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Bone marrow (BM) microenvironment (BMME) constitutes the
sanctuary for leukemic cells. In this study, we investigated the
molecular mechanisms for BMME-mediated drug resistance and BM
lodgment in chronicmyelogenous leukemia (CML). Gene-expression
profile as well as signal pathway and protein analyses revealed that
galectin-3 (Gal-3), a member of the β-gal–binding galectin family of
proteins, was specifically induced by coculture with HS-5 cells, a BM
stroma cell-derived cell line, in all five CML cell lines examined. It
was also found that primary CML cells expressed high levels of Gal-3
in BM. Enforced expression of Gal-3 activated Akt and Erk, induced
accumulation ofMcl-1, and promoted in vitro cell proliferation, mul-
tidrug resistance to tyrosine kinase inhibitors for Bcr-Abl and geno-
toxic agents as a result of impaired apoptosis induction, and
chemotactic cell migration to HS-5–derived soluble factors in CML
cell lines independently of Bcr-Abl tyrosine kinase. The conditioned
medium from Gal-3–overexpressing CML cells promoted in vitro cell
proliferation of CML cells and HS-5 cells more than did the condi-
tioned medium from parental cells. Moreover, the in vivo study in
a mice transplantation model showed that Gal-3 overexpression
promoted the long-term BM lodgment of CML cells. These results
demonstrate that leukemia microenvironment-specific Gal-3 ex-
pression supports molecular signaling pathways for disease main-
tenance in BM and resistance to therapy in CML. They also suggest
that Gal-3 may be a candidate therapeutic target to help overcome
BMME-mediated therapeutic resistance.

Philadelphia-positive leukemia | bone marrow niche | chemoresistance |
minimal residual disease

Chronic myelogenous leukemia (CML) is characterized by Bcr-
Abl fusion tyrosine kinase (TK) as a result of the Philadelphia

chromosome (Ph). Major advances in the treatment of CML have
resulted from molecularly targeted therapeutic agents, such as
imatinib mesylate (IM), which is the first-in-class Bcr-Abl TK
inhibitor (TKI) and the more potent second-generation TKIs,
such as nilotinib and dasatinib (Das) (1, 2). However, the com-
plete elimination of CML clones has rarely been achieved by TKIs
because of a variety of cell-intrinsic and cell-extrinsic protective
mechanisms. The former include Bcr-Abl–related mechanisms,
such as point mutations in the Abl kinase domain, and a variety of
molecular abnormalities unrelated to Bcr-Abl (3–9). The latter
include support of the bone marrow (BM) microenvironment
(BMME), the so-called leukemia niche, which consists of soluble
factors and supporting tissues, such as BM stromal cells (BMSCs),
extracellular matrix (ECM), or hypoxia (10–19). Various new
agents have been proposed for overcoming cell-intrinsic mecha-
nisms for drug resistance (20, 21), and the precise molecular
mechanisms for CML cell protection and maintenance by BMME
sanctuary are not yet fully understood.

With the aim of developing new therapeutic strategies to over-
come BMME-mediated protection of CML cells, we investigated
the molecular mechanisms regulated by BMME, e.g., BMSCs and
ECM, which enable leukemic cells to reside in the BM niche. Our
study identified the involvement of galectin-3 (Gal-3), a member of
the β-gal–binding galectin family of proteins, in BMME-mediated
cell proliferation, protection, and BM lodgment. Gal-3 associates
with cell proliferation, migration, adhesion, and apoptosis (22–26),
and moreover is associated with disease progression, metastasis,
and drug resistance in various cancers (27–31), but the role of
Gal-3 in leukemia has remained largely unknown.

Results
Identification of Gal-3 as Candidate Mediator of Leukemia Prolifer-
ation and Drug Resistance Caused by BMME. Leukemic cells are
supported not only by BMSCs (and their secretion) but also by
ECM (13, 32). We first used coculture with HS-5, a BMSC-
derived cell line, to examine whether the acquisition of resistance
to cell death by TKIs or by genotoxic agents is induced in Ph-
positive (Ph+) CML cell lines (MYL, K562, BV173, and KCL22).
HS-5, an immortalized human BMSC-derived cell line, potently
secretes various hematopoietic growth factors (33). The cocul-
ture rendered both MYL cells and K562 cells partly resistant
to TKIs, doxorubicin (DOX), cytarabine (CA), etoposide (i.e.,
VP16), and vincristine (VCR). BV173 cells, which are primarily
resistant to induction of cell death by TKIs, did not become more
resistant to IM and Das as a result of coculture with HS-5, but
they acquired resistance to cell death induced by DOX, CA,
VP16, and VCR. KCL22 also acquired resistance to cell death by
DOX (Fig. S1A). Ph-negative (Ph−) cell lines and Jurkat T (i.e.,
Jurkat) and HL60 cells also acquired resistance to cell death
by DOX by the coculture with HS-5 (Fig. S1B). We next used
microarray-based assays to investigate the changes in gene ex-
pression profiles in MYL cells as a result of coculture with HS-5
and adhesion to fibronectin (FN). In MYL with HS-5 or MYL
with FN, 902 and 910 genes were up-regulated more than 2.0-
fold, respectively, whereas 563 and 550 genes were down-
regulated by less than half of their expression levels, respectively,
in comparison with levels of control (Fig. S1C and Table S1).
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Among the 284 genes commonly up-regulated in MYL with HS-5
and MYL with FN, we focused on Gal-3 as one of the candidate
mediators of BMME-mediated leukemia proliferation/protection
because of its pleiotropic cellular function, the interaction with
cell signaling molecules downstream of Bcr-Abl TK (Fig. S1D),
and the association with progression of various cancers (27–31).
Because the levels of galectin-3 mRNA increased 3.84-fold as
a result of coculture with HS-5, and 2.83-fold as a result of ad-
hesion to FN in MYL cells, it was likely that Gal-3 was induced by
cell adhesion and was further increased by HS-5–derived soluble
factors. The induction of Gal-3 by the coculture with HS-5 was
also confirmed at the protein level not only in MYL cells, but also
in all leukemic cell lines examined regardless of their Ph status,
whereas Gal-3 protein expression was absent or extremely low in
normal liquid culture (Fig. 1A), suggesting that Gal-3 is especially
inducible in the presence of BMME components in leukemic cells.

Gal-3 Is Highly Expressed in Primary Treatment-Naive CML Cells in BM.
We next investigated the expression of Gal-3 in BM-derived
primary leukemic cells from 25 Ph+ leukemias (20 CMLs and
five acute leukemias) and six Ph− patients with acute leukemia.
Of the leukemic cells of 20 patients with CML, those of all but
one Ph+ patient with blast crisis phase leukemia were positive for
Gal-3. Ph+ cells from CML in chronic phase (CP) were espe-
cially highly positive for Gal-3 expression. In contrast, the fre-
quency of Gal-3–positive cells from most patients with acute
leukemia was as low as that of BM hematopoietic cells from
healthy volunteers, regardless of Ph status (Table S2 and Fig.
1B). In normal BM, cells of myeloid/monocytic series, but not of
lymphoid or erythroid series, were positive for Gal-3. These
results suggest that Gal-3 expression in the BM milieu is more
predominant in CML, especially in CML-CP.

Gal-3 Overexpression Promotes Cell Proliferation and Chemotactic
Cell Migration and Confers Drug Resistance to Leukemic Cells in Vitro.
To characterize the role of Gal-3 in CML, we generated Gal-3
stably overexpressing MYL (MYL/G3) and K562 (K562/G3)
subcell lines (Fig. S2). Gal-3 overexpression conferredmoderately
higher in vitro proliferation potency to both cell lines in medium
containing 10%FCS as well as in low-nutrient 1%FCS-containing

medium (Fig. 2A), whereas the growth of cells transfected with the
mock plasmid was not significantly different from that of their
respective parental cells. Both MYL/G3 and K562/G3 were less
sensitive than their respective parental cells to cell death induced
by TKIs as well as by conventional anticancer agents (Fig. 2B and
Fig. S3A). Gal-3–overexpressing Ph− Jurkat/G3 cells were also less
sensitive to conventional anticancer agents (Fig. S3B). This di-
minished sensitivity to cell death caused by chemotherapeutic
agents was caused by a reduction in apoptosis (Fig. 2C). In con-
trast, the drug sensitivity of cells transfectedwith themock plasmid
was not significantly impaired. To confirm that MYL/G3 acquired
a drug-resistant phenotype as result of Gal-3 overexpression, we
examined the effect of an inhibitor for Gal-3, fractionated citrus
pectin powder (FPP) (34), onMYL cells andMYL/G3 cells.MYL
and MYL/G3 showed similar sensitivity to cell death induced by
FPP, whereas the addition of FPP overcame resistance to IM-in-
duced cell death in MYL/G3 cells (Fig. 2D). Furthermore, the
addition of FPP overcame HS-5–induced resistance against IM in
MYL cells (Fig. S3C).We also investigated the role ofGal-3 in cell
migration of leukemic cells by using conditioned medium (CM)
from HS-5 cells (CM/HS-5) as the source of BMSC-derived che-
motactic stimuli. CM/HS-5–stimulated cell migration of MYL
cells and Gal-3 overexpression further promoted chemotactic and
nonchemotactic cell migration in MYL cells (Fig. 2E). These
findings revealed that Gal-3 overexpression promotes cell pro-
liferation, multidrug resistance, and cell migration in CML cells.
We also examined the involvement of extracellular Gal-3 in the

resistance to cell death by chemotherapeutic agents and in the cell
migration ability of leukemic cells. Gal-3 concentrations in CM
fromMYL (CM/MYL), CM from MYL/G3 (CM/MYL/G3), CM
from K562 (CM/K562), and CM from K562/G3 (CM/K562/G3)
were 0.25 ng/mL, 0.77ng/mL, 0.19 ng/mL, and 9.49 ng/mL, re-
spectively. The addition of recombinant human Gal-3 protein
(rhGal-3; ProSci) up to 10.0 ng/mL did not confer CML cell lines
more resistance to IM or DOX (Fig. S4A), and did not promote
cell migration of leukemic cell (Fig. S4B), indicating that in-
tracellular Gal-3 expression is essential for the higher resistance
to apoptosis and the higher cell migration ability of leukemic cells.

CM from Gal-3–Overexpressing CML Cells Contains More Proliferative
Factors for Leukemic Cells and BMSCs. Leukemic cells excrete
growth factors, which stimulate the growth of adjacent leukemic
cells as well as BM supporting cells via autocrine and paracrine
loops, and thereby create a malignant niche (35). To investigate
the involvement of Gal-3 in this scenario, MYL cells or HS-5 cells
were cultured with media containing various ratios of CM/MYL
and CM/MYL/G3 individually. MYL cells and HS-5 cells pro-
liferated more at higher concentrations of CM/MYL/G3 (Fig. 3),
indicating that MYL/G3 cells excrete more growth factors for both
MYL cells themselves and BMSCs. These findings were the same
for K562 and K562/G3 (Fig. S5). In contrast, the addition of
rhGal-3 did not enhance the cell proliferation of MYL or HS-5
cells (Fig. 3 C and D), suggesting that an undefined soluble factor
other than Gal-3 promotes the growth of leukemic cells and HS-5.

Molecular Sequelae Following Gal-3 Overexpression in Leukemic
Cells. Coculture with HS-5 and enforced Gal-3 overexpression
led to the activation of Akt and Erk in MYL and K562 (Fig. 4A).
Moreover, coculture with HS-5 and Gal-3 overexpression resul-
ted in the accumulation of Mcl-1, a member of the antiapoptotic
Bcl-2 family of proteins, in MYL and K562, as well as a slight
increase of BimEL, a proapoptotic BH3-only protein (Fig. 4B).
This accumulation of BimEL may be the result of the accumu-
lation of Mcl-1, which binds to BimEL in cytoplasm (36, 37).
Although recent studies have identified Gal-3 as the substrate of
c-Abl in solid cancers (38, 39), Gal-3 expression was not reduced
by TKI in MYL and MYL/G3 (Fig. 4C), indicating that Gal-3
expression does not depend on Bcr-Abl TK activity in CML cells.

In Vivo Role of Gal-3 in Leukemia. Finally, we examined the in vivo
role of Gal-3 in leukemia by studying a mouse CML model
transplanted with MYL/mock cells (group A) or MYL/G3 cells

Fig. 1. Gal-3 expression in CML cell lines and primary CML cells. (A) In-
duction by coculture with HS-5 in CML cell lines. (B) Immunohistochemical
staining of Gal-3 in patient-derived BM samples. Data are representative of
the results for all patients examined (Table S2). LBC, lymphoid blast crisis;
MBC, myeloid blast crisis.
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(group B). Although transplanted leukemic cells increased in
a similar manner in the peripheral blood (PB) of both groups
during the first 3 wk, the number of PB leukemic cells of group A

mice then gradually decreased, whereas those of group B mice
were preserved until death (Fig. 5A). The survival period of group
A was significantly shorter than that of group B (P = 0.025; Fig.

Fig. 2. Effects of Gal-3 overexpression on leukemic cell lines. (A) Cell proliferation potency. Solid lines represent parental cells and dotted lines represent Gal-
3–overexpressing cells. (B) Cell-killing effects of TKIs and genotoxic agents. The x axis shows the drug concentration and the y axis shows survival cell ratio
relative to untreated cells after 48 h treatment. Solid lines represent parental cells and dotted lines represent Gal-3–overexpressing cells. (C) Apoptosis in-
duction determined by DNA content analyses. MYL and MYL/G3 cells were treated for 48 h with the agents indicated. The proportions of subG1 fractions (M1)
were assumed to be cells undergoing apoptosis. (D) Gal-3 inhibitor overcomes Gal-3–induced resistance to cell death by IM in MYL cells. Cells were treated
with IM and/or FPP for 48 h. N.S., not statistically significant. (E) The effect of Gal-3 on chemotactic cell migration. The number of migrated cells in MYL after
3 h incubation was assumed to be 1.0. Asterisks indicate statistically significant differences (P < 0.05). F, serum-free medium; HS-5/CM, CM of HS-5 cells; F→HS-
5/CM, upper chamber supplemented with serum-free medium and lower chamber filled with HS-5/CM. Bars indicate SD.
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5B); namely, all mice of group A died by day 48, whereas only one
of seven mice in group B died during the observation period.
Surprisingly, the sites of disease involvement at the mice’s death
showed major differences between the two groups. Most mice
from group A showed extensive extramedullary involvement, such
as intraabdominal, mediastinal, and/or s.c. tumors isolated from

BM, whereas only one of seven mice showed BM involvement at
their time of death. In contrast, all mice in group B showed BM
involvement, and sometimes outgrew BM, but none exhibited
tumors isolated from BM (Fig. 5 C and D, Table 1, and Fig. S6).
These findings suggest that Gal-3 overexpression facilitates BM
homing and lodgment of CML cells. We also speculate that the
reason for the shorter survival of group A mice is that the tumors
expanded much faster when leukemic cells had advanced outside
the BM, and that this may have had a significantly more delete-
rious effect on mice in group A than on mice in group B.

Discussion
The present study demonstrates that Gal-3 was specifically in-
duced when leukemic cells were cultured with BMSCs in vitro,
and that Gal-3 is predominantly expressed in CML cells, but not
in acute leukemias. These findings prompted us to further in-
vestigate BMME-specific roles of Gal-3 in CML. As the results,
enforced Gal-3 overexpression caused at least partial resistance
to apoptotic induction by TKIs and genotoxic agents. As the
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Fig. 5. In vivo role of Gal-3. (A) Percentages of transplanted leukemic cells in
peripheral leukocytes of mice transplanted with MYL/mock cells (group A;
solid line) and mice transplanted with MYL/G3 cells (group B; dotted line). The
x axis shows days after transplantation and the y axis shows means ± SD of
percentages of peripheral leukemic cells. Triangles indicate points of mouse
deaths. (B) Overall survival periods of group A (solid line) and group B (dotted
line). (C and D) Macroscopic and microscopic findings of mice transplanted
with MYL/mock cells (C) or MYL/G3 cells (D). Data shown are representative of
all mice examined (Table 1). In mice transplanted with MYL/mock cells, ex-
tensive extramedullary tumors (arrows) with Ph+ Gal-3–negative leukemic cells
[detected by tissue double color (TDC)-FISH and immunohistochemistry (IHC)]
were identified in all mice (C). In contrast, none of the mice transplanted with
MYL/G3 showed extramedullary involvement, whereas BM was at least partly
replaced by Ph+ leukemic cells expressing high level of Gal-3, which were also
positive for human CD45 and Ki67 antigens (D). Direct invasion of leukemic
cells outside BM was sometimes observed. HE, H&E staining.
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levels of drug resistance in Gal-3 gene transferred leukemic cells
were similar to those in parental leukemic cell lines cocultured
with HS-5, the inducibility of Gal-3 may at least partly explain the
underlying molecular mechanisms of BMME-mediated drug re-
sistance. As the molecular sequelae of Gal-3 overexpression, Erk
and Akt, which are the essential downstream signaling molecules
of Bcr-Abl (40), are activated in CML cells in a Bcr-Abl–inde-
pendent manner. Simultaneously, Mcl-1 increased as the result of
Gal-3 overexpression in CML cells. These results were consistent
with those of previous studies showing that BMSC support acti-
vates Erk and Akt and increases Mcl-1 (41, 42), and the present
study suggested Gal-3 as one of the positive mediators for these
processes. Moreover, it has been reported that Gal-3 has an
NWGRmotif seen in the BH1 domain of Bcl-2 and may promote
cell survival by interacting with Bcl-2 (27, 43). Bcl-2 family pro-
teins have been shown to directly regulate cellular fate in the
context of Bcr-Abl TK signaling, and Bim is essential for apo-
ptosis by means of the blockade of Bcr-Abl TK signaling (36, 44–
46). Because Mcl-1 protects mitochondrial integrity by binding to
and keeping BimEL in check, and also inactivates other BH3-only
proteins essential for genotoxic damage-induced apoptosis (47),
Mcl-1 overexpression induced by Gal-3 may constitute one of the
mechanisms for drug resistance of CML cells in BMME. Because
Gal-3 expression induced by the BMmilieu was not influenced by
Bcr-Abl TK activity, Gal-3 induced by BM milieu stimuli may
further augment the signaling for leukemia progression in com-
bination with Bcr-Abl TK signaling, and also may maintain
downstream pathways active even during treatment with TKIs.
In addition, the present study suggested the model that Gal-3

overexpression in CML cells exerts cell-extrinsic growth-promoting
effects on CML cells as well as BMSCs, thereby accelerating the
positive feedback mechanisms for leukemia proliferation and
maintenance in the BM milieu in CML (Fig. S7), and promotes
BM lodgment of CML cells in vivo. Although a number of studies
have aimed to establish CML animal models by using xenograft
models with human leukemic cells or transgene of bcr-abl into
murine hematopoietic cells, most models have failed to recapit-
ulate human CML-CP, which is clinically silent with persistent
leukemic cell proliferation in BMand PB. Like themice in groupA
in the present experiments, the survival periods of most previous
CML models are frequently short as a result of progressive extra-
medullary involvements with or without BM leukemic lesion (48–
51). The underlying molecular mechanism for this difference has
remained unverified so far, but BMME-specific induction of Gal-3
expression in leukemic cells may be a clue to help solve this un-
covered question. Also, soluble factors excreted by Gal-3–over-

expressing CML cells, which promote this positive feedback
machinery, are currently under investigation.
With respect to therapeutic applications, Gal-3 overexpression

is expected to contribute to the generation of minimal residual
disease as a result of the simultaneous promotion of BM lodg-
ment and drug resistance, which makes the association between
the expression levels of Gal-3 and the degree of response to TKIs
a matter of considerable interest. However, because most patients
with CML-CP with high levels of Gal-3 showed optimal response
to TKIs (52), we underwrite the hypothesis that Gal-3 is a possi-
ble universal target in most patients with CML-CP, but is not
a specific target in poor responders to TKIs. On the contrary,
Gal-3 expression in leukemic cells in the advanced phase of CML
and Ph+ acute lymphoblastic leukemia is less than that of CML-
CP; in addition, its expression does not differ significantly at onset
and at relapse (Table S3). It is therefore important to verify that
the loss of Gal-3 expression is mechanistically involved in disease
stage progression and systemic organ dissemination in CML.
In conclusion, the present study disclosed that BMME-

induced Gal-3 in CML cells may play an important role in drug
resistance and leukemia lodgment in the BM milieu. Molecular-
targeted agents against Gal-3, such as GCS-100, actually cause
a decrease in Mcl-1 (53). The combined use of such compounds
and TKIs is expected to be valuable for overcoming BMME-
mediated protection of CML cells.

Materials and Methods
Cell Lines and Generation of Gal-3–Overexpressing Leukemic Cell Sublines.
K562, BV173, KBM5 (American Type Culture Collection), MYL (54), and
KCL22 (55) cell liens were established from Ph+ patients with CML. Jurkat T is
a human T-cell lymphoblast-like cell line, and HL60 (American Type Culture
Collection) was established from cases of acute myelogenous leukemia; both
are Ph−. Gal-3–overexpressing subcell lines of MYL, K562, and Jurkat cells
were generated by means of transfection of pEF1Galec3.neo plasmid (gift
from Fu-Tong Liu, University of California, Davis, CA) (56). MYL and K562
cells were also transfected with a mock pEF1 plasmid empty vector as con-
trol, and were designated as MYL/mock and K562/mock, respectively. Fol-
lowing coculture assays, leukemic cells were positively isolated from HS-5
cells by using CD45 Microbeads and MiniMacs Separator (Miltenyi Biotec).

Microarray Analysis and Signal Pathway Analysis. MYL cells were cultured in
normal medium on a noncoated plate as control, on a FN-coated plate, or on
a plate preseeded with HS-5 for 48 h. Total RNA was isolated, and gene
expression was analyzed with Affymetrix Gene Chip arrays and GeneChip
Scanner 3000 (Affymetrix). Array data analysis was carried out with Affy-
metrix GeneChip operating software, version 1.0., and genes showing at least

Table 1. Date of mice used in the present study

Organ involvement at death

Max. leukemic
cells in PB BM invasion Extramedullary tumor

Mouse no. Survival, d % Day Femoral Vertebral Expansion from BM Isolated from BM Cause of death

MYL 1 31 36.8 14 — — — Mediastinum D
MYL 2 35 40.0 18 — — — Abdominal cavity D
MYL 3 38 53.6 18 — — Lower jaw s.c. Tissue abdominal cavity D
MYL 4 42 52.9 21 — — — Abdominal cavity axillary LN D
MYL 5 45 38.0 28 — — — Abdominal cavity s.c. tissue D
MYL 6 48 42.6 18 + + — s.c. Tissue abdominal cavity D
MYL 7 48 42.0 21 — — — s.c. Tissue abdominal cavity,

soft tissue around the testis
D

MYL/G3 1 57 73.3 14 + + Sacrum — B
MYL/G3 2 80 57.7 71 + + Sacrum — E
MYL/G3 3 80 50.0 48 + + — — E
MYL/G3 4 80 54.0 71 + + Sacrum — E
MYL/G3 5 80 48.0 18 + + Sacrum, right femur — E
MYL/G3 6 80 48.0 68 + + — — E
MYL/G3 7 80 57.14 24 + + — — E

B, Loss of >10% body wight; D, deterioration caused by tumor; E, euthanasia; LN, lymph node; Max.: maximum.
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a 2.0-fold difference in expression levels from control were considered to be
positive. For signal pathway analysis, data were also analyzed with the In-
genuity pathway analysis software (Ingenuity Systems).

Mouse Xenografte Model for CML. Approval was obtained from the in-
stitutional review board at Kyoto University Hospital for a study using mice.
Fourteen male NOD/SCID mice at 6 wk of age were sublethally irradiated
(2 Gy), and 1.0 × 106 MYL/mock cells (group A) or 1.0 × 106 MYL/G3 cells
(group B) were transplanted i.v. via their tail veins into seven mice each.
Body weight and the percentage of leukemic cells in PB were monitored at
least twice per week until day 80. For survival analysis, death was de-
termined by spontaneous death or elective killing as a result of pain, the loss
of more than 10% of maximum body weight of the individual mouse, or

suffering or dying according to established criteria. All survived mice were
subjected to euthanasia on day 80. We performed a macroscopic as well as
microscopic analysis of BM of femoral bone and vertebra, and also of the
tumors in each mouse at death. Tissue dual-color FISH was performed as
previously described (57). The data shown are representative of three in-
dependent experiments.
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