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FyTERTHDEREEIND, £z HBZ 235
‘BRF FoxO3a & DFEEZENM LTT R h—V 25
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Introduction

Ecotropic viral integration site-1 (EVIl) is an oncogenic
transcription factor for murine and human myeloid leukemia
[1,2]. Human EVIl is localized on chromosome 3g26 [3].
Although only approximately 1 to 3% of acute myeloid leukemia
(AML) cases result from a translocation in 3g26, the clevated
expression of EVI1 has been detected in 5% to 10% of AML
cases in the absence of chromosomal abnormalitics at 3g26 [4]:
AML with EVI1 high expression (EVII™E is a poor prognosis
subtype of AML that does not respond to currently -available
treatments [5].

EVII is a nuclear transcription factor with a DNA-binding zinc

finger, an acidic amino acid cluster region and C-terminal binding.

protein (CtBP) motifs [6,7]. Although EVII has been reported to
transcriptionally repress or suppress TGFb signaling by recruiting
Smad3 and the co-repressor CtBP [8-10], we showed that EVI1 is
directly associated ‘with the GATA-2 promoter and upregulates
GATA-2 transcription to maintain hematopoietic stem cells
(HSCs) and AML with EVII™®" expression [11,12] in EVII-
deficient mice. In addition to the observed reduction in GATA-2
expression, - other important factors for ‘HSC maintenance,
including Angiopoietin-1 and Tie-2, were also de-regulated in

@ PLoS ONE‘| www.plosone.org

EVIl-deficient mice [11]. These results suggest that murine Evil
might de-regulate transcription factors or other signal transduction
molecules necessary for HSC maintenance [11]. However, we do
not know precisely how Evil is involved in the maintenance of
HSCs.

Recently, there has been increased interest in understanding the
regulatory interactions between osteoblasts and HSCs in the bone
marrow microcnvironment. Individual HSCs are typically an-
chored to the stroma via a network of adhesion molecules [13,14].
Recent studies have indicated the importance of these adhesion
molecules (integrins and - cadherins) in hematopoietic stem cell
development and have shown that they function as key elements
for the detection and translation of the extrinsic cues provided by
the hematopoietic microenvironmental niche [15,16]. The
integrins are heterodimeric complexes composed of two noncova-
lently associated transmembrane glycoprotein subunits: one from
sixteen different alpha (a) subunits and the other from cight
different beta (b) subunits [17,18]. abVery late antigen 4 (VLA4), a
a4/bl integrin heterodimer, participates in both cell-cell and cell-
matrix interactions with vascular ccll adhesion molecule-]
(VCAM]I) and fibronectin (FN). In adult mice, VLA4/VCAMI
interactions are key clements in the mobilization and homing of
hematopoietic stem cells to bone marrow [19]. Moreover,
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treatment with anti-VLA4 antibodies mobilizes CD34+ hemato-
poietic progenitor cells from the bone marrow to the peripheral
blood [20]. Studies addressing the role of VLA4 in AML cell lines
have described the drug resistance induced by the interaction of
tumor cells with stromal cells or the extracellular matrix (ECM) as
cell adhesion-mediated drug resistance (CAM-DR) [21,22]. In an
analysis of 175 adult AML patients, however, VLA4 expression

was not significantly associated with the response to anti-cancer

drugs or with relapse-free or overall survival rates [23]. Thus,
other adhesion molecules may also be important in the
maintenance of HSC and leukemia stem cells.

In this study, we observed that the cell adhesion ability of the
EVIIMe® AML cells was higher than that of the EVIL® cells. The
increased adhesion of EVI1™8" AML cells was dependent on the
expression of the integrins o6 (ITGA6) and B4 (ITGB4) in
complex with laminin, particularly laminin-332. Because the
increased adhesion ability of the AML cells increased. their
resistance to chemotherapy, and the expression of ITGA6 was
significantly higher in AML cases in relapse, ITGA6 might be a
novel molecular target in EVI1™S" leukemia cells.

Results
Overexpression’of ITGA6 enhances the ability of Eviqhigh
leukemia cell lines to adhere to matrigel and laminin

To search for novel molecular targets in refractory myeloid
leukemia with high EVI1 expression, we previously analyzed the
gene expression profiles of 12 human myeloid cell lines using an
oligonucleotide microarray (Human Genome U133 Plus 2.0
Array; Affymetrix) containing 38,500 genes [24]. We identified
ITGAG in 26 selected genes that were upregulated over ten-fold in
EVIIMS" Jeukemia cells (#<<0.01). To confirm the results of the
microarray analysis, the expression levels of a series of integrin
genes were determined in three EVII'™" and EVII™" cell lines
using semi-quantitative RT-PCR. We determined the levels of the
eight different B integrin genes (1 through 8), fifteen different o
integrin genes (1 through 10, E, L, M, V, and X) and two cadherin
molecules (N and VE). As shown in Fig. S1A, ITGBI, ITGBS,
ITGA4, and ITGAS were cxpressed in five of the six leukemia cell
lines, and ITGB4 and ITGA6 were specifically expressed in the
three EVI1"8" Jeukemia cell lines. To confirm the results of the
expression patterns of the integrin genes, we used the six cell lines
and two primary leukemia cell lines from patients with the inv(3)
(q21q26) subtype (PT9 and PT11) [24] to determine the
expression of ITGBI, ITGB4, ITGA4, and ITGA6. ITGB! and
ITGA4 were expressed as very late antigen-4 (VLA-4) in most of
the cell lines, but ITGB4 and ITGA6 were expressed in all three
leukemia cell lines and in the two primary EVI1M" Jeukemia cell
lines (Fig. 1A).

Because a number of integrin genes are involved in binding to
fibronectin, laminin and matrigel [15,16], we compared the cell
adhesion ability of EVII™®® and EVI1'" leukemia cell lines. The
three human EVI1'® myecloid cell lines (HL60, U937, and K562)
showed a reduced binding affinity to laminin and matrigel but an
increased binding affinity to fibronectin. In contrast, the three
EVII™ cell lines (UCSD/AMLI, MOLMI, and HNT34)
exhibited an increcased affinity for laminin, matrigel and
fibronectin, with significant differences (Fig. 1B). Because the
primary component of the matrigel used in this experiment is the
laminin complex, the enhanced cell adhesion ability of EVI1Meh
leukemia cells might depend on-binding to the laminin ‘complex.

We also investigated the ability of various leukemia cells to
adhere to the murine bone marrow stromal/osteoblastic cell line
MC3T3-El. As shown in Fig. 1D, a higher percentage of cells in
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the three EVIIM" leukemia cell lines (UCSD/AMLI1, MOLM1
and HNT34) were attached to the MC3T3-El cells compared
with the three EVII™®" leukemia cell lines (HL60, K562 and
U937), and this difference was statistically significant (p<<0.01).
Because the EVII™" Jeukemia cell lines exhibited an enhanced
ability to adhere to the laminin complex (Fig. 1G), we propose
that the laminin complex might be one of the main molecular
targets of this increased adhesion to the MC3T3-E1 cells.

The expression of ITGA6 and ITGB4 is dependent on the

expression of EVI1

To determine which of the integrin genes were dependent on
EVI1 expression, small hairpin RNA against EVI1 (shEVII) were
introduced into UCSD/AMLI cells with EVI1™". Three UCSD/
AMLI cell lines expressing shEVI1 (AML1/shEVI1-1 to -3), and a
control cell line expressing an shRNA for firefly luciferase (shLuc)
(AML1/shLuc) were established. Because the EVII expression was
significantly downregulated in the AML1/shEVII-1to 3 cell lines
(Fig. 2A), we determined the expression of a series of integrin
genes using semi-quantitative RT-PCR (Fig. S1B and Fig. 2A).
The results showed that the expression of ITGB3, ITGB4,
ITGA6, ITGA9, and VE-cadherin was downregulated along with

"EVII in the AML1/shEVII-1 to 3 cell lines. The high expression -

of ITGB3, ITGB4 and ITGAB in the UCSD/AMLI cells and the
downregulation of ITGA6, ITGB4 and ITGB3 in the AML1/
shEVI1-1 cells were confirmed through - immunofluorescence
staining and FACS analysis (Fig. 2B). Morcover, ITGB4, ITGAS,
ITGASY, and VE-cadherin were also downregulated in the HNT34
cell line, and PT9 and PT11 primary AML cell lines upon shEVI1
transfection, which was associated with a reduction in matrigel cell
adhesion (Figs. S1CG to F). Taken together, the results
demonstrated that ITGB4, ITGA6, ITGA9, and VE-cadherin
are the candidate integrin genes with increased adhesion ability in
EVII"" leukemia cells. Moreover, we determined the cell

-adhesion ability of the AMLI1/shEVI1 cell lines and found that

the adhesion of AMLI/SshEVII-1 to 3 cclls to matrigel was
significantly reduced compared with that of the parental UCSD/
AML1 and AML1/shLuc cells (Fig. 2C). The cell adhesion of the
AMLI1/shEVII1-1 cells to laminin, but not to fibronectin, was also
significantly reduced compared with that of the AML1/shLuc cells
(Fig. 2D and E).

In a subsequent experiment, we transiently introduced EVI1
and GFP expression vectors into the EVII'®™ U937 cells and
determined the resulting levels of expression of the various integrin
genes. The adhesion of U937/EVII cells to matrigel was increased
three-fold, and the expression of ITGB3, ITGB4 and ITGA6 was
also increased in U937/EVI1 cells relative to their adhesion ability
and expression in the U937/parental and U937/GFP cclls
(Fig. 2F and Fig. S1G). Because ITGB4 and TTGAG form a
heterodimer that binds to the laminin receptor and treatment with
a neutralizing antibody to ITGB3 did not suppress the cell
adhesion ability of EVI1™" leukemia cells (Fig. 3G), we further
characterized the relationship between the expression of ITGAG/
ITGB4 and the increased adhesion ability of the EVII™E"
leukemia cells.

The adhesion ability of leukemia cells with EVI179"
expression is specifically dependent on the expression of
ITGA6 and ITGB4 ) )

To evaluate whether the adhesion ability of the EVII™
leukemia cells was specifically dependent on the expression of
ITGA6 or ITGB4, shRNA against ITGA6 or ITGB4 was
introduced into UCSD/AMLI cells using an Amaxa Nucleofector,
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Figure 1. Higher cell adhesion ability in AML cell lines with EVIT"S? expression. A. The expression of four integrin genes (ITGBT1, ITGB4,
ITGA4 and ITGA6), EVIT and b-actin as a control was determined by semiquantitative RT-PCR in three different EVI1'°" and EVI1"9" AML cell fines and
two primary AML cells lines with high EVI1 expression (PT9 and PT11). B. Six AML cell lines with low or high EVi1expression, as indicated in the figure,
were incubated in culture medium on BSA, collagen, fibronectin, laminin or matrigel-coated plates; the percentage of the total number of incubated
cells that adhered to the plates was designated as the binding activity (%). Each experiment was performed in triplicate, and the experiments were
independently repeated at least three times. The data are given the as the mean = standard error (S.E). The statistical analysis was performed using
the Student’s t-test (*p<<0.05, vs. BSA-coated plate). C. Six AML cell lines were incubated with the murine osteoblastic cell line MC3T3-E1, and the
percentage of cells that bound to MC3T3-E1 cells was determined. Each experiment was performed in triplicate, and the experiments were
independently repeated at least three times. The statistical analysis was performed using the Student’s t-test (*p<<0.05, vs. EVI1'°" cell lines).
doi:10.1371/journal.pone.0030706.g001 E

and the cell adhesion ability to matrigel was determined. The shITGA6) (Fig. 3A and D). Similar results were obtained in

expression of ITGA6 and the cell adhesion ability were significantly UCSD/AMLI cells transfected with shITGB4 (AML1/shITGB4)
reduced in UCSD/AMLI cells transfected with shITGA6 (AML1/  (Fig. 3B and E). The growth rate of the AML1/shITGAG cells was
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Figure 2. The expression of ITGA6 and ITGB4 is specifically dependent on the expression of EVI1. A. The pattern of expression of EVI1
and five integrin genes (ITGB3, ITGB4, ITGAS6, ITGA9 and VE-cadherin) in various UCSD/AML1 cell lines. Three cell lines with small hairpin RNA (shRNA)
against EVI1 (shEVI1-1, -2 and -3) and the parental and UCSD/AML1 cell lines harboring an expression vector for shRNA against firefly luciferase were
used to determine the levels of expression of five integrin (ITGB3, ITGB4, ITGA6, ITGA9 and VE-cadherin) and control (EVI1 and b-actin) genes using
RT-PCR. B. The expression of ITGA6; ITGB4 and ITGB3 in AML1/shLuc and AML1/shEVI1-1 was determined using FACS analysis after staining the cells
with PE-conjugated antibodies to specific integrins. C. The same cell lines described in (2a) were assessed for their ability to adhere to the matrigel.
The relative binding activity was.calculated by comparison to the basal binding activity of the parental UCSD/AML1 cell line. D and E. The binding
activity of AML1/shLuc and AML1/EVI1-1 cells to-laminin (D) and fibronectin (E) was compared. Both cell lines were cultured on laminin or fibronectin-
coated plates. F and G. After the EVI1 expression vector was introduced into.the U937 cell line, the expression of five integrin genes (ITGB3, ITGB4,
ITGA6, ITGA9, VE-cadherin) and EVIT was determined using RT-PCR. b-actin was used as a control (F). The cell adhesion ability of the' U937/EVIT, U937/
-parental and U937/GFP cell lines was determined (G). H. The expression of ITGA6, ITGB4 and ITGB3 in U937/GFP and U937/EVIT was determined using
FACS analysis after staining the cells with PE-conjugated antibodies to specific integrins. Each experiment shown in Figure 2C, 2D, 2E, and 2G 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).
y! p g

doi:10.1371/journal.pone.0030706.g002

reduced, and these cells could not be maintained in culture, whereas
the AML1/shITGB4 grew at rate similar to the parental UCSD/
AMLI control cells, suggesting .that the signal transduction of
ITGAG is essential for the maintenance of leukemia cells. Because
ITGAG forms a heterodimer with ITGB4 or ITGBI1, shITGB1 was
introduced into UCSD/AMLI cells, and their adhesion to matrigel
was measured. The adhesion of UCSD/AMLI cells to matrigel did
not change significantly upon transfection with shITGBI1 (Fig. 3C
and F). These results suggest that the ITGA6 and ITGB4
heterocomplex is the primary cell adhesion molecule on EVIPieh
leukemia cells.

To confirm the ITGA6 dependence of the increased cell
adhesion of EVII™® leukemia cells, we used a series of
neutralizing antibodies. Two leukemia (UCSD/AMLI and
MOLM]I) and two primary human AML (PT9 and PT11) cells
lines were cultured on matrigel and treated with or without anti-
ITGAS, ITGB2, ITGB3, or ITGB4 antibodies. Two days after
[treatment, the binding activity of all four cell lines was significantly
reduced by the treatment with ant-ITGA6 or anti-ITGB4
antibodies; however, isotype IgG, anti-ITGB2 or anti-ITGB3
antibodies did not inhibit the binding of EVI1"8" leukemia cells to
matrigel (Fig. 3G). '

Because the EVII™® leukemia cells exhibited an increased
adherence to the murine osteoblastic cell lIime MC3T3-El (Fig. 1D)
we examined whether this adhesion was dependent on ITGA6 or
ITGB4 expression by treating with a neutralizing antibody. Two
EVII'™ (K562 and U987) and three EVI1"" (UCSD/AMLI, PT9
and PT11) leukemia cell lines were co-cultured with MC3T3-E1 cells,
and the mixed cultures were subsequently treated with ant-ITGA6
or anti-ITGB4 antibody or the control isotype anti-rabbit IgG. The
ability of the thre¢ EVI1"" Jeukemia cells to bind to MC3T3-E1 cells
was significantly reduced upon treatment with anti-ITGA6 or anti-
ITGB4 antibody, whereas the binding ability of the two EVII'™Y
leukemia cells did not change (Fig. 3H). To confirm this result, we
examined the adhesion of U937 /parental and U937/EVII cells to
matrigel upon treatment with anti-ITGA6 antibody. The anti-
ITGA6 antibody significantly inhibited the cellular adhesion' of
U937/EVII cells to matrigel, but did not inhibit the cell adhesion of
the parental U937 cells (Fig. 3X). Therefore, the expression of ITGA6
and ITGB4 was EVII dependent, and the increased expression of
ITGA6 and I'TGB4 in EVI1"®" leukemia cells increased their ability
to adhere to the osteoblastic MC3T3-E1 cell line.

The downregulation of laminin-332 in osteoblastic
MC3T3-E1 cells partially inhibits binding to EVI1"9h
leukemia cells ,

The ITGA6/1IGTB4 heterocomplex has a clear specificity for
laminin-332 (a3b3g2) or laminin-511 (a5blgl) [25]. Therefore, we
measured the expression of a series of laminin a, b, and g chains in
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MC3T3-E1 cells; the expression of each laminin chain was clearly
detected in these cells (Fig. $2). We subsequenty introduced
shRNA against the a3 chain of laminin-332 (shLN332) into
MC3T3-El cells and measured the ability of the MC3T3-E1 cells
to adhere to various types of myecloid leukemia cells. After the
introduction of shLN332 or shLuc into MC3T3-E1 cells (MC3T3-
E1/shLIN332 or MC3T3-El/shLuc, respectively), the expression
of the a3 chain of laminin-332 was significantly reduced (Fig. 4A),
but the expression of the g3 chain of laminin-332 and b-actin were
not changed. Compared to the MC3T3-El/shLuc cells, the
MGC3T3-E1/shLIN332 cells displayed significantly reduced adhe-
sion to the EVI1™® cell lines UCSD/AMLI, MOLMI and
HNT34. However, their adhesion to the leukemia cell lines with -
EVII'Y expression, such as HL60, K562, and U937, did not
change (Fig. 4B). Morcover, the UCSD/AMLI1/shEVI1 cells
displayed reduced adhesion to the MOC3T3-El/shLuc cells
compared with that of the. UCSD/AMLI cells, whereas the
adhesion of the UCSD/AMLI1/shEVI1 cells to the MC3T3-E1/
shLuc and MC3T3-E1/shLN332 cells did not change. These data
suggest that the increased adhesion of the leukemia cell fines with
EVII"EM expression is mainly dependent on the laminin complex,
particularly laminin-332.

EVITM" Jeukemia cells treated with ITGA6 or ITGB4-
neutralizing antibodies or small hairpin RNA against EVI1
or ITGB4 recover drug sensitivity

We next determined whether treating EVII™ leukemia cells
with a neutralizing antibody against integrin improves the drug
sensitivity of the cells in the adhered state. Two EVI1™" leukemia
cell'lines, UCSC/AMLI and MOLM]1, and two primary leukemia
cell lines, PT9 and PT11, were used in this experiment; the IG50
of Ara-C for these cells cultured on the matrigel coated plates was
approximately 107% M (Fig. $3). The four cell lines were seeded
on matrigel-coated culture plates ith or without anti-ITGA6 or
anti-ITGB4 antibodies in the presence of 107° M Ara-C. After
four days of culture, the percentage of surviving cells in the
cultures treated with anti-ITGA6 or anti-ITGB4 antibodies were
significantly reduced in the two EVII and primary AML cell lines
compared with the control cells (Figs. 5A to D). Because similar
results were also obtained using the anti-cancer drug, VP-16 (Fig.
§4), the treatment with anti-ITGA6 or anti-ITGB4 antibodies or
anti-cancer drugs might recover the drug-sensitivity of EVIIHe
leukemia cells.

To determine whether the effect of Ara-C was dependent on the
cell adhesion ability, AMLI1/shITGB4, AMLI1/shEVIl and
control AML1/shLuc cells were cultured on matrigel-coated or
control BSA-coated plates and treated with Ara-C for three days;
we could not use AMLI1/shITGAG cells in this experiment. After
three days of culture, the number of viable AML1/shLuc cells was

January 2012 | Volume 7 | Issue 1 | e30706



