosa samples were evaluated using a microarray
analysis in the first consecutive 10 patients. These samples
and another 36 CRC samples were analyzed using real-time
reverse transcription-PCR (RT-PCR). The RNA extraction
method and the quality check protocol have been previously
described (20). This study was approved by the institutional
review board of the National Cancer Center Hospital, and
written informed consent was obtained from all the patients.

Plasmid construction, viral production, and stable
transfectants. The cDNA fragment encoding human full-
length FOXQ1 was isolated using PCR and Prime STAR
HS DNA polymerase (TaKaRa) with 5'-GGG AAT TCG
CGG CCA TGA AGT TGG AGG TCT TCG TC-3' and 5'-
CCC TCG AGC GCT ACT CAG GCT AGG AGC GTC TCC
AC-3’ sense and antisense primers, respectively. The meth-
ods used in this section have been previously described
(21). Short hairpin RNA (shRNA) targeting p21 was con-
structed using oligonucleotides encoding small interfering
RNA (siRNA) directed against p21 and a nonspecific target
as follows: 5'-CTA AGA GTG CTG GGC ATT TTT-3' for p21
shRNA and 5'-TGT TCG CAG TAC GGT AAT GTT-3'
for control shRNA. They were cloned into an RNAi-Ready
pSIREN-RetroQZsGreen vector {Clontech) according to
manufacturer's protocol. The stable transfectants expressing
enhanced green fluorescent protein (EGFP) or FOXQl or
FOXQ1 with shRNA targeting p21 for each cell line were
designated as HEK293/EGFP, HEK293/FOXQl, Colo320/
EGFP, CoLo320/F0OXQ1, H1299/EGFP, H1299/F0XQI,
H1299/FOXQ1/sh-control, and H1299/FOXQ1/sh-p21. The
FOXQ1 human cDNA was tagged at the NH, terminus with
the myc epitope using the pCMV-Myc vector (Clontech) for
chromatin immunoprecipitation (ChIP) assay.

SiRNA transfection. Two different sequences of siRNA tar-
geting human FOXQ1 and negative control siRNA were pur-
chased from QIAGEN. The sequences of FOXQ1 and control
siRNA were as follows: FOXQ1#1 sense, 5'-CCA UCA AAC
GUG CCU UAA A-3’' and antisense, 5'-UUU AAG GCA CGU
UUG AUG G-3'; FOXQ1#4 sense, 5'-CGC GGA CUU UGC ACU
UUG A-3' and antisense, 5-UCA AAG UGC AAA GUC CGC
G-3'; control siRNA (scramble) sense, 5'-UUC UCC GAA
CGU GUC ACG U-3' and antisense, 5'-ACG UGA CAC GUU
CGG AGA A-3’; control siRNA (GFP) sense, 5’-GCA AGC UGA
CCC UGA AGU UCA U-3’ and antisense, 5'-GAA CUU CAG
GGU CAG CUU GCC G-3'. The methods of transfection have
been previously described (22).

Real-time RT-PCR and Western blot analysis. The meth-
ods used in this section have been previously described
(21). The primers used for real-time RT-PCR were pur-
chased from Takara as follows: FOXQ1 forward, 5'-CGC
GGA CTT TGC ACT TTG AA-3’ and reverse, 5-AGC TTT
AAG GCA CGT TTG ATG GAG-3'; p21 forward, 5’-TCC
AGC GAC CTT CCT CAT CCA C-3’' and reverse, 5'-TCC
ATA GCC TCT ACT GCC ACC ATC-3'; glyceraldehyde-3-
phosphate dehydrogenase (GAPD) forward, 5'-GCA CCG
TCA AGG CTG AGA AC-3' and reverse, 5-ATG GTG GTG
AAG ACG CCA GT-3'. The experiment was performed in
triplicate.
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