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We aimed to investigate whether a combination of resistance to arsenic trioxide (As2O3) and the phospho-
inositide 3-kinase (PI3K)/Akt signaling pathway inhibitor LY294002 can inhibit the proliferation of AML cells
in the bone marrow microenvironment. Three AML cell lines were grown with HS-5 human bone marrow
stromal cells in adherent co-cultures. The inhibitory effects of As2O3 alone or in combination with LY294002
on the proliferation of these co-cultured AML cells were observed. The PI3K/Akt signaling pathway was
detected by Western Blot in co-cultured AML cells cultured alone or treated with As2O3 alone or in com-
bination with LY294002. Our results demonstrate that AML cells adhered to stroma exhibited significantly
reduced sensitivity to As2O3. The resistance can be partially abolished by inhibiting the PI3K/Akt pathway.
The administration of As2O3 in combination with a PI3K/Akt signaling pathway inhibitor may be expected
to become a new approach to the treatment of AML.

1. Introduction

Arsenic trioxide (As2O3) is the main component of arsenical
traditional Chinese medicines; during the past three decades,
this medicine has been widely used for the treatment of hemato-
logic malignancies, particularly acute promyelocytic leukemia
(Soignet et al. 2001; Carmosino et al. 2004; Leoni et al. 2002).
Guo et al. (2010), who co-cultured cells from the K562 chronic
myeloid leukemia (CML) cell line with cells from the HS-5
human bone marrow stromal cell line to simulate the growth and
maintenance of CML cells in the bone marrow microenviron-
ment, found that As2O3 produced the same rates of proliferation
inhibition in K562 cells cultured alone and K562 cells co-
cultured with HS-5 cells. This result suggested that As2O3 may
inhibit the proliferation of leukemia cells supported by the bone
marrow microenvironment. However, in an earlier study we
demonstrated that the As2O3 sensitivity of cells from the NB4
acute promyelocytic leukemia (APL) cell line was significantly
reduced by co-culturing with HS-5 bone marrow stromal cells
(Chen et al. 2014). No prior reports have addressed whether this
stromal cell-induced resistance to As2O3 exists in other acute
myeloid leukemia (AML) cell lines or which mechanisms are
involved in this resistance.
The phosphoinositide 3-kinase (PI3K)/Akt signaling pathway
is an important intracellular signaling pathway. In cells, this
pathway plays vital roles in inhibiting apoptosis and promot-
ing proliferation. The abnormal activation of this pathway can
be detected in many hematologic malignant cells (Osaki et al.
2004; Xu et al. 2003; Kubota et al. 2004). In addition, research
has confirmed that the activation of this pathway is involved
in the processes associated with As2O3 resistance in the HL60

and U937 AML cell lines (Chen et al. 2006). Previous studies
have reported that treatment with a combination of the PI3K/Akt
signaling pathway-specific inhibitor LY294002 and As2O3 may
enhance the inhibitory effects of As2O3 on the proliferation of
primary APL cells (West et al. 2004), HL60AR cells (HL60 cells
with persistent activation of the PI3K/Akt signaling pathway),
U937 cells, K562 cells (Tabellini et al. 2005), and cells from
T-cell lymphoblastic leukemia (Ramos et al. 2005). To date,
no reports have addressed whether a combination of LY294002
and As2O3 can synergistically inhibit cells from AML cell lines
that have been co-cultured with HS-5 cells. Thus, in this study,
cells from the NB4, HL-60, and U937 AML cell lines were
co-cultured with stromal cells, and the cytotoxic effects of a
combination of As2O3 and LY294002 on these co-cultured AML
cells were investigated.

2. Investigation and results

2.1. For AML cells, adhesion inhibited proliferation and
increased the proportion of cells in the G0/G1
growth phases

After adherent co-culture with HS-5 cells for 24 h, AML cells
adherent to stromal cells were collected and sorted. BrdU
assays revealed that after co-culture, the proliferation of NB4,
HL-60, and U937 cells was inhibited. Specifically, as shown
in Fig. 1A, the proliferative capacities of suspension cultures
of NB4, HL-60, and U937 cells co-cultured with HS-5 cells
were 73.23 ± 4.14 % (P < 0.05), 78.02 ± 3.72 % (P = 0.05),
and 74.81 ± 5.15 % (P < 0.05), respectively, of the prolifera-
tive capacities of the corresponding monocultured cells. The
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Fig. 1: Proliferation inhibition and cell cycle arrest in AML cells co-cultured with HS-5 bone marrow stromal cells. Suspension cultures of AML cells grown alone or in adherent
co-culture with HS-5 cells for 24 h were assessed. A: BrdU assays were used to detect cell proliferation. Inhibition rates were defined as follows: inhibition rate (%) =
(the OD value for the monocultured suspension culture group–the OD value for the co-cultured group)/the OD value for the monocultured suspension culture
group × 100 %. The experiment was repeated three times, and the results were expressed as means ± standard deviation (X ± SD). B: Flow cytometry was used to detect
cell cycle distributions. These experiments were repeated three times, and the results were expressed as X ± SD. *: P < 0.05.

proportion of cells in the G0/G1 growth phases was elevated
for co-cultured AML cells relative to monocultured AML cells.
Specifically, the proportions for monocultured cells vs. co-
cultured cells were 35.55 ± 1.25 % vs. 46.5 ± 3.18 % for NB4
cells, 34.76 ± 3.38 % vs. 47.2 ± 2.1 % for HL-60 cells, and
40.3 ± 2.7 % vs. 51.1 ± 2.35 % for U937 cells (Fig. 1B).

2.2. Adhesion caused AML cells to become resistant to
As2O3, whereas LY294002 and As2O3 may synergistically
kill AML cells co-cultured with HS-5 cells

The proliferation-inhibiting effects of As2O3 were significantly
reduced in AML cells co-cultured with HS-5 cells (Fig. 2A).
In particular, the inhibition rates for co-cultured vs. monocul-
tured cells were 15.86 ± 3.01 % vs. 62.92 ± 2.74 % for NB4
cells, 14.96 ± 1.40 % vs. 48.54 ± 4.54 %, for HL-60 cells, and
19.19 ± 2.39 % vs. 52.53 ± 2.99 % for U937 cells, with P < 0.01
for each group. Moreover, the induction of apoptosis by As2O3

was significantly decreased in co-cultured AML cells relative to
monocultured AML cells (Fig. 2B). Specifically, the apoptosis
rates for co-cultured vs. monocultured cells were 13.6 ± 0.85 %
vs. 23.4 ± 2.3 % for NB4 cells, 9.83 ± 1.99 % vs. 17.97 ± 1.58 %
for HL-60 cells, and 7.27 ± 1.77 % vs. 17.97 ± 2.05 % for
U937 cells, with P < 0.05 for each group. The Q values for the
cell proliferation inhibition rate of a combination of LY294002
and As2O3 were > 1.15 for all three examined AML cell lines,

indicating that these two drugs synergistically inhibited the
proliferation of AML cells; in addition, apoptosis rates were
significantly elevated among cells treated with both drugs.

2.3. LY294002-induced inhibition of the PI3K/Akt
signaling pathway in suspension cultures of
monocultured AML cells

When suspension cultures of monocultured AML cells were
treated with 10 �M of LY294002 for 2 h, the protein expression
levels of p-AktSer473, p-AktThr308, and p-PDK1 were significantly
reduced. Therefore, in subsequent analyses of the combined
effects of LY294002 and As2O3, 2 h of LY294002 treatment
was followed by treatment with As2O3. As the LY294002 treat-
ment duration extended from 2 to 12 h, the down-regulation of
p-AktSer473, p-AktThr308, and p-PDK1 protein expression and the
upregulation of p-PTEN protein expression became increasingly
apparent (Fig. 3).

2.4. Adhesion can activate the PI3K/Akt signaling
pathway in AML cells, and LY294002 in combination with
As2O3 can significantly inhibit this signaling pathway

After adherent co-culture with HS-5 cells for 24 h, the three
examined AML cell lines exhibited up-regulated expression of
the signaling molecules p-AktSer473, p-AktThr308, and p-PDK1 in
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Fig. 2: A/2B: LY294002 and As2O3 can synergistically kill co-cultured AML cells.
Suspension cultures of 1 × 105 NB4 cells/ml, 3 × 105 HL60 cells/ml, or
2 × 105 U937 cells/ml from monocultured AML cells or AML cells grown in
adherent co-culture with HS-5 cells for 24 h were assessed. Treatment groups
included the As2O3 treatment group (1 �M As2O3 for NB4 cells; 2 �M
As2O3 for HL60 cells; and 4 �M As2O3 for U937 cells) and the LY + As2O3
treatment group (4 h of LY294002 treatment combined with incubation with
As2O3 for 72 h). A: The detection of cell proliferation using a BrdU assay. B:
Cell cycle analysis by flow cytometry.

the PI3K/Akt pathway but down-regulated protein expression
of p-PTEN. These findings indicated that adherent co-culture
with HS-5 cells can activate the PI3K/Akt signaling pathway
in AML cells; after LY294002 treatment, the activation of this
signaling pathway was inhibited in co-cultured AML cells. In
addition, the PI3K/Akt signaling pathway in AML cells was
further suppressed by the synergistic effects of LY294002 and
As2O3 (Fig. 4).

3. Discussion

The relapse of AML is a major problem that negatively impacts
long-term disease-free survival among AML patients (Huntly
et al. 2005; Chan et al. 2008; Taussig et al. 2010). Recent
studies have suggested that the root cause of relapse is the pres-
ence of residual leukemia cells with multidrug resistance in the
bone marrow microenvironment (Macanas-Pirard et al. 2012;
Katsumi et al. 2011; Krause et al. 2013; Becker et al. 2009).
The bone marrow microenvironment, which consists of stromal
cells, adhesion molecules, and cytokines, may provide substan-
tial signaling support for normal hematopoiesis (Nemeth et al.
2009, 2010; Goldman et al. 2009). However, it has also been
demonstrated that this microenvironment provides substantial
signaling support for the growth and maintenance of leukemia
cells; these effects decrease the sensitivity of AML cells to con-
ventional chemotherapy drugs, allowing these cells to escape
the cytotoxic effects of these drugs and eventually cause relapse
of AML (Zeng et al. 2009; Parmar et al. 2011; Konopleva et al.
2002). Therefore, the question of how to improve the sensitiv-
ity of AML cells to chemotherapy in this microenvironment and

A
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Fig. 3: A-C: Changes in important molecules in the intracellular PI3K/Akt signaling
pathway of AML cells at different times after LY294002 treatment. After
separate suspension cultures of 1 × 105 NB4 cells/ml (A), 3 × 105 HL-60
cells/ml (B), and 2 × 105 U937 cells/ml (C) were treated with LY294002
(10 �M of LY294002 for NB4 and HL60 cells; 20 �M of LY294002 for
U937 cells) for 2-24 h, western blotting was used to detect the protein levels
of various important molecules. The quantity of protein loaded into each well
was 40 �g; CON indicates the results from a sample that was not treated with
LY294002.

reverse the multi-drug resistance of these cells has become a fre-
quently addressed topic in research examining AML treatment.
In this study, AML cells were grown by adherent co-culture
with cells from the HS-5 line of bone marrow stromal cells.
The study results demonstrated that after co-culture, AML cells
inhibited proliferation and exhibited arrest in the G0/G1 phases.
Moreover, the co-cultured AML cells were resistant to As2O3,
and the proliferation-inhibiting and apoptosis-inducing effects
of As2O3 were weakened. Subsequently, the intracellular mech-
anisms underlying the As2O3 resistance of AML cells after
co-culture were explored.
In vivo, the PI3K/Akt signaling pathway is an important path-
way involved in cell proliferation, differentiation, and apoptosis.
A major mechanism by which intracellular signal transmission
occurs in this pathway is PI3K activation, which produces the
second messenger phosphatidylinositol (3,4,5)-trisphosphate
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Fig. 4: Changes in important molecules in the intracellular PI3K/Akt signaling
pathway of AML cells after different treatments. The following treatment
groups were established for each type of AML cell: a separate suspension
culture group; a group in which AML cells were subjected to adherent
co-culture with HS-5 cells; a group in which AML cells were co-cultured
with HS-5 cells followed by 12 h of LY294002 treatment (with 10 �M of
LY294002 for NB4 and HL-60 cells and 20 �M of LY294002 for U937
cells); and a group in which AML cells were co-cultured with HS-5 cells and
then treated for 2 h with LY294002 and for 12 h with a combination of
LY294002 and As2O3 (with 1 �M, 2 �M, and 4 �M of As2O3 used to treat
NB4 cells, HL-60 cells, and U937 cells, respectively). Cell densities were
1 × 105/ml for NB4 cells, 3 × 105/ml for HL-60 cells, and 2 × 105/ml for
U937 cells. The quantity of protein loaded into each well was 40 �g, and
western blotting was used to detect the.

(PIP3) at the plasma membrane. PIP3 then combines with
the intracellular signaling proteins Akt and 3-phosphoinositide-
dependent kinase-1 (PDK1), leading to the phosphorylation and
activation of threonine-308 (Thr308) and serine-473 (Ser473)
of Akt, which cause the activation or inhibition of numerous
downstream target molecules. The abnormal activation of Akt,
particularly if this activation is sustained, can cause various
proteins, such as Bad and caspase-9, to be phosphorylated and
consequently to loose activity; these effects block apoptosis via
the mitochondrial pathway and promote the continued survival
and proliferation of malignant clones (Kubota et al. 2004). The
activation of the PI3K/Akt signaling pathway may be involved
in the resistance of leukemia cells to many chemotherapeutic
drugs (Martelli et al. 2006; Bortul et al. 2005; Longo et al.
2008; Tazzari et al. 2007), including As2O3 (Tabellini et al.

2005). Administering LY294002 or wortmannin, which inhibits
this pathway, in combination with As2O3 can enhance the
proliferation-inhibiting effects of As2O3 on suspension cultures
of monocultured leukemia cells (West et al. 2002; Tabellini et al.
2005; Ramos et al. 2005). However, no studies have addressed
whether a combination of As2O3 and a PI3K/Akt pathway
inhibitor can synergistically kill AML cells grown by adherent
co-culture with stromal cells. The results of this study indicated
that adherent growth on the surface of HS-5 cells can acti-
vate the PI3K/Akt signaling pathway in AML cells. LY294002,
which specifically inhibits the PI3K/Akt signaling pathway, may
compete with ATP for binding sites on PI3K, thereby sup-
pressing AKT activation and blocking signal transduction. This
study’s results indicated that 2 h of LY294002 treatment could
significantly inhibit the PI3K/Akt signaling pathway in AML
cells; thus, for experiments investigating the combined effects
of LY294002 and As2O3, cells were treated with LY294002
for 4 h before As2O3 was added. Our results provide the first
report indicating that the combined effects of LY294002 and
As2O3 can synergistically inhibit AML cells co-cultured with
HS-5 cells. Moreover, the extent to which the PI3K/Akt sig-
naling pathway was inhibited in AML cells was significantly
stronger among cells treated with both LY294002 and As2O3

than among cells treated with LY294002 alone. Notably, in this
study, we attempted to increase the dose of LY294002 enough
that the cytotoxic effects of the LY294002/As2O3 combina-
tion on co-cultured AML cells achieved the cytotoxic effects
of As2O3 alone on suspension cultures of monocultured AML
cells; however, the results of these experiments demonstrated
that regardless of the LY294002 dose, the cytotoxic effects
of the two-drug combination on co-cultured AML cells never
achieved the cytotoxic effects of As2O3 alone on suspension
cultures of monocultured AML cells. From another perspective,
these results illustrated the multifaceted nature of signaling sup-
port for leukemia cells in a hematopoietic microenvironment; in
particular, the blocking of a single pathway cannot completely
remove residual leukemia cells in the bone marrow microenvi-
ronment, and therefore, the administration of a combination of
pathway blockers and drugs may provide advantages relative to
the administration of a single pathway blocker.
An extremely interesting finding from this study is that although
AML cells co-cultured with bone marrow stromal cells exhib-
ited arrest in the G0/G1 phases, many important proliferation
signal transduction pathways are abnormally activated in these
cells. These abnormally activated pathways include the Notch
signaling pathway, as described in a prior report by our research
group (Huang et al. 2012), and the PI3K/Akt signaling pathway,
as indicated in this study. This phenomenon suggested that the
arrest of co-cultured AML cells in the G0/G1 phases may be
an effective measure by which bone marrow stromal cells pro-
tect AML cells. Specifically, this arrest causes reduced DNA
synthesis in AML cells, inducing a status similar to a “dormant”
state in which cellular energy consumption is decreased. In addi-
tion, important proliferative signal transduction pathways are
activated in co-cultured AML cells, and the expression of adhe-
sion molecules is up-regulated (Chen et al. 2013; Tabe et al.
2007; Funayama et al. 2010). Therefore, the effects produced
by stromal cells may strengthen the proliferation and invasion
capacities of AML cells that eventually leave the bone marrow
microenvironment.

4. Experimental

4.1. Cell culture

NB4 cells were kindly provided by the Shanghai Institute of Hematology.
U937 and HL-60 cells were purchased from Cell Bank of Chinese Aca-
demic of Science (Shanghai, China). HS-5 cells that did not express CD45

Pharmazie 70 (2015) 325



ORIGINAL ARTICLES

(cluster of differentiation 45), as demonstrated by flow cytometry, were
purchased from the Biomedicine and Health of the Chinese Academy of
Sciences (Guangzhou, China). The following cell culture conditions were
utilized: cells were cultured in a humidified incubator at 37 ◦C and 5 % CO2
in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco BRL,
U.S.A) containing 10 % fetal bovine serum (FBS; Gibco BRL, U.S.A) and
conventional doses of penicillin and streptomycin (Sigma,U.S.A). Cells in
the logarithmic growth phase with cell viability > 95 % (as determined by
trypan blue staining) were used for the experiments in this study.

4.2. Establishment of the co-culture system and magnetically
activated cell sorting

HS-5 cells at a density of 5 × 104 cells/well were seeded into 12-well plates
and cultured overnight to allow the cells to become adherent. Cells from an
AML cell line (NB4, U937, or HL-60 cells) were seeded into these plates
at a 1:1 ratio between AML cells and HS-5 cells, and the two types of cells
were co-cultured for 72 h. Cells from each plate were separately collected
and used to prepare single-cell suspensions with a nylon mesh (400 microns,
BD). CD45 magnetic beads (Miltenyi, Germany) were utilized to sort AML
cells in the cell suspensions; flow cytometry-based identification revealed
that this process produced sorting purities > 95 %.

4.3. Reagents

As2O3 (Harbin Yida Pharmaceutical, Heilongjiang, China) was diluted with
sterile phosphate-buffered saline (PBS) to a concentration of 8 mM and
stored at − 80 ◦C. The PI3K/Akt signaling pathway inhibitor LY294002 was
purchased from CST (Cell Signaling Tech, U.S.A), dissolved in dimethyl
sulfoxide (DMSO) (Sigma, U.S.A) to a concentration of 10 mM, stored
at − 20 ◦C, and diluted in RPMI 1640 medium to a working concentration
immediately prior to use.

4.4. Cell cycle analyses

Approximately 1 × 105 AML cells were collected. These cells were then
washed 2 times with pre-cooled PBS; they were centrifuged, and the super-
natant was discarded after each wash. Subsequently, 0.5 ml of PBS was
added, and cells were fixed overnight in 2 ml of 75 % ethanol. The collected
cells were then washed with PBS and centrifuged at 1000 × g for 5 min.
The cells were resuspended in 0.5 ml of PBS, and propidium iodide (PI)
and RNase were added to a final concentration of 50 �g/ml. The cells were
incubated at 37 ◦C for 30 min, and modfit software was used with a Coulter
Epics XL flow cytometer to analyze the cell cycle distributions in each group
of cells.

4.5. Cell proliferation tests

AML cells were seeded into 96-well plates at a density of 5 × 103 cells/well,
and cell proliferation assays using 5-bromo-2’-deoxyuridine (BrdU) (Roche,
Shanghai) were performed in accordance with the manufacturer’s instruc-
tions. A total of 3 parallel wells were established for each group. Inhibition
rates were calculated using the following equation: inhibition rate (%) = (the
optical density (OD) value of the untreated group–the OD value of the experi-
mental group)/the OD value of the untreated group × 100 %. The experiment
was repeated three times, and the experimental results were expressed as
means ± standard deviation (X ± SD). When the two drugs LY294002 and
As2O3 were used in combination, the Kim formula was used to calculate Q
values to assess the combined effects of the drugs. Specifically, the equa-
tion used for these calculations was Q = E(ab)/(Ea + Eb-Ea × Eb), where
Ea and Eb represent the inhibition rate of each drug when administered
alone, and E(ab) is the inhibition rate when the two drugs are used in com-
bination. Q > 1.15 indicates synergistic effects, 0.85 ≤ Q ≤ 1.15 indicates
additive effects, and Q < 0.85 indicates antagonistic effects.

4.6. Apoptosis detection

Apoptosis was detected by flow cytometry with Annexin V-fluorescein isoth-
iocyanate (FITC)/PI double staining. Apoptosis assays were conducted in
accordance with the instructions provided with the apoptosis detection kit
(Roche, Shanghai), and detection was performed using a flow cytometer
(BD, U.S.A).

4.7. Western blot analyses

A total of 2 × 106 AML cells were collected, and protein was extracted from
these cells using specific steps described in previously published literature.
Monoclonal anti-�-actin was obtained from Santa Cruz. Anti-Akt, anti-p-
AktSer473, anti-p-AktThr308, anti-p-PDK1 (pyruvate dehydrogenase kinase,
isozyme 1), anti-p-PTEN (phosphatase and tensin homolog), anti-PTEN

monoclonal antibody, horseradish peroxidase-labeled anti-mouse secondary
antibody, and anti-rabbit secondary antibody were purchased from CST.

4.8. Statistical analysis

The experimental data were expressed as x̄ ± s. The SPSS 17.0 statistical
software was used to perform univariate analyses of variance and signif-
icance tests. Differences with P < 0.05 were considered to be statistically
significant.
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