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Afterincubation, responder CD4 or CD8 T cells (1 x 10°)
harvested from the stimulation culture were washed and
then pulsed with 17 16-mer OLPs for CD4 T cells or 35 12-
mer OLPs for CD8 T cells with GolgiStop monensin {Sigma
Chemical Co.) for 3 hours. After incubation, cytokine
production by CD4 and CD8 T cells was detected by
intracellular cytokine staining (ICS).

Intracellular cytokine staining

The cells harvested from culture were washed and stained
with anti-CD3-PerCP/Cy5.5 (clone SK7; eBioscience) and
anti-CD4-V500 (BD Horizon), or anti-CD3-APC/Cy7 (clone
HIT3a; BioLegend), anti-CD8-V500 (clone RPA-T8; BD Hori-
zon), and anti-CD107a-FITC (clone H4A3; BD Pharmingen;
2 pL) for 30 minutes on ice. After incubation, the cells
were washed, fixed, and permeabilized with Cytofix/Cyto-
perm solution (Pharmingen, Becton Dickinson) for 20 min-
utes at 4°C. Then, the cells were washed in Perm/Wash
solution (Pharmingen), and pelleted cells were stained
for intracellular cytokines using anti-IFNy-PE/Cy7 (clone
48.B3; eBioscience), anti-INFo-PE/Cy7 (clone MADb11;
eBioscience), anti-IL-5-PE (clone JES1-39D10; BD Horizon),
anti-[L-13-PE (clone JES10-5A2; BD Horizon), anti-IL-17A-
Brilliant Violet 421 (clone BL168; BioLegend), anti-IL-17F-
V450 (clone 033-782; BD Pharmingen), and anti-IL-10-APC
(cloneJES3-19F1; BioLegend) for detection of CD4 cytokines
or anti-IFNy-PerCP/Cy5.5 (clone 48.B3; eBioscience), anti-
TNFo-Brilliant Violet 421 (clone MAb11; BioLegend), and
anti-IL-10-APC (clone JES3-19F1; BioLegend) for detection
of CD8 cytokines for 30 minutes on ice. After incubation, the
cells were washed and analyzed by FACS Canto II (BD
Bioscience). The data were analyzed using FlowJo software
(version 7.6.5; Tree Star). If the number of cytokine-staining
cells stimulated with XAGE1 (GAGED2a) OLPs was more
than 2-fold the number of staining cells stimulated with
control peptides, it was defined as positive (23).

Overall survival

The diagnosis of lung cancer was done pathologically
within a month after the first visit. OS was measured from
the day of diagnosis and analyzed by the Kaplan-Meier
method. Differences in survival between patient subgroups
were analyzed using the log-rank test. Univariate and mul-
tivariate analyses using Cox proportional hazards regres-
sion model were performed to assess the association of each
factor with OS. P values less than 0.05 were considered
significant.

Statistical analysis

Statistical analysis was performed with the Student ¢ test
for two groups and with ANOVA for multiple groups using
IBM SPSS Statistics 19 for Windows (IBM). Quantitative
data without a normal distribution were analyzed with
nonparametric tests, and data with a normal distribution
were analyzed with parametric tests. For a two-sample
comparison of continuous variables, Wilcoxon rank-sum
test was performed. For analysis of the correlation of the
extrapolated titer and each parameter, Pearson rank test

was performed. Results are expressed as the mean or 95%
confidence interval (95% CI).

Resulis

XAGE1 (GAGED2a) antibody response in patients with
advanced lung adenocarcinoma

Characteristics of 145 patients with advanced (clinical
stage I1IB and 1V) lung adenocarcinoma investigated in this
study are shown in Supplementary Table S1A. We evaluated
the serum IgG response against XAGE1 (GAGED2a) in the
patients by ELISA using a synthetic protein. An extrapolated
titer was calculated for each serially diluted serum sample as
described (24). The IgG response was defined as positive for
sera with extrapolated titers exceeding or equal to 100.
Thirty-three patients were antibody positive and titration
curves of sera are shown in Fig. 1A. The dominant IgG
subtypes were 1gG1 and IgG3, and no IgG2 or IgG4 response
was observed (Fig. 1B). The positive response was further
classified by extrapolated titers as -+ > 6,400, 6,400 > ++
> 1,600, 1,600 > -+ > 400, and 400 > weak > 100 (Fig. 1C).

A higher antibody response frequency was observed in
patients with EGFRmt tumors than in patients with EGFRwt
tumors of the 145 patients (Supplementary Table S1A).
However, no significant difference was observed for the
antibody response in any characteristics in 58 patients with
XAGE1 (GAGED2a) antigen-positive tumors (data not
shown).

Detection of CD4 and CD8 T-cell responses in PBMCs
from XAGE1 (GAGED2a) antibody-positive advanced
lung adenocarcinoma patients

Purified CD4 and CD8 T cells in PBMCs from XAGE1
(GAGED2a) antibody-positive advanced lung adenocarcino-
ma patients were stimulated for 12 days with CD4- and CD8-
depleted PBMCs treated with XAGE1 (GAGED2a) 17 16-mer
OLPs or a synthetic protein, respectively. After culture, the
cells were collected and cytokine production was examined
for CD4 T cells after 3-hour stimulation with XAGE1
(GAGED2a) 17 16-mer OLPs and for CD8 T cells after 3-
hour stimulation with XAGE1 (GAGED2a) 35 12-mer OLPs
by ICS. As shown in Fig. 1D and Supplementary Fig. S1,
IENY/TNFo, IL5/IL13, and IL17A/IL17F-producing CD4 T
cells were detected in PBMCs from 7, 1, and 3 of 11 patients
examined, respectively. IL10-producing CD4 T cells were
not detected in any of the patients. On the other hand, IFNy-
and TNFo-producing CD8 T cells were detected in PBMCs
from 4 and 6 of 11 patients, respectively. IL10-producing
CD8T cells were not detected in any. No XAGE1 (GAGED2a)
antibody responses or CD4 or CD8 T-cell responses were
detected in healthy individuals as reported previously (21).

Phenotypic analyses of CD4 T cells and MDSCs in
PBMCs from XAGE1 (GAGED2a) antibody-positive
patients

Th1,Th2,Th17, and Tg;; CD4 T cells, resting and activated
CD4 Tregs (25), and M- and PMN-MDSCs in PBMCs
from XAGE1 (GAGED2a) antibody-positive patients were
analyzed by flow cytometry (Supplementary Fig. S2). As
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Figure 1. Antibody and T-cell responses against XAGE1 (GAGED2a) in patients with advanced lung adenocarcinoma. A, titration curves of positive sera from 33
of 145 patients investigated. ELISA was done using synthetic XAGE1 (GAGED?2a) protein. The IgG response was defined as positive for sera with an
extrapolated titer exceeding or equal to 100. B, serum IgG subtypes reactive to synthetic XAGE1 (GAGED2a) protein determined by ELISA with diluted sera
(1:100) using a subtype-specific antibody. C, classification of positive responses against XAGE1 (GAGED2a) by an extrapolated titer as -+-++ > 6,400, 6,400 >
++ > 1,600, 1,600 > + > 400, and 400 > weak > 100. D, CD4 and CD8 T cells (1 x 106) purified from PBMCs of XAGE1 (GAGED2a) antibody-positive patients
were cultured with an equal number of irradiated (40 Gy), autologous CD4-, and CD8-depleted PBMCs as APCs in the presence of XAGE1 (GAGED2a) 17 16-
mer OLPs (1078 mol/L) or the synthetic protein (10~° mol/L), respectively, using 48-well culture plates for 12 days. The cells were then collected and cytokine
production was examined for CD4 T cells after 3-hour stimulation with XAGE1 (GAGED2a) 17 16-mer OLPs and for CD8 T cells after 3-hour stimulation with
XAGE1 (GAGED2a) 35 12-mer OLPs by intracellular cytokine staining (ICS). Control peptides (a mixture of MGARASVLSGGELDR and ASVLSGGELDRWEKI)
were from Con B gag motifs of the human immunodeficiency virus. Cytokine-staining cells stimulated with XAGE1 (GAGED2a) OLPs at more than 2-fold the
number of staining cells stimulated with control peptides was defined as positive (filled circles). The number of positive patients out of 11 patients investigated
is shown in each panel. Statistical analysis was done by the Wilcoxon rank test (*, P < 0.05; “*, P < 0.01). Each line indicates a single patient.

shown in Fig. 2A, all Th1, Th2, Th17, and Tgy CD4 T-cell
levels were elevated in XAGE1 (GAGED2a) antibody-pos-
itive patients compared with those in antibody-negative
patients. A decrease in activated, but not resting, Treg levels
was also observed (Fig. 2B). Furthermore, a decrease in the
M-MDSC level and an increase in the PMN-MDSC level
were observed (Fig. 2C). Th1, Th2, and Th17/total Treg and
Th1, Th2, and Th17/total MDSC levels were increased (Fig.

2D and E). An increase in Tgy/total MDSC, but not the Tgy/
Treg level, was observed (Fig. 2D and E).

Analysis of CD4 and CD8 T cells expressing T-cell
activation and inhibitory molecules in PBMCs from
XAGE1 (GAGED2a) antibody-positive patients

CD4 and CD8 T cells expressing T-cell activation mole-
cules ICOS, OX40, 4-1BB, and GITR, and T-cell inhibitory
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Figure 2. Phenotypic analyses of CD4 T cells (A and B) and MDSCs (C) in PBMCs from 23 XAGE1 (GAGED2a) antibody-positive and 12 negative patients,
and 5 healthy donors by FACS. D and E show the ratio of each phenotype of T cells to Tregs and MDSCs, respectively. Statistical analysis was done by
the Student t test for two groups and by ANOVA for multiple groups (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). Each dot indicates a single

patient.

molecules 2B4, BTLA, PD-1, and Tim-3 in PBMCs from
XAGE1 (GAGED2a) antibody-positive patients were inves-
tigated. As shown in Fig. 3 and Supplementary Fig. S3, an
increase in ICOS and PD-1-positive cell levels and a
decrease in BTLA-positive cell levels were observed in CD4
T cells from antibody-positive patients compared with those
in CD4 T cells from antibody-negative patients. On the
other hand, a decrease in GITR-positive cell levels was
observed in CD8 T cells from antibody-positive patients.

Overall survival of XAGE1 (GAGED2a) antibody-
positive and -negative patients

The OS of XAGE1 (GAGED2a) antibody-positive and
-negative patients was analyzed for 145 patients with

advanced lung adenocarcinoma. Patient characteristics are
shown in Supplementary Table S1A, as described above.
OS was first analyzed for the patients with XAGE1
(GAGED2a) antigen-positive and -negative tumors.
As shown in Fig. 4A, no significant difference was found
in OS between them (P = 0.22, HR, 0.78). However,
prolongation of OS was observed in XAGE1 (GAGED?2a)
antibody-positive patients compared with antibody-nega-
tive patients (P = 0.006, HR, 0.53; Fig. 4B). The median
OS times in the antibody-positive and -negative patients
were 33.3 months and 15.1 months, respectively. Antibody-
negative patients were then stratified by the XAGE1
(GAGED2a) antigen expression in the tumor. As shown
in Fig. 4C, the antibody-negative patients with antigen-
positive tumors showed shortened survival. The median
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Figure 3. Analysis of CD4 (A) and CD8 (B) T cells expressing T-cell activation (ICOS, OX40, 4-1BB, and GITR) and inhibitory (2B4, BTLA, PD-1, and Tim-3)
molecules in PBMCs from XAGE1 (GAGED2a) antibody-positive and negative patients, and healthy donors by FACS. Statistical analysis was done by the
Student t test for two groups and by ANOVA for multiple groups (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Each dot indicates a single patient.

OS in the patients with antigen-positive tumors was
33.3 months when antibody-positive, but only 13.7
months when antibody-negative (P < 0.0001, HR, 0.34).
Furthermore, prolongation of OS was dependent on the IgG
titer (Supplementary Fig. S4).

The patients were further stratified by the absence or
presence of the EGFR mutation in the tumor. The patients
with EGFRmt tumors treated with EGFR-TKI and conven-
tional platinum-based doublet chemotherapy showed pro-
longed OS compared with the patients with EGFRwt tumors

treated with conventional chemotherapy alone (P =
0.017; Fig. 5A and C and Supplementary Fig. S5A). OS was
prolonged by the presence of antibodies in patients with
XAGE1 (GAGED2a) antigen-positive EGFRwt or EGFRmt
tumors (Fig. 5B and D). The median OS in the patients with
XAGE1 (GAGED2a) antigen-positive EGFRwt tumors was
31.5 months when antibody-positive, but only 15.6 months
when antibody-negative (P = 0.05, HR, 0.46; Fig. 5B). On
the other hand, in the patients with XAGE1 (GAGED2a)
antigen-positive EGFRmt tumors, the median OS was 34.7
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Figure 4. OS of patients with advanced lung adenocarcinoma with XAGE1 (GAGED2a) antigen-expressing or nonexpressing tumors (A}, with and without the
XAGE1 (GAGED2a) antibody (B), and with the antigen expressing or nonexpressing tumors and with or without the antibody (C).

months when antibody-positive, but only 11.1 months
when antibody-negative (P = 0.001, HR, 0.28; Fig. 5D).
No significant difference was found in OS in the antibody-
positive patients with EGFRwt and EGFRmt tumors, or the
patients with antigen-negative EGFRmt tumors (P =
0.36; Fig. 5B and D and Supplementary Fig. S5B).

OS of patients with different EGFR mutation tumors

EGFR mutation types were defined in 44 tumors (Sup-
plementary Table S1B). Mutations inexon 18 (G719A/C/S),
exon 19 (E746-A750 deletion: type 1, E746-A750 deletion:
type 2 and L747-P753 deletion and $S insertion), and exon
21 (L858R and L861Q) were detected. As shown in Sup-
plementary Fig. S6, no significant difference in OS was
observed in patients with different EGFR mutation tumors
(P = 0.44).

Univariate and multivariate analyses

We performed univariate and multivariate analyses on
OS in 145 patients with advanced lung adenocarcinoma.
Univariate analysis showed that the presence of the XAGE1
(GAGED2a) antibody, EGFR mutation, good Eastern Coop-
erative Oncology Group performance status, or never or
light smoking habit were significant predictors for pro-
longed OS (Supplementary Table S2A). On the other hand,
multivariate analysis showed that the presence of the
XAGE1 (GAGED2a) antibody was a strong predictor for
prolonged OS in patients with XAGE1 (GAGED2a) antigen-
positive tumors (P < 0.0001, HR, 0.18) and in patients with
either EGFRwt (P =0.04, HR, 0.50) or EGFRmt tumors (P =
0.002, HR, 0.17; Supplementary Table S2B). XAGE1
(GAGED2a) antigen expression was a worse predictor in
patients with EGFRmt tumors (P = 0.004, HR, 5.23).

Augmented or sustained antibody response, but
increased immune inhibition, during the late phase of
disease progression

The XAGE1 (GAGED2a) antibody response was exam-
ined for a prolonged period until death by disease progres-
sion in 13 XAGE1 (GAGED2a) antigen-positive advanced

lung adenocarcinoma patients. The numbers of antibody-
positive and -negative patients were 10 and 3, respective-
ly. As shown in Fig. 6A, antibody response was augment-
ed in 5 of 10 antibody-positive patients and sustained in 5
other patients. No positive conversion was observed in 3
antibody-negative patients. With 5 antibody response-
augmented patients, various immune parameters were
compared at diagnosis and at the late phase of disease
progression. As shown in Fig. 6B, an increase in CXCR5™
(Tp) CD4 T-cell level, but not CXCR3™ (Th1) CD4 T-cell
level, was observed. No change in resting or activated Treg
levels was observed (Fig. 6C). M- and PMN-MDSC levels
were increased at the late phase (Fig. 6C). An increase in
Tim-3 expression level was observed in CD8 T cells (Fig.
6D). Functional analysis showed that impaired XAGE1
(GAGED2a)-specific CD4 (Fig. 6E) and CD8 (Fig. 6F) T-
cell responses for cytokine production were observed
frequently at the late phase.

Discussion

In this study, we demonstrated that XAGE1 (GAGED2a)
antibody-positive advanced lung adenocarcinoma patients
showed prolonged OS when compared with the OS
of antibody-negative patients. In patients with XAGE1
(GAGED2a) antigen-positive tumors, no significant differ-
ence was found in OS in patients with EGFRwt and EGFRmnt
tumors when they were XAGE1 (GAGED2a) antibody-pos-
itive (Fig. 5 and Supplementary Fig. S5). It should be noted
that the patients with EGFRmt tumors treated with EGFR-TKI
and conventional platinum-based doublet chemotherapy
showed prolonged OS compared with those with EGFRwt
tumors treated with conventional chemotherapy alone (Sup-
plementary Fig. $5). The presence of the antibody greatly
prolonged OS in patients with XAGE1 (GAGED2a) antigen-
positive EGFRwt tumors, resulting in OS close to that of
antibody-positive patients with EGFRmt tumors.

The patients with XAGE1 (GAGED2a) antigen-positive
EGFRmt tumors showed shortened OS when the patients
were antibody-negative compared with that of those with
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Figure 5. OS of the patients with advanced lung adenocarcinoma with XAGE1 (GAGED2a) antigen-expressing or nonexpressing EGFRwt (A and B) and

EGFRmt (C and D) tumors and with or without the antibody (B and D).

antigen-negative EGFRmt tumors. It should be noted that
the survival shortening effect of XAGE1 (GAGED2a) antigen
expression was observed only in patients with EGFRmt
tumors, but not in those with EGFRwt tumors. These find-
ings suggest specificinvolvement of the XAGE1 (GAGED2a)
antigen in EGFRmt tumors or with EGFR-TKI treatment. The
presence of the XAGE1 (GAGED2a) antigen in a tumor may
facilitate EGFR-mediated tumorigenesis and/or hamper the
effect of EGFR-TKI, and the presence of the XAGE1
(GAGED2a) antibody may inhibit this effect. EGFR signal-
ing was delivered via the PI3K, AKT, and mTOR, or Ras, Raf,
MEK, and MAPK pathways to activate many tumorigenic
genes (26-30). These involve cell cycle, cell proliferation,
antiapoptosis, invasion, or metastasis (31-33). Although
the XAGE1 (GAGED2a) antigen has been shown to locate in
the nucleus, the possibility of direct molecular interaction
between XAGE1 (GAGED2a) and mutated EGFR, its down-
stream molecules, or EGFR-TKI itself remains to be
addressed.

The function of the XAGE1 (GAGED2a) molecule is
largely unknown. However, Caballero and colleagues
(34) recently showed that XAGE1 depletion in an SK-
MEL-37 melanoma cell line by siRNAs reduced prolifera-
tion, clonogenic survival, migration, and invasion of the
cells. The tumorigenic effect of cancer/testis antigen on the X
chromosome (CT-X) was also shown in SSX4 (34) and

MAGE (35, 36). For XAGE-related GAGE genes, the proteins
bind to the metazoan transcriptional regulator, germ cell-
less (GCL), at the nuclear envelope and cause tumorigenesis
(37). These findings suggest that the tumorigenic effect is a
common characteristic of CT-X antigens.

CT-X expression has been shown to be a marker of poor
outcome in non-small cell lung cancer (NSCLC) (38). The
expressions of NY-ESO-1, MAGE-A1, MAGE-A3, and SSX2
were associated with shorter survival in lung adenocarci-
noma. Especially, high-level expression of NY-ESO-1 or
MAGE was a strong predictor for worse outcome indepen-
dent of confounding factors such as stage, histology, and
therapy. With XAGE1 (GAGED2a), no significant difference
was observed in OS with the antigen-positive and negative-
patients. Moreover, we previously reported that no corre-
lation was found between the expression pattern (diffuse,
intermediate, or focal) and OS (19). It is possible that the
higher frequency of antibody response causing prolonged
survival may obscure the difference.

The prolongation of OS by the presence of the XAGE1
(GAGED2a) antibody counteracting the survival shortening
effect of XAGE1 (GAGED2a) antigen expression may not
result from direct interaction of the antibody and antigen.
The XAGE1 (GAGED2a) antigen resides in the cells, usually
in the nucleus as mentioned above. It is unlikely that the
antibody enters the cell and interacts with XAGE1
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Figure 8. Augmented or sustained antibody response, but increased immune inhibition, during the late phase of disease progression in XAGE1 (GAGED2a)
antigen-positive, advanced lung adenocarcinoma patients. A, kinetic XAGE1 (GAGED2a) antibody response by ELISA during a prolonged period until death by
disease progression in 10 XAGE1 (GAGED2a) antibody-positive (P01-P10, black lines) and 3 antibody-negative (P11-P13, red lines) patients. Five patients
showing an increase in antibody titer are denoted by asterisks and were analyzed for CXCR3 and CXCR5-positive CD4 T cells (B), resting and activated
Tregs, and M- and PMN-MDSCs (C), and Tim-3 expression in CD4 and CD8 T cells (D) at diagnosis or at the late phase by FACS. Statistical analysis

was done by the Wilcoxon rank test (*, P < 0.05). Each line indicates a single patient. E and F show the responses of CD4 and CD8 T cells, respectively, against
the XAGE1 (GAGED2a) antigen determined for cytokine production by ICS as described in the Fig. 1D legend. In F, the expression of the CD107a molecule

on CD8 T cells was also analyzed by FACS.

(GAGED2a). Rather, it is likely that T-cell responses elicited
concomitantly with the antibody response contribute to the
antitumor effect. Our previous (21) and present results
showed frequent occurrence of CD4 and CD8 T-cell
responses in XAGE1 (GAGED2a) antibody-positive patients
and no such T-cell responses in antibody-negative patients.
~ Thus, CD4 and CD8 T-cell responses seemed to be associ-
ated with the antibody response in patients with XAGE1
(GAGED2a)-positive tumors. In patients with NY-ESO-1-
positive tumors, such a naturally occurring integrated
immune response was frequently observed (39, 40). NY-
ESO-1 is a prototype of the CT antigen and has been shown
to be strongly antigenic (41). XAGE1 (GAGED2a) seemed

to be less immunogenic than NY-ESO-1 (21), but still
capable of eliciting an integrated immune response. In our
previous study, we demonstrated that XAGE1 (GAGED2a)
expression resulted in shorter survival in patients with
NSCLC when the MHC class I expression was downregu-
lated in the tumor (20). However, when the tumor coex-
pressed XAGE1 (GAGED2a) and MHC class I, survival was
clearly prolonged. These findings suggest the involvement
of CD8 T-cell activation in recognizing the XAGE1
(GAGED2a) antigen on HLA class I may contribute to
prolonged survival.

On the other hand, recent exome analysis to determine
mutations in the tumor has revealed the relevance of
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immune responses to multiple mutated gene products in
the tumor (42-45). Because XAGE1 (GAGED2a) expression
is mostly heterogeneous, the immune response to XAGE1
(GAGED2a) could be a surrogate for such immune
responses to mutated antigens.

In this study, we characterized various immune para-
meters in XAGE1 (GAGED2a) antibody-positive patients
and showed elevated immune responsiveness. XAGE1
(GAGED2a)-reactive CD4 and CD8 T cells were detected
in the antibody-positive patients. Increases in Thi, 2, 17,
T levels and decreases in activated Treg and M-MDSC
levels were observed in the antibody-positive patients. An
increase in ICOS and PD-1~expressing CD4 T-cell levels and
a decrease in BTLA-expressing CD4 T-cell levels were
observed in the antibody-positive patients. These findings
suggested that in XAGE1 (GAGED2a) antibody-positive
patients, immune activation involving CD4 and CD8 T
cells occurred in response to the XAGE1 (GAGED2a) anti-
gen, supporting elicitation of an integrated immune
response.

At the late phase of disease progression long after finish-
ing treatment, the XAGE1 (GAGED2a) antibody response
was still augmented or sustained. CXCR3" (Th1) and
CXCR5™ (Tg) CD4 T-cell levels were retained or increased.
However, increases in M- and PMN-MDSC, and Tim-3-
expressing CD8 T-cell levels were observed. A reduction in
XAGE1 (GAGED2a)-reactive CD4 and CD8 T-cell responses
was frequently observed at the late phase. These findings
suggest that immune regulation is one of the causes leading
to disease progression resulting in death, even in patients
with prolonged survival.
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Introduction

Summary

GM (y marker) allotypes, genetic variants of immunoglobulin vy chains, have
been reported to be associated strongly with susceptibility to lung cancer, but
the mechanism(s) underlying this association is not known. One mechanism
could involve their contribution to humoral immunity to lung tumour-
associated antigens. In this study, we aimed to determine whether particular
GM and KM (x marker) allotypes were associated with antibody responsive-
ness to XAGE-1b, a highly immunogenic lung tumour-associated cancer-
testis antigen. Sera from 89 patients with non-small cell lung cancer
(NSCLC) were allotyped for eight GM and two KM determinants and char-
acterized for antibodies to a synthetic XAGE-1b protein. The distribution of
various GM phenotypes was significantly different between XAGE-1b
antibody-positive and -negative patients (P =0-023), as well as in the sub-
group of XAGE-1b antigen-positive advanced NSCLC (P = 0-007). None of
the patients with the GM 1,17 21 phenotype was positive for the XAGE-1b
antibody. In patients with antigen-positive advanced disease, the prevalence
of GM 1,2,17 21 was significantly higher in the antibody-positive group than
in those who lacked the XAGE-1b antibody (P = 0-026). This phenotype also
interacted with a particular KM phenotype: subjects with GM 1,2,17 21 and
KM 3,3 phenotypes were almost four times (odds ratio = 3-8) as likely to be
positive for the XAGE-1b antibody as the subjects who lacked these pheno-
types. This is the first report presenting evidence for the involvement of
immunoglobulin allotypes in immunity to a cancer-testis antigen, which has
important implications for XAGE-1b-based immunotherapeutic interven-
tions in lung adenocarcinoma.

Keywords: cancer-testis antigen, GM/KM allotypes, humoral immunity, non-
small cell lung cancer, XAGE-1b (GAGED2a)

driven candidate gene approaches, several studies have
identified particular GM genes/genotypes as risk factors for

Genetic variants of immunoglobulin G (IgG) heavy chains
are called GM allotypes. They are encoded by three very
closely linked genes— immunoglobulin heavy chain Gl
(IGHG1), IGHG2 and IGHG3-on chromosome 14q32.
They are expressed on the constant regions of y1, y2 and Y3

chains. There are striking qualitative and quantitative differ-

ences in the distribution of GM allotypes among different
racial groups. In addition, there is almost complete linkage
disequilibrium between particular GM determinants within
a race, and every major racial group is characterized by a
distinct array of GM haplotypes [1,2]. Using hypothesis-

many malignant diseases [2—7]. In lung cancer, a highly sig-
nificant association was found between the GM 1,2
13,15,16,21 phenotype and susceptibility to this malignancy
in a Japanese population [8]. The mechanism(s) underlying
this association is not known.

One mechanism underlying the reported GM gene—lung
cancer association could involve the contribution of GM
determinants to humoral immunity to lung tumour-
associated antigens, as GM genes are known to influence
immunity to several self and non-self antigens, including
tumour-associated antigens mucin 1 and human epidermal

78 © 2013 British Society for immunology, Clinical and Experimental Immunology, 176: 78-83
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growth factor receptor 2 [9-14]. In this investigation, we
aimed to determine whether GM allotypes are associated
with antibody responsiveness to XAGE-1b, a highly immu-
nogenic lung tumour-associated antigen that belongs to the
cancer-testis antigen gene families [15-17]. A recent com-
prehensive analysis of human gene expression has identified
the Ig x constant (IGKC) gene as a strong prognostic
marker in human solid tumours, including lung cancer
[18]. Identification of tumour-infiltrating plasma cells as
the source of IGKC expression in this study strongly sug-
gests a role for humoral immunity in lung cancer and pro-
vides a compelling rationale for investigating the role of KM
alleles, genetic variants of IGKC, in humoral immunity to
lung tumour-associated-antigens.

There is increasing evidence that genes do not act in iso-
lation, and that epistasis — modification of the action of a
gene by one or more other genes — plays a significant role in
human diseases. Genes expressed on the Ig heavy and light
chains are probably some of the most likely candidates for
gene—gene interactions in the human genome. Therefore,
the aim of the present investigation was to determine
whether GM and KM allotypes — individually or in particu-
lar epistatic combinations — contribute to antibody respon-
siveness to XAGE-1b in patients with non-small cell lung
cancer (NSCLC).

Materials and methods

Blood samples

The study population is described in detail elsewhere [17].
The Institutional Review Boards of the respective institu-
tions approved the study protocol. Blood samples from 89
Japanese patients with NSCLC were included in this investi-
gation. Of these, 80 patients were diagnosed histologically
examining available tumour specimens and nine were diag-
nosed cytologically using tumour cells in pleural effusion,
sputum or bronchoalveolar fluid (BALF) because tumour
tissue was not available.

Anti-XAGE-1b antibody determinations

These antibodies were measured by a previously described
enzyme-linked immunosorbent assay (ELISA) [16,17].
Briefly, synthetic XAGE-1b (GAGED2a) protein (1 pg/ml)
in coating buffer was adsorbed onto a 96-well ELISA plate
(Nunc, Roskilde, Denmark) and incubated overnight at
4°C. Plates were washed with phosphate-buffered saline
(PBS) and blocked with 5% fetal calf serum (FCS)/PBS
(200 pl/well) for 1 h at 37°C. After washing, 100 ul of seri-
ally diluted serum was added to each well and incubated for
2 h at 4°C; horseradish peroxidase (HRP)-conjugated goat
anti-human IgG (MBL) was then added to the wells, and
the plates were incubated for 1 h at 37°C. After washing and
development, absorbance [optical density (OD)] was read

lg allotypes and immunity to lung cancer

at 490 nm. Sera with OD values exceeding 1-0 at a dilution
of 1:300 were considered positive for the XAGE-1b anti-
body, while those with OD values less than 0-2 were consid-
ered negative for this antibody. Patients who showed OD
values between 0-2 and 1-0 were excluded. Of the 89 NSCLC
patients, 29 were positive for the XAGE-1b antibody and 60
were negative.

Immunohistochemistry

Tumour specimens from 80 patients were also examined by
immunohistochemistry. Surgically resected tissues were
fixed with buffered formalin and embedded in paraffin.
Five-micrometre sections were deparaffinized with xylene
and ethanol. Antigen retrieval and inactivation of endog-
enous peroxidase have been described previously [16]. After
incubation with 0-1% Tween 20/5% FCS/PBS for 1 h, the
USO 9-13 monoclonal antibody (mAb) was placed at a
concentration of 2 pug/ml and incubated for 1h at room
temperature. Immunofluorescence staining was performed
as described above. For intracellular localization,
rhodamine-conjugated wheat germ agglutinin (WGA)
(Vector Laboratories, Burlingame, CA, USA) and 4',6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories)
were used. The stained cells were visualized under a digital
high-definition microscopic system (model BZ-9000 for the
magnification of x40; Keyence, Osaka, Japan).

Of 80 patients, 46 were XAGE-1b antigen-positive and 34
were antigen-negative. Detailed clinical information was
not available for three antigen-positive patients. Of the
remaining 43 antigen-positive patients, 26 were antibody-
positive and 17 were antibody-negative.

GM and KM allotyping

Serum samples were typed for GIM (1/a, 2/x, 3/f, 17/z),
G2M (23/n), G3M (5/bl, 13/b3, 21/g) and KM 1 and 3
allotypes by a standard haemagglutination-inhibition
method [19]. In brief, a mixture containing human blood
group O rhesus-positive (ORh*) erythrocytes coated with
anti-Rh antibodies of known GM/KM allotypes, the test
sera and monospecific anti-allotype antibodies were incu-
bated in a microtitre plate. Test sera containing IgG of the
particular allotype inhibited haemagglutination by the anti-
allotype antibody, whereas negative sera did not. The nota-
tion for GM allotypes follows the international system for
human gene nomenclature, in which haplotypes and phe-
notypes are written by grouping together the markers that
belong to each IgG subclass, by the numerical order of the
marker and of the subclass; markers belonging to different
subclasses are separated by a space, while allotypes within a
subclass are separated by commas.

Three alleles — KM 1, KM 1,2 and KM 3 — segregate at the
KM locus on chromosome 2p12. More than 98% of people
positive for KM 1 are also positive for KM 2. The KM 1

© 2013 British Society for Immunology, Clinical and Experimental Immunology, 176: 78-83 79
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Table 1. Distribution of GM* and KM phenotypes in the XAGE-1b
antibody-positive and -negative patients with lung adenocarcinoma
(n=289).

XAGE-1b antibody

Positive Negative

Phenotype (n=29) (W) (1=60) (%) P-value
GM 1,17 21 0 0 10 167 0-027
GM 1,2,17 21 15 517 19 317 0-06
GM 1,17 13,21 0 0 4 67 0-30
GM 1,2,17 13,21 1 34 8 13-3 0-26
GM 1,2,3,17 23 5,13,21 2 69 5 83 1-0
Other GM 11 379 14 233 0-21
KM 1 3 103 6 10-0 0-61
KM 1,3 8 276 26 433 0-15
KM 3 11 62-1 28 46-7 017

*Fisher’s exact test (6 X 2), P=0-023.

allele, without KM 2, is extremely rare. Here, and in most
other investigations, positivity for KM 1 includes both KM
1 and KM 1,2 alleles.

Statistical analysis

The significance of the association between GM and KM
phenotypes and the prevalence of antibodies to XAGE-1b in
NSCLC patients was analysed using Fisher’s exact test and
Pearson’s * test. Subjects with very unusual GM pheno-
types and those whose frequency was <4% were combined
as ‘other’, in order not to have a test with too many degrees
of freedom. Associations between the prevalence of anti-
bodies and GM phenotypes and patient survival were
assessed using a Cox regression model. Statistical signifi-
cance was defined as P<0-05. All reported P-values are
two-sided.

Results

Table 1 presents the distribution of GM and KM pheno-
types in XAGE-1b antibody-positive and -negative patients
with lung adenocarcinoma. The majority of the subjects
possessed typical Japanese GM phenotypes, which can be
explained by postulating the segregation of four haplotypes
present in this population: GM 1,17 21, GM 1,2,17 21, GM

1,17 13 and GM 1,3 23 5,13. The frequency of KM pheno-
types observed was also typical of this population.

A global Fisher’s exact test, considering all GM pheno-
types, shows that there is a significant difference in the dis-
tribution of various phenotypes between the XAGE-1b
antibody-positive and -negative groups of patients
(P=0-023). Further dissection of this association elucidates
that the discrepancy in the distribution of GM 1,17 21 and
GM 1,2,17 21 phenotypes contributed most to the total
variation. None of the subjects with the GM 1,17 21 pheno-
type was positive for the XAGE-1b antibody (P = 0-027).
The frequency of the GM 1,2,17 21 phenotype in the
antibody-positive group was higher than in the antibody-
negative group, but it did not reach statistical significance
(52 versus 32%; Pearson’s 7’ =3-3; P=0-06). However, in
subjects who were also homozygous for the KM 3 allele, this
GM phenotype contributed significantly to the antibody
responsiveness: subjects with GM 1,2,17 21 and KM 3,3
phenotypes were almost four times [odds ratio (OR) = 3-8]
as likely to be positive for the XAGE-1b antibody as the sub-
jects who lacked both these phenotypes (Table 2). No other
significant interactions were found. Also, none of the KM
phenotypes alone was associated with anti-XAGE-1b anti-
body responsiveness.

Subsequent analyses were restricted to patients with
XAGE-1b antigen-positive advanced (IIIB/IV) lung cancer.
The clinical and demographic characteristics of these
patients are presented in Table 3. The prevalence of anti-
XAGE-1b antibodies was higher in patients with less
advanced disease (P =0-030). Other characteristics, except
age, were not significantly different in the two groups of
patients. A global Fisher’s exact test, considering all GM
phenotypes, shows that there is a significant difference in
the distribution of various phenotypes between the
XAGE-1b antibody-positive and -negative groups of
patients with XAGE-1b antigen-positive advanced lung
cancer (P =0-007). There were only three patients with the
GM 1,17 21 phenotype in this group, and all were negative
for the XAGE-1b (P =0-055, Table 4). The prevalence of
GM 1,2,17 21 was significantly higher in the antibody-
positive group than in those who lacked the XAGE-1b anti-
body (54 versus 18%; P = 0-026). The only allotype different
between the responder and non-responder phenotypes is
the y1 determinant GM 2, prompting us to analyse the

Table 2. Distribution of combined GM 1,2,17 21 and KM 3,3 phenotypes in antibody-positive and -negative patients in relation to existence of

XAGE-1b antibody (n = 89).

XAGE-1b antibody

Phenotype Positive 17 =29 (%) Negative 1= 60 (%) OR (95% CI) P-value
GM 1,2,17 21(+)/KM 3,3 (+) 11 (379) 9 (15-0) 3-8 (1-1-13-1) 0-04
GM 1,2,17 21(+)/KM 3,3 (-) 4 (13-8) 10 (16:7) 1:3 (0-3-5-3) 1-0
GM 1,2,17 21(-)/KM 3,3 (+) 7 (24-1) 19 (31-7) 12 (0-3-3.9) 1-0
GM 1,2,17 21(=)/KM 3,3 (-) 7 (24-1) 22 (36'7) 1-0

CI: confidence interval; OR: odds ratio.
80 © 2013 British Society for Immunology, Clinical and Experimental Immunology, 176: 78-83
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Table 3. Characteristics of the patients with XAGE-1b antigen-positive
advanced lung cancer (1 = 43).

XAGE-1b antibody

Positive Negative
Characteristic (n=26) (n=17) P- value
Sex, no. (%)
Male/female 13/13 (50-0) 13/4 (76-5) 0-11
Age, years
Mean 76:5+ 76 69-8 £ 101 0-018
Smoking status, no. (%) )
Never smoked 10 (38:5) 5(29-4) 0-75
ECOG performance status score, no. (%)
0-1 21 (80-8) 11 (64-7) 0-30
Clinical stage, no. (%)
IIB/IV 10/16 (38:5) 1/16 (59) 0-030
Brain metastasis, no. (%)
positive/negative 9/17 (34-6) 5/12 (29-4) 0-75
EGFR mutation, no. (%)
Positive/negative 13/13 (50-0) 4/13 (23-5) 0-12

ECOG: Eastern Cooperative Oncology Group; EGFR: epidermal
growth factor receptor.

interindividual variation in antibody responsiveness in rela-
tion to the GM 2 status of the subjects. No significant asso-
ciations were found in the whole group (P =0-34) as well as
in the XAGE-1b antigen-positive group (P =0-18). Thus, it
appears that the influence of GM 2 on antibody responsive-
ness is manifested only when it is in a complex with 71
determinants GM 1 and 17 and the y3 determinant GM 21.
Although a significant interactive effect of GM 1,2,17 21
with KM 3 homozygosity was observed {OR = 10; P = 0-04),
this association should be viewed with caution, as the
number of subjects in some categories was very small,
resulting in a wide confidence interval (data not shown).
Of the 43 patients with antigen-positive tumours, 17
were negative for the XAGE-1b antibody; however, only one
of these belonged to the clinical stage IIIB, the rest being
clinical stage IV. Therefore, survival curves were plotted
with the stage IV patients as well as with the combined
group of patients with clinical stages IIIB and IV. As shown
in Fig. 1, the anti-XAGE-1b antibody positivity was associ-
ated significantly with enhanced overall survival in both

lg allotypes and immunity to lung cancer

Discussion

The results presented here show that the Ig GM 1,2,17 21
phenotype is associated with the presence of naturally
occurring antibodies to the cancer-testis antigen XAGE-1b,
while the GM 1,17 21 phenotype is associated with the
lack of such antibodies. One mechanism underlying this
association could involve GM allotypes being part of the
recognition structures for the immunogenic epitopes of
the XAGE-1b protein. Perhaps membrane-bound IgG
(mIgG) molecules with GM 1,2,17 21 allotypes are more
efficient in the uptake, processing and subsequent presen-
tation of XAGE-1b epitopes to the collaborating T cells,
resulting in strong humoral immunity, whereas the mIgG
molecules with the GM 1,17 21 phenotype form a lower
affinity receptor for the critical epitopes of this protein.
Additionally —and contrary to the prevalent belief in
immunology — these constant-region determinants could
directly influence anti-XAGE-1b antibody specificity by
causing conformational changes in the antigen-binding site
in the Ig variable region. There is convincing evidence that
the Ig constant region can influence antibody affinity and
specificity [20]. Thus, constant regions expressing different
GM allotypes, even when combined with identical variable
region sequences, can generate new antibody molecules
with new functions. They could also influence the expres-
sion of idiotypes involved in XAGE-1b immunity. The
contribution of both variable and constant regions in the
formation of idiotypic determinants has been clearly docu-
mented for the T15 system in mice, and such isotype-
restricted idiotypes have been postulated to be involved in
the regulation of class-specific antibody responses [21].
We also found that subjects with GM 1,2,17 21 and KM
3,3 phenotypes were significantly more likely to generate
anti-XAGE-1b antibodies than subjects who lacked both
these phenotypes. The simultaneous involvement of both
GM and KM alleles on antibody responsiveness would

Table 4. Distribution of GM* and KM phenotypes in the XAGE-1b
antibody-positive and -negative patients with XAGE-1b antigen-
positive advanced lung adenocarcinoma (n = 43).

XAGE-1b antibody

Positive Negative
groups of patients, the antibody-positive subjects surviving Phenotype (n=26) (%) (n=17) (%) P-value
more than twice as long as those who lacked this antibody GM L1721 0 o 3 76 0058
(stage IIIB/IV: 33 versus 14 months, P=0-007; stage IV: 33 GM 1,2,17 21 14 53.8 3 176 0026
versus 13 months, P=0-039). Although not statistically sig- GM 1,17 13,21 0 0 1 59 0-40
nificant (due possibly to the small sample size), stage GM 1,2,17 13,21 1 3.8 4 235 007
[IB/IV subjects with the GM 1,2,17 21 phenotype, which GM 1,2,3,17 23 5,13,21 1 3-8 1 59 10
was associated with a higher prevalence of anti-XAGE-1b Other GM 10 385 5 2944 075
antibodies, survived longer than those expressing the GM KM 1 3 11-5 2 117 1.0
1,17 21 phenotype, which was associated with the lack of KM 1,5 8 308 7 412 053
antibodies to XAGE-1b (31 versus 15 months, P=0-29, KM 3 15 577 8 471 055
Fig. 2). *Fisher’s exact test (6 X 2), P = 0-007.
© 2013 British Society for Immunology, Clinical and Experimental Inmunology, 176: 78-83 81
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suggest that the association of y and x chains in IgG anti-
bodies directed against XAGE-1b might not be random.
Only v and x chains carrying specific GM and KM allotypes
might form a paratope with the necessary quaternary struc-
ture for an effective recognition of the XAGE-1b epitopes.
Non-random pairing of heavy and light chains has been
reported in experimental animals [22,23].

As mentioned previously, the XAGE-1b antigen is highly
immunogenic and, therefore, an excellent vaccine candidate
for active immunotherapy. In XAGE-1b antibody-positive
patients, specific T cell responses were also frequently
observed [17]. If the results presented here are confirmed in
an independent study, they could aid in identifying subjects
(GM 1,2,17 21) who are more likely to benefit from XAGE-
1b-based vaccines. For those with the non-responder (GM
1,17 21) phenotype, XAGE-1b could be fused with appro-
priate adjuvants, such as heat shock proteins or flagellin, to
overcome the allotypic restriction in immune responsive-

100
Median OS
80 o 121721 n=17 31-0
- 11721 n=3 150
§ HR, 0-53
2 6ol 95% Cl, 0-09-1-99
5 P =0.29
s
9] 40 -
(@]
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Fig. 2. Kaplan—Meier survival plots of XAGE-1b antigen-positive
stage ITIB/IV lung adenocarcinoma patients as a function of GM
1,2,17 21 and GM 1,17 21 phenotypes.

82

-230-

ness. It is relevant to note that antibody responses to certain
heat shock proteins as well as to flagellin are also influenced
by GM genotypes [24,25], making it conceivable to formu-
late a fusion XAGE-1b-heat shock protein/flagellin vaccine
that could potentially generate high antibody responses in
the majority of the population. Identification of the natural
responders/non-responders to XAGE-1b would also be
helpful in the proper evaluation of any future vaccine
efficacy trials.

Associations observed in this report can also be explained
by postulating as-yet unidentified immune response genes
for XAGE-1b whose alleles might be in linkage disequilib-
rium with those of GM and KM loci.

Although the results reported here are statistically signifi-
cant, they could also be the result of chance fluctuations, as
the P-values for the associations were not adjusted for mul-
tiple testing. Such adjustment is controversial [26], and in
the present investigation would be overly punitive, as the
multiple tests performed are not independent due to signifi-
cant linkage disequilibrium in the GM gene complex. This
is the first study of its kind, and needs to be replicated and
extended by independent investigations.

It is relevant to point out that the highly significant GM
phenotype-lung cancer association that was reported more
than three decades ago [8] has not been confirmed or
refuted by modern genome-wide association studies
(GWAS) of this malignancy [27]. One contributing factor
for this omission might be the absence of GM gene probes
in most genotyping platforms. GWAS are assumed to be
able to detect/tag all single nucleotide polymorphisms
(SNPs) in the genome whose frequency is at least 5%. This,
however, is not true. Most GM alleles are common within a
racial group (some with allele frequency >70%), but the
IGHG gene segments harbouring them are highly homolo-
gous and apparently not amenable to the high-throughput
genotyping technology used in GWAS. Because these genes

© 2013 British Society for Immunology, Clinical and Experimental Inmunology, 176: 78-83



were not typed in the HapMap or the 1000 Genomes pro-
jects, they cannot be imputed or tagged (through linkage
disequilibrium) by any SNPs that are included in the geno-
typing platforms. Therefore, a candidate gene approach
would be necessary to confirm/refute the findings reported
here.

It is hoped that these results, coupled with those identify-
ing the JGKC gene as a strong prognostic marker in human
solid tumours [18], would inspire large-scale studies to
determine conclusively the contribution of Ig GM and KM
alleles in humoral immunity to XAGE-1b. It would also be
of interest to investigate the role of these determinants in
immunity to NY-ESO-1, a prototype cancer-testis antigen.
Results from such investigations would be extremely valu-
able in devising novel immunotherapeutic interventions in
patients with lung adenocarcinoma.
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ABSTRACT

HSP90, found in all kingdoms of life, is a major chap-
erone protein regulating many client proteins. We
demonstrated that HSP90«, one of two paralogs du-
plicated in vertebrates, plays an important role in the
biogenesis of fetal PIWI-interacting RNAs (piRNA),
which act against the transposon activities, in mouse
male germ cells. The knockout mutation of Hsp90«
resulted in a large reduction in the expression of
primary and secondary piRNAs and mislocalization
of MIWI2, a PIWI homolog. Whereas the mutation
in Fkbp6 encoding a co-chaperone reduced piR-
NAs of 28-32 nucleotides in length, the Hsp90x mu-
tation reduced piRNAs of 24-32 nucleotides, sug-
gesting the presence of both FKBP6-dependent and
-independent actions of HSP90«. Although DNA
methylation and mRNA levels of L1 retrotranspo-
son were largely unchanged in the Hsp90x mutant
testes, the L1-encoded protein was increased, sug-
gesting the presence of post-transcriptional regu-
lation. This study revealed the specialized function
of the HSP90« isofom in the piRNA biogenesis and
repression of retrotransposons during the develop-
ment of male germ cells in mammals.

INTRODUCTION

Heat-shock protein 90 (HSP90), the most abundant pro-
tein in mammalian cells, is a chaperone that stabilizes the
conformation of >200 client proteins in various physio-
logical pathways, thereby maintaining cellular homeostasis
(1,2). In mammals, there are two cytosolic HSP90 isoforms
encoded by distinct genes, Hsp90aal (HSP86; HSP90a)

and Hsp90abl (HSP84; HSP90B) sharing 86% similarity
in amino acid sequences, as well as HSP90 family pro-
teins localized in the mitochondria and endoplasmic retic-
ulum. For simplicity, we refer to Hsp90aal and Hsp90abl
as Hsp90a and Hsp90pB, respectively. Although Hsp908 is
ubiquitously expressed (constitutive type), Hsp90« expres-
sion is increased in response to various stresses (inducible
type), and its expression is more tissue-specific at the steady
state, being relatively higher in the testes and brain (3-5).
Whether these HSP90 proteins have specific functions re-
mains unclear.

Recently, plant and insect HSP90 proteins were im-
plicated in the biogenesis of three major classes of
small RNAs: small interfering RNA (siRNA), microRNA
(miRNA) and PIWI-interacting RNA (piRNA). In insects
and plants, the ATPase activities of HSP90 and HSP70 are
indispensable for the formation of the pre-RNA-induced
silencing complex (pre-RISC), in which double-stranded
RNA precursors of siRNA and miRNA are loaded onto
Argonaute proteins (6--8). In cultured human cells, how-
ever, chemical inhibition of HSP90 proteins does not af-
fect miRNA expression, although Argonaute-2 is mislocal-
ized (9). In animal gonads, PIWI-clade Argonaute proteins
(Piwi, Aub and Ago3 in flies and MILI, MIWI and MIWI2
in mice) play a principal role in the generation of piRNAs,
germline-specific small RNAs typically 24-33 nucleotides
(nt) in length that counteract the transposon activities (10).
In flies, Hsp90 has been implicated in piRNA production
(11,12), and its co-chaperone, Hop, regulates Piwi phos-
phorylation and thus piRNA production (12). Moreover,
silkworm Hsp90 participates in the loading of piRNA pre-
cursors onto Piwi (13). Another Hsp90 co-chaperone, Shut-
down, is important for piRNA production in flies (14), and
its mouse ortholog, FKBP6, has been proposed to facili-
tate the recycling of PIWI proteins in piRNA biogenesis
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(15). However, whether HSP90 plays a role in piRNA bio-
genesis in mice and other vertebrate species remains un-
known. Studies on the role of the mouse HSP90 proteins
in piIRNA biogenesis have been hindered by the presence
of two Hsp90 genes in mice versus a single gene in insects.
Hsp90a knockout (KO) mice are viable, presumably be-
cause of the presence of functional Hsp908. However, we
revealed that KO males are infertile due to a failure in sper-
matogenesis (16,17), suggesting that Hsp90a plays a role
in spermatogenesis that cannot be replaced by Hsp908. In
this study, we investigated piRNA biogenesis in Hsp90«
KO mice and revealed a specific function of HSP90w in the
piRNA-based host-defense system against transposons in
mice.

MATERIALS AND METHODS
Animals

The Hsp90« and Mitopld KO strains were described by Ka-
jiwara et al. (17) and Watanabe et al. (18), respectively.

Antibodies

Polyclonal antibodies to HSP86 (HSP90«) and HSP84
(HSP90B) were purchased from Thermo Scientific (PA3—
013, RB-118). For immunostaining, polyclonal antibodies
against MILI (PIWIL2), MIWI2 (PIWIL4) and WDR77
were purchased from Abcam. Anti-TDRD1 and TDRD9
polyclonal antibodies and anti-MIWI2 polyclonal antibody
for immunoprecipitation were made by S. C. (Kyoto Univer-
sity) and S. K.-M. (Osaka University), respectively. Anti-
L1 ORF polyclonal antibody and Mael KO testes lysate
were generous gifts from Dr A. Bortvin (Carnegie Institute)
(19). Anti-mono and dimethyl arginine monoclonal anti-
body (7E6) used in western blot analysis was obtained from
Abcam.

Oligonucleotides

The sequences of oligonucleotides used in this study are
listed in Supplementary Table S1.

Immunofluorescence detection of protein localization

E16.5-18.5 testes were embedded in OCT compound and
snap-frozen in liquid nitrogen or isopentane cooled in lig-
uid nitrogen. Cryosections were cut at 7-10-um thickness
and air-dried. The sections were fixed for 10 min in 4% PFA
at 4°C, washed with PBS, permeabilized in PBS with 0.5%
Triton X-100 for 30 min at room temperature, and blocked
in PBS with 0.1% Triton X-100 and 1% BSA for 30 min
at room temperature. Primary antibodies were incubated
overnight at 4°C. Slides were washed and incubated with
Alexa Fluor 488-labeled secondary antibody for 2-3 h at
room temperature. The sections were mounted with Slow-
Fade Gold Antifade Reagent with DAPI (Life Technolo-
gies) and observed by fluorescence microscopy.

Small RNA sequencing analysis

Total RNA was extracted from wild-type (WT) and Hsp90«
KO testes on E16.5 (20 testes for each condition) by Isogen

(Toyobo, Japan) and used to create a small RNA library
using the TruSeq Small RNA Library Preparation Kit (Il-
lumina). The libraries were sequenced on MiSeq (Illumina)
via 50-bp single-end sequencing. After clipping the adaptor
sequence, sequence reads of more than 10 bp were mapped
to cellular RNA and miRNA sequences in miRBase (20)
by SeqMap (21). Unmapped sequences were then mapped
to the mouse genome sequence, allowing no mismatch, and
the mouse transposon sequences obtained from RepBase
(22), allowing 2-bp mismatches. For piRNA cluster-derived
RNAs, the sequences uniquely mapped to the fetal piRNA
clusters (23) were analyzed.

The small RNA sequencing data were obtained from
Gene Expression Omnibus (GEO) for Fkbp6 KO and
its WT control (GSE39203). These data and our pub-
lished data for Mili KO, Miwi2 KO and their WT control
(GSE20327) were analyzed using the aforementioned refer-
ence sequences.

Immunoprecipitation and western blotting

Three pairs of E16.5 testes were lysed in lysis buffer [20 mM
HEPES pH 7.5, 150 mM NaCl, 2.5 mM MgCl,, 0.1% Non-
idet P-40 (NP40), | mM DTT, protease inhibitor cocktail
(Nacalai, Japan)] on ice using a Dounce homogenizer, and
the lysate was cleared by centrifugation at 17,800 x g for 15
min at 4°C. The lysate was incubated with anti-MIWI2 anti-
body overnight at 4°C, following which Protein A/G PLUS-
Agarose was added to collect the antibody and protein com-
plexes. The agarose beads were washed four times with wash
buffer (25 mM Tris-HCI pH 7.5, 150 mM NacCl, 2.5 mM
MgCly, 0.05% NP40 supplemented with 1 mM DTT, pro-
tease inhibitor cocktail). Immunoprecipitants were eluted
in sodium dodecyl sulphate (SDS) sample buffer and run
on an SDS-polyacrylamide gel electrophoresis gel. Western
blotting was performed as described previously (24).

Methylation-sensitive Southern blotting

The genomic DNAs of WT or Hsp90a KO testes at P14 (5
g each) were digested by Mspl (methylation insensitive)
or Hpall (methylation sensitive) and run on a 0.8% agarose
gel. DNAs were then transferred to a Hybond XL mem-
brane (GE Healthcare), hybridized with a 3?P-labeled L1
probe (25) at 42°C for 20 h and washed four times with wash
buffer (2x SSC, 0.1% SDS) at 42°C. The radioactivities on
the membrane were detected on a BAS2500 analyzer (Fuji-
film, Japan).

Northern blotting

Total RNA (10 pg each) was run on a 15% polyacrylamide
gel, transferred to a Hybond X1 membrane using a semi-
dry method (100 mA, 2 h) and cross-linked by UV. The
membrane was hybridized against radioactive probes at
40°C overnight and washed four times in wash buffer (2x
SSC, 0.1% SDS). The L1 (piR-1831) and Intracisternal A
particle (IAP) (piR-4868) probes used were described pre-
viously (295).
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Figure 1. The Hsp90« mutation affected the localization but not the argi-
nine methylation of MIWI2. (A) Immunofluorescence staining of HSP90«
(green; left) or HSP90OB (green; right) in WT E18.5 testes. Nuclei were
counter-stained with DAPI (blue). (B) Localization of piRNA-related pro-
teins (green) in E18.5 WT (top) and Hsp90a KO (bottom) testis. Bars: A: 50
pm B: 20 pm. (C) MIWI2 was immunoprecipitated from the E16.5 testes
of WT or Hsp90a KO mice and subjected to western blotting. Immuno-
precipitants were blotted for MIWI2 (top), methyl-arginine (middle) and
WDR?77 (bottom). See also Supplementary Figure S1.

Germ cell preparation and bisulfite sequencing

Germ cells were purified by fluorescence activated cell sort-
ing. Prospermatogonia were isolated from PO testes of mice
carrying an Oct4-EGFP transgene. Spermatocytes were iso-
lated from P17 testes as described previously (26). Genomic
DNA was isolated by standard procedure and used for
bisulfite sequencing as described previously (27). For each
germ cell preparation, the cell purity was validated by con-
firming the percentages of DNA methylation in the Lit1 dif-
ferentially methylated region, which is completely unmethy-
lated in male germ cells and 50% methylated in somatic cells.

RESULTS

Hsp90« mutation affects the localization of MIWI2, a PIWI
protein

Immunofluorescence analysis revealed that HSP90« is
specifically expressed in germ cells (prospermatogonia) in
the testis on embryonic day 16.5 (E16.5), whereas HSP90RB
is expressed in both somatic and germ cells, suggesting a
germ cell-specific function of HSP90« (Figure 1A). The
prospermatogonia produce piRNAs at this developmental
stage, and a deficiency in the biogenesis of fetal piRNAs
in animals with mutations in piRNA-related genes such as
Mili, Miwi2, Tdrdl, Tdrd9, Movi0ll, Maelstrom and Mito-
pld leads to a failure in spermatogenesis (10). We therefore
investigated whether subcellular localization and/or expres-
sion levels of piRNA-related proteins are affected by the
Hsp90«a KO mutation in E18.5 testes. Proteins involved in

234~

Nucleic Acids Research, 2014, Vol. 42, No. 19 11905

piRNA biogenesis co-localize at granules around the pe-
riphery of the nucleus. MILI, one of the two PIWI pro-
teins expressed in prospermatogonia, and TDRD1 localize
at cytoplasmic granules at the periphery of nucleus, called
pi-bodies, whereas the other PIWI protein MIWI2 as well
as TDRD9 and MAELSTROM localizes at different cyto-
plasmic granules around the nucleus, called piP-bodies (28).
MIWI2 and TDRD?9 also localize in the nucleus, which is
thought to be important for piRNA-targeted DNA methy-
lation (25,29). In Hsp90x KO mice, MILI expression and
localization were unaffected (Figure 1B and Supplementary
Figure S1A). However, we detected an obvious difference
in MIWI2 localization. Although MIWI2 localizes both at
perinuclear granules and in the nucleus in the WT germ
cells, nuclear staining was significantly decreased in Hsp90«
KO germ cells (Figure 1B), although some staining still re-
mained in nuclei. At the mRNA level, the Miwi2 expression
was not affected in Hsp90« KO testes at E16.5 (Supplemen-
tary Figure S1B).

Because MIWI2 interacts with TDRD9, a Tudor
domain-containing protein (25,30), we investigated
TDRDY expression in Hsp90a KO mice as well as the
expression of another Tudor protein, TDRDI1, which
interacts with MILI. The localization of TDRD9 and
TDRD! was unchanged in Hsp90a KO mice (Figure
1B). The expression and localization of the other proteins
involved in fetal piRNA biogenesis, MAELSTROM and
MOVI10L1, were also unaffected in Hsp90a KO mice
(Supplementary Figure S1C).

MIWI2 was methylated at arginines in WT and Hsp90o KO
testes

The Tudor domains in various proteins specifically bind
to methylated arginine residues (31), and it has been pos-
tulated that the MIWI2-TDRD?9 interaction depends on
the methylation of arginine residue(s) in MIWI2 at its
RA/RG motifs, which is likely catalyzed by an arginine
methyltransferase, PRMTS (32,33). PRMTS is a client pro-
tein of HSP90, and PRMTS5 and HSP90a were found to
interact with MIWI2 (32). Moreover, chemical inhibition
of HSPI0 activity severely diminishes the stability of the
PRMTS protein in cultured cells (34). Therefore, we in-
vestigated the arginine methylation of MIWI2 in WT and
Hsp90« KO mice. For this purpose, MIWI2 was first im-
munoprecipitated in whole cell lysates of E16.5 testes, and
the precipitants were analyzed by western blotting against
an anti-methylarginine antibody. We detected an arginine-
methylated protein in the WT preparation that co-migrated
with MIWI2 in the gel (Figure 1C), suggesting that MIWI12
is indeed methylated at arginine(s) in prospermatogonia.
The level of arginine methylation was comparable between
WT and KO preparations, suggesting that the arginine
methylation of MIWI2 is not disturbed in Hsp90a KO
mice. Presumably, HSP90B may facilitate PRMTS5 activ-
ity. WDR77, a co-factor of PRMTS5, was detected in the
MIWI2-IP fraction of Hsp90« KO testes, and the amount
was similar to that of WT testes (Figure 1C).

Our results together suggest that in the absence of
HSP90a, MIWI2 fails to enter the nucleus even though
MIWI2 is methylated and its associated partners, TDRD9
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and MAELSTROM, are properly expressed and localized.
Failure in MIWI2 translocation is also observed in Mili,
Tdrdl, Tdrdl2, Maelstrom, Movi0ll and Fkbp6 mutant
mice (15,25,35-37), all of which are deficient in piRNA bio-
genesis to various degrees. Therefore, we analyzed small
RNAs from WT and Hsp90x mutant testes. For compar-
ison, we also analyzed published small RNA sequencing
data for Mili, Miwi2 and Fkbp6 KO testes and their WT
controls.

Hsp90« mutation displayed a remarkable decrease in fetal
piRNAs

Fetal piRNAs are classified into two types: primary and
secondary piRNAs. Primary piRNAs are generated from
precursor RNAs transcribed from ~200 genomic regions
called piRNA clusters. Transposon-derived RNAs are also
the sources of the primary piRNAs. These primary piRNAs
preferentially have uracil at the first position, and they are
loaded onto MILI. MILI cleaves RNAs containing trans-
poson sequences that are complementary to the primary
piRNA. This generates secondary piRNAs, which prefer-
entially have adenine at the 10th position. The secondary
piRNAs are loaded onto either MILI or MIWI2 to guide
the cleavage of complementary RNAs, a process called the
ping-pong cycle. We therefore analyzed both types of piR-
NAs as well as miRNAs.

Small RNA libraries were generated from WT and
Hsp90a KO testes at E16.5 and deeply sequenced (Figure
2A). The miRNA reads in the WT and KO libraries were
comparable (83.2 and 83.9% of the total 20-23-nt RNAs,
respectively). In contrast, the levels of 24-33-nt small RNAs
uniquely mapped to the previously identified fetal piRNA
clusters, representing primary piRNAs, were reduced by
~3-fold in the KO testes (Figure 2B and C). The levels of 24—
33-nt small RNAs mapped to transposon sequences, con-
sisting of primary and secondary piRNAs, were also re-
duced by ~3-fold (Figure 2D and E). Similar trends were
observed in the Fkbp6 co-chaperone mutant (Figure 2B and
D; Xiol et al. {15)); however, the effect was larger in Hsp90«
mutants than in Fkbp6 mutants. The Fkbp6 mutation re-
duced the expression of small RNAs in the range of 28-
32 nt, the size range of MIWI2-bound piRNAs; however,
it did not affect 24-27-nt RNAs, the size range of MILI-
bound piRNAs (Supplementary Figure S2A). In contrast,
the Hsp90x mutation equally suppressed the expression
of 24-32-nt RNAs (Supplementary Figure S2C), suggest-
ing the presence of both FKBP6-dependent and FKBP6-
independent actions of HSP90«. In any event, these re-
sults indicate that HSP90« plays a role in the biogenesis
and/or stability of piRNAs in prospermatogonia. Whereas
the Mili mutation severely downregulates both cluster- and
transposon-derived piRNAs, the Miwi2 mutation does not
reduce cluster-derived piRNAs (Figure 2B and D; Aravin
et al. (35)). Therefore, the downregulation of both types of
piRNAs in Hsp90a KO germ cells suggests that HSP90«
affects both the activity of MIWI2 and the upstream reac-
tion(s) in the piRNA biogenesis pathway, possibly primary
piRNA biogenesis and/or stability.

To study the role of HSP90« in the piRNA pathway in
more detail, we analyzed small RNAs mapped to the con-
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Figure 2. The Hsp90a« KO mutation reduced both cluster- and
transposon-derived small RNAs in E16.5 testes. (A) Length distributions
of small RNA sequences in WT (blue) and Hsp90«a KO (red) fetal testes.
(B, D) Small RNA sequence reads (24-33 nt) from Hsp90c, Fkbp6, Mili
and Miwi2 KO testes (vertical axis), which were uniquely mapped to the
fetal piRNA clusters (B) or the consensus sequences of mouse transposons
(D), are plotted against those from the respective WT controls (horizontal
axis). Each plot represents one of the clusters (B) or transposons (D). All
sequence reads are normalized as per million miRNA reads. The dashed line
indicates a 3-fold reduction in the KO library, and the solid line indicates
no change. (C, E) The nucleotide bias at the 1st and 10th positions in the
24-33-nt small RNAs mapped to the piRNA clusters (C) and transposons
(E) in WT and KO testes.

sensus sequence of A-type LINE-1 (L1), one of the most
active retrotransposons in the mouse genome (Figure 3A).
Both sense and antisense small RNA levels were reduced in
the KO testes. Although this global reduction, the mapped
24-33-nt small RNAs in the KO library displayed a bias
toward uracil at the first position and adenine at the 10th
position as well as a 10-bp overlap between sense and an-
tisense small RNAs (Figures 2C, E and 3B), which are the
hallmarks of piRNAs generated via the ping-pong cycle. We
also detected an ~3-fold reduction in the expression of piR-
NAs derived from Gf-type L1, another active L1 subfamily,
in KO testes.

In addition to the length range of typical piRNAs, we
detected a number of 19-nt small RNAs, which were po-
sitioned immediately upstream of 24-33-nt piRNAs on the
same strand and were complementary to 29-nt piRNAs on
the opposite strand (Figure 3A, C, and Supplementary Fig-
ure S2). Most (79%) 19-nt RNAs were associated with piR-
NAs that have adenine at the 10th position, and the 19-nt
peak was not observed for cluster-derived small RNAs (Fig-
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