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Human herpesvirus-68 (HHV-6B) is a T lymphotropic p-herpesvirus
that is clearly distinct from human herpesvirus-6A (HHV-6A) accord-
ing to molecular biological features. The International Committee
on Taxonomy of Viruses recently classified HHV-6B as a separate
species. The primary HHV-6B infection causes exanthem subitum
and is sometimes associated with severe encephalopathy. More
than 90% of the general population is infected with HHV-6B during
childhood, and the virus remains throughout life as a latent infec-
tion. HHV-6B reactivation causes encephalitis in immunosuppressed
patients. The cellular receptor for HHV-6A entry was identified as
human CD46, but the receptor for HHV-6B has not been dlear. Here
we found that CD134, a member of the TNF receptor superfamily,
functions as a specific entry receptor for HHV-6B. A T-cell line that is
normally nonpermissive for HHV-6B infection became highly sus-
ceptible to infection when CD134 was overexpressed. CD134 was
down-regulated in HHV-6B-infected T cells. Soluble CD134 inter-
acted with the HHV-6B glycoprotein complex that serves as a viral
ligand for cellular receptor, which inhibited HHV-6B but not HHV-6A
infection in target cells. The identification of CD134 as an HHV-6B
specific entry receptor provides important insight into understand-
ing HHV-6B entry and its pathogenesis.
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H uman herpesvirus-6B (HHV-6B) is a T lymphotropic f-her-
pesvirus (1) and is clearly distinct from human herpesvirus-6A
(HHV-6A) according to their genetic and antigenic differences and
their cell tropism (2-5). Recently the International Committee on
Taxonomy of Viruses classificd HHV-6B as a separate species.

The primary HHV-6B infection causes exanthem subitum (6)
and is sometimes associated with severe encephalopathy, whereas
the discases caused by HHV-6A are still unknown. More than
90% of the general population is infected with HHV-6B during
childhood, and the virus remains throughout life as a latent in-
fection (7). HHV-6B reactivation causes encephalitis in immu-
nosuppressed patients. HHV-6B reactivation is also associated
with drug-induced hypersensitivity syndrome, and recent studies
have suggested that it could be related to the severity of this
discase (8, 9).

HHV-6A can infect a broader variety of human cells than
HHV-6B (10), although the homology between HHV-6A and
-6B is almost 90% over their entire genome (11-13). Human
CD46 has been shown to be a cellular receptor of HHV-6 (14),
and its viral ligand is a glycoprotein (g) complex made up of viral
glycoprotein H (gH)/glycoprotein L (gL)/glycoprotein Q1 (gQ1)/
glycoprotein Q2 (gQ2) (15). However, the HHV-6A gH/gl /gQ1/
£Q2 complex binds to its human cellular receptor, CD46, whereas
the corresponding complex of HHV-6B docs not bind to it
(10, 15). Moreover, anti-CD46 antibody docs not block HHV-6B
infection into the cells, whereas it does HHV-6A infection, in-
dicating that the cellular receptor exists specific for HHV-6B
infection. Because HHV-6B remains as a lifelong latent infection
in more than 90% of the population and causes severe disease, it
is important to identify its specific cellular receptor.
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Here we show that CD134, a member of the TNF receptor
superfamily, functions as a specific entry receptor for HHV-6B.
A T-cell line that is normally nonpermissive for HHV-6B in-
fection became highly susceptible to infection when CD134 was
overexpressed. CD134 was down-regulated in HHV-6B-infected
T cells. Soluble CD134 interacted with the HHV-6B glycoprotein
complex that serves as a viral ligand, which inhibited HHV-6B
but not HHV-6A infection in target cells. The identification of
CD134 as an HHV-6B entry receptor provides important insight
into understanding HHV-6B cntry and its pathogenesis and for
finding new targets for antiviral drug development.

Results

Construction of Soluble Glycoprotein Complex That Is a Viral Ligand
for the Cellufar Receptor. To scarch for candidate molecules for
the HHV-6B receptor, we first prepared a soluble form of the
HHV-6A or -6B gH/glL/gQ1/gQ2 complex, which is expressed on
the viral envelope and acts as a viral ligand for the cellular re-
ceptor (15). One component of the complex, gH, is a type 1
membranc protein that retains the other molecules, gQ1, gQ2,
and gL, on the membrane through its interaction with them.
Therefore, to prepare the soluble gH/gL/gQ1/gQ2 complex, the
transmembrane domain and cytoplasmic tail of gH were re-
moved, and the ectodomain of gH was fused in-frame with Fc
(the fragment crystallizable region of the human IgG1 antibody)
and a His tag, The productmn of the soluble complex was con-
firmed by immunoblot analysis using antibodies for cach com-
ponent of the complex (Fig. $1.4). Notably, the soluble HHV-6B
gH/gL/ng/gQZ Lomplcx efficiently bound to the Molt- ’i cell
line, which is permissive for HHV-6B infection (Fig. Sif),
whereas it bound poorly to the SupT1 cell line, which is non-
permissive (Fig. S15). In contrast, the soluble HHV-6A gH/gL/
£Q1/gQ2 complex bound to both the Molt-3 and SupT1 cell lines
§18), which both express CD46 on their cell surface.

Identification of Cellular Receptor Specific for HHV-6B. Next, to
identify the cellular receptor for HHV-6B, we performed pull-
down assays using the soluble HHV-6A or -6B gH/gL/gQ1/gQ2
complex and lysates of surface-biotinylated Molt-3 cells. As
expected, the molecular masses of the streptavidin-labeled bands
differed between HHV-6A and -6B (Fig. 14). The band detected
in the HHV-6A sample seemed to correspond to CD46, but the
band in the HHV-6B sample did not (Fig. 14). The corre-
sponding band detected by silver staining was excised from the
gel and subjected to LC-MS/MS analysis. The results identified
CD134 as a candidate receptor molecule for HHV-6B.
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Fig. 1. CD134 interacts with HHV-6B gH/gLgQ1/gQ2 and is expressed on
HHV-6B permissive cells. {4) Purified HHV-6A- or HHV-68 gHFd/gl/gQ1/gQ2
complex was incubated with the lysates from Molt-3 cells whose cell surface
was labeled with EZ-link sulfo-NHS-Le-Biotin. The complex and its binding
proteins were immunoblotted and detected with streptavidin, anti-CD46, or
anti-CD134 antibody. (8) CD134 or CD46 expression on HHV-68 permissive and
nonpermissive cells. HHV-68 permissive {Molt-3 and MT4) or nonpermissive
{SupT1, Jihan, and HSB-2) cells were stained with anti-CD46 or (D134 anti-
body, followed by staining with secondary antibody for FACS analysis. Gray
shading, isotype control. {C) Do tation of CD134 expression from the
cell surface after HHV-6B infection. CD134 or CD46 expression on the surface
of HHV-6B-infected Molt-3 cells was determined as described in B. Gray
shading, isotype control; dark gray line, mock infection; light gray line, 2h
or 48 h postinfection (p.i.).

To confirm the identity of the corresponding band as CD134,
immunoblotting was performed using the samples described above
and an anti-CD134 antibody. The anti-CD134 antibody reacted
with the eluate from the soluble HHV-6B gH/gL/gQ1/gQ2-bound
resin but not with that from HHV-6A (Fig. 14), indicating that
CD134 associated specifically with the HHV-6B gH/gL/gQ1/2Q2
complex. On the other hand, an anti-CD46 antibody reacted with
the cluate from the soluble HHV-6A gH/gL/gQ1/gQ2-bound resin
but not with that from HHV-6B (Fig. 14).

Expression of CD134 in Several T-Cell Lines and Down-Regulation of
CD134 on the Cell Surface by HHV-6B Infection. HHV-6B permissive
T-cell lines are distinct from those of HHV-6A. Therefore, next
we assessed the level of CD134 protein expression in several
T-cell lines by FACS analyses. CD134 was highly expressed in
the HHV-6B permissive T-cell lines MT4 and Molt-3 but rarcly
in the HHV-6B nonpermissive T-cell lincs HSB-2 and SupT1
(Fig. 1B). In contrast, CD46 was expressed abundantly in all of
these cell lines (Fig. 1B).

In general the cellular receptor at the cell surface is down-
regulated after viral infection. Therefore we examined the CD134
expression on the surface of HHV-6B—infected cells (Molt-3
cells). Fig. 1C shows that CD134 on the ccll surface was down-
regulated after HHV-6B infection, whereas the down-regu-
lation of CD46 on the cell surface was rarely scen in the same
condition.

Inhibition of HHV-6B Infection by Soluble CD134 or Anti-CD134
Antibody. We next examined whether a soluble CD134Fc could
inhibit HHV-6B infection of cells. HHV-6 entry into cells was
examined by observing the expression of the HHV-6 immediate-
carly protein, IE1. As shown in Fig. 2, soluble CD134Fc blocked
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HHV-6B (HST strain) infection in a dose-dependent manner,
whereas neither soluble Fe nor soluble CD46Fc did so. Notably,
soluble CD134Fc did not block HHV-6A infection, although
soluble CD46Fc did block it (Fig. 2, Lower Left), indicating that
CD134 functions as an HHV-6B-specific receptor but not as
a receptor for HHV-6A. We further examined whether CD134
also functivns as the receptor for the other HHV-6B strains (729
and KYO), including clinical isolates. The results showed that
SCD134Fc could block the other HHV-6B strains tested (Fig. 2
Right). confirming that CD134 functions as a specific cellular
receptor for HHV-6B isolates.

Furthermore, we analyzed whether the anti-CD134 antibody
blocks HHV-6B infection into target celis. When MT4 cells were
infected with HHV-6B in the presence of anti-CD134 antibody,
infection was blocked by the anti-CD134 antibody (Fig. 3). By
contrast, control antibody did not affect HHV-6B infection into
the cells (Fig. 3).

CD134-Expressing SupT1 Cells Become Susceptible for HHV-68 infection.
Next, the CD134 gene was introduced into SupT1 cells, which are
nonpermissive for HHV-6B infection, by a nonreplicative lenti-
virus, and HHV-6B was used to infect the CD134-overexpressing
cells. The expression of CD134 on the SupTT cells was confirmed
by FACS (Fig. 44). Notably, the CD134-expressing SupT1 celis
were highly susceptible to HHV-6B cntry (Fig. 48). supporting
the identification of CD134 as an HHV-6B receptor.

Specific Interaction of HHV-6B Glycoprotein Complex and CD134.
HHV-6A and -6B share 90% identity in their nucleic acid se-
quence. However, the amino acid sequences of gO1 and ¢Q2
show low identity, with 78% and 69%, respectively, between
HHV-6A and -6B compared with the sequences of gH and gl
(11-13). Therefore, the Q1 and gQ2 components of the gH/gl/
2Q1/gQ2 complex may contribute to the virus specificity for
different cellular receptors. To examine this possibility, several
chimeric complexes were expressed in 293T cells. The cell-surfuce
expression of cach component in the complexes was confirmed,
The binding of soluble CD134F¢ to the surface of these cells
was then measured by FACS. No CD134Fc binding was de-
tected when AgH/Agl/AgQ/AgQ2 (Fig. 5 4 and C), AgH/
Agl/BgQ1/AgQ2 (Fig. 5 B and C), or BgH/Bgl/AgQ1/AgQ2
(Fig. 5 A and C) was expressed in 293T cells, whereas CD134Fc
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Fig. 2. CD134 is necessary for HHV-6B infection. HHV-6B (HST, KYO, or 29
strain) or HHV-6A (U1102 strain) was incubated with the indicated amounts
(diluted 10-fold from 2.5 pg) of soluble CD134Fc, CD46Fc, or Fc, and then
Molt-3 cells were infected with these viruses. The cell lysates were immu-
noblotted for HHV-6 immediate-early protein (BIE1 or AlE1) and «-tubulin.
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Fig.3. Anti-CD134 antibody biocks HHV-6B infection. MT4 cells were infected
with HHV-6B in the presence of anti-CD134 antibody (guinea pig serum) or
control antibody (preimmune serum). The infection was examined by indirect
immunofluorescence antibody assay using BIE1 antibody.

bound to 293T cells expressing BgH/BgL/BgQ1/BgQ2 (Fig. 5 B
and C) or AgH/Agl/BgQ1/BgQ2 (Fig. 5 B and C), indicating
that CD134 specifically bound to complexes containing HHV-6B
£Q1 and gQ2. These data suggest that gQ1 and gQ2 of HHV-6B
but not of HHV-6A in the complex are essential for binding
to CD134.

Discussion

Recently HHV-6B was classified as a separate species. Although
its entry receptor has not been clear, here we found that CD134
is a cellular receptor specific for HHV-6B. Although HHV-6B
and -6A share 90% identity in their nucleic acid sequence, they
show distinct pathogenesis and cell tropism. The discovery of an
HHV-6B-specific receptor supports the idea that the use of
different receptors by HHV-6A and -6B is an important bi-
ological feature underlying their different characteristics and
discase manifestations.

Previously we found that HHV-6A gH/gL/gQ1/gQ2 complex
on the viral envelope is a viral ligand for CD46 (10, 16), which is
a cellular receptor of HHV-6A (14). Here by using the soluble
form of gH/gL/gQ1/gQ2 complex, we identified that the CD134
was a ccllular receptor specific for HHV-6B. As predicted, the
soluble form of HHV-6B gH/gL/gQ1/gQ2 complex bound to
CD134, whereas that of HHV-6A did not. In addition, soluble
CD134 could inhibit HHV-6B infection into target cells, whereas
it could not inhibit HHV-6A infection, thus indicating that CD134
is a specific receptor for HHV-6B.
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Fig. 4. SupT1 cells overexpressing CD134 become permissive for HHV-6B in-
fection. (A) SupT1 cells were transduced with lentivirus or CD134-expressing
lentivirus. CD134 expression on the SupT1 cells was confirmed by FACS anal-
ysis using an anti-CD134 antibody before HHV-6B infection. Gray shading,
isotype control. (B) Four days later, the cells were infected with HHV-6B (HST or
KYO strain), followed by immunoblotting with anti-HHV-6B 1E1, -U27, -gQ1,
and -o-tubuiin antibodies.
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Fig. 5. HHV-6B-gQ1 and -gQ2 are the key molecules for HHV-6B's binding with
CD134. {A and B) 293T cells were transfected with plasmids harboring individual
molecules (indicated as different colors in histograms) or controf plasmid (gray
shading) and harvested 24 h later. The cells were incubated with soluble CD134Fc
at4°Cfor 2 h and stained with Alexa Fluor 488 goat anti-human igG antibody at
4 °Cfor 1 h for FACS analysis. (C) The intensity of immunofluorescence of the
stained cells shown in A and 8 was quantified. A, HHV-6A; B, HHV-6B.

£Q1 and gQ2 in the complex are unique genes that are enco-
ded specifically in HHV-6 and human herpesvirus-7 (HHV-7). In
addition, HHV-6A and HHV-6B share low identity of them.
Therefore we made several chimeric complexes of gQ1 and gQ2
and examined the interaction of chimeric complexes with CD134.
Only the complex with HHV-6B gQ1 and gQ2 could bind to
CD134, showing that gQI and gQ2 in the complex are crucial for
the different receptor use between HHV-6B and HHV-6A.

CD134, which is also called OX40, is a member of the TNF
receptor superfamily and is present on activated T lymphocytes,
but it is rarely expressed on glial cells. HHV-6B is well known to
have a cellular tropism for T lymphocytes, as shown in vivo
during viremia from acute infection as well as in vitro (17, 18).
Activated CD4* T lymphocytes are the preferential target of the
fully permissive infection in vivo (18). Therefore, the present
findings that strongly indicate CD134 is a functional HHV-6B
entry receptor are consistent with the in vivo observations.

As described above, HHV-6B causes cxanthem subitum in
infants, and its reactivation causes encephalitis, especially in
immunocompromised patients.

Because effective therapeutic agents for HHV-6B have not been
developed, these findings may lead to new prophylactic and ther-
apeutic approaches for HHV-6B-associated discases, through the
development of drugs that target CD134 and its regulators.

Materials and Methods

Plasmids. An Fc fragment of human IgG1 with L266A and L267E mutations to
reduce its binding affinity to cellular F¢ receptors was used (19). The IL-2
signal sequence (amplified from pFuse-higG1-Fc2; Invivogen) was used in
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place of the original signal sequence in each of the fc fusion protein-
expressing plasmids. In the CD46-expressing plasmid, the original signal se-
quence was used. To generate gHFcHis-expressing plasmids, the nucleic se-
quence for the ectodomain of gH (base pairs 46-2067) was amplified from
the HHV-6A and -6B genomes by PCR, ligated with the Fc fragment con-
taining a 6x histidine sequence at its 3' end, and cloned into the pCAGGS-
MCS plasmid (20), Similarly, FcHis, CD46FcHis (base pairs 1-1029 of the CD46
sequence), and CD134FcHis (base pairs 85~642 of the CD134 sequence) were
cloned into pCAGGS-MCS (provided by J. Miyazaki, Osaka University, Suita,
Japan). We cloned the full-length CD134 sequence into C$-CA-MCS (pro-
vided by RIKEN: the Institute of Physical and Chemical Research; fapan)
plasmid. The plasmids for expressing gQ1, gQ2, gH, and gL of HHV-6A and
-6B were described previously (21, 22).

Antibodies. Mouse monoclonal antibodies to CD46 (J4. 48) and CD134 (Ber-
ACT35) were purchased from Immunotech and BioLegend, respectively. The
antibodies to IE1, U27, gH/gL, gH, gL, gQ1, and gQ2 of HHV-6A and HHV-6B
were described previously (21-23). Anti-CD134 antibody was obtained by
immunizing the purified CD134 protein to guinea pigs. Preimmune sera of
guinea pigs were used as control antibody.

Fc-Fusion Protein. The plasmids for expressing Fc-fusion proteins were
transfected into 293T cells using Lipofectamine 2000 (invitrogen), according
the manufacturer's instructions. Two days after transfection, the soluble Fc-
fusion proteins in the culture medium were purified by Ni-NTA (Qiagen)
affinity chromatography.

of Proteins A: d with the BgH/BgL/BgQ1/BgQ2 Complex.
293T cells were transfected with BgHFcHis-, Bgl-, 8gQ1l-, and BgQ2-
expressing plasmids or with AgHFcHis-, Agl-, AgQ1-, and AgQ2-expressing
plasmids. The culture medium was harvested 48 h after transfection, in-
cubated with Ni-NTA at 4 °C for 8 h, and then the Ni-NTA was spun down.
Molt-3 cells (T-cell line) (1 x 10° cells per sample) were labeled with EZ-link
sulfo-NHS-Le-Biotin (Thermo Scientific) according to the manufacturer's
protocol and lysed with TNE buffer [10 mM Tris-HCl (pH 7.8), 0.15 M Nadl,
1 mM EDTA, and 1% Nonidet P-40 (Nacalai Tesque)]. After centrifugation,
the supernatant was incubated with the glycoprotein complex-bound Ni-
NTA described above at 4 °C for 16 h. The proteins that bound to the Ni-NTA
were eluted with 250 mM imidazole, and the buffer was changed to PBS
using centrifugal filter devices (Millipore). Finally, the protein solution was
incubated with protein G Sepharose at 4 °C for 8 h. The efuates were pre-
pared for immunoblot analysis [using streptavidin-HRP (GE Healthcare) and
silver staining (Invitrogen)]. The positive bands in the silver-stained gel
(corresponding to the position of the positive band in the Western blot)
were excised for in-gel digestion and LC-MS/MS analysis (24).
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Preparation of Virus Selution. To prepare virus stocks, the viruses (HHV-6A
and -6B strains) were propagated in umbilical cord blood mononuclear cells
{CBMCs; provided by K. Adachi (Minoh Hospital, Minoh, Japan) and H. Yamada
(Kobe University Graduate School of Medicine, Kobe, Japan) and purchased
from the Cell Bank of the RIKEN Bioresource Center], which had been stimu-
lated with 5 pg/mL phytohemagglutinin and 2 ng/mL IL-2 for 3 d. When more
than 80% of the cells showed cytopathic effects, the cultures were frozen and
thawed twice, then centrifuged at 1,500 x g for 5 min. The supernatants were
collected and stored at -80 °C as cell-free virus stocks. We used CBMCs to titer
the viruses by the 50% tissue culture infectious dose assay (25).

Infection Inhibition Assay. Cell-free HHV-6A or HHV-6B virus was incubated
with soluble Fc, CD46Fc, or CD134Fc (diluted 10-fold from 2.5 pg) at 37 °C for
30 min, and then the virus was used to infect Molt-3 cells (5 x 10%) at 37 °C
for 1 h. The cells were cultured in 1 mL of medium for 24 h and then lysed
with RIPA buffer [50 mM Tris (pH 7.4), 150 mM EDTA, 1% Triton X-100, 1%
sodium deoxycholate, and 0.1% SDS] and used for immunoblotting analysis.

Cell-Surface Expression Assay. Cells were incubated with isotype control, anti-
CD46, or anti-CD134 antibody at 4 °C for 1 h, followed by a secondary an-
tibody. The cells were fixed with 4% (wtivol) paraformaldehyde for 10 min
before being analyzed on a FACSCalibur (8D).

Celi-Surface Binding Assay. Fc or soluble Fc-fusion proteins were incubated
with a T-cell line (Molt-3 or SupT1) or with 293T cells transfected with gly-
coprotein-expressing plasmids (24 h after transfection) at 4 °C for 2 h, then
the cells were washed with 3% (wt/vol) BSA/PBS and stained with an Alexa
Fluor 488 goat anti-human IgG antibody {Invitrogen) at 4 °C for 1 h. The cells
were washed with PBS, fixed with 4% (wt/vol) paraformaldehyde for 10 min,
and then subjected to FACS analysis.

Overexpression of CD134 in SupT1 Cells and Infection with HHV-6B. CD134-
expressing lentivirus and its control were constructed by transfecting 293T
cells with CS-CA-MCS-CD134 (or its control, CS-CA-MCS) and packaging
plasmids (pCAG-HIV-gag and pCMV-VSV-G-RSV-Rev provided by RIKEN). The
culture media containing the viruses were harvested 3 d after transfection.
SupT1 cefls were transduced with the lentiviruses for 4 d and then infected
with HHV-6B viruses. The cells were harvested and prepared for immu-
noblot analysis.
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A majority of small cell lung cancer (SCLC} cells lack a metastasis suppressor, tetraspanin CD9, and CDS
expression promotes their apoptosis. By a proteomics-based approach, we compared an SCLC cell line
with its (D9 transfectant and found that a calcium-binding neuronal protein, calretinin, is upregulated
in CDY-positive SCLC cells. Ectopic or anticancer drug-induced CD9 i p lated calretinin,

h DI k kdown down-t i calretinin in SCLC cells. When calretinin was knocked down,

Fig. S1. Specific binding of soluble HHV-6B gH/gL/gQ1/gQ2 complex to virus permissive cells. (4) Secretion of the AgHFJAgUAGQ1/AgQ2 or BgHF/BgL/BGQ1/
BgQ2 complex. 2937 cells were cotransfected with several plasmids harboring individual molecules. The culture medium was harvested 2 d after transfection,
and the recombinant proteins were purified by Ni-NTA affinity chromatography and subjected to immunoblot analysis using antibodies for each component of
the complex. (8) The HHV-6B ligand binds to Molt-3 (HHV-6B permissive) but not SupT1 (HHV-6B nonpermissive) cells. Molt-3 (HHV-68 permissive) or SupT1
{HHV-6B nonpermissive) cells were incubated with soluble HHV-6A- or HHV-6B gHFc/gl/gQ1/gQ2 complex at 4 °C for 2 h, stained with Alexa Fluor 488 goat

giftentent/si

10f 1

anti-human 1gG antibody at 4 °C for 1 h, and subjected to FACS analysis. Gray shading, incubated with Fc¢ as control. gf;;;’ru'mg cancer CD9-positive SCLC cells revealed increased Akt phosphorylation and decreased apoptosis. These results
Proteomics suggest that CD9 positively regulates the expression of calretinin that mediates proapoptotic effect in
Tetraspanin SCLC cells.
D9 € 2013 The Authors. Published by Eisevier B.V. on behalf of Federation of European Biochemical
Calretinin Societies. All rights reserved.
Apoptosis

1. Introduction

Small cell fung cancer (SCLC) is highly malignant fung tumor that
spreads early throughout the body. It is characterized by neuroen-
docrine features such as neuropeptide production and N-CAM ex-
pression [1]. At diagnosis in most cases, SCLC has already metasta-
sized to regional lymph nodes and distant organs including brain,
bone, liver, and adrenal gland, thus excluding the possibility of surgi-
cal resection. Currently, standard treatment against extended SCLC is
chemotherapy including cisplatin and etoposide [2]. Despite its high
sensitivity to these anticancer drugs, SCLC rapidly develops recurrent
tumors locally and at the distant organs. Such malignant phenotype is
at least partially caused by acquired resistance to apoptotic cell death
[3]. Elucidation of its mechanisms is necessary to improve outcome

“ This is an open-access article distributed under the terms of the Creative Cornmons
Autribution License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original author and source are credited.

Abbreviations: SCLC, small cell lung cancer; NSCLC, nonsmall celt lung cancer: PARP,
poly(ADP-ribose)polymerase; PMF, peptide mass fingerprinting; MALDI-TOF, matrix-
assisted laser desorption/ionization time-of-flight; RT-PCR, reverse transcription-PCR;
KO, knockout
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of chemotherapy, but little has been clarified.

Tetraspanins are a family of membranous proteins that has char-
acteristic structure spanning the membrane four times. Through as-
sociation with other functional proteins including integrins, growth
factor receptors, membrane proteases, and intracellular signaling
molecules, tetraspanins organize multiprotein complexes at the
tetraspanin-enriched microdomain (TEM) and regulate cell adhesion,
migration, and survival {4,5]. Among 33 members in humans, (D9 and
CD82 are known as a metastasis suppressor of solid tumors. Clinical
and pathological findings suggest that decreased expressions of these
tetraspanins are associated with progression of cancers of breast, pan-
creas, colon, and esophagus, and nonsmall cell lung cancer (NSCLC)
and thus with poor prognosis [6,7].

We have shown that, among tetraspanins, CD9 is selectively ab-
sent in a majority of SCLC lines and SCLC tissues in contrast to NSCLC
which frequently expresses CD9, and that ectopic expression of CD9
in SCLC cells suppresses integrin $1-dependent cell motility [8] and
promotes apoptotic cell death through attenuation of PI3K/Akr sig-
naling [9]. These results suggest that the absence of CD9 contributes
to highly malignant phenotype of SCLC. We also found that CDY ex-
pression is induced and cell motility is decreased when SCLC cells
are exposed to cisplatin or etoposide {10]. In the present study, we
compared an SCLC cell line with its CD9 transfectant by a proteomics-
based approach and found that a calcium-binding neuronal protein,

2211-5463/$36.00 © 2013 The Authors. Published by Elsevier B.V. on behalf of Federation of European Biochemical Societies. All rights reserved.
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calretinin, is upregulated in CD9-positive SCLC cells. We also show
that calretinin mediates apoptotic cell death of SCLC.

2. Materials and methods

2.1. Cell lines

0S1, 0S2-RA, and 0S3-R5 were SCLC cell lines established in our
laboratory, and their biological properties were previously character-
ized [8). SCLC lines, OC10 and CADO LC6, a lung adenocarcinoma cell
line, CADO LC9, and a mesothelioma cell line, OC-(MT)37, were pro-
vided by Osaka Medical Center for Cancer and Cardiovascular Diseases
(Osaka, Japan) [ 11]. An SCLC line, SBC-3, and its chemoresistant sub-
line, SBC-3/CDDP, were kindly provided by Dr. K. Kiura (Okayama Uni-
versity, Okayama, Japan) [10]. SCLC cell lines, NCI-HG9, NCI-N231, and
NCI-H209, a lung adenocarcinoma line, A549, and pleural mesothe-
lioma lines, NCI-H226, NCI-H2452, NCI-H28, and MSTO-211H, were
purchased from American Type Culture Collection (Rockville, MD).
A lung squamous cell carcinoma line, HARA, was a kind gift from
Dr. H. Iguchi (Kyusyu Cancer Center, Fukuoka, Japan). All cel} Jines
were maintained in RPMI 1640 medium supplemented with 10% heat-
inactivated FBS, 100 U/ml penicillin, and 100 ug/ml streptomycin.

2.2. Antibodies and reagents

Mouse anti-CD9 mAb (MM2/57), anti-poly(ADP-
ribose)polymerase (PARP) mAb (42/PARP), and anti-p-actin
mAb (C4) were purchased from Biosource, BD Biosciences, and
Santa Cruz Biotechnology, respectively. Mouse anti-CD9 mAb (72F6)
was purchased from Novocastra. Goat anti-calretinin polyclonal
Ab (AB1550) and rabbit anti-calretinin polyclonal Ab (DC8) were
purchased from Chemicon International and Zymed Laboratories,
respectively. Rabbit anti-cleaved PARP (Asp214) mAb (DG4E10),
anti-phospho-Akt (Ser473) mAb (D9E), and anti-Akt polyclonal Ab
were purchased from Cell Signaling Technology. Cisplatin (CDDP)
was provided by Nippon Kayaku Co. (Tokyo, japan).

2.3. Flow cytometry

Cells (104) were incubated with 10 pg/m! primary mouse mAbs
and labeled with FITC-conjugated goat anti-mouse immunoglobulin
(Biosourece International). Normal mouse 1gG was used as a control.
Stained cells were analyzed on @ FACScan (Becton Dickinson).

2.4. cDNA and small interfering RNA (siRNA) transfection

Establishment of stable CD9-, NAG-2-, and mock-transfectants
of 053-R5 was previously described [8,9]. Cells were transfected
with 40 nM cocktail siRNAs against human CD9 (No. SHF27A-0631;
B-Bridge International) or human calretinin (No. SHF27A-0981; B-
Bridge International), or negative control cocktail RNAs (No. S30C-
0126; B-Bridge International) using LipofectAMINE 2000 Reagent (In~
vitrogen).

2.5. Two-dimensional electrophoresis (2-DE) and mass spectrometry
analysis

Proteins were extracted from cells with the Complete Mammalian
Proteome Extraction Kit (Calbiochem, Darmstadt, Germany). For 2-
DE, isoelectric focusing (IEF) was performed using the PROTEAN IEF
cell (Bio-Rad laboratories) according to the manufacturer’s instruc-
tions. Extracted proteins were reconstituted in a rehydration buffer
(7M urea, 2M thiourea, 4% CHAPS, 2mM tributylphosphine (TBP),
0.0002% bromophenol blue (BPB), 0.2% Bio-lyte ampholyte 4-7) and
applied to ReadyStrip™ IPG strips (11cm, pH 4-7). IEF was run for
45,000 Vh. Two-dimensional electrophoresis was carried out in 10%
Bis-Tris Criterion™ XT Precast gels. After staining with the Silver

Stain MS Kit (Wako Pure Chemical Industries, Osaka, Japan), the gels
were captured by transmission scanning and analyzed with Image
Master 5.0 (Amersham Biosciences). Following analysis, selected pro-
tein spots were manually excised from the gels and digested with
trypsin (Promega) according to published procedures [12]. All pep-
tide mass fingerprinting (PMF) spectra were obtained by using an
ultraflex TOF/TOF matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometer (Bruker Daltonics, Bremen,
Germany).

2.6. Database search

PMF data were searched with Mascot software (Matrix Science,
London, UK) against NCBInr or Swiss-Prot databases. Protein database
searching was performed with following parameters: Homo sapiens,
maximum of one missed, cleavage by trypsin, monoisotopic masse
value, charge state of 1+, allowing a mass tolerance of 100 ppm, and
carbamidomethy! modification of cysteine. Protein scores of >64 in-
dicate identity or extensive homology (P < 0.05) and were considered
significant,

2.7. Reverse transcription-PCR (RT-PCR)

One microgram of total RNA was reversely transcribed with a
cDNA synthesis kit (Invitrogen} using random hexamers. The ther-
mal cycling parameters were 30 cycles of 40s at 94°C, 40 at 60°C,
and 90 s at 72 °C for CD9 and 30 cycles of 30 s at 94 °C, 305 at 60 °C, and
90s at 72 °C for calretinin. We confirmed that these variables yielded
amplification of template DNAs within a linear range. The sequences
of upstream and downstream oligonucleotide primers for CD9 was
previously described [8]. Upstream and downstream oligonucleotide
primers used for calretinin were 5'-GGAAGCACTTTGACGCAGACG-3
and 5-CTCGCTGCAGAGCACAATCTC-3, respectively.

2.8. 1 precipitation and i blotting

Cells were lysed in lysis buffer containing 1% Brij 99, 25 mM
HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCly, 2 mM phenylmethylsul-
fonyl fluoride, 10 ug/ml aprotinin, and 10 ug/m! leupeptin. Whole cell
lysates or immunoprecipitates with anti-CD9 mAb (MM2/57) were
separated by 10% SDS-PAGE under nonreducing conditions for CD9
or under reducing conditions for the other proteins, After transfer
to Immobilon-P membranes (Millipore), immunoblotting was per-
formed with primary Abs followed by peroxidase-conjugated sec-
ondary Abs. Immunoreactive bands were visualized with a chemilu-
minescent reagent (PerkinElmer).

2.9. Immunohistochemistry

A human SCLC tissue array was purchased from US Biomax Inc. It
contained small cell carcinoma tissues from 30 individuals and normat
tissues from three individuals. Each specimen was represented by two
cores from different tissue spots. After antigen retrieval, inactivation
of endogenous peroxidase, and blockade of non-specific reaction, the
tissue microarray sections were stained with anti-CD9 mAb (72F6)
or anti-calretinin Ab (DC8), followed by incubation with biotinylated
goat anti-mouse and rabbit IgG Ab and streptavidin-conjugated per-
oxidase. These were counterstained with Mayer's hematoxylin [10].
Specimens were regarded as positive when staining was observed in
more than 30% of tumor cells on average. The significance of associ-
ation between CD9 staining and calretinin staining was evaluated by
Fisher's exact test.
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Fig. 1. Comparative proteomic analysis of the parent and CD9-overexpressing SCLC cells. (A) The parent, mock transfectant, and CD9 transfectant of 0$3-RS were stained with
anti-CD9 mAb, labeled with FITC-conjugated goat anti-mouse immunoglobulin, and analyzed on a FACScan (Open histograms). Closed histograms indicate staining with control IgG.
(B) Representative 2-DE maps of 053-R5 and its transfectants, Arrows 1-3 indicate protein spots selectively identified in 0S3-R5-CD9 by mass spectrometry. | and 2, calretinin; 3,
PA28x, Images including the calretinin spots were enlarged in fower colunns. (C) PMF spectra of spot 2 obtained by MALDI-TOF. Mass peaks, peptides of which were matched with
human calretinin, are marked with numbers. (D) The matched peptides in panel (C) were indicated with bars, yielding 33% sequence coverage of calretinin.
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Fig. 2, Co-expression of CD9 and calretinin in SCLC cells. (A) Total RNA was extracted
from the parent, mock transfectant, and CD9 transfectant of 0S3-R5 and analyzed for
expressions of CD9 and calretinin by RT-PCR. p-Actin amplification was used as the
internal control (left). The parent, mock transfectant, NAG-2 transfectant, and CD9
transfectants of 0S3-R5 were lysed with 1% Brij 99 lysis buffer. Cell lysates were ana-
lyzed for expressions of CD9 and calretinin by immunoblotting. Anti-B-actin blots were
used as the internal control {right). (B) Total RNA was extracted from multiple SCLC
and NSCLC cell lines and analyzed for expressions of CD9 and calretinin by RT-PCR. Ad,
adenocarcinoma; Sq, squamous cell carcinoma. (C) An SCLC line 051 (left) or a mesothe-
lioma line NCI-H226 (right) was transfected with siRNAs against CD9 or control RNAs.

Fig. 3. CD9 is not physically associated with calretinin, (A) Immunohistochemical
staining of CDY and calretinin in a double-positive specimen from an SCLC tissue mi-
croarray. Insets show enlarged images of a part of sections. Bar, 50 pm. Significant
association between CD9 and calretinin expressions in the tissue microarray was eval-
uated by Fisher's exact test (table). (B) CD3 and calretinin in whole cell lysate (WCL)
and in immunoprecipitates (IP) with anti-CD9 mAb or control 1gG of 0$3-R5-CD9 were
immunoblotted (IB). Arrowheads indicate nonspecific binding of secondary Abs.

Cell lysates were analyzed for exp! of CD9 and calretinin by
(D) Celi lysates of SCLC lines SBC-3 and SBC-3/CDDP were analyzed for expressions of
CD9Y and calretinin by immunoblotting.

2.10. Mice

The generation of CD9 knockout (KO) mice was described previ-
ously [13]. These mice were backcrossed more than six generations
into the C57BL/6] background. The mice were bred in a barrier facil-
ity, and all animal procedures were performed in accordance with the
Osaka University guidelines on animal care.

2.11. Apoptosis analysis

Cells were transfected with siRNA against calretinin or negative
control RNAs. After 24 h, the cells were cultured in the absence or
presence of CDDP in low-serum (0.1% FBS) RPMi 1640 for 48 h. Apop-
totic cleavage of PARP [14] and decrease of Akt phosphorylation [9]
were analyzed by immunoblotting. Viable cells were quantified with
Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan). Assays
were performed in triplicate cultures and values are expressed as
mean 4 SD. Statistical differences were determined by Student's t-
test. P < 0.05 was considered statistically significant.

3. 1
3.1. Identification of proteins upregulated in 0S3-R5-CD9 cells

We previously established a CD9 (—) SCLC cell line OS3-R5 and its
(D9 transfectant 0S3-R5-CDY and revealed that the CD transfectants
were less motile on fibronectin {8] and revealed enhanced apoptosis
in fow-serum culture conditions [9]. To detect molecules that regu-
late these changes, cell lysates of the parent, mock transfectant, and
(D9 transfectant of 0S3-R5 (Fig. 1A) were subjected to 2-DE, and pro-
tein spots were visualized by silver stain of the gels. Spots selectively
overexpressed in 0S3-R5-CD9 were identified (Fig. 1B) and the corre-
sponding proteins were analyzed by mass spectrometry. We repeated
this experiment and found that two proteins, a calcium-binding pro-
tein, calretinin, and a proteasome activator subunit 1, PA28«, were
reproducibly overexpressed in 053-R5-CD9 cells (Table S1). Fig. 1C
shows PMF spectra of spot 2 obtained by MALDI-TOF. Matched pep-
tides were found to cover 33% of protein sequence of calretinin (Fig.
1D). Based on the fact that SCLC has neuronal features, we further
analyzed calretinin, which is a protein distributed in the nervous sys-
tem.

3.2. Co-expression of CD9 and calretinin in SCLC cells

RT-PCR revealed that the calretinin gene was minimally tran-
scribed in the parent and mock-transfected 0S3-R5 cells, and that
ectopic expression of CD9 promoted its transcription (Fig. 2A, left
column). To test the calretinin induction is specifically related to
CD9, multiple CD9 transfectants and cells transfected with another
tetraspanin NAG-2 were examined. As shown in Fig. 2A, right column,
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Fig. 4. Calretinin promotes apoptosis of CD9 -+ ) SCLC cells. {A) CDY { + )/calretinin
() 081 cells were transfected with siRNAs against calretinin or control RNAs and
cultured in low-serum conditions in the absence or presence of 5 pM CDDP for 48k,
Cell lysates were analyzed for expressions of PARP {113 kD), phosphorylated Akt {p-
Akt), total Akt, €D9, and calretinin by immunoblotting. Anti-p-actin blots were used as
the internal control {(upper). Viable cells were quantified with a cell counting kit {lower].
*P<0.01.(B) The parent and CD9 transfectant of 0S3-R5 were cultured in low-serum
conditions in the indicated concentrations of CDDP for 48 h. Cell lysates were analyzed
for expressions of PARP {113 kD), cleaved PARP, phosphorylated Ak, total Akt, (DY,
and calretinin by immunoblotting. {C) 053-R5-CDY cells were transfected with siRNAs
against calretinin or control RNAs and cultured in low-serum conditions for 43 h, Cell
lysates were analyzed for expressions of phosphorylated Ake, rotal Akt, and calretinin
by immunoblotting.

calretinin was almost absent in the parent, mock transfectant, and
NAG-2 transfectant in immunoblotting, whereas calretinin was ob-
viously present in three independent CD9 transfectants and its level
was parallel to that of CD9. We further examined if CD9 and calretinin
are co-expressed in a panel of lung tumor cell line (Fig. 2B). Consis-
tent with our previous report that most SCLC cells lack CD9 [8], five of
eight SCLC lines revealed no transcription and one cell line (0S2-RA)
showed only marginal transcription of CD9 gene. The other two lines
(0S1 and NCI-H209) clearly expressed CD9, and these CD9 (+) lines
also expressed calretinin. Meanwhile, alf three NSCLC [ines were CD9
(+), but none of them expressed calretinin (Fig. 2B).

CD9 was next deleted by knockdown with siRNA in the SCLC line
0S1, which expresses endogenous CD9. As shown in Fig. 2C, left col-
umn, the knockdown of CD9 suppressed the level of calretinin. In an

additional experiment, we have studied CD9 and calretinin expres-
sions in multipte pleural mesothelioma cell lines and found that only
NCI-H226 expresses both CD9 and calretinin in immunoblotting (Fig.
$1). CD9 was knocked down in this mesothelioma line, but unlike
081, the calretinin level was not affected (Fig. 2C, right column). Our
recent report showed that endogenous CD9 is induced when the (DB
{~) SCLC line SBC-3 is exposed to an anticancer drug. cisplatin [10].
As shown in Fig. 2D, calretinin was co-induced with endogenous CD9
in the cisplatin-exposed SBC-3 cells.

We further investigated if CDY is generally required for the ex-
pression of calretinin using tissues from wild-type and CD9 KO mice.
Calretinin was expressed in liver and brain lysates of wild-type mice,
and its levels were not affected by the loss of CD9, as evidenced by
abundant expression of calretinin in the lysates from CD9 KO mice
{Fig. S2). Together, regulation of calretinin expression by CD9 seemed
to be specific to human SCLC cells.

3.3, CD9 is not physically associated with calretinin

To investigate co-expressions of CD9 and calretinin in vivo, a tissue
microarray of SCLC was analyzed by immunohistochemistry, Among
30 patients, 11 were CD9 {+), 11 were calretinin {+ ), and 7 were
double-positive, and association between CD9 expression and calre-
tininexpression was weakly significant {Fig. 3A, table). Higher positive
rate of CDY (11/30) in SCLC rissues compared with that in SCLC cell
lines [8] might be because some biopsy specimens were obrained
from relapsed or metastatic lesions, which were more frequently CD9
() than pretreated primary tumors | 10]. Representative staining ol
CDY and calretinin in a double-positive specimen indicated that ex-
pression patterns of these proteins were different (Fig. 3A). CD9 was
stained at the cell periphery, whereas calretinin showed nuclear and
cytoplasmic staining (Fig. 3A, insets). Tetraspanins including CD9 are
characterized by their propensity to form multiprotein complexes at
the plasma membrane. To examine if calretinin is present in large pro-
tein complexes including CDY, co-precipitated proteins with CDY was
immunoblotted with anti-calretinin Ab. As shown in Fig. 38, calretinin
did not co-precipitate with CD9 in 0S3-R5-CDY cell lysate even using
non-stringent detergent, Brij 99. Thus, calretinin was not present in
the protein complex including CD9.

34. Calretinin promotes apoptosis of CD9 { + ) SCLC cells

Our previous reports have shown that ectopic expression of CD9
increases apoptosis by attenuation of postadhesive phosphorylation
of Akt [9] and that anticancer drugs induce endogenous D9 in SCLC
cell lines [10]. To examine the involvement of calretinin in apopto-
sis of SCLC cells, calretinin was knocked down with siRNA in CDY
(- )/calretinin {+) OS1 cells, and expression of PARP was exam-
ined as an indicator of apoptotic cell death [14]. Exposure of 0S1
cells to 5uM cisplatin increased endogenous CD9 and calretinin and
enhanced apoptosis as evidenced by decrease of 113-kD PARP and
decreased phosphorylation of Akt (Fig. 4A, control RNA). Knockdown
of calretinin prevented the OS1 apoptosis regardless of the exposure
to cisplatin (Fig. 4A, calretinin siRNA). It appeared that the calretinin
knockdown stightly upregulated CD9; this might reflect an unknown
feedback mechanism. Proapoptotic role of calretinin was also studied
in 0S3-R5 cells. The exposure to CDDP for only 48 h did not induce
endogenous CDY and calretinin in this cell line and, when compared
with the parent cells, 0$3-R5-CD9 cells expressing calretinin revealed
higher sensitivity to CDDP, as evidenced by enhanced PARP cleavage
and decreased Akt phosphorylation (Fig. 4B). After the exposure to
1uM CDDP for 48 h, viable cells of 0S3-R5 and 0S3-R5-CD9Y were
56.1 & 1.8% and 20.1 & 2.7%, respectively (P < 0.01). As shown in
Fig. 4C, the knockdown of calretinin in 0S3-R5-CDY increased phos-
phorylation of Akt These results suggest that calretinin may be a
downstream mediator of apoptosis in CD9 (+ ) SCLC cells.
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4. Discussion

Qur previous studies have proposed that the absence of
tetraspanin CD9 contributes to highly malignant phenotype of SCLC
and that CD9 may be a pivotal regulator of SCLC cell survival [8-10].
In the present study using a proteomics-based approach, we iden-
tified calretinin as a possible mediator of CD9-induced apoptosis in
SCLC. Calretinin was present in CD9 (+ ) SCLC cell lines but not in CD9
(~) SCLC lines and CD9 (+ ) NSCLC lines. Ectopic or CDDP-induced
expression of CD9 upregulated calretinin in SCLC lines. Knockdown
of CDY conversely down-regulated calretinin in an SCLC line but not
in a mesothelima celf line. Furthermore, knockdown of calretinin in-
creased Akt phosphorylation and decreased apoptosis in CD9 (+)/
calretinin ( + ) SCLC cell lines. Although statistical significance in the
association of CD9 and calretinin expressions was weak (P =0.047)
in SCLC tissues, we speculate that this might be due to elimination of
apoptotic CD9 (+ )/calretinin (4 ) tumor cells in vivo.

Calretinin is a member of the calcium-binding protein EF-hand
family first identified in the retina. Calcium-binding proteins includ-
ing calretinin are expressed in neuronal subpopulations of the ner-
vous system. Calretinin is involved in cellular functions including
intracellular calcium buffering, messenger targeting, and the mod-
ulation of neuronal excitability. Modulation of calcium signaling by
calretinin is important for timing and plasticity of synaptic events
in neuronal networks. Some studies have suggested neuroprotective
role of calretinin against calcium-induced cytotoxicity, whereas oth-
ers reported opposite effects {15,16]. Of note, a recent report using
colorectal cancer cells indicated that calretinin is induced following
treatment with oxaliplatin or 5-FU and positively regulates apoptotic
signals via as yet unknown mechanisms [ 14]. In line with this report,
the present study suggested that calretinin mediates proapoptotic sig-
naling in SCLC cells and for the first time showed that CD9 positively
regulates the expression of calretinin. It has been established that
tetraspanins including CD9 work as organizer of multiprotein com-
plexes at the membrane [4,5]. Although calretinin has been reported
to concentrate beneath the plasma membrane during maturation in
neurons {17], it did not co-precipitate with CD9 in 053-R5-CD9 cells,
suggesting the presence of other mediators linking CD9 to enhanced
expression of calretinin.

In conclusion, by proteomics-based approach, we have proposed
a novel proapoptotic pathway that links the metastatic suppressor
CD9 to the neuronal calcium-binding protein, calretinin, in SCLC. In-
duction of CD9/calretinin may at least partially account for its high
sensitivity to chemotherapy and might provide clues to new thera-
peutic approach to suppress early growth, metastasis, and recurrence
of SCLC.
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Background: Easily measured and cli

previously reported that the agalactosyl fraction among fucosylated 1gG oli ides is increased in IBD.

ally useful biomarkers for inflammatory bowel disease (IBDY are required to advance patient care, We
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ly Crohn’s disease (CDY.

The present study aimed to establish a simple detection system for aberrant glycosylated 1gG based on lectin-oligosaccharide interactions.

Methods: Lectins with higher affinity to serum lgG from IBD patients than healthy voh (HV) were 3
ing of selected lectins to agalactosyl 1gG was definitively confirmed using step-b
enzyme-linked immunosorbent assay system was established and its clinical ntility w

American) IBD patients. disease controls, and HVs.

d by fectin microurray, Bind-
jase treatment. Using the selected lect a lectin
investigated in a total of 410 {249 Japunese and 161

p gl

Results: Agaricus bisporus Agglutinin (ABA) and Griffonia simplicifolia Lectin-IHGSL-) had higher affinity for serum agalactosyl 1gG from

IBD patients, especially those with CD, pared to HV. Agalactosyl 1gG levels measured by a lectin-enzyme tmmunoassay (EIA} with ABA or
GSLAIT were significantly § 1 in CD compared with HV and disease controls. Ag vl 12G levels significantly 1 with diszase
activity, showed higher predictability of therapeuti for CD than C-reactive protein levels. and exhibited higher specificity for diagnos-

ing IBD in combination with anti-Saccharontyces cerevisiae antibody (ASCAL. Validation analysis showed that agalactosyl 12G levels were sig-

nificantly increased in Japanese and American CD patients.

Conclusions: A lectin-EIA for agalactosyl IgG is a novel biomarker for IBD. especially in patients with CD.
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Inflamm Bowel Dis

he human inflammatory bowel diseases (IBD), Crohn’s
disease {CD) and ulcerative colitis (UC), are character-
ized by chronic relapsing and remitting inflammation in the
digestive tract. Although genetic predisposition, environ-
mental factors, and altered immune responses have pivotal
roles in the pathogenesis of IBD, precise etiologies remain
unknown. Despite recent therapeutic advances,™ surgical
care remains a mainstay treatment of IBD.® Therefore, a
biomarker that reflects clinical course and therapeulic out-
come is in high demand. Several serologic markers have
been developed for the diagnosis of IBD such as anti-Sec-
charomyces cerevisiae antibody (ASCA)," peripheral anti-
neutrophil cytoplasmic amil’mdy,5 or anti-outer membrane
porin protein C, and anti-CBirl flagellin® However, these
antibodies generally lack diagnostic and prognostic sensi-
tivity and specificity 10 alter clinical decision making.
Immunoglobulin (Ig) G carries N-linked oligosaccha-
rides at the Cgamma2 domain of the Fc fragment at aspara-
gine 297, all of which are biantennary complex-type with
or without bisecting N-acetylglucosamine (GlcNAc), core-
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TABLE 1. Patient Characteristics: Japanese Population

CD uc HV DC SLE RA
N =82) N =170 N=18)  (N=19) (N =29) (N =20)

Male/Female 22/60 31/39 39/39 9/10 5724 2/18
Age, yr, mean (SD) 38 (11) 39 (14) 45 (11) 35 (16) 33 (14) 52 (16)
Age at diagnosis, yr, mean (SD) 28 (10) 33 (13)
Disease location, N

Smail bowel/colon/both/unknown 27/11/42/2

Extensive/left colon/rectum/unknown 28/26/14/2
Treatment, N (%)

Salazosulfapyridine or mesalazine 72 (88) 59 (84)

Steroids 4(5) 9(13)

Immunomodulators 10 (12) 23)

Anti-TNF-alpha antibodics 70 0 (0)
CRP, mg/dL, mean (SD) 1.0 (1.6) 0.4 (1.1)
CDAI (CD) or CAI (UC), mean (SD) 153 (92) 33 (4.0)
fucose, galactose, and sialic acid residues. Our previous 19 patients with colonic infl ion including appendiciti

analysis of IgG oligosaccharides revealed that the agalacto-
syl fraction among fucosylafed oligosaccharides was signif-
icantly higher in patients with CD and UC than in healthy
volunteers (HV) and disease controls (DC). Fucosylated
agalactosy! I1gG levels closely correlated with disease activ-
ity and clinical course in IBD patients, and had a signifi-
cantly higher sensitivity to diagnose IBD compared with
ASCA.” We also reported that agalactosyl IgG oligosaccha-
rides enhanced antibody-dependent phagocylosis, suggest-
ing that oligosaccharide alterations of IgG are not only a
marker of IBD but also functionally modulate immune
function.® The current analytic methodology, however,
requires researchers to perform multistep complicated pro-
cedures to acquire an IgG oligosaccharide chart using high-
performance liquid chromatography (HPLC), so the devel-
opment of an easier detection system is necessary for wide-
spread clinical application.

There have been technical obstacles in establishing
simple detection systems for oligosaccharides due to diffi-
culties in purifying an oligosaccharide-specific antibody.
Although several oligosaccharide structures can be meas-
ured by lectin-antibody enzyme immunoassay (EIA),? lec-
tins have a lower affinity and specificity for oligosaccha-
rides than specific antibodies.'"” To overcome these
problems, in the present study we developed a lectin-EIA
system by using multiple lectins to detect agalactosyl 1gG
as a new serologic marker for IBD.

MATERIALS AND METHODS

Subjects
Scrum samples were collected from 82 patients with CD,
70 patients with UC, 72 age/gender-matched unrelated HVs, and

2

diverticulitis, and ischemic colitis (DCs). These participants were
Japanese recruited at the Department of Gastroenterology and
Hepatology, Osaka University Hospital (Suita, Osaka, Japan), the
Department of Gastroenterology, Osaka Rosai Hospital (Sakai,
Osaka, Japan). Serum samples of patients with systemic lupus cr-
ythematosus (SLE) and rheumatoid arthritis (RA) were provided
by the Department of Respiratory Medicine, Allergy and Rheu-
matic Diseascs, Osaka University Hospital. Patient characteristics
are presented in Table 1. On the validation analysis, American
serum samples were collected from 103 patients with CD, 39
patients with UC, and 19 HVs, who were recruited at the Depart-
ment of Medicine, University of North Carolina Hospital (Chapel

T1

Hill, NC). Patient characteristics ‘are presented in Table 2. The AQI T2

Ethics Committec at ¢ach hospital approved the study protocol
and written informed consent was obtained from cach partici-
pant. Patients were diagnosed with CD or UC according to endo-
scopic, radiologic, histologic, and clinical criteria,'™"'* Patients
with CD were classificd by age at diagnosis (A1, below 16 years
old; A2, between 17 and 40 years old; A3, above 40 years old),
location (L1, ileal; L2, colonic; L3, ileocolonic; L4, isolated
upper discase), and behavior (B1, nonstricturing and nonpenctrat-
ing; B2, stricturing; B3, penctrating) according to the Montreal
Classification.” Clinical activitics were determined using the
Crohn’s Discase Activity Index (CDAI) for CD" or the Clinical
Activity Index (CAI) for UC.' Infliximab maintenance thcmpyl7
was performed on biologic therapy-naive CD paticnts. Clinical
responders by infliximab therapy were defined as the patients
whose CDALI scores at week 30 were less than 150 or decreased
more than 70 from the pretreatment scores.

1gG Oligosaccharide Analysis by HPLC
Serum IgG oligesaccharide analysis was performed as
described previously.” Briefly, IgG was purified using Protein
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TABLE 2. Patient Characteristics: U.S. Population

CD uc HV
(N=103) (N=139) (N=19)

Male/Female 49/54 23/16 1R
Age, yr, mean (SD) 39 (14) 43 (18) 31 (4)
Age at diagnosis, yr, 27 (9) 33 (7

mean (SD)
Duration of discase, yr, 12 (9) 10 (7

mean (SD)

Disease location (N)
Small bowel/colon/bothfothers  28/24/49/3

Extensive/left colon/rectum/ 24/11/3/1

unknown
Treatment, N (%)

Salazosulfapyridine or 25 (24) 20 (51)
mesalazine

Steroids 15 (14) 9 (23)

Immunomodulators 35 (34) 4 (10)

Anti-TNF-alpha biologics 23 (22) 11(28)

G sepharose (Amersham Pharmacia Biotech, Buckingham-
shire, UK). N-linked oligosaccharides were released from se-
rum IgG by Glycopeptidase F (Takara Bio, Shiga, Japan) and
labeled with 2-aminopyridine by GlycoTag (Takara Bio). Pyri-
dylamino- (PA-) oligosaccharides from IgG were analyzed on
a reverse-phase HPLC system (Waters, Milford, MA).

Lectin Microarray

Total pattern of oligosaccharide structures in serum IgG
was investigated with cvanescent-ficld fluorescence-assisted
lectin microarray.”® Forty-five kinds_of lectin were immobi-
lized on the glass slide in triplicate and: =250 ng/mL of IgG
in phosphate-buffered saline (PBS) with 1% Triton X-100 was
applied to the array. To label target glycoproteins, Cy3 mono-
reactive dyc (GE Healthcare Biosciences, Chalfont St Giles,
UK) was used in this analysis. Detailed procedures were
described previously.' Fluorescence intensity of all lecting
and that of lower signal-lectins were analyzed independently.

Step-by-step Glycosidase Treatment Followed by
Lectin Blotting

Purified serum IgG was obtained and incubated with sia-
lidase, beta-galactosidase, and glucosaminidase by enzymatic
carborelease kit (QA Bio, Palm Desert, CA), according to the
manufacturer’s instructions. Lectin blotting was performed in
each step of glycosidase treatment.

Lectin Blotting

Eight micrograms of purified serum IgG was scparated
10% sodium dodecyl suifate-polyacrylamide gel clectrophore-
sis (SDS-PAGE) under reducing conditions and then trans-
ferred to a nitrocellulose membrane (GE Healthcare Bioscien-

ces). The membrane was incubated overnight at 4°C with 3%
bovine scrum albumin in Tris-buffered saline containing
0.05% Tween 20 (TBS-T), and then for 1 hour at room tem-
peraturc  with  biotinylated  Agaricus  bisporus  Agglutinin
(ABA) (1 pg/mL, Scikagaku biobusiness, Tokyo, Japan), Grif-
Jonia simplicifolia Lectin-IT (GSL-ID (2 pig/mL, Vector Labo-
ratorics, Burlingame, CA), Concanavalin A (ConA) (0.5 pg/
mL, Scikagaku biobusiness), Sambucus sieboldiana Agglutinin
(SSA) (1 pg/mL, Scikagaku biobusiness), or Ricinus commii-
nis Agglutinin T (RCA120) (1 ug/mL, Scikagaku biobusiness)
in 3% bovinc serum albumin in TBS-T. After washing with
TBS-T three times, the membrane was incubated with Vectas-
tatin ABC kit (Vector Laboratorics) for 20 minutes, then
washed with TBS-T three times. Staining was performed with
ECL reagent (GE Healtheare, Milwaukee, WI).

Lectin-EIA

Purificd IgGs from sera of patients and HVs (adjusted to
5 pgfwell) were prepared with sample diluents (PBS contain-
ing 0.1% bovine serum albumin [BSA] and 0.05% Tween 20)
containing SDS (final concentration is 0.05%) for 1 hour. Flat-
bottomed  96-well  streptavidin-precoated  microtiter  plate
(Nalge Nunc International, Tokyo, Japan) was coated with 50
pl/well of biotinylated ABA (0.33 ug/mL) and/or biotinylated
GSL-II {0.67 pg/mL) with 0.05% BSA in PBS for 1 hour at
room temperature. After washing the plate four times with
PBS containing 0.05% Tween 20 (PBS-T), 50 pLjwell of the
prepared 1gG was added. After incubation for 1 hour, the plate
was washed four times with PBS-T, then 100 pL/well of 0.1%
BSA in PBS was added to block nonspecific protein binding
sites. After incubation for 1 hour, the plate was washed four
times with PBS-T, then 50 pl/well of a 1/2000-diluted solu-
tion - of -alkaline phosphatasc-conjugated antibody against
human -1gG (SouthernBiotech; Birmingham, AL) was added.
After incubation for 1 hour, the plate was washed four times
with PBS-T and added 50 uL/well of 0.1M glycine bufter (pH
10.4) with phosphatc substrate (Sigma-Aldrich, St. Louis,
MO), and then incubated for 20 minutes. The optical density
(OD) was measured at 405 nm. All experiments were run in
duplicate and the median was used as the final value for cach
sample. Agalactosyl IgG standard was kindly provided by
Sanko Junyaku (Tokyo, Japan).'

Statistical Analyses

Differences between measurements and - groups  were
tested with Mann-Whitney U-test. A P value less than 0.05
was considered statistically significant. A receiver operated
characteristic (ROC) curve was generated by plotting sensitiv-
ity versus 1 — specificity for cvery possible cutoff score®?!
and arca under the ROC curve (AUC) was calculated. The
optimal cutoff scores were determined by ROC curve, and
then  sensitivitics, specificitics, positive predictive  values
(PPV), and negative predictive values (NPV) were measured,
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FIGURE 1. Binding levels of ABA and GSL-ll to IgG N-linked oligosaccharides are higher in patients with IBD than in HVs. (A) Lectin micro-
array for serum IgGs from HV, patients with UC, and those with CD (five cases each). Among 45 lectins on the lectin microarray, results for
ABA and GSL-l are shown. #P < 0.05. (B) Lectin blotting for serum lgGs from HV and CD (two cases each). Each blot is representative of

three independent experiments with similar results.

All analyses were performed using JMP v. 8 software for
Windows (SAS, Cary, NC).

RESULTS

Lectin Microarray Analysis for Serum lgG
Oligosaccharides

To identify the most relevant lectin(s) characteristic
for detecting agalactosyl IgG in IBD, we first screened se-
rum by lectin microarray. Serum IgGs from patients with
CD, UC, and HV were purified by protein G column liquid
chromatography and a lectin-microarray was performed for
each sample (Supporting Fig. 1). Among 45 lectins, only
two lectins had higher affinity for IBD and potentially rec-
ognize N-linked agalactosyl oligosaccharides. Lectin micro-
array showed that the signal intensities of the lectins, ABA
and GSL-II, were significantly higher in IBD patients,
especially those with CD, than in HV (Fig. 1A). Lectin
blot analysis, performed to confirm the resulis obtained
from lectin-microarray, clearly showed that serum IgGs
from CD patients had higher affinity for both ABA and
GSL-II compared to those from HV (Fig. 1B).

Both ABA and GSL-Il Recognize “Agalactosyl 1gG”
Previous reports showed that both ABA and GSL-II
recognize agalactosyl N-linked c)ligosam:haridesA22‘23 These

4

studies were performed with frontal affinity chromatogra-
phy using fluorescence-labeled oligosaccharides that are
not attached to proteins. To confirm that both lectins recog-
nize agalactosyl oligosaccharides attached to IgG, namely,
“agalactosyl IgG,” we first investigated whether IgG itself
was recognized by these lectins using IgG treated with a
set of glycopeptidases to detach oligosaccharides from IgG.
Depletion of oligosaccharides was confirmed by Coomassie
brilliant blue (CBB) staining, which showed a slight
decrease in the molecular weight of IgG (Fig. 2A). Glyco-
peptidase-treated IgG showed decreased affinity for ConA,
which recognizes most N-linked oligosaccharides except
those with a bisecting GIcNAc structure,®® as well as to
both ABA and GSL-II (Fig. 2A). These results indicate
that ABA and GSL-II accurately recognize oligosaccha-
rides attached to [gG. Next, a step-by-step glycosidase
treatment followed by lectin blotting was performed to
determine the characteristic oligosaccharide structure. First,
IgG was treated by sialydase, which detaches sialic acid
from sugar chains. The removal of sialic acid was con-
firmed by sialic acid binding lectin, SSA. Binding of ABA
and GSL-II to the IgG, however, was unchanged (Fig. 2B).
Next, sialydase-treated 1gG was incubated with the galac-
tose remover beta-galactosidase. Affinities of ABA and
GSL-I to IgG were increased afler the removal of galac-
tose, whereas the affinity of RCAI120, an N-linked
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FIGURE 2. ABA and GSL-ll recognize the N-linked oligosaccharide structure. () Purified serum lgGs from HY and CD {two cases each) were
treated with glycopeptidase F to remove oligosaccharides from IgG. Binding of ABA, GSL-ll, and ConA fbinds N-linked oligosaccharides) to
enzymatically treated or untreated IgGs was analyzed by lectin blotting. {B-Dj Serum lgGs from HV and CD {two cases each) were treated
with or without (B) sialidase, (C) beta-galactosidase, and (D) glucosaminidase in a step-by-step manner followed by lectin blotting. Each
blot is representative of three independent experiments with similar results.

galactose binder, was decreased (Fig. 2C). Finally, galacto-
sidase-treated IgG was incubated with glucosaminidase,
which removes GleNAc from mannose. Both ABA and
GSL-II lectin blotting showed decreased binding affinities
for IgG oligosaccharides (Fig. 2D). These findings indicate
that both ABA and GSL-II recognize N-linked GlcNAc
attached to IgG, namely “agalactosyl 1gG.”

Agalactosy! 1gG Is Increased in IBD Patients by
Lectin-EIA

To quantify agalactosyl IgG by EIA, a standard curve
using agalactosyl IgG was generated. First, oligosaccharide
analysis of agalactosyl control IgG was performed by con-
ventional HPLC methods.” The outer arm galactose was
confirmed to be almost completely absent in control aga-

lactosyl 1gG (Fig. 3A). Using this control IgG as an EIA
standard, a lectin-EIA system for agalactosyl 1gG (Agal-
1gG) was developed by immobilizing both ABA and GSL-
II on the same plate, by which an accurate standard curve
with high R? ratio (0.9991) was generated (Fig. 3B). Using
the standard curve, Agal-IgG levels were investigated in
sera from human subjects. The levels ol Agal-IgG in
patients with CD were significantly increased than those
with UC, HV, and DC, and the levels in patients with UC
were also significantly higher than those with HV (Fig.
3C). Agal-IgG levels in patients with SLE or RA were also
significantly higher than those with HV. Agal-IgG levels in
patients with CD were significantly higher than those with
SLE and relatively higher than those with RA. In addition,
certain cases of CD showed dramatic increases in Agal-IgG
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FIGURE 3. Agalactosyl IgG is increased in IBD patients by lectin-ElA. (A) Oligosaccharide structures from control agalactosyl IgG or serum
1gG in HV were analyzed by HPLC. The outer arm galactose was almost completely absent in control agalactosyl IgG. This result is represen-
tative of three independent experiments. (B} To generate a standard curve, control agalactosyl IgG was diluted step-by-step and assayed
for reactivity with ABA and GSL-ll (Agal-igG) by EIA. This result is representative of three independent experiments. (C} Agal-lgG levels of

purified serum IgG from CD, UC, HV, DC, SLE, and RA by ElA. #P < 0.05.

compared to other IBD and autoimmune diseases (Fig. 3C).
These results indicate that Agal-IgG is increased in patients
with IBD, especially with CD.

Agal-lgG Reflects Disease Activity and Clinical
Course in CD

We next investigated whether values obtained by lec-
tin-EIA (Agal-IgG) reflect disease classification, activity,
and clinical course in IBD. Agal-IgG levels were signifi-
cantly higher in CD patients whose onset age was below
16 (category Al) or between 17 and 40 (category A2) than
in those above 40 (category A3) years of age at time of di-
agnosis (Fig. 4A). There were no significant age-related
increases in Agal-IgG in either HV and CD patients (Sup-
porting Fig. 2), suggesting that the influence of age-related
change in agalactosyl IgG is very small because the partici-
pants are relatively young, and that the increase in Agal-
IgG in CD patients is not related to aging but lo younger
onset of disease. There were no significant differences in
the location (category L) or behavior (category B) of dis-
ease based on Agal-IgG levels (Fig. 4B,C). Agal-IgG levels
were also not correlated with C-reactive protein (CRP) lev-
els (data not shown). Moreover, Agal-lgG levels were sig-
nificantly higher in patients with active CD (CDAI >150)
than in patients in remission (CDAI <150, Fig. 4D). When
CD patients treated with infliximab scheduled maintenance
therapy were divided into responders and nonresponders at
30 weeks after the initial infusion, the difference between
Agal-IgG levels at week 6 and week 0 (AAgal-IgG) was
significantly higher in responders than in nonresponders
(Fig. 4E), although the difference between CRP levels at

6

week 6 and week 0 (ACRP) was unchanged in both groups
(Fig. 4F). These results indicate that Agal-IgG could be a
biomarker not only for detecting disease activity but also
for predicting the clinical course of CD.

Combination of Agal-lgG and ASCA Increases
Diagnostic Accuracy for CD

We then investigaled the diagnostic accuracy of
Agal-IgG for IBD by comparing with ASCA. We com-
pared the sensitivity and specificity of Agal-IgG with those
of ASCA for the discrimination. of IBD by ROC curve and
AUC analyses. The AUC was unchanged between Agal-
1gG ‘and ASCA for the differentiation of CD and HV
(AUC of Agal-1gG vs. ASCA = 0.79 vs. 0.81; Fig. 5A), as
well as CD and UC (AUC of Agal-IgG vs. ASCA = 0.69
vs. 0.72; Fig. 5B). The ROC curve, however, showed dif-
ferent patterns between Agal-IgG and ASCA; Agal-IgG
had higher specificity than ASCA under high sensitivity
conditions. There was no correlation between Agal-lgG
and ASCA levels among all subjects (Fig. 5C). We then
calculated the sensitivity and specificity of Agal-IgG/
ASCA double-positive CD patients. By the ROC curve, the
combination of Agal-IgG and ASCA positivity showed
higher specificity than Agal-IgG or ASCA alone for the di-
agnosis of CD (Table 3).

Agal-lgG Levels Are Also Increased in
American IBD Patients

To determine whether Agal-IgG levels are increased
in a different geographic population, we investigated Agal-
1gG levels in U.S. IBD patients and healthy volunteers.
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FIGURE 4. Agalactosyl IgG reflects disease activity and clinical course in CD. (A} Agal-lgG levels and age of disease onset (category A) in CD
patients. Agal-IgG levels were significantly higher in patients with category AT than A2 or A3. (8,C) Agal-(gG levels and disease location (cat-
egory L, (B)) and disease behavior {category B, (C)) in CD patients. (D) Agal-lgG levels and disease activity in CD patients. Agal-lgG was
higher in active patients (CDAI >150, n = 42) than in patients in remission (CDAl <150, n = 34). (EF) Agal-lgG or CRP levels and clinical
response to infliximab. Infliximab-naive CD patients were treated with infliximab scheduled maintenance therapy. (E) The difference
between Agal-lgG levels at week 6 and week 0 (AAgal-lgG) was higher in responders than in nonresponders. (F} The difference between
CRP levels at week 6 and week 0 (ACRP) was unchanged in both groups. P < 0.05

Agal-IgG levels were also significantly higher in [BD
patients, especially in CD patients, than in healthy volun-

F6 teers (Fig. 6A). In CD patients, Agal-IgG levels were sig-

nificantly higher in patients with earlier onset category Al
or A2 than in those with category A3 (Fig. 6B). No signifi-
cant differences were observed in category L or category B
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discrimination between CD and HV, or (B} between CD and UC. (C) Correlation between Agal-lgG and ASCA levels in all subjects (n = 230).

(Fig. 6C,D). These results were in excellent concordance
with analyses for Japanese IBD patients (Figs. 3C, 4A-C),
indicating Agal-IgG could be a biomarker for IBD patients
irrespective  of geography and consequently genetic
background,

DISCUSSION

We previously reported that fucosylated agalactosyl
1gG is increased in the sera of patients with IBD, and the
extent of agalactosylation of fucosylated IgG is a potential
diagnostic marker for IBD.” In the present study, we
showed that both ABA and GSL-II preferentially recognize
agalactosyl IgG, and affinities of both lectins to IgG were
significantly increased in CD patients compared to HV. We
also generated a lectin-EIA system in which an increase in
agalactosyl 1gG could be detected and determined that aga-
lactosyl IgG is a useful diagnostic marker that reflects dis-
ease activity and clinical course of CD.

GSL-1I binds to agalactosyl N-linked oligosaccharides
with primary recognition of a GlcNAc residue and major

specificity for tri- or tetra-antennary structures.”> ABA has
been widely used to detect and capture O-linked oligosac-
charides containing Galbl-3GalNAc.***® However, ABA
also has substantial affinity for mono-, bi-, and tri-antenn-
ary agalactosy! N-linked oligosaccharides.” Although these
previous reports demonstrated affinity between lectin and
agalactosyl N-linked oligosaccharides, the investigators
used fluorescence-binding oligosaccharides as a substrate
and did not confirm the affinity for glycoproteins, i.e., IgG.
In the present study we therefore demonstrate for the first
time that both ABA and GSL-II recognize native bianten-
nary GlcNAc on N-linked IgG oligosaccharides without
destroying the crystal structure of the IgG glycoprotein.
Lectin microarray is a powerful tool for screening such
types of lectins.

EIA is widely used as a simple system to quantify
specific proteins; however, several problems make it diffi-
cult to apply the “protein-specific” EIA to an “oligosaccha-
ride-specific” system. First, the lectin-oligosaccharide inter-
action is approximately one-tenth the affinity of antigen—

TABLE 3. Accuracy of Agal-lgG and ASCA to Differentiate (A) CD from HYV, or (B} CD from UC

Scnsitivity Specificity PPV NPV

(A)

ASCA (+) 71% (58/82) 83% (65/78) 82% (58/71) 73% (65/89)

Agal-IgG (+) 88% (72/82) 59% (46/78) 69% (72/104) 829 (46/56)

ASCA (+)/Agal-IgG (+) 67% (55/82) 94% (72/78) 90% (55/61) 73% (72/99)
(B)

ASCA (+) 70% (57/82) 69% (48/70) 2% (57/79) 66% (48/73)

Agal-1gG (+) 83% (68/82) 47% (33/70) 65% (68/105) 58% (33/57)

ASCA (+)/Agal-IgG (+) 62% (51/82) 84% (59/70) 82% (51/62) 66% (59/90)
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than with A2 or A3. (C,D) Agal-IgG levels and disease location {category L, {8)) and behaviors {category B, {C)) in CD patients.

antibody binding,'” so lectin-oligosaccharide complexes
easily dissociate during the EIA procedure. Second, the
recognition of an oligosaccharide by a lectin is not always
specific for a single structure. Third, oligosaccharides are
sometimes sterically encumbered by the surrounding pro-
tein so that lectins do not bind to glycoproteins compared
to oligosaccharide structures without proteins. To overcome
these problems, we adopted a simultaneous detection sys-
tem by 1wo lectins. We showed that both lectins recognize
agalactosyl 1gG oligosaccharides, but the binding affinity
of each lectin to oligosaccharide might be subtly influenced
by the surrounding protein structure.”” The Agal-IgG EIA
may have achieved a high sensitivity because each lectin
contributes to bind to agalactosyl IgG. Another reason the
dual lectin Agal-IgG EIA may be a sensitive and specilic
method is that nonspecific binding for each lectin may
decrease due to the requirement for reduced concentrations:
A higher concentration of a single lectin is necessary to
generate a standard curve for agalactosyl IgG.

We previously reported on the significance of agalac-
tosyl fraction of the fucosylated IgG oligosaccharides
(GOF/G2F) in patients with IBD. It is interesting that fuco-
sylated GOF/G2F is more specific than nonfucosylated aga-

latosyl 1gG in IBD.” Agal-IgG should be consistent with
GOF/G2F by HPLC, because Agal-IgG theoretically indi-
cates whole agalactosyl 1gG, and because GOF/G2F is a
major fraction of [gG oligosaccharides. In contrast, fucosy-
lation of IgG aliers biological activity of IgG including
antibody-dependent cellular cytotoxicity, which might be
due to conformation changes in the [gG Fe mrlion.% In
our system ABA and GSL-1I can recognize both the oligo-
saccharide siructure and the 3D structure of the IgG Fe
portion, whereas the HPLC system purely analyzes the oli-
gosaccharide structure of 1gG. The sensitivity and specific-
ity of Agal-IgG for diagnosis of CD might, therefore, be
slightly different from our previous study. However, Agal-
1gG could be a marker for disease activity of CD and the
combination of Agal-IgG and ASCA is a better marker for
diagnosing IBD than ASCA alone, as discussed below. Fur-
thermore, certain cases of CD showed dramatic increases
in Agal-IgG measured by lectin-EIA, compared to other
IBD and autoimmune diseases, Although we started the
present study o establish more convenient methods to mea-
sure agalactosyl IgG levels than the HPLC system, Agal-
1gG by lectin-EIA can possibly help elucidate the novel
pathogenesis of CD. Further studies from both clinical and
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basic approaches will be required for CD patients showing
extremely high Agal-IgG levels.

Here we demonstrated that Agal-IgG is a useful diag-
nostic marker in combination with ASCA. ASCA is one of
the most well-established serologic markers for diagnosing
CD,* but ASCA alone does not possess enough power to
diagnose CD with sufficient sensitivity or specificity.
Therefore, ASCA has been combined with other markers,
such as peripheral antineutrophil cytoplasmic antibody® or
anti-outer membrane porin protein C, and anti-CBir{ flagel-
1in.® In the present study, Agal-IgG itsell showed almost
the same sensitivity and specificity as ASCA for the dis-
crimination of CD and HV or CD and UC; however, Agal-
1gG was not strongly correlated with ASCA. The combina-
tion of Agal-IgG and ASCA could augment the specilicity
as a diagnostic marker partly because Agal-IgG might iden-
tily different subgroups of patients within CD than ASCA.
Further investigation is necessary to assess whether the
combination of Agal-IgG and ASCA is a betler marker for
diagnosing IBD than Agal-IgG or ASCA alone. Moreover,
we showed that Agal-IgG may have higher predictability
for response to infliximab compared with CRP (Fig. 4E,F).
Agal-IgG can rellect different inflammatory conditions
from CRP, because Agal-IgG is not increased in patients
with acute intestinal inflammation (Fig. 3C), and because
1gG has a long serum hall-life of 3 weeks, whereas that
of CRP is 4-6 hours. The decrease of Agal-IgG in 6 weeks
of infliximab treatment may be, therefore, a novel marker
for sustained response. If confirmed in larger prospective
analyses, this finding could have important clinical
implications.

In a validation study, we showed that Agal-lgG lev-
els were also significantly increased in a non-Asian, U.S.
cohort of IBD patients, especially in early onset (category
A1/A2) CD patients. A previous report showed that disease
location and clinical course are severer in patients whose
onsel is younger, and that the A3 group had a lower inci-
dence of fistulas and fewer requirements for immunomodu-
lators and corticosteroids.” Higher levels of Agal-IgG in
category A1/A2 patients may therefore reflect disease se-
verity in younger-onset patients. Although the mechanism
has not been clarified, Agal-IgG can be useful especially
for screening pediatric patients for whom invasive studies
are hard to perform. Although clinical manifestations
appear to be similar in all geographies, ethnic differences
in genetic associations have been reported. For instance,
mutations in the leucine-rich repeats (LRRs) of nucleotide-
binding oligomerization domain containing 2 (NOD2) are
associated with an increased risk for CD in many Cauca-
sian populations,**** but not in Japanese patients.™* There-
fore, it is of interest that increases in Agal-IgG levels are
observed in Japanese and American IBD patients because
of the clinical implications as a diagnostic marker, but also
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as a reason to explore IgG glycosylation as a global defect
in the pathogenesis of IBD.

An increase in serum agalactosyl IgG is also reported
in other diseases such as RA,*™ SLE?® and tuberculosis.*®
In the present study we showed that Agal-IgG levels were
significantly increased in patients with RA and SLE. Agal-
IgG might be an effective serological marker for other
immunological disorders such as SLE and RA. In addition,
Agal-IgG levels in patients with CD are significantly higher
than those with SLE and relatively higher than those with
RA. Agalactosyl IgG seems to have different functions in
each disease, because our recent studies show that the lev-
els of anti-agalactosyl IgG antibodies are increased in the
sera of RA™ but not IBD patients.” Moreover, the lectin-
complement pathway is aclivated through agalactosyl 1gG
in RA® but not IBD.® Therefore, the availability of an
Agal-1gG lectin-EIA will help in translational studies to
elucidate mechanisms through which agalactosyl IgG con-
tributes to pathogenesis in different diseases.

In conclusion, the Agal-IgG lectin-EIA system for
agalactosyl IgG may represent a novel biomarker assay for
IBD. The presence ol Agal-IgG in numerous autoinflamma-
tory diseases has potential significance as a diagnostic
marker that may fill important clinical needs, and may pro-
vide further information about pathogenesis.
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Plasma membrane proteomics identifies bone marrow stromal
antigen 2 as a potential therapeutic target in endometrial

cancer
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This report utilizes a novel proteomic method for discovering potential therapeutic targets in endometrial cancer. We used a
biotinylation-based approach for cell-surface protein enrichment combined with isobaric tags for relative and absolute
quantitation (iTRAQ) technology using nano liquid chromatography~tandem mass spectrometry analysis to identify specifically
p in endometrial cancer cells compared with normal endometrial cells. We identified a total of 272
protems including 11 plasma membrane proteins, whose expression increased more than twofold in at least four of seven

d

trial cell line. O p ion of bone marrow stromal antigen 2

endometrial cancer cell lines compared with a normal

s

{BST2) was detected and the observation was supported by i

hemical analysis using clinical samples. The

expression of BST2 was more characteristic of 118 endometrial cancer tissues compared with 59 normal endometrial tissues
(p < 0.0001). The therapeutic effect of an anti-BST2 antibody was studied both in vitro and in vivo. An anti-BST2 monocional
antibody showed in vitro cytotoxicity in BST2-positive endometrial cancer cells vio antibody-dependent cell-mediated
cytotoxicity and complement-dependent cytotoxicity. In an in vivo xenograft model, anti-BST2 antibody treatment

inhibited tumor growth of BST2-positive endometrial cancer cells in an NK cell-dependent manner. The anti-BST2 antibody
had a potent antitumor effect against endometrial cancer both in vitro and in vivo, indicating a strong potential for clinical
use of anti-BST2 antibody for endometrial cancer treatment. The combination of biotinylation-based enrichment of cell-surface
proteins and iTRAQ analysis should be a useful screening method for future discovery of potential therapeutic targets.

Key words: endometrial cancer, molecular target, plasma membrane,
iTRAQ, BST2
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Anticancer monoclonal antibodies are a growing family of
novel agents applied in the treatment regimens for hemato-
poietic and solid tumors. Antibody-based therapeutic agents
against CD20 or Her2 have been successtully clinically devel-
oped and have significant therapeutic effects.”” Tumor-asso-
ciated antigens which are easily accessible from the tumor
neovasculature are particularly attractive for intravenously-
administered antibody-based therapeutic agents. During the
last decade, several new technologies for high-throughput
screening have identified many potential therapeutic targets.
Thus far, no single approach or combination of methods has
emerged as the preferred paradigm. It is clear that new tools
and strategies are needed so that tumor-associated antigens
can be screened efficiently.

Proteomic methods can now be tailored to search directly
for targetable cell-surface proteins that distinguish cancer
cells from normal cells. The complexity and concentration of
individual proteins in the sample are crucial when perform-
ing proteomic analyses because abundant proteins, such as
cytoskeletal proteins, may hinder the detection of low abun-
dance proteins, such as plasma membrane proteins.” One
way to enrich the potentially accessible cell-surface proteins
is by whole cell protein tagging followed by affinity purifica-
tion. A method for enrichment of such cell-surface proteins
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In this study, we have used a biotinylation-based.approach for ¢ U-surface protein enrichment combined with iTRAQ

technology to identify and quantify membrane proteins which might rep p ial therapeutic targets of

¥ "
ial

cancer. A monoclonal antibody targeting BST2; one of the proteins identified in the iTRAQ analysis, have a potent antitumor
effect against endometrial cancer both in vitro and in vivo, indicating a strong potential for clinical use of anti-BST2 ‘antibody

for endometrial cancer treatment.

via their biotinylation and affinity purification has been
reported.™ In most cases, concentrated cell-surface proteins
are separated by SDS-PAGE and the enzymatically digested
peptides are analyzed by mass spectrometry, while highly
accurate quantitative data cannot be obtained by using this
method. To acquire more quantitative information, stable iso-
tope labeling using amino acids in cell culture (SILAC) based
quantitative proteomics has been used, with high quantitative
accuracy; however, the SILAC approach has the limitation
that only a maximum of three samples can run in any single
analysis.*” Compared with SILAC, the more recently devel-
oped isobaric tags for relative and absolute quantitation
(iTRAQ) technology has a distinct advantage regarding sam-
ple number handling capability in a single analysis, because
iTRAQ can compare up to eight samples simultaneously.”®
Endometrial cancer is the most common malignant tumor
of the female genital tract. Its incidence varies among regions;
it is overall the fourth most common malignancy in North
America® In general, the prognesis of these patients is excel-
lent as the majority present with early-stage disease that is
confined to the uterus at the time of diagnosis, which is fol-
lowed by simple hysterectomy, leading to a 5-year survival
rate of 84%.° Unfortunately, those women who present with
recurrent or advanced-stage disease have a much poorer
prognosis, with a median survival of less than a year.!® To
date, combination chemotherapy of cisplatin, doxorubicin,
and paclitaxel has demonstrated the greatest efficacy.'”'?
However, these cytoloxic agents are associated with intoler-
able side effects and infrequent sustainable remission.'"'?
Thus, new and more effective targeted therapies for endome-
trial cancer are urgently needed. However, thus far the search
for agents effective in the treatment of either recurrent or
advanced endometrial cancer has been disappointing.'?
Aiming for the identification of surface-accessible tumor
antigens best suitable for antibody-based therapeutic inter-
vention, it is important to analyze plasma membrane proteins
known to be involved in endometrial cancer. For this pur-
pose, we have utilized a novel proteomic technology by com-
bining Dbiotinylation-based approach for cell membrane
enrichment and iTRAQ technology using nano liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) analy-
sis. In this study, one normal endometrial cell line (EM-E6/
E7/TERT cells, immortalized normal endometrial cells) and
seven endometrial cancer cell lines were used as a compara-
tive model for studying the plasma membrane proteins
related to endometrial cancer. Among 272 proteins identified

int. J. Cancer: 132, 472-484 (2013) © 2012 UICC

by iTRAQ analysis, bone marrow stromal antigen 2 (BST2)
was investigated in more detail. By immunohistochemical
analysis using actual clinical specimens, we found that the
expression level of BST2 was significantly higher in endome-
trial cancer tissues compared with normal endometrial tis-
sues. An anti-BST2 antibody showed potent antibody-de-
pendent cell-mediated cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC) against BST2-positive endome-
trial cancer cells in vitro. In an in vivo xenograft model, anti-
BST2 antibody treatment significantly inhibited tumor
growth.

Taken together, our strategy of screening cell-surface tu-
mor-specific antigens might be useful for identifying new
therapeutic targets.

Material and Methods

Cell lines and cultures

We previously established an immortalized normal endome-
trial cell line (EM-E6/E7/TERT cells).">'* Nine human endo-
metrial cancer cell lines (HEC-1, HEC-1A, HEC-6, HEC-88nu,
HEC-108, HEC-116, HEC-251, SNG-II, and SNG-M cells}
were obtained from the Japanese Collection of Research Biore-
sources (JCRB, Osaka, Japan), where they were tested and
authenticated on June 30, 2011. The method used for testing
was multiplexed PCR amplification of eight short tandem
repeat loci (THO1, D5S818, D135317, D75820, D168539,
CSFIPO, vWA, and TPOX) and amelogenin was performed
using the PowerPlex'™16 System (Promega, Madison, WI).
PCR-amplified fragments were analyzed with an ABI PRISM
310 Genetic Analyzer (Applied Biosystems, Foster City, CA).
Then the fragments were typed based on allelic ladders. EM-
E6/E7/TERT cells were maintained in a 1:1 mixture of DMEM
and Ham’s FI2 medium (Wako Pure Chemical Industries,
Osaka, Japan) supplemented with 10% FBS (HyClone Labora-
tories, Logan, UT) and 1% penicillin-streptomycin (Nacalai
Tesque, Kyoto, Japan) at 37°C under a humidified atmosphere
of 5% CO,. HEC-1, HEC-1A, HEC-6, HEC-88nu, HEC-108,
HEC-116, and HEC-251 cells were maintained and propagated
in DMEM (Wako Pure Chemical Industries) supplemented
with 10% FBS and 1% penicillin-streptomycin. SNG-II and
SNG-M cells were maintained in Ham’s F12 (Invitrogen,
Carlsbad, CA) with 10% FBS and 1% penicillin-streptomycin.

Biotinylation of bovine serum albumin (BSA)
BSA (30 uM) was biotinylated with a 100-fold molar excess
of sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3-dithiopropionate
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(sulfo-NHS-SS-biotin; Pierce, Rockford, IL) and desalted as
described previously.'

Capture of cell-surface proteins

To isolate cell-surface proteins, the normal endometrial cell
line (EM-E6/E7/TERT cells) and seven endometrial cancer
cell lines (HEC-1, HEC-1A, HEC-6, HEC-108, HEC-116,
HEC-251, and SNG-II cells) were grown to approaching con-
fluency (up to 90%) in three 15 cm dishes. Cells were washed
three times with prewarmed PBS and then the cell-surface
proteins were biotinylated for 15 min at room temperature
with 15 ml of 500 pM sulfo-NHS-SS-biotin solution dissolved
in PBS. The residual biotinylation reagent was quenched with
5 mM lysine for 5 min at room temperature. After biotinyla-
tion, the cells were washed with PBS twice, harvested by
scraping, and collected by centrifugation (1,500 rpm, 4°C, 5
min). Detailed methods of extraction and purification of bio-
tinylated cell-surface proteins are described in the Supporting
Information Materials and Methods section.

iTRAQ labeling

Trypsin-digested peptides were dissolved in 5 ul of 9.8 M
urea and 20 ul of 1M TEAB. Samples were labeled with the
iTRAQ reagent according to the manufacturer’s protocol
(Applied Biosystems). EM-E6/E7/TERT cells were labeled
with iTRAQ reagent 113, HEC-1 cells with 114, HEC-1A
cells with 115, HEC-6 cells with 116, HEC-108 cells with
117, HEC-116 cells with 118, HEC-251 cells with 119, and
SNG-II cells with 121. The labeled peptide samples were then
pooled and desalted with Sep-Pak Light C18 Cartridges
(Waters, Manchester, UK) and peptides were dried in a cen-
trifugal concentrator (Micro Vac MV-100, Tomy, Tokyo, Ja-
pan) before strong cation exchange (SCX) fractionation.

SCX fractionation

In order to remove excess unreacted iTRAQ reagent and to
simplify the complexity of the peptide mixture, the labeled
peptide mixtures were purified and fractionated using SCX
column (SCX, PolySulfoethyl A column, 2.1 x 150 mm, 5
pm, 300 A) on an Agilent 1200 HPLC system. Detailed infor-
mation is provided in the Supporting Information Materials
and Methods section.

Mass spectrometric analysis

Nano LC-MS/MS analyses were performed on an LTQ-Orbi-
trap XL (Thermo Fisher Scientific, Waltham, MA) equipped
with a nano-ESI source and coupled to a Paradigm MG4
pump (Michrom Bioresources, Auburn, CA) and autosampler
(HTC PAL, CTC Analytics, Zwingen, Switzerland). Detailed
information is provided in the Supporting Information Mate-
rials and Methods section.

iTRAQ data analysis
Protein identification and quantification for iTRAQ analysis
was carried out using Proteome Discoverer software (v. 1.1)

Plasma membrane proteomics in endometrial cancer

(Thermo Fisher Scientific) against Swiss Prot human protein
database (SwissProt_2011_11, 533,049 entries). Taxonomy
was set to Homo sapiens (20,326 entries) or mammalian
(65,656 entries). Search parameters for peptide and MS/MS
mass tolerance were 10 ppm and 0.8 Da, respectively, with
allowance for two missed cleavages made from the trypsin
digest. Carbamidomethylation (Cys) and iTRAQSplex (Lys,
N-terminal) were specified as static modifications, whereas
CAMthiopropanoyl (Lys, N-terminal), iTRAQS8plex (Tyr),
and oxidation (Met) were specified as variable modifications
in the database search. The false discovery rate of 1% was
calculated by Proteome Discoverer based on a search against
a corresponding randomized database. Relative protein abun-
dances were calculated using the ratio of iTRAQ reporter ion
in the MS/MS scan. For subcellular localization, all the pro-
teins identified in this analysis were analyzed using the Uni-
protKB (available at: http://www.uniprot.org/) and Ingenuity
Pathway Analysis software (Ingenuity Systems, Redwood
City, CA).

Quantitative reverse transcription-PCR (qRT-PCR) analysis
To confirm the altered expression of BST2 in endometrial
cancer, the normal endometrial cell line (EM-EG6/E7/TERT
cells) and nine endometrial cancer cell lines (HEC-1, HEC-
1A, HEC-6, HEC-88nu, HEC-108, HEC-116, HEC-251, SNG-
1, and SNG-M cells) were subjected to qRT-PCR. Total
RNA was extracted using an RNeasy Mini Kit (Qiagen, Va-
lencia, CA) and ¢cDNAs were synthesized with a QuantiTect
Reverse Transcription Kit (Qiagen), all according to the man-
ufacturers’ instructions. QRT-PCR was performed using SYBR
Premix Ex taq (Takara Bio, Shiga, Japan) and an ABI
7900HT real-time PCR instrument (Applied Biosystems). B-
Actin was used as a housekeeping gene for normalization of
quantitative real-time PCR analysis. The primer sequences
and the expected sizes of PCR products were as follows:
BST2, forward primer 5'-GGAGGAGCTTGAGGGAGAG-3'
and reverse primer 5-CTCAGTCGCTCCACCTCTG-3', 75
bp; B-actin, forward primer 5'-AGCCTCGCCTTTGCCGA-3
and reverse primer 5-CTGGTGCCTGGGGCG-3, 174 bp.
Relative quantitation of gene expression was performed using
the standard curve method as outlined by Applied Biosys-
tems. Experimental conditions were tested in triplicate and
three independent experiments were performed.

Fluorescence activated cell sorting (FACS) analysis

Cells were washed twice in PBS (Nacalai Tesque) and
detached with 0.02% EDTA solution (Nacalai Tesque), Cells
were washed twice with cold FACS buffer (PBS supplemented
with 1% FBS and 0.1% sodium azide) and then incubated
with mouse anti-human BST2 antibody (Biolegend, San
Diego, CA) at a 1:100 dilution and labeled with Alexa Fluor
488-labeled donkey anti-mouse IgG antibody (Invitrogen).
Stained cells were analyzed using a FACS Canto cytometer
(Becton Dickinson, Mountain View, CA) and the results were
analyzed using FlowJo software (Tree Star, Stanford, CA).

Int. . Cancer: 132, 472-484 (2013) © 2012 UICC
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Patients and tissue samples

The formalin-fixed, paraffin-embedded tissue sections of 59
cases of normal endometrium and 118 cases of endometrial
cancer were obtained from 177 patients who underwent surgi-
cal resections at Osaka University Hospital, Japan, between
1998 and 2007. Cases of normal endometrium were obtained
from 59 patients who underwent simple hysterectomy for be-
nign indications such as leiomyoma and uterine prolapse. His-
tological features of the tissues were reviewed by board-certi-
fied pathologists. The degree of histological differentiation and
surgical pathological staging of 118 cases of endometrial cancer
were assigned according to the 1988 recommendations of
International Federation of Gynecology and Obstetrics. A sum-
mary of clinicopathological information for these patients is
shown in Supporting Information Table S1. Written informed
consent was obtained for all the cases and the experimental
protocol was approved by the ethics committees of Osaka Uni-
versity and National Institute of Biomedical Innovation.

Immunohistochemistry

Sections were prepared from formalin-fixed, paraffin-embedded
tissue specimens, deparaffinized, and rehydrated in graded alco-
hols. Immunohistochemical staining for BST2 was performed
using the avidin-biotin-peroxidase complex (ABC) method using
a rabbit polyclonal anti-BST2 antibody (Sigma-Aldrich, St. Louis,
MO) and the Vectastain ABC kit (Vector Laboratories, Burlin-
game, CA) according to the manufacturer’s protocol. Immuno-
stained sections were photographed with an Olympus FSX100
(Olympus, Tokyo, Japan). Detailed information is provided in
the Supporting Information Materials and Methods section.

of i g
Immunostainings were scored according to the intensity of the
staining (no staining = 0, weak staining = 1, moderate stain-
ing = 2, strong staining = 3) and the extent of stained cells
(0-9% = 0, 10-40% = 1, 41-70% = 2, 71-100% = 3). The
final immunohistochemistry (IHC) score was determined by
multiplying the intensity score (0, 1, 2, or 3) with the positivity
score (0, 1, 2, or 3), resulting in a maximum score of 9. Three
independent gynecologic oncologists (Y.U.,, K.Y, and M.F),
blinded to the histological data, analyzed the stained sections
using an Olympus BH2 microscope (Olympus). In case of dis-
agreement, the staining results were re-evaluated by careful
discussion until a consensus was reached.

Cell proliferation assay

Endometrial cancer cells plated in 96-well plates (1,000 cells
per well) were grown in their respective media for 24, 48, or
72 hr after the addition of antibody or small interfering RNA
(siRNA) transfection. At each time point, cell proliferation
was assessed by a WST-8 assay according to the manufac-
turer’s protocol (Nacalai Tesque). Detailed information for
these assays can be found in the Supporting Information
Materials and Methods section.
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ADCC assay

ADCC was measured by calcein-acetoxymethyl ester (calcein-
AM) release assay, with sensitivity similar to the traditional
*1Cr release assay.'"” Detailed information for this assay can
be found in the Supporting Information Materials and
Methods section.

CDC assay

CDC was evaluated using a *'Cr release assay.' Detailed in-
formation for this assay can be found in the Supporting In-
formation and Methods section.

Tumor xenograft and antibody therapy

Healthy female severe combined immunodeficient (SCID)
and nonobese diabetic (NOD)/SCID mice at 8 weeks of age
were obtained from Charles River Japan (Yokohama, Japan)
and maintained in a specific pathogen-free facility. For sub-
cutaneous xenograft experiments, SCID mice were inoculated
subcutaneously with 5 x 10° HEC-88nu or SNG-II cells in a
total volume of 50 pl of 1/1 (v/v) PBS/Matrigel (Becton Dick-
inson) into the abdomen. NOD/SCID mice were inoculated
with 5 x 10° HEC-88nu cells. PBS, isotype control (mouse
IgG2ax, Sigma-Aldrich), or mouse anti-human BST2 anti-
body (clone 1B4: Chugai Pharmaceutical) was administered
intraperitoneally at a dose of 5 mg/kg (SNG-1I) or 10 mgrkg
(HEC-88nu) in 400 pl of PBS. Six mice were used per group.
The first dose was given on day 4 (SNG-II) or 9 (HEC-88nu)
and continued twice weekly for 4 weeks. Tumors were meas-
ured twice weekly from days 4 (SNG-1I) or 9 (HEC-88nu)
using vernier calipers throughout the study. Tumor volumes
were calculated using the following formula: tumor volume
(mm®) = length x width x height. After 8 (HEC-88nu) or
12 (SNG-II) weeks, tumors were resected and weighted. All
animal experiments were conducted according to the institu-
tional ethical guidelines for animal experimentation of the
National Institute of Biomedical Innovation.

Statistical analysis

For immunohistochemistry, statistical significance of differ-
ence between normal endometrium and endometrial cancer
was analyzed by the nonparametric Mann-Whitney U test.
Differences in the in vitro cytotoxic assay were determined
by using the Kruskal-Wallis test followed by the Steel proce-
dure. For all subcutaneous tumor comparisons, groups were
analyzed using the Kruskal-Wallis test followed by the Steel-
Dwass procedure.

Results

Protein expression profiles in normal endometrium and
endometrial cancer

To identify potential therapeutic targets of endometrial can-
cer, we performed comparative protein expression profiling
between normal endometrium (EM-E6/E7/TERT cells) and
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endometrial cancer (HEC-1, HEC-1A, HEC-6, HEC-108,
HEC-116, HEC-251, and SNG-II cells) at the cell surface level.
We identified a total of 272 proteins by a biotinylation-based
approach for cell membrane enrichment combined with
iTRAQ technology using nano LC-MS/MS analysis. The com-
plete list of all the proteins identified is shown in Supparting
Information Table S2. The list of proteins identified with sin-
gle peptide is provided in Supporting Information Table $3.
MS/MS spectra of all single-peptide-based assignments with
masses detected as well as fragment assignments are presented
in Supporting Information Table S4. The raw MS data of this
analysis is publicly available for download from PeptideAtlas
(available at:  http://www.peptideatlas.org/PASS/PASS00032).
To correct the error of quantitation during chromatographic
procedures, we added the equivalent moles of the sulfo-NHS-
SS-biotin labeled BSA into the each sample as an internal
standard. The iTRAQ ratio of BSA (0.873 to 1.131, Supporting
Information Table $3) was used for the correction of quantita-
tion information accurately. According to the annotation from
UniprotKB and Ingenuity Pathway Analysis, 139 proteins
(51% of the identified proteins) were located in the plasma
membrane (Fig. 1a). Among these 139 plasma membrane pro-
teins identified, 11 proteins were increased more than twofold
in at least four of seven endometrial cancer cell lines compared
with the normal endometrial cell line (Table 1). As expected,
neural cell adhesion molecule L1, a plasma membrane protein
previously known to be overexpressed in endometrial cancer.
was identified again. Interestingly, BST2 was found to show
one of the most significant differences in expression between
normal endometrial cells and endometrial cancer cells, making
it a prime target.

Confirmatory studies by gRT-PCR and FACS

To confirm the altered expression of BST2 in endometrial
cancer, we first evaluated its transcripts by qRT-PCR in the
normal endometrial cell line (EM-E6/E7/TERT cells) and
nine endometrial cancer cell lines (HEC-1, HEC-1A, HEC-6,
HEC-88nu, HEC-108, HEC-116, HEC-251, SNG-Il, and
SNG-M cells). BST2 mRNA expression was clearly detected
in seven of the nine endometrial cancer cell lines, while the
normal endometrial cell line showed no detectable expression
of BST2 transcripts (Fig. 1b).

We then evaluated the expression of BST2 at the protein
level and confirmed the surface localization of BST2 by
FACS analysis. Protein expression of BST2 was very weak in
EM-E6/E7/TERT cells. In contrast, a considerably higher
level of BST2 protein expression was detected in six of the
nine endometrial cancer cell lines on the cell surface (Fig.
le). Together our data demonstrate that BST2 was overex-
pressed in endometrial cancer cells at both the mRNA and
protein level; this was consistent with our iTRAQ analysis.

Validation study by 1HC
As a validation study, immunohistochemical analyses were
performed by examination of the BST2 expression pattern

Plasma membrane proteomics in endometrial cancer

in paraffin-embedded tissue samples {Supporting Informa-
tion Table $1). Representative immunohistochemical stain-
ing of BST2 in tissue sections from patients revealed
intense BST2 staining in endometrial cancer compared with
normal endometrium (Fig. 2a). In addition, immunochisto-
vses showed membranous immunoreactivity
in endometrial cancer cells, indicating that the localization
of BST2 was at cell surface. We observed significantly
stronger positive staining of BST2 in tissue sections from
patients with endometrial cancer compared with normal
endometrium (p < 0.0001) (Fig. 2b). In 118 endometrial
cancer specimens, moderately to strongly positive staining
(IHC score = 3-9} was detected in 71.2% of specimens (84
of 118), whereas only 1.7% (1 of 59) were positive in the
normal endometrial specimens. There were no significant
differences in BST2 immunohistochemical staining among
endometrial cancer tissues according to their degree of his-
tological differentiation or surgical pathological staging
(p = 0.77 and 0.06, respectively, by the Kruskal-Wallis
test). There were no significant differences in BST2 staining
among normal proliferative-phase, secretory-phase, and
atrophic endometrium (p = 0.82 by the Kruskal~Wallis
test). These results indicate that BST2 was overexpressed
on the cell surface of endometrial cancer tissues much
more frequently than in normal endometrium, raising the
possibility that BST2 might represent a potential therapeu-
tic target.

chemical ana

BST2-siRNA and anti-BST2 antibody treatment in vitro

To examine whether the BST2 expression contributes to
cell proliferation of endometrial cancer cells, the effect of
BST2-siRNA treatment in four of the endometrial cancer
cell lines expressing BST2 (HEC-6, HEC-88nu, HEC-116,
and SNG-II cells) was evaluated using the WST-8 assay.
To ensure silencing efficiency, BST2 expression was ana-
lyzed by FACS analysis after 48 hr of siRNA transfection.
The two siRNAs targeting BST2 (Hs_BST2.1 and
Hs_BST2_5) had a similar silencing effect on the protein
level (Supporting Information Fig. §1). There were no sig-
nificant differences in cell proliferation among BST2-
siRNA and control-siRNA treated cells (Fig. 3a). Similarly,
anti-BST2 antibody treatment did not affect in vitro cell
proliferation (Fig. 30).

We subsequently examined whether an anti-BST2 anti-
body can induce ADCC among endometrial cancer cells
using the calcein-AM release assay. To study the specificity
of anti-BST2 antibody-mediated ADCC against BST2-
expressing target cells, an ADCC assay was performed using
a BST2-expressing endometrial cancer cell line (HEC-88nu
cells) and a BST2-negative cell line (HEC-1 cells). As shown
in Figure 3¢, HEC-88nu cells treated with the anti-BST2 anti-
body showed specific lysis via ADCC (p = 0.045), whereas
the anti-BST2 antibody showed no lytic activity against
HEC-1 cells.

Int. J. Cancer: 132, 472-484 {2013) © 2012 UICC
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iTRAQ results by FACS analysis. The shaded histogram profile indicates the isotype control, and the open histogram indicates the anti-BST2

antibody staining results.

We also examined CDC exhibited by the anti-BST2 anti-
body. Figure 3d shows that the BST2-expressing endometrial
cancer cell line (HEC-88nu cells), but not the BST2-negative
cell line (HEC-1 cells), was sensitive to CDC (p = (.045).

Int. ). Cancer: 132, 472-484 (2013) © 2012 UICC

Therapeutic effect of the anti-BST2 antibody in vive

To evaluate the therapeutic efficacy of anti-BST2 antibody
therapy, in vivo studies were performed using an endometrial
cancer Xenograft model. SCID mice injected with either
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Protein name

HEC-1A " HEC-6 HEC-108 HEC-116 HEC-251 SNG-I¥

HEC-1

for identification

Accession number

014672

3.175 2.824 3.958 1.364

1.271 2.032

1.670

Disintegrin and metalloproteinase
domain-containing protein 10

1.727
n.d.

5.239
2.747
4.396
13.756

4,307
8.526
2.905
2.603
2.363
4.507
87.278

8.722

5.745
7.796
0.949
2171
5.378
5.228
85.276

3.017

0.398
2,518
n.d.

P11279
P25942
P31431
P32004
P50895
P78310

Lysosome-associated membrane glycoprotein 1

6.438
11.644

5.353
nd.

2

Tumor necrosis factor receptor superfamily member 5

Synde;an-i

8.121

4.283

9.025

0.905

1.211

26

Neural cell adhesion molecule L1

2.864

3.936

2.493
16.042
94.318

0.876
3.140
6.438

0.692
1.773
n.d.

Basal cell adhesion molecule

3.256
38.946

3.265

Coxsackievirus and adenovirus receptor

3.435

Bone marrow stromal antigen 2

Q10589

4.637
17.020
18.523

2.542
8.623
77.025

5.286
11.603

2.827

1.912
11.680
25.645

3.199
2.234
17.088

2.360
0.907
4.374

Desmoglein-2

Q14126

3.508
47.784

CUB domain-containing protein 1

Q9H5VE

23.673

Junctional adhesion molecule A

Q9Y624

The iTRAQ ratios were calculated comparing the endometrial cancer cells’ iTRAQ signal divided by the normal endometrial cells’ iTRAQ signal. Proteins overexpressed more than twofold in at least

Abbreviations: n.d. = Not detected.
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HEC-88nu or SNG-H cells (BST2-expressing endometrial
cancer cell lines) were assigned to one of three treatment
groups (n = 6 per group): (i) PBS; (ii) isotype control; (iii)
anti-BST2 antibody, 5 mg/kg (SNG-1I) or 10 mg/kg (HEC-
88nu) twice weekly. Although the tumors of all mice were
approximately equal in initial volumes, significant differences
in tumor growth were observed during the study, as illus-
trated by the tumor growth curve in Figure 4a. All mice were
sacrificed on days 61 (HEC-88nu) or 85 (SNG-II) post-tumor
inoculation. The tumors of the anti-BST2 antibody treatment
group were markedly smaller than that of the PBS and con-
trol IgG treatment groups (Fig. 4b). The tumor weights of
the anti-BST2 antibody treatment group were significantly
decreased compared with the PBS and control IgG treatment
groups, whereas there was no statistical difference between
the PBS and control IgG treatment groups at the termination
of the experiment (Fig. 4c).

Once we had established a proof of principle that the
anti-BST2 antibody can inhibit tumor growth, we then
sought to identify mechanisms by which the anti-BST2 anti-
body acts on tumor cells. Anti-BST2 antibody treatment
showed no significant therapeutic effect in identically treated
NOD/SCID mice, with anti-BST2 antibody treated mice
developing tumors at virtually the same rate as PBS and con-
trol IgG treated mice (Fig. 5).

Discussion

Our study focused on a novel biotechnological method we
found to be useful for identifying tumor-associated cell-sur-
face antigens differentially expressed in cancer cells with
respect to corresponding normal cells. The ideal expression
pattern of a tumor-specific antigen for antibody therapy is
that it should be abundant and homogeneous on the surface
of cancer cells, and absent from normal tissue.'® Such targets
can be experimentally identified at different molecular levels,
such as DNA, RNA, and protein.

DNA microarray technologies have led to the identifica-
tion of genes that are dysregulated in cancer cells when com-
pared with normal cells.*** However, DNA arrays measure
only the changes at the mRNA level, and this is not always
translated to corresponding changes at the protein level, lead-
ing to many false positives and missed positives. The use of
mRNA expression patterns by themselves is often insufficient
for understanding the expression of protein products, as
additional post-translational mechanisms, including protein
translation, post-translational modification, and degradation,
may influence the level of a protein and its antigenic epi-
(opes.”'z3 In addition, effective induction of ADCC or CDC
mediated by a therapeutic antibody requires abundant
expression of cell-surface proteins specifically on the cancer
cells,”* providing a compelling rationale for a more direct
analysis of gene expression at the protein level by proteomic
methods.

The intensity of individual proteins in the sample is cru-
cial when performing proteomic analyses, as larger amounts

Int. J. Cancer: 132, 472-484 (2013) © 2012 UICC
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figure 2. (a) Representative immunohistochemical staining for BST2 in normal endometrium and endometrial cancer specimens,
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BST2 was negative in normal endometrium, whereas endometrial cancer showed strong membranous reactivity for BST2. Scale bar, 100
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endometrial cancer, with significant difference (p < 0.0001). IHC score = intensity score (0, 1, 2, or 3) x positivity score (0, 1, 2, or 3).

Figure 3. In vitro growth assay of endometrial cancer cells treated with 8ST2-siRNA (¢} or anti-BST2 antibody {(b). HEC-6, HEC-88nu, HEC-116,
and SNG-It cells are BST2-positive endometrial cancer cell lines. () A total of 1,000 cells were plated in each well of 96-well plates and then
SIRNA was transfected. Cell proliferation was assessed at 24, 48, and 72 hr using a WST-8 assay. Values were normalized to control-SiRNA
treated cells. There were no significant differences in cell proliferation among BST2-sIRNA and control-SiRNA treated cells. {b)} Anti-BST2
antibody or isotype-control 1gG (final concentrations of 0.1, 1, 10, or 100 pg/ml} were added to 1,000 cells/well in 96-well plates. Cell
proliferation was assessed at 72 hr using the WST-8 assay. Values were normalized to untreated cells. Anti-BST2 antibody had no direct
cytotoxic effect on endometrial cancer cells in vitro. (¢}, ADCC activity of anti-BST2 antlibody. Calcein-labeled HEC-1 (BST2-negative) and HEC-
88nu (BST2-positive) cells were incubated with bone marrow-derived lymphokine-activated killer cells at an £/7 ratio of 50 in the presence of
0, 0.1, or 1.0 pg/ml anti-BST2 antibody. (d) CDC activity of anti-BST2 antibody. *!Cr-labeled HEC-1 {8ST2-negative) and HEC-88nu (BST2-
positive) cells were incubated with 12.5% baby rabbit complement in the presence of 0, 0.1, or 1.0 pg/mi anti-B572 antibody. Anti-BST2
antibody had ADCC and CDC activity against HEC-88nu cells {(8ST2-expressing endometrial cancer cell line). *p = 0.045.

of some proteins may hinder the detection of less abundant
proteins, such as cell-surface membrane proteins. As such,
enrichment of plasma membrane proteins is an important
initial step. Physical isolation of membrane proteins using
centrifugation and/or chemical extraction are well-described
methods?*¥ However, these techniques fail to isolate only
the cell-surface membrane proteins and usually provide

Int. J. Cancer: 132, 472-484 (2013) © 2012 UICC

extracts that consist of all the membrane structures, including
those inside the cell (e.g., endoplasmic reticulum, Golgi appa-
ratus, and mitochondrial membranes). The proteins that are
found inside the cell will most likely not be accessible to the
systemically delivered antibodies and hence do not represent
a group of interest for discovery of targetable molecules.
Another way to enrich specifically the potentially accessible

cell-surface proteins involves conjugating membrane proteins
with the small molecule biotin and using the receptor strepta-
vidin to extract the labeled proteins.***®

In this study, we quantitatively analyzed the plasma mem-
brane profiles comparing normal endometrium and endome-
trial cancer using a biotinylation-based approach for cell
membrane enrichment combined with iTRAQ technology

using nano LC-MS/MS analysis. While quantitative mem-
brane proteomic approaches combining biotin labeling fol-
lowed by enrichment of cell surface membrane proteins by
avidin-beads and SILAC technology or spectral counting
were already reported, ™™ we demonstrated that iTRAQ
approach is also an alternative method, suitable for the quan-
titative analysis of the cell surface membrane proteins.

Int. J. Cancer: 132, 472~484 (2013} © 2012 UICC
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In total, we identified 272 proteins, 139 of which (51%) frames encode integral membrane proteins,* our results indi-

were found to be cell-surface proteins. Given that global cate that the membrane proteins were moderately enriched
genomic analysis predicts that 20 to 30% of all open reading by our sample preparation strategy.
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Eleven proteins were annotated as unique membrane pro-
teins whose expression was specifically up-regulated in endo-
metrial cancer (Table 1). These proteins included several
reported markers for prediction of clinical outcome (neural
cell adhesion molecule L1 and CUB domain-containing pro-
tein 1), suggesting a certain amount of robustness for our
methodology of identifying tumor-associated antigens.**** In
the present study, BST2 was further validated as a potential
therapeutic target for endometrial cancer, because BST2
showed one of the most significant differences between nor-
mal endometrium and endometrial cancer (a 10-fold up-reg-
ulation was shown in four of seven endometrial cancer cell
lines compared with the normal endometrial cell line) and
has been reported to be overexpressed in endometrial cancer
using genome-wide gene expression profiling? In future
work, we would like to characterize other novel candidates
for developing new therapeutic agents.

BST2 (also termed CD317, tetherin, or HM1.24) was orig-
inally identified as a Type 1l membrane glycoprotein with an
unusual topology (one-pass transmembrane domain and C-
terminal glycosylphosphatidylinositol anchor) that is prefer-
entially overexpressed on multiple myeloma cells.** More
recently, BST2 has also been proposed as a tumor-associated
antigen expressed in some human cancer cell lines.’** How-
ever, BST2 is an inlerferon-induced protein and inflamma-
tory cytokines such as interleukin-6 and tumor necrosis fac-
tor-alpha might also induce its expression.”® Furthermore,
BST2 has been found to black the release of enveloped virus
particles (e.g., HIV-1, Marburg virus, and Ebola virus) and
may therefore be an important component of the antiviral
innate immune defense.’®*® Future research should further
explore the role of BST2 in inflammatory diseases.

To our knowledge, protein expression of BST2 in endo-
metrial cancer has not been described before. Our results are
the first to show that BST2 is significantly overexpressed in
endometrial cancer compared with normal endometrium.
The degree of histological differentiation and surgical patho-
logical staging showed no significant correlation with expres-
sion of BST2. Given the almost ubiquitous expression of
BST2 in endometrial cancer, BST2 might have some value
acting as a potential molecular (herapeutic target.'” In this
study, we demonstrated that the administration of the anti-
BST2 antibody reduced the growth of BST2-positive endome-
trial cancer cells in SCID mice. The suppressive effects on tu-
mor growth were observed in two cell lines. In principle, the
putative mechanisms of monoclonal antibody-based cancer
therapy can be classified into two categories.”"** One mecha-
nism is direct action to block the function of target signaling
molecules or receptors, or stimulate apoptosis. It has been
reported that BST2 gene is one of the important activators of
the NF-«B pathway,” suggesting that the signaling from
BST2 antigen affects the biological responses of BST2-
expressing cells. However, silencing of BST2 expression by
siRNA transfection did not alter its cell proliferation, and
the anti-BST2 antibody had no direct cytotoxic effect on
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