MATERIALS AND METHODS
Cloning of newt B4 cDNA

Total RNA was extracted from Cynops pyrrhogaster ovary using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and poly(A)
RNA was purified using oligotex-dT30 (Takara, Ohtsu, Ja-
pan). Ovary cDNA library was constructed using Universal
RiboClone ¢DNA synthesis system (Promega, Madison, WI,
USA). In this procedure, RT reaction was performed using
random hexameric primers and ¢cDNA was inserted into the
EcoRV site in pBluescript SK(+). Using the ovary ¢DNA
library, 4582 expressed sequence tags were obtained, and 2
a similarity with frog oocyte-type linker his-
tone. 5'-and 3'-rapid amplification of cDNA ends RACE) was
performed, and finally full-length C. pymhogaster B4 clone was
obtained by end-to-end (from the initial methionine to stop
codon) PCR. A partial sequence of Notophthalmus viridescens
B4 was obtained from ovary by RT-PCR using primers based
on the C. pyrrhogaster B4 sequence. 5'-and 3'-RACE was
performed, and fulllength N. viridescens B4 was cloned by
end-to-end PCR (Supplemental Fig. 1).

Accession number of cloned cDNAs

Full or partial cDNAs were cloned by degenerate PCR and
rapid amplification of ¢cDNA ends. Accession numbers of
cloned cDNAs are GQ890215 (C. pyrrhogaster B4), GQ890216
(N. wviridescens B4), GQ844313 (N. wviridescens nucleostemin),
GQ844312 (N. wviridescens MafB), GQ844314 (N. wiridescens
y-erystalliny, and GQ844315 (N. viridescens B-actin).

RT-PCR

Dorsal irises during lens regeneration were collected. RNAs
were extracted using Trizol reagent (Invitrogen) for C. pyr
rhogasier or Nucleospin (Macherey-Nagel, Diren, Germany)
for N. viridescens. RT reaction was performed with a firststrand
cDNA synthesis kit (GE Healthcare, Piscataway, NJ, USA) using
an oligo(dT) primer. PCR for B4 was performed using the Ex
Taq kit (Takara) and the following primers, CynopsB4-RT-
PCRF, 5-ATGGTACTGGAAGCCCTGAGG-3"; CynopsB4-RT-
PCRR, 5-ACGGAGTCCACAGACGGGTA-3'"; tophthalmusBa-
RT-PCRF, 5“GGCCACAGGAAGGTTTAAGCT=3"; Notophthalmus
B4-RT-PCR-R, 5'-CTCGACACCACTTTCTTGGCT-3"; Cynopsac-
tin-RT-PCR-F, 5-GAAGGTTATGCCCTGCCTCAT-8'; Cynopsac-
in-RT-PCR-R, 5" TGAAGCTGTAGCCCCTCTCAC ' Notophthal-
musactin-RT-PCRF, 5- TTATGCTCTGCCTCATGCCATCCT-3';
Notophthalmusactin-RT-PCRR, 5'- TTCGGCCGTAGTTGTGAAG-
CTGTAS.

Quantitative PCR

Regenerated lenses were collected using a mouth pipette.
RNA was purified using Nucleospin (Macherey-Nagel). RT
reaction was performed with a firststrand ¢DNA synthesis kit
(GE Healthcare) using an oligo(dT) primer. qPCR was per-
formed using a iQ) SYBR Green supermix (Bio-Rad, Hercules,
CA, USA), and the following primers: nucleostemin-qPCRF, 5'-
ATCTGCGGCCAAGAAAGAAACTGCS';  nucleostemin-qPCR-R
5-ATGTTTATCAGGAGCCTGGTCGGT-3"; MafB-qPCRF,
GACGCTCTAATCAACTCTGCCA-3";  MafBqPCRR;
CAAGTAGCCTGGGTGCGTAT-3";  Pax6-qPCRF,

AGGCAGCAAGCCCA-3'"; Pax6qPCRR, 5"AGATGGACGGACAC-
TCGCGCTT-3'; y<rystallinqPCRF, 5-AATGATTCCATCAG-
GTCATGCCGGS'; yerystallingPCR-R, 5" TGTGGACAGTCT-
TCAGAGAACTCCG3'; RPL27qPCR-F, 5-ATTTATGAAACCCGG-
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GAAGG3'; RPL27-qPCRR, 5-CCAGGGCATGACTGTAAGGT-3'.
To quantitate the expression of each gene, C, values were com-
pared to a standard curve generated using a series of dilutions of
cloned cDNAs. The amount of mRNA was normalized to that of
ribosomal protein 1.27. Specific PCR amplifications were con-
firmed by melting curve analysis.

Vivo-morpholino

Vivo-morpholinos specialized to enter cells in living animals
were purchased from Gene Tools (Philomath, OR, USA).
After lentectomy, B4 vivo-morpholino (5-AGCAGTCTTCT-
TAGAAGCCATTTG-3") or the control vivo-morpholino rec-
ommended by Gene Tools (5-CCTCTTACCTCAGTTA-
CAATTTATA-3") was intraperitoneally injected at 12.5 pg/g
body weight every day until different samples were collected.

Antibodies

Rabbit polyclonal antibody against newt B4 was raised against
a mixture of two peptides, ALRKNTDRKGAT and TDKD-
SAKPTAKRGKK (see Supplemental Fig. 14) and affinity-
purified using the peptides (Scrum Inc., Tokyo, Japan). The
other primary antibodies used were histone HI (V7013;
Biomeda, South San Francisco, CA, USA), histone H3
(ab1791: Abcam, Cambridge, UK), and BrdU (MAB3510;
Millipore, Billerica, MA, USA).

Immunohistochemistry

Eyeballs and ovaries were fixed with methanol-acetic acid
solution (75% methanol and 25% acetic acid, v/v) at 4°C
overnight, embedded in paraffin, and sectioned at 16 pm.
After deparallinization, sections were treated with permeable
solution (0.05% Triton X-100, 0.05% saponin, and 2X SSC)
for 1 h, rinsed with 2X SSC, and blocked in TNB buffer (0.1
M Tris-HCI, pH7.5; 0.15 M NaCl; and 0.5% blocking reagent)
supplied with the TSA kit (Perkin Elmer, Waltham, MA, USA)
for 1 h.

For detection of B4 and histone H1, the samples were
incubated at 4°C overnight with a mixture of the primary
antibodies, B4 antibody diluted 1:10 and histone H1 antibody
diluted 1:100 with TNB buffer, and then incubated with the
following secondary antibodies at room temperature for 90
min: Alexa Fluor 488-conjugated goat anti-rabbit IgG for B4
and Cy3-conjugated sheep ant-mouse IgG for histone HI.
Nuclei were counterstained with Hoechst 33258. Images of
stained tissue were taken using the BX-51 fluorescence mi-
croscope system (Olympus, Tokyo, Japan) equipped with a
Cool SNAP ¢f2 camera (Photometrics, Tucson, AZ, USA). All
images taken were saved in TIFF format. For measurement of
signal intensity, the average signal intensity per pixel of B4,
histone H1, and Hoechst33258 in each nucleus was measured
using MetaMorph 7.1 software (Molecular Devices, Sunny-
vale, CA, USA) without any image processing.

For BrdU staining, the samples were incubated at 4°C
overnight with BrdU antibody diluted 1:100 with TNB buffer
and then incubated with Alexa Fluor 488-conjugated goat
anti-mouse IgG at room temperature for 90 min. To detect
apoptotic cells, ApopTag Plus In Situ Apoptosis Fluorescein
Detection kit (Millipore) was used according to the manufac-
turer’s instruction.

Western blot analysis

Tissues were homogenized in 10 vol of 70% PBS. Two
volumes of 0.6N HCI (final 0.2 N) was added to the homog-
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enate and kept on ice 30 min to extract histones. The
supernatant was recovered after centrifugation at 10,000 g for
10 min at 4°C and dialyzed twice with 0.1 N acetic acid for 30
min and twice with milli Q water for 30 min, followed by
overnight incubation at 4°C. The extracted proteins were
separated by SDS-PAGE and blotted onto a nitrocellulose
membrane (0.2 wm pore size, Invitrogen). The B4 band was
probed with anti-B4 antibody followed by alkaline phos-
phatase-conjugated anti-rabbit IgG (Abcam). The histone H3
band was probed with anti-histone H3 antibody followed by
alkaline phosphatase-conjugated anti-rabbit IgG (Abcam).
The bands were visualized by incubation with NBT/BCIP
solution (Roche, Basel, Switzerland). Intensity of the detected
bands was measured using Image] 1.40g software (U.S. Na-
tional Institutes of Health, Bethesda, MD, USA). The amount
of each histone in B4 morpholino-treated iris sample was
calibrated using a standard curve generated by dilutions of
control morpholino-treated iris sample. The amount of B4
protein was normalized to that of histone H3.

Animal study compliance

All animal care and use protocols were in compliance with the
Animal Experiment Handbook at the Kobe Center for Devel-
opmental Biology (RIKEN Kobe) and the U.S. Department of
Health and Human Services Guide for the Care and Use of
Laboratory Animals.

RESULTS
Expression of B4 during Newt lens regeneration

Initial immunohistochemical analysis using a Xenopus
oocyte-type linker histone B4 antibody showed that
antigens reacting with the antibody accumulate in
nuclei of PECs during newt lens regeneration. This
finding prompted us to clone a fulllength B4 cDNA
from two newt species, C. pyrrhogaster and N. viridescens
(Supplemental Fig. 1). RT-PCR experiments clearly
indicated that B4 is expressed during lens regeneration
in both species (Fig. 14). Antibody specific for newt B4
was raised using a mixture of newt B4 peptide se-
quences as antigens. Western blot analysis using this
antibody also indicated that B4 is expressed during
newt lens regeneration (Fig. 1B, C).

Nuclear recruitment of B4 during lens regeneration

Having established the presence of B4 during regener-
ation, we decided to follow expression of B4 and H1
throughout a period of 20 d after lentectomy. The
results are shown in Fig. 2. In ovaries, B4 localizes in the
germinal vesicle, while H1 localizes in nucleus of folli-
cle cells (Fig. 24). In intact iris (d 0), B4 is virtually
absent, while HI is present in PECs. On d 8, when
dedifferentiation is ongoing, PECs are positive for
both B4 and H1. Similar patterns were observed at d
12 (Fig. 2B). A clear pattern emerged when we
quantitated the expression and plotted the ratio of
B4 to H1 (see Materials and Methods). Starting at d
8, the ratio of B4 to HI clearly increases in the dorsal
iris vesicle. Then, this ratio reaches a peak at d 12
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Figure 1. Expression of B4 during lens regeneration. A) Detec-
tion of B4 expression by RT-PCR. Lane 1, C. pyrrhogaster ovary;
lane 2, C. pyrhogaster dorsal iris 10 d after lentectomy; lane
N. viridescens ovary; lane 4, N. viridescens dorsal iris 10 d after
lentectomy. B, C) Detection of B4 protein by Western blot
analysis. Ovary (lane 1) and dorsal iris 10 d after lentectomy
(lane 2) were collected from C. pyrhogaster (B) or N. wviride-
scens (C), and histone proteins were extracted. Extracted
proteins were analyzed by Western blotting using B4 peptide
antibody (B, left panel). To confirm specific detection of B4
protein, the antibody was neutralized by incubation with
antigen peptides prior to the primary antibody reaction (B,
right panel). Note that the neutralizing antibody abolished
bands indicating specificity of the antibody. Note that two
bands, one band showing same mobility with the band
detected in ovary and another band showing slightly less
mobility, were detected in N. viridescens lens regenerating iris
(C), which suggests alternative splicing or post-translational
modifications of B4 in the iris.

before lens differentiation begins. Finally, it declines
by d 18, when the transdifferentiation process is
completed and what continues is the growth of the
lens (Fig. 2C). Such a peak of the ratio is not seen in
the ventral iris.

B4 knockdown affects proliferation and apoptosis

These striking patterns of B4 recruitment prompted us
to examine its role in more details. For this, we pro-
ceeded by knocking down expression of B4, employing
vivo-morpholino technology (19). To assess whether B4
morpholino reduces expression of B4, we injected
morpholino every day intraperitonealy for 10 d after
lentectomy. Then, dorsal irises were collected, and
linker and core histones were extracted with hydrochlo-
ric acid. The extracted histones were analyzed by
Western blotting. The amount of B4 was calculated
based on the intensity of the detected band and nor-
malized with that of histone H3. In irises from newts
treated with the B4 morpholino, the amount of B4
protein was decreased by nearly 50% when compared
to the levels in irises from newts injected with control
morpholino (Fig. 34).
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Figure 2. Nuclear recruit-
ment of B4 during lens regen-
eration. A) Immunostaining
of ovary using B4 and HI
antibody. Arrowheads indi-
cate nucleoli. Note detection
of B4 in the germinal vesicle
(gv) and H1 in nucleus of
follicle cells. Localization of
B4 in nucleoli is consistent
with previous observations

in mice (7, 18). B) Immunostaining during lens regeneration (0, 8, and 12 d after lentectomy) using B4 and H1

antibodies. Note that B4 is scarcely detected in intact iris. Note that the staining intensiti

s of each panel are not

comparative, because images were processed independently in order to show nuclear distribution of each antigen. C)

Changes in the ratio of B4 to histone H1 during lens regeneration. After immunostaining, the inten

ty of B4 and H1

signals in each nucleus were measured, and the ratio of B4 to histone H1 was calibrated. Error bars = sp. Scale bars =

200 pm (A), 20 pm (B).

Following such a positive outcome of the morpholino
treatment, we conducted a large-scale experiment by
injecting morpholino and examining the regenerating
lens for a period up to 20 d. We started seeing effects
on lens differentiation and morphology after d 12,
which correlated well with the expression and re-
cruitment of B4. By d 20, we could conclude that the
regenerated lens was considerably smaller in B4
morpholino-treated newts (Fig. 3B, E, I). On d 20,
the lens size of B4 morpholino-injected newts was
nearly half that of the control morpholino-injected
newts (Fig. 3B). To investigate how B4 mediates such
an effect on lens differentiation, we studied leve
cell proliferation and apoptosis in the regenerating
lenses. BrdU was administered 24 h before fixation at
different times, and its incorporation was analyzed by
immunostaining. As expected, in control morpho-
lino-injected newts the percentage of BrdU-positive
cells was increased after 12 d. However, this percent-
age was significantly decreased in B4 morpholino-
injected newts on d 16 and 20 (Fig. 3C, F). Next,
Tunel staining was performed to examine whether
lack of B4 leads to cell death. Indeed, it was shown
that on d 20 significantly higher numbers of cells
were undergoing apoptosis due to B4 morpholino
treatment (Fig. 3D, F). Thus, so far our results clearly
indicate an association between expression of B4 and
lens transdifferentiation, which leads to a structurally
normal lens. The reader should bear in mind that
complete loss of B4 cannot result from the morpho-
lino treatment; thus, even 50% decline in expression
could elicit these results.
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B4 is required for lens-specific gene expression
during transdifferentiation

Despite the fact that the smaller lenses in B4 morpho-
lino-injected newts can be attributed to an effect on
proliferation and apoptosis, it is imperative to show
whether expression of key genes known to regulate lens
regeneration is affected by the B4 morpholino treat-
ment. To examine this, we again injected newts for 20 d
with B4 morpholino, collected only the regenerated
lenses, isolated RNA, and examined the levels of several
genes that are known to be structural and regulatory
markers in lens differentiation and regeneration by
qPCR. The expression of each gene was normalized
with that encoding for ribosomal protein L27 so that we
could account for the effect on lens size. Interestingly,
we observed a dramatic down-regulation of +y-crystallin
to 4% in regenerated lens from B4 morpholino-treated
newts when compared to control. Likewise, we ob-
served down-regulation of MafB and Pax-6, both known
transcriptional factors that bind crystallin gene promot-
ers (20, 21). On the contrary, we show up-regulation of
nucleostemin (Fig. 4). Nucleostemin, a nucleolar pro-
tein that has been found in stem cells and cancer cells
(22), is expressed in PECs during dedifferentiation and
disappears after lens differentiation (23). Thus, it
seems that the lens in B4 morpholino-treated animals
retains the status of an earlier stage. From the effect of
B4 knockdown on gene expression, it is clear that B4 is
required for lens-specific gene expression during trans-
differentiation.
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Figure 3. B4 knockdown affects proliferation and apoptosis. A) Decrease of B4 protein after B4 morpholino injection. After
lentectomy, B4 vivo-morpholino was injected intraperitoneally every day in N. wviridescens. On d 10, dorsal irises were collected,
and the amount of B4 protein in the irises was measured by Western blotting. Amount of B4 was normalized with that of histone
H3. #P=0.000310 (control, n=2; B4, n=2). B-F) Effect of B4 knockdown in lens regeneration. B) Size of regenerated lens. *P =
0.00262 (control, n=7; B4, n=9). C) Number of BrdU-positive cells. *1: P = 0.0176 (control, n=4; B4, n=7); *2: P = 0.0000972
(control, n=7; B4, n=10). D) Number of Tunel-positive cells. *P = 0.00738 (control, n=6; B4, n=6). Error bars = sp. Pvalues
are from Student’s ( test (2-tailed). 1) BrdU immunostaining of lens from morpholino-injected newts 20 d after lentectomy.
F) Tunel staining of lens from morpholino-injected newts 20 d after lentectomy. Scale bars = 100 pm. Cont. Morph., control
vivo-morpholino; B4 Morph., B4 vivo-morpholino.

DISCUSSION nuclear transfer (SCNT) into oocytes, where genome-

wide chromatin decondensation is mediated by re-
Transdifferentiation of PECs in newt lens regeneration placement of linker histone H1 with histone B4. We
is one of most obvious examples of in vivo reprogram-  hypothesized that similar events to SCNT might occur
ming of somatic cells. It is also known that nuclear  during reprogramming of PECs to lens cells. To test
reprogramming is induced artificially by somatic cell this hypothesis, we first cloned and examined expres-
sion of B4 during the process of lens regeneration.
Indeed, we show that B4 is expressed in newt somatic

g

F 140 e = cells. This is the first time that B4 was found in somatic
= 120 ¥ 3 cells. All previous studies in many animals, including
§ 100 ’_] mice, zebrafish, frogs, and sea urchins, have shown that
£ 80 W Cont Morph. B4 is specific to oocyte and early embryo before the
3 60 M B4 Morph. onset of zygotic gene expression (7-12).
2 w0 In addition to showing expression of B4 in PECs, we
E 20 have also demonstrated that B4 has a function during
0 lens transdifferentiation. Knocking down B4 induces

NS MaiB Pax6 +Cry apoptosis and negatively affects cell proliferation and

Figure 4. B4 is required for lensspecific gene expression lens d]l{erenuat'mn', as shown by morphological as well
during transdifferentiaion. Effects of B4 knockdown on gene as molecular criteria. Notably, we found that B4 regu-
expression were analyzed by qPCR. Clear indications show lates expression of key transcriptional factors, such as
that B4 knockdown significantly down-regulates lens differen-  pax-6 and MafB, and of lens differentiation specific
lialifnrspcciﬁc markers, such as MaiB: Prox1, and y—cryslalliu markers, such as y—crystallin‘ However, knockdown of
(y-Cry). However, x}ucleuslefnm (NS), a nux:,leolur protein B4 up—regula[es nucleostemin, a stem Cell-speciﬁ(‘,
related to stem cell-like state, is up-regulated. Error bars = sp. arker. which is ex sed during PEC dediff tia-
P values are from Student’s ¢ test (2-tailed). *1: P = 0.0350 marker, which 1s expresse urm.g “ls decilierentia

ver, the exact mechanisms whereby B4 acts

(n=4); ¥2: P = 0.0000249 (n=4); *3: P = 0.00342 (n=4); *4;  tion. How, )

P = 0.0298 (n=4). Cont. Morph., control vivo-morpholino; on lens regeneration remain unclear. Nevertheless, we
B4 Morph., B4 vivo-morpholino. can offer two possible models. One is nonselective
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replacement. According to this, B4 would replace H1
nonselectively. This replacement would cause genome-
wide chromatin decondensation similar to the repro-
gramming mediated by SCNT (16, 17). Such chromatin
decondensation might allow transcriptional factors to
interact with the promoter region of lens differentia-
tion genes. The other model is selective replacement.
In this case, B4 would affect expression of specific
factors that need to interact with H1 for regulation. An
example of such regulation has been shown in the case
where Msxl cooperates with Hlb for repression of
MyoD to inhibit muscle differentiation (24). To address
those hypotheses, we need genome-wide ChIP-on-chip
analysis. Such an experiment is not possible at present
because the newt genome has not been sequenced.
Collectively, our expression and functional experi-
ments identified a novel role of the linker histone B4.
This is the first time that this oocyte-sspecific linker
histone, which has been associated with reprogram-
ming, was found to be expressed in adult somatic cells
and, moreover, controls the process of transdifferentia-
tion and lens regeneration. This finding suggests that
reprogramming in germ cells and regenerating newt
cells share similar strategies, thus providing a novel
paradigm about cellular plasticity. In this case our
results open new avenues for experimentation in regen-
erative biology.
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Proteomics-based analysis is currently the most promising approach for identifying biomarker proteins
for use in drug development. However, many candidate biomarker proteins that are over- or under-
expressed in diseased tissues are found by such a procedure. Thus, establishment of an efficient method
for screening and validating the more valuable targets is urgently required. Here, we describe the
of an “antibody proteomics system” that facilitates the screening of biomarker proteins
from many candidates by rapid preparation of cross-reacting antibodies using phage antibody library
technology. Using two-dimensional differential in-gel electrophoresis analysis, 16 over-expressed
proteins from breast cancer cells were identified. Specifically, proteins were recovered from the gel
pieces and a portion of each sample was used for mass spectrometry analysis. The remainder was
immobilized onto a nitrocellulose membrane for antibody-expressing phage enrichment and selection.
Using this procedure, antibody-expressing phages against each protein were successfully isolated within
two weeks. The expression profiles of the identified proteins were then acquired by immunostaining of
breast tumor tissue microarrays with the antibody-expressing phages. Using this approach, expression of
Eph receptor A10, TRAIL-R2 and Cytokeratin 8 in breast tumor tissues were successfully validated.

These results demonstrate the antibody proteomics system is an efficient method for screening tumor-
related biomarker proteins.
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Protein
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Molecular biology
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Cancer
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1. Introduction proteins of interest. To circumvent this problem, an improved
technology to efficiently screen the truly valuable proteins from
a large number of candidates is desirable.

Monoclonal antibodies are extremely useful tools for the func-
tional and distributional analysis of proteins [4—6]. For example,
they can be applied to the specific detection and study of proteins
through various techniques including ELISA, Western blotting,

Proteomics-based analysis is the most promising approach for
identifying tumor-related biomarker proteins used in the drug
development process [1-3]. The technological development of
proteomics to seek and identify differentially expressed proteins in
disease samples is expanding rapidly. However, in spite of the

identification of many candidate biomarkers, the number of
biomarker proteins successfully applied to drug development has
been limited. The main difficulty is the lack of a methodology to
comprehensively analyze the expression or function of many
candidate proteins and to efficiently select potential biomarker

* Corresponding author. Laboratory of Biopharmaceutical Research, National
Institute of Biomedical Innovation, 7-6-8 Saito-Asagi, Ibaraki, Osaka 567-0085,
Japan. Tel.: +8172 641 9814; fax: +8172 641 9817.

E-mail address: tsunoda@nibio.go.jp (S--i. Tsunoda).

! These authors contributed equally to the work.

0142-9612/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
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fluorescent imaging and tissue microarray analysis (TMA). Of all
these techniques, TMA is particularly valuable because it enables
the analysis of clinical expression profiles of antigens from many
clinical samples [7—11]. However, the common hybridoma-based
antibody production is a laborious and time-consuming method.
Thus, it is impractical to create antibodies against many differen-
tially expressed proteins identified by proteomics technologies,
such as two-dimensional differential in-gel electrophoresis
(2D-DIGE) [12-15]. Furthermore, a relatively large amount of
antigen (several milligrams) is necessary to produce an antibody
(i.e., immunization of animals or screening of positive clones). The
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production of protein on this scale often requires engineering the
corresponding gene for heterologous expression, which may
require some time to optimize. In this respect, phage antibody
library technology is able to construct a large repertoire protein or
peptide consisting of hundreds of millions of molecules. Mono-
clonal antibodies against target antigens are then rapidly obtained
from the phage libraries displaying single chain fragment variable
(scFv) antibodies in vitro [16—21].

However, the amount of protein in spots detected by 2D-DIGE
analysis is generally very small (hundreds of nanograms). There-
fore, a technology for generating monoclonal antibodies from such
small amounts of antigen needs to be developed. There are no
reports that describe the successful isolation of antibodies against
small amounts of proteins obtained from differential proteome
analysis.

Here, we report the establishment of a method for the efficient
isolation of scFv antibody-expressing phages from a small amount
of protein antigen prepared via 2D-DIGE spots using a high quality
non-immune mouse scFv phage library [22]. We also describe an
efficient method for screening and validating tumor-related
biomarker proteins of interest from a number of differentially
expressed proteins by expression profiling using TMA and scFv
antibody-expressing phages.

2. Materials and methods
2.1. Non-immune mouse scFv phage library

Construction of the improved non-immune murine scFv phage library has been
described previously [22]. The phage library was prepared from a TG1 glycerol stock
containing the scFv gene library.

2.2. Affinity panning using BlAcore® and nitrocellulose membrane

Three different amounts (5000 ng, 50 ng or 0.5 ng) of KDR-Fc chimera (R&D
systems Inc., Minneapolis, MN) or a portion of the proteins (1-5 ng) extracted from
2D-DIGE spots were immobilized on a BAcore sensor chip CM3° (BlAcore, Uppsala,
Sweden) or on a nitrocellulose membrane. BlAcore-based panning has been
described previously [22]. Membrane-based panning was performed using the Bio-
Dot Microfiltration Apparatus (Bio-Rad Laboratories, Hercules, CA). The membrane
was incubated with blocking solution (10% skimmed milk, 25% glycerol) for 2 h and
then washed twice with 0.1% TBST (Tris-buffered saline containing 0.1% Tween 20).
The model phage library (anti-KDR scFv antibody-expressing phages: wild type
phage = 1: 100) or the non-immune scFv phage library was pre-incubated with 90%
blocking solution at 4 °C for 1 h and then applied to each well. After 2—3 h incu-
bation, the apparatus was washed ten times with TBST. Bound scFv antibody-
expressing phages were then eluted with 100 mm triethylamine. The eluted phages
were incubated in log phase E. coli TG1 cells and glycerol-stocks prepared for further
repeat panning cycles. Phage titer was measured by counting the number of infected
colony cells on Petrifilm (3M Co., St. Paul, MN).

2.3. Colony direct PCR

After the panning, colonies of phage-infected TG1 were picked up at random as
PCR templates. The gene inserts of 16 clones were amplified by PCR using the
following primers: primer-156 (5'-CAACGTGAAAAAATTATTATTCGC-3') and primer-
158 (5'-GTAAATGA ATTTTCTGTATGAGG-3'), which anneal to the sequences of
PCANTABSE phagemid vector (GE Healthcare Biosciences AB, Uppsala, Sweden). The
size of insert DNA sequence was analyzed by agarose gel electrophoresis.

24. Cell lines

Human mammary gland cell line 184A1 (American Type Culture Collection;
ATCC, Manassas, VA) was maintained by MEGM Bullet Kit (Takara Bio, Shiga, JAPAN).
Mammary gland-derived breast cancer cell line SKBR3 (ATCC) was maintained in
McCoy's 5a plus 10% FBS. All cells were grown at 37 °C in a humidified incubator
with 5% CO,.

2.5. 2D-DIGE analysis
Cell lysates were prepared from human mammary gland cell line 184A1 and
mammary gland-derived breast cancer cell line SKBR3, and then solubilized with 7 m

urea, 2 m thiourea, 4% CHAPS and 10 mm Tris—HCI (pH 8.5). The lysates were labeled
at the ratio 50 pg protein: 400 pmol Cy3 or Cy5 protein labeling dye (GE Healthcare
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Biosciences AB) in dimethylformamide according to the manufacture’s protocol. For
first dimension separation, the labeled samples (each 50 ug) were combined and
mixed with rehydration buffer (7 m urea, 2 m thiourea, 4% CHAPS, 2% DTT, 2%
Pharmalyte (GE Healthcare Biosciences AB)) and applied to a 24-cm immobilized pH
gradient gel strip (IPG-strip pH 5—6 NL). The samples for the spot-picking gel were
prepared without labelling by Cy-dyes. For the second dimension separation, the
IPG-strips were applied to SDS-PAGE gels (10% polyacrylamide and 2.7% N,N'-dia-

iamide gels). After elec is, the gels were scanned with a laser
fluoroimager (Typhoon Trio, GE Healthcare Biosciences AB). The spot-picking gel
was scanned after staining with Flamingo solution (Bio-Rad). Quantitative analysis
of protein spots was carried out with Decyder-DIA software (GE Healthcare Biosci-
ences AB). For the antigen spots of interest, spots of 1 x 1 mm in size were picked
using an Ettan Spot Picker (GE Healthcare Biosciences AB). Proteins were extracted
by solubilizing the picked gel pieces using 88 mm sodium periodide. Protein volumes
were determined by BSA standard in Colloid Gold Total Protein staining (Bio-Rad).

256 In-gel tryptic digestion

Spots of 1 mm x 1 mm in size were picked using an Ettan Spot Picker and
digested with trypsin as described below. The gel pieces were then destained with
50% acetonitrile/50 mm NH4HCOj3 for 20 min twice, dehydrated with 75% acetonitrile
for 20 min, and then dried using a centrifugal concentrator. Next, 5 pl of 20 pl/ml
trypsin (Promega, Madison, WI) solution was added to each gel piece and incubated
for 16 h at 37 °C. Three solutions were used to extract the resulting peptide mixtures
from the gel pieces. First, 50 ul of 50% (v/v) acetonitrile in 1% (v/v) aqueous tri-
fluoroacetic acid (TFA) was added to the gel pieces, which were then sonicated for
5 min. Next, we collected the solution and added 80% (v/v) acetonitrile in 0.2% TFA.
Finally, 100% acetonitrile was added for the last extraction. The peptides were dried
and then resuspended in 10 il of 0.1% TFA before being cleaned using ZipTip™ pCyg
pipette tips (Millipore, Billerica, MA). The tips were wetted with three washes in 50%
acetonitrile and equilibrated with three washes in 0.1% TFA, then the peptides were
aspirated 10 times to ensure binding to the column. The column and peptides were
washed three times in 0.1% TFA before being eluted in 1 ul of 80% acetonitrile/0.2%
TFA.

2.7. Mass spectrometry (MS) and database search

The tryptic digests (0.6 pl) were mixed with 0.6 pl a-cyano-4-hydroxy-trans-
cinnamic acid saturated in a 0.1% TFA and acetonitrile solution (1:1vol/vol). Each
mixture was deposited onto a well of a 96-well target plate and then analyzed by
matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF/MS; autoflexll, Bruker Daltonics, Billerica, WI) in the Reflectron mode.
The mass axis was adjusted with calibration peptide (BRUKER DALTNICS) peaks (M/z
1047.19, 1296.68, or 2465.19) as lock masses. Bioinformatic databases were searched
to identify the proteins based on the tryptic fragment sizes. The Mascot search
engine (http://www.matrixscience.com) was initially used to query the entire
theoretical tryptic peptide as well as SwissProt (http://www.expasy.org/, a public
domain database provided by the Swiss Institute of Bioinformatics, Geneva,
Switzerland). The search query assumed the following: (i) the peptides were
monoisotopic (ii) methionine residues may be oxidized (iii) all cysteines are modi-
fied with iodoacetamide.

2.8. Phage ELISA using nitrocellulose membrane

Phage ELISA using scFv antibody-expressing phages was performed as previ-
ously described [22]. Briefly, phage-infected TG1 clones were picked, monocloned in
a Bio-Dot Mic i and scFv antibody-expi ing phages propa-
gated. The supernatants c scFv antibody ing phages were incu-
bated with immobilized proteins (~1 ng) extracted from 2D-DIGE spots. scFv
antibody-expressing phages bound to 2D-DIGE spots were visualized using HRP-
conjugated anti-M13 monoclonal antibody (GE Healthcare Biosciences AB).

2.9. Immunohistochemical staining using scFv antibody-expressing phages

Human breast cancer and normal TMA (Super Bio Chips, Seoul, South Korea &
Biomax, Rockville, MD) were deparaffinated in xylene and rehydrated in a graded
series of ethanol. Heat-induced epitope retrieval was performed in while keeping
Target Retrieval Solution pH 9 (Dako, Glostrup, Denmark) temperature following the
manufacturer’s instructions. Heat-induced epitope retrieval was performed while
maintaining the Target Retrieval Solution pH 9 (Dako) at the desired temperature
according to the manufacturer’s instructions. After heat-induced epitope retrieval
treatment, endogenous peroxidase was blocked with 0.3% Hz0; in TBS for 5 min
followed by washing twice in TBS. TMA were incubated with 5% BSA blocking
solution for 15 min. The slides were then incubated with the primary scFv antibody-
expressing phages (10'2 CFU/ml) for 60 min. After washing three times with 0.05%
TBST, each series of sections was incubated for 30 min with ENVISION + Dual Link
(Dako), washed three times in TBST. The reaction products were rinsed twice with
TBST, and then ped in liquid 3,3'-diami idine (Dako) for 3 min. After
the development, sections were washed twice with distilled water, lightly
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counterstained with Mayer's hematoxylin, dehydrated, cleared, and mounted with
resinous mounting medium. All procedures were performed using AutoStainer
(Dako).

2.10. TMA Immunohistochemistry scoring

The optimized staining condition for breast tumor tissue microarray was
determined based on the coexistence of both positive and negative cells in the same
tissue sample. Signals were considered positive when reaction products were
localized in the expected cellular component. The criteria for the staining were
scored as follows: distribution score was scored as 0 (0%), 1 (1-50%), and 2
(51-100%) to indicate the percentage of positive cells in all tumor cells present in
one tissue. The intensity of the signal (intensity score) was scored as 0 (no signal), 1
(weak), 2 (moderate) or 3 (marked). The total of the distribution score and intensity
score was then summed into a total score (TS) of TSO (sum = 0), TS1 (sum = 2), TS2
(sum = 3), and TS3 (sum = 4-5). Throughout this study, TSO or TS1 was regarded as
negative, whereas TS2 or TS3 was regarded as positive. Statview software was used
in statistical analysis.

3. Results
3.1. Optimization of panning methods

To establish a method for the efficient isolation of antibodies
against a small amount of protein antigen (nanogram-order or less)
prepared from 2D-DIGE spots, 5000 ng, 50 ng or 0.5 ng of
recombinant KDR proteins were first immobilized on a BlAcore
sensor chip CM3® or on a nitrocellulose membrane using the Bio-
Dot Microfiltration Apparatus®. Isolation of antibodies was
assessed using a model phage library (anti-KDR scFv antibody-
expressing phages: wild type phage = 1: 100) (Fig. 1). Enrichment
of the desired clones in the output library was evaluated by
analyzing the gene inserts of randomly-picked phage-infected TG1
cells by colony direct PCR. In the method using BIAcore®, enrich-
ment was observed when 5000 ng of KDR was used for immobili-
zation. By contrast, Membrane-based panning led to the successful
enrichment of anti-KDR scFv antibodies from only 0.5 ng of KDR.
These results demonstrated that membrane-based panning was
suitable for the isolation of antibodies from very small amounts of
antigen extracted from 2D-DIGE spot gel pieces.

3.2. 2D-DIGE analysis and identification of differentially expressed
proteins

To identify breast tumor-related biomarker proteins and isolate
monoclonal antibodies against them, we performed 2D-DIGE using

<panning input>

BlAcore-based panning output

- | ST
- | .
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breast cancer cell lines SKBR3 and normal breast cell lines 184A1
(Fig. 2). Quantitative analysis showed that 21 spots displayed
increased or decreased expression levels in the cancer cell line
compared with the normal cell line. MALDI-TOF/MS analysis of the
spots subsequently identified 16 different proteins (Table 1).

3.3. Isolation of antibodies against each 2D-DIGE spot from the
non-immune scFv phage library

The amount of protein extracted from the gel pieces ranged
from several tens of nanogram to a few micrograms (Table 1).
Because the membrane-based panning method facilitates the
isolation of antibodies from 0.5 ng of protein (Fig. 1), we reasoned
that this method could be used to isolate antibodies from the small
amounts of proteins extracted from 2D-DIGE spot gel pieces. Thus
a portion of the extracted proteins were immobilized onto nitro-
cellulose membranes by means of a Bio-Dot Microfiltration Appa-
ratus, and membrane-based panning was performed using the
non-immune scFv phage library [22] (Table 2). The results from this
panning showed that the output/input ratio of phage titer (titer of
the recovered phage library after the panningjtiter of phage library
before the panning) after the fourth round of panning against all
spots increased approximately 20-fold—4000-fold in comparison to
that obtained from the first round of panning. This elevated output/
input ratio indicated the enrichment of the antigen-binding scFv
antibody clones. To isolate monoclonal scFv antibodies to each spot,
a total of 60 clones were randomly picked from the 4th panning
output phage library and binding of the monoclonal scFv antibody-
expressing phages to each antigen was tested by phage ELISA. As
a result, several scFv antibody clones binding to each of the 16
antigens were isolated (Table 2). The antigenic specificity of iso-
lated scFv antibodies was investigated by dot blot using various
proteins as antigens. Some of the isolated scFv antibodies bound
specifically to the antigen protein, but not to the His-tagged cas-
pase-8, His-tagged importin-f, tumor necrosis factor receptor 1
(TNFR1)-Fc-chimera and KDR-Fc-chimera (data not shown). These
results indicated the successful isolation of each spot-specific scFv
antibody-expressing phages after only two weeks.

3.4. TMA analysis

The next stage in the process was to select the most valuable
breast tumor-related biomarker proteins from a large number of

anti-KDR scFv-expressing phage
wild type phage

Membrane-based panning output

A

Fig. 1. Optimization of panning methods to isolate monoclonal antibodies from a very small amount of antigen. Model panning was performed using the BlAcore® or nitrocellulose
membrane. The model library (anti-KDR scFv phage : wild type phage = 1: 100) was incubated with KDR ((A) 5000 ng, (B) 50 ng, (C) 0.5 ng) immobilized on a sensor chip or
nitrocellulose membrane. The BlAcore-based panning method has been previously described [22]. After the binding step, the nitrocellulose membrane was washed ten times with

TBST. The bound scFv antibody-expressing phages were eluted with tri

The eluted scFv

tibody phages were then incubated in log phase TG1 cells and

individual TG1 clones were picked at random. Inserts of 16 phage clones were amplified by PCR. The gene sizes of inserts were analyzed by agarose gel electrophoresis.
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Fig. 2. 2D-DIGE image of fluorescently labeled proteins from SKBR3 and 184A cell.
Breast cancer cell line (SKBR3) and normal breast cell line (184A1) were labeled using
cy3 and cy5, respectively. The protein samples were then subjected to 2D electro-
phoresis. Spots that were over- and under-expressed in mammary cancer cells relative
to normal cells were colored red and green, respectively. Yellow color spots show no
change in expression.

identified candidate proteins. To this end, we immunostained TMA
slides with 189 cases of breast tumors and 15 cases of normal breast
specimens using the isolated spot-specific scFv antibody-express-
ing phages and screened the promising candidate biomarker
proteins in terms of the expression profile in breast tumor tissues
and normal tissues (Table 3). The result of the expression profile
analysis showed that SPATAS, beta-actin variant, FL]31438, PAK65,
XRN1 and Jerky protein homolog-like were not expressed in

Table 1
Identification of 2D-DIGE spots by MALDI-TOF/MS.
Spot  Protein name Accession MW pl Protein  Expression
number (kDa) volume ratio
(ng) [cancer/
normal]
(fold)
#1 splicing factor Q96MU7 85 59 119 6
YT521-B
#2  lkappaBR QU6HA7 63 55 104 6
#3 SPATAS C9JT97 76 5.6 94 7
#4 skin aspartic Q53RT3 37 53 610 0.1
protease
#5 beta actin variant  P60709 42 53 99 15
#6 TRAIL-R2 014763 48 5.4 100 18
#7 Cytokeratin-18 P05783 48 53 99 12
#8 TRAIL-R2 014763 48 5.4 95 16
#9 RREB1 Q92766 52 53 109 10
#10  Cytokeratin-7 P08729 51 54 126 23
#11 Cytokeratin-18 P05783 48 53 497 13
#12  Cytokeratin-7 P08729 51 54 122 24
#13  FLJ31438 Q96N41 53 55 126 35
#14  Cytokeratin-7 P08729 51 54 406 36
#15  PAK65 Q13177 55 57 677 8
#16  Cytokeratin 8 P05787 54 55 694 32
#17  Cytokeratin 8 P05787 54 55 1143 72
#18  XRN1 Q8IZH2 54 58 353 8
#19  Jerky protein Q9Y4A0 51 6.0 130 22
homolog-like
#20  Ephreceptor A10  Q5JZY3 32 5.7 119 9
#21 Glutathione P09211 23 54 119 0.02

S-transferase P
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Table 2
Enrichment and isolation of antibodies to 2D-DIGE spots from non-immune
libraries.

Spot  Protein name Output/Input Ratio ‘The number of
(%10 7)fround isolated mAb.
1st 2nd  3rd  4th

#1 splicing factor YT521-B 6 7 16 480 4

#2 IkappaBR 6 7 15 500 3

#3 SPATAS 5 6 32 860 2

#4 skin aspartic protease 5 6 5 24 1

#5 beta actin variant 7 1 17 480 1

#6 TRAIL-R2 6 7 25 420 5

#7 Cytokeratin 18 5 1 62 260 4

#8 TRAIL-R2 5 27 41 1500 5

#9 RREB1 8 9 14 370 7

#10  Cytokeratin 7 6 7 3 2200 5

#11  Cytokeratin 18 6 8 15 84 2

#12  Cytokeratin 7 10 1 13 94 2

#13 F1j31438 7 9 32 80 6

#14  Cytokeratin 7 4 7 46 280 5

#15  PAK65 7 1 51 580 9

#16  Cytokeratin 8 8 7 16 4100 6

17  Cytokeratin 8 5 12 33 240 2

#18  XRN1 6 20 18 200 1

#19  Jerky protein 7 10 49 940 3

homolog-like

#20  Eph receptor A10 8 6 57 3000 2

#21 Glutathione 7 8 110 1900 2

S-transferase P

normal and breast cancer tissue at all. By contrast, TRAIL-R2,
Cytokeratin 8 and Eph receptor A10 were highly and specifically
expressed (Fig. 3) in 63, 73 and 49% of breast tumor cases respec-
tively, while the existing-breast cancer marker, Her-2, was
expressed in 28% of breast tumor cases (Table 3). Thus, the rela-
tionship between the expression of each antigen and the Her-2
expression profile was analyzed. The level of expression of TRAIL-
R2, Cytokeratin 8 and Eph receptor A10 in Her-2 positive cases were
77,77 and 62%, and in Her-2 negative cases were 57, 67 and 44%,
respectively (Table 4). Furthermore, the relationship between the
expression of each antigen and clinical stage was analyzed in 187 of
the 189 cases where all the clinical data was available. The level of
expression of Cytokeratin 8 and Eph receptor A10 increased with
progression of clinical symptoms (Table 5).

4. Discussion

Here, we aimed to develop a method of efficiently screening
tumor-related biomarker proteins by proteome analysis. In

Table 3
Positive rate of identified proteins in breast cancer and normal breast tissues.

Protein name Positive rate of antigens

Normal breast Breast cancer tissues

tissues

Her-2 0/15 (0%) 53/189 (28%)
IkappaBR 3/15 (20%) 22/189 (12%)
SPATAS 0/15 (0%) 0/189 (0%)
beta actin variant 0/15 (0%) 0/189 (0%)
TRAIL-R2 0/15 (0%) 119/189 (63%)
RREB1 115 (7%) 83/189 (44%)
F1J31438 0/15 (0%) 0/189 (0%)
PAK65 0/15 (0%) 0/189 (0%)
Cytokeratin 8 0/15 (0%) 137/189 (73%)
XRN1 0/15 (0%) 0/189 (0%)
Jerky protein homolog-like 0/15 (0%) 0/189 (0%)
Eph receptor A10 0/15 (0%) 93/189 (49%)
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Fig. 3. Immunohistochemical staining of breast tumor and normal breast tissue microarray by scFv antibody-expressing phages. Typical images of breast cancer and normal breast
tissue microarray stained by using scFv antibody-expressing phages to TRAIL-R2, Eph receptor A10 and Cytokeratin 8 are shown. Left panels are normal breast tissues and right

panels are breast tumors. The tissue microarrays were counterstained by hematoxylin.

particular, we attempted to establish a means of isolating specific
antibodies directly from small amounts of differentially expressed
proteins obtained via 2D-DIGE analysis. To achieve this, we focused
on a non-immune scFv phage library. Because the non-immune
naive scFv phage library has a huge repertoire of scFv on the surface
of the phages, monoclonal antibodies to every antigen could be
effectively isolated in vitro. Generally the diversity of the CDR3
domain, which is important for antigen-binding specificity, is

estimated to be approximately twenty million [23]. Thus we
reasoned that our previously constructed library, containing
2.4 x 10° scFv variants, has almost equal potential as the murine or
human immune system [22]. Initially, in order to isolate mono-
clonal antibodies against very small amounts of antigen (hundreds
of nanograms) recovered from the spots of 2D-DIGE analysis, we
attempted to optimize the panning method using either a BlAcore®
or nitrocellulose membrane. In the method using BlAcore®, the
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Table 4
Positive rate of identified proteins in Her-2 positive and Her-2 negative cases.
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Table 5
Positive rate of identified proteins in clinical stage.

Protein name Positive rate of antigens in Her-2

Protein name Positive rate of antigens in clinical stage

Positive cases Negative cases Stage | Stage Il Stage IIl
TRAIL-R2 41/53 (77%) 78/136 (57%) Her-2 6/14 (43%) 17/87 (20%) 30/86 (35%)
Cytokeratin 8 41/53 (77%) 91/136 (67%) TRAIL-R2 1114 (79%) 51/87 (59%) 55/86 (64%)
Eph receptor A10 33/53 (62%) 60/136 (44%) Cytokeratin 8* M4 (50%) 5887 (67%) 71/86 (83%)
TRAIL-R2 or Eph receptor A10 46/53 (87%) 100/136 (74%) Eph receptor A10*  4/14 (29%)  42/87  (48%) 47/86  (55%)

enrichment of the desired clones was observed when immobilizing
5000 ng of KDR. By contrast, membrane-based panning led to the
successful enrichment of clones from only 0.5 ng of KDR (Fig. 1).
BlAcore-based panning has been recognized to be an effective
method because the interaction of an antigen and a scFv antibody
can be monitored in real time and the operation can be automated
[24,25]. However, our results suggest that BlAcore® is inefficient for
immobilizing very small amounts of antigen. This is because
antigen immobilization using the BlAcore procedure requires
a chemical coupling reaction with the surface of the sensor chip. In
contrast, the membrane-based panning method is suitable for the
isolation of antibodies against very small amounts of antigens. The
suitability of this procedure when handling such small amounts of
proteins presumably arises from the high efficiency of adsorption of
antigens by the nitrocellulose membrane. These results show that
monoclonal antibodies can be created from small amounts of
proteins recovered from 2D-DIGE spots.

In breast cancer patients, the antibody targeting human
epidermal growth factor receptor Il (Her-2), is an effective drug
[26,27]. However, because this receptor is over-expressed in only
~25% of breast cancer patients, anti-Her-2 antibody therapy is
ineffective in ~75% of cases. Furthemore, approximately 30% of
Her-2 over-expressed patients that received anti-Her-2 antibody
therapy became tolerant [28-30]. Thus, we applied our antibody

Naive scFv phage library
(2.4 x 10° CFU)

=
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(@ 2D-DIGE analysis
and spot picking

Man Whitney U test *P < 0.05

proteomics system to breast cancer samples for identification of the
proteins to replace Her-2 as suitable therapeutic targets. Initially, 21
differentially expressed proteins between SKBR3 and 184A1 cells
were found by 2D-DIGE analysis and 16 different proteins were
identified by MALDI-TOF/MS. Four of the identified proteins were
present in more than one spot i.e., TRAIL-R2 (spot 6, 8), Cytokeratin
18 (spot 7,11), Cytokeratin 8 (spot 16,17) and Cytokeratin 7 (spot 10,
12, 14). These proteins presumably display different pl and MW
values due to posttranslational modification. Next, membrane-
based panning against these spots was performed, and the output/
input ratio of phage titer after the fourth round of panning
increased from approximately 20-fold—4000-fold in comparison to
that after the first round of panning. Moreover, we screened scFv
antibody-expressing phages binding to each spot protein by phage
ELISA and obtained each spot-specific scFv antibodies from all spots
after approximately two weeks. Finally, it was necessary to select
the most valuable proteins from a large number of differentially
expressed proteins in breast cancer cells. Using the isolated spot-
specific scFv antibody-expressing phages, we immunostained
a TMA with 189 cases of breast cancer tissue and 15 samples
of normal tissue. SPATAS, Beta actin, FLJ31438, PAK65 and XRN1
were not detected in either the tumor tissue or normal tissue. Thus,
these proteins may have been derived from cell lines used in the
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@ The expression profile of the identified
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system. Antibody proteomics system is an efficient method for screening tumor-related biomarker proteins. Because this

system involves the direct isolation of monoclonal antibodies from 2D-DIGE spots without preparation of recombinant proteins, it enables the discovery and validation of tumor-
related biomarker proteins by TMA analysis using the isolated scFv antibody-expressing phages.
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proteome analysis or the antibodies against these proteins may not
detect the antigen on formalin-fixed paraffin-embedded tissues. By
contrast, TRAIL-R2, Cytokeratin 8 and Eph receptor A10 were
specifically-expressed in over 40% of breast cancer tissues. We
confirmed the immunohistochemical staining image generated by
scFv antibody-expressing phages displayed a similar pattern to that
generated by IgG type commercial antibody (data not shown).
Interestingly, the expression rates of TRAIL-R2, Cytokeratin 8 and
Eph receptor A10 were higher than the existing breast cancer
marker, Her-2 (only about 25%). Moreover, the expression rates of
TRAIL-R2 and Eph receptor A10 (cell membrane proteins) in Her-2
negative cases were over 40% and in Her-2 positive cases over 60%.
This data indicates that TRAIL-R2 and Eph receptor A10 are prom-
ising alternative target candidates for anti-Her-2 antibody therapy
ineffective patients, at least in terms of the expression profile.
Further work is required to analyze the function of these proteins in
more detail. Furthermore, by checking antigen expression profiles
against clinical information, the expression rate of Cytokeratin 8
and Eph receptor A10 was found to have increased during
progression of the clinical symptoms. These observations indicate
that Cytokeratin 8 and Eph receptor A10 are promising diagnostic
marker candidates for assessing the aggressiveness of breast
cancer.

Recently, an anti-TRAIL-R2 antibody has been developed as an
anticancer drug [31-33]. Moreover, Cytokeratin 8 has gained
considerable attention as a cancer aggressiveness diagnostic
marker [34-36]. These results demonstrate that this technology is
able to select well-known drug-target markers (i.e., TRAIL-R2) and
diagnostic markers (i.e., Cytokeratin 8) as well as unknown
biomarker protein candidates (Eph receptor A10) from a large
variety of differentially expressed proteins in cancer cells.

Our method employs a set of techniques for efficiently identi-
fying biomarker candidates. Specifically, the method entails; 1)
searching for differentially expressed proteins in disease samples,
2) identification of the proteins, 3) high throughput isolation of
monoclonal antibodies against the proteins using a naive scFv
phage library, and 4) validation of the proteins by TMA analysis.
This methodology is referred to as an “antibody proteomics system”
(Fig. 4). We believe that the proteins identified using this approach
will contribute to the drug development process. Indeed, the
antibody proteomics system could become a platform technology
for seeking tumor-related biomarker proteins by a proteomics-
based approach.

5. Conclusions

In this study, we established the antibody proteomics system for
efficiently screening and validating tumor-related biomarker
proteins of interest by isolating specific antibodies directly from
small amounts of proteins obtained via 2D-DIGE analysis. Applying
this technique to the identification of breast tumor-related
biomarker proteins, the expressions of Eph receptor A10, TRAIL-R2
and Cytokeratin 8 in breast tumor tissues were successfully vali-
dated from a large number of candidates. These results demon-
strate that our original technology is an efficient and useful method
for screening tumor-related biomarker proteins. Moreover, Eph
receptor A10, TRAIL-R2 and Cytokeratin 8 identified in this study
are promising breast tumor biomarkers for drug development.
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Appendix

Figure with essential color discrimination. Figs. 2—4 in this
article have parts that are difficult to interpret in black and white.
The full color images can be found in the on-line version, at doi:10.
1016/j.biomaterials.2010.09.030.
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