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Abstract The poor prognosis of adults with B cell precur-
sor acute lymphoblastic leukemia (BCP-ALL) is attributed
to leukemia cells that are protected by the bone marrow
(BM) microenvironment. In the present study, we explored
the pharmacological targeting of mesenchymal stromal/
stem cells in BM (BM-MSCs) to eliminate chemoresistant
BCP-ALL cells. Human BCP-ALL cells (NALM-6 cells)
that adhered to human BM-MSCs (NALM-6/Ad) were
highly resistant to multiple anti-cancer drugs, and exhibited
pro-survival characteristics, such as an enhanced Akt/Bcl-2
pathway and increased populations in the GO and G2/S/M
cell cycle stages. Bortezomib, a proteasome inhibitor, inter-
fered with adhesion between BM-MSCs and NALM-6 cells
and up-regulated the matricellular protein SPARC (secreted
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protein acidic and rich in cysteine) in BM-MSCs, thereby
reducing the NALM-6/Ad population. Inhibition of SPARC
expression in BM-MSCs using a small interfering RNA
enhanced adhesion of NALM-6 cells. Conversely, recombi-
nant SPARC protein interfered with adhesion of NALM-6
cells. These results suggest that SPARC disrupts adhesion
between BM-MSCs and NALM-6 cells. Co-treatment with
bortezomib and doxorubicin prolonged the survival of
BCP-ALL xenograft mice, with a significant reduction of
leukemia cells in BM. Our findings demonstrate that bort-
ezomib contributes to the elimination of BCP-ALL cells
through disruption of their adhesion to BM-MSCs, and
offer a novel therapeutic strategy for BCP-ALL through
targeting of BM-MSCs.

Keywords B cell precursor acute lymphoblastic leukemia -
Bortezomib - Human bone marrow mesenchymal stromal/
stem cell - SPARC - Anti-adhesion molecule

Introduction

Adult B cell precursor acute lymphoblastic leukemia
(BCP-ALL) belongs to an entity of intractable hema-
tological diseases. Although remission rates for newly
diagnosed adult patients with BCP-ALL are >80% with
standard induction regimens, approximately half of them
eventually experience relapse with 5-year overall survival
of about 50% [1]. Dose-intensified chemotherapies that
follow pediatric treatment protocols improve outcomes in
young adult patients [2]. However, the prognosis is still
poor and therapy-related death is an important problem in
aged patients [3]. In addition, the benefits of hematopoi-
etic stem cell transplantation are limited to a subset of
patients [4]. Therefore, a novel therapeutic strategy needs
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to be sought to overcome the current clinical situation in
the treatment of adult patients with BCP-ALL.

The poor outcomes of patients with BCP-ALL are
related to the existence of chemoresistant leukemia cells
in bone marrow (BM) [5]. Several lines of evidence sug-
gest that this is largely due to the protection of leukemia
cells through soluble mediators or cell adhesion pro-
vided by various components of the BM microenviron-
ment, particularly BM mesenchymal stromal/stem cells
(BM-MSCs) [6-8]. Multiple factors are involved in the
protection of BCP-ALL cells by BM-MSCs. For exam-
ple, CXCL12 that is secreted by BM-MSCs promotes
the proliferation of BCP-ALL cells [9, 10]. The activated
Wnt signaling pathway in BCP-ALL cells is involved in
BM-MSC-mediated drug resistance [11]. However, the
contribution of cell adhesion in the cross-talk between
BCP-ALL cells and BM-MSCs to drug resistance is not
well known.

In this study, we determined the effects of adhesion to
BM-MSCs on the drug resistance of BCP-ALL cells and
the rationale of disrupting adhesion of BCP-ALL cells to
BM-MSCs. Our results indicated that pharmacological
treatment of BM-MSCs with a proteasome inhibitor, bort-
ezomib (Bor), interfered with the adhesion of BCP-ALL
cells to BM-MSCs. Combination therapy with Bor and
doxorubicin consequently contributed to a reduction of
leukemia cells in BM of xenograft model mice. An impor-
tant finding was that the anti-adhesive matricellular protein
secreted protein acidic and rich in cysteine (SPARC) was
up-regulated in BM-MSCs by Bor and was functionally
involved in the interference of adhesion of BCP-ALL cells
to BM-MSCs.

Materials and methods
Reagents, antibodies, and cells

Recombinant human SPARC (rhSPARC) and doxorubicin
hydrochloride (DXR) were purchased from Wako Pure
Chemical Industries (Osaka, Japan). Methotrexate hydrate
(MTX) and cytosine B-p-arabinofuranoside (AraC) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Bor was a product of Millennium (Cambridge, MA, USA).
Carfilzomib (Car) and oprozomib (Opr) were purchased
from Active Biochemicals (Hong Kong, China). NALM-6
cells were purchased from ATCC (Manassas, VA, USA).
Human BM samples from individuals with BCP-ALL
were purchased from Lonza (Basel, Switzerland) or were
obtained with informed consent and the approval of the
ethical committee of Kyoto University Hospital. The anti-
bodies used are listed in Supplementary Table 1.
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Culture of human BM-MSCs

Human BM-MSCs were isolated from BM samples of
healthy adults purchased from AllCells (Emeryville,
CA, USA) based on our previously published method. A
single-cell suspension of 1 x 10 BM mononuclear cells
was seeded into 15 cm culture dishes, and adherent cells
were cultured in advanced-minimal essential medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 5%
fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA),
100 pM ascorbic acid (Wako Pure Chemicals Industries),
2 mM L-glutamine, 100 U/mL penicillin, and 100 ug/mL
streptomycin (all from Gibco) (aMEM-based complete
medium). The medium was changed on day 7 and day 14.
Primary cultures were passaged to disperse the colony-
forming cells (passage 1). Cells at passage 3 were used as
BM-MSCs in this study. Prior to experiments, flow cyto-
metric analysis was performed to confirm that these cells
were positive for the mesenchymal stromal/stem cell-
associated markers CD105, CD73, CD90, CD146, CD44,
CD166 and were negative for the hematopoietic/endothelial
cell-associated markers CD45, CD34, CD14, CD19, CD31,
HLA-DR (Supplementary Fig. 1A). In addition, in vitro
osteogenic, adipogenic, and chondrogenic differentia-
tion assays and in vivo bone formation and hematopoietic
induction assays were performed to confirm that these cells
have multilineage differentiation capability and hemat-
opoiesis-supportive capability (Supplementary Fig. 1B-E).

Co-culture of NALM-6 cells with BM-MSCs

Human BM-MSCs were prepared in a 10 cm culture
dish or a 6-well culture plate. Twenty-four hours later,
NALM-6 cells were added onto these BM-MSCs and co-
cultured in RPMI 1640 (Wako Pure Chemical Industries)
supplemented with 10% heat-inactivated fetal bovine
serum (FBS, HyClone, Logan, UT), 2 mM L-glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin (all
from Gibco) (RPMI-based complete medium). In some
experiments, BM-MSCs were pretreated with Bor or
other reagents before adding NALM-6 cells. Suspen-
sion cells were transferred to a tube and the remaining
suspension cells in the culture dish/plate were carefully
transferred to the same tube by gently pipetting with
phosphate-buffered saline (PBS) twice. For flow cytomet-
ric analysis, these suspension cell fractions were washed
twice with FACS buffer (2% FBS prepared in PBS), incu-
bated with a phycoerythrin-conjugated mouse antibody
against human CDI19 and a fluorescein isothiocyanate-
conjugated mouse antibody against human CD90 at 4 °C
for 30 min, and analyzed with FACSCantoll (Becton—
Dickinson, Franklin Lakes, NJ, USA) to determine the
proportions of NALM-6 cells (CD19%) and BM-MSCs
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(CD90") separately. Adherent cells on a dish/plate were
treated with 0.05% trypsin-EDTA (Gibco) to disperse
them and subjected to flow cytometric analysis in a simi-
lar manner as described for suspension cells. The suspen-
sion cells and adherent cells were applied to anti-human
CD19 immunomagnetic microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany) to purify NALM-6 cells in
order to investigate their protein expression by immuno-
blot analysis or their cell cycle status by flow cytometric
analysis.

Pretreatment of BM-MSCs with Bor, Car, Opr,
and rhSPARC

BM-MSCs (2 x 10° cells) were prepared in aMEM-based
complete medium in a 10 cm culture dish. Twenty-four
hours later, the media were replaced with aMEM-based
complete medium containing Bor or other proteasome
inhibitors, and BM-MSCs were pretreated with these drugs
for 1 or 4 h (transient exposure) or 24 h (continuous expo-
sure) at the following concentrations: 10 nM Bor, 3 nM
Car, or 10 nM Opr for 24 h; 100 nM Bor or 100 nM Car
for 1 h; and 300 nM Opr for 4 h. After the pretreatment,
the media were removed and the dish was washed with
PBS twice. NALM-6 cells (5 x 10’ cells) were added onto
the pretreated BM-MSCs and co-cultured in RPMI-based
complete medium. For pretreatment with thSPARC, BM-
MSCs were prepared at a density of 0.8 x 10° cells/well in
a 6-well culture plate, pretreated with 200 ng/mL rhSPARC
for 24 h, and co-cultured with NALM-6 cells at a density of
3 x 10° cells/well. Twelve hours later, suspension cells and
adherent cells were collected as described above for further
analysis.

Small interfering RNA (siRNA)-mediated knockdown
of SPARC in BM-MSCs

Lipofectamine RNAiMax (Invitrogen) was used to trans-
fect BM-MSCs with SPARC-targeting siRNA according to
the manufacturer’s instructions. Lipofectamine RNAiMax
(5 uL) was combined with 30 pmol of siRNA in 500 pL
of Opti-MEM media (Gibco) and incubated for 20 min at
room temperature. The mixture was then added directly to
BM-MSCs in culture, and cells were incubated for 36 h.
siRNAs targeting SPARC were purchased from Invitro-
gen (Stealth RNAI). The siRNA sequences (5'-3’) were as
follows: GGAAGAAACUGUGGCAGAGGUGACU and
AGUCACCUCUGCCACAGUUUCUUCC. The Stealth
RNAIi Negative Control Low GC Duplex (Invitrogen) was
used as a negative control. These siRNA-treated BM-MSCs
were co-cultured with NALM-6 cells.

Culture of NALM-6 cells on rhSPARC-treated
fibronectin-coated dishes

Human Fibronectin Cellware Multiwell and Assay Plates
(24 well) (Corning, Corning, NY, USA) were treated with
rhSPARC diluted in PBS at a concentration of 500 ng/mL
for 24 h at 37 °C. Then, the plates were carefully washed
twice with PBS and used to culture NALM-6 cells. After
12 h of culture, the plates were carefully washed twice
with PBS to remove suspension cells, and the number of
NALM-6 cells that adhered to the bottom of the plates was
counted under phase-contrast microscopy.

Co-treatment of NALM-6 cells and BM-MSCs
in co-culture with anti-cancer drugs

BM-MSCs (2 x 10° cells) were prepared in aMEM-based
complete medium in a 10 cm culture dish. Twenty-four
hours later, the media were removed and the dish was
washed with PBS twice. NALM-6 cells (5 x 10°) were
added onto these BM-MSCs and co-cultured in RPMI-
based complete medium. Twenty-four hours later, DXR,
AraC, or MTX was added to the co-cultures at a final con-
centration of 200, 500, or 50 nM, respectively. After expo-
sure to these anti-cancer drugs for 12 h, the numbers of
NALM-6 cells in suspension cell fractions and adherent
cell fractions were counted by flow cytometric analysis as
described above.

Growth assay of BM-MSCs treated with proteasome
inhibitors

Cell Counting Kit-8 (Dojindo laboratories, Tokyo, Japan)
was used according to the manufacturer’s protocol. BM-
MSCs were prepared at a density of 1 x 10° cells/mL
in a 96-well plate and treated with Bor (0-100 nM), Car
(0-100 nM), or Opr (0-300 nM) transiently (1 or 4 h) or
continuously (24 h). After exposure to these proteasome
inhibitors, the media were removed and the cells were
washed twice with PBS and cultured in RPMI-based com-
plete medium. On day 1 or day 2 after cultivation, the rela-
tive cell growth was calculated as the ratio of the absorb-
ance of treated cells to the absorbance of non-treated cells.
Absorbance was measured at 450 nm using a microplate
reader (Molecular Devices, Sunnyvale, CA, USA).

BCP-ALL xenograft model mice

Specific pathogen-free 6—7-week-old male SCID mice
(Clea Japan, Tokyo, Japan) received 2 Gy of total body irra-
diation. Then, NALM-6 cells (1 x 10’ cells/mouse) were
injected via the tail vein into these mice on the same day.
DXR (6 pg/g dissolved in PBS), Bor (0.1 pg/g dissolved
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in PBS), or PBS (control) was administered to the xeno-
graft model mice via the tail vein on day 28 after NALM-6
cell injection, and the survival of mice was observed every
day until day 91. In some experiments, the mice were sac-
rificed on day 35 and the proportion of NALM-6 cells in
the BM was analyzed by flow cytometry. The survival of
mice was analyzed using the log-rank test. These studies
were approved by the committee for animal research of the
Kyoto University Graduate School of Medicine. All meth-
ods relating to animals were performed in accordance with
the relevant guidelines and regulations.

Statistical analysis

The unpaired Student’s ¢ test was used for analysis, unless
otherwise indicated. Data in bar graphs indicate the
mean =+ standard deviation (SD). Statistical significance is
expressed as follows: *, P < 0.05; **, P < 0.01; n.s., not
significant.

Results

NALM-6 cells that adhere to BM-MSCs show resistance
to anti-cancer drugs

We first determined that BCP-ALL cells exhibited their
drug-resistant phenotype through adhesion to human
BM-MSCs. When co-cultured with BM-MSCs, human
BCP-ALL cells (NALM-6 cells) were prone to adhere to
BM-MSCs (Fig. 1a). In this co-culture system (Fig. 1b),
the number of NALM-6 cells that were in suspension
(NALM-6/Su) and the number of NALM-6 cells that
adhered to BM-MSCs (NALM-6/Ad) were evaluated by
flow cytometric analysis, in which NALM-6 cells (CD19™)
were immunophenotypically distinguished from BM-MSCs
(CD90™) (Fig. 1c). To examine the difference in sensitivity
to anti-cancer drugs between NALM-6/Su and NALM-6/
Ad, DXR, AraC, or MTX was added to this co-culture at
a final concentration of 200, 500, or 50 nM, respectively.
The number of NALM-6/Su was significantly reduced after
12-h exposure to these anti-cancer drugs compared with the
number in non-drug-treated samples (Fig. 2a—c). On the
other hand, the number of NALM-6/Ad was not reduced
and was not different from the number in non-drug-treated
samples (Fig. 2d—f).

NALM-6 cells were purified from the suspension cells
or adherent cells in the co-culture using anti-CD19 immu-
nomagnetic microbeads (Fig. 2g, h) and then applied to
immunoblot and cell cycle analyses. The expression level
of the anti-apoptotic protein Bcl-2 was higher in NALM-6/
Ad than in NALM-6/Su in a steady state (Fig. 2i, j). In
addition, the phosphorylation level of the pro-survival
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Fig.1 Co-culture of NALM-6 cells with BM-MSCs. a A phase-
contrast microscopy image of a co-culture of NALM-6 cells with
BM-MSCs. NALM-6 cells (red arrows) were prone to adhere to BM-
MSCs (blue line). A representative image is shown. Bar 50 pm. b
Schema of the co-culture experiment system. NALM-6/Su: NALM-6
cells that are in suspension, NALM-6/Ad: NALM-6 cells that adhere
to BM-MSCs, BM-MSCs: bone marrow mesenchymal stromal/stem
cells. ¢ Flow cytometric analysis of suspension cells and adherent
cells in co-culture. Cells in each fraction were stained with an anti-
CD19 antibody and an anti-CD90 antibody to distinguish NALM-6
cells (CD19TCD90™, red square) and BM-MSCs (CD19-CD90™,
blue square) from each other

protein Akt was higher in NALM-6/Ad than in NALM-6/
Su after treatment with DXR (Fig. 2k, 1). Thus, NALM-6
cells that adhere to BM-MSCs are resistant to anti-cancer
drugs through the pro-survival Akt/Bcl-2 signaling path-
way, at least in part. In cell cycle analysis, the percentages
of cells in the GO and S/G2/M stages were higher among
NALM-6/Ad than among NALM-6/Su (Fig. 2m, n), which
indicated that the adhesive population of leukemia cells had
increased chemoresistant and proliferative characteristics.
Therefore, interfering with adhesion of BCP-ALL cells to
BM-MSC:s is effective to eliminate such leukemia cells.

Bor and other proteasome inhibitors interfere
with adhesion of NALM-6 cells to BM-MSCs

A proteasome inhibitor, Bor, has therapeutic effects on
multiple myeloma (MM) [12]. It is mediated not only by
directly killing of MM cells but also by acting on stromal
cells to affect interaction between MM cells and stromal
cells in BM [13]. Therefore, it is conceivable to speculate
that Bor has influence on the interaction between BCP-ALL
cells and BM-MSCs. We examined whether Bor acted on
BM-MSCs and changed their property of inducing adher-
ence of NALM-6 cells (Fig. 3a). When BM-MSCs were
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Fig.2 NALM-6 cells that adhere to BM-MSCs show resistance »

to multiple anti-cancer drugs. a—f The numbers of NALM-6/Su and
NALM-6/Ad in co-cultures with BM-MSCs after treatment with
DXR (a, d), MTX (b, e), and AraC (c, f). Open bars indicate the
numbers of NALM-6 cells that were treated with anti-cancer drugs
and closed bars indicate the numbers of NALM-6 cells that were
not treated with anti-cancer drugs. g, h Flow cytometric analysis of
adherent cells after processing with anti-human CD19 immunomag-
netic microbeads. Open histograms indicate the expression levels
of CD10 in the positive fraction (g) and CD90 in the negative frac-
tion (h). Filled histograms indicate control staining (g, h). Positive
and negative fractions represent >99% purity of NALM-6 cells (g,
CD10") and BM-MSCs (h, CD90™"), respectively. Representative his-
tograms are shown. i, j Immunoblot analysis showing the expression
of Bcl-2 in NALM-6/Su and NALM-6/Ad before DXR treatment.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as a loading control. Expression level of Bcl-2 was measured using
densitometry and normalized against the expression level of GAPDH
(j). k, I Immunoblot analysis showing the phosphorylation of Akt in
NALM-6/Su and NALM-6/Ad after DXR treatment. Total Akt was
used as a loading control. Expression level of phosphorylated Akt
(pAkt) was measured using densitometry and normalized against the
expression level of total Akt (I). m, n Cell cycle analysis of NALM-6/
Su and NALM-6/Ad by flow cytometry using Ki-67/7-amino-actin-
omycin D (7-AAD). Representative dot plots are shown in n. a—f
n =4 per group. m n = 11 per group. Data are mean values & SD in
(a—f, m). *, P <0.05; **, P <0.01; n.s., not significant

treated with Bor at various concentrations from 0 nM to
100 nM transiently for 1 h (transient treatment), the growth
of BM-MSCs was not affected (Fig. 3b). When BM-MSCs
were treated with Bor continuously for 24 h (continu-
ous treatment), the growth of BM-MSCs was not affected
at concentrations less than or equal to 10 nM, but it was
delayed at concentrations of 30 and 100 nM (Fig. 3c).

The number of NALM-6/Ad in co-cultures with BM-
MSCs that had been pretreated with 100 nM Bor tran-
siently (Fig. 4a) or 10 nM Bor continuously (Fig. 4e) was
lower than the number of NALM-6/Ad in co-cultures with
untreated control BM-MSCs, as assessed by flow cytomet-
ric analysis. Therefore, treatment of BM-MSCs with Bor
interferes with the adhesion of NALM-6 cells to BM-MSCs
without affecting their growth. These results were con-
firmed by microscopic observation, in which the number of
NALM-6/Ad per BM-MSC was lower in co-cultures with
BM-MSCs that had been pretreated with Bor either tran-
siently (Fig. 4b—d) or continuously (Fig. 4f~h) than in co-
cultures with untreated control BM-MSCs.

We further examined whether other proteasome inhibi-
tors interfered with the adhesion of NALM-6 cells to
BM-MSCs. Treatment with 100 nM Car transiently for
1 h (Supplementary Fig. 2A) and 3 nM Car continu-
ously for 24 h (Supplementary Fig. 2B) did not affect
the growth of BM-MSCs. Similarly, treatment with
300 nM Opr transiently for 4 h (Supplementary Fig. 2C)
and 10 nM Opr continuously for 24 h (Supplementary
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Fig. 2D) did not affect the growth of BM-MSCs. When
BM-MSCs were pretreated with Car or Opr in such a way
that their growth was not affected and then co-cultured
with NALM-6 cells, the number of NALM-6/Ad was
lower than that in co-cultures with untreated BM-MSCs
(Fig. 4i-1). These results indicated that not only Bor
but also other proteasome inhibitors interfered with the
adhesion of NALM-6 cells at concentrations that did not
affected the growth of BM-MSCs.
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Fig. 3 Treatment of BM-MSCs with Bor. (a) Schema of the co-
culture experiment of NALM-6 cells and proteasome inhibitor (PI)-
treated BM-MSCs. (b, ¢) Relative growth of BM-MSCs on day 1
and day 2 after treatment with Bor at various concentrations from 0
to 100 nM transiently for 1 h (b) or continuously for 24 h (¢). b, ¢
n = 12 per group

Up-regulation of SPARC protein in BM-MSCs by Bor
treatment contributes to the anti-adhesive property
of BM-MSCs

In contrast to adhesion molecules, the involvement of anti-
adhesion molecules in the interference of adhesion between
cells and other cells or extracellular matrix (ECM) proteins
has not been widely investigated [14]. At the cell surface
interface, some matricellular proteins, particularly SPARC,
which is expressed in bone, have anti-adhesive properties
[14-16]. As assessed by immunoblot analysis, expres-
sion of SPARC protein was increased in BM-MSCs after
treatment with Bor for 1 h (Fig. 5a, b). To explore the
anti-adhesive function of SPARC, its protein and mRNA
expression in BM-MSCs was depleted using SPARC-spe-
cific siRNA (Fig. 5c) and then these BM-MSCs were co-
cultured with NALM-6 cells. As expected, the number of
NALM-6/Ad per BM-MSCs was significantly increased
compared with that in co-cultures with BM-MSCs treated
with negative control siRNA (Fig. 5d). Conversely, when
BM-MSCs were pre-incubated with thSPARC and then
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co-cultured with NALM-6 cells, the number of NALM-6/
Ad was significantly reduced (Fig. Se). To further examine
the direct contribution of SPARC protein to the interference
of adhesion of NALM-6 cells, these cells were cultured
on thSPARC-treated fibronectin-coated plates. The num-
ber of NALM-6/Ad was decreased compared with that in
cultures on control (PBS-treated) fibronectin-coated plates
(Fig. 5f-h). This adhesion to fibronectin was expected to
be related to integrin a4f1 (VLA-4) expressed on the sur-
face of NALM-6 cells (Fig. 5i, j). These results suggest that
Bor-induced interference of adhesion of NALM-6 cells to
BM-MSCs is mediated through up-regulated expression
of SPARC protein in BM-MSCs. mRNA expression of
SPARC in BM-MSCs was not significantly increased in a
time course study upon treatment with Bor for up to 1 h
(Fig. 5k). Thus, Bor could prolong the lifetime of SPARC
protein, rather than affect translation of SPARC mRNA.

We examined expression of SPARC protein in BM-
MSCs derived from patients with BCP-ALL (Supplemen-
tary Table 2). The expression level of SPARC tended to be
lower in patients with BCP-ALL than in healthy controls
(Fig. 51, m).

Combination treatment with Bor and DXR additively
prolongs the survival of BCP-ALL xenograft mice
and reduces the population of NALM-6 cells in BM

Bor affected the adhesive property of BM-MSCs and reduced
the NALM-6/Ad population that was resistant to anti-cancer
drugs, thereby contributing to a relative increase in NALM-6
cells that were sensitive to anti-cancer drugs. Therefore, com-
bination treatment with Bor and an anti-cancer drug was
expected to be more effective than treatment with an anti-can-
cer drug alone. We generated BCP-ALL xenograft model mice
using NALM-6 cells and treated these mice with DXR and
Bor (Fig. 6a). Treatment with DXR alone significantly pro-
longed the survival of BCP-ALL mice compared with that of
non-drug-treated mice (Fig. 6b, orange line versus blue line).
As expected, co-treatment with DXR and Bor significantly
further prolonged the survival of BCP-ALL mice compared
with DXR or Bor treatment alone (Fig. 6b, yellow line versus
orange line or gray line). In the BM of mice treated with DXR
or Bor alone, the proportion of NALM-6 cells was not reduced
compared with that in non-drug-treated mice (Fig. 6¢). Treat-
ment with both Bor and DXR significantly reduced the pro-
portion of NALM-6 cells in BM compared with that in BM
of mice treated with DXR or Bor alone (Fig. 6¢). To exclude a
direct effect of Bor on NALM-6 cells, these cells were directly
treated with Bor and/or DXR for 1 h. Compared with the non-
treated control, the number of NALM-6 cells was significantly
reduced at 24 h after treatment with DXR alone, but not at
24 h after treatment with Bor alone (Fig. 6d). Co-treatment
with Bor and DXR did not significantly reduce the number of
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Fig. 4 Proteasome inhibitors interfere with adhesion of NALM-6
cells to BM-MSCs. a-h The number of NALM-6/Ad in co-cultures
with BM-MSCs that were pretreated with or without Bor transiently
(a—d) or continuously (e-h). Cell counting was performed by flow
cytometric analysis (a, €) or microscopic observation (b—d, f-h) and
is indicated by the ratio of the number of NALM-6/Ad to the num-
ber of BM-MSCs (b, f). Representative images are shown in (c, d,
g, h). Red arrows indicate NALM-6 cells that adhere to BM-MSCs
(NALM-6/Ad). Bars 150 pm. i, j The number of NALM-6/Ad in
co-cultures with BM-MSCs that were pretreated with or without Car

NALM-6 cells compared with DXR treatment alone (Fig. 6d).
These effects were also observed at 48 h after treatment with
Bor and/or DXR (Fig. 6e). Therefore, the prolonged survival
of mice along with the reduced NALM-6 cell population in
BM upon Bor treatment in combination with DXR was not
necessarily mediated by a cytotoxic effect of Bor on NALM-6
cells, but rather possibly by the effect of Bor on BM-MSCs.

Discussion

Adult BCP-ALL is one of the most aggressive hema-
tological malignancies [17]. Recent progress in the
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transiently (i) or continuously (j). k, 1 The number of NALM-6/Ad
in co-cultures with BM-MSCs that were pretreated with or without
Opr transiently (k) or continuously (I). Cell counting was performed
by flow cytometric analysis (i-1). In a, e, i-1, open bars indicate the
number of NALM-6/Ad that were treated with proteasome inhibitors
of Bor, Car, or Opr and closed bars indicate the number of NALM-6/
Ad that were not treated with proteasome inhibitors. a, e n = 20 per
group, b n = 12 per group, f n = 10 per group, i-1 n = 12 per group.
Data are shown as mean values &+ SD in a, e, i-1). *, P < 0.05; **,
P<0.01

understanding of mechanisms and the development of
therapies has improved the outcomes of this disease [4,
18]. Nevertheless, a substantial number of adult patients
eventually experience relapse of leukemia and the prog-
nosis is still poor [1, 18, 19]. Various environmental com-
ponents in the BM, particularly BM-MSCs, regulate the
proliferation, apoptosis, survival, and drug resistance
of BCP-ALL cells through indirect and direct interac-
tions [9, 20, 21]. Accordingly, not only direct killing of
BCP-ALL cells but also targeting BM-MSCs that protect
leukemia cells in the BM microenvironment should be
considered as a therapeutic strategy to eradicate BCP-
ALL cells and to achieve an eventual cure. In the present
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Fig. 5 Bor treatment up-regulates SPARC expression in BM-MSCs.
a, b Immunoblot analysis showing SPARC protein expression in
BM-MSCs treated with (Bor+) or without (Bor—) 100 nM Bor for
1 h. Expression levels of SPARC were measured using densitometry
and normalized against the expression level of GAPDH (n = 3). ¢
Immunoblot analysis showing SPARC protein expression in BM-
MSCs treated with SPARC-specific siRNA or negative control siRNA
(N.C.). d NALM-6 cells were co-cultured with BM-MSCs pretreated
with SPARC-specific siRNA (open bar) or negative control siRNA
(N.C,, closed bar) (n = 7 per group). Y-axis is indicated by the ratio
of the number of NALM-6/Ad to the number of BM-MSCs. e The
number of NALM-6/Ad in co-cultures with BM-MSCs pre-incubated
with (open bar) or without thSPARC (closed bar) (n = 10 per group).
f-h The number of NALM-6 cells that adhered to the bottom of
the dish in cultures on thSPARC-treated (open bar) or PBS-treated
(Control, closed bar) fibronectin-coated dishes (n = 12 per group).
Cell counting was performed by microscopic observation and is indi-
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Patients Healthy controls

cated by the number of adherent cells per field at 100x magnifica-
tion (f). Representative images of cultures on PBS-treated (g, Con-
trol) or thSPARC-treated fibronectin-coated dishes (h, thSPARC) are
shown. Red arrows indicate NALM-6 cells that adhere to the bottom
of the dish. Bars 50 wm. i, j Flow cytometric analysis of NALM-6
cells showing their expression of integrin a4 (i) and integrin B1 (j).
Filled histograms indicate control staining. k Time course study of
SPARC mRNA expression in BM-MSCs treated with (closed bars)
or without (open bars) Bor, as assessed by qRT-PCR analysis. The
level of SPARC mRNA is shown relative to that of GAPDH mRNA
in each sample (n = 6 per group). I, m Immunoblot analysis showing
SPARC protein expression in BM-MSCs derived from patients with
BCP-ALL (#P1—#P3) and healthy controls (#C1-#C3). GAPDH was
used as loading control (I). Expression levels of SPARC were meas-
ured using densitometry and normalized against the expression level
of GAPDH (m). Data are shown as mean values + SD in (b, d—f, k).
* P <0.05; **, P <0.01; n.s., not significant
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Fig. 6 Combination treatment with DXR and Bor in BCP-ALL
xenograft mice using NALM-6 cells. a Schema of the preclinical
experiment using BCP-ALL xenograft mice. On day 0, 6-7-week-
old male SCID mice were irradiated with 2 Gy and then injected with
NALM-6 cells (1 x 107 cells). These mice received DXR treatment
and/or Bor treatment on day 28 after NALM-6 cell injection. The sur-
vival of mice was observed each day until day 91 after NALM-6 cell
injection. In some experiments, the mice were sacrificed on day 35 to
harvest BM cells for further analysis. b Survival curves of mice. The
median survival period of mice that were treated with PBS (blue line,

study, we showed that a proteasome inhibitor, Bor, acted
on BM-MSCs to interfere with adhesion of BCP-ALL
cells and contributed to a reduction of leukemia cells in
combination with anti-cancer drugs in vitro and in vivo.
Importantly, combination treatment with Bor and an anti-
cancer drug prolonged the survival of BCP-ALL xeno-
graft mice in a preclinical model. Our study could pro-
vide a rationale for a pharmacological BM-MSC-targeted
strategy to treat patients with BCP-ALL. Of note, Bor is
already clinically available for MM; therefore, early clin-
ical application of Bor for BCP-ALL would be warranted
with minimized safety and toxicity clinical study.

n =5), Bor alone (gray line, n = 6), DXR alone (orange line, n = 6),
and DXR in combination with Bor (yellow line, n = 6) was 35, 39,
47.5, and 57.5 days, respectively. ¢ The proportion of NALM-6 cells
in BM of mice treated with DXR or Bor alone and DXR in combina-
tion with Bor at day 35 after NALM-6 cell injection. d, e The num-
ber of NALM-6 cells at 24 h (n = 5 per group) (d) and 48 h (n = 5
per group) (e) after treatment with DXR with or without Bor in vitro.
Data are mean values + SD in (c—e). *, P < 0.05; **, P < 0.01; n.s.,
not significant

Environment-mediated drug resistance includes cell
adhesion-mediated drug resistance (CAM-DR) that is
attributed to the interaction between adhesion molecules
in tumor cells and their ligands in stromal cells or ECM
proteins [22, 23]. With regard to hematological malignan-
cies, the role of the B1 integrin-fibronectin interaction in
mediating CAM-DR has been extensively studied in MM
and myeloid leukemia [22]. Actually, multiple adhesion
molecules are involved in adhesion of leukemia cells to
BM-MSCs, which evokes multiple intracellular events that
synergistically cooperate to induce chemotherapy resist-
ance in leukemia cells. Notably, the PI3K/Akt pathway
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protects leukemia cells by up-regulating Bcl-2 [24, 25], and
a4p1 integrin (VLA-4)-specific antibodies abrogate PI3K/
Akt/Bcl-2 pathway-mediated resistance to drug-induced
apoptosis in acute myelogenous leukemia cells [25]. Con-
sistent with these findings, we found that NALM-6 cells
that adhered to BM-MSCs (NALM-6/Ad) had pro-survival
characteristics, with increased Bcl-2 expression and Akt
phosphorylation. Furthermore, the populations in the GO
and S/G2/M stages were increased among NALM-6/Ad,
which supports the clinical findings of chemoresistance and
rapid recurrence of BCP-ALL [26].

SPARC belongs to a group of matricellular proteins that
are present in the ECM and have various functions including
regulation of matrix remodeling and growth factor signaling
[27-29]. Our study demonstrated that SPARC serves as an
anti-adhesion molecule to interfere with adhesion of NALM-6
cells to BM-MSCs and fibronectin. The receptor of SPARC
is not known. SPARC has been suggested to interact with 1
integrin [30, 31]. NALM-6 cells express B1 integrin. BM-
MSCs express fibronectin, which is a ligand of 1 integrins
[32]. Thus, up-regulation of SPARC in BM-MSCs by Bor,
as observed in our study, might affect this B1 integrin-ligand
interaction. Clinically, high levels of SPARC expression cor-
relate with metastasis of cancer cells and poor prognosis in
patients with solid tumors such as melanoma [28, 33, 34],
which indicates that the anti-adhesive function of SPARC
mediates the invasion or migration of tumor cells [28].
Although the number of samples examined was limited in our
study, BM-MSCs from patients with BCP-ALL showed lower
protein expression of SPARC than healthy controls. This result
might imply that BCP-ALL cells influence BM-MSCs to sup-
press SPARC expression and thereby promote their survival
through adhesion. The involvement of SPARC in BM-MSCs
in the pathogenesis of BCP-ALL needs to be revealed by the
analysis of more human patient samples and by the investiga-
tion of SPARC expression in BM-MSCs of mice that were
treated with PBS, Bor, DXR, and DXR and Bor.

While the effects of Bor on anti-adhesion molecules
including SPARC have not been investigated, those on adhe-
sion molecules were demonstrated in the previous reports
[35, 36]. In the study of MM, Hideshima et al. reported
that Bor did not show obvious influence on the expressions
of VCAM-1 or ICAM-1 in BM-MSCs and did not inhibit
adhesion of MM cells to BM-MSCs [35]. Circulating levels
of VCAM-1 and ICAM-1 were decreased in the serum of
MM patients after the treatment with Bor and dexametha-
sone [36]. Comprehensive understanding of CAM-DR
mechanisms mediated by various adhesion/anti-adhesion
molecules needs to be warranted to improve outcomes of
intractable hematological diseases including BCP-ALL.

In summary, we demonstrated that BCP-ALL cells were
resistant to anti-cancer drugs when they were adhered to
BM-MSCs and that Bor interfered with the adhesion of
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leukemic cells to BM-MSCs through SPARC up-regula-
tion. Combination treatment with an anti-cancer drug and
Bor effectively prolonged the survival of BCP-ALL model
mice with a reduced population of leukemia cells. Our find-
ings offer a novel strategy for the treatment of patients with
BCP-ALL by targeting BM-MSCs.
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