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involves in these gene expressions, we performed EMSA of unlabeled oligonucleotides in the reaction mixture
and chromatin immunoprecipitation (ChIP) assay. As  (data not shown). Before the ChIP assay, we established
shown in Figure 6b, GST-ZNF 143 could recognize the  the stable transfectants that expressed 3 x Flag-tagged
putative ZNF143 binding site located in both gene  ZNF143, because no adequate anti-ZNF143 anti-
promoters. These signals disappeared after the addition ~ body was available for the immunoprecipitation. We
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confirmed the ectopic expression of 3 x Flag-ZNF143 observed when cells expressing 3 x Flag-ZNF143 were
by Western blotting (Figure 6c). Stable transfectant used (Figure 6d, lane 5), but not when cells transfected
expressed slightly larger ZNF143 than endogenous  with vector alone were used (Figure 6d, lane 2). No
protein in the molecular weight due to the additional '
tag peptides. The ChIP assay showed that substantial

enrichment of the region spanning the ZNF143 binding w w
site in the promoter regions of Rad5] and FEN-I was
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IB:anti-HA Ab | g G B .. |« HA-p53 Figure 4 Stimulation of ZNF143 binding to DNA by p73.
— — : (a) Enhancement of ZNF143 binding to its binding site of U6
RNA promoter by p73. Purified GST or GST-p73 (50, 250 and
Figure 3 Interaction of p73 with ZNF143. (a) Whole-cell lysates 500 ng) were mixed with GST (100 ng) or purified GST-ZNF143
(300 ug) prepared from PC3 cells co-transfected with HA and (100 ng), and incubated with **P-labeled U6 RNA oligonucleotides
3 x Flag expression plasmids were immunoprecipitated with anti- containing ZNF143 binding site. The reaction mixtures were
Flag (M2) antibody. The resulting immunocomplexes and whole- resolved by electrophoresis on a 4% polyacrylamide gel with
cell lysates (50 ug) were subjected to SDS-PAGE. Transferred 0.5 x TBE buffer. The gel was dried and analysed by a bio-imaging
membrane was blotted with either anti-Flag or anti-HA antibodies. analyzer (FLA2000). (b) Enhancement of ZNFI43 binding to
(b) A reciprocal immunoprecipitation assay and Western blotting cisplatin-modified DNA by p73. Purified GST-p73 and GST-
were performed. (¢) p53 expression plasmid was transfected instead ZNF143 were incubated with **P-labeled cisplatin-modified DNA
of p73 expression plasmid, and immunoprecipitation assay and (GC-Pt), and EMSA was performed by the same method as
Western blotting were performed. described in (a).

Figure 2 Downregulation by ZNF43 siRNA transfection and drug sensitivity. (a) Downregulation of ZNF 143 expression by three kinds of
ZNF143 5iRNAs (No. I, No. 2 and No. 3). Control siRNA (50 pmol) or ZNF143 siRNA were transfected into PC3 cells and whole-cell lysates
(50 ug) were subjected o SDS-PAGE. Transferred membrane was blotied with anti-ZNF 143 and anti-STAT3 antibodies. (b) Treatment of
ZNF143-siRNA sensitized cisplatin. PC3 cells were treated with 50 pmol ZNF143-siRNAs (No. I; closed circles, No. 2; closed triangle and No.
3 closed square) or 50 pmol control-siRNA (open circles) for 24 h, and exposed to various concentrations of cisplatin, oxaliplatin, etoposide and
vingristine for 7 days. The colony number in the absence of drug corresponded to 100%. All values were the mean of least three independent
experiments with +s.d. (c) Downregulation of ZNF 143 expression in cisplatin-resistant cells by ZNF 143 siRNA. Control siRNA (100 pmol) or
ZNF 143 siRNA (No. 1) were transtected into P/CDP6 cells and whole-cell lysates (50 ug) were subjected to SDS-PAGE. Transferred membrane
was blottcd with anti-ZNF143 and anti-STAT3 antibodics. (d) Trecatment of ZNF143-siRNA partially reversed cisplatin resistance. P/CDP6
cells were treated with 100 pmol ZNF143 siRNA No. | (closed circles) or control siRNA (open circles) for 24 h, and exposed to various
concentrations of cisplatin for 7 days. The colony number in the absence of drug corresponded to 100%. All values were the mean of least three
independent experiments with+s.d.
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Figure 5 Expression of RadS51 and FEN-I in cancer cell lines.
(a) Expression of Rad5! and FEN-I protein in KB and PC3 cells
and their cisplatin-resistant KB/CP4 and P/CDP6. Nuclear extracts
(50 ) were subjected by SDS-PAGE. Transferred membrane was
blotted with anti-Rad51, anti-FEN-1 or anti-PCNA antibodies.
Relative intensity was shown at the bottom of each panel. Gel
staining with CBB was also shown (lower pancl). (b) Down-
regulation of ZNF143 expression reduces cellular level of Rad5i
and FEN-1. PC3 cells were treated with 50 pmol ZNF143-siRNA
or control-siRNA for 72h, and whole-cell lysates (100 ug) were
subjected by SDS-PAGE, and Western blotting with anti-ZNF 143,
anti-Rad35l, anti-FEN-1 and anti-STAT3 antibodies was per-
formed. Relative intensity was shown at the bottom of each panel.
Gel staining was also shown.

promoter enrichment was observed when unrelated
peroxiredoxin 4 (PRDX4) gene promoter was assayed.

We next performed ChIP assay and reporter assay
with transient transfection to gain greater insight into
the transcriptional regulation of two DNA repair genes.
PC3 cells were co-transfected with the reporter plasmid
driven by the promoter of Rad5] or FEN-I genes with
p73 expression plasmid. These promoter regions contain
ZNF143 binding site. p73 activated both promoter
activities (Figure 7a).

Next, we determined whether p73 expression induced
by cisplatin treatment enhances the ZNF143 binding to
the promoter of these DNA repair genes. We have
previously shown that ZNF143 expression was also
induced by cisplatin treatment as well as p73 (Ishiguchi
et al., 2004; Uramoto et al., 2002). Thus, we employed
the stable transfectant for ChIP assay to avoid the effect
of the enhanced expression of endogenous ZNF143 by
cisplatin treatment on the binding to the promoters. We
assessed the effect of cisplatin treatment on p73 expre-
ssion in PC3 cells. p73 expression by cisplatin treatment
was substantially increased relative to untreated control
cells (data not shown).

ChIP assay demonstrated that the promoter sequence
of both DNA repair genes was concentrated in the
immunocomplexes prepared after cisplatin treatment
(Figure 7b, lanes 5 and 6). Collectively, these
results show that the expression of two DNA
repair genes is mediated, at least in part, by ZNF143
binding stimulated by p73 expression after cisplatin
treatment.

Oncogene

Discussion

We have previously reported that ZNF143 is induced by
cisplatin treatment and that it binds preferentially to
cisplatin-modified DNA (Ishiguchi et a/., 2004), suggest-
ing that it plays an important role in cisplatin resistance.
In the present study, we found that ZNF143 interacts
with p73 and is directly involved in cisplatin sensitivity
through the regulation of DNA repair gene expression.

ZNF143 is overexpressed at both mRNA and protein
levels in cisplatin-resistant cells (Figure 1). Interestingly,
an increase in ZNF 143 protein was observed when the
total nuclear fraction of cisplatin-resistant cells was
analysed (Figure 1b), but not when nuclear protein
eluted with salt buffer was loaded (data not shown).
This indicates that ZNF143 binds tightly to cisplatin-
modified chromatin and could not be eluted easily under
low salt condition.

Functional analysis of ZNF143 provides considerable
insight into the epigenetics of cisplatin-resistance and
might be of use in revealing targets for overcoming drug
resistance. ZNF143 depletion using siRNA confers cell
sensitivity to cisplatin, but not to oxaliplatin, etoposide
and vincristine (Figure 2b). Further, downregulation of
ZNF143 could partially reverse the cisplatin resistance
of P/CDP6 cells (Figure 2¢c and d). It is noteworthy that
ZNF 143 does not affect cellular sensitivity to oxalipla-
tin, which is a third-generation platinum drug that has
shown a lack of cross-resistance with cisplatin (Raymond
et al., 2002). We previously demonstrated that etoposide
can induce ZNF143 expression (Ishiguchi et al., 2004),
but the current results suggest that upregulation of
ZNF143 by etoposide treatment is not directly involved
in etoposide sensitivity. ZNF143 might, however, be
involved specifically in DNA repair following DNA
damage by cisplatin. :

Co-immunoprecipitation assay showed that the tumor
suppressor gene product p73 interacts with ZNF143. We
previously reported that p53 interacts with high mobility
group box | (HMGBI) and stimulates the binding of-
HMGBI to cisplatin-modified DNA (Imamura et al.,
2001). We therefore investigated whether p73 plays a
similar role and found, using EMSA, that p73 enhances
the cisplatin-modified DNA binding of ZNF143
(Figure 4b). We could not detect a p73 supershift,
suggesting that although p73 stimulates ZNF143 bind-
ing to cisplatin-modified DNA, it cannot interact stably
during electrophoresis. p73 overexpression is associated
with resistance to DNA-damaging agents (Vikhanskaya
et al., 2001), so both ZNFI143 and p73 might be
cooperatively involved in cisplatin resistance. p73 also
enhances the ZNF 143 binding to its binding site located
in the promoter region of human U6 RNA gene. As both
p73 and ZNF143 expression are induced by DNA
damage signal, p73 might function cooperatively to
activate the ZNF143 target gene expression. Little is
known about potential ZNF143 target genes for DNA
repair pathways. Among several DNA repair pathways,
it has been extensively studied that excision repair cross-
complementation group { (ERCCI) has the critical role
in nucleotide excision repair pathway and high ERCCI
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Figure 6 ZNF 143 binds to ZNF 143 binding sites of DNA repair genes promoter in vitro and in vivo. (a) Schematic representation of
ZNF 143 binding sites. ZNF 143 binding sites in human U6 RNA promoter (hU6), human Rad3 ] promoter and human FEN-/ promoter
were compared with ZNF 143 binding consensus motif (Schaub e al., 1997). (b) GST-ZNF 143 binding to ZNF143 binding site of both
Rad3 1 and FEN-1 gene promoters in vitro. Purified GST (500 ng) or GST-ZNF 143 (50, 250 and 500 ng) were incubated with *?P-labeled
oligonucleotides containing ZNF143 binding sites. The reaction mixtures were resolved by electrophoresis and analysed by a bio-
imaging analyzer. (¢) Cloning of stable transfectants. Whole-cell fysates (50 ug) of stable transfectant PC3/control vector (PC3/CV) and
PC3/3 x Flag-ZNF 143 (PC3/3FZ) were subjected to SDS-PAGE. Transferred membrane was blotted with anti-ZNF 143 (upper panel)
and anti-Flag (middle panel) antibodies. Gel staining with CBB was also shown (lower panel). (d) ZNF143 binding to the promoter
in vivo. ChIP assay of the PC3/control vector (lanes 1 and 2) and PC3/3 x Flag-ZNF143 (lanes 3-5) was performed with antibodies
against Flag (M2) or mouse 1gG. Immunoprecipitated DNAs (anti-Flag (M2) in lanes 2 and 5, and anti-mouse IgG in lane 4) and pre-
immunoprecipitated DNA (lanes | and 3) were amplified by PCR using specific primer pairs for the Rad5], FEN-I and PRDX4
promoter regions. Amplification products (682bp flor Rad5I, 844bp for FEN-/ and 157bp for PRDX4) were separated by
electrophoresis on a 2% agarose gel and stained with ethidium bromide. The arrowhead indicates amplified PCR fragment containing
the promoter region of gene.

expression is associated with cisplatin resistance (Altaha
el al., 2004). Both BRCA1 and RadS1 have been shown
to be involved in recombinational repair and also
associated with cisplatin resistance (Bhattacharyya
et al., 2000; Spiro and McMurray, 2003). The FEN-1
is a 5’ endonuclease and has been implicated in various
DNA repair processes (Lieber, 1997). Based on these
reports, we searched putative ZNF143 binding site in
the promoter region of these DNA repair genes and
found that putative ZNF 143 binding sites are located in
the core promoter region of these genes. We confirmed
the role of ZNF 143 in the regulation of both Rad5! and

FEN-1 gene expression by three independent ap-
proaches: siRNA strategy, EMSA and ChIP assay as
shown in Figures 5b, 6b and d, respectively. In addition,
p73 transactivated the promoter activities of two DNA
repair genes (Figure 7a) and cisplatin treatment resulted
in the enhanced binding of ZNF143 to these promoters
(Figure 7b). Thus, p73 interacts with ZNF143 and
modulates its function, and therefore has the potential
to broadly regulate the DNA repair gene expression.
We also carried out a search of the sequence database
to identify the distribution of the ZNF 143 binding sites
of all DNA repair genes. Surprisingly, we found that a
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Figure 7 p73 and cisplatin treatment activate the expression of
DNA repair genes. (a) Induction of the promoter activity by p73.
Rad5! Luc or FEN-1 Luc was transiently co-transfected with p73
cxpression plasmid and CHI10 plasmid (Amcrsham Bioscicnccs,
Piscataway, NJ, USA) expressing fi-galactosidase as an internal
control. The results are normalized to f-galactosidase activity and
are representative of at least three independent experiments. Bars,
+s.d. (b) Enhancement of DNA binding activity of ZNF143 by
cisplatin treatment. Soluble chromatin was prepared from Flag-
ZNF 143 stable transfectant untreated (lanes 1, 3 and 5) or treated
(lancs 2, 4 and 6) with cisplatin, and immunoprecipitated with anti-
mouse 1gG (lanes 3 and 4) or anti-Flag (M2) antibodies (lanes 5
and 6). Extracted DNAs of immunoprecipitation (lanes 3-6) and
soluble chromatin (lanes | and 2) were amplified using specific
primer pairs for the Rad5] and FEN-]/ promoler regions.
Amplification products were subjected by electrophoresis as
described in Figure 6d.

number of DNA repair genes contain potential binding
site for ZNF 143 in their regulatory regions (Supple-
mentary Data). These results suggest that ZNF143 is a
positive regulator like a master gene for the expression
of DNA repair genes.

In conclusion, our data indicate that ZNF143 is a
pivotal transcription factor that regulates the gene
expression for DNA repair pathways together with
p73 and is involved in cisplatin resistance. Our findings
also raise the possibility that inhibition of ZNF143
function might be a target for therapeutic augmentation
of cisplatin-based chemotherapy. Further investigation
to define the molecular function of ZNF143 will greatly
advance our understanding of cisplatin resistance.

Materials and methods

Cell culture

Human epidermoid cancer KB cells and human prostate
cancer PC3 cells were cultured in Eagle’s minimal essential
medium (Nissui Seiyaku, Tokyo, Japan) containing 10% heat-
inactivated fetal bovine serum. The cisplatin-resistant KB/CP4
and P/CDP6 cells were derived from KB and PC3 as described
previously (Tanabe ef al., 2003). Seven lung cancer cell lines
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were obtained as described previously (Sugaya er al., 2002).
Cell lines were maintained in a 5% CO, atmosphere at 37°C.

Antibodies and drugs

Anti-Flag (M2) monoclonal antibody and anti-Flag (M2)
affinity gel were purchased from Sigma (St Louis, MO, USA).
Anti-STAT3 (sc-482), anti-proliferating cell nuclear antigen
(PCNA) (sc-56) and HA-probe (F-7) AC (agarose conjugate)
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Anti-Rad51, anti-FEN-1 antibodies and anti-HA-
peroxidase (3F10) were purchased from Calbiochem (Darmstadt,
Germany), BD Biosciences (BD Biosciences Clontech, Palo Alto,
CA, USA) and Roche molecular Biochemicals (Mannheim,
Germany), respectively. The anti-ZNF143 antibody was kindly
gifted by Dr GR Kunkel (Texas A&M University, TX, USA)
(Ishiguchi ez «l., 2004). Cisplatin, vincristine and etoposide were
purchased from Sigma. Oxaliplatin was kindly provided from
Yakult Honsha Co., Ltd., Tokyo, Japan.

Plasmid construction

Plasmid construction of pGEX-p53, pGEX-p73 and pGEX-
ZNF143 that express GST-p33, GST-p73 and GST-ZNF143
proteins in bacteria, respectively, and pcDNA3-HA-p53 that
expresses HA-p53 protein in mammalian cells were described
previously (Imamura er al., 2001; Uramoto er al., 2002, 2003).
pcDNA3-HA-p73 expression plasmid in mammalian cells was
kindly provided by Dr G Melino (University of Rome, Rome,
Italy) (De Laurenzi er al, 1998). For construction of
pcDNA3-3 x Flag expression plasmid, the following double-
stranded oligonucleotides were inserted to pcDNA3 expression
plasmid (Invitrogen, San Diego, CA, USA) between BamHI
and EcoRI sites. Three times Flag oligonucleotides; 5'-
ATGGACTACAAAGACCATGACGGTGATTATAAAGAT
CATGACATCGATTACAAGGATGACGATGACAAGAAT
TGG-3. To obtain the pcDNA3-3 x Flag ZNF143, full
length of ZNF143 cDNA was ligated at C-terminal of 3 x Flag
in pcDNA3-3 x Flag mammalian expression plasmid. For
construction of pIRES/hygro-3 x Flag ZNF 143, BamHI-Notl
fragment containing 3 x Flag ZNF!143 was obtained by
digesting the pcDNA3-3 x Flag ZNF143 plasmid with BumHI
and Noil, and ligated in same sites of pIRES/hygro mammalian
expression plasmid (BD Biosciences Clontech). To obtain
Rad51 Luc and FEN-1 Luc, Radj! and FEN-I promoters
were amplified by polymerase chain reaction (PCR) with the
following primer pairs with restriction enzyme cleavage sites at
the 5 end; 5-AGATCTGCGATGGTGAGAACTCGCGGA
CC-3 and 5¥-AAGCTTCACCCCGCGGGCGTGGCACG-¥
for the Rad5! promoter (—471 to +211); - AGATCTGTA-
CAGAGGCTGTGGGCGCTCC-3 and 5-AAGCTTGGTT
CGGGGTTGCCCCGGGC-3 for the FEN-! promoter (—525
to + 319). These PCR products were cloned into the pPGEM-T
eusy vector (Promega, Madison, WI, USA). The promoter
fragments were gel-purified after Bg/lI-HindlIl digestion and
ligated into the Bg/I-Hindlll site of pGL3-basic vector
(Promega).

Cloning of stable transfectants

Two micrograms of plRES/hygro vector or pIRES/hygro-
3 x Flag ZNF143 was transfected into | x 10° cells of PC3
using 10l Superfect reagent (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. After 24h of
transfection, the cells were trypsinized and plated on 100-mm
dishes with dilution to form colonies and cultured with
maintenance medium containing 250 pg/ml hygromycin. The
resulting colonies were isolated using cloning cylinders and
transferred to 24-well plates. Cellular expression level of



3 x Flag ZNF143 in each clones was investigated by following
Western blotting with anti-Flag antibody. Stable transfectant
with expression of 3 x Flag ZNF143 was named PC3/3 x Flag
ZNF143 (PC3/3FZ) and was used in this study. PC3/control
vector (PC3/CV) was also selected by the transfection with
pIRES/hygro vector alone.

Northern blotting

Northern blotting analysis was performed as described
previously (Murakami et al,, 2001; Ishiguchi et al., 2004).
Briefly, total RNA was isolated using the Sepasol reagent
(Nacalai Tesque, Kyoto, Japan). RNA samples (20 pug/lane)
were separated on a 1% formaldehyde agarose gel and
transferred to a hybond N* membrane (GE Healthcare Bio-
Science, Piscataway, NJ, USA) with 10 x SSC. ZNF143 cDNA
fragments were labeled with random primers using the
Megaprime DNA labeling kit (GE Healthcare Bio-Science).
After prehybridization and hybridization, signal intensities
were quantified using a bio-imaging analyzer (FLA2000, Fuji
Photo Film, Tokyo, Japan).

Western blotting

Whole-cell lysates and eluted nuclear extracts were prepared as
described previously (Uramoto et al., 2002). To prepare whole-
nuclear protein, isolated nuclei was directly sonicated for 10s
and designated as nuclear fractions. The indicated amounts of
whole-cell lysates, nuclear extracts or nuclear fractions were
separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE). The proteins were transferred
to a polyvinylidine difluoride microporous membranes
(Millipore, Bedford, MA, USA) using a semi-dry blotter.
The blotted membrane was treated with 5% (w/v) skimmed
milk in 10 mM Tris, 150mM NaCl, 0.2% (v/v) Tween 20 and
incubated for 2h at 4°C with a [:5000 dilution of anti-
ZNF143, a 1:10000 dilution of anti-Flag (M2), a 1:2000
dilution of anti-PCNA, a 1:1000 dilution of anti-STAT3,
a 1:500 dilution of anti-FEN-1 and a 1:1000 dilution of anti-
RadS1 antibodies. The membrane was then incubated for
40 min at room temperature with a peroxidase-conjugated
secondary antibody or a 1:5000 dilution of anti-HA-perox-
idase. It was treated with an ECL kit (GE Healthcare Bio-
Science) and exposed to Kodak X-OMAT film by autoradio-
graphy. The intensity in each signal was assessed numerically
by NIH image program (NIH, Bethesda. MD, USA).

Transient transfections and co-immunoprecipitation assay
Transient transfection and immunoprecipitation assay were
performed as described previously (Uramoto et al., 2002;
Tzumi et al., 2003). Briefly, 1 x 10° PC3 cells were seeded into
six-well tissue-culture plates. The following day, both 1 ug HA
and 3 x Flag expression plasmids were transfected using
Superfect reagent (Qiagen) according to the manufacturer’s
instructions. Three hours post-transfection, the cells were
washed with phosphate-buffered saline, cultured at 37°C for
48 h in fresh medium and then lysed in buffer X containing
50mM Tris-HCI (pH 8.0), | mM ethylenediaminetetraacetic
acid (EDTA), 120mM NaCl, 0.5% Nonidet P-40, 10%
glycerol, | mM phenylmethylsulfonyl fluoride and | uM ZnCl,.
After incubating for 30 min on ice, the lysates were centrifuged
at 21000g for 10min at 4°C. The supernatant (300 ug) was
incubated for 2h at 4°C with anti-Flag M2 affinity gel or HA-
probe (F-7) AC, and the beads were washed three times with
buffer X. Immunoprecipitated samples and pre-immunopreci-
pitated samples (50 ug) were separated by SDS-PAGE, and
Western blotting analysis was performed with anti-Flag
antibody and anti-HA-peroxidase as described above.
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Knockdown analysis using siRNAs

Three kinds of double-stranded ZNF143 RNA 25 bp oligonu-
cleotides were generated from Stealth Select RNAI (Invitro-
gen) No. 1. -UAACCAUAGCAACAGAGUGCGUUCC-3
and 5-GGAACGCACUCUGUUGCUAUGGUUA-3;
No. 2. ¥-UAAUUUGUUGCACUGGCAAAUGCCC-3' and
5"-GGGCAUUUGCCAGUGCAACAAAUUA-3; and No. 3.
5¥-AUAAGCUGUGGUACCAUCUUCCAGC-3' and 5-GC
UGGAAGAUGGUACCACAGCUUAU-3. siRNA trans-
fections were performed according to the manufacturer’s
instructions (Invitrogen). Briefly, 1yl lipofectamine transfec-
tion reagent (Invitrogen) was diluted in 250 ul Opti-minimum
essential medium (MEM) I medium (Invitrogen) and incu-
bated for Smin at room temperature. Next, 50 or 100 pmo!
ZNF143 siRNA and Stealth RNAIi negative control with
medium GC (Invitrogen) diluted in 250 1 Opti-MEM 1 were
added gently and incubated for 20 min at room temperature.
Oligomer—Lipofectamine complexes and aliquots of 2 x 10°
PC3 or P/CDP6 cells in 2m! culture medium were combined
and incubated for 10min at room temperature. Aliquots of
4 x 10* PC3 cells or 6 x 10> P/CDP6 cells were used for a
colony-formation assay as described below. The remaining
cells were seeded in 35 mm dishes with 2ml culture medium
and harvested after 72 h culture for Western blotting analysis
as described above.

Cytotoxicity assay

For the colony-formation assay, 4 x 10> PC3 or 6 x 10*> P/
CDP6 cells transfected with siRNAs were seeded in 35mm
dishes with 2ml culture medium. The following day, the cells
were treated with indicated concentrations of cisplatin,
oxaliplatin, etoposide-and vincristine. After 7 days, the number
of colonies was counted.

Purification of GST fusion protein

Induction and purification of GST fusion proteins were
described previously (Ise et al., 1999). Briefly, Escherichia coli
cells transformed with GST expression plasmids were induced
by isopropyl-1-thio-y-D-galactopyranoside for 1h and soni-
cated for 10s in buffer X as described above. Soluble fractions
were obtained by centrifugation at 21000 g for 10 min at 4°C.
GST fusion proteins were bound to 10ul glutathione-
sepharose 4B in a 50% slurry in buffer X for 4h at 4°C,
washed three times with buffer X and eluted with 50 mM Tris-
HCI (pH 8.0) and 20 mM reduced glutathione according to the
manufacturer’s protocol (GE Healthcare Bio-Science).

Electrophoretic mobility shift assay

The sequences of the oligonucleotides used for the probes in
EMSAs were as follows: human U6 RNA oligo, 5-GCC
TATTTCCCATGATTCCTTCATATTTGC-3' and 5¥-GGGC
AAATATGAAGGAATCATGGGAAATAGG-3; human
Rad51 oligo, 5-GGTACATCTCCCGGCATGCATCGCCG
GCG-3' and 5-GGCGCCGGCGATGCATGCCGGGAGAT
GTA-3; human FEN-! oligo, 5-GGACCCGTGCCCATCC
TACAATGCCCTGG-3' and 5-GGCCAGGGCATTGTAG
GATGGGCACGGGT-3; GC oligo for modification of cispla-
tin, 5-GGCCGGGGCGGGGCGATCGGGGCGGGGGC-Y
and §-GGGCCCCCGCCCCGATCGCCCCGCCCCGG. The
ZNF143 binding sites in these oligonucleotide probes were
underlined (see Figure 6a). Preparation of the 3P-labeled
oligonucleotide probes were described previously (Imamura
et al., 2001; Ishiguchi et al., 2004). Briefly, the oligonucleotides
were annealed with complementary strands. The double-
stranded products were end-labeled with [«-*P] deoxycytidi-
mine triphosphate (GE Healthcare Bio-Science) using the

5201
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Klenow fragment (Fermentas, Vilnius, Lithuania) and purified
from gel. For preparation of cispaltin-modified DNA, labeled
GC oligonucleotide probe was treated with 0.3 mM cisplatin at
37°C for 6h and purified by ethanol precipitation. EMSAs
with purified GST fusion proteins were performed as described
previously (Imamura er al, 2001; Ishiguchi er al., 2004).
Briefly, GST fusion proteins were incubated for 5 min at room
temperature in a final volume of 20 pl containing 10 mM Tris-
HC! (pH 7.5), 50mM NaCl, 5mM MgCly, 10 uM ZnCly, I mM
EDTA, I mM dithiothreitol, 0.1 mg/ml bovine serum albumin,
10% glycerol, 0.05% Nonidet P-40 and 4 ng **P-oligonucleo-
tide probe. The reaction mixtures were resolved by electro-
phoresis on a 4% polyacrylamide gel (polyacrylamide/
bisacrylamide, 80:1) by 10V/cm for 90-120min at room
temperature with 0.5 x tris-borate-EDTA (TBE) buffer
(45mM Tris base, 45mM boric acid and { mM EDTA). The
gel was dried and analysed by a bio-imaging analyzer
(FLA2000).

ChIP assay ,

The ChIP assay was performed as described previously
(Uramoto et al., 2002). Both PC3/CV and PC3/3FZ stable
transfectants were treated with or without 20 uM cisplatin for
12h. Briefly, protein-DNA crosslinking was performed by
incubating PC3/control vector and PC3/3 x Flag-ZNF 143 cells
with formaldehyde. The cells were lysed in radioimmunopre-
cipitation assay buffer (50mM Tris-HCI (pH 7.5), ImM
EDTA, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate,
1% Nonidet P-40 and 1 mM phenylmethylsulfonyl fluoride)
and the lysates were sonicated. Soluble chromatin from | x 10°
cells was incubated with 5 pg/ml anti-Flag (M2) affinity gel or
anti-mouse immunoglobulin G (IgG) with protein A/G
agarose (Santa Cruz) by rotation for 2h at 4°C. Immune
complexes were collected by centrifugation. They were then
treated with 0.2M NaCl to reverse protein-DNA crosslinking,
and were digested with proteinase K and RNase A. The
purified DNA was dissolved with 20 ul dH,O. The DNA (1 pl)
was then used for PCR analysis with the following primer pairs
for the Rad5! promoter region (—471 to +211): 5-AG
ATCTGCGATGGTGAGAACTCGCGGACC-3  forward
primer and 5'-AAGCTTCACCCCGCGGGCGTGGCACG-¥
reverse primer; for the FEN-/ promoter region (—525 to + 319):
5-AGATCTGTACAGAGGCTGTGGGCGCTCC-3' forward
primer and ¥-AAGCTTGGTTCGGGGTTGCCCCGGGC-3
reverse primer; the PRDX4 promoter region (—121 to + 36):
5-AGATCTGCCCACGTGGCGGGGCGGGGAGC-3 for-
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Cetuximab (Erbitux, IMC-C225) is a monoclonal antibody targeted to
the epidermal growth factor receptor (EGFR). To clarify the mode of
antitumor action of cetuximab, we examined antibody-dependent
cellular cytotoxicity (ADCC) activity against several tumor cell
lines expressing wild-type or mutant EGFR. ADCC activity and
complement-dependent cytolysis activity were analyzed using
the CytoTox 96 assay. ADCC activities correlated with the EGFR
expression value (R = 0.924). ADCC activities were detected against
all tumor cell lines, except K562 cells in a manner dependent on the
cellular EGFR expression level, whereas complement-dependent
cytolysis activity was not detected in any of the cell lines. The ADCC
activity mediated by cetuximab was examined in HEK293 cells
transfected with wild-type EGFR (293W) and a deletional mutant of
EGFR (293D) in comparison with the mock transfectant (293M).
ADCC activity was detected in 293W and 293D cells, in a cetuximab
dose-dependent manner, but not in 293M cells (<10%). These results
indicate that ADCC-dependent antitumor activity results from the
degree of affinity of cetuximab for the extracellular domain of
EGFR, independent of EGFR mutation status. These results suggest
ADCC activity to be one of the modes of therapeutic action of
cetuximab and to depend on EGFR expression on the tumor cell
surface. (Cancer Sci 2007; 98: 1275-1280)

Thc epidermal growth factor receptor (EGFR) is a member of
the ErbB family of receptors that is abnormally activated
in many malignancies. EGFR is frequently overexpressed or
abnormally activated in tumors. EGFR overexpression correlates
with a worse outcome.!? Early studies with anti-EGFR
monoclonal antibodies (mAb) were shown to inhibit the growth
of cancer cells bearing EGFR."»

Cetuximab (IMC-225, Erbitux) is a recombinant, human—murine
chimeric mAb that is produced in mammalian (murine myeloma)
cell culture and targeted specifically to EGFR. Cetuximab is
composed of a murine Fv (EGFR-binding) lesion and a human
IgG1 heavy and « light chain Fec (constant) region. In vino studies
have shown that cetuximab competes with endogenous ligands
to bind with the external domain of EGFR. Cetuximab binds to
EGFR with 10-fold higher affinity than endogenous ligands
(0.1-0.2 nM cetuximab vs 1 nM epidermal growth factor [EGF}
or transforming growth factor (TGF)-a, respectively).”) Cetuximab
has shown promising preclinical and clinical activity in a variety
of tumor types.*®

The anti-tumor strategy is to direct mAb to the ligand-binding
extracellular domain and to prevent ligand binding and ligand-
dependent receptor inhibition. The use of humanized murine-human
chimeric mAb of the IgG1 subtype is now well established for
the treatment of human cancers. Treatment of advanced breast
cancer with human epidermal growth factor receptor type 2
(HER-2)-specific trastuzumab (Herceptin) and of follicular
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non-Hodgkin B-cell lymphoma with CD20-specific rituximab
(Mabthera, Rituxan) has been shown to increase overall survival.
Human IgGl1 is thought to eliminate tumor cells via complement-
dependent cytolysis (CDC) and antibody-dependent cellular
cytotoxicity (ADCC), depending on the target, and also by
direct pro-apoptotic signaling or growth factor receptor antago-
nism. Clynes et al. suggested that ADCC is a major in vivo
mechanism of TgG1 action.® Recently, several mAb, including
trastuzumab, which act predominantly via ADCC and CDC
have been approved for the treatment of cancer patients. These
include chimeric TgG1 mAb rituximab binding to the B-cell
differentiation antigen CD20 for the treatment of B-cell lympho-
mas,'” humanized IgGl mAb trastuzaumab targeting HER-2
overexpressed in a subgroup of breast cancers,® and humanized
IgG1l alemtuzumab (Campath) targeting the differentiation
antigen CDS52 for the treatment of B-cell chronic lymphocytic
leukemia.®

We hypothesized that ADCC is a possible mode of action of
cetuximab against EGFR-expressing tumors. The present study
was designed to clarify the role of cetuximab in ADCC and CDC
activity, and to evaluate the relationship between EGFR expression
status and cetuximab-mediated ADCC and CDC activity.

Methods

Cell lines and cultures. A human leukemia cell line (K562), a
non-small cell lung cancer (NSCLC) cell line (A549) and a human
embryonic kidney cell line (HEK293) were obtained from the
American Type Culture Collection (Manassas, VA, USA). Human
NSCLC cell lines A431, PC-9 and PC-14 were obtained from
Tokyo Medical University (Tokyo, Japan). Human NSCLC cell
lines Ma-1 and 11_18 were obtained from the National Cancer
Center Research Institute (Tokyo, Japan). PC-9 and Ma-1 are
known to contain E746_A750del, and 11_18 is known to contain
L858R in tyrosine kinase domains of EGFR. The other cell lines
are known to have wild-type EGFR. K562, HEK293, A431, PC-
9, PC-14, Ma-1 and 11_18 cells were cultured in RPMI-1640
(Sigma, St Louis, MO, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Gibico BRL, Grand Island,
NY, USA). A549 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA) with 10%
heat-inactivated FBS.

Plasmid construction and transfection. Construction of the mock
expression plasmid vector (empty vector) and of the wild-type
EGFR and 15-bp deletional EGFR (E746-A750del type deletion)
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vectors, both of which possess the same deletion site as that
observed in PC-9 cells, have been described elsewhere.!'?
The plasmids were transfected into HEK293 cells and the
transfectants were selected with Zeosin (Sigma). The stable
transfectants (pooled cultures) of the empty vector, wild-type
EGFR and its deletion mutant were designated 293M, 293W
and 293D cells, respectively.

Compound. The mAb anti-EGFR cetuximab (IMC-225, Erbitux)
was kindly provided by Bristol Myers Squibb (New York, NY,
USA).

Analysis of EGFR expression on the cell surface. Cell surface ex-
pression of EGFR in tumor cell lines was quantified using a
flow cytometric system (BD LSR; Becton-Dickinson, San Jose,
CA, USA). The binding of cetuximab to tumor cell lines was
titrated using FACS analysis. Cetuximab and another anti-EGFR
mAb (R-1, sc-101; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) were used as the primary antibodies. Then, 1 X 10° tumor
cells were incubated with | pug/mL cetuximab in 1% bovine
serumn albumin in phosphate-buffered saline (PBS) for 30 min at
room temperature. After the first reactions, the cell surface was
stained with 10 pg/mL fluorescein-conjugated antihuman IgG
(Vector, Burlingame, CA, USA) for 45 min at room temperature
in the dark. After the second reactions, the tumor cells were
resuspended in 1 mL PBS. For analysis using the anti-EGFR mAb,
1 ug EGFR mAb per 1 x 10 tumor cells was used as the primary
antibody. The secondary antibody was 10 pg/mL fluorescein-
conjugated antimouse IgG (Vector). A minimum of 2 x 10* cells
were analyzed by tlow cytometry. Control experiments were
carried out in the absence of primary antibodies. Data were
analyzed with CellQuest software and the modifying program
(Beckton Dickinson, CA, USA). The magnitude of surface
expression of these proteins was indicated by the mean fluore-
scence intensity (MFT) of positively stained cells. The expression
values were calculated as follows:

Expression value = (MFI of positively stained cells)/
(MFI of control cells).

The correlation between the expression of R-1-combined EGFR
and that of cetuximab-combined EGFR were calculated using
simple regression analysis.

Cytotoxicity assays. ADCC and CDC were examined using the
CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega,
Madison, WI). For quantification of ADCC activity, peripheral
blood mononuclear cells were isolated from healthy volunteers
with Lymphocyte Separation Medium (Cappel, Aurora, OH, USA)
and used as effector cells. The target cells were suspended in
RPMI medium without FBS and plated in a 96-well U-bottom
microtiter plate at 5 x 10 cells/well. Cetuximab was added in
triplicate to the individual wells at various concentrations
from 0.001 to 10 pg/mL and effector cells were added at an
effector : target cell ratio of 10:1. For quantification of CDC
activity, human serum from a healthy volunteer was obtained as
a compliment source. To yield a 1:3 final dilution, 50 gL serum
was added. The plates were incubated for 4 h at 37°C, and the
absorbance of the supernatants at 490 nm was recorded to
determine the release of lactate dehydrogenase. The average
of absorbance values for the culture medium background was
subtracted from experimental release (A), target cell spontaneous
release (B), effector cell spontaneous release (C) and target cell
maximum release (D). The specific cytolysis percentage was
calculated using the following formula:

Cytotoxicity (%) = (A - B - C)/(D - B) x 100.
The correlation between the expression of cetuximab-combined
EGFR and ADCC activity was calculated using a simple regression
analysis.

Growth-inhibition assay. We used the 3-(4,5-dimethylthiazol-
2-y)-2.5-diphenyltetrazolium bromide (MTT) assay to evaluate
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the cytotoxicity of various drug concentrations. Two hundred
microliters of an exponentially growing cell suspension was
seeded in a 96-well microtiter plate, and cetuximab-containing
solution was added at various concentrations (from 0.001 to
100 pg/mL). Each experiment was carried out in triplicate for
each drug concentration and independently three times.

Growth inhibitory assay for the combination of gefitinib and
cetuximab-mediated ADCC in the PC-9 cell line. We analyzed the
growth inhibitory effect of the combination of gefitinib and
cetuximab-mediated ADCC in the PC-9 cell line using the MTT
assay. Two hundred microliters containing 1000 PC-9 cells, and
various concentrations of gefitinib, were seeded in a 96-well
microtiter plate. Then, 10 uL. of cetuximab-containing solutions
of various concentrations (from 0.1 to 10 pg/mL) and 20 000
effector cells were added.

Western blotting. PC-9, PC-14 and A549 cell lines were seeded
in cell cuiture plates at a density of 6.0 x 10° cells/plate and
allowed to grow overnight in appropriate maintenance cell culture
media for each cell line containing 10% heat-inactivated FBS.
The media were then replaced with RPMI-1640 (Sigma) (PC-9
and PC-14) or DMEM without FBS, with or without cetuximab
(10 and 100 pg/mL). The cells were incubated for a further 24 h
and stimulated or not stimulated with EGF (100 ng/mL) under
serum starvation conditions. Cells were washed with ice-cold
PBS and scraped immediately after adding 50 pL of M-PER
mammalian protein extraction reagent (Pierce Biotechnology,
Rockford, TL, USA). The protein extracts were separated by
electrophoresis on 7.5% sodium dodecylsulfate—polyacrylamide
gels and transferred to nitrocellulose membranes by electroblotting.
The membranes were probed with a mouse monoclonal antibody
against EGFR (Transduction Laboratory, San Diego, CA, USA),
and phosphor-EGFR (specific for Tyr1068), Akt, phosphor-Akt,
p44/42 MAPK and phosphor-p44/42 MAPK antibodies (Cell
Signaling Technology, Beverly, MA, USA) as primary antibodies,
followed by a horseradish peroxidase-conjugated secondary
antibody. The bands were visualized with an electrochemilumin-
escence reagent (ECL; Amersham, Piscataway, NJ, USA).

Results

Binding properties of cetuximab to tumor cell lines expressing
EGFR. The A431 cells expressed a high level of EGFR on their
surfaces. Cell surface EGFR expression values of the PC-9, PC-14,
A549, Ma-1 and 11_18 cell lines were lower than that of A431.
The MFI for the K562 cells was less than 10 (Table 1). A good

Table 1. Epidermal growth factor receptor (EGFR) expression values
and antibody-dependent cellular cytotoxicity (ADCC) activity

Cell liine EGFR expression EGFR expression ADCC
(R-1) (cetuximab) (%)
A431 286.2 + 13.7 318.9+98.2 30.7
PC-9 9.7+6.2 20.1+£10.2 20.1
PC-14 17615 42.2+8.6 26.8
AS549 9.1+19 19.1+6.2 24.2
Ma-1 138+14 27.5+29 22.3
11_18 6.1+0.6 126+1.1 15.5
K562 1.1+04 28+1.6 7.0
293M 37116 8.6+3.2 8.2
293w 40.19+6.2 39.731£6.2 16.3
293D 55.21+21.9 53.04 £ 8.2 18.9

Expression values and ADCC activity were calculated as described in the
Materials and Methods section. The mean of expression values from
three different experiments and standard deviations are shown. The
values for cetuximab-combined EGFR expression are shown for a
concentration of 1 ug/mL.

doi: 10.1111/.1349-7006.2007.00510.x
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and ADCC activity in transfected HEK293 cell lines. The correlation coefficient between the results of these assays was 0.952.

correlation was observed between the binding of cetuximab and
R-1 antibody with a correlation coefficient of 0.999 (P < 0.001;
Fig. 1a).

ADCC and CDC activities in tumor cell lines. ADCC activities of
cetuximab were detected in all tumor cell lines except K562
(Table 1; Fig. 1b). In the K562 cells, % ADCC activities were
lower than 10% at all concentrations of cetuximab examined
(from 0.001 to 10 pg/mL). ADCC activity mediated by cetuximab
was highly correlated with the binding values of cetuximab to
cells expressing EGFR (R = 0.924, P =0.003; Fig. 1c). CDC
activity was not detected in any of the cell lines in the cetuximab
concentration range from 0.001 to 10 pg/mL.

Direct growth inhibitory effect of cetuximab on tumor cell lines.
Cetuximab showed no growth inhibitory effect in any of the cell
lines examined, regardless of EGFR expression levels. Even the
highest concentration of cetuximab (100 pg/mL) did not inhibit
growth in any of the cell lines (Fig. 2).

ADCC activities of cetuximab against the cells transfected with
wild-type and mutant EGFR. EGFR expression was detected in
293W and 293D cells, but not in 293M cells (Table 1). The

Kimura et al.

ADCC activity mediated by cetuximab in 293W and 293D cells
was dose dependent. Tn contrast, ADCC activities in 293M cells
were <10% at all concentrations of cetuximab tested (0.001-
10 pg/mL). There was a good correlation between the ADCC
activities and the levels of cetuximab binding to EGFR in the
cells (R = 0.996, P = 0.055; Fig. 1d). These results indicate that
ADCC depends on the level of cetuximab binding to EGFR, but
not the mutation status of the EGFR tyrosine kinase domains.
Direct growth inhibitory effect of the combination of gefitinib and
cetuximab-mediated ADCC in the PC-9 cell line. The growth inhibitory
effect in the PC-9 cell line was shown by effector cells at a
gefitinib exposure exceeding 0.01 uM and was concentration
dependent (Fig. 3). When cetuximab was added, growth was
inhibited in a cetuximab concentration-dependent manner. An
additive growth inhibitory effect was recognized between 0 and
0.01 uM of gefitinib. This additive growth inhibitory effect
could not be evaluated at concentrations between 0.1 and
1.0 UM because of the strong inhibitory effect of gefitinib alone.
Effect of cetuximab on phosphorylation of EGFR and its down-
stream signaling molecules in NSCLC cells. Phosphorylation of EGFR
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was strongly expressed in PC-9 regardless of EGF treatment, and
the phosphorylation of EGFR continued the strong expression
during cetuximab treatment. Phosphorylation of EGFR was
slightly expressed in PC-14 and A549 without EGF treatment,
but the phosphorylation of EGFR was enhanced by the EGF
treatment. Although the enhancement of phosphorylation was
inhibited dose dependently by cetuximab, the phosphorylation
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was not completely inhibited at the highest concentration
(10 pg/mL}) of cetuximab. Phosphorylation of 44/42 MAPK and
Akt was increased in all cell lines compared with the absence
of EGF treatment. Although the increase in phosphorylation
was diminished by adding cetuximab, phosphorylation was not
completely inhibited at the highest concentration (10 pg/mL) of
cetuximab (Fig. 4).

Discussion

Antibody therapies are a major approach in the treatment of
various cancer types. Herein, we focused on the ADCC activity
mediated by cetuximab against human lung cancer cells
expressing wild-type or mutant EGFR. Neither CDC nor direct
growth inhibition mediated by cetuximab was detectable in our
experiments.

Direct growth inhibition, ADCC and CDC mediated by antibodies
are the modes of action of antibody therapies. We previously
demonstrated that ADCC is the major mode of action of trastuzu-
mab in breast cancer cell lines, even when used in combination
with cisplatin.!"" Cisplatin did not affect ADCC activity at the
concentration for combined use in vitro. Clinical efficacies of
cetuximab for various types of cancers have been demonstrated
in many clinical studies using combinations with cytotoxic
agents including cisplatin. Thus, ADCC is considered to be an
important factor governing the efficacy of cetuximab.

Mukohara et al. reported that EGFR mutations in NSCLC
cells are not associated with sensitivity to cetuximab in vitro '
They focused on the direct growth inhibitory effect of cetuxi-
mab against lung cancer cells. We previously demonstrated that
PC-9 and 293 cells transfected with E746_A750del EGFR are

doi: 10.1111/).1349-7006.2007.00510.x
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hypersensitive to EGFR-tyrosine kinase inhibitors.!'® Tn con-
trast, we have demonstrated that ADCC activity mediated by
cetuximab is not affected by EGFR mutation status in lung can-
cer cells or in 293 cells transfected with EGFR. Taken together,
these observations indicate that cetuximab exerts its antitumor
effects against human lung cancer cells independently of EGFR
mutation status.

ADCC activity mediated by cetuximab has been demon-
strated against 293 cells transfected with wild-type and mutated
EGFR. Higher ADCC activity against 293D cells compared
with 293W cells was observed with cetuximab exposure
(Fig. 1d; Tabie 1). However, ADCC was correlated with EGFR
expression levels in these transfectants. The activity appears to
depend on expression levels but not mutation status.

Approximately 30 mutations of EGFR have been reported
in lung cancer.'*'® ADCC activity against PC-9 cells with
E746_A750del in exon 19, one of the common mutations, has
been demonstrated herein. We also examined ADCC activity
against another human lung cancer cell line, 11_18,"" with
L858R in exon 21, which is another common mutation. Our
results showed a strong positive correlation between ADCC
activity and EGFR expression level, and that the impact on
ADCC activity did not depend on the site of EGFR mutations.

Cetuximab is a chimeric antibody against the extracellular
domain of EGFR. Other antitumor anti-EGFR antibodies currently
under investigation clinically include humanized antibodies.''¥
It remains unknown whether humanized and chimeric antibodies
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exert ADCC activity against lung cancer differentiaily, and this
awaits future investigation.

Some investigators have reported on the predictive factor and
enhancement of ADCC activity mediated by certain mAb other
than cetuximab."** Tmportant ADCC-mediating effector cells
that express receptors against the Fc region of IgG include
monocytes and macrophages (FcyRI, Ila and IIb), granulocytes
{(FcgRID) and natural killer cells (FcyRIIN)."® One group of
researchers demonstrated single nucleotide polymorphisms of
FcyRIII in individual patients correlating with rituximab-dependent
ADCC activity and the clinical response to rituximab.®® Carson
et al. demonstrated that the natural killer cell-mediated ADCC
activity of breast cancer cell lines expressing HER2/neu, in the
presence of trastuzumab, was markedly enhanced following
stimulation with interleukin 2 and proposed the concurrent use
of trastuzumab and interleukin-2 therapy in patients with can-
cers expressing HER2/neu.®" However, from the view point of
mAb but not effector cells, lack of fucosylation of the antibodies
affects ADCC enhancement.?> Whether or not these factors
enhance cetuximab-mediated ADCC activity warrants further
examination.

We showed additional growth inhibition by gefitinib and
cetuximab in PC-9 cells. PC-9 cells had a deletional mutation in
exon 19 of EGFR and hyper-responsiveness to gefitinib. We think
that cetuximab-mediated ADCC increased the growth inhibition-
independent response to gefitinib. The ADCC activity could not
be evaluated at higher concentrations of gefitinib (>0.1 uM)
because PC-9 cells were sufficiently inhibited at the higher con-
centrations. Additionally, we showed that some phosphoryla-
tions downstream of EGFR in NSCLC cell lines were mediated
by cetuximab, although cetuximab had no growth inhibitory
effect on the cell lines. We think that cetuximab-combined
EGFR inhibits binding of EGFR and its ligands, such as EGF,
and that phosphorylation downstream of EGFR is inhibited as a
consequence of the addition of cetuximab. We have shown that
phosphorylation of 44/42 MAPK and Akt in NSCLC cell lines
was increased by EGF treatment and decreased by then adding
cetuximab. Phosphorylation of EGFR in PC-14 and A549 cells
was decreased with the addition of cetuximab, as in the 44/42
MAPK and Akt cell lines. Phosphorylation of EGFR in PC-9 cells
was strongly increased without ligands under serum starvation
conditions and was not decreased by cetuximab. Phosphoryla-
tion that was independent of ligand binding to EGFR seem not
to be controlled by cetuximab.

These results conclude that cetuximab has ADCC activity against
tumor cells with EGFR expression, and ADCC activity depends on
the degree of EGFR expression on tumor cell surfaces, additionally
leading us to believe that cetuximab treatment has clinical activity
in EGFR-expressing tumor cells via cetuximab-mediated ADCC.
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Personalized medicine allows the selection of treatments best suited to an individual patient and disease
phenotype. To implement personalized medicine, effective tests predictive of response to treatment or
susceptibility to adverse events are needed, and to develop a personalized medicine test, both high
quality samples and reliable data are required. We review key features of state-of-the-art proteomic
profiling and introduce further analytic developments to build a proteomic toolkit for use in personalized
medicine approaches. The combination of novel analytical approaches in proteomic data generation,
alignment and comparison permit translation of identified biomarkers into practical assays. We further
propose an expanded statistical analysis to understand the sources of variability between individuals

in terms of bath protein expression and clinical variables and utilize this understanding in a predictive
test.

Keywords: personalized medicine » gefitinib « therapy « interstitial lung disease  non-small cell lung cancer »

biomarkers « predictive test » mass spectrometry « statistical analysis « proteomics

* To whom correspondence should be addressed. Epidemiology, Astra-
Zeneca R&D Molndal, SE-431 83 Mdlndal, Sweden; Tel, +46 31 706 5203;
Fax, +46 31 776 3828; E-mail, Fredrik.Nyberg@astrazeneca.com.

! Gyorgy Marko-Varga and Aisushi Ogiwara made equal contributions to
this manuscript.

! Respiratory Biological Sciences, AstraZeneca R&D Lund.

$ Clinical Proteome Center, Tokyo Medical University.

" Medical ProteoScope Co., Ltd.

+ Department of Surgery, Tokyo Medical University.

* Clinical Division, Research & Development, AstraZeneca K.K.

“ Clinical Science Department, Research & Development, AstraZeneca KK.

10.1021/pr070046s CCC: $37.00  © 2007 American Chemical Society

~ Department of Medical Oncology. Kinki University School of Medicine.

* Department of Respiratory Diseases, Toho University School of
Medicine.

*+ Dept. of Thoracic Oncology, National Cancer Centre Hospital East.

* Statistical Sciences, AstraZeneca R&D Alderley Park.

~ Cancer & Infection Statistics, AstraZeneca R&D Alderley Park.

¥ Medicine & Science, AstraZeneca R&D Charnwood.

* Medical School, Sheffield University.

¥ Epidemiology, AstraZeneca R&D Mdéindal.

“ Institute of Environmental Medicine, Karolinska Institute.

f Fourth Department of Internal Medicine, Nippon Medical School.

Journal of Proteome Research 2007, 6, 2925—2935 2925
Published on Web 07/17/2007



perspectives
Introduction

A personalized medicine approach uses appropriate bio-
markers to select treatments best suited for an individual
patient and disease phenotype. A multiple biomarker approach
(e.g., protcomics) has the advantage over conventional single
biomarkers of combining many different pieces of information.
Here, we review the key features of state-of-the-art proteomic
profiling and introduce recent analytic developments to build
a proteomic toolkit for use in personalized medicine, and we
describe how these may be applied in a viable method for
exploiting predictive proteomic lingerprints in the clinic. The
potential of our proteomics toolkit hopefully brings us one step
closer to a practical personalized medicine.

Cancer therapy is moving toward individually selected
treatments, chosen not only according to tumor cell type but
also based on the patient’s predicted responsiveness to different
classes of therapy or susceptibility to therapeutic adverse
cvents. This emerging personalized medicine approach draws
on both genotype and phenotype information, including
protein expression. To implement personalized medicine, we
need to develop effective biomarker tests predictive of response
Lo treatment or susceptibility to adverse events. The benelits
of personalized medicine are exemplified by considering
interstitial lung disease (ILD) among non-small cell lung cancer
(NSCLC) patients, which is associated with various kinds of
chemotherapy treatment. A personalized medicine approach,
using a simple blood test to predict those NSCLC patients at
risk of developing ILD, would clearly be of great value.

We review current thinking and present some novel devel-
opments in a number of areas that have to be integrated to
develop and then practically apply such tests in a clinical
setting:

« The large scale collection of reliable and high quality
phenotypic and clinical data and blood samples.

» Protein analysis in blood.

« Data acquisition, handling, combining and analysis.

« [nterpretation and utilization of results in a clinical setting.

Clinical Background

A Motivating Example: Gefitinib (IRESSA) Treatment of
NSCLC. The concepts of proteomics-based personalized medi-
cine discussed in this article are very generally applicable. A
motivating cxample that we will refer to in order to illustrate
the potential benefits of personalized medicine is ongoing work
in attempting to develop a simple blood test to address the
potential occurrence of ILD in seriously ill NSCLC patients, the
target group for the NSCLC treatment gelitinib.

Getitinib is a “small molecule” inhibitor of the enzyme
tyrosine kinase ol the epidermal growth factor receptor (EGFR)
family, such as erbB1. It is an approved therapy for advanced
NSCLC in many countries and offers important clinical benelits
(tumor shrinkage and improvement in disease-related symp-
toms) for “end-stage” patients. The large phase HI ISEL (IRESSA
Survival Evaluation in Lung Cancer) trial demonstrated some
improvement in survival with gefitinib which failed to reach
statistical significance compared with placebo in the overall
population and in patients with adenocarcinoma.! However,
in preplanncd subgroup analyscs, a significant increase in
survival was shown with gefitinib in patients of Asian ethnicity
and in patients who had never smoked.!

Analysis of the biomarker data from a subset of patients in
the ISEL study suggested that patients with pretreated advanced
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NSCLC who have tumors with a high EGFR gene copy number
(detected by fluorescent in situ hybridization [FISH]) have a
higher likelihood of increased survival when treated with
gefitinib compared with placebo.? Increased HER2 gene copy
number has also been seen in tumors from patients who are
responsive to gefitinib.? Somatic-activating mutations of EGFR
in tumor tissue have also been associated with increased
gefitinib responsiveness in patients with NSCLC.*~7 Such muta-
tions are more commonly found in tumor samples from
patients of Asian origin and non-smokers.t

Following the ISEL subgroup analyses, and the biomarker
evidence, it has become important to clarify which patients
arc more suitable for treatment with gefitinib. Analyses for both
somatic-activating mutations and gene copy number require
tumor tissue, which is not always available from the time of
diagnosis; therefore, a blood test may represent a more versatile
option and be of great value to clinicians.

With respect to tolerability, the search for a blood test
that might include both genetic and proteomic biomarkers to
define patients at risk of adverse effects from a drug, for
example interstitial lung disease with gefitinib, is a focus of
research.

Interstitial Lung Disease as a Complication in NSCLC
Patients. ILD is a disease that afflicts the parenchyma or
alveolar region of the lungs.” The alveolar septa (the walls of
the alveoli) become thickened with fibrotic tissue. Associated
with drug use, it can present precipitously with acute diffuse
alveolar damage (DAD). The lungs show so-called “ground
glass” shadowing on chest radiology, and patients complain
of severe breathlessness. There are no effective treatments but
patients can be supported by oxygen supplementation, corti-
costeroid therapy, or assisted ventilation. The process of
alveolar damage is however [atal in some patients. ILD is a co-
morbidity in patients with NSCLC.'®!6 Both diseases are
associated with cigarette smoking,'”=2 and ILD is also consid-
ered to be associated with various kinds of lung cancer
chemotherapy.?' -2

In the ISEL study of gefitinib in NSCLC mentioned above,
ILD-type events occurred in 1% of bath placebo and gefitinib-
treated patients.! Most ILD-type events occurred in patients
of Asian origin, where placebo and treated patients had similar
prevalences of respectively 4% and 3%. The rate observed in
the gefitinib-treated arm was in line with earlier safety data
from Japan and a large gefitinib post-marketing surveillance
study in Japan (3322 patients), where the reported rate of ILD-
type events was 5.8%.%7

A simple blood test to predict the potential occurrence of
ILD in seriously ill NSCLC patients before initiating treatments
would clearly be of great value. This article describes the
personalized medicine approach, which could be used to
provide such a test. Consequently, the proteomics objectives
of the preliminary phase of the study we describe were to verify
the prolein expression alterations in blood plasma [rom case
patients (who developed IL.D) and control patients (without
ILD) treated by gefitinib, using a liquid chromatography—mass
spectrometry/mass spectrometry (LC—~MS/MS) proteomics
platform.

Data and Sample Collection

To develop a personalized medicine test, it is essential to
have access to an adequately sized collection of high quality
tissue samples on which to perform proteomics analysis, with
corresponding reliable diagnostic and clinical data.
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Figure 1. Algorithm for diagnosis of interstitial lung disease (ILD) in non-small cell lung cancer (NSCLC) patients.

As an example, in our work with gefitinib, samples were
taken after obtaining informed consent from a nested case-
control study, i.e., a case-control study perlormed within a
prospective pharmacoepidemiological cohort of several thou-
sand patients with advanced or recurring NSCLC who had
reccived at least one prior chemotherapy regimen, and who
were (0 be treated with gefitinib or chemotherapy. The main
objective of this study was to measure the relative risk of LD
in Japanese patients with NSCLC using gefitinib compared with
conventional therapy, with the associated aims of determining
the incidence rate of ILD in late stage NSCLC patients and the
-principal risk factors for this complication.

Central to both the case-control study and the proteomics
analysis was the use of internationally agreed criteria for the
diagnosis of ILD and an algorithm of diagnostic tests to exclude
alternative diseases.® Principal investigators in the study were
asked to assess all patients [or possible ILD using the diag-
nostic algorithm (Figure 1). Two case review boards of experts
{rom oncology, radiology, and pulmonary medicine were sel
up to independently establish a consistent final diagnosis of
1LD. In addition, extensive standard clinical and demographic
risk factor data were collected on all registered cases and
controls.

This degree of rigor in establishing accurate phenotypic
diagnosis is critical to develop a robust and reliable personal-

ized medicine test, as inaccuracies at this stage will allect all
subsequent data analyses. The availability of clinical and risk
factor data, and a rigorous epidemiological study design setting
for the collection of proteomics samples is also of great value
to fine-tune the statistical analysis.

Is Proteomics Ready for Personalized Medicine
Applications?

The Human Proteome Map in Plasma. The impetus w0
develop personalized medicine based on blood samples has
encouraged proteomic profiling that identifies individual pro-
tcins and multiple “fingerprint” protein patterns. A remaining
limitation has been the lack of integration of the technology
of protein scparation with bioinformatics and statistical meth-
ods. Extensive national and international®3° collaborations are
being implemented to address some of these needs. An
important component in this development is the Human
Proteome Organization (HUPO; www HUPO.org), a scientific
consortium that supports various programmes to map the
proteins expressed in various human tissues, disease states,
etc.?'73 One of these is the Plasma Proteome initiative started
in 2002, aiming (0 annotale and catalog the many thousands
of proteins and peptides*' 37 of the human plasma proteome.
Recently resuits from the pilot phase with 35 collaborating
laboratories from 13 countries®®=% and multiple analytical
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groups were made publicly available on the Internet
(www.bioinformatics.med.umich.edu/hupo/ppp; www.ebi.ac.uk/
pride). The combined efforts have generated 15 710 different
MS/MS datasets that were linked to the International Protein
Index (IP1) protcin 1Ds, and an integration algorithm applied
to multiple matches of peptide sequences yielded 9504 IPI
proteins identified with onc or more peptides™ and character-
ized by Gene Ontology, InterPro, Novartis Atlas, and OMIM.
Such advances provide an important platform for transforming
proteomics from a technology to a useful biomarker tool
applicable to personalized medicine.

Protein Analysis in Blood—The Methods. With respect to
automated studies, multidimensional chromatography is the
main technology used lor protein analysis in blood. It is
coupled to mass spectrometry either by electrospray ionization
(EST) lor analysis in solution or matrix assisted laser desorption/
ionization (MALDI) in solid phase applications. 39414347 Alter-
natively, ion-trap mass spectrometers are gaining recognition
for high-throughput sequencing.*64%-5 Linking a Fourier trans-
form ion cyclotrone resonance (FTICR) unit to the linear trap
can increase the resolution profoundly,¥$51=5 one of several
novel principles for strengthening the assignment of protein
annotations with the most commonly used protein scarch
engines 3547561 For protein annotation, the recent develop-
ment of a human protein reference database complements
these technologies.5' Studies of protein expression in a variety
of biological compartments ranging from sub-cellular to whole
organisms have been undertakenwith these analyticapproaches.5-7
Some key lindings from the HUPO initiatives that impact on
methodology include:

« For studies using blood samples, plasma rather than serum
is preferred, with ethylenediaminetetraacetic acid (EDTA) as
an anticoagulant.*°

» The abundant proteins in plasma should be depleted prior
to analysis.*

« Acceplance of protein annotation, i.e., accepted protein
identities3?* should use standard criteria. These include having
two identilied peptide sequences [rom each protein, both with
a statistical significance score high enough to ensure a correct
sequence confirmation when compared with the corresponding
gene sequence entity.®

Despite the advances in methodology, important hurdles to
using proteomics in a personalized medicine context remain.

Protein Expression Analysis in Blood—Some Important
Hurdles. Although protein profiling technology is highly au-
tomated and interfaced with database search engines to relate
peptide sequences to protein identities and function, " there
are many practical reasons why determining the relative
abundance of proteins rclevant for prediction purposcs is
difficult:

« About 90% of proteins are believed to be present only in
low copy numbers, i.e., at medium and low abundancc levels.®

« There can be variation both in the quantity and form of
protein expression within normal physiological function.

« Between 300 000 and 3 million human protein species exist
as direct gene products or post-translational modifications.

« The relative abundance of the post-translational modifica-
tions occurring within the cell is called a Cell-Protein-Index
Number (CPIN).#¥ As an example, if one considers that there
are 30 types of phosphorylation variants of a single phospho-

protein, and a hundred possible fold forms of glycosylation of

a single glycoprotein, the theoretical CPIN varies considerably
depending on the sample complexity.
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» The dynamic range of protein expression within cells,
between levels of most and least abundant proteins, is in the
order of 108—101 34-36

« In a typical clinical proteomics study the total cellular
protein material in a sample seldom exceeds 10—20 milligrams.
Therefore, the least abundant proteins would be present at
starting levels not exceeding picograms.

« Recent studies use technology that can identily several
thousand proteins in plasma samples,? but this still probably
only represents a small fraction of the intermediate and
processed protein forms. This is due to the current limitation
of mass spectrometry not being able to ionize all amino acid
sequences and protein modifications with equal cfficiency. In
most situations, a limited region of the full length protein is
scquence annotated.

« The detection of differences in protein expression between
groups of interest (e.g., cascs and controls) takes place against
a background of high variation between individuals within a
group, within individuals over time and possible analytic run-
to-run variation. Any method used to address this hurdle
{(which will involve “alignment” for spectral methods) directly
impacts the ability to find good protein biomarkers.

Beyond the hurdles above, the fundamental challenge of
protein biomarkers is to link the relative abundance of single
markers or a fingerprint to clinically important biological
processes based on some direct or indirect cause-effect link®
related to normal or aberrant biological pathways.*™ In the
following sections, we present the approach used for the
identification of protein biomarkers potentially associated with
development of IL.D in NSCILC patients within the case-control
study used as our motivating example. We build on the
foundations described above and introduce further analytic
developments and ideas relating to proteomic data generation,
assaying and alignment to build a protcomics toolkit that can
be applied today for personalized medicine approaches.

A State of the Art Clinical Biomarker Analysis System

In the previous section, we described several challenges in
proteomic analysis. Here we describe a system and analysis
approaches that we have successfully implemented to address
some of these issues.

The Components of the Analysis System. The analysis
system (Figure 2) uses liquid chromatography-based high-
resohution separation of peptides with an interface to tandem
MS/MS, a technology which has been attracting great attention
as the “shotgun” method of proteome analysis.*%-70 With this
technology, after depletion of albumin and immunoglobulin
G (1gG), all extracted plasma proteins are digested into their
specific peptide components by proteolytic enzyme treatment.

The gencrated peptides are subjected to capillary reverse-
phase submicro- to micro-flow liquid chromatography (capil-
lary RP uLC), separated by retention times due to their
physicochemical properties, and then detected and sequenced
by a linear ion-trap tandem mass spectrometer™ (LTQ, Thermo
Fisher Scientific, San Jose, CA) interfaced with a spray needle
tip for ESI ol peptides.” A two-dimensional quadrupole ion
trap mass spectrometer’! is used, operated in a data-dependent
acquisition mode with operational m/z range limits set at 450—
2000 (Figure 3, graphs A and B). Automatic switching to MS/
MS acquisition mode is made in 1-second scanning cycles,
controlled by the XCalibur software. The actual differences
between annotated peptide fragment peaks shown in Figure
3, graph C, correspond to the amino acid residuc mass, i.c.,



Personalized Medicine and Proteomics—Lessons from NSCLC per SpeCtiveS

E‘ “ﬁ?g Trypsin digestion %_
~

TV

‘F ————» Sample preparation —

Clinical Proteins Peptides
plasma samples

Liquid chromatography /
Mass spectrometry

Qualitative data (protein identity)
Quantitative data (ion intensity)

R

Figure 2. Schematic illustration of the clinical proteomics screening process.

A) 3-D map of
LC-MS data
m’n
2. C) A product i
g ion spectrum |
E / from the f
ei/ . precursorion |
k] L, — inthe LC-MS |
K ) ‘ | | data
} ’ !OIT'.IY
2| B)LC-MS L, l -
7] )
% Base peak |, .;nu i
€ | profile | -
] s ;i e R | ime | sy
-% ! ‘{ » ],! ' ' 'M"‘i : |
] wln I e i’ ml"’ : | g s | w29
® 3 ‘?;’l"" :I"nn o i AH ! ;m?:“lu fatad l 1290
0 Land ,;L::JML.&),MI -J ; .11 L-A ,uulm.....ul. :T:.L 1 '_1:‘:5. R S
m/z

Retention time, min.

Figure 3. Profile of LC—MS data: (a) the three-dimensional view of LC-MS data, (b) the base-peak mass chromatogram, and (c) a
product ion spectrum measured for a precursor ion in data-dependent acquisition mode (with MS acquisition operational m/z range
set at 450—2000).

Journal of Proteome Research « Vol. 6, No. 8, 2007 2929



perspectives

Marko-Varga et al.

Alignment
Internat standard Align between samples using N .
—#  detection & intemal controls ] ,5'9"?‘ -y Statistical | Y
normalization test
MS Quantitative analysis v
data hneéma
quantitative resuits
LC-MSmMS | &
data identification results
F Y
MS/MS s .
data Qualitative analysis H
? Upload
Lrvessesesnans MASCOT™ Parse & Peptide-level
search engine identification results construct database &
T protein-leve!
; result analysis
PROTEIN IDENTIFICATION
| r——— acaaa ) S,
Public databases In-house databases : Marker candidates :
SwissProt MPSnr i with '
NCBI t  Quantification
1 & identification data

Figure 4. Overview of the data acquisition and database mining process developed within the gefitinib biomarker study.

identify the correct amino acid sequence. Internal standards
are used for alignment of retention-times.

How the Methodology Overcomes Some of the Hurdles.
The system described above addresses some of the hurdles
noted previously. The digestion of all extracted plasma proteins
into peptides will reduce the complexity by combining high-
resolution nanoflow chromatographic fractionation with the
separation power of modern mass spectrometry, performing
automated and unattended shotgun sequencing in plasma.
Peptides are also more. soluble and easier to handle than
intact proteins. [n addition, the two-dimensional quadrupole
ion trap mass spectrometer” operates with a high-volume
quadrupole clectric ficld that makes it highly cfficient to trap
ions. The result is high sensitivity, high scanning speed, and
better quantification over a wide dynamic range in com-
parison with the conventional three-dimensional ion-trap
instruments.

Finding signals against a background of high variation is a
further challenge, and the next section describes some ap-
proaches for addressing these.

Initial Data Handling, Processing, and Analysis

Proteomic data analysis process can be considered as consis-
ting of two components (Figurc 4). Quantitative analysis is uscd
to discover signilicant differences in peptide signal intensities
by comparing two (or morc) sample groups. This process uscs
data collected from an entire MS run to quantify the amount
of peptide ions by their respective ion signal intensity. Qualita-
tive analysis is used to identify the amino acid sequence of each
peptide ion, from the respective product ion spectra. To
maximize their value, the results from the two component
analyses should be considered in combination.

A typical quantitative analysis may consist of several steps:

1. Normalization: To account for differences in the original
sample concentrations. Typically, the total signal intensity is
scaled to a constant value for each analyzed sample.

2. Alignment: Correcting for nonlinear fluctuation in reten-
tion time between different samples. A variety of methodologies
arc available for aligning LC—MS data scts. We have found the
i-OPAL algorithm (Patent # WO 2004/090526 Al), which is based
on the single linkage clustering algorithm™ and which makes
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use of internal standard signals, to perform well. Other align-
ment algorithms include xems. ™

3. Peak picking or signal detection: Identifying individual
peptide ions within the data.

4. Identify discriminating peptides: A number of methods
can be used, olten in combination. A common approach is (o
apply a Student'’s (-test and select peptides which are signifi-
cant, i.e., with a p-value less than the chosen cutoff, and which
also show a fold-change or intensity ratio greater than another
criterion. Further developments of this aspect are discussed
in the Principled Statistical Analysis section.

A popular choice for qualitative analysis is the MASCOT MS/
MS ion search program.™ This may be run against a number
of different peptide sequence databases, for example the NCBI
Nr, Refseq, Gene Ontology, HUGO, and Swiss-Prot sequence
databases. The results of the quantitative analysis can then be
combined with the qualitative analysis so that, for example, a
peptide must be both discriminating and have annotation—
i.e., have achieved a high MASCO'T score showing confidence
in identification—to be considered a candidate biomarker.

The approaches we have discussed above are focused on
finding potentially discriminating proteins of clinical utility. In
the following section, we describe the next stage in our
thinking, namely how we could rapidly deploy in the clinic a
viable method for exploiting a predictive proteomic fingerprint.

A Proposal for Proteomics in the Clinical Setting: Mass
Spectrometric Biomarker Assays - MSBA

Although today’s technology allows for high-throughput
analyses of many proteins rather than a single protein,® the
details of how such multiplexing assays will be adapted for
clinical use have not been well clarified. The Mass Spectro-
metric Biomarker Assay (MSBA) platform described here was
conceived as one example of a rapid and seamless method to
progress from identification of a diagnostic more directly to a
clinically useful test. MSBA requires only a minute sample
amount (5—20 «L) to obtain a read-out from a handful of
quantified protein biomarkers (typically 3—35) and automati-
cally analyzes proteins using liquid-phasce separation and
tandem mass spectrometry with simultancous quantitation and
identification.



