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Background: Chronic myeloid leukemia (CML) is a myeloproliferative disorder due to the
existence of BCR-ABL fusion protein that allows the cells to keep proliferating uncontrol-
lably. Although tyrosine kinase inhibitors can inhibit the activity of BCR-ABL fusion protein
to trigger the cells apoptosis, drug resistance or intolerance exists in part of CML patients.
Arsenic sulfide in its raw form (r-As4S4) can be orally administrated and certain therapeutic
effects have been found out in the treatment of hematologic malignancies through inducing
cell apoptosis.

Methods: In this work, a water-dissolvable arsenic sulfide nanoformualtion (ee-As;S,)
composed of As,S, particulates with 470 nm in diameter and encapsulated by a kind of
hydrophilic polymer was fabricated and applied to the CML cell line K562, K562/A02 and
primary cells from the bone marrow of CML patients.

Results: Results showed that instead of inhibiting the activity of BCR-ABL, ee-AssSy
induced direct degradation of BCR-ABL in K562 cells within 6 hr incubation, followed by
the occurrence of erythroid differentiation in K562 after 72 hr incubation, evidenced by the
significantly upregulated CD235a and benzidine staining, which was not detectable with r-
AsyS,. The ee-AsyS4-induced erythroid differentiation was also observed in K562/A02 cells
and bone marrow mononuclear cells of CML patients. Mechanistic studies indicated that ee-
As4S,4 induced autophagy by downregulating the level of intracellular ROS and hypoxia-
inducible factor-la significantly, which led to the subsequent degradation of BCR-ABL.
When the concentration was increased, ee-As,S, induced much more significant apoptosis
and cell cycle arrest than r-As,;S,, and the cytotoxicity of the former was about 178 times of
the latter.

Conclusion: ee-As,S, was capable of inducing significant erythroid differentiation of CML
cells by inducing the direct degradation of BCR-ABL; the new effect could improve
hematopoietic function of CML patients as well as inhibit the leukemic cell proliferation.
Keywords: chronic myeloid leukemia, erythroid differentiation, As,S4, ROS

Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative disorder due to the
existence of the BCR-ABL fusion protein, a constitutively active tyrosine kinase
produced as a result of translocation of chromosomes 9 and 22.' The BCR-ABL
protects the cells from apoptosis, leading to the constant proliferation of undiffer-
entiated stem cells in the absence of growth factors.” It has been well known that
tyrosine kinase inhibitors (TKIs) can trigger the apoptosis and differentiation of
CML cells by specifically inhibiting the activity of BCR-ABL fusion protein;>*
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therefore the inhibitors have been used as first-line ther-
apeutics for CML treatment.>® Nevertheless, TKIs resis-
tance or intolerance happened sometimes; " hence it is of
significance to develop alternative or supplementary ther-
apeutic options for CML therapy.

Arsenic sulfide is a kind of mineral drug that can be
orally administrated and has shown certain therapeutic
effects in the treatment of leukemia by inducing cell
apoptosis,” either in single'® or multiple content

~13 . .
11-13 Nevertheless, arsenic sulfide in its raw

formulation.
form is poorly soluble in neutral or acidic aqueous solu-
tion; hence, only the leachable content is bioavailable,
which was as low as about 4%.'* We previously reported
that a solid dispersion formulation of arsenic sulfide
could be dissolved in normal saline quickly, which sig-
nificantly enhanced the bioavailability as well as the
therapeutic efficacy when orally administrated in the

-1
leukemia. '

mouse model of acute promyelocytic
Encouraged by those results, in this study, we fabricated
and applied a water-dissolvable As;S; nanoformulation
(ee-As4S,4) to the CML cell line K562, K562/A02 and
primary cells from CML patients, investigating whether
ee-AssS4 could exert unknown therapeutic effect due to
its largely increased bioavailability. We showed for the
first time that ee-As;S; induced direct degradation of
BCR-ABL fusion protein instead of inhibiting the pro-
tein’s activity, which resulted in the remarkable erythroid
differentiation in the CML cells, and the degradation of
BCR-ABL resulted from the occurrence of autophagy
following the effective downregulation of intracellular

ROS by ee-AssS,.

Materials and methods

Preparation and characterization of ee-As4S4
ee-AsyS, was prepared according to the following steps. First,
r-As;S, (Alfa Aesar Co., Ward Hill, MA, USA, PubChem
CID: 139298) and polyvinyl caprolactam-polyvinyl acetate-
polyethylene glycol copolymer (PVCL-PVAc-PEG, MW=
1.18 x 105 Da; BASF SE, Ludwigshafen, Germany) were
mixed with a mass ratio of 1:15 and fed into a HAAKE
MiniLab II co-rotating twin-screw extruder (ThermoFisher
Scientific, Rockford, IL, USA). The processing conditions
were set as described below: blending temperature in the
mix chamber 120°C, screw rotation rate 10 rpm and cycling
time 70 mins. The co-extruded product was ground in a coffee
grinder at room temperature for preparing the stock solution of
ee-AsyS,. Next, 0.1 g AsyS, was added in 100 mL saline or

complete medium, followed by the centrifugation for 5 mins in
a speed of 1,000 rpm. The supernatant was taken out as the
stock solution, and the concentration of As;S; was determined
with  XSERIES 2 Quadrupole ICP-MS instrument
(ThermoFisher Scientific Inc., Franklin, MA, USA). The
hydrodynamic diameter of ee-As,S, particles was measured
using dynamic light scattering (DLS, Nano ZS90 Zetasizer,
Malvern Instruments, and Malvern, UK).

Cell culture

Cell lines

K562 cells were purchased from the Cell Resource Center
of the Chinese Academy of Medical Sciences (Beijing,
China). The cell line was checked free of mycoplasma
contamination by PCR and culture, and its species origin
was confirmed with PCR. Cells were cultured in modified
RPMI medium (Hyclone, GE Healthcare Life Sciences,
Logan, UT, USA) supplemented with 10% FBS (Gibco,
Life Technologies, Carlsbad, CA, USA), 100 U/mL peni-
cillin (Hyclone), and 100 pg/mL streptomycin (Hyclone)
in a humidified atmosphere of 5% CO, at 37°C.
Adriamycin-resistant K562/A02 cells were purchased
from Institute of Hematology, Chinese Academy of
Medical Sciences (Tianjin, China) and cultured in the
same condition as K562. Cells of passage number between
P3 and P10 were used for experiments.

CML patients and bone marrow mononuclear cells
(BMMNC:s) isolation

This study was performed in accordance with the
Declaration of Helsinki and was approved by the Peking
Union Medical College Hospital ethics committee, and
written informed consent was obtained from all subjects.
CML patients were recruited from Peking Union Medical
College Hospital, confirmed by central review and classi-
fied in accordance with International Prognostic Scoring
System. BMMNCs were isolated by Ficoll (Dakewe
Biotech Co., Ltd., Shenzhen, China) gradient centrifuga-
tion (1.077+0.001 g/mL), and then cultured in modified
RPMI medium supplemented with 10% FBS, 100 U/mL
penicillin and 100 pg/mL streptomycin in a humidified
atmosphere of 5% CO, at 37°C.

Cellular uptake of AssS4

K562 cells were incubated with or without ee-As,S, for
different time. After incubation, viable single cells were
collected by a MoFlo XDP flow sorter (BD Biosciences,
San Jose, CA, USA). The arsenic content in the collected
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cells was measured using hydride generation atomic fluor-
escence spectrometry (AFS-8230 HG-AFS, Beijing Titan
Instrument Co. Ltd., Beijing, China).

Cell viability assay

Cell viability was measured using CCK-8 (Dojindo,
Kumamoto, Japan) according to the manufacturer’s proto-
col. In brief, after incubation with r-As,S, or ee-As,S, for
72 hrs at 37°C, 10 pL CCK-8 reagent was added to each
well and incubated at 37°C for 1 hr. The absorbance was
read at 450 nm with a Synergy H1 microplate spectro-
photometer (BioTek Instruments, Winooski, VT, USA)
and normalized with the untreated group.

Apoptosis assay

K562 cells were seeded in 24-well plate and incubated with
ee-As,S, for 72 hrs, and then stained with FITC-Annexin V
and PI (eBioscience, Vienna, Austria) following the manufac-
turer instruction before subjected to flow cytometer.

Western blotting

Cells lysed with RIPA (Beyotime
Biotechnology, —Haimen, China) supplement with
Phenylmethanesulfonyl fluoride (PMSF) (Sigma-Aldrich,
St Louis, MO, USA) and protein phosphatase inhibitor
(Applygen, Beijing, China) and centrifuged. Protein samples

were harvested,

were solubilized in protein-loading buffer (Applygen) and
denatured by boiling. The samples were electrophoresed in
12% SDS/PAGE gels (Applygen) and transferred to polyvi-
nylidene difluoride (PVDF) membranes (Millipore, Bedford,
MA). The membranes were incubated with 5% BSA at room
temperature for 1 hr, and then the following primary anti-
bodies were used: anti LC3B (Cell Signaling Technology,
CST; Danvers, MA, USA; CAT#: 3868S, LOT#: 11), anti
AKT (CST, CAT#: 9272S, LOT#: 27), anti-phosp-AKT
(CST, CAT#: 4060S, LOT#: 23), anti B-ACTIN (CST,
CAT#: 3700S, LOT#: 17), anti-p38 MAPK (CST, CAT#:
8690S, LOT#: 8), anti-phosp-p38 MAPK (CST, CAT#:
92158, LOT#: 7), anti-ERK1/2 (CST, CAT#: 4695S,
LOT#: 21), anti-phosp-ERK1/2 (CST, CAT#: 43708,
LOT#: 17), anti-p21 (CST, CAT#: 2947T, LOT#: 9), anti-c-
CBL (CST, CAT#: 2179T, LOT#: 1), anti-GAPDH (Santa
Cruz Biotechnology, Santa Cruz, CA, USA, CAT#: sc25778,
LOT#: H0612) and anti-Hypoxia-inducible factor-1 a (HIF-
la) (CST, CAT#: ab179483, LOT#: GR3228170-4). BCR-
ABL was blotted by anti-c-ABL (CST, CAT#: 2862S, LOT#:
16). To develop immunostaining, we used Horseradish
Peroxidase (HRP)-conjugated secondary antibodies against

rabbit IgG and mouse IgG (Jackson ImmunoResearch,
CAT#: 111-035-003, LOT#: 129736). The immune-complex
on the membrane was visualized using an automatic chemo-
luminescence image analysis system (Tanon, Shanghai,
China) with HRP substrate luminol reagent and peroxide
solution (Millipore).

Quantitative real-time PCR
Total RNA was extracted by TRIzol reagent (Sigma-
Aldrich) and reverse transcribed into ¢cDNA via RT-
PCR. Quantitative real-time PCR was performed using
SRBY probe (Takara Bio, Shiga, Japan) and GAPDH was
used as an internal control. The following primers were
used:

BCR-ABL forward primer 5'-TCCACTCAGCCACTG
GATTTAA-3,

BCR-ABL reverse primer 5'-TGAGGCTCAAAGTCA
GATGCTACT-3/,

GAPDH forward primer 5-CCAGCAAGAGCACAA
GAGGAAGAG-3/,

GAPDH reverse primer 5'-AGCACAGGGATACTTTA
TTAGATG-3".

Cell differentiation assay

The hemoglobin content of K562 cells was assessed by
benzidine staining. In brief, 2% (w/v) benzidine
(Aladdin, Shanghai, China) solution in 3% HAc was
prepared in prior. 30 pL H,O0, (wt%=30%, Aladdin)
was added into the mixture before use. K562 cells
were incubated with ee-As,S, for 72 hrs and then col-
lected and washed with PBS and then suspended in 50
pL PBS. 5 pL benzidine working solution was added in
cell suspension and incubated at room temperature for
30 mins in dark. Smears of cells were observed under a
Take
photos of 5 fields of vision and count blue-colored

microscope (Olympus BXS53, Tokyo, Japan).
cells. The cells were also collected and stained with
PE-conjugated antibodies against CD235a (ebioscience,
ThermoFisher Scientific, CAT#: 12-9987-82, LOT#:
4329624). The antibody-labeled cells were subsequently
analyzed by flow cytometer (Accuri C6 flow cytometer;
BD Biosciences).

Transmission electron microscope (TEM)

observation of cells
Cells were incubated with or without ee-As4S4 and then
collected and fixed with 2.5% glutaraldehyde overnight.
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After being washed and post-fixed in 1% OsO, for
30 mins, the specimens were dehydrated gradually by
alcohol and embedded in epon. Sections were then cut
with an ultra-microtome and placed on copper grids for
TEM observation using a JEM-1010 transmission electron
microscope (JEOL Ltd., Tokyo, Japan).

ROS detection

Cells were incubated with ee-As;S; for 0.5-72 hrs.
Following incubation, cells were collected and washed
with PBS, incubated in 300 pL 10 uM 2', 7'-dichloro-
dihydrofluorescein diacetate (Sigma-Aldrich) for 30
mins at 37°C. Afterward, cells were washed by PBS
and suspended in 100 uL PBS for flow cytometer
analysis.

Electron spin resonance (ESR)

spectroscopic measurements

All ESR measurements were carried out using a Bruker
EMX ESR spectrometer (Billerica, MA) at ambient tem-
perature with 20 mW microwave power, 1 G field mod-
ulation. Fifty microliter aliquots of sample solution was
put in glass capillary tubes with internal diameters of 1
mm and sealed. The spin trap, 5-Tert-Butoxycarbonyl-5-
Methyl-1-Pyrroline N-oxide (BMPO), was used to identify
superoxide anion during the ESR measurements. The che-
mical KO, system ('O,) was generated by dissolving KO,
in DMSO solvent in the presence of crown ether to verify
the ability of scavenging 'O,.

Cell cycle analysis

Cells were incubated with ee-As,S, for 72 hrs, washed
with PBS, fixed and permeabilized with 70% cold ethanol
overnight at 4°C. Cells were washed and incubated with
20 mg/L RNase (Beyotime Biotechnology) for 20 mins at
37°C and then stained with 50 mg/L PI (Sigma-Aldrich)
for 10 mins at room temperature before being subjected to
flow cytometer analysis of DNA content. The percentage
of cell cycle distribution was calculated by FlowJo
software.

Statistical analysis

All data were expressed as mean and SEM. The data
shown were obtained from at least 3 independent experi-
ments. One-way ANOVA was used for statistical analysis
and performed in SPSS 22.0. P-value <0.05 was consid-
ered statistically significant.

Results

ee-As4S4 induced direct elimination of

BCR-ABL in K562 cells

The ee-As,S, was dissolvable in saline quickly (Figure 1A),
and the average hydrodynamic diameter of the particulates
was 470 nm (Figure 1B). When incubated with K562 cells,
ee-As4S,4 could be taken up and reached the highest accu-
mulation in the cells after 12 hr incubation, while r-As,S,
was hardly taken up (Figure 1C). The cytotoxicity of ee-
AsyS; to K562 cells was concentration dependent
(Figure 1D); the ICsy of 72 hr incubation was 2.4 mg/L.
The apoptosis occurred significantly when ee-As;S; was
incubated at 2.0 mg/L (Figure 1E). Next, the expression
of BCR-ABL was examined in K562 cells incubated with
ee-AsyS4 at 4.0 mg/L or imatinib at 1 puM for 6 hrs, and
within this short incubation the cell viability was about 80%
(Figure S1). It was shown that the ee-As;S, incubation led
to a significant reduction of the total amount of BCR-ABL
protein that stayed unchanged after the incubation of imati-
nib (Figure 1F), therefore, strongly suggesting that ee-As;S,
interacted with BCR-ABL in a different mechanism from
imatinib. The mRNA of BCR-ABL was not changed after
the same incubation (Figure 1G), indicating that the ee-
AsySy-induced BCR-ABL elimination did not take place
at the transcriptional level but at post-translational modifi-
cation. In addition, different from the mechanism of As,S,
dissolved in NaOH aqueous solution, ee-As;S; did not
eliminate BCR-ABL through the enhancement of ubiquiti-
nation and subsequent proteolysis of its substrate BCR-
ABL,'® evidenced by the unchanged expression of ¢c-CBL
after the treatment (Figure 1H).

ee-As,S, induced erythroid
differentiation through phosphorylation
of p38 MAPK

The elimination of BCR-ABL protein implied the status of
the cells changed, because CML cell differentiation is
largely involved with BCR-ABL blockade.> K562 cells
are of the erythroleukemia type, which was derived from
a 53-year-old female CML blast crisis, and used as a
model cell line for erythroid differentiation. Therefore,
we next examined if ee-AsyS, induced erythroid differen-
tiation in K562 cells. When K562 cells were incubated
with ee-As;S, at 1.0, 2.0 or 4.0 mg/L for 72 hrs followed
by benzidine staining, the number of blue-colored cells
increased remarkably in the population referred to the
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Figure | ee-As,;S, induced direct elimination of BCR-ABL in K562 cells. (A) The powder (insets) and solution of r-As4;S4 and ee-As,S, in ddH,O. (B) The size distribution of
ee-As,S, dissolved in ddH,O. (C) Cellular uptake of AssS4 in K562 cells incubated with 4.0 mg/L ee-AsyS4 or r-As,S4. (D) The viability of K562 cells incubated with ee-AssS4
for 72 hrs. Data represent the mean + SEM (n=4). **P<0.01, ***P<0.001 compared with the untreated group by Dunnett-T3 test. (E) The percentages of Annexin V- and PI-
positive cells. Data represent the mean + SEM (n=3). *P<0.05, **P<0.0| compared with untreated group by Dunnett-T3 test. (F) The expression of BCR-ABL in K562 cells
incubated with imatinib and ee-As4S, for 6 hrs. B-actin served as loading control. (G) Relative level of BCR-ABL mRNA in K562 cells incubated with ee-As,S,. Data represent
the mean * SEM (n=3). (H) The expression of c-CBL in K562 cells incubated with ee-As,S, for 72 hrs. GAPDH served as loading control.

untreated group (Figure 2A); the result of polymer control
group is given in the supporting information (Figure S2).
The statistical counting ratio of blue-colored cells in the
K562 incubated with ee-AsySy at 1.0, 2.0 and 4.0 mg/L
was 14.41%, 19.96% or 11.51%, respectively (Figure 2B),
clearly indicating the occurrence of erythroid differentia-
tion in the cells. In addition, ee-As;S; of 2.0 mg/L also
induced significant erythroid differentiation in adriamycin-
resistant K562 cells (K562/A02) (Figure 2C). It should be
addressed that erythroid differentiation was also observed
in adriamycin-resistant K562 cells, which suggested that
there was no cross-resistance between adriamycin and

ee-As,S,, and ee-AsyS, could be an alternative medicine
for those adriamycin-resistant cells. At the same time, the
level of CD235a was upregulated significantly in the cells
incubated with ee-As;S; at 0.5-4.0 mg/L for 72 hrs
(Figure 2D, S3). In accordance with benzidine staining,
2.0 mg/L induced the highest ratio of differentiation after
48 hr and 72 hr incubation, and the level of CD235a after
72 hr incubation was increased to 2.54- and 4.04-folds of
the untreated group, respectively, while 6 hr and 24 hr
incubation did not induce appreciable differentiation
(Figure 2D), indicating that ee-AssS4-induced the differ-
entiation was

time-consuming and the internalized
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Dunnett t-test. (C) Representative benzidine staining images of K562/A02 cells incubated with or without ee-As4S4, Bar represents 100 pm. (D) The expression of CD235a
for K562 cells incubated with ee-As,S, for different time. (E) Phosphorylation of p38 MAPK in K562 cells incubated with ee-As,S4 for 72 h. (F) The expression of CD235a in
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ee-As;S, underwent some chemical reactions inside the
cells. Different from ee-As,S,, r-AssS,4 did not induce any
erythroid differentiation in K562 cells even at 200 mg/L
(Figure S4), which was possibly due to the extreme low
bioavailability, thus clearly indicating that the induction of
erythroid differentiation was one unique function of
ee-As;S,. When the concentration of ee-As;S, increased
to 3.0 mg/L and 4.0 mg/L, and thereby the toxicity, the
percentage of differentiation went down.

It is well-documented that p38 MAPK was involved in
the erythroid differentiation of K562 cells;>'""'® here con-
sistently we observed that ee-As4S4 increased the expres-
sion of p-p38 MAPK in K562 cells after 72 hr incubation
(Figure 2E). When a p-38 inhibitor SB202190 was supple-
mented in the culture medium, the expression level of
CD235a went down (Figure 2F), demonstrating that
ee-AssS, induced erythroid differentiation through the
phosphorylation of p38 MAPK.
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Importantly, the ee-AssS4-induced erythroid differen-
tiation was also detected in BMMNC:s isolated from CML
patients diagnosed by central review and classified in
accordance with International Prognostic Scoring System.
The proportion of primary cells in the bone marrow of
Patient 1# was 7.5%, and the proliferation of bone marrow
was active (Figure 3A); the proportion of BCR-ABL-posi-
tive cells was 95% determined by FISH. In Patient 2#,
after treatment with imatinib for 6 months, IS BCR-ABL
was 36.9% compared to 35.2% determined by PCR before
imatinib treatment. In the sample of 1# CML patient who
was newly diagnosed and had not received any treatment,
the proportion of erythroid cells was only about 0.43%,
while that of granulocyte cells was 97.5% under the opti-
cal microscope (Figure 3A), which meant the situation was
extremely severe. In this worse status, the treatment with
0.5, 1.0 and 2.0 mg/L of ee-As4S,4 for 7 days could raise
the proportion of CD235a to 1.07%, 1.86% and 2.36%,
respectively (Figure 3B), which was equivalent as 2.49-
folds, 4.33-folds and 5.49-folds, respectively. This is a
significant improvement for Patient 1#. As for Patient 2#,
who was post-treated with imatinib for 6 months, the
proportion of granulocyte cells was 37.5% and that of
erythroid cells was 31.5% (Figure 3C), ee-As;S; was
also capable of further increasing the proportion of
CD235a+ cells in the BMMNCs (Figure 3D). These
results provided valuable clinical evidence that ee-AssS,
could induce effective erythroid differentiation and in our
opinion, the occurrence of erythroid differentiation is
likely to lead the increase of erythrocyte in blood; there-
fore it may improve hematopoietic function. Therefore, we

suggested that ee-As,;S, is a supplementary therapy option
for CML patients.

ee-As4S,4 decreased BCR-ABL by inducing

autophagy

As ee-As,S4-induced BCR-ABL elimination did not take place
at the transcriptional level, we hypothesized that the BCR-
ABL was degraded in the autophagy-dependent pathway,'
because autophagy is intracellular lysosomal degradation and
recycling of proteins and organelles.”® In this study, the autop-
hagosomes accumulation was observed in the cells incubated
with ee-As4S,, which was few in the untreated group (Figure
4A). It was also found out that the expression of LC3B-II
began to increase only after 1 hr of ee-AssS; incubation,
while BCR-ABL remained unchanged at that time point
(Figure 4B), indicating ee-AssS, triggered the autophagy
prior to the BCR-ABL elimination. Correspondingly, ee-
AssSy at 2.0 mg/L, 4.0 mg/L, and 8.0 mg/L. downregulated
both total and the phosphorylation of AKT that is largely
involved in the autophagy process (Figure 4C).

ee-As4S,4 induced autophagy closely
associated with downregulation of

intracellular ROS and HIF-1la

Autophagy has been demonstrated to interact with the intra-
cellular ROS*'"%* that has crucial effects on the destiny of
tumor cells.** Accumulating evidence indicates that tumor
cells usually have abnormal high level of ROS, which ben-
,% and particularly

the constitutively activated BCR-ABL

efits their survival and resistance to drugs
in CML cells,
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Figure 3 ee-As,S; induced erythroid differentiation in BMMNCs derived from two CML patients. (A and C) Bone marrow examination images of the patients. (B and D)
The percentage of CD235a" cells of the CML patients before and after incubation with ee-As,Ss.
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produces more ROS.?® Considering As,S, is a reducible
compound, therefore we hypothesized that As,S, is likely
to react with the intracellular ROS. Strikingly it was observed
that the ROS level in K562 cells was kept on decreasing over
the incubation time when ee-As;S, was supplemented in the
culture medium (Figure 5A), the effect was detected even at
the very beginning of the incubation of 30 mins, which was
much earlier than the occurrence of autophagy. When
exposed to 2.0 mg/L of ee-As,S, for 48 hrs, the ROS level
in K562 cells was decreased to about 20% of the untreated
group. As a control, the polymer only increased the ROS
level in K562 cells slightly (Figure S5), confirming the
downregulated ROS level was contributed by the incubation
of ee-As,S,. Interestingly, ESR analysis showed that As,S,
could scavenge superoxide anion in the KO, solution system
(Figure 5B), providing evidence that interacting with ROS
was the intrinsic character of As;S,. It is well known that the
accumulated intracellular ROS can stabilize HIF-1a, which
activates downstream signals to enhance the survival of the
cells.?” Our results showed that with the downregulation of
intracellular ROS by ee-As4S,, the expression of HIF-1a in
K562 cells was decreased correspondingly (Figure 5C).

ee-As,S, induced cell cycle arrest through
p-erkl/2-dependent pathway

The cell cycle arrest was detected in K562 cells after
ee-As,S, incubation, showing the cells were arrested in

G2/M phases. When incubated with ee-As4S4 at 1.0, 2.0 or
4.0 mg/L, the percentage of G2/M was 16.8%, 28.7% or
36.8%, respectively (Figure 6A, B). At the same time, the
cell cycle-related protein p21 Wafl/Cipl was upregulated in
an incubation time-dependent manner (Figure 6C). In parti-
cular, after 6 hr incubation with ee-As;S, at 2.0 or 4.0 mg/L,
p21 Wafl/Cip1 was upregulated remarkably. The tumor-sup-
pressor protein p53 is one of the most important upstream
proteins in the regulation of p21expression. However, K562
cells do not express p53 in mRNA or protein level,”® and we
would suggest that the downregulation of p21 in K562 cells
induced by ee-As;S; was not mediated through p53.
Therefore, it was rational to consider that ee-As,S; might
increase p21 through other pathways.

It was shown that the phosphorylation of ERK1/2 was
increased in K562 cells incubated with ee-As;S, at2.0,4.0 or
8.0 mg/L for 72 hrs (Figure 6D). UO126 is MEK inhibitor,
which can inhibit the phosphorylation of ERK1/2. The cell
viability of K562 treated with UO126 alone was 84.6%
(Figure 6E). UO126 treatment decreased the cell cycle arrest
induced by ee-As,S, (Figure 6F). Therefore, we would sug-
gest that phosphorylation of ERK1/2 participated in the G2/
M phase arrest induced by ee-As,S,.

Discussion
It is well documented that the leukemogenic BCR-ABL
fusion protein blocks the differentiation of CML cells and
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Figure 5 ee-As;S4 decreased intracellular ROS and HIF-1a in K562 cells. (A) Relative ROS level determined using 2’, 7'-dichlorodihydrofluorescein diacetate in K562 cells
incubated with ee-As,S,. Data represent mean + SEM (n=3). (B) ESR spectra of BMPO/-OOH adducts obtained from samples containing 25 mM BMPO, 20% DMSO, 2.5 mM
KO, and 0.35 mM [8-crown-6 in the absence or presence of 0.Img/mL of As,S4. (C) The expression of HIF-la incubated with ee-As,S, for 6 and 12 hrs. GAPDH served as

loading control.

protects the cells from apoptosis, leading to the constant
proliferation of undifferentiated stem cells. Therefore,
inducing CML cells to cause differentiation represents a
promising therapeutic strategy in the treatment of
CML.** Small-molecule BCR-ABL TKIs have funda-
mentally improved the treatment of CML and have
become a paradigm for molecularly targeted therapy.®
However, single-point mutations within the BCR-ABL
tyrosine kinase domain that interfere with drug-binding
always cause BCR-ABL-dependent resistance to currently
approved TKIs.® Here we found out that ee-As,S4 acted as
an anti-CML agent not through the way of inhibiting the
activity of BCR-ABL, instead, through eliminating BCR-
ABL directly, which makes ee-As4S; a supplementary
drug for CML patients. The function of inducing erythroid
differentiation for ee-As;S, may also decrease the fraction
of cells endowed with self-renewal and/or accelerate the
maturation of nonclonogenic leukemic cells*® and sensi-
tize CML stem/progenitor cells to anticancer agents.'®
Therefore, ee-AssS, may improve the hematopoietic func-
tion of CML patients as well as inhibit the tumor cels
proliferation. Additionally, these results are of implications
to treatments of other hematopoietic disorders caused by
myeloid diseases. It is shown that arsenic trioxide together

with IFN decreases CML leukemia-initiating cells,

therefore giving a chance to inhibit minimal residual dis-
ease and providing a curative approach for CML
treatment.>! AsyS, showed anti-CML effect through
degradation of BCR-ABL oncoprotein in K562 cells,
make it holding a curative potential as well for the treat-
ment for CML.

Although several studies have reported the enhanced

3235 the function of

cytotoxicity of nanoscaled As;Sy,
inducing erythroid differentiation for As;S4 has not been
observed. In this study, the water-dissolvable As;S,
nanoformulation (ee-As;S4) was applied to the CML
cell lines and primary cells from CML patients, and
the therapeutic effect of ee-AsyS,; inducing erythroid
differentiation in the CML cells was observed, which
was attributable to the reductive property of As;S; and
the water-dissolvable nanoformulation. The ee-AssS,
could react with intracellular ROS effectively due to
the large specific area of nanoparticles, downregulating
the ROS level (Figure 5). ROS has been recognized as
an upstream signal in the autophagic promotion of
hematopoietic stem cell differentiation.”® For examples,
an antioxidant resveratrol was reported to induce autop-
hagy by scavenging intracellular ROS.>' In our work,
ee-AsyS, induced ROS reduction from the very begin-
ning of incubation (much less than 1 hr), autophagy was
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Figure 6 ee-As,S, induced cell cycle arrest in G2/M phases through p-ERK1/2 dependent pathway. (A) Representative cell cycle analysis performed by flow cytometry of
K562 cells incubated with ee-As4S, at 1.0—4.0 mg/L for 72 hrs. (B) The percentage of cells in each phase. Data represent mean + SEM (n=3) (C) The expression of cell cycle-
dependent protein p2l, GAPDH served as loading control. (D) The phosphorylation of ERK1/2 in K562 cells incubated with ee-As4S;. GAPDH served as loading control.
(E) Cell viability of K562 cells treated with 4.0 mg/L of ee-As4S4, 5 pM of UO 126 or both. (F) Representative cell cycle analysis of K562 cells incubated with 4.0 mg/L of ee-
AssS4, 5 pM of UO126 or both.

which led to the autophagic elimination of BCR-ABL.
In addition, the decrease of intracellular ROS destabi-
lized HIF-1a that is closely associated with stemness of
stem cells,36 which could enhance the ee-As;S4-induced

observed after 1 hr of incubation, and the differentiation
was observed at 48 hrs of incubation (Figures 1, 4, 5).
Therefore, we would suggest that ee-Asy4S, induced ery-
throid differentiation of CML cells through downregu-

lating the intracellular ROS level to trigger autophagy, erythroid differentiation.
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Conclusion

In conclusion, ee-AsyS4 could be taken up by K562 cells
and induce effective erythroid differentiation both in the
CML cell lines and in the CML patient-derived
BMMNCs through BCR-ABL elimination that was
resulted from the autophagy triggered by the intracellular
ROS downregulation, in addition to inducing much more
cytotoxicity to the cells than r-As;S,.

Ethics approval and consent to
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This study was performed in accordance with the
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Abbreviation list

CML, chronic myeloid leukemia; BMMNCs, bone marrow
mononuclear cells; ESR, electron spin resonance; TEM, trans-
mission electron microscope; TKIs, tyrosine kinase inhibitors.
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Figure S2 Representative benzidine staining images of K562 cells incubated with 300 mg/L soluplus. Bar represents 100 pm.
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Figure S3 Overlapped distribution of CD235a expression of K562 cells after treatment with ee-As;S4 for 72 hrs in FACS.
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Figure S4 R-A,S, did not induce any differentiation in K562 cells even when the concentration of As;S4 was up to 200 mg/L. Original magnification x200.
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Figure S5 Hydrophilic polymer increased the ROS in K562 cells slightly.
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