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Abstract. The effects of arsenic trioxide (ATO), all-trans reti-
noic acid (ATRA) and granulocyte colony-stimulating factor 
(G-CSF), alone or in combination, were investigated by focusing 
on differentiation, growth inhibition and arsenic uptake in the 
acute promyelocytic leukemia (APL) cell line HT93A. ATO 
induced differentiation at low concentrations (0.125 µM) and 
apoptosis at high concentrations (1-2 µM). Furthermore, ATRA 
induced greater differentiation than ATO. No synergistic effect of 
ATRA and ATO was found on differentiation. G-CSF promoted 
differentiation-inducing activities of both ATO and ATRA. The 
combination of ATRA and G-CSF showed maximum differen-
tiation and ATO addition was not beneficial. Addition of 1 µM 
ATRA and/or 50 ng/ml G-CSF to ATO did not affect apoptosis 
compared to ATO treatment alone. ATRA induced expression of 
aquaporin-9 (AQP9), a transmembrane transporter recognized 
as a major pathway of arsenic uptake, in a time- and dose-depen-
dent manner. However, treatment with 1 µM ATRA decreased 
arsenic uptake by 43.7% compared to control subject. Although 
G-CSF addition did not enhance AQP9 expression in the cells, 
the reduced arsenic uptake was recovered to the same level as 
that in controls. ATRA decreased cell viability and addition of 
50 ng/ml G-CSF to ATRA significantly increased the number 

of viable cells compared with that in ATRA alone treated cells. 
G-CSF not only promotes differentiation-inducing activities of 
both ATRA and ATO, but also makes APL cells vulnerable 
to increased arsenic uptake. These observations provide new 
insights into combination therapy using these three agents for 
the treatment of APL.

Introduction

Acute promyelocytic leukemia (APL) is characterized by a 
balanced reciprocal translocation between chromosome 15 
and 17, resulting in the fusion of the promyelocytic leukemia 
(PML) and retinoic acid receptor genes (1-3). All-trans retinoic 
acid (ATRA) has become the first-line treatment for patients 
with APL due to its high clinical complete remission rate (4,5). 
For patients with relapsed or refractory APL who are resistant 
to the conventional treatment protocols, a new arsenic-based 
therapy has been established. Previous clinical studies demon-
strated that 90% of relapsed patients achieved remission by 
treatment with arsenic trioxide (ATO) (6,7).

NB4, the first APL cell line with t(15;17), was established 
from marrow samples obtained from a patient with APL 
receiving retinoic acid (8). NB4 has been widely used to 
investigate the cellular and molecular mechanisms of ATRA 
and ATO (9-14). Cell biology studies using NB4 and APL 
blasts obtained from patients have revealed that ATO exerts 
dose-dependent dual effects on APL  cells. Apoptosis is 
induced when cells are treated with 1.0-2.0 µM ATO, while 
partial differentiation is observed when low concentrations 
(0.1-0.5 µM) are used (13,14). Aquaporin-9 (AQP9), a trans-
membrane transporter belonging to aquaporin superfamily, 
has been recognized as a major pathway of arsenic uptake, 
and its expression is associated with ATO sensitivity in either 
leukemia cells (12) or human-derived normal cells (15). 
Although several investigators reported that ATRA induced 
AQP9  expression (12), ATO incorporation has not been 
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investigated well when these two agents are concomitantly 
administered.

Myeloid growth factors such as granulocyte colony-
stimulating factor (G-CSF) promote proliferation, survival 
and differentiation of leukemic cells (9,16,17). Although it 
remains controversial whether G-CSF alone induces differen-
tiation in APL blasts, differentiation induction in APL cells 
by ATRA could be enhanced by G-CSF in vitro and in vivo 
(9,11,17). Furthermore, a previous report has demonstrated 
that the differentiation-inducing activities of ATRA and ATO 
were abrogated by specific G-CSF neutralization, suggesting 
a requirement for G-CSF for differentiation of APL cells (9).

Although clinical analyses revealed the effectiveness 
of combination treatment with ATO and ATRA (18,19), its 
efficacy and mechanisms of the combination administration 
are not yet well understood. In this study, we examined the 
effect of ATO, ATRA and G-CSF alone or in combination on 
HT93A cells. While most of in vitro experiments on APL have 
been conducted using NB4 cells, another t(15;17)-positive 
APL cell line, HT93A, was used for this study. HT93A was 
obtained from peripheral blood of an APL patient without 
receiving ATRA or ATO (20-23). Cellular responses to 
ATRA or ATO treatment in HT93A cells may be different 
from those in NB4 cells since diverse cell types with distinct 
characteristics exist in individual patient with different clinical 
background, although both possess t(15;17).

Therefore, we investigated the alterations in morphology, 
cell surface markers, apoptosis and AQP9  expression in 
HT93A cells treated with ATRA or ATO in the presence 
or absence of G-CSF. We also attempted to investigate the 
contribution of G-CSF to the differentiation induction by 
ATRA or ATO. Our data suggest the enhanced differentiation 
induction of combination treatment with ATRA+G-CSF or 
ATO+G-CSF in APL.

Materials and methods

Reagents. ATO was purchased from Sigma (St. Louis, MO, 
USA) and dissolved in 1 M sodium hydroxide solution, diluted 
with phosphate-buffered saline (PBS), sterilized by filtration 
(0.22-µm filter) and used as the stock solution. Recombinant 
human G-CSF (Filgrastim) was obtained from Kyowa Hakko 
Kirin Co, Ltd. (Tokyo, Japan) and dissolved in PBS to prepare 
the stock solution and stored at 4˚C until use. ATRA was 
purchased from Sigma and dissolved in ethanol to obtain a 
final concentration of 2 mM and stored at -20˚C in the dark. 
The vehicle reagent, ethanol (final concentration <0.05%), did 
not affect cell viability and differentiation. Phycoerythrin 
(PE)-conjugated mouse anti-human CD11b  IgG2α and 
CD34  IgG1 as well as fluorescein isothiocyanate (FITC)-
conjugated mouse anti-human CD15 IgM were used for the 
assessment of differentiation induction and were obtained 
from Beckton-Dickinson (San Jose, CA, USA). FITC-
conjugated mouse anti-human CD11c  IgG1 was obtained 
from eBioscience, Inc. (San Diego, CA, USA). Anti-rat AQP9 
antibody (rabbit) was purchased from Alpha Diagnostic 
International, Inc. (San Antonio, TX, USA). The Apoptosis 
Detection kit I containing annexin V-FITC, propidium iodide 
(PI) and 10X annexin V binding buffer was purchased from 
Beckton-Dickinson.

Cell culture and treatment. HT93A, a human APL cell line 
established from peripheral blood of a patient with APL (16), 
was provided from Dr Kenji Kishi (Shibata Hospital, Shibata, 
Japan) and Dr Yuko Sato (National Center for Global Health 
and Welfare, Japan). HT93A was maintained in RPMI-1640 
medium (Gibco-BRL, Grand Island, NY, USA) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) 
(Gibco-BRL), 100 U/ml penicillin and 100 µg/ml streptomycin 
(Gibco-BRL) at 37˚C in a humidified atmosphere (5% CO2 
in air). Cells were seeded at a density of 1x105 cells/ml and 
treated with ATO, ATRA and G-CSF, alone or in combination. 
Cell viability was assessed by the trypan blue exclusion assay.

Determination of apoptosis. Apoptosis was analyzed using 
the Apoptosis Detection kit I according to the manufacturer's 
instructions. In brief, cells were washed twice with cold PBS 
and then resuspended in 1X annexin V binding buffer. After 
annexin V-FITC/PI staining for 15 min at room temperature 
in the dark, the cells were analyzed using flow cytometry 
(Cyto ACE-150; Jasco, Tokyo, Japan) within 1 h. The percentage 
of apoptotic cells was determined by annexin V/PI staining. 
The sum total of early apoptotic cells, annexin V (+) PI (-), and 
late apoptotic cells, annexin V (+) PI (+), was regarded as the 
total number of apoptotic cells. Cells were considered viable if 
they did not show annexin V/PI staining.

Differentiation analysis. Differentiation induction was 
confirmed by morphology and expression of surface markers. 
For morphological assessment, cytospin preparations of treated 
cells stained with Wright-Giemsa were evaluated by light 
microscopy. Myeloid maturation with cell surface markers 
was analyzed by flow cytometry (Cyto ACE-150; Jasco) using 
antibodies for CD11b, CD11c, CD15 and CD34 as previously 
described with minor modifications (16). In brief, ~1x106 cells 
were washed with PBS containing 2.5% FBS and 0.5% NaN3 
(PBSF) and stained with PE-conjugated mouse anti-human 
CD11b IgG2α and CD34 IgG1, FITC-conjugated mouse anti-
human CD15 IgM and FITC-conjugated mouse anti-human 
CD11c IgG1 for 30 min at 4˚C in the dark. Cells were then 
washed 3 times with PBSF and analyzed by flow cytometry 
with a minimum acquisition of 10,000 events. Non-binding 
mouse IgG-PE, IgG-FITC or IgM-FITC isotype antibodies 
(Beckton-Dickinson) were used as controls.

Analysis of AQP9 expression. Cells were harvested and 
washed with PBSF, followed by staining with rabbit anti-rat 
AQP9 antibody at a concentration of 10 µg/ml for 30 min at 
4˚C in the dark. After washing 3 times with PBSF, the cells 
were stained with FITC-conjugated goat anti-rabbit antibody 
and analyzed by flow cytometry. Immunostaining specificity 
was controlled by omission of primary or secondary anti-
bodies.

Analysis of intracellular arsenic accumulation (As[intra]). 
Cells were harvested and counted to give accurate viable 
cell numbers, which were used to normalize As[intra]. After 
washing 3 times with PBS, the cells were pelleted by centrifu-
gation and stored at -20˚C until analysis. After transfer to 15-ml 
polypropylene centrifuge tubes, cell pellets were mixed with 
HNO3 (0.1 ml) at room temperature for 10 min, and incubated at 
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80˚C on a hot plate for 90 min. The cell suspension was diluted 
with Milli-Q water to 3 ml and analyzed using inductively 
coupled plasma mass spectrometry (ICP-MS) (ELAN® DRC-e; 
PerkinElmer SCIEX, Ontario, Canada) for total arsenic deter-
mination, as described previously (24).

Statistical analysis. Experiments were independently repeated 
and results are shown as mean ±  standard deviation (SD) 
of 3 assays. A two-tailed, paired Student's t-test or Mann-

Whitney U test was used and a P-value <0.05 was considered 
to be significant.

Results

Growth inhibition and apoptosis by ATO in HT93A cells. 
First, we investigated whether HT93A cells showed sensitivity 
to ATO treatment. ATO inhibited growth of HT93A cells in a 
dose-dependent manner (Fig. 1A). After treatment with ATO 

Table I. Profile of surface antigen expression in HT93A cells before and after ATRA treatment.

			   Positivity after	 Differentiation marker
Antigens	 Clones	 Positivity of control (%)	 ATRA treatment (%)	 expression

CD2	 MT910	 0.4	 0.7
CD3	 SK7	 0.8	 1.0
CD4	 SK3	 0.1	 0.1
CD5	 53-7.3	 0.3	 1.1
CD7	 M-T701	 0.6	 0.9
CD8	 SK-1	 0.4	 0.8
CD10	 HI10a	 0.2	 0.1
CD11b	 D12	 0.3	 13.6	 Upregulated
CD11c	 S-HCL-3	 0.4	 16.9	 Upregulated
CD13	 L138	 0.3	 3.2
CD14	 MφP9	 0.1	 6.7
CD15	 MMA	 19.4	 44.5	 Upregulated
CD16	 NKP15	 0.4	 0.4
CD19	 4G7	 0.5	 0.8
CD20	 L27	 0.2	 0.1
CD33	 WM53	 99.0	 99.5
CD34	 8G12	 66.2	 30.9	 Downregulated
CD41	 HIP8	 0.6	 7.6
CD56	 MY31	 99.5	 99.8
CD117	 YB5.B8	 0.4	 0
KORSA	 KOR-SA3544	 0.2	 0.5
HLA-DR	 L243	 0.4	 4.6
MPO	 MPO-7	 2.4	 2.3

HT93A cells were treated with or without 1 µM ATRA for 8 days. Assessment of variable surface antigen expression by flow cytometry was 
entrusted to Bio Medical Laboratories, Inc. (BML, Inc., Tokyo, Japan).

Figure 1. Effects of ATO on cell growth and apoptosis induction in HT93A cells. (A) HT93A cells were treated with 0.125-2 µM ATO for 2-8 days and viable 
cell number was calculated by the trypan blue exclusion assay. (B) After treatment with 1 and 2 µM ATO for 4 days, apoptosis induction was determined by PI/
annexin V staining. Experiments were performed three times and results are shown as mean ± SD. *P<0.01 vs. control by Student's t-test.
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for 4 days, apoptosis induction was determined by Apoptosis 
Detection kit I. Similar to previous findings that ATO induced 
apoptosis at concentrations ranging from 1 to 2 µM in vivo 
and in vitro (6,13,14), the same range of concentrations of 
ATO significantly induced apoptosis in HT93A cells in a dose-
dependent manner (Fig. 1B). The addition of 1 µM ATRA and/
or 50 ng/ml G-CSF to 2 µM ATO did not affect apoptosis 
compared to ATO treatment alone. Total apoptotic cell ratio 

was 38.2% in ATO+ATRA and 34.6% in ATO+ATRA+G-CSF 
treated cells, respectively. The ratio was not different between 
ATO alone, ATO+ATRA and ATO+ATRA+G-CSF groups 
(data not shown).

Differentiation of HT93A cells by ATO, ATRA and G-CSF. 
To clarify the expression profiling of differentiation markers 
of HT93A cells, the expression of 23 surface markers was 

Figure 2. Differentiation profile of surface antigen expression and morphological changes in HT93A cells treated with ATRA, ATO and G-CSF, alone or in 
combination. HT93 cells were treated with 1 µM ATRA, 0.125 µM ATO and 50 ng/ml G-CSF, alone or in combination, for 8 days. (A) Morphological changes 
induced by ATRA, ATO and G-CSF, alone or in combination were evaluated by Wright-Giemsa staining. (B) Expression profiles of CD11b, CD11c, CD15 and 
CD34 were evaluated by flow cytometry. Three or more experiments were performed and results are shown as mean ± SD. *P<0.05 vs. control; †P<0.05 vs. 
ATRA; §P<0.05 vs. ATO; #P<0.05 vs. ATRA+ATO by Student's t-test.
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comprehensively investigated after 1 µM of ATRA for 8 days. 
CD11b, CD11c and CD15, associated with myeloid maturation, 
were significantly upregulated by ATRA treatment. On the 
contrary, the expression of CD34, associated with progenitor 
cells, was significantly decreased. Therefore, we used these 
markers for further differentiation experiments (Table I).

After treatment with ATRA (1 µM), ATO (0.125 µM) 
and G-CSF (50 ng/ml), alone or in combination, morpho-
logical changes in HT93A cells were examined (Fig. 2A). 
HT93A cells treated with 1 µM ATRA for 8 days underwent 
remarkable differentiation-associated changes with condensa-
tion and lobulation of nuclei. The differentiation-inducing 
activities of these reagents were assessed by examining altera-
tions in CD11b, CD11c, CD15 and CD34 expression (Fig. 2B). 
Alterations in the expression of cell surface markers including 
a significant increase in CD11b, CD11c and CD15 and a signifi-
cant decrease in CD34 concurred with the morphological 
changes. Furthermore, the number of cells containing multi-
lobulated nuclei was further increased when the cells were 
treated with the combination of ATRA and G-CSF compared 
to when treated with ATRA alone. The increase in differen-
tiation-inducing activities due to combination treatment was 
confirmed by a significant increase in CD11b and CD11c 
expression and a significant decrease in CD34 expression.

Similar to a previous report in which a low dose of ATO 
(0.1-0.5  µM) induced differentiation of NB4  cells (13), 
0.125 µM ATO also induced differentiation in HT93A cells 
as confirmed by the appearance of jelly bean-shaped nuclei 
in almost all cells, accompanied by a significant increase in 
CD11c and CD15 expression. When cells were treated with 
the combination of ATO and G-CSF, G-CSF augmented 
differentiation by ATO, as confirmed by the observation of 
multi-lobulated nuclei and increased CD11b expression. No 
differentiation induction was observed in HT93A cells treated 
with G-CSF alone. Furthermore, ATO augmented morpho-
logical changes by ATRA as indicated by the appearance 
of an increasing number of cells containing multi-lobulated 
nuclei, whereas the expression surface markers did not change 
as compared to that observed when with ATRA alone.

CD11b expression in ATRA+ATO+G-CSF-treated cells 
was higher than that in ATRA+ATO-treated cells. However, 
CD11b and CD11c expression was significantly lower than that 

in ATRA+G-CSF-treated cells (P<0.01). Furthermore, fewer 
ATRA+ATO+G-CSF-treated cells showed multi-lobulated 
nuclei than ATRA+G-CSF-treated cells. Therefore, the 
combination of ATRA and G-CSF showed maximum differ-
entiation, which was inhibited by ATO addition.

Effects of ATRA alone or in combination with G-CSF on cell 
viability. Treatment with ATRA for 7 days inhibited growth 
in a dose-dependent manner, as observed by the trypan blue 
dye exclusion assay (Fig.  3A). Because G-CSF stimulates 
growth of leukemia cells, the effect of G-CSF on cell growth 
in HT93A cells treated with or without ATRA was investi-
gated. The addition of 50 ng/ml G-CSF to ATRA significantly 
increased the number of viable cells (Fig. 3B).

Upregulation of AQP9 expression in HT93A cells by ATRA 
and ATO. AQP9 expression in ATRA-treated HT93A cells 
was investigated using flow cytometry. As shown in Fig. 4A, 
after treatment with ATRA (1 µM) for 7 days, ATRA signifi-
cantly upregulated AQP9 in HT93A cells. ATO also induced 
AQP9 expression, although expression was lower than that 
observed with ATRA. G-CSF addition did not enhance AQP9 
expression in either ATRA- or ATO-treated cells (Fig. 4B). 
Moreover, G-CSF alone did not affect AQP9 expression (data 
not shown), indicating no apparent effect of G-CSF on AQP9 
expression. Time-dependent upregulation of AQP9 expression 
was observed when cells were treated with 1 µM ATRA for 
4 and 7 days (Fig. 4C). Furthermore, dose-dependent upregu-
lation of AQP9 was observed when HT93A cells were treated 
with various concentrations of ATRA (1 nM-1 µM) for 7 days 
(Fig.  4D), accompanied by ATRA-induced differentiation 
(Fig. 4E).

As[intra] in HT93A  cells treated with ATRA alone or in 
combination with G-CSF. Arsenic uptake was measured to 
examine whether increased AQP9 expression contributes to 
ATO uptake. After treatment with 10 nM or 1 µM ATRA in 
the presence or absence of 50 ng/ml G-CSF for 7 days and 
exposure to 0.5 µM ATO for 30, 60 and 120 min, As[intra] 
was determined using ICP-MS. Compared to the control group 
exposed with ATO alone, As[intra] significantly decreased to 
42.3% and 70.7% due to treatment with either 10 nM or 1 µM 

Figure 3. Dose-dependent growth inhibition by ATRA and growth recovery by combination with G-CSF in HT93A cells. (A) After treatment with ATRA  
(1 nM-1 µM) for 7 days, viable cells were measured. (B) After treatment with 1 µM ATRA in the presence or absence of 50 ng/ml G-CSF for 4 and 8 days, 
viable cell number was calculated by the trypan blue dye exclusion assay. Experiments were performed three times and results are shown as mean ± SD.

https://www.spandidos-publications.com/10.3892/or.2012.2006
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ATRA for 120 min, respectively. However, it should be noted 
that G-CSF addition recovered As[intra] to control levels 
(Fig. 5). G-CSF alone did not affect arsenic uptake (data not 
shown).

Discussion

In this study, we demonstrated for the first time that ATO 
induced growth inhibition and apoptosis in HT93A  cells. 
ATO (≥1 µM) significantly induced apoptosis in HT93A cells, 
which is similar to that observed in NB4 cells (14). Lower 
concentration of ATO induced differentiation of HT93A cells. 
On the basis of our previous study, in which the blood level 
of ATO in APL patients was investigated (24,25), plasma 
concentration of ATO in either bone marrow or peripheral 
blood kept the effective level of differentiation induction for 
HT93A cells. Next, we demonstrated that both ATRA and 
ATO induced differentiation in HT93A cells. The differentia-
tion induced by ATO was lesser than that induced by ATRA, 
as previously reported (13,14). We observed the induction of 

Figure 5. As[intra] in ATRA+G-CSF-treated  HT93A cells exposed to ATO. 
After treatment with 10 nM or 1 µM ATRA in the presence or absence of 
50 ng/ml G-CSF for 7 days and followed by exposure to 0.5 µM ATO for 30, 
60 and 120 min, As[intra] was measured. Experiments were performed three 
times and results are shown as mean ± SD. *P<0.05 vs. control; †P<0.05 vs. 
ATRA (10 nM); §P<0.05 vs. ATRA (1 µM) by Student's t-test.

Figure 4. Effects of G-CSF in combination with ATRA or ATO on AQP9 expression in HT93A cells. HT93A cells were treated with 1 µM ATRA, 0.125 µM 
ATO and 50 ng/ml G-CSF, alone or in combination, for 7 days. (A) Representative histogram of AQP9 expression in HT93A cells is shown. Cells were treated 
with 1 µM ATRA for 7 days followed by AQP9 staining. (B) Effects of ATRA and ATO in the presence or absence of G-CSF on AQP9 expression. Experiments 
were performed three times and results are shown as mean ± SD. *P<0.05 vs. control; †P<0.01 vs. control by Student's t-test. (C) Time course of AQP9 expres-
sion when treated with 1 µM ATRA for 2, 4 and 7 days. Experiments were performed three times and results are shown as mean ± SD. (D) Dose-dependent 
upregulation of AQP9 when treated with each concentration of ATRA (1 nM-1 µM) for 7 days. Experiments were performed three times and results are shown 
as mean ± SD. (E) Histogram of dose-dependent differentiation induction by ATRA treatment for 7 days.
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the surface antigen CD15, but not CD11b, after treatment with 
ATO in HT93A cells. CD15 is an arsenic-induced sensitive 
differentiation marker as shown in clinical studies (26). It is 
noteworthy that CD34 expression, well-known to be present 
in hematopoietic progenitor cells and absent in NB4 cells 
(8,18), significantly decreased after treatment with ATRA in 
HT93A cells. These results suggest that CD34, CD11b and 
CD15 could be used as a parameter to evaluate the level of 
differentiation in clinical therapy as shown in our previous 
clinical observation (25). There are only a few APL cell lines 
and most in vitro experiments are performed with NB4 cells. 
Because HT93A cells induced differentiation and apoptosis 
with ATO, the cell line is a useful experimental target for 
arsenic treatment as well as NB4 cells.

In agreement with previous reports (20), we demonstrated 
that G-CSF augmented differentiation induced by ATO in 
HT93A cells. ATO increases mRNA and protein levels of 
p21/WAF1 (27) which inhibits cell cycle in the S phase. In 
concurrent use with G-CSF and ATO, it is possible that G-CSF 
recruits quiescent leukemic cells to the S phase, rendering 
them more sensitive to ATO. Similar increase of CD11b and 
CD11c expression was observed when G-CSF was added to 
ATRA. Among several combinations, maximum differentia-
tion was observed with the combination of ATRA and G-CSF. 
It has been shown that G-CSF restores ATRA sensitivity in 
APL cells both in vitro and in vivo, possibly through G-CSF 
receptors (9,28-31). These previous findings and our results 
suggest that therapeutic strategies based on ATRA or ATO in 
combination with G-CSF may improve the clinical efficacy of 
differentiation therapy against APL.

A meta-analysis of recent clinical trials with the combi-
nation of ATRA and ATO treatment of APL indicates 
favorable outcomes compared to ATO alone (19). However, it 
is still unclear whether this combination is better than ATRA 
alone. Dai et al (32) reported that complete remission rates 
in ATRA- and ATRA+ATO-treated patients with APL were 
similar (>90%). Furthermore, in our experiment, ATO addi-
tion did not enhance ATRA-induced differentiation except for 
morphological changes, probably because ATRA functioned 
well.

AQP9 is responsible for transporting small uncharged 
molecules and plays a crucial role in arsenic uptake (12,33). 
Previous studies demonstrated that pretreatment of a myeloid 
leukemia cell line HL-60 with ATRA or vitamin D upregu-
lates AQP9 expression, leading to a significant increase in 
arsenic uptake and ATO-induced cytotoxicity in the presence 
of ATO (12,34). However, a synergistic effect of ATRA and 
ATO was not observed in differentiation and apoptosis in 
HT93A cells. We demonstrated for the first time that As[intra] 
decreased after treatment with ATRA, although AQP9 expres-
sion increased. Jing et al (35) reported that the pretreatment 
with ATRA decreased ATO-induced apoptosis in ATRA-
sensitive NB4 cells, but not in ATRA-resistant cells. Possibly 
because HT93A cells were ATRA-sensitive, a synergistic 
effect between ATRA and ATO was not shown.

It is worth indicating that G-CSF addition significantly 
recovered As[intra], whereas AQP9 expression remained 
the same as that when treated with ATRA alone. It has been 
reported that growth factors including G-CSF have multiple 
properties that may affect the fate of both normal and 

neoplastic cells; these properties include promotion of prolif-
eration, survival and differentiation (9,16,17). In fact, G-CSF 
transiently initiates and promotes the growth of responding 
acute myeloid leukemia cells but long-term proliferation is 
not sustained (16). G-CSF increased the number of viable 
HT93A cells. We speculate that ATRA decreased cell viability 
and, consequently, low cell metabolism resulted in reduced 
arsenic uptake by ATRA-sensitive cells. G-CSF may enhance 
arsenic uptake through increased cell viability.

In summary, we report for the first time the effects of 
ATO on HT93A cells, showing that ATO induced differ-
entiation at low concentrations and apoptosis at high 
concentrations. We also report that G-CSF not only promoted 
differentiation-inducing activities of both ATRA and ATO 
but also made APL cells vulnerable to increased arsenic 
uptake, although G-CSF alone showed no influence on these 
cellular responses. The combination of ATRA and G-CSF 
showed maximum differentiation and ATO addition was not 
beneficial. Thus, our observations provide new insight into 
combination therapy with ATRA, ATO and G-CSF for the 
treatment of APL.
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