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XAGE-1 is a cancer/testis (CT) antigen and has been shown to be
immunogenic in lung cancer patients. Among 4 alternative splicing
variants, XAGE-1a, b, ¢ and d, XAGE-1b mRNA was dominantly
expressed in cancer. In this study, we generated a XAGE-1b mAb,
USO09-13. The B cell epitope recognized by the USO9-13 mAb was in
the C-terminal region of the XAGE-1b protein and is also recognized
by sera from patients with lung adenocarcinoma. Using USO9-13 and
an anti-Flag mAb, we examined the translation products of the 4
transcripts. The XAGE-1a and b transcripts translated to the XAGE-
1b protein. The XAGE-Ic transcript possibly translated to 9- and 17-
aa polypeptides. The XAGE-1d transcript translated to a protein
consisting of 69 amino acids. Immunofluorescence analysis using
US09-13 mADb showed that the XAGE-1b protein is located in the
nuclei of cells. Immunohistochemically, nuclear staining was
heterogeneously observed in 25/47 lung adenocarcinomas, 1/12
hepatocellular carcinomas and 1/11 gastric cancers, but not in
adjacent normal tissues. These findings suggested that XAGE-1b is a
promising target molecule for a cancer vaccine against lung cancer.

Keywords: human, lung cancer, XAGE-1, alternative splicing,
monoclonal antibody, immunohistochemistry

Introduction

Forty-four CT antigen genes or gene families have been
identified by immunological or genetic approaches (1). Several
CT antigens have been shown to elicit spontaneous humoral and
cellular immune responses in cancer patients simultaneously (2,
3). Based on their restricted expression in normal tissues and
high immunogenicity, CT antigens are attractive targets for
cancer vaccines. Initial expression studies of CT antigens were
mostly done at the level of mRNA expression by RT-PCR.
Studies of the expression of CT antigens at the protein level
provide crucial information regarding their distribution in
tumor samples, as shown in studies of the MAGE, NY-ESO-1
and SSX families (4).

The XAGE-1 gene was originally identified as a PAGE/GAGE-
related gene on the X chromosome by EST analysis (5). The
expression profile of XAGE-I suggested that it has the
characteristics of a CT antigen (6-12). Transcription of the
XAGE-1 gene is regulated by methylation of the CpG island in
the promoter, and 4 alternative RNA splicing variants, XAGE-
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Ia, b, ¢ and d, have been identified (11, 13). By serological
analysis of antigens by recombinant expression cloning
(SEREX), we previously identified XAGE-1b as a dominant
antigen recognized by serum from a lung adenocarcinoma
patient using an autologous tumor cell line and showed that
XAGE-1b is immunogenic in patients with lung
adenocarcinoma (14).

In this study, we generated a mAb specific to XAGE-1b protein
and investigated the translation products of 4 XAGE-I
transcripts using this mAb and an anti-Flag mAb. We also
investigated XAGE-1b protein expression in tumor tissues by
immunohistochemistry (IHC).

Results

Generation of a mAb against XAGE-1b protein

We previously showed dominant expression of XAGE-1b
mRNA compared to the other variant XAGE-I mRNAs in
normal testis and tumors. XAGE-la, b, ¢ and d mRNA
expression was observed in 0, 15, 0 and 6 of 49 lung cancers (15)
and 1, 14, 1 and 3 of 54 prostate cancers (16), respectively.

To analyze XAGE-1b protein expression, we produced a mAb
by immunizing mice with XAGE-1b DNA and protein. Five
BALB/c mice were administered a XAGE-1b expression vector,
pcDNA3.1/XAGE-1b, using in vivo electroporation. The serum
IgG antibody was examined by ELISA using recombinant GST-
XAGE-1b protein. The mouse with the highest titer was boosted
with the protein and the spleen cells were fused with NS-1 cells.
Seven positive hybridoma clones were obtained. As shown in
Figure 1A, USO9-13 mAD was reactive with recombinant GST-
XAGE-1b protein at a concentration as low as 10 ng/ml, but not
with GST (glutathione S-transferase) alone or irrelevant NY-
ESO-1 protein. The mAb recognized both native and denatured
recombinant XAGE-1b protein. In immunoblot analysis, USO9-
13 mAb detected a 9-kDa molecule from 293T cells transiently
transfected with pcDNA3.1/XAGE-1b (Figure 1B).

Identification of XAGE-1b B cell epitopes recognized by USO9-13
mADb and sera from patients with lung adenocarcinoma

A XAGE-1b B cell epitope recognized by USO9-13 mAb was
analyzed by ELISA using 7 25-mer peptides overlapping by 15
amino acids. As shown in Figure 1C, USO9-13 mAb recognized
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Generation of a mAb against XAGE-1b. (A) Reactivity of USO9-13 mAb with recombinant proteins determined by ELISA. (B) Immunoblotting of lysate of 293T cells
transiently transfected with pcDNA3.1/XAGE-1b using USO9-13 mAb as probe. Mock, empty vector. (C) Reactivity of USO9-13 mAb (1 pg/ml) with 25-mer overlapping
peptides from XAGE-1b determined by ELISA. (D) Reactivity of USO9-13 mAb (10 pg/ml) against C-terminal peptides from X AGE-1b-related molecules. Shaded, con-

served residues.

Table 1

Identification of B cell epitopes in XAGE-1b recognized by sera from 7 lung cancer patients.

ODy5"
ID
XAGE-1by 55 XAGE-1by3s XAGE-1by4s XAGE-1byss XAGE-1byes XAGE-1bsi,s XAGE-1bsg; rXAGE-1b°
L-1 0.370 0.232 0.108 0.157 0.100 0.338 0.184 0.623
L-2 1.500 0.279 0.091 0.106 0.867 1.407 1.550 2.139
L-3 0.124 0.132 0.121 0.156 0.150 0.120 0.775 0.865
L-4 0.222 0.266 0.088 0.111 0.079 0.212 0.880 1.774
L-5 0.171 0.203 0.107 0.093 0.093 0.110 0.209 0.532
L-6 0.129 0.149 0.075 0.116 0.073 0.181 0.514 1.667
L-7 1.444 0.096 0.079 0.074 0.390 0.252 0.762 2.663
Healthy donor
(- 14) 0.076 +0.015 0.118+0.036 0.133+0.039 0.087+0.019 0.106+0.029 0.077+0.014 0.065+0.016 0.245+0.088
n=

0Dy against XAGE-1b 25-mer overlapping peptides by ELISA.  Positive (bold face) values are above the mean OD value plus 3 S.D. of 14 sera

from healthy donors.
® X AGE-1b, recombinant GST-XAGE-1b protein.

the XAGE-1bs;_g; peptide located at the C-terminus of XAGE-
1b protein.

XAGE-1b protein shows partial homology with an amino acid
sequence at the C-terminus of GAGE-2-8 (17, 18), PAGE-1 (19)
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(renamed GAGE-B1), and PAGE-4 (20) (renamed GAGE-C1).
We synthesized 25-mer peptides corresponding to the C-
termini of GAGE-2-8, PAGE-1 and PAGE-4 and examined their
binding to the mAb. As shown in Figure 1D, USO9-13 mAb
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recognized only XAGE-1bs;_g; peptide, indicating that it did
not cross-react with C-terminal peptides from related GAGE/
PAGE proteins.

The XAGE-1b B cell epitopes recognized by sera from 7
seropositive lung adenocarcinoma patients (L-1 to L-7) were
examined using overlapping peptides (Table 1). XAGE-1bs;_g;
peptide was recognized by all 7 sera. XAGE-1b;_,5 and 5;_75
peptides were recognized by 7 and 6 sera, respectively. XAGE-
1by1.35 XAGE-1bs;.55 and XAGE-1by; 45 peptides were
recognized by 3, 2 and 2 sera, respectively.

Translation of XAGE-1b protein from XAGE-1a and b transcripts
Figure 2A shows the alternative RNA splicing variants, XAGE-
la, b, c and d (11). We investigated the translation products of
XAGE-1a, b, ¢ and d transcripts by transfecting 293T cells with
each XAGE-1 expression vector and analyzing the products by
immunoblotting. As shown in Figure 2B, a 9-kDa molecule that
was identical to XAGE-1b protein was detected from
pcDNA3.1/XAGE-1a transfectants, indicating that translation
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of XAGE-1a protein starts at the third ATG, which is identical to
the XAGE-1b protein initiation site. This was consistent with the
previous finding using rabbit polyclonal antibody against
XAGE-1 protein (12). On the other hand, no band was detected
from pcDNA3.1/XAGE-1c¢ transfectants by US09-13 mAb
despite the presence of the epitope at the C-terminus of the
putative protein. There are 7 ATG codons in XAGE-1c mRNA,
and translation initiation at the fourth ATG located in frame 1
results in the production of XAGE-1b protein (Figure 2, panels
A and C). We hypothesized that the second and/or third ATG
located in frame 2 was used for the translation from XAGE-1c
mRNA. To address this possibility, XAGE-1c ¢cDNA mutants
that lacked the second and/or third ATG were prepared
(Figure 2C). Transfection of pcDNA3.1/XAGE-1c M3, in which
mutations were introduced into both of these ATGs, resulted in
the production of a USO9-13 mAb-reactive 9-kDa molecule that
was identical to XAGE-1b protein (Figure 2D). Transfection of
pcDNA3.1/XAGE-1c M2, in which a mutation was introduced
into the third ATG, yielded a small amount of the 9-kDa band.

Figure 2
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Identification of the translation products of the XAGE-1 variants. (A) Schematic representation of the XAGE-I variants. Exons (gray boxes), introns (open boxes) and

putative open reading frames (narrow boxes) are shown. The solid box represents the epitope of USO9-13 mAb. The asterisk indicates the translation initiation site of
XAGE-1b. (B) Immunoblotting of lysate of 293T cells transiently transfected with pcDNA3.1/XAGE-1a, b, ¢ and d with USO9-13 mAb. (C) M1, M2 and M3 are
pcDNA3.1/XAGE-1c mutants that lack the second and/or the third internal ATG codons. (D) Immunoblotting of lysate of 293T cells transiently transfected with
pcDNA3.1/XAGE-1b and ¢, and M1, M2 and M3 using USO9-13 mAb. (E) Schematic representation of the translation products of the XAGE-1 variants. Exons (gray
boxes), introns (open boxes) and defined open reading frames (narrow boxes) are shown. The solid box represents the epitope of USO9-13 mAb.
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No specific band was detected upon transfection of pcDNA3.1/
XAGE-1¢ M1, in which a mutation was introduced into the
second ATG. These results suggested that XAGE-1c proteins
would be polypeptides consisting of 9 and 17 amino acids
translated from the second and the third ATG, respectively. No
translation product of XAGE-1d transcript could be detected
using USO9-13 mAb due to the lack of the C-terminal portion
containing the epitope because of the insertion of exon 2'
(Figure 2, panels A and B). We confirmed that XAGE-1d
protein starts at the first ATG by immunoblotting of C-terminal
Flag-tagged XAGE-1d using anti-Flag mAb (data not shown).
Thus, XAGE-1b protein was translated from XAGE-1a and b
transcripts (Figure 2E).

Nuclear localization of XAGE-1b protein in spermatogonia,
spermatocytes and tumor cells

The cellular localization of XAGE-1b protein was analyzed in
293T cells stably transfected with the XAGE-1b expression
vector by indirect immunofluorescence detected using a
fluorescence microscope. As shown in Figure 3A, intracellular
XAGE-1b protein expression was confirmed by flow cytometry
using the USO9-13 mAbD. The cellular localization of XAGE-1b
protein was analyzed by doubly staining nuclei with propidium
iodide and USO9-13 mAb. As shown in Figure 3, panels B and
C, XAGE-1D protein was observed in the nuclei of the cells in a

punctate pattern. No morphologic change was observed in the
transfected 293T cells.

XAGE-1b protein expression in the normal and malignant
cells was examined by IHC using USO9-13 mAb. No XAGE-1b
protein expression was observed in the normal tissues except for
testis, in which the nuclei of spermatogonia and spermatocytes
were stained (Figure 3D). In tumors, similar nuclear staining
was observed in 25/47 lung adenocarcinomas (Figure 3E), 1/12
hepatocellular carcinomas (Figure 3F) and 1/11 gastric cancers
(Figure 3G). No XAGE-1b protein expression was observed in 6
prostate cancers, 8 ovarian cancers, 5 thyroid cancers or 6 breast
cancers. In XAGE-1b mRNA-positive specimens, the positive
expression of XAGE-1b protein was observed in 14 of 14 lung
adenocarcinomas, 1 of 5 hepatocellular carcinomas and 0 of 3
prostate cancers (Table 2).

Discussion

We showed that a single cycle of immunization of mice with
DNA followed by the recombinant protein avoided the
production of antibodies to bacterial products contaminating
the recombinant protein and was enough to induce a sufficient
titer for obtaining mAb against the protein. We have generated
mAbs against XAGE-1b protein in this study, as well as against
other tumor antigens, RFX-4 (21) and OY-TES-1, using this

Figure 3
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Immunofluorescence (A-C) and IHC (D-G) analysis of XAGE-1b. (A) Expression of XAGE-1b in 293T cells transfected with pcDNA3.1/XAGE-1b (green) by flow
cytometry. Solid line, empty vector. (B) Fluorescence microscopy analysis. (C) Nuclei are shown stained with PI (red). XAGE-1b derived fluorescence is merged with the

corresponding PI recordings. (D), (E), (F) and (G) are IHC analysis of testis, lung cancer, hepatocellular carcinoma and gastric cancer, respectively. Magnification 400x.
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Table 2

IHC analysis of XAGE-1b expression in various types of cancer.

Positive / Total  Positive / mRNA positive specimens

Lung cancer 26/75 15/15
adenocarcinoma 25/47 14/14
Hepatocellular carcinoma 1/12 1/5
Prostate cancer 0/6 0/3
Gastric cancer 1/11 ND
Ovarian cancer 0/8 ND
Thyroid cancer 0/5 ND
Breast cancer 0/6 ND

ND, not done.

method. DNA as immunogen and unmethylated CpG motifs
from the vector may contribute to the specific and vigorous
antibody response (22).

In this study, we identified the translation products of 4 XAGE-
1 transcripts by immunoblotting using a XAGE-1b mAb, USO9-
13, and an anti-Flag mAb. Transfection of pcDNA3.1/XAGE-1a
into 293T cells resulted in the production of XAGE-1b protein,
as detected by immunoblotting using USO9-13 mAb. This
finding indicated that the translation initiation from the third
ATG in XAGE-1a mRNA is probably due to the lack of a Kozak
consensus motif near the first ATG codon (23). This finding was
consistent with the finding previously reported by others (12).
On the other hand, no band was observed in pcDNA3.1/XAGE-
Ic transfectants upon immunoblotting using USO9-13 mAb
despite the presence of the epitope in the putative XAGE-1c
protein. The production of XAGE-1b protein as a result of the
disruption of the second and the third ATG codons in an
alternative open reading frame suggested that those sites were
involved in translation, and 9- and 17-amino acid peptides were
produced from those codons, respectively. The "leaky scanning"
appeared to be due to deviation from the consensus sequence in
both the second and the third ATG codons (23). For the final
transcript, XAGE-1d, translation of a protein with the predicted
size with a Flag sequence was detected by immunoblotting using
anti-Flag antibody. Thus, XAGE-1a and XAGE-1b transcripts
translated to XAGE-1b protein. On the other hand, it was
suggested that XAGE-Ic transcript translated to 9- and 17-aa
polypeptides. The XAGE-1d transcript translated to a 69-aa
protein.

We previously reported dominant expression of XAGE-1b
protein in lung adenocarcinoma and the frequent production of
antibody against XAGE-1b in patients (14, 15, 16). In this study,
we determined the antibody epitopes of XAGE-1b protein
recognized by antibodies from cancer patients. We showed that
the C-terminal XAGE-1bs;_g; peptide, which is the epitope of
USO9-13 mAD and also the only epitope recognized by serum
from immunized mice, was commonly recognized by all 7 lung
adenocarcinoma patients examined. XAGE-1b,_,5 and XAGE-
1bs;_75 peptides were also recognized by 7 and 6 sera,
respectively, from the patients. Those three regions contributed
to dominant epitopes, although additional epitopes were
recognized by a fraction of sera from the patients. The
recognition of additional epitopes may involve epitope
spreading. B cell epitope spreading has been reported in
autoimmune diseases, such as systemic lupus erythematosus,
and viral diseases including infectious mononucleosis (24). T
cell epitope spreading was also observed in tumor-associated
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antigens in  patients who received peptide-based
immunotherapy (25, 26).

THC using USO9-13 mAb revealed the nuclear localization of
XAGE-1b protein in pcDNA3.1/XAGE-1b transfected 293T
cells. Nuclear localization of XAGE-1b protein was also
observed in various types of cancer. When normal tissues were
examined, positive staining was observed only in the nuclei of
spermatogonia and spermatocytes in the testis. This finding is
consistent with the presence of the bipartite nuclear localization
signal in XAGE-1b protein (10). Although XAGE-1b staining
revealed punctate nuclear patterns, further studies are necessary
to elucidate the structural relationship. We previously reported
that XAGE-1b mRNA is highly expressed in lung
adenocarcinoma (45%) and most mRNA-positive specimens
expressed XAGE-1b protein (15). We also observed XAGE-1b
mRNA expression in hepatocellular carcinoma (13/39, 33%)
and prostate cancer (14/54, 26%) (16). However, only 1 of 5
mRNA-positive hepatocellular carcinoma and none of the 3
mRNA-positive prostate cancer specimens showed XAGE-1b
protein expression. The difference in the protein and mRNA
expression in these different types of cancer could be due to
differences in translation efficiency or protein accumulation of
XAGE-1Db protein in cells with different histological origin.

In conclusion, we investigated the translation products of 4
XAGE-1 transcripts, XAGE-1a, b, ¢ and d, by immunoblotting
using the XAGE-1b mAb, USO9-13, and an anti-Flag mAb, and
showed that XAGE-1b protein was produced from XAGE-1Ia
and b. We also identified the dominant epitope of XAGE-1b
protein commonly recognized by USO9-13 mAb and cancer
patients' sera. IHC analysis revealed the nuclear localization of
XAGE-1b protein in the male germ cells and dominant
expression in lung cancer. The CT antigen characteristics of
XAGE-1b and its high immunogenicity provide a rationale for
the use of XAGE-1b as a target for immunotherapy.

Abbreviations
CT, cancer/testis; GST, glutathione S-transferase; IHC, immu-
nohistochemistry
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Materials and methods

Mice

Female BALB/c mice were purchased from Japan SLC
(Shizuoka, Japan). The mice were bred at the Laboratory Animal
Center in Okayama University. All experiments were carried out
in accordance with the Guidelines for Animal Experiments at
Okayama University, the Japanese Government Animal
Protection and Management Law (No. 105) and the Japanese
Government Notification on Feeding and Safekeeping of
Animals (No. 6).

Cell lines

NS-1 is a non-secreting clone derived from BALB/c MOPC-21
cells, which were derived from a mineral oil induced
plasmacytoma (27). 293T is a derivative of 293 human
embryonic kidney cells into which the gene for the SV40 T
antigen had been inserted (28). These cell lines were maintained
in RPMI 1640 medium supplemented with 10% FCS. A 293T-
derived cell line overexpressing XAGE-1b was generated by
stable transfection with pcDNA3.1/Zeo(+) containing XAGE-1b
c¢DNA (Invitrogen, Carlsbad, CA).

Tumor specimens

Tumor specimens were obtained from patients who
underwent surgery at Okayama University Hospital and were
fixed with buffered formalin and embedded in paraffin. All
tumor specimens were histologically diagnosed as cancer.
Informed consent for the use of specimens was obtained from all
of the patients.

Plasmid construction

XAGE-1a (nt 23-551, RefSeq accession no. NM_020411),
XAGE-1b (nt 31-395, GenBank accession no. AJ290447) and
XAGE-Ic (nt 101-715, NM_133431) cDNAs were amplified by
PCR and cloned into the pcDNA3.1(+) expression plasmid
vector (Invitrogen). The constructs for the XAGE-Ic mutants
and XAGE-1d were generated by site-directed mutagenesis.
XAGE-Ic mutants (pcDNA3.1/XAGE-1c M1, M2 and M3) were
generated by mutating the internal ATG sequence to GTG.
pcDNA3.1/XAGE-1d was generated in the pcDNA3.1/XAGE-1b
template by inserting a XAGE-Id-unique sequence
(GTGCTGGGAAGGGAAA; nt 221-236, NM_133430). XAGE-
1d-Flag was constructed in pFLAG-CMV-14 (Sigma-Aldrich,
St. Louis, MO). The nucleotide sequence of the cloned cDNA
was confirmed by DNA sequencing.

Preparation of the recombinant protein

XAGE-1b cDNA was amplified by PCR and cloned into pGEX-
6P-1 vector (Amersham Biosciences, Piscataway, NJ). XAGE-1b
protein was expressed as a GST fusion protein in BL21 E. coli
cells and purified by affinity chromatography under native
conditions.

Peptide synthesis

Peptides were synthesized by standard solid phase methods
using Fmoc chemistry and a peptide synthesizer (model 430A;
Applied Biosystems, Foster City, CA). Cleavage of the peptide
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from the resin and removal of the side chain-protecting groups
were carried out using 95% trifluoroacetic acid.

Immunization of mice and generation of USO9-13 mAb

The plasmid for in vivo electroporation was prepared using an
Endfree Plasmid Mega Kit (QIAGEN, Hilden, Germany). Five
BALB/c mice were injected with 100 ug of pcDNA3.1/XAGE-1b
into the anterior tibial muscle and pulsed by an electric pulse
generator (CUY-21; BEX, Tokyo, Japan) using a 1.0-cm diameter
round plate electrode twice at a 2-week interval. The mouse with
the highest antibody titer was boosted intraperitoneally with 100
pg of GST-XAGE-1b protein 3 days prior to fusion. Spleen cells
fused with NS-1 cells were suspended in ClonaCell-HY soft agar
(StemCell Technologies Inc, Vancouver, BC, Canada).
Hybridomas were tested for the production of antibody against
XAGE-1b by ELISA assay. A hybridoma clone designated
USO9-13 was obtained by limiting dilution. The USO9-13 mAb
was purified from ascites via Protein G affinity chromatography
(Amersham Biosciences).

ELISA

Ninety-six-well Immuno-Plates (Nalge Nunc International,
Rochester, NY) were coated with 100 ng/well of proteins or 200
ng/well of peptides. ELISA was performed as described
previously (29). Optical density at 490 nm was determined using
a microplate reader benchmark (Bio-Rad Laboratories,
Hercules, CA).

Immunoblot analysis

293T cells were transiently transfected with plasmids using
Lipofectamine 2000 reagent (Invitrogen). Total cell extracts
were separated by electrophoresis under reducing conditions
and transferred to a PVDF membrane (Hybond-P; Amersham
Biosciences). The membrane was probed with USO9-13 or anti-
Flag M2 (Sigma-Aldrich) mAb, followed by alkaline
phosphatase-conjugated goat anti-mouse IgG antibody.
Reactive protein bands were visualized using an AP Conjugate
Substrate Kit (Bio-Rad Laboratories).

Immunofluorescence staining

Intracellular staining of XAGE-1b was done using a BD
Cytofix/Cytoperm Kit (BD Biosciences Pharmingen, San Diego,
CA) for flow cytometry analysis according to the manufacturer's
instructions. USO9-13 mAb and FITC-conjugated goat anti-
mouse IgG antibody were used for detection. Cells were
analyzed on a FACScan using CellQuest software (BD
Biosciences Immunocytometry Systems, San Jose, CA). For
immunofluorescence microscopy, cells growing on glass slides
were fixed with 4% paraformaldehyde and permeabilized with
0.2% Triton X-100 buffer. USO9-13 mAb and FITC-conjugated
goat anti-mouse IgG antibody were used for detection. Nuclei
were stained with propidium iodide. Slides were visualized
under a fluorescence microscope.

IHC staining

Tissue specimens were deparaffinized and microwave-heated
in an antigen retrieval buffer (10 mM citrate buffer, pH 6.0) with
a pressure cooker for 10 minutes. Staining was performed as
described elsewhere (15).
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