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Drug Resistance in EVI1+ AML with Integrin 06

Figure 3. The adhesion ability of EVIT1"9" Jeukemia is specifically dependent on the expression of ITGA6 and ITGB4. A, B, and C.
UCSD/AMLI cells were transiently transfected with expression vectors for shRNA against ITGA6 (shiTGA6), ITGB4 (shiTGB4), or ITGB1 (shITGB1), and
the expression of ITGAS, ITGB4 and ITGB1 was determined using RT-PCR. UCSD/AML1 cells transfected with shRNA for firefly luciferase (shLuc) were
used as a control, and the expression of b-actin was used as an internal control. D, E, and F. The cell adhesion ability of the cells in A, B, and C was
determined through co-culture with the MC3T3-E1 cell line. The relative binding activity was calculated by comparison to the basal binding activity of
control AML1/shLuc cells. G. The effect of neutralizing antibodies to the integrins on the cell binding activity of EVI1"" leukemia cells. Two leukemia
(UCSD/AML1 and MOLM1)-and two primary human AML (PT9 and PT11) cell lines were cultured on matrigel-coated plates in the presence or absence
of anti-ITGAG, ITGB2, ITGB3, or ITGB4 antibodies. The relative binding activity was calculated by comparison to the basal binding activity of each cell
line treated with the control isotype IgG. H. Two EVI1'®" (K562 and U937) and three EVI1"'9" (UCSD/AMLI, PT9 and PT11) leukemia cell lines were
treated with anti-ITGA6 or ITGB4 antibodies or with the control igG, and the binding of each cell line to the matrigel-coated plates was determined. 1.
The parental and EVI1-expressing (U937/EVI1) U937 cell lines were treated with anti-ITGA6 or control IgG, and their binding to the MC3T3-E1 cell line
was determined. The relative binding activity was calculated by comparison to the basal binding activity of the parental U937 cells treated with the
control isotype IgG. Each experiment was performed in triplicate, and the experiments were independently repeated at least three times, The data are

given as the mean = S.E. The statistical analysis was performed using the Student’s t-test (*p<<0.05, vs. each control).

doi:10.1371/journal.pone.0030706.g003

significantly higher when the cells were cultured on matrigel-
coated plates compared with conventional culture; however, the
percentage of surviving AMLI1/shITGB4 cells was reduced at
each time point.(Fig. 5E). The survival rate of the AML1/shEVI1
cells in both the conventional and matrigel-coated cultures was
reduced compared with those of the AMLI1/shLuc and AML1/
shITGB4 cells upon Ara-C treatment, whereas there was no

difference in the survival rates of the AML1/shEVI1 cells cultured -

under conventional and matrigel-coated methods under Ara-C
treatment. These results suggest that the drug resistance of
EVI1™" leukemia cells is highly dependent on EVII expression
and partially dependent on ITGB4 expression.

EVIT"9" leukemia cells become more quiescent when
cultured on the matrigel-coated plates compared with
those cultured on the BSA-coated plates

with EVII™E"1°Y which were cultured on matrigel or BSA-coated
plates. As shown in Fig. 6A, the UCSD/AML cells with EVI1"e"
expression (AML1/shLuc) on the matrigel-coated plates grew
more faster rapidly on the matrigel-coated plates than that on the
BSA-coated plates, although the growth rate of the AMLI1/shLuc
cells was faster than that of the AML1/shEVII cells. The cell cycle
analysis represented revealed that, relative to AML1/shLuc cells
cultured on the BSA-coated plates, the population of EVII1"S"
AMLI cells in GO/Gl and G2/M phase increased on the
matrigel-coated plates, while the S-phase populations were
decreased; however, each cell cycle population of AML1/shEVII
cells did not change under either culture condition (Fig. 6B and
C). Morcover, the population of AMLI1/shLuc cells in the GO
phase was significantly increased on the matrigel-coated plates
compared with the same cells on the BSA-coated plates; however,
the population of AMLI/shEVIT cells in the GO phase was the

same under both culture conditions (Fig. 6D). Because the

To confirm the advantages of cell adhesion in drug-responsive-
population of U937 cells with high EVI1 expression (U937/EVI1)

ness, we determined the growth and cell cycle status of AML cells
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Figure 4. Laminin-332 on MC3T3-E1 cells is a main target for binding to EVI1"9" leukemia cells. A. The expression of laminin a3 and g2
in MC3T3-E1 cells transfected with shRNA for firefly juciferase (shLuc) or laminin a3 (shLN332) was determined using RT-PCR. The expression of b-actin
was used as an internal expression control. B. The binding of various myeloid leukemia cell lines to the two cell lines MC3T3-E1/shLuc or/shLN332 was
determined. Each experiment was performed in triplicate, and the experiments were independently repeated at least three times. The data are given
as the mean = S.E. The statistical analysis was performed using the Student's t-test (**p<0.01; *p<<0.05, vs. control).
doi:10.1371/journal.pone.0030706.g004
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. Figure 5. Drug sensitivity of EVI1"9" leukemia cells is restored by treatment with neutralizing antibodies to ITGA6 or ITGB4 or by
transfection with small hairpin RNAs against EVI1 or ITGB4. A-D. Two myeloid leukemia (UCSD/AML1 and MOLM1) and two primary AML
(PT9 and PT11) cell lines were treated with 1 %1076 M Ara-C and anti-ITGA6 or ITGB4 antibodies for four days, and the viable cells were counted at
each indicated time point. The percent cell viability in comparison with the number of untreated cells on each indicated day is shown. E. The UCSD/
AML1 cells expressing shRNA for firefly luciferase (shLuc), ITGB4 (shITGB4) or EVI1 (shEVI1) were treated with Ara-C on BSA or matrigel-coated plates
for three days. The viable cells were counted at each time point. The relative cell viability is expressed as a percentage of the viability of the untreated
cells. Each experiment was performed in triplicate, and the experiments were independently repeated at least three times. The results are given as the
mean = S.E. The statistical analysis was performed using the Student’s t-test (**p<<0.05, vs. control).

doi:10.1371/journal.pone.0030706.g005

in the GO-phase was increased on the matrigel-coated plates
compared with those on the BSA-coated plates (Fig. $5), the

increased quiescence of adhered EVI1"e" AML cells might be one -

of the reasons for resistance to anti-cancer drugs.

Discussion

Resistance to treatment with anti-cancer drugs is determined by
a variety of factors, including somatic cell genetic differences in
tumors and the phenotypes of leukemia stem cells (LSC). LSCs can
infiltrate bone marrow niches, leading to enhanced self-renewal
and proliferation, and enforced quiescence; the resistance to
chemotherapeutic agents and adhesion molecules, such as VCAM-
1 and VLA-4, has been described in the localization and retention
of normal HSCs and/or leukemia cells within the bone marrow
niche [19]. In this manuscript, we examined the cell adhesion
ability of EVI1"™" leukemia cells because the increased expression
of EVIl in AML is a.well-known prognostic factor for poor
outcome and is associated with drug resistance [4,5]. We found
that the EVII™®" leukemia cells with increased ITGA6 and
ITGB4 cxpression exhibited stronger adhesion to laminin
complexes than the EVII™ léukemia cells; although, the EVIl'Y
leukemia cells exhibited increased adhesion to fibronectin.
Moreover, the interaction between EVI1""  Jeukemia and
MCS3T3-El osteoblastic cells was partially dependent on lami-
nin-332. The downregulation of EVIl or ITGB4 in UCSD/

AML] leukemia cells restored chemo-sensitivity. The knockdown-

of ITGAG6 expression in EVII"8" leukemia cells greatly reduced
their survival in culture; thus, we conclude that the increased cell
adhesion ability of EVII™S" leukemia cells is primarily dependent
on the expression of ITGAS6, and that signaling from IGTAS is
crucial for the survival of EVI1™8" leukemia cells.

The expression of the ITGA6/ITGB4 complex could promote
tumor progression and the metastasis of various cancer cells,
including breast, colorectal, and thyroid carcinomas. Moreover,
the laminin receptor for ITGA6 is ubiquitously expressed in
human and mouse hematopoietic stem and progenitor cells [26].
In combination with ITGA4, ITGA6 expression in hematopoietic
stem and progenitor cells is believed to create a homing receptor
for short-term stem cells [27]. ITGAS6 functions during the homing
of fetal liver HPCs but not during the homing and engraftment of
multilineage repopulating HSCs in vivo [28]. Therefore, ITGA6
might function as a laminin receptor to sustain HSCs in the bone
marrow niche. We are now developing anti-human ITGA6/
ITGB4 complex antibodies, which is a new therapy for refractory
AML. In preliminary experiments, we demonstrated that the
number of EVII™ME" AML cells was significantly decreased in the
bone marrow after the intravenous injection of anti-human
ITGA6/ITGB4 complex antibodies into NOG immune deficient
mice (data not shown). As a corollary, the increased expression of
the ITGA6/ITGB4 complex in EVI1™" Jeukemia might be an
important factor in maintaining leukemia stem cells in the bone
Marrow.

The adhesion of EVII™" AML cells became more resistance
to anti-cancer drug therapy, and the population of cells in the

@ PLoS ONE | www.plosone.org

GO-phase was increased. Because the increased population of GO-
phase cells is likely dependent on the expression of EVII, future
research should focus on the characterization of the mechanism
underlying the increased quiescent of cells through- EVII
expression subsequent to their adhesion to matrigel. Morcover,
the induction of PI-3K/AKT/Bcl-2 signaling through the VLA-4-
fibronectin interaction results in resistance to anoikis and drug-
induced apoptosis [21]; we also showed the cell. adhesion of
EVI1"&® AML cells to matrigel induced expression of BCL and
phosphorylation of AKT (data not shown). Therefore, the
adhesion of AML cells may provide advantages to the surviving
cells, and the mechanism of drug-resistance is potentially much
more complicated; however, we should characterize the survival
mechanism of leukemia cells in the bone marrow niche.

To support our data, we examined the expression patterns of
ITGA6/ITGB4 and VLA-4 (ITGA4/ITGBI) heterodimers by
comparing the gene expression profiles of EVII™ and EVII™Y
AML deposited in Gene Expression Omnibus (GSE6891, GEO in
NCBI website) [29]. As shown in Fig. 86, the expression of
ITGAG6 was significantly higher in the 12 cases of EVI1MEh AML
than in the 10 cases of EVII™ AML (p<0.05); however, the
differences in expression of ITGB4, ITGA4 and ITGBI did not
account for the differences between the two groups. We also

" determined the expression patterns of four integrin gencs from the

expression profiles of AML cases’ in remission and relapse that
were deposited in GEO at NCBI (GDS1059) [30]. Based on the
expression’ profiles, the expression” of ITGA6 was significantly
higher in the 28 cases of AML with relapse than in the 25 cases
with remission (p<<0.05); however, the differences in expression of
ITGB4, ITGA4 and ITGBI did not account for the difference
between the two groups. These results show that the increased
expression of ITGAG is an important marker in both EVITM and
relapsed AML, which suggests that ITGA6 might be an important
target for the molecular-targeted treatment of refractory leukemia,
including EVII™S" AML.

Materials and Methods

Cell lines and culture conditions

The MOLMI, HNT34, U937, K562, and HL60 cells were
cultured in RPMI1640 medium supplemented with 10% fetal calf
serum at 37°C and 5% CO,. The UCSD/AMLI, PT9 and PT11
cells [24] were cultured in RPMI1640 medium supplemented with
10% fetal calf serum and human granulocyte-macrophage colony
stimulating factor (GM-CSF, 1 ng/ml) at 37°C and 5% CO,. The
MOLMI cells were purchased from the Hayashibara Institute,
and the MC3T3-E1 and HNT34 cells'were purchased from the
RIKEN cell bank. The 293T cells were cultured in high-glucose
DMEM supplemented with 10% - fetal calf* serum, and the
MCS3T3-El cells were cultured in MEM alpha supplemented.
with 10% fetal calf serum.

Oligonucleotide microarray
This experimental method was previously described [24].
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Figure 6. Decreased cell growth with increased cell population in GO-phase of EVITMS" AML cells cultured on the matrigel-coated
plates. A. The UCSD/AML1T cells were transfected with shEVIT (AML1/shEVI1) or control shLuc vector {AML1/shLuc) to determine:their cell growth
under normal culture conditions on BSA or matrigel-coated plates. B and C. The cell cycle of AML1/shLuc as a control (B) and AML1/shEVI1 (C) were
analyzed using BD FACSCalibur after double staining with BrdU-APC and 7-AAD. The percentage of viable cells in each cell cycle is indicated with
white (BSA-coated) and black (matrigel-coated) bars. D. The percentage of AML1/shEVI1 (black bars) and AML1/shLuc (white bars) cells in the GO
phase cultured on matrigel or BSA-coated plates were analyzed using BD FACSCalibur after double staining with Ki67-Alexa647 and 7-AAD. Each
experiment was performed in triplicate, and the experiments were independently repeated at least three times. The results are shown as the mean *
S.E. The statistical analysis was performed using the Student’s t-test (**p<0.01; **p<<0.05, vs. control).

doi:10.1371/journal.pone.0030706.g006

Adhesion-mediated drug resistance (CAM-DR) in AML
cell lines '

The UCSD/AMLI, MOLMI, PT9 and PT11 cells were plated
onto tissue culture plates with BSA or matrigel-coated wells and
subsequently incubated with 107% to 1077 M cytosine-arabinoside
(Ara-C) for 48 h. The number of viable cells was determined using
trypan blue exclusion.

Neutralizing Antibody

The neutralizing antibodies used included rat anti-ITGA6
(Santa Cruz) and mouse ant-ITGB2, ITGB3 and ITGB4
(Millipore).

PCR and PCR primers

Total cellular RNA was isolated using Trizol (Invitrogen), and
the ¢cDNA was prepared using oligo(dT) primer and reverse
transcriptase (SuperScript; Invitrogen). The polymerase chain
reaction (PCR) was performed using Ex Taq (Takara-Bio) on a
GeneAmp 2400 machine (Applied Biosystems). The primers for
all integrin family members, EVI1 and b-actin were produced
based on . methods used in previous studies [12], [31]. The
primers for N and VE-cadherin were produced based on the
Quantitative PCR Primer Database (http://lpgws.ncinih.gov/
cgi-bin/PrimerViewer). The primers for the laminin family genes
were produced based on Primer Bank (http://pga.mgh.harvard.
edu/primerbank/).

Introduction of small-hairpin RNAs for EVI1, ITGA6, ITGB1
and ITGB4 in UCSD/AMLY cells ‘
The pSIREN-retroQ-ZsGreen plasmid (Takara-Bio) was used
"to inhibit EVII expression, and cxpression of ZsGreen (green
fluorescent protein) was used as a marker. The following sequences
were cloned into the BamHI-EcoRI sites of the pSIREN-retroQ-

ZsGreen plasmid to create shRINAs against human EVI1 [32], 5'-

GATCGCTCTAAGGCTGAACTAGCAGTTCAAGAGACT-
GCTAGTTCAGCCTTAGATTTTTTG-3'; human- ITGAS,
5'-GATCTCCTTTCAGGTTCAGTAGTTATTTCAAGAGAA-
TAGTTACTGAATCTGAGAGGTTTTTG-3'; human ITGBI,
5'-GATCTGGAGGGTTGTTTCGGGTTTCATTCAAGAGA-
TGAAGTCCGAAGTAATCCTCCTTTTTG -3'; and human

ITGB4, 5-GATCGCCAGCGACTACACTATTGGATCTCG-

AGATCCAATAGTGTAGTCGCTGGTTTTTG  (MISSION
shRINA library, Sigma). We used the pSIREN-retroQ-ZsGreen-
shLuc plasmid containing an shRNA against firefly luciferase
(Takara-Bio) as'a control. The retroviral particles were generated
using the plOAI packaging vector (Takara-Bio) via the transient
transfection of 293T cells. The transfection was conducted using
Hilymax " liposome - transfection reagent (Dojin). - For retroviral
transduction, 1x10° ¢ells were plated onto a 6-cm dish' containing
5 ml retroviral supernatant containing 100 ng/ml of polybrene for
24 h. After two weeks, the ZsGreen-positive cells were sorted using a
JSAN cell sorter (Bay Bioscience). The reduction of EVI1 or ITGB4
expression was confirmed using RT-PCR.

@ PLoS ONE | www.plosone.org

Establishment of stable U937 cell lines expressing EVI1

The pGCDNsam-EVII-IRES-EGIP construct was kmdly
provided by Dr. A. Iwama (Chiba University, Chiba, Japan). T
produce recombinant retrovirus, the plasmid DNA was tr: dl]SfLCLLd
into 293GP cells along with the vesicular stomatitis virus G (VSV-
G) expression plasrmd via CaPO, precipitation. For retroviral
transduction, 1x10° U937 cells were plated onto 96-well fat-
bottomed plates and infected for 24 h with ecither an EVII1
retroviral supernatant (pGCDNsam-EVI1-IRES-EGFP) or a
control retroviral supernatant (pGCDNsam-IRES-EGFP) contain-
ing 100 ng/ml of polybrene. After 7 days, the green fluorescent
protein (GFP)-positive U937 cells were sorted using a JSAN cell
sorter (Bay Bioscience, Kobe, Japan).

Laminin-332 (laminin-5) knockdown in MC3T3-E1 cells

The pSIREN-retroQ-ZsGreen plasmid (Takara-Bio) was used
to inhibit the expression of the a3 chain of laminin-332, and the
expression of ZsGreen (GFP) was used as a marker. The following
sequence was cloned into the BamHI-EcoRI sites of the plasmid
to create an shRNA against the a3 chain of murine laminin-332:
5'-GATCTGAACTCCTTAAATGATTATGAATTCAAGAG- .
ATTCATAATCATTTAAGGAGTCTTTTTTACGCGTG-3'.
The target sequence for the knockdown was determined using the
BLOCKAHT RNAi Designer (http://www.invitrogen.com/rnai).
We used - pSIREN-retroQ-ZsGreen-shLuc . containing shRNA
against firefly luciferase (Takara-Bio) as a control. We transiently
introduced the laminin-332 or luciferase shRNA expression vector
into MC3T3-E1 cells using an Amaxa Nucleofector (Lonza) and
determined the expression levels of the a3 and g2 subunits of
laminin-332.

Cell proliferation and cell viability assays

A cell proliferation assay was performed using a Cell Counting
Kit-8 (Dojin) according to the manufacturer’s protocol. Briefly,
5x10% cells/well were plated onto a 96-well culture plate and
incubated for 1-3 days. Approximately 10 ml of Cell Counting
Kit-8 reagent was added to the plate, and the absorbance at 450
and 620 nm was measured using an Immunomini NJ2300 plate
reader (Nunc). A cell viability assay was performed using the Cell
Counting Kit-8 reagcnt according to the manufacturer’s protocol.
For this assay, 5x10° cells were plated onto a 96-well culture plate
containing Ara-C (1x107°% M), rat anti-ITGA6 (20 mg/ml) or
mouse anti-ITGB4 (20 mg/ml). The cells were incubated for 1-2
days and 10 ml of Cell Counting kit-8 reagent was added. The
absorbance at 450 and 620 nm was measured. The cell viability
was calculated by dividing the value obtained for the treatment
well by the average value obtained for the control wells. For cell
viability assay, cells were seeded in 5x10* cells/ml to matrigel
coated culture plate. Cells were co-cultured with Ara-C
(1x107% M) and anti-ITGA6 antibody (20 mg/ml) or anti-ITGB4
(20 mg/ml) or isotype control IgG (20 mg/ml). After incubation
for 1 to 4 days, living cell numbers were counted by trypan blue
exclusion. The cell viability was calculated by-dividing the value
for the treatment well by the value for the control wells. Each

January 2012 | Volume 7 | Issue 1 | e30706



experiment was performed in triplicate. Data are shown as mean
+ S.E. Statistical analysis was performed using Student’s -fest.

Cell adhesion assay :

Four types of extracellular matrices (ECM; matrigel, fibronec-
tin, laminin, collagen) and BSA (as a control) were used for the cell
adhesion assay. A culture plate was coated overnight with a 1/40
dﬂutlon of Growth Factor Reduced- Mamgel (BD Falcon), 5 mg/
em? of fibronectin (BD I alcon), 5 mg/cm® of laminin (BD Falcon),
0.3 mg/ml of collagen (Nitta Gelatin) or 5% w/v BSA (Nacalai
Tesque). After coating with ECM, 1x10° cells/ml were trans-
ferred to each pre-coated well and incubated for 24 h at 37°C.
After washing two times with phosphate buffered saline (PBS), the
{loating and adherent cells were counted using trypan blue, and
the number of adherent cells was divided by the number of
floating cells’ to calculate the cell adherence ratios. In the
neutralization experiments, the cells were pre-incubated with
20 mg/ml of anti-ITGA6, ITGB2, ITGB3 or ITGB4 antibodies
prior to plating on the matrigel [33]

FACS analysis

The intensity of ITGB3, ITGB4 and ITGA6 expression in
UCSD/AMLI and U937 cells was analyzed using FACSCalibur
(BD Bioscience). The cells were stained with phycoerythrin (PE)-
labeled anti-human' ITGA6 (Clone: GoHS3), ITGB4 (Clone:
58XB4) or ITGB3 (BI-PL2) antibodies purchased from Biolegend,
Inc.

BrdU (Bromodeoxyuridine)/7-AAD (7-Aminoactinomycin
D) staining

To assess the percentage of cells in sub G0/G1, G0/G1, and
G2/M and S phase after 48 h of culture on matrigel or BSA-
coated plates, 1x10° cells from each culture were fixed in BD
Cytofix/Cytoperm buffer for 20 min., followed by a 300-mg/ml
DNase treatment for 30 min. The cells were subsequently washed
twice in BD Perm/Wash Buffer and stained with anti BrdU-APC
(BD Biosciences/PharMingen, San Jose, CA) for 15 minutes,
followed by staining with 7-AAD (BD Biosciences/PharMingen,
San Jose, CA). The cells were harvested and analyzed using
FACSCalibur with FL-4 (for BrdU-APC) and FL-3 (for 7-AAD)
settings.

Ki67/7AAD staining

To assess the percentage of cells in GO phase after 48 h of
culture on matrigel or BSA-coated plates, 1x10° cells from each
culture were fixed in 70% cthanol for 2 h, followed by 2 2.5 pg/ml
RNAse treatment for 30 minutes. The cells were subsequently
washed twice in PBS/1% fetal bovine serum (FBS) and stained
with mouse anti-human Ki67 (BD Biosciences/PharMingen, San
Jose, CA) and Alexa647-conjugated anti-mouse IgG (Invitrogen)
for 30 minutes, followed by staining with 7-AAD (BD Biosciences/
PharMingen; San Jose, CA). The cells were harvested and
analyzed using FACSCalibur with FL-4 (for Ki67-Alexa647) and
FL-3 (for 7-AAD) scttings.

Statistical analysis

Student’s t-test was used to compare differences between the
two groups.
Supporting Information

Figure S1 Expression of integrin genes and cell binding
ability of various myeloid leukemia cells. A. The
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cxprcssion of 25 members of the integrin family was detected

-using semi-quantitative RT-PCR in HL60, U937, and K562 (cell

lines with EVII™ expression) and in UCSD/AMLI, MOLMI,
and HNT34 (cell lines with EVI1™" cxpression). The expression
of EVII and b-actin in these cells is also shown. B. The expression
of 18 genes in the integrin family was detected using RT-PCR in
AML1/shLuc and AMLI/shEVI] cell lines. G and D. The
adhesion ability of various HNT-34 cell lines (Pt; parental;/shLuc,
transfection with small hairpin RNA for firefly luciferase;/shEVII,
transfection with small hairpin RNA for EVI1) to bind to matrigel
is shown in C, and the expression of integrin genes in conjunction
with EVI1 and b-actin is shown in D. E and F. The ability of
PT9-related (PT9/shLuc and PT9/shEVI1) and PT'll-related
(PT11/shLuc and PT11/shEVII) cell lines to bind to matrigel was
measured (E), and the expression of various integrin genes in these
four  cell lines was determined using RT-PCR (F) G. The
expression patterns of integrin genes were determined in U937/
GFP and U937/EVII cell lines in conjunction with b-actin and
EVII.

(DOC)

Figure S2  Expression of various laminin chains in
MC3T3-E1 cells. The relative expression levels of laminin a
chains 1 to 5, laminin b chains 1 to 3, and laminin g chains 1 to 3
in MC3T3-E1 cells were determined using semi-quantitative RT-
PCR.

(DOC)

Figure S3 Dose-response functions for AraC against
four EVIlhigh AML cells. UCSD/AMLI1, MOLMI, PT9 and
PTI1 cells were incubated in BSA- or matrigel-coated wells of
tissue culture plates and subsequently incubated with 10-3 to 10-
7 M cytosine-arabinoside (Ara-C) for 48 h. Relative cell viability is
calculated as a percentage relative to standard controls. Data are
shown as mean * S.E. Statistical analysis was performed using
Student’s t-test. A star (¥) indicates p<<0.05 and double stars (*¥)
indicate p<<0.01.

DOC)

Figure S4 Drug sensitivity of EVII™E® and EVII™"

~leukemia cells cultured with or without MC3T3-E1 cells

12

determined by treatment with VP-16 or Ara-C. UCSD/
AMLI (EVII™" Jeukemia cells and HL60 (EVII'™) leukemia
cells were treated with Ara-C or VP-16 for three days under plastic
flasks (open diamonds) or co-cultured with MGC3T3-E1 cells
(closed squares); the viable cells were counted at each indicated
time point. The percent cell viability compared to the number of
untreated cells is shown for each indicated day. A star (*) indicates
p<0.05.

(DOC)

Figure 85 Decreased cell growth with increased cell
population in G0-phase of U937 cells with EVI1 expres-
sion cultured on the matrigel-coated plates. A. U937 cells
were introduced by EVIL expression vector (U937/EVII) or
control vector (U937/GFP) to determine their cell growths with
culture condition on BSA or matrigel-coated plates. B and C. Cell
cycle of U937/GFP as a control (B) and U937/EVI1 (C) were
analyzed by BD FACSCalibur after double-stained by BrdU-APC
and 7-AAD. Percentages of each cell cycles were shown by white
bars (BSA-coated) and black bars (matrigel-coated). D. The
percentage of cells in GO phase in U937/EVIL (black bars) and
U937/GFP cells (white bars) cultured on matrigel- or BSA-coated
plates were analyzed by BD FACSCalibur after double-stained by
Ki67-Alexa647 and 7-AAD. Each experiment was performed in
triplicate, and experiments were independently repeated at least
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three times. Results are shown as mean * S.E. Statistical analysis
was performed using Student’s t-test (#*p<<0.01; **p<0.05, vs
control).

DOC)

Figure 86 Expression profiles of ITGA6 and ITGB4 in
AML patients. A and B. The expression patterns of ITGA6 (A)
and ITGB4 (B) are shown as gene expression profiles for ten AML
patients with EVIllow and ten AML patients with EVIlhigh
expression (hitp://www.ncbinlm.nih.gov/geo, accession number
GSE6891 [NCBI GEOYJ). C and D. The expression patterns of
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Overexpression of the DNA sensor proteins, absent
in melanoma 2 and interferon-inducible 16,
contributes to tumorigenesis of oral squamous cell
carcinoma with p53 inactivation |
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The development of oral squamous cell carcinoma (OSCC) is a
multistep process that requires the accumulation of genetic alter-
ations. To identify genes responsible for OSCC development, we
performed high-density single ‘nucleotide polymorphism. array

analysis and genome-wide gene expression profiling on OSCC

tumors. These analyses indicated that the absent in:melanoma 2
(AIM2) gene and the interferon-inducible gene 16 (IF/76) mapped
to the hematopoietic interferon-inducible nuclear proteins. The
200-amino-acid repeat ‘gene cluster in the -amplified region of
chromosome 1q23 is overexpressed in OSCC. Both AIM2 and
IFI16 are cytoplasmic double-stranded DNA sensors for innate
immunity and act as tumor suppressors in several human cancers.
Knockdown of AIM2 or IFI16 in OSCC cells results in the
suppression of cell . growth and apoptosis, accompanied by the
downregulation of nuclear factor kappa-light-chain-enhancer. of
activated B cells activation. Because all OSCC cell lines have
reduced p53 activity, wild-type p53 was introduced in p53-
deficient OSCC cells: The expression of wild-type p53 suppressed
cell growth and induced apoptosis via suppression of nuclear
factor kappa-light-chain-enhancer of activated B cells activity.
Finally, . the co-expression - of AIM2 . and I[FI16 significantly
enhanced cell growth in p53-deficient cells; in contrast, the
expression of AlM2 and/or IFI16 in cells bearing wild-type p53
suppressed cell growth. Moreover, AIM2 and [FI16 synergistically
enhanced. nuclear factor kappa-light-chain-enhancer of activated
B celis signaling in. p53-deficient cells. Thus, expression of AlM2

and IFI16 ‘may have oncogenic activities in the. OSCC cells

that have inactivated the p53 system. (Cancer Sci 2012; 103: 782~
790)

O ral squamous cell carcinoma is commonly found in low-
income communities. This cancer mainly. affects older
men; 90% of cases are in men over 45 years old who have

been exposed to risk factors including tobacco and/or alcohol

(International Agency for Research on Cancer [TARC] 2004).
OSCC is the sixth most common cancer worldwide and affects
approximately 270 000 people each year.™ The incidence and
rate of mortality from OSCC are rising in several regions of
Europe, Australia and Asia, including Japan. Despite recent
progress in OSCC diagnosis and therapy, the Sgear survival
rate has not improved in more than two decades.

Oral carcinogenesis is a multifactorial cascade involving
numerous genetic changes that affect the activity of oncoge-

Cancer 5ci | April 2012 | vol. 103 | no.4 | 782-790

- and tumorigenicity of human breast:cancer cells.
it has been proposed that AIM2 and IFII6 function as tumor

nes, tumor suppressor genes and other classes of disease-
related  genes. - Chronic - exposure “to - carcinogens, such as
tobacco, causes genetic. changes in the epithelial cells of -the
oral mucosa. The activation of: the COX-Z,(3 epidermal
growth - factor receptor,(4) and cyclin D1 oncogenes and the
inactivation of the p/6 and p53 tumor suppressor genes have
also been reported in OSCC.®™ In addition to tobacco
smoke exposure, chronic alcohol use and chronic inflamma-
tion can both induce genetic alterations.®> The causative
agent- of cervical cancer, HPV is also reportedly associated
with head and neck cancers, including OSCC.® Compared to

- HPV-negative cases, HPV-positive OSCC have an intact pI6
~ gene and wild-type p53, and harbor frequent genetic altera-

tions of the pI6 and p53 genes.®'® The HPV oncoproteins
E6. and E7 exploit the ubiquitin-proteasome system - to
degrade and . functionally inactivate negative ' cell-regulatory
proteins, including members of the pll0 (Rb) family and
p53; this process may primarily contribute to HPV-induced
carcinogenesis.(

The innate immune system provides nonspecific protection
and enhances the adaptive immune response against a variety
of pathogens, including HPV. The IFI16 and -AIM2 proteins
were recently found to be innate immune sensors for cytosolic
dsDNA. Upon sensiné dsDNA, the IFI16 protein induces the
expression of IFN-B,"? whereas the AIM2 protein forms an
inflammasome - that promotes the secretion of interleukin-
1B.%*» Both IFII6 and AIM2 belong to the HIN-200 gene
family found on human and mouse chromosome 1; they are
positively regulated by type I.and Il INF. and have been
described as regulators of cell proliferation, differentiation,
apoptotic and inflammatory processes.""™ The overexpression
of IFI16 in cells inhibits cell proliferation by potentiating the
p53/p21- and Rb/E2F-mediated: inhibition of cell-cycle
progression, and IFI16 downregulation contributes to oncogen-
esis.(1>19 Also, AIM2 expression suppresses cell 71;1roliferation

a Therefore,

Suppressor genes. ;
To identify genes involved in OSCC-tumorigenesis, OSCC

- tumors were submitted to genomic analysis by high-density

SNP array analysis. A number of amplified or deleted genomic

- regions in OSCC cells were identified, and a series of genes in

the genetically altered regions were selected by expression
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profile analysis.” Of these genes, the NIH-200 gene family
locus on chromosome 1q23 was frequently amplified, and
AIM2 and IFII6 in the NIH-200 gene family were highly
expressed in most OSCC tumors. ‘Although AIM2 and IFII6
were reported to be tumor suppressors, the expression of
AIM?2 and IFI16 enhanced the cell growth of OSCC cell lines.

Here we describe a mechanism by which AIM2 and IFI16 may

be functioning as oncogenes in OSCC.

Materials and Methods

Materials and Methods are given in Data S1 and Data S2 in
the supporting information.

Results

Higher expression of AIM2 and IFI16 with frequent amplifica-
tion at 1923 in OSCC. To identify novel genes responsible for
tumorigenesis in OSCC, we performed high-density SNP array
analysis on 28 OSCC tumor samples using an Affymetrix
Human Mapping 250K Sty Array (Affymetrix, Santa Clara,
CA, USA). The most frequent gains involved segments of
chromosomes 1, 3q, 5p, 6p, 7p, 8q, 9q, 14, 15, 16, 17, 19, 20
and 22, whereas the most frequent losses involved segments of
chromosomes 3p, 4, 5q, 8p, 10p, 18q and 21q (Fig. S1). Of
these, 77 were amplified and ranged in size from 0.3 to
49.3 Mb, and four were found to be deleted and ranged in size
from 0.2 to 0.6 Mb, in more than 14 of 28 OSCC tumor sam-
ples (Table S1). -

To select candidate genes within the regions with altered
copy numbers, we analyzed a data set from the NCBI Gene
Expression  Omnibus  (http://www.ncbi.nlm.nih.gov/geo/),
which contained the gene expression data of four oral tissue
samples from healthy volunteers and 16 tumor samples from
OSCC patients.(lg) Of the genes in the amplified regions, 27
were expressed at more than two-fold higher levels (P < 0.01)
(Table S1-1). However, no genes that were downregulated
more than two-fold were identified in the deleted region (Table
S1 2). Interestingly, 15 of the 27 candidates were previously
reported to be cancer-related genes. The genes linked to OSCC
included keratin 19, lectin, galactoside-binding, soluble, 1 and
IF116.%%2V Burthermore, five of the 27 upregulated genes
were also found to be IFI genes, including IFI6, IFI35, AIM2,
IFI16 and bone marrow stromal cell antigen-2. Among them,
the AIM2 and IFII6 genes are located within the HIN-200
gene cluster on 1g23 and have been identified as a new family
of innate immune DNA sensors for intracellular DNA called
ATM2-like receptors.'? Because chronic inflammation and
infection contribute to the development of several types of
cancer, we analyzed the HIN-200 gene cluster locus on 1g23.

Based on the SNP array analysis from 28 OSCC cases, four
members of the HIN-200 family, along with other 19 genes,
were located in the 1.3-Mb common region of amplification at
1q23 (Fig. 1a). The expression profiles showed that IFI16 and
AIM?2 are highly expressed in OSCC, but no significant differ-
ences in the expression levels of the other 21 genes, including
myeloid cell nuclear differentiation antigen (MNDA) and pyrin
and HIN domain family, member 1 (PYHIN), were observed
between the OSCC and control oral tissues (Fig. S2a—c). Using
semi-quantitative and quantitative real-time PCR, we con-
firmed statistically significant higher expression of AIM2 and
IFI16 in tumor samples from OSCC patients and OSCC cell
lines (P < 0.05) (Figs 1b-e, S2d). Moreover, the expression of
AIM?2 was significantly higher in the group with metastasis
(N1) than in that without metastasis (NO) (P < 0.05). To con-
firm the relationship between genomic amplification and
mRNA expression levels of AIM2 and IFII6, a scatter plot
was used to evaluate the correlation between the two variables

Kondo et al.

in 20 OSCC tumor samples and eight cell lines. As shown in
Figure 1(f), we found weak but positive correlations between
the DNA copy numbers and mRNA expression levels for the
two genes. Although a few cases did not show gene amplifica-
tion or overexpression of the AIM2 and IFII6 genes, the
majority of cases presented gene amplification and high
expression of these two genes. Thus, in the HIN-200 family of
genes, AIM2 and IFI16, are overexpressed in OSCC, and this
overexpression is frequently accompanied by gene amplifica-
tion.

High expression of AIM2 and IFI16 enhanced cell growth by
preventing apoptosis in OSCC cells. An important inflamma-
some component, AIM2 senses potentially dangerous cytoplas-
mic DNA and regulates caspase-1 activation."™® Cytoplasmic
overexpression of AIM2 also reportedly reduces cell prolifera-
tion and increases susceptibility to cell death in transfected
murine fibroblasts. To determine whether the high expression
levels of AIM2 or IFI16 have an effect on OSCC cell growth,
we introduced an shRNA expression vector against AIM2
(shAIM?2), TFI16 (shIFI16) or luciferase (shLuc) as a control
into the human OSCC cell line SAS. SAS cells expressing the
shRNA for either AIM2 (SAS/shAIM2) or IFIl6 (SAS/
shIFI16) had decreased growth rates relative to control-trans-
fected cells (SAS/shLuc) (Fig. 2a,b). Notably, downregulation
of both AIM2 and IFI16 expression had the most significant
effect-on growth inhibition. Similar effects were observed in
the HSC4-OSCC cell line (Fig. S3). Next, apoptosis and cell
cycle were investigated by flow cytometry with propidium
iodide (PI) and Annexin V, respectively. The cell cycle pro-
files of SAS/shAIM2 and SAS/shIFI16 cells were not signifi-
cantly different from those of the control SAS/shLuc cells, but
the SAS/shATM2 and SAS/shIFI16 cells exhibited a higher
percentage of cell death (sub-G1 population) than the SAS/
shLuc cells (Figs 2c, S4). In the SAS/shAIM2 and SAS/
shIFT116 cells, the percentage of cells that bound Annexin V
increased approximately  10- and 3-fold, respectively, com-
pared with ‘the SAS/shLuc cells (Fig. 2d). These data suggest
that high expression of AIM2 and IFI16 enhances cell survival
by preventing OSCC cells from entering apoptosis:

Activation of NF-kB signaling by AIM2 and IFI16 in OSCC. Once
bound to the DNA in the cytoplasm, AIM2 activates both NF- -
«B and caspase-1,"* and cytosolic DNA also triggers NF-kB
activation by IFI16.“? To clarify the mechanisms by which
constitutive expression of AIM2 and/or IFI16 prevent apopto-
sis in OSCC cells, we studied caspase-1 and NF-xB ‘for con-
stitutive activation in OSCC. Initially, the SAS-OSCC cell
lines transfected with the shLuc, shIFI16 or shAIM2vectors
were examined for the expression of cleaved caspase-1 by
immunoblot analysis using a cleaved caspase-1 specific anti-
body. Cleaved caspase-1 was not detected in any of these cell
lines but was detected in the human acute monocytic leukemia
cell line (THP-1) transfected with poly deoxyadenylic-deox-
ythymidylic acid (poly[dA:dT]) as a positive control (Fig.
S5a). The cleaved form of caspase-1 was also not detected in
seven of the eight OSCC cell lines except for HSQ89 (data not
shown). In addition, the treatment of SAS-OSCC cells with
poly(dA:dT) had no effect on caspase-1 cleavage (Fig. S5b),
suggesting that dsDNA could not trigger the formation of the
AIM? inflammasome in OSCC cells.

To assess NF-xB activation in OSCC, we measured IxBo
protein in eight OSCC cell lines and 10 primary OSCC tumors
by immunoblot analysis. We observed significantly higher lev-
els of phosphorylated IxBo and lower levels of total IxBa in
most OSCC cell lines and primary tumor samples compared to
control gingival tissues (Fig. 3a). This result suggests that NF-
kB signaling is often activated in OSCC. To confirm this
hypothesis, four OSCC cell lines (HSQ89, HSC3, HSC4 and
SAS) were treated with various concentrations of the NF-xB
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Fig. 1. Overexpression of IFI16 and AIM2 mRNA in
OSCC. (a) Recurrent genetic changes are depicted
based on the copy number analyzer for GeneChip
(CNAG) output of - the = single nucleotide
polymorphism array analysis of 28 oral squamous cell
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IFI16 mRNA were examined in 11 primary OSCC and
eight OSCC cell lines (Ca9-22, Ho1ul, HSC2, HSC3,
HSC4, HSQ89, SAS and Sa3) by quantitative real-time
PCR. Normal gingival tissues from normal volunteers
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inhibitor Bay 11-7082 for 48 h and examined for cell viability.
In three of the four cell lines (not HSQ89), cell viability was
inhibited by Bay 11-7082 treatment, although the effect varied
among the cell lines (Fig. 3b). To .determine whether the
observed cell.death was. due to. apoptosis, two cell lines, SAS
and HSC3, treated with or without Bay 11-7082 were stained
with Annexin V/PI and analyzed by flow cytometry.. Over 90%
of the OSCC cell lines underwent apoptosis 48 h after treat-
ment with 10-pM Bayl11-7082 (Figs 3c, S6). Moreover, there
was a dose-dependent increase in the total IxBo and decrease

784

amino-acid repeat; [FI16, interferon-inducible 16; NO,
without metastasis; N1, with metastasis.

in the phosphorylated IxBo levels after exposure to 1-10-pM
Bay11-7082 (Fig. 3d). To determine whether high expression
of AIM2 and/or IFI16 contributes to the constitutive NF-xB .
activation in OSCC, SAS cells were transfected with either
shIFI16 and/or shAIM?2 vectors and analyzed for IxBa expres-
sion. As expected, the SAS cells treated .with shIFI16, shAIM2
or both shRNA significantly increased protein levels of phos-
phorylated-IxBo. and reduced the total IxkBow levels compared
with control cells transfected with shluc and parental cells
(Fig. 3e). The reduction of NF-xB activation by shIFI16 or
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shATM2 was also confirmed by NE-kB-dependent luciferase Restoration of p53 function inhibits constitutive NF-xB activa-
reporter activity assay (Fig. 3f). The overexpression of IFI16  tion in OSCC cells. Studies have reported that the overexpression
and AIM2 may enhance IxBa kinase activity and promote the ~ of HIN-200 proteins can decrease cell prohferatlon and block cell
degradation of IxBo. and NF-xB activation, leading to the  cycle progression at the G1-S phase transition.*® It has been
acceleration of cell growth-in OSCC cells. shown that TFI16-mediated growth arrest is partly dependent on
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the function of p53.?® Because a high frequency of mutations in
p53 was noted in OSCC,*? we determined whether p53 dys-
function results in abrogation of the growth suppressive
effects of AIM2 and IFI16 in OSCC cells. Initially; we
determined the expression and genomic alterations of p53 in
eight OSCC cell lines. All cell lines showed p53 point muta-
tions (Table S2-1, Doc. S2) and five (Ca9-22, HSC4,
HSQ89, SAS and Sa3) expressed a detectable level of )pS3
protein, including a truncated form of p53 (Fig. 4a).?%?V In
primary OSCC samples, five out of 11 tumors had abnor-
mally® high expression levels and/or point mutations of p53
(data not shown) (Table S2-2). We introduced the wild-type
p53 expression vector into the SAS cell line and confirmed
that the expression of wild-type p53 decreased the growth
rate of SAS cells (Fig. 4b,c). The percentage of ‘Annexin V-
positive cells significantly increased in wild-type p53-trans-
fected cells (Fig. 4d), indicating that this p53-mediated
growth suppression of SAS cells is associated with apoptosis.

It has been reported that pS3 regulates glucose metabolism
through the NF-xB pathway, and both basally expressed and
genotoxicity-activated p53 inhibits the activity of IxB kinase
and the transcriptional activity of NF-xB.*” Therefore, we
determined whether p53 could inhibit NF-xB activation in
OSCC cells. A significant increase in the IxBa protein level
and a decrease in. phosphorylated IxBo were observed when
SAS cells were transfected with wild-type p53 (Fig. 4e). Wild-
type p53 also inhibited the basal NF-kB reporter activity of
SAS cells (Fig. 4f). These data suggest that constitutive activa-
tion of the NF-kB pathway in OSCC is partly due to a loss of
p53 function.

The overexpression AIM2 and IFI16 synergistically promotes
cell growth only in the absence of functional p53. To determine
whether a lack of functional pS53 is associated with the
growth-promoting effect of AIM2 and IFI16 in OSCC cells,

“we transfected human lung cancer H1299 cells, which lack

endogenous p53,(2‘f with various combinations of the AIM?2,
IFI16 and p53 expression vectors. The transfection of AIM2,
IFI16, or p53 alone had no significant effect on the growth
rate of H1299 cells (Fig. 5a,b). However, co-transfection of
AIM2 and IFI16 strongly promoted cell proliferation with
increased IxBo phosphorylation. = Strikingly, the growth-
promoting effect of AIM2 and IFI16 was abrogated in the
presence of wild-type p53. To further confirm these results,
we performed cell proliferation assays using the human mam-
mary tumor cell line MCF-7 expressing: wild-type p53; which
has been used to study. the role of IFI16 in p53-dependent
apoptosis.® Transfection with either or both of the AIM2
and . IFI16 expression vectors retarded the growth rate of
MCE-7 cells. The shRNA inhibition of p53 expression caused
a slight increase in cell growth rate (Fig. 5c,d). Importantly,
co-transfection of AIM2 and IFI16 with a shRNA expression
vector for p53 led to an approximately two-fold higher prolif-
eration rate with significant upregulation of phosphorylated
IxkBo. Thus, the simultaneous high expression of AIM2 and
IFI16 confers a proliferative advantage in cells with function-
ally inactive p53, in part, through the activation of NF-xB
signaling.

Finally, we examined whether co-expression of both AIM2
and IFI16 can activate NF-xB in an OSCC cell line. Very low
expression levels of AIM2 and IFI16 and a low level of NF-xB
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Fig. 3. Activation of NF-xB signaling in oral squamous cell carcinoma (0SCC). (a) The levels of total and phosphorylated (Ser32/36) inhibitor of
kappa B alpha (IxBa) were examined in two normal gingival tissue samples, eight OSCC cell lines (Ca9-22, Holu1, HSC2, HSC3, HSC4, HSQ89, SAS
and Sa3) and 10 OSCC primary tumors by Western blot analysis. (b) Four OSCC cell lines were treated with various concentrations of Bay 11-7082
for 48 h, and viable cell numbers were counted by MTT assay. The results are shown as percentages of the values obtained from the control Bay
11-7082-free culture. The data are shown as the means = SD of triplicate samples. (c) The percentage of apoptotic cells was measured by FACS
after Annexin V/PI staining in untreated and 10-uM Bay 11-7082-treated SAS and HSC3 cell lines at 48 h. (d) Levels of phosphorylated IxBa and
total IxBo. in the HSC4 cell line treated with the indicated concentration of Bay 11-7082 for 48 h were examined by Western blot analysis. (¢) The
SAS cell transfectants described in Figure 2 were examined for the levels of phosphorylated IxBo and total 1xBa by Western blot-analysis. (f) The
SAS cell transfectants were:co-transfected with the NF-kB-Luc reporter and an internal control Renilla luciferase (pRL-TK) plasmid. After 36 h,
luciferase activities were measured with a dual-luciferase reporter assay system. The data are shown as mean = SD of triplicate transfections, and
statistical analysis used the Student’s t-test. NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells.

786

doi: 10.1111/.1349-7006.2012.02211.x
© 2012 Japanese Cancer Association



(a)

Cag-22 Hotu1

®) e

SAS/mock SAS/p53wt

p53 p53 (Ab-6)
p-Actin B-Actin
(¢) “[ (d) SAS/parental SAS/mock SAS/p53wt
14 £ 6007 w iock2.006 - 53,003
9 12 * I A 0.01% 3.30% |
[ (2]
£ 1w 21
=
£ s = |
= o =5
] g=
g 6 *P < 0.01
- - —
£ , "S- s EX I 0.06% 0.25%
2, o
(] y o - ey T 7
o Gl L 1 1wt 109 . g0l g02 10 1ot
o FL1-H FLI-H
1] 1 2 3
Days Annexin V-FITC
(e) M 27
' 18}
16
P<0.05
147 f 1
& f g
¥ 2 12}
IkBu g
; o 1
plkBa :-:
= 0.8
s ©
B-Actin| sy 2 06
K
£ 04
0.2
1]

;e

Fig. 4. Function of p53 is inhibited in oral squamous cell carcinoma (OSCC) cells. (a) Detection of p53 protein levels in two normal gingival tis-
sues and in eight OSCC cell lines (Ca9-22, Ho1lu1, HSC2, HSC3, HSC4, HSQB89, SAS and Sa3) by Western blot analysis. (b) SAS cell lines stably trans-
fected with either empty vector or wild-type p53 expression vector (FLAG-p53wt) were examined for expression of p53 by Western blot using an
anti-p53 antibody (Ab-6). (c) Transfectants were subjected to cell growth analysis using the MTT assay. The data are shown as the mean + SD of
triplicate samples. The statistical analysis was done using the Student’s t-test. (d) The percentage of apoptotic cells was quantified by Annexin-V/
Pl staining. (e) Control vector and p53 transfectants were examined for levels of phosphorylated inhibitor of kappa B alpha (IxB«) and total [xBa
by Western blot analysis. (f) The cells were co-transfected with NF-xB-Luc and pRL-TK. After 36 h, luciferase activities were measured. The data
are presented as in Figure 3(f). NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells.

activation were found in HSQ89 with p53 mutation. Although
transfection of either AIM?2 or IFI16 alone did not have a signifi-
cant effect on NF-xB activation and cell growth, co-transfection
of AIM2 and IFI16 resulted in accelerated cell proliferation, a
decrease in total IxBa, and an increase in phosphorylated IxBa
(Fig. 5e,f). This result suggests that co-expression of AIM2 and
TFI16 activates NF-xB signaling in OSCC cells. Taken together,
these results suggest that co-expression of AIM2 and IFI16 can
promote cell proliferation through activation of NF-xB signaling
pathway in the absence of p53.

Discussion

The oral cavity contains some of the most varied and extensive
flora in the entire human body. A member of a group of DNA-
based viruses, HPV infects the skin and mucous membranes
within the human body. Infection with HPV 16 and 18 increases

Kondo et al.

the risk of oral cavity cancer and oropharyngeal cancer.*?
Because the interferon-inducible AIM2 and IFI16 genes act as
innate immune sensors for cytosolic double-stranded DNA, %1%
the expression of AIM2 and/or IFI16 might be activated by
recurrent infections in the oral cavity. In this study, we showed
that constitutive high expression levels of AIM2 and IFII6,
along with other interferon-inducible genes, were associated
with genomic alterations in OSCC. Upregulation of a series of
interferon-inducible genes and enhancement of interferon-sig-
naling pathways has previously been reported in OSCC by pro-
tein expression analysis using tandem mass spectrometry or by
mRNA expression profile analysis using a DNA micro-
array.®*”) The expression of the interferon-inducible gene is an
important characteristic of OSCC. Moreover, OSCC cells were
shown to become resistant to IFN-B-mediated inhibition of cell
growth.®® The constitutive expression of the interferon-induc-
ible genes may affect the development of OSCC, and the expres-
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Fig. 5. Expression of AIM2 and IFI16 confers growth-stimulating effects on transformed cells in the absence of wild-type p53. (a) The growth of
human lung cancer H1299 cells after transfection with various combinations of AIM2, IFi16 and wild-type p53 (SN3-p53wt) expression vectors
was examined by MTT assay. The data are shown as the mean + SD of triplicate samples. The statistical analysis was performed using the Stu-
dent’s t-test (*P < 0.05; **P < 0.01). (b) Western blot analysis of extracts from untransfected or transfected H1299 cells described in panel (a) at
48 h. (¢) The growth of human mammary tumor MCF7 cells after transfection with various combinations of the AIM2, IFI16 and shp53 expression
vectors was examined by MTT assay. The data are shown as the mean = SD of triplicate samples. The statistical analysis was performed using the
Student’s t-test (*P < 0.05; **P < 0.01). (d) Western blot analysis of extracts from untransfected or transfected MCF7 cells described in panel (c)
at 48 h. (e) The growth of HSQ89 cells after transfection with AIM2 and/or IFi16. (f) Western blot analysis of extracts from untransfected or trans-
fected HSQ89 cells described in panel (e) at 48 h. AIM2, absent in melanoma; IxBa, inhibitor of kappa B alpha; IFI16, interferon-inducible 16.
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sion of a subset of the interferon-inducible genes may arise as a
result of genomic alterations.

Although the AIM2 and IFI16 genes were thought to be tumor
suppressors in a series of cancers, high expression levels of AIM2
and IFI16 enhanced the cell growth and prevented apoptosis in
OSCC. In normal aged human cells, increased levels of the IFI16
protein reportedly contribute to senescence-associated cell
growth arrest partly through the p53/p21CIP1 and Rb/E2F path-
way and upregulation of IFI16 expression by p53. This is a part of
a comy onent of the positive feedback loop between p53 and
IF116.*® Because the loss of p53 and/or IFI16 function in cells
has been suggested to contribute to defects in cellular senescence-
associated cell growth arrest, we speculate that dysregulated
IF116 function together with the loss of p53 function can contrib-
ute to the development of OSCC. This study demonstrated that
the co-expression of AIM2 and IFI16 synergistically activates
NF-xB signaling, and the activation of NF-kB in OSCC is also
dependent on p53 inactivation. Future studies will determine the
precise activation mechanisms of NF-«B signaling and/or the
transcriptional activity of IFI16 in OSCC with inactivated p53.
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Clinical significance of CADMl/TSLCl/IgSF4 expressibn
in adult T-cell leukemia/lymphoma

S Nakahata', Y Saito’, K Marutsuka?, T Hidaka®, K Maeda®*, K Hatakeyama®, T Shiraga'®, A Goto', N Takamatsu', Y Asada®,
A Utsunomiya’, A Okayama®, Y Kubuki®, K Shimoda®, Y Ukai®, G Kurosawa® and K Morishita’

Cell adhesion molecule 1 (CADM1/TSLC1) was recently identified as a novel cell surface marker for adult T-cell leukemia/
lymphoma (ATLL). In this.study, we developed various antibodies as diagnostic tools to identify CADM1-positive ATLL leukemia
cells. In flow cytometric analysis, the percentages of CD4* CADM1™ double-positive cells correlated well with both the
percentages of CD47.CD257 cells and with abnormal lymphocytes in the peripheral blood of patients with various types

of ATLL. Moreover, the degree of CD4+CADM1 ™ cells over 1% significantly correlated with the copy number of the human
T-lymphotropic virus type 1:(HTLV-1) provirus in the peripheral blood of HTLV-1 carriers and ATLL patients. We also identified
a soluble form of CADM1 in the peripheral blood of ATLL patients, and the expression levels of this form were correlated

with the levels of soluble interleukin 2 receptor alpha. Moreover, lymphomas derived from ATLL were strongly and specifically
stained with a CADM1 antibody. Thus, detection of CD4+TCADM1t cells in the peripheral blood, measurement of serum levels
of soluble CADM1 and immunohistochemical detection of CADM1 in lymphomas would be a useful set of markers for disease

progression in ATLL and may aid in both the early diagnosis and measurement of treatment efficacy for ATLL.

Leukemia (2012) 26, 1238-1246; doi:10.1038/leu.2011.379; published online 6 January 2012

Keywords: CADM1/IgSF4/TSLCT; ATLL

INTRODUCTION

Adult T-cell leukemia/lymphoma (ATLL) results from infection with
human T-lymphotropic virus type 1 (HTLV-1)."* Following HTLV-1
infection, 2.1 to 6.6% of HTLV-1 carriers will develop ATLL, and
most of the ATLL patients will die within a year.> An estimated 10-20
million people worldwide are infected with HTLV-1, and HTLV-1
is endemic in southwestern Japan, the island of Kyushu, Africa, the
Caribbean Islands and South America.* ATLL cells are mainly
derived from activated helper T cells with the CD3+, CD4 ™, CD8™
and CD25* (also known as.interleukin 2 receptor alpha (IL-2Ra))
cell surface markers.? A fraction of ATLL cases have been shown to
also express forkhead box P3 (FOXP3), which is a master gene for
regulatory T cells (T-reg), suggesting that some cases of ATLL may
originate from HTLV-1-infected T-reg cells.>® For diagnosis,
identification of mono- or oligoclonal provirus integration events
by Southern blot analysis is one of the definitive markers for ATLL.
In addition to viral integration, ATLL cells with multi-lobulated
nuclei (called ‘flower cells’) have been frequently seen in leukemia
cells in the peripheral blood of ATLL patients. Hypercalcemia and
high levels of either serum lactate dehydrogenase (LDH) or soluble
IL-2Rer (slL-2Re) have been found to be unfavorable markers for
ATLL; however, these markers are not specific for the diagnosis
of ATLL.®

The developmental steps of ATLL after HTLV-1 infection have
remained obscure for 30-40 years: HTLV-1 Tax is thought to be an
important viral protein that functions in the maintenance of HTLV-
1-infected lymphocytes;>'® however, expression of Tax protein

was not detected in over 70% of ATLL cases because of genomic
deletion and/or DNA methylation." "'* Recently, HTLV-1 basic
leucine zipper (HBZ) was found to be constitutively expressed in
ATLL cells and was shown to interact with JUN and CREB2 to
requlate Tax expression.'™'® HBZ also promotes CD4* T-cell
proliferation in transgenic mice;'® therefore, HBZ has important
roles and functions not only in maintaining the virus life cycle but
also in the maintenance " of the HTLV-1-infected cells that
contribute to disease pathogenesis. Although HBZ is expressed
in the majority of ATLL cells, only 5% of HTLV-1 carriers develop
ATLL, suggesting that additional factors besides viral infection are
required for the development of ATLL.
~ To identify additional pathogenic factors or novel surface
markers for ATLL, we collected gene expression profiles for acute-
type ATLL. Using a  comprehensive DNA microarray gene
expression analysis, we recently demonstrated that cell adhesion
molecule 1 (CADM1/TSLC1/1gSF4) is a novel cell surface maker for
ATLLY”. CADM1 was initially isolated as a tumor suppressor for
lung cancers by genomic analysis. CADM1 expression is reduced
in a variety of cancers by promoter methylation and is associated
with poor prognosis and enhanced metastatic potential.’® By
contrast, we identified that high expression of CADM1 has an
important role in enhanced cell-cell adhesion to the vascular
endo1t9helium, tumor growth and the organ infiltration of ATLL
cells. ‘

In this study, we developed various antibodies for CADM1 to
be used as diagnostic tools for identifying ATLL leukemia cells.
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We successfully identified ATLL cells in the peripheral blood and in
lymphoma samples and detected the soluble form of CADM1 in
the peripheral blood of ATLL patients using specific antibodies for
CADM1. The CADM1 antibody may therefore represent a useful
tool in the diagnosis of ATLL cells,

MATERIALS AND METHODS
Quantification of HTLV-1 proviral load

HTLV-1 proviral DNA load was determined by real-time PCR as previously
described.”® Briefly, genomic DNA from peripheral blood mononuclear
cells (PBMCs) was extracted by proteinase K digestion and phenol/
chloroform extraction and then subjected to a real-time TagMan PCR assay
using an ABI PRISM 7000 detection system (Perkin Elmer/Applied
Biosystems, Forster City, CA, USA) with two sets of primers specific for
the pX region of the HTLV-1 provirus and the human gene encoding the
RNase P enzyme. The primers and the probe for the RNase P gene were
purchased from Applied Biosystems; those for the pX region of the HTLV-1
provirus were described previously.?® Genomic DNA of normal control
PBMCs mixed with a plasmid DNA, which contained almost the whole
genome of the HTLV-1 provirus (Sacl site of 5'-LTR to Sacl site of 3'-LTR),

CADM1/TSLC1/IgSF4 expression in ATLL
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was used as a standard to quantify the proviral DNA copies. The copy
number of the plasmid DNA was calculated based on the size and weight
of the plasmid DNA, as measured by spectrophotometry. HTLV-1 proviral
loads in some of the PBMC samples were measured by the Group of Joint
Study on Predisponsing Factors of ATL Development (JSPFAD, Japan) as
described previously.?" The amount of HTLV-1 proviral DNA was calculated
as the copy number of HTLV-1 per 100 PBMC = ((copy number of pX)/(copy
number of RNase P/2)) x 100. ‘

- RESULTS

Frequent expression of surface CADM1/TSLCT among
ATLL-derived cell lines

CADM1/TSLC1/IgSF4 was identified as a novel surface marker on
ATLL cells by gene expression profiling using DNA microarray
analysis and was found to be frequently expressed ‘in leukemia
“cells from patients with acute-type ATLL."” We first analyzed the
CADM1 protein levels .in a panel of T-leukemia cell lines using a

. chicken- anti-human CADM1 antibody (MBL, Nagoya, Japan). A

107 kDa band was clearly detected in whole-cell lysates from the
KOB, KK1 and S1T cell lines (Figure 1a), which have been reported
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Figure 1. High CADM1 expression in ATLL analyzed by immunoblot, flow cytometry (FMC) and immunohistochemical staining (IHC).

(@) Immunoblot analysis was performed on a series of T-lymphoid leukemia cell lines (three T-ALL, T-acute lymphoid leukemias; two
HTLV-1 +, HTLV-1-infected cell fines; six ATLL, ATLL-derived cell lines) with a chicken anti-human CADM1 antibody. (b) A human anti-human
CADM1 antibody (051-054), which was established by phage display, was used for FMC and IHC. The anti-CADM1 antibody was
visualized by Alexa 488 in FMC and by horseradish peroxidase in IHC.
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the ATLL cells were CD47CD257CADM™. However, we also

to express CADM1 according to reverse transcriptase PCR and
northern blot analysis."” To confirm CADM1 expression on the cell
surface of ATLL cells, we examined CADM1 membrane expression
by flow cytometry with an Alexa 488-labeled human anti-CADM1
antibody generated by phage-display technology.?? Four ATLL cell
lines were used for flow ‘cytometry: CADM1-negative ED and
CADM1-positive KOB, KK1 and S1T cell lines. In all three CADM1-
positive cell lines, the fluorescence intensity of CADM1 expression
was two logs greater than that of the isotype immunoglobulin G
control (Figure 1b, upper panels), while only background levels of
fluorescence could be seen in the CADM1-negative ED-ATLL cell
line, which had hi79h levels of DNA methylation in the CADM1
promoter region.'” To evaluate the subcellular distribution of
CADM1, immunohistochemical staining was performed on
the same cell lines using the anti-CADM1 antibody (Figure 1b,
bottom panels). CADM1 was highly concentrated at the cell~cell
contact sites in the three CADM1-positive cell lines, and no
staining of CADM1 was detected in the ED cell line. These data
suggest that CADM1 expression in ATLL cells may promote
cell-to-cell contact.

Low levels of CADM1 expression in the T-reg fraction of peripheral
lymphocytes

To examine the expression of CADM1 in peripheral blood
T-lymphocytes of healthy volunteers, T-reg populations were
analyzed for CADM1 expression because CD4*(CD25"9" T-reg
cells are a potential source of ATLL cells.>®
CD4*+CD25™* cell fraction was separated from PBMCs of a healthy
volunteer by the magnetic bead method and stained with an anti-
CADM1 antibody. Almost 100% of the S1T-ATLL cell line was
strongly stained with the anti-CADM1 antibody; however, 55.8% of
the CD41CD25* cells were stained weakly in comparison with
the high level of staining of S1T-ATLL cells (Figure 2a). To confirm
whether the purified CD4+CD25™ cells expressing CADM1 were
T-reg cells, the sorted CD4™7CD25™" cells were stained for both
FoxP3 (a master regulator in the development of T-reg cells) and
CADMT1. In all, 93% of the CD4+CD25™ double-positive cells in
the peripheral blood were stained by the anti-FoxP3 antibody,
while 37% of the cells were stained with both the anti-CADM1 and
anti-FoxP3 antibodies (Figure 2b), suggesting that a fraction of the
CD4+CD25FFoxP3™ T-reg cells weakly expressed CADM1 on
their cell surfaces.

We then determined the proportion of CD4*CADM1™* and
CD4*TCD25™ T cells in PBMCs from 10 healthy volunteers after
selection with Cy5-labeled CD45 staining. On- average, 7.3% of
CD45™" cells in PBMCs expressed CD4 and CD25, while only 0.6%
of the cell population expressed CD4 and CADM1 (Figure 2c and
representative fluorescence-activated cell sorting data are shown
in Supplementary Figures 1a‘and b), indicating that the number of
CD4 T CADM1 T cells was significantly lower than the number of
CD4*TCD25% cells in the PBMCs of healthy volunteers. To
determine the percentage of CD4TCADM1 cells in peripheral
lymphocytes of various types of ATLL and HTLV-1 carriers, CD45 +
PBMCs from 40 patients diagnosed with various types of ATLL
(7 acute-type, 4 lymphoma-type, 6 chronic-type and 23 smoldering-
type), 51 HTLV-1 carriers and 10 normal volunteers were analyzed
for the surface expression of CD4 and CADM1 by flow cytometry
analysis, which was performed by double staining of CD12/CD19,
CD3/CD8, CD4/CD25,- CD23/CD5,: CADM1/CD4, CD20/CD11c,
CD16/CD56, CD30/CD7 and k-chain/A-chain. The median percen-
tages of CD4 " CADM1 ™ cells were 73.9% in acute cases, 72.4% in
chronic™ cases (except for a patient with CD4-negative ATLL
described below), 5.6% in lymphoma cases, 11.5% in smoldering
cases, 4.4% ‘in HTLV-1 carriers and 0.5%:in normal volunteers
(Figure 2d). In these subjects, the percentages of CD4*CD25™
cells were significantly correlated with those of CD4*CADM1™

cells (R=0.907, P<0.0001) (Figure 2e), suggesting that most of:
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observed a cell surface profile of CD3"CD8™ (91.3%),
CD257CD4~ (81.5%) and CD4 CADM1™" (83.6%) in a case of
chronic ATLL, suggesting that the surface markers of the ATLL cells
represented CD4~CD8™ -double-negative T lymphocytes that
expressed CD25 and CADM1.

CADM1 expression in leukemia cells from ATLL patients and HTLV-
1-infected cells from HTLV-1 carriers

To confirm that most of the HTLV-1-infected ATLL cells were
indeed in the CD4+CADM1 ™ cell fraction, PBMCs from an HTLV-1
carrier and two ATLL patients with chronic or smoldering ATLL
were isolated and separated into CADM1-positive and CADM1-
negative cell fractions by anti-CADM1 antibody-conjugated
magnetic beads. The cell fractions were then analyzed for
the expression of CD4 and CADM1 by fluorescence-activated
cell sorting analysis- (Supplementary Figure 2). In these three
patients, 3.4 to 31.4% of PBMCs were positive for CD4 and
CADM?1. After separation by the magnetic CADM1 antibody,
735 to 965% of the cells were CD4*CADM1™. To assess
whether these CD4"CADM1™ cells indeed represented the
HTLV-1-infected cell population, the HTLV-1 status was deter-
mined by PCR of the proviral DNA with primers against the
HBZ region of the HTLV-1 genome. As shown in Figure 3a,
the HTLV-1 genomic sequence was detected in the three
CADM1-positive cell fractions, while weak or no signal was
detected in the CADMI-negative cell fractions, indicating
that the majority of HTLV-1-positive cells are present in the
CADM1-positive cell fractions.

Next, the percentages of CD4* CADM1 ™ cells were compared
with those of abnormal lymphocytes or with the DNA copy
numbers of HTLV-1 in PBMCs of patients with various types of
ATLL, which included 6 acute-type, 8 chronictype and 6
smoldering-type of ATLL, and 20 HTLV-1 carriers (Figures 3b
and ¢). The percentages of CD41TCADM1™ cells showed a high
degree of correlation with those of abnormal lymphocytes (R=0.791,
P<0.0001) and with the HTLV-1 DNA copy numbers (R=0.677,
P<0.0001) in these patient samples. Notably, in two samples from
chronic- and smoldering-type ATLL patients, the number of
CD4"CADM1™ cells was less than one-half of the number of
HTLV-1 DNA copies (32.0% vs 107.97 copies and 30.0% vs 65.76
copies), which may be due to multiple copies of proviral DNA in
the cells. In addition, the percentages of CD4*TCADM1™" cells
were correlated with the levels of slL-2Ra (R=0.586, P<0.0001)
and with the levels of LDH (R =0.486, P=0.0015) (Figures 3d and
e). Consistent with earlier studies, both serum sil.-2Ra and LDH
levels were correlated with the HTLV-1 DNA. copy numbers
(R=0.705; P<0.0001 and R = 0.44; P =0.0045, respectively) in this
study (data not shown).

To further evaluate the diagnostic efficacy of measuring
CADM1-positive cells to detect HTLV-1-infected cells, the copy
number of the HTLV-1 provirus in PBMCs of carriers was compared
with the percentages of CD4 T CADM1 ™ cells and the serum levels
of slL-2Re and LDH. The percentage of CD4TCADM1™ cells
showed a significant correlation with the HTLV-1 DNA copy
number (R=0.921, P<0.0001) (Figure 3f), while there was a poor
correlation between “HTLV-1 copy number and the levels- of
slLl-2Ra and LDH (data not shown). A correlation between the
percentage of CD4TCADM1 ™ cells and abnormal lymphocytes
was: also observed in the HTLV-1: carriers (R=0.819, P<0.0001),
although abnormal lymphocytes and CD4+CADM1™* cells were
very rare in these subjects (Supplementary Figure 3). On the basis
of these data, in addition to the determination of copy numbers
of HTLV-1 proviral DNA, quantification of CD4TCADM1™ cell
number by flow cytometry may be useful for monitoring the
number of HTLV-1-infected cells in the peripheral blood of ATLL
patients and HTLV-1 carriers.
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