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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-6B gHFc/gl/gQ1/9Q2
complex was incubated with the lysates from Molt-3 cells whose cell surface
was labeled with EZ-link sulfo-NHS-Lc-Biotin. The complex and its binding
proteins were immunoblotted and detected with streptavidin, anti-CD46, or
anti-CD 134 antibody. (B) CD 134 or CD46 expression on HHV-6B permissive and
nonpermissive cells. HHV-6B permissive (Molt-3 and MT4) or nonpermissive
(SupT1, JJhan, and HSB-2) cells were stained with anti-CD46 or CD134 anti-
body, followed by staining with secondary antibody for FACS analysis. Gray
shading, isotype control. (C) Down-regulation 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, 2 h
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/gQ2
complex. On the other hand, an anti-CD46 antibody reacted with
the eluate 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 rarely
in the HHV-6B nonpermissive T-cell lines 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 cell surface was down-
regulated after HHV-6B infection, whereas the down-regu-
lation of CD46 on the cell surface was rarely seen 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-
early 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 Fc 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 functions as the receptor for the other HHV-6B strains (Z29
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 cells. 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-6B 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 SupT1 cells was confirmed
by FACS (Fig. 44). Notably, the CD134-expressing SupT1 cells
were highly susceptible to HHV-6B entry (Fig. 4B), 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 gQ1 and gQ2
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 gQ1 and gQ2 components of the gH/gl/
gQ1/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-surface
expression of each component in the complexes was confirmed.
The binding of soluble CD134Fc to the surface of these cells
was then measured by FACS. No CD134Fc binding was de-
tected when AgH/Agl/AgQ1/AgQ2 (Fig. 5 A 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

HHV-6B infection (HST strain) HHV-BB infection (229 strain)
Fe sCD46Fc sCD134Fc Fe sCD46Fc sCD134Fc

C T 1B antiiE]

1B: anti-o-tubulin

1B: anti- ¢ -tubulin
HHV-8B infection {KYO strain)

HHV-6A infection (U1102 strain)

sCh46Fe sCD134Fc

o SCDAGEc sCD13dFc Fe

IB: anti-IE1

18; anti-1E4

1B: anti- o -tubulin

18: anti- & ~tubulin

Fig. 2. CD134 is necessary for HHV-6B infection. HHV-6B (HST, KYO, or 229
strain) or HHV-6A (U1102 strain) was incubated with the indicated amounts
(diluted 10-fold from 2.5 pg) of soluble CD134F¢, CD46Fc, or F¢, and then
Molt-3 cells were infected with these viruses. The cell lysates were immu-
noblotted for HHV-6 immediate-early protein (BIE1 or AIE1) and a-tubulin.
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Fig. 3. Anti-CD134 antibody blocks 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
gQ1 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
disease 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 cellular 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.

A lenti-control B

HHV-6B
Mock (HST) (KYO)
g 38 3
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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 [E1, -U27, -gQ1,
and -o-tubulin 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 control plasmid (gray
shading) and harvested 24 h later. The cells were incubated with soluble CD134Fc¢
at 4 °Cfor 2 h and stained with Alexa Fluor 488 goat anti-human IgG antibody at
4 °C for 1 h for FACS analysis. (C) The intensity of immunofluorescence of the
stained cells shown in A and B was quantified. A, HHV-6A; B, HHV-6B.

gQ1 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 gQ1 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 exanthem 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 diseases, 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 Fc receptors was used (19). The IL-2
signal sequence (amplified from pFuse-hlgG1-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 CS-CA-MCS (pro-
vided by RIKEN: the Institute of Physical and Chemical Research; Japan)
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 BiolLegend, 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.

Identification of Proteins Associated with the BgH/BgL/BgQ1/BgQ2 Complex.
293T cells were transfected with BgHFcHis-, Bgl-, BgQ1-, and BgQ2-
expressing plasmids or with AgHFcHis-, AglL-, 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 108 cells per sample) were labeled with EZ-link
sulfo-NHS-Lc-Biotin (Thermo Scientific) according to the manufacturer's
protocol and lysed with TNE buffer [10 mM Tris-HCl (pH 7.8), 0.15 M NaCl,
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 eluates 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 Solution. 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 [S0 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% (wt/vol) paraformaldehyde for 10 min
before being analyzed on a FACSCalibur (BD).

Cell-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 cells 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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Fig. S1. Specific binding of soluble HHV-6B gH/gl/gQ1/gQ2 complex to virus permissive cells. (4) Secretion of the AgHFC/AgL/AgQ1/AgQ2 or BgHFc/BgL/BgQ1/
BgQ2 complex. 293T 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. (B) The HHV-6B ligand binds to Molt-3 (HHV-6B permissive) but not SupT1 (HHV-6B nonpermissive) cells. Molt-3 (HHV-6B 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
anti-human IgG antibody at 4 °C for 1 h, and subjected to FACS analysis. Gray shading, incubated with Fc as control.
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expression of CD£2 mlght play a role ll’l adheswn of LSCs to bone marrow mncruenvnroriment and survwal of LSCS. CDSZ could,

Acute myelogenous lenkemia (AML) is characterized by a
cellular hierarchy, and is initiated and maintained by a subset
of self-renewing leukemia stem cells (LSCs).! To produce
cure in individuals with AML, development of a novel treat-
ment strategy targeting LSCs is urgently required. LSCs share
some antigenic features with normal hematopoietic stem cells
(HSCs). For example, both LSCs and HSCs express CD34
but not CD38. However, LSCs can be phenotypically distin-
guished from HSCs by several disparate markers, including
CD117" and CD123".'~? LSCs exist in a quiescent state and
are capable of self-renewal and differentiation, and are able to
perpetuate leukemic cell growth in long-term culture assays
and in the murine nonobese diabetic/severe combined immu-
nodeficiency (NOD/SCID) model system.'™ CD34%/CD38™
AML cells were shown to fulfill the criteria for LSCs in vivo.>®
Although, recent studies employed more severely immuno-
compromised mice found that even CD34~ or CD38" AML
cells in some cases were able to reconstitute AML.”®

The regulation of stem cell self-renewal and differentiation
requires a specific microenvironment of surrounding cells
known as the stem cell niche. The concept of the stem cell
niche was first proposed for the human hematopoietic system
in the 1970s The HSC niche in mouse bone marrow (BM) is
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‘kAcute myelogenous leukemla (AML)

composed of an endosteal lining of stromal cells, extracellular
matrix proteins, and osteoblasts.'”"> Specific adherens junc-
tion molecules such as N-cadherin mediate adhesion between
HSCs and niche cells in the adult hematopoietic system.'!

Recent work has shown that interaction between CXCR4
on leukemic cells and its ligand stromal cell-derived factor-1
(SDF-1) in the niche is necessary for proper homing and in
vivo growth of leukemic cells.> Moreover, interaction
between LSCs and the niche mediated by adhesion molecule
CD44 is required for maintenance of LSCs behavior."* CD44
mediates adhesive cell-cell and cell-extracellular matrix inter-
actions by binding its main ligand, hyaluronan, a glycosami-
noglycan that is highly concentrated in the endosteal
region.'*" All together, adhesion molecules play an impor-
tant role in maintaining the characteristics of LSCs.

CD82/KAI-1, a member of the tetraspanin superfamily,
was originally identified as an accessory molecule in T-cell
activation.”® The most well-characterized function of CD82
in nonimmune cells is integrin-mediated cell adhesion to
extracellular matrix."” Forced expression of CD82 up-regu-
lated tissue inhibitors of metalloproteinase 1 (TIMP1) and
inactivated matrix metalloproteinases 9 (MMP9) in the
H1299 human lung carcinoma cells, resulting in suppression
of tumor invasion and metastasis.'® Cell adhesion to collagen
1, which is one of the major proteins in the bone marrow
(BM) niche, is mostly mediated by three integrin receptors
al1P1, o2P1, and al1Pl expressed on cell surface of mesen-
chymal stem cells.'” Integrin may associate with CD82 in
CD34%/CD38~ AML cells to promote adhesion to the endo-
steal niche. However, the roles of CD82 in hematopoietic
cells remain to be elucidated.

In this study, we analyzed the protein expression profile
of freshly isolated CD34*/CD38~ AML cells from individuals
with AML and compared it with the expression profile of
their CD34%/CD38™ counterparts using isobaric tags for rela-
tive and absolute quantitation (iTRAQ) and found the aber-
rant expression of CD82 in CD34"/CD38~ AML cells. This
study also explored the function of CD82 in CD347/CD38~
AML cells in vitro as well as in vivo by utilizing NOD.Cg-
Ragl™™Mom 112rgIWilS7) mice.

Material and Methods

Sample collection and isolation of CD34%/CD38~ AML

cells and their CD347/CD38™ counterparts

Leukemia cells were freshly isolated from AML patients (n
= 18) with World Health Organization (WHO) classifica-
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tion system subtype minimally differentiated AML (case 6),
AML without maturation (cases 1 and 10), AML with matu-
ration (cases 2, 7, and 12), acute myelomonocytic leukemia
(cases 4, 14, and 15), AML with myelodysplasia changes
(cases 3, 5, 8, 9,16, 17, and 18), and therapy-related AML
(cases 11 and 13) after obtaining informed consent with
Kochi University Institutional Review Board approval (Sup-
porting Information Table S1). The informed consent was
obtained in accordance with the Declaration of Helsinki.
CD34%/CD38” AML cells and CD34%/CD38" counterparts
were purified by magnetic cell sorting utilizing a CD34 Mul-
tiSort kit and a CD38 MicroBead kit (Miltenyi Biotec
GmbH, Germany), as previously described (Supporting In-
formation Fig. S1a).*

Cells

Chronic eosinophilic leukemia (CEL) EOL-1 cells were
obtained from RIKEN BRC Cell Bank (Tsukuba, Japan). Ima-
tinib-resistant EOL-1R cell line was established by culturing
with increasing concentrations of imatinib (from 1 to 100
nM) for 6 months.?! Most of EOL-IR cells expressed CD34
(92 * 9%) on their cell surface. On the other hand, CD34
was rarely detectable on cell surface of parental EOL-1 cells
(0.1 = 0.1%) (figure not shown).

Isolation and culture of primary mesenchymal stromal

cells (MSCs)

MSCs were isolated from a BM of healthy donors. BM cells
were subjected to centrifugation over a Ficoll-Hypaque gradi-
ent to separate mononuclear cells. These cells were resus-
pended in o-minimal essential medium (Gibco BRL, Rock-
ville, MD) containing 20% fetal bovine serum (FBS) and
plated at an initial density of 10° cells.*

Protein extraction

Proteins were extracted using the complete mammalian pro-
teome kit (539779, Calbiochem, Darmstadt, Germany),
according to the manufacturer’s instructions.

iTRAQ labeling of peptides

Each protein sample (100 ng) was digested with trypsin and
labeled with iTRAQ reagents (Applied Biosystems, Framing-
ham, MA) according to the manufacturer’s instructions.
Briefly, the proteins extracted from CD347/CD38” AML cells
were labeled with iTRAQ reagents 114 (case 1) or 116 (case
2), and proteins extracted from CD347/CD38" counterparts
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Table 1. PCR primers

Gene  Direction  Primer
MMP9 Forward 5/ CTCGAACTTTGACAGCGACA-3'
. Reverse  5-GCCATTCACGTCGTCCTTAT3'
MMP2 Forward 5'-ACCCAGATGTGGCCAACTAC-3'
. Reverse 5/-TCATGATGTCTGCCTCTCCA-3.
185 Forward 5'-AAACGGCTACCACATCCAAG-3'
o Reverse  5-CCTCCAATGGATCCTCGTTAS -

were labeled with iTRAQ reagents 115 (case 1) or 117 (case
2). Labeled peptide samples were mixed and fractionated as
described previously.”

Mass spectrometric analysis

NanoLC-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 MG2
pump (Michrom Bioresources, Auburn, CA) and autosampler
(HTC PAL, CTC Analytics, Zwingen, Switzerland).?®

iTRAQ data analysis

Protein identification and quantitation for iTRAQ analysis
was carried out using SEQUEST (Bioworks version 3.3.1,
Thermo Fisher Scientific) searching against the International
Protein Index (IPI) human protein database (version 3.26).%>
Relative protein abundances were determined by comparing
the ratio of iTRAQ reporter ion intensities in the MS/MS

Quantitation of CD82-expressing cells using flow

cytometry (FACS)

Leukemic peripheral blood (PB) (n = 3) and BM (n = 9) cells
were collected from 12 AML patients (case numbers 1-12) af-
ter obtaining informed consent. Leukemic cells were stained
with a fluorescein isothiocyanate (FITC)-conjugated monoclo-
nal antibody (mAb) against CD34 (Beckman coulter, CA), a
phycoerythrin (PE)-conjugated mAb against CD82 (Abcam,
Cambridge, UK), and a PE Cy5-conjugated mAb against
CD38 (BioLegend, San Jose, CA). Cells were stained for 30
min on ice. Isotypo-matched immunoglobulins were used as
controls. Cells were then analyzed using flow cytometry
(FACS Calibur, Becton Dickinson, San Jose, CA) following
data analysis by FlowJo software (TreeStar, San Carlos, CA).

RNA isolation and real-time reverse transcription-
polymerase chain reaction (RT-PCR)

RNA isolation and cDNA preparation were performed as
described previously.** Real-time RT-PCR was carried out by
using Power SYBR Green PCR Master Mix (Applied Biosys-
tems, Warrington, UK) as described previously.** Primers for
PCR are shown in Table 1.

Leukemia stem cells express CD82 adhesion molecule

Small interfering RNA

Control small interfering (si) RNA and an siRNA against
CD82 were purchased from Santa Cruz Biotechnology and
Sigma (Deisenhofen, Germany), respectively.

Transfections

EOL-1 and EOL-1R cells were transiently transfected with ei-
ther control or CD82 siRNA (300 nM) using an Amaxa
Nucleofector II electroporator (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan) with a Nucleofector Kit V (program
U-001) as previously described® The preliminary experi-
ments using the green fluorescence protein-expressing vector
found that efficacy of transfection with this program was
approximately 70% with nearly 70% cell viability, as meas-
ured by FACS and Annexin V/PI staining, respectively (figure
not shown).

CD82 shRNA lentiviral vector, production and infection

The short hairpin (sh) RNA sequence used to target human
CD82 corresponded to the following sequence on the human
CD82 transcript variant 2, NCB 1 accession number
NM_001024844. Lentiviral shRNA particles were produced
using the viral power packaging system (Invitrogen, CA) with
the 293FT packaging cell line (Invitrogen), and lentiviral
CD82 shRNA particles (>10° titer unit (TU)/ml) were pre-
pared using ultracentrifugation. 5 x 10* CD347/CD38~
AML cells were seeded in 24-well plates in 500 pl of Iscove’s
modified Dulbecco’s medium (IMDM) (Invitrogen) contain-
ing 10% heat inactivated fetal bovine serum (FBS). After
overnight incubation, 5 x 10° TU lentiviral CD82 shRNA
particles and polybrene (10 pg/ml) were added per well with
serum free medium containing IMDM. After overnight, 1 ml
of full media supplemented with FBS, 2-mercaptoethanol,
stem cell factor, granulocyte-macrophage colony-stimulating
factor (GM-CSF), granulocyte-colony-stimulating factor (G-
CSF), IL-3, and erythropoietin (EPO) was added and incu-
bated for 7 days. The control and CD82 shRNA lentiviral
vectors co-expressed green fluorescence protein (GFP). Quan-
tification of GFP-positive cells using FACS analysis indicated
that the lentiviral transduction efficiency was neatly 70%
(Supporting Information Fig. S1b). GFP-positive cells were
sorted using JSAN (Bay bioscience Co., Ltd., Kobe, Japan).

CD82 lentiviral vector

CD82 ¢DNA was purchased from Mammalian gene collec-
tion (BC000726) and was used as the template for PCR. PCR
products were cloned into pLenti6.3/V5-TOPO vector (Invi-
trogen). CD82-transfected lentiviral particles were produced
using the viral power packaging system (Invitrogen) with the
293FT packaging cell line (Invitrogen). The pLenti6.3/V5-
TOPO vector was designed to co-express V5 epitope; 5 X
10* CD347/CD38% AML cells were seeded in 24-well plates
in 500 pl of IMDM (Invitrogen) containing 10% FBS. After
overnight incubation, 5 x 10° TU lentiviral CD82-transfected
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lentiviral particles and polybrene (10 pg/ml) were added per
well. After overnight, supernatant was removed and 1 ml of
full media was added and incubated for 7 days. FACS analy-
sis utilizing an anti-V5 antibody (Invitrogen, R960-25) indi-
cated that the efficiency of transduction into CD34%/CD387
AML cells was nearly 80%
Fig. S1b).

(Supporting Information

Migration assays

Freshly isolated either CD347/CD38™ (5 x 10° cells) or
CD347/CD38% AML cells (1 x 10° cells) were transduced by
either CD82 shRNA or CD82 cDNA, respectively, and then
seeded in the upper inserts with 3 pm pores coated by fibro-
nectin (Cat. No. 354543, Becton Dickinson Biosciences, Bed-
ford, MA) and mesenchymal stromal cells (MSCs) established
from healthy donors, while the lower wells were filled with
Iscove’s Modified Dulbecco’s Medium (IMDM) containing
10% heat inactivated FBS. Similarly, EOL-1 and EOL-1R cells
were transiently transfected with either control or CD82
SiRNA. After 48 hr, these cells (5 x 10° cells in 100 pl
RPMI-1640) were seeded in the upper biocoat cell culture
inserts coated by fibronectin, and the lower well was filled to
the top with RPMI-1640 containing 10% heat inactivated
FBS as a chemoattractant. After incubation for 48 hr, the su-
pernatant was discarded and the cells that had adhered to
the fibronectin were gently washed in phosphate-buffered sa-
line (PBS). Cells were then fixed for 1 hr in 4% paraformal-
dehyde, washed twice in PBS, stained with 4’6-diamidino-2-
phenylindole (DAPI), and counted under a microscope
(OLYMPUS FV1000-D). The cells that had passed through
the membrane filter were collected and the number of viable
cells was counted under light microscope after staining with
trypan blue.

Gelatin zymography

The culture supernatant as well as whole cell proteins of
EOL-1 and EOL-1R cells were harvested. Gelatinolytic activ-
ities were carried out by utilizing a gelatin-zymography kit
(Primarycell, Hokkaido, Japan). Each lane was loaded with
30 pg of whole protein lysates or 20 pl of supernatant.

Colony forming assay

The colony-forming assay was performed with methylcellu-
lose medium H4034 (StemCell Technologies, Vancouver, BC,
Canada), as previously described.”®

Bone marrow transplantation and engraftment assay

NOD.Cg-Rag1™™°m  [12rg™WilS7]  mice (Stock number:
007799) were purchased from the Jackson Laboratory for ex-
perimental animals (Bar Harbor)*® and bred in a pathogen-
free environment in accordance with the guidelines of the
Kochi University School of Medicine. The 6-week-old mice
were utilized for experiments. CD347/CD38~ AML cells (1
x 10* cells) transfected with either scrambled control or
CD82 shRNA were injected to each mouse intravenously via
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the tail vein. At 9 weeks after transplantation, mice were eu-
thanized and BM were removed. BM cells were flushed from
the femurs using 25-gauge needles (Becton Dickinson Bio-
sciences) and then fixed in formalin. The human cell engraft-
ment was analyzed by using flow cytometry after staining of
spleen cells with human CD45 PE Cy5-conjugated mAb
(Dako, Glostrup, Denmark) and human CD33 PE-conjugated
mAb (Becton Dickinson Biosciences).

Single cell RT-PCR

A single CD347/CD38~ AML cell was isolated by BD FACS
Ariall (Becton Dickinson Biosciences) and subjected to RT-
PCR by AmpliSpeed slide cycler (Beckman Coulter, Munich,
Germany) and ABI StepOnePlus (Applied Biosystems) to
measure the levels of CD82 and MMP9.

Immunohistochemistry of CD82 in BM sections
Immunohistochemical staining of CD82 was performed with a
Ventana DISCOVERYTM autostainer system (Ventana Japan,
Osaka, Japan) as previously described.?® The anti-CD82 anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA) was used.

Cell cycle analysis by flow cytometry (FACS)

Cell cycle distribution of CD34%/CD38~ AML cell was meas-
ured as previously described after transduction of either
scrambled control or CD82 shRNA. Briefly, the cells were
stained with Ki-67 (Santa Cruz Biotechnology) and propi-
dium iodide and subjected to FACS.

Homing analysis

The human AML cells isolated from patients were treated
with anti-human CD82 (Santa Cruz Biotechnology) or control
IgG (eBiosScience, San Diego, CA) antibody on ice for 1 hr.
This anti-CD82 antibody worked as a neutralizing antibody
(Nishioka et al. unpublished data). Cells were washed gently
with PBS and were injected to each mouse intravenously via
the tail vein. At 16 hr after transplantation, mice were eutha-
nized and BMs were removed and analyzed by flow cytometry
with anti-human CD45 and CD34 antibodies. We acquired in
the range of 1 x 10° to 3 x 10° events per sample.

Statistical analysis

When comparing two groups, Student’s t-test was used. For
demonstration of association, the Pearson’s correlation coeffi-
cient test was applied. All statistical analyses were carried out
using SPSS software (Version 11.03; spss, Tokyo, Japan) and
the results were considered to be significant when the p value
was <0.05, and highly significant when the p value was <0.01.

Results

Protein expression profiles of CD34"/CD38~ AML cells

and CD34"/CD38™ counterparts

Four samples (two from CD347/CD38~ AML cells lysates
and two from CD347/CD38" counterparts lysates, approxi-
mately 10 million cells per sample) were trypsinized and
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labeled with a specific isobaric iTRAQ reagent. To compen-
sate for extreme sample complexity, each iTRAQ sample was
separated into 24 fractions using strong cation-exchange
chromatography.” A total of 2,537 and 2,506 proteins were
identified with >95% confidence for each of the biological
replicates. Since iTRAQ internal replicates typically yield high
confidence results,”” differences greater than threefold or less
than 0.5-fold are considered significant. We listed the pro-
teins whose expression was greater than 3-fold or less than
0.5-fold in CD34"/CD38~ AML cells as compared with their
CD34%/CD38" counterparts in Table 2 and Supporting In-
formation Table 2. Either 481 or 700 proteins were differen-
tially expressed in case 1 and case 2, respectively (Table not
shown), and only 104 proteins were overlapped in both cases
(Table 2, Supporting Information Table S1).The expression of
98 of these proteins increased, while the expression of six
proteins decreased in both cases (Table 2, Supporting Infor-
mation Table S1). Two of the identified proteins are involved
in differentiation, two play a role in the cell cycle, six play a
role in adhesion, five are involved in DNA replication and
repair, and eight are involved in apoptosis and anti-apoptosis
(Table 2, Supporting Information Table S1). In addition, 6
nuclear transcription factors, 17 enzymes involved in drug-re-
sistance, 6 human leukocyte antigens, 18 ribosome nucleo-
proteins, and 10 histone and histone-binding proteins were
differentially expressed between CD34*/CD38~ AML and
CD34*/CD38" counterparts (Supporting Information Table
S1). Additional differentially expressed proteins are also listed
in Supporting Information Table S1. Other studies identified
aldehyde dehydrogenase activity (ALDH), B-cell lymphoma/
leukemia 11A (BCLI11A), ILK, and HLA-DR as highly
expressed proteins in leukemia stem cells.**! These proteins
were also overexpressed in CD34¥/CD38” AML cells in the
present study (Table 2), indicating an acceptable sensitivity of
the current study.

(D82 is overexpressed in CD34%/CD38~ AML cells

We focused on CD82 because this protein functions as an ad-
hesion molecule that is important to maintain the character
of LSCs. We attempted to validate these results in other

CD34™/CD38~ AML cells isolated from patients (11 from
BM, 5 from PB, cases 1-14, 17, 18) by FACS. In 15 of 16
cases (94%), the relative expression levels of CD82 were sig-
nificantly higher in CD34%/CD38~ AML cells (68 * 27%) as
compared with their CD34"/CD38" counterparts (30 = 19%)
(p < 0.01, Fig.1a, Supporting Information Fig. S2a). On the
other hand, a mean 35 % 19% of CD34" hematopoietic stem/
progenitor cells isolated from healthy volunteers {(n = 6) were
positive for CD82 staining (Supporting Information Fig. S2b).
In addition, we found that imatinib-resistant EOL-1R cells
which stayed on a dormant state and possessed the immature
character with aberrant expression of CD34 (data not shown)
expressed a greater amount of CD82 on their cell surface (96
% 1%) than parental EOL-1 cells (47 = 4%) (Fig. 1a).

The MMPs enzymatic activity

Aberrant expression of CD82 was associated with inactivation
of matrix metalloproteinase 9 (MMP9) in the H1299 human
lung carcinoma cells.'® We therefore examined the relation-
ship between CD82 and MMPs in CD347/CD38~ AML cells.
Real-time RT-PCR found that the levels of MMP9 were sig-
nificantly lower in CD82 over-expressed CD34%/CD38~
AML cells than their CD34%/CD38" counterparts (n = 7, p
< 0.01) (Fig. 1b). On the other hand, levels of MMP2 in
CD34%/CD38~ AML cells were almost identical to those in
CD34¥/CD38% counterparts (Fig. 1b). We also found that
the levels of both MMP-9 and -2 were down-regulated in
imatinib-resistant EOL-1R cells as compared with parental
EOL-1 cells (Fig. 1b). To explore a potential link between
CD82 and MMPs in leukemia cells, EOL-1R cells were transi-
ently transfected with either scrambled control or CDS82
siRNA (Fig. 1c), which efficiently decreased levels of CD82 in
these cells (from 96 = 1% to 41 % 1%, Fig. 1c). The MMPs
enzymatic activity in these cells was determined by perform-
ing gelatin zymography with the culture supernatant as well
as whole cell proteins extracted from EOL-1 and EOL-1R
cells (Fig. 1d). Interestingly, when CD82 was down-regulated
in EOL-IR cells by an siRNA, enzymatic activity of MMP9
was dramatically increased (Fig. 1d), suggesting that CD82
negatively regulated MMP9. Real-time RT-PCR found that
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Figure 1. CD82 expression in CD347/CD38~ AML cells and CD34%/CD38™ counterparts. (a) Leukemia cells isolated from patients (BM, n = 11;
PB, n = 5) were stained with anti-CD34, -CD38, and -CD82 antibodies. Expression of CD82 in CD34%/CD38~ AML cells and their CD34%/CD38™
counterparts was analyzed using Flowjo. Each dot represents expression of CD82 for an individual and the mean value is indicated by the line.
EOL-1 or EOL-1R cells were stained with anti-CD82 antibody. Expression of CD82 in EOL-1 or EOL-1R cells was analyzed using Flowjo. Statistical
significance was determined by paired t-test. **p < 0.01, with respect to control. The effect of CD82 on MMPs. Real-time RT-PCR. (b) RNA was
extracted from EOL-1, EOL-1R, and CD34%/CD38~ cells and their CD34™/CD38" counterparts isolated from AML patients. cDNAs were synthesized
and subjected to real-time RT-PCR to measure the levels of MMP9 and MMP2. Results represent the mean = SD of three experiments performed in
triplicate. The statistical significance was assessed by a paired t-test. **p < 0.01;*p < 0.05. FACS. () EOL-1 cells were transiently transfected
with either scrambled control or CD82 siRNA. After 24 hr, cells were subjected to FACS to quantity the proportion of CD82-expressing cells. Gelatin
zymography. (d) EOL-1 and EOL-1R cells were transfected with either scrambled control or CD82 siRNA. After 48 hr, whole cell lysates and culture
supernatant were collected. The enzymatic activity of MMPs was determined by a gelatin-zymography kit, following the manufacturer’s
instructions. Real-time RT-PCR. (¢) EOL-1R cells were transfected with either scrambled control or CD82 siRNA. After 24 hr, these cells were
collected and mRNAs were extracted. cDNAs were synthesized and subjected to real-time RT-PCR to measure the levels of MMP9 and MMP2.
Results represent mean = SD of duplicate cultures. **p < 0.01; *p < 0.05. FACS. () CD34"/CD38™ AML cells (cases 1, 2, 6, and 14) were
transduced with either control or CD82 shRNA. (/) CD34™%/CD38" AML cells (cases 1, 2, 14, and 15) were transduced with either empty vector or
CD82-expressing lentiviral particles. These cells were subjected to FACS to quantity the proportion of CD82-expressing cells. Real-time RT-PCR. {g)
CD347/CD38™ (cases 1, 2, and 6) or (i) CD347/CD38™ AML cells (cases 1, 2, 14, and 15) transduced with CD82 shRNA or CD82-expressing
lentiviral particles were collected and mRNAs were extracted. cDNAs were synthesized and subjected to real-time RT-PCR to measure the levels of
MMPS9. Each dot represents the levels of MMP9 for an individual experiment and the mean is indicated by the line. **p < 0.01; *p <0.05.
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down-regulation of CD82 by an siRNA increased levels of
MMP9 by nearly twofold in EOL-IR cells (Fig. 1e). On the
other hand, levels of MMP2 were not affected by down-regu-
lation of CD82 (Fig. le). Moreover, to explore the function
of CD82 in freshly isolated CD34%/CD38~ AML cells, we ge-
netically down-regulated CD82 in these cells. An shRNA tar-
geting CD82 decreased expression of CD82 in four cells (case
1, from 85 & 2% to 47 = 3%; case 2, from 75 % 1% to 13
+ 2%; case 6, from 47 * 7% to 21 = 3%, p = 0.066; case
14, from 43 * 1% to 18 = 1%, Fig. 1f). Real-time RT-PCR
found that the levels of MMP9 were significantly increased
after down-regulation of CD82 in CD34%/CD38~ AML cells
(n = 3, cases 1, 2, and 6, p < 0.05, Fig. 1g). We next exposed
CD34%/CD38% AML cells to the CD82-expressing lentiviral
particles, which increased levels of CD82 (n 4, case 1
from 56 * 7% to 88 * 3%, case 2, from 23 * 1% to 58 *
1%; case 14; from 6 * 4% to 85 * 4%, case 15; from 43 =
7% to 89 * 2%, Fig. 1h). As expected, the levels of MMP9
were decreased by half in these cells (Fig. 17).

The effects of CD82 on migration of CD34¥/CD38~

AML cells

We next examined the function of CD82 in CD34"/CD38~
AML cells. When levels of CD82 were down-regulated in
CD34%/CD38" AML cells after lentiviral transduction of
CD82 shRNA (n = 4. cases 1, 2, 6 and 14, Fig. 1f), their
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migration was significantly stimulated (Fig. 2a). Moreover,
we enhanced expression of CD82 in CD347/CD38" AML
cells by using CD82-expressing lentiviral particles (n = 3,
cases 1, 14 and 15, Fig. 1h). Forced-expression of CD82 in
CD34%/CD38% AML cells dramatically increased number of
cells adhered to the insert in parallel with a decrease in the
number of migrated cells (Fig. 2b). Similarly, after down-reg-
ulation of CD82 in EOL-1R cells, adhesive cells decreased by
approximately half (Fig. 2c). In parallel, population of EOL-
IR cells migrated to the lower well increased by 10-fold after
down-regulation of CD82 in these cells (Fig. 2c).

The effect of CD82 on colony forming ability of
CD347/CD38~ AML cells

We first examined whether CD82 regulated proliferation of
CD347/CD38~ AML cells (cases 1, 6, and 14) by using col-
ony forming assay (Fig. 3a). Down-regulation of CD82 by an
shRNA (from 59 to 27%) inhibited their colony forming abil-
ity by approximately 50% (Fig. 3a). Likewise, down-regula-
tion of CD82 by an siRNA (from 96% to 48%) inhibited col-
ony forming ability of CD34" EOL-1R cells which mimic
LSCs by mean 50% (Fig. 3b). On the other hand, forced-
expression of CD82 in CD347/CD38% AML cells (cases 1
and 14) by transduction of CD82-expressing lentiviral par-
ticles increased levels of CD82 from 18 to 89% and stimu-
lated their colony forming ability by mean 1.7-fold (Fig. 3c).
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These observations suggested that CD82 plays a role in sur-
vival of CD34™/CD38~ AML cells.

AML engraftment was inhibited by down-regulation of

CD82 in vivo

We next examined the function of CD82 in vivo. CD34™/
CD38™ cells isolated from three different AML patients
(cases 1, 6 and 14) were transduced with either scrambled
control or CD82 shRNA. We transplanted these cells into
NOD.Cg-Ragl™™om 112rg"™1Wil/S7] mice via the tail vein.
Transplanted mice were sacrificed at 9 weeks after transplan-
tation and analyzed the human engraftment in their spleens
and BM by quantifying the population of positive cells for
human CD45 and CD33 antigens (Figs. 4a and 4b). Trans-
plantation of CD347/CD38” AML cells transduced by
scrambled control shRNA resulted in the mean human
engraftment either 14 = 6% or 15 * 5% in spleen and BM,
respectively (n = 8, Fig. 4a). These cells expressed CD33anti-
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gen on their cell surface (4% in both spleen and BM) (Fig.
4b). On the other hand, when these cells were transduced
with CD82 shRNA, human engraftment was significantly
impaired (7 = 4% or 6 = 2% in spleen and BM, respectively,
p < 0.01) (n = 6, Fig. 4a). In addition, population of cells
expressing CD33 on their cell surface was decreased to either
0.1% or 1% in spleen and BM, respectively (Fig. 4b). These
observations suggested that down-regulation of CD82
impaired AML engraftment as well as AML reconstitution in
an immunodeficient mice. In addition, we assessed levels of
CD82 and MMP9 in isolated CD34"/CD38~ AML cells (n =
9) by using single cell real-time RT-PCR (Fig. 4c). Inverse
correlation was noted between levels of CD82 and MMPS9 (r
= —0.58, Fig. 4c). Moreover, we examined the levels of CD82
in transplanted human AML cells as well as localization of
these cells in murine BM by immunohistochemistry (Figs.
4d-4g). Notably, human AML cells expressing CD82 were
localized in endosteal region of BM at 9 weeks after
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Figure 4. Down-regulation of CD82 impairs the AML engraftment. CD34%/CD38™ AML cells were isolated from three AML patients (cases 1, 6, and
14) and transduced with either scrambled control or CD82 shRNA. These cells were transplanted into NOD.Cg-Rag1™2M°™ j2rg'™ Wi/ Sz} mice via
the tail vein. At 9 weeks after transplantation, mice were euthanized and then spleen were removed. AML engraftment. {a) The percentages of
human CD45 were analyzed to monitor the human engraftment in murine spleen and BM (scrambled control shRNA; n = 8, CD82 shRNA; n = 6)
by using flow cytometry. Each dot represents CD45 expression for an individual experiment and the mean is indicated by the line. FACS. (b)
Spleen and BM cells isolated from NOD.Cg-Rag1™™°™ 112rg"™ ™!/ Sz) mice received transplantation of CD34™/CD38™~ AML cells (cases 1, 6, and
14) transduced with either CD82 shRNA or control shRNA were stained with anti-human CD45 and CD33 antibodies. Representative flow
cytometric analyses of human CD45 and CD33 expression in murine spleen and BM cells are shown. Relationship between MMP9 and CD82..(c) A
single CD34%/CD38~ AML cell was isolated from murine BMs by BD FACS Arfall. These cells were subjected to reverse transcription by
AmpliSpeed slide cycler and the synthesized cDNA was subjected to real-time PCR to measure the levels of CD82 and MMP9. Results showed |
relative expression of MMP9 versus that of CD82. For demonstration of association, the Pearson’s correlation coefficient test was applied.
@Scrambled control shRNA; n = 5, OCD82 shRNA; n = 4. Immunohistochemistry. BMs were removed from mice, who were transplanted with
either (d, f) scrambled control or (e, g) CD82 shRNA transduced CD347/CD38~ AML cells. These BMs were stained with either (d, ) hematoxylin
and eosin (HE) or (f, g) an anti-human CD82 antibody (CD82) and examined under light microscope.
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transplantation of scrambled control shRNA transduced
CD34%/CD38~ AML cells (Figs. 4d and 4f). On the other
hand, human AML cells were not detectable in this region of
murine BM, that were transplanted with CD82-depleted
CD347/CD38~ AML cells (Figs. 4e and 4g). To examine lon-
ger-term reconstituting capability, we carried out secondary
transplantation of CD347/CD38~ AML cells recovered from
primary recipient mice. At 9 weeks post-transplantation,
human AML engraftment was 18% as assessed by quantifica-
tion of human CD45 expressing cells in PB isolated from the
secondary recipients by FACS. These observations suggested
that functional properties of CD347/CD38” AML cells were
maintained in the BM microenvironment of recipient mice
and CD34¥/CD38~ AML cells utilized in this study fulfill the
criteria for LSCs in vivo.

Moreover, we examined whether CD82 affected homing
of AML cells to BM. AML cells isolated from three patients
(cases 6, 14, 17) were treated with anti-CD82 or control IgG
antibody. These cells were transplanted per mouse, and hom-
ing of the cells was analyzed in the BM of mice after 16 hr
of transplantation. In the control group (n = 6), an average
of 0.39% in human CD34" AML cells were detected in the
mouse BM compared with 0.77% in the CD82 antibody-
treated group (Supporting Information Fig. S6).

Discussion

Previous studies showed that the LSCs-niche interaction was
important to maintain the stemness of leukemia cells.”® In
this study, iTRAQ technique identified adhesion molecule
CD82 as an overexpressed protein in CD347/CD38” AML
cells (Supporting Information Table S1). Additional experi-
ments utilizing FACS confirmed aberrant expression of CD82
in freshly isolated CD347/CD38™ AML cells (n = 16) (Fig.
1a). In addition, this study found that down-regulation of
CD82 by an shRNA increased levels of MMPS in CD34%/
CD38" AML cells (Fig. 1g) and stimulated their migration
(Fig. 2a). Meanwhile, forced expression of CD82 decreased
levels of MMP9 mRNA in CD34%/CD38% AML cells (Fig.
17) and enhanced adhesion of these cells to fibronectin and
MSCs, a kind of artificial BM niche (Fig. 2b). Single cell RT-
PCR also demonstrated that down-regulation of CD82 by an
shRNA increased levels of MMP9 mRNA in CD34"/CD38~
AML cells, and reverse correlation was noted between levels
of MMP9 and CD82 in CD34%/CD38~ AML cells (Fig. 40).
The levels of MMP9 mRNA in CD347/CD38” AML cells
shown in Figures 1g and 4c were inconsistent, although the
cells utilized in these studies were isolated from same popula-
tions. In these studies shown in Figure 4c, we used a single
cell immediately after isolation from murine BM. On the
other hand, cells used in these studies shown in Figure 1g
were incubated for 7 days in full media to be transduced by
shRNA. As a result, the levels of MMP9 mRNA in leukemia
cells might be down-regulated in these cells. Notably, down-
regulation of CD82 in CD34*/CD38~ AML cells (n = 3) by
an shRNA impaired engraftment of these cells in the BM as
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well as spleen in NOD.Cg-Ragl™™™ [12r¢"™1WiSz] mice
(Fig. 4a). These observations suggested that CD82 played an
important role in adhesion of CD347/CD38~ AML cells to
BM microenvironment via down-regulation of MMP9. Other
investigators showed that MMP9 in human mononuclear
phagocytes was inhibited by IL-10.>* Similarly, IL-10 activated
the tissue inhibitors of expression of metalloproteinases
(TIMP-1/2) and down-regulated the levels of MMP2 and
MMP9 in human prostate cancer cells.*® Thus, down-regula-
tion of MMP9 by IL-10 may augment adhesion of HSCs to
BM osteoblastic niche and exogenous administration of IL-10
may be useful to promote the repopulating ability of HSCs
and engraftment of HSCs to BM niche. We also found that
exposure of CD347/CD38~ AML cells to IL-10 (5 ng/ml)
down-regulated levels of MMP9 mRNA in these cells (Sup-
porting Information Fig. S5). On the other hand, down-regula-
tion of IL-10 in these cells (n = 2, cases 2 and 6) by an shRNA
increased levels of MMP9 by twofold (Supporting Information
Fig. S5). Further experiments found that down-regulation of
CD82 in CD347/CD38~ AML cells by an shRNA potently
down-regulated levels of IL-10 (in preparation for publica-
tion). Notably, forced expression of CD82 down-regulated lev-
els of MMP9 mRNA, resulting in inactivation of MMP9 in
leukemia cells (Figs. 1d and 1le). We therefore hypothesize that
CD82 may inactivate MMP9 via IL-10 signaling in LSCs.
MMP9 promotes mobilization of HSCs from the BM osteo-
blastic niche by release of soluble Kit-ligand (sKitL),** which
increases the motility of HSCs and progenitors within the BM.
In addition, MMPs cleave integrin B4 and Pl in cultured
human corneal epithelial cells and mouse epidermal keratino-
cytes®® CD82 associates with various integrins including
03f1, 4Pl and a6P1.>%*” Amongst them integrin «4pl
(VLA4) plays an important role in adhesion of LSCs to BM
microenvironment.*® We found that CD347/CD38~ AML
cells expressed a greater amount of integrin 0481 (VLA4) than
their counterparts, as measured by real time RT-PCR (n = 5,
Supporting Information Fig. S7a). The hematopoietic cells
adhere to stromal endothelial cells through the VLA4/vascular
cellular adhesion molecule-1 (VCAM-1) pathway,3 ® Thus, acti-
vation of MMP9 by down-regulation of CD82 may be able to
mobilize CD34"/CD38~ AML cells from BM via disruption of
interaction between VLA4 and VCAM-1 on cell surface of
stromal cells. Moreover, to assess if CD82 interacts with VLA4
molecules, we utilized an anti-integrin p1 (CD29) Ab (Beck-
man coulter, CA, 6603113) which blocks adhesion of leukemia
cells to fibronectine. Forced-expression of CD82 stimulated an
adhesion of CD347/CD38%" AML cells (case 15) to the
artificial niche, which was hampered when these cells were
treated with an anti-integrin f1 Ab (Supporting Information
Fig. S7b). Furthermore, we examined interaction between
CD82 and integrin 04 by utilizing Immunoprecipitation assay
and found that CD82 directly interacted with integrin o4
(Supporting Information Fig. S7c). These observations sug-
gested that VLA4 interacted with CD82 and played a role in
adhesion of these cells to the artificial niche.
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We found that blockade of CD82 on cell surface of AML
cells by an antibody stimulated BM homing of CD34" AML
cells in these mice (Supporting Information Fig. $6). Similar
to the present study, other investigates also showed that cord
blood (CB) CD34" cells treated with stem cell factor
enhanced expression of MMP2/MMP9 and increased BM
homing of human CB CD34" cells in NOD/SCID mice.***!
Thus, blockade of CD82 may increase levels of MMPY,
resulting in enhanced migration of AML cells into the BM.
However, we hypothesize that these cells could not fully
adhere to the BM microenvironment and survive to develop
AML.

Interestingly, the CXCR4 antagonist AMD3100 effectively
mobilized AML cells without inducing their proliferation.*
Preclinical studies showed that treatment of leukemic mice
with a chemotherapeutic agent in combination with
AMD?3100 resulted in decreased tumor burden and improved
their overall survival compared with mice treated with a che-
motherapeutic agent alone. These observations provided a
proof-of-principle for directing therapy to the critical tethers
that promote AML-niche interactions™ and supported our
hypothesis that inhibition of CD82 could mobilize LSCs from
BM niche and sensitize these cells to chemotherapeutic
agents. Further studies are clearly required to test our hy-
pothesis in vivo.

Another idea to sensitize LSCs to chemotherapeutic agents
related to stimulation of cell-cycling of dormant LSCs. Recent
studies showed that CD347/CD38~ AML cells were induced
to enter the cell cycle by treatment with G-CSF in vivo. G-
CSF significantly enhanced apoptosis of CD34%/CD38™ AML
cells mediated by cell cycle-dependent chemotherapeutic
agents and eliminated CD347/CD38” AML cells from
mice.*> The additional experiments found that down-regula-
tion of CD82 was not able to stimulate cell cycling of
CD347/CD38” AML cells (cases 1 and 6) and EOL-1R cells
(Supporting Information Fig. $3), suggesting that CD82 was
not involved in the maintenance of dormancy in these cells.

CD82 inhibited the receptor tyrosine kinase human mesen-
chymal-epithelial transition factor (c-Met) activity,** which
promoted proliferation and migration of cancer cells.*>* c-
Met was shown to mediate G-CSF-induced mobilization of he-
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matopoietic progenitor cells (HPCs) via reactive oxygen species
(ROS) signaling.*” Aberrant expression of CD82 in CD34%/
CD38~ AML cells may inactivate c-Met and cause engraftment
of these cells to BM niche. We found that levels of CD82 in
CD34" hematopoietic stem/progenitor cells isolated from
healthy volunteers (n = 6) were lower than those in CD34™/
CD38™ AML cells (35% vs. 59%, p = 0.02, Supporting Informa-
tion Fig. $4). Importantly, down-regulation of CD82 in CD34™
hematopoietic stem/progenitor cells by an shRNA did not sig-
nificantly inhibit their colony forming ability (Supporting In-
formation Fig. S4).

CD82 expression was strongly correlated with the tumor
suppressor gene p53.*® On the other hand, other studies
showed that levels of CD82 did not correlate with the expres-
sion of p53 in human hepatocellular carcinoma.*” We also
examined the correlation between CD82 and p53 mRNA lev-
els in CD347/CD38~ AML cells (n = 6) and their CD34™/
CD38~ counterparts by utilizing real-time RT-PCR and
found that the correlation coefficient was 0.54 (figure not
shown). Thus, we think that expression of CD82 is not
related with p53 in CD347/CD38™ AML cells.

Overexpressed CD82 in AML cells may render these cells
to adhere to BM niche and regulate maintenance of leukemia
stem cells within BM niche. On the other hand, down-regula-
tion of CD82 in AML cells may stimulate circulating of these
cells from BM niche to PB.

Taken together, our data suggested that CD82 nega-
tively regulated MMP9 and played an important role in
CD347/CD38” AML cells to adhere to BM microenviron-
ment. In addition, CD82 was involved in survival of
CD34%/CD38~ AML cells. CD82 might be an attractive
molecular target to eradicate LSCs in AML patients.
Further studies are warranted to evaluate the function of
CD82 in LSCs in vivo.
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A majority of small cell lung cancer (SCLC) cells lack a metastasis suppressor, tetraspanin CD9, and CD9
expression promotes their apoptosis. By a proteomics-based approach, we compared an SCLC cell line
with its CD9 transfectant and found that a calcium-binding neuronal protein, calretinin, is upregulated

Accepted 26 April 2013 in CD9-positive SCLC cells. Ectopic or anticancer drug-induced CD9 expression upregulated calretinin,
Keywords: whereas CD9 knockdown down-regulated calretinin in SCLC cells. When calretinin was knocked down,
Small cell lung 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.

b9 © 2013 The Authors. Published by Elsevier B.V. on behalf of Federation of European Biochemical
Calretinin Societies. All rights reserved.

Apoptosis

1. Introduction

Small cell lung cancer (SCLC) is highly malignant lung 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
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any medium, provided the original author and source are credited.

Abbreviations: SCLC, small cell lung cancer; NSCLC, nonsmall cell lung cancer; PARP,
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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, CD9 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 31-dependent cell motility [8] and
promotes apoptotic cell death through attenuation of PI3K/AKkt sig-
naling [9]. These results suggest that the absence of CD9 contributes
to highly malignant phenotype of SCLC. We also found that CD9 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,
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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-H69, 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 cell lines
were maintained in RPMI 1640 medium supplemented with 10% heat-
inactivated FBS, 100U/ml penicillin, and 100 pg/ml streptomycin.

2.2. Antibodies and reagents

Mouse anti-CD9 mAb (MM2/57), anti-poly(ADP-
ribose)polymerase (PARP) mAb (42/PARP), and anti-B-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 (D64E10),
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 (10%) were incubated with 10 pg/ml primary mouse mAbs
and labeled with FITC-conjugated goat anti-mouse immunoglobulin
(Biosourece International). Normal mouse IgG was used as a control.
Stained cells were analyzed on a FACScan (Becton Dickinson).

2.4. ¢DNA and small interfering RNA (siRNA) transfection

Establishment of stable CD9-, NAG-2-, and mock-transfectants
of 0S3-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, 2 M thiourea, 4% CHAPS, 2 mM tributylphosphine (TBP),
0.0002% bromophenol blue (BPB), 0.2% Bio-lyte ampholyte 4-7) and
applied to ReadyStrip™ IPG strips (11 cm, pH 4-7). IEF was run for
45,000Vh. 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
carbamidomethyl 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 90sat72°Cfor CD9 and 30 cycles of 30sat 94 °C, 30 sat 60 °C, and
905 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. Immunoprecipitation and immunoblotting

Cells were lysed in lysis buffer containing 1% Brij 99, 25 mM
HEPES, pH 7.5, 150mM Nadl, 5mM MgCl,, 2mM phenylmethylsul-
fonyl fluoride, 10 ng/ml aprotinin, and 10 ug/ml 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 normal
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 turnor 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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