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Introduction: Acute myeloid leukemia (AML) is a heterogeneous clonal disorder of hematopoietic progenitor cells, and the AML cells are
differentiation retarded which results in the hyperproliferation of those malignant tumor cells. To stop the uncontrollable proliferation,
inducing the AML cell differentiation is one highly expected therapy because it can bring relatively low systematic side effects compared to
conventional chemotherapies; however, there are few options of inductive therapeutics in the clinical applications so far. This study aims to
investigate the differentiation-induction effects of lab-developed hydrophilic nanocrystals of As4S4 (ee-As4S4).
Methods: In this work, ee-As4S4 was applied upon a refractory mouse model co-expressing AML1-ETO and HyC-KITD816V as well
as a related human AML cell line, Kasumi-1, to investigate whether the nanocrystals can break the retardation of differentiation and
drive the cells undergo apoptosis.
Results: It was shown that ee-As4S4 induced the upregulation of surface markers CD11b, CD235a, and CD41a, which indicate
granulocytic, erythroid, and megakaryocytic differentiation respectively, leading to the multiple-lineage differentiation and post-
differentiation apoptosis, and the inhibition of histone deacetylase activity was largely involved with the differentiation-induction
effects. In the AML mice, orally administered ee-As4S4 increased the level of Ter119, CD11b, and CD41 in bone marrow-derived
leukemia cells while reducing the percentage of leukemic cells in the bone marrow. Also, ee-As4S4 improved the hemogram and
relieved the hepatomegaly and splenomegaly of the AML mice. As a result, the survival of the AML mice was significantly prolonged.
Importantly, ee-As4S4 did not cause acute or chronic toxicity in healthy mice.
Conclusion: In conclusion, ee-As4S4 induced effective and multiple-lineage differentiation and apoptosis of AML cells in the
refractory AML mouse model and cell line, suggesting that it holds promising potential as a novel inductive agent in differentiation
therapy of AML.
Keywords: As4S4, nanocrystals, acute myeloid leukemia, differentiation therapy, histone deacetylation

Introduction
Acute myeloid leukemia (AML) is a highly heterogeneous hematopoietic malignancy that originates from differentiation
blocks at various stages of commitment and maturation within the myeloid, which leads to the accumulation of immature
myeloid blasts in the bone marrow.1,2 Conventional chemotherapies have been a chief strategy in the AML treatment,
which killed proliferating cells and generally succeed in debulking the disease.3 However, the treatment regimens based
on cytotoxic mechanisms often lead to intolerable side effects and result in a very poor 5-year survival rate due to drug
resistance and relapse. Hence, more efficacious and tolerable therapies are urgently demanded.
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It has been well known that differentiation blockade is the main characteristic of leukemic cells, which results in
uncontrollable proliferation.4 Therefore, induction of differentiation represents a promising strategy for leukemia treat-
ment. Different from cytotoxic therapies, differentiation therapies can accelerate the maturation of non-clonogenic
leukemic cells and decrease the fraction of cells endowed with excessive proliferation,5,6 therefore is an alternative
way to treat leukemia with much lower systematic toxicity. The hallmark success of the differentiation therapy regimen is
the combination of retinoic acid (RA) and arsenic trioxide, which has made one of the subtypes of AML, acute
promyelocytic leukemia (APL) highly curable.7 However, APL is less than 10% in AML patients, and more than 90%
of AML patients are not able to obtain benefits from the ATRA-based differentiation therapy.

Several recent studies have demonstrated that epigenetic changes associated with regulation of chromatin structure
and gene expression are largely involved in the pathogenesis of AML.8 In the past few years, it has been known that
AML blasts generally have reduced acetylation of histones compared to normal white blood cells,9,10 and histone
deacetylase (HDAC) plays a central role in regulating the acetylation of histones. Inhibition of HDAC can reverse
oncogene-induced transcriptional repression, therefore had predicted a major impact on AML. Some HDAC inhibitors
have been reported to elicit AML cell differentiation ex vivo or in vivo,11–13 suggesting that the inhibition of HDAC may
provide an alternative approach to induce AML cell differentiation.

Realgar (arsenic sulfide, As4S4) is a kind of crystal substance with large lattice energy, therefore makes it poor
solubility in water and the acidic solution. Even after ground with a traditional purification technique named Shuifei,14 the
particle size of realgar is still tens of microns and referred as raw realgar (r-As4S4).15 Several composite formulations
containing r-As4S4 have shown certain clinical therapeutic effects on some blood cancers,16–19 however, the bioavail-
ability is very low when orally administrated15 and the effects are needed to increase. We previously developed a solid
dispersion formulation by using hot-melting extrusion technique, in which r-As4S4 was processed into nanosized
crystalline with the amphiphilic polymer-coating (referred to as ee-As4S4) and the bioavailability is largely improved,15

at the same time, some new effects have been observed due to the nano-size.20 It was found out that ee-As4S4 was able to
induce chronic myeloid leukemia (CML) cells undergo erythroid differentiation through downregulating the intracellular
ROS and inducing autophagic degradation of BCR-ABL fusion protein, which has not been observed with the raw
As4S4.20 Besides, ee-As4S4 was able to inhibit HDAC activity, therefore inducing megakaryocytic differentiation in the
CML cells.21 The differentiation-induction and HDAC inhibition effects of ee-As4S4 on the CML cells shed the light that
the hydrophilic nanocrystal of As4S4 may hide an attractive capacity for inducing AML cell differentiation.

In this study, we applied ee-As4S4 to a well-established refractory AML mouse model22 and human AML cell line
Kasumi-1, both are featured with t (8:21) translocation and AML1/ETO fusion protein.23 We showed that ee-As4S4 could
effectively induce multi-lineage differentiations including erythroid, megakaryocytic, and granulocytic ones, and conse-
quently post-differentiation apoptosis of the AML cells through inhibiting the activity of HDAC. These effects
collectively in turn prolonged the survival of the AML mice that received the oral administration of ee-As4S4.

Materials and Methods
Cell Culture
Kasumi-1, a t (8;21)-positive M2b-type of the French-American-British (FAB) classification AML cell line was kindly
provided by Professor Min Wang from the Institute of Hematology and Blood Diseases Hospital, Chinese Academy of
Medical Sciences and Peking Union Medical College (Tianjin, China) and cultured in RPMI 1640 medium (Hyclone,
Cytiva, Marlborough, MA, USA) supplemented with 10% fetal bovine serum (FBS, Thermo Scientific, Rockford, IL,
USA), 100 U/mL penicillin, and 100 U/mL streptomycin (Hyclone, Cytiva, Marlborough, MA, USA) in a humidified
atmosphere of 5% CO2 at 37 °C.

Histone Deacetylase Activity Assay
The ee-As4S4 was prepared and characterized as described previously.18 HDAC activity was detected according to the
manufacturer’s protocol using a Colorimetric HDAC Activity Assay Kit (Bio Vision, San Francisco, CA, USA). Briefly,
Kasumi-1 cells were collected and lysed with a Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai,

https://doi.org/10.2147/IJN.S358469

DovePress

International Journal of Nanomedicine 2022:172192

Wang et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


China) after being treated with ee-As4S4. The nuclear protein of 85 μL (50 μg), assay buffer of 10 μL HDAC, and HDAC
substrate of 5 μL were mixed and incubated at 37 °C for 1 h. Afterward, the reaction was stopped by adding 10 μL lysine
developer and mixed well, and then incubated for 30 min at 37 °C. The absorbance was read at 405 nm with a Synergy
H1 microplate spectrophotometer (BioTek Instruments, Winooski, VT, USA).

Quantitative Real-Time PCR (q-RT PCR)
Total RNAwas extracted by Trizol reagent (Merck, Darmstadt, Germany) and reverse transcribed to cDNA. Quantitative
real-time PCR (q-RT PCR) was performed using SYBR probe (Takara Bio, Kusatsu, Japan), and fluorescence was
detected with a CFX96 Connect Real-Time PCR Detection System (Biorad, Hercules, CA, USA). The primers used in
the present study were purchased from Sangon Biotech (Shanghai, China), and the sequences were as below:

GAPDH forward primer: 5ʹ-GGTCACCAGGGCTGCTTTTA-3ʹ
GAPDH reverse primer: 5ʹ-GAGGGATCTCGCTCCTGGA-3ʹ
CEBPA1 forward primer: 5ʹ-GGTGGACAAGAACAGCAACG-3ʹ
CEBPA1 reverse primer: 5ʹ-GGTCAGCTCCAGCACCTTCT-3ʹ
GATA1 forward primer: 5ʹ-GCCTTCATCACTCCCTGTCC-3ʹ
GATA1 reverse primer: 5ʹ-AGGCGTTGCATAGGTAGTGG-3ʹ
SPI1 forward primer: 5ʹ-GTGCCCTATGACACGGATCTA-3ʹ
SPI1 reverse primer: 5ʹ-AGTCCCAGTAATGGTCGCTAT-3ʹ

Cell Differentiation Assay
Kasumi-1 cells were seeded in 24 well plates at a density of 2 × 105 cells/mL. After incubated with 0.5–2.0 mg/L ee-As4S4
for 24 h or 72 h, cells were collected and rinsed with PBS. Then cells were then labeled with PE-conjugated antibodies
against CD235a (ebioscience, ThermoFisher Scientific, Rockford, IL, USA), FITC-conjugated antibodies against CD41a
(ebioscience, ThermoFisher Scientific, Rockford, IL, USA), and FITC-conjugated antibodies against CD11b (BioLegend,
San Diego, CA, USA), respectively. The antibody-labeled cells were subsequently analyzed by flow cytometry. Post-
differentiation apoptosis was assessed by co-staining with APC-conjugated Annexin V (Dojindo, Kumamoto, Japan) and
differentiation markers, followed by flow cytometry analyses.

Western Blot
After incubated with ee-As4S4, Kasumi-1 cells were collected and lysed in RIPA cell lysis buffer (Solarbio life sciences,
Beijing, China) supplemented with 1 mM PMSF (Solarbio life sciences, Beijing, China) and protein phosphatase
inhibitor (Applygen, Beijing, China). The lysates were then centrifuged at 12,000 rpm for 15 min at 4°C. The protein
was quantified by a Pierce™ BCA Protein Assay Kit according to the manufacturer’s instructions. After denatured by
boiling in loading buffer (Applygen, Beijing, China), an equal amount of protein (20 µg) was loaded and separated on
12% glycine SDS-PAGE gel, and transferred to polyvinylidene difluoride (PVDF) membranes (0.45 µm; Millipore,
Merck, Darmstadt, Germany). Then the membrane was incubated with primary antibodies at 4°C overnight, including
anti-β-actin, anti-pro-caspase 3, and anti-caspase 3 (Cell Signaling Technology, CST, Boston, MA, USA). The membrane
was incubated with Horseradish Peroxidase (HRP)-conjugated secondary antibodies and visualized using an automatic
chemiluminescence image analysis system (Tanon, Shanghai, China) with HRP substrate luminol reagent and peroxide
solution (Merck, Darmstadt, Germany). The relative expression of the protein was analyzed using Image J software.

Caspase 3 Activity Assay
Caspase 3 activity was detected according to the manufacturer’s protocol using a Colorimetric Caspase 3 Activity Assay
Kit (Dojindo, Kumamoto, Japan). Briefly, Kasumi-1 cells were collected and lysed with lysis buffer after being treated
with ee-As4S4. After being incubated for 10 min at 4°C and centrifuge for 10 min at 10,000 rpm, the supernatant was
collected and quantified by Bradford and adjusted to 1 mg/mL before being mixed with assay buffer. The protein of 50
μL (50 μg), assay buffer of 10 μL, and substrate of 10 μL were mixed and incubated at 37°C for 2 h. The absorbance was
read at 405 nm with a Synergy H1 microplate spectrophotometer.
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In vivo Therapeutic Effect of ee-As4S4
Six-week-old, female C57 mice were bred in the Experimental Animal Center of the Institute of Basic Medical Sciences
(Beijing, China) under specific-pathogen-free conditions. The transplantable AML mouse model was constructed as
described previously.22,24 In brief, GFP labeled leukemic cells, which express AML1-ETO fusion gene and
HyCKITD816V were injected intravenously to sub-lethally irradiated (450 cGy) mice (1 × 106 cells per mouse). On
day-7 after transplantation, the percentage of GFP-positive (GFP+) cells in peripheral blood was detected, and the mice
were randomly grouped according to the percentage of GFP+ cells. After grouping, the mice were intragastrically
administered with distilled water (control), r-As4S4 (0.5 mg/day), and ee-As4S4 (containing 0.5 mg ee-As4S4 in it). The
overall survival was measured from transplantation until the occurrence of the last death (n = 7).

To evaluate the histological changes after different treatments, the AML mice were intragastrically administered with
distilled water, r-As4S4, and ee-As4S4 for 7 days, and sacrificed on day-15 after transplantation. White blood cell (WBC),
red blood cell (RBC), and platelet (PLT) count of the peripheral blood were measured by a hematology analyzer
(Mindray Bio-Medical Electronics Co., Shenzhen, China). Femurs were collected for further study. One of the femurs of
each mouse were flushed, and the bone marrow mononuclear cells were collected to detect the percentages of GFP+

leukemia cells (n = 5). Another femur of each mouse was fixed and subjected to immunofluorescent staining for the
detection of Ter119, CD41, CD11b, and caspase-3. The expression of differentiation markers Ter119, CD41, and CD11b
were also detected in the bone marrow mononuclear cells (n = 4). The antibodies used in flow cytometry and
immunofluorescent staining were as follows: APC-conjugated antibodies against mouse Ter119 (CAT#: 17-5921-82,
ebioscience, ThermoFisher Scientific, Rockford, IL, USA), PE-conjugated antibodies against mouse CD41
(CAT#:133906, BioLegend, San Diego, CA, USA), PE-conjugated antibodies against mouse CD11b (CAT#: 101208,
BioLegend, San Diego, CA, USA); mouse CD11b antibodies (CAT#: GB11058, Servicebio, Wuhan, China), mouse
CD41 antibodies (CAT#: PA5-79526, Invitrogen, ThermoFisher Scientific, Rockford, IL, USA), mouse Ter119 antibodies
(CAT#: ab91113, Abcam, Cambridge, UK).

In vivo Biological Safety Evaluation
Healthy C57BL/6 mice (n = 6) were orally administered with or without ee-As4S4 for 14 days. The body weights were
measured every two days and the peripheral blood was collected every two days and analyzed by a hematology analyzer
(Mindray Bio-Medical Electronics Co.).

Statistical Analysis
All of the quantitative data are expressed as the mean ± SEM and the statistical analysis was carried out by SPSS26.0.
Homogeneity of variance was tested by the Levene test. Unpaired two-tailed Student’s t-test was used for the analysis
between two groups defined by one factor. One-way ANOVAwas used to compare three or more groups defined by one
factor, and two-way ANOVAwas used to compare the groups that involve two factors. Tukey’s multiple comparison test
was used as a follow-up to ANOVA to compare the mean of different groups. P-value less than 0.05 was considered
statistically significant.

Results
The ee-As4S4 Induced Multi-Lineage Differentiation and Post-Differentiation
Apoptosis in vitro
In normal physiological conditions, immature myeloid cells hold the potential to undergo granulocytic differentiation,
erythroid differentiation, and megakaryocytic differentiation to generate mature granulocytes, red blood cells, and
platelets. Kasumi-1 cells are featured with t (8:21) translocation and AML1/ETO fusion protein, which was classified
as M2b subtype of the FAB classification and defined as AML with t (8;21) (q22;q22) according to the WHO
classification and belongs to the category of AML with recurrent genetic abnormalities. The expression of AML1/
ETO fusion protein leads to the hyperplasia of the primitive and immature myeloid cells. By ee-As4S4 incubation for 72h,
surface markers CD11b, CD235a, and CD41a were significantly increased on the cells, which indicate granulocytic,
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erythroid, and megakaryocytic differentiation, respectively (Figure 1A–C). The portion of markers positive cells
increased in a dose-dependent manner, and the percentage of CD11b+, CD235a+, and CD41a+ cells reached 36.77%,
32.19%, and 36.72% after incubation with 4 mg/L ee-As4S4 (Figure 1D–F). In the same way, the mean fluorescence
intensity (MFI) of cells also increased gradually (Figure S1A–C). Overall, these results indicated that ee-As4S4 induced
multi-lineage myeloid differentiation of Kasumi-1 cells.

After being incubated with ee-As4S4, the cells were double-stained with CD11b and CD235a antibodies to investigate
whether the differentiation to multiple lineages was dependent. Results showed that the portion of double-negative cells
decreased from 97.7% to 55.8% after the ee-As4S4 treatment, indicating that 44.2% of the cells underwent either
erythroid or myeloid differentiation or both. Among them, 41.6% of the cells were CD11b positive, and 34.4% of the
cells were CD235a positive, while 31.8% of the cells were double-positive (Figure 1G), which suggested that the cells
undergoing differentiation were partially overlapped and partially independent.

Wright-Giemsa staining was conducted to observe the morphological changes of Kasumi-1 cells. It was shown that
some of the cells exhibited typical megakaryocyte-like (Figure S2A-II), granulocyte-like (Figure S2A-III), and erythro-
cyte-like (Figure S2A-IV) phenotypes. Besides, the cells became bigger (Figure S2A-I). We also compared the FSC
value in flow cytometry. Results showed that after incubation with ee-As4S4, the FSC value of the cells was increased

Figure 1 The ee-As4S4 induced multi-lineage differentiation of Kasumi-1 cells. (A–C) Overlap distribution of CD11b, CD235a, and CD41a. The filled gray peak indicated the
control group, and the concentration of ee-As4S4 In (A–C and G) is 4.0 mg/L. (D–F) The portion of differentiation marker positive cells. (G) Plot distribution of Kasumi-1
cells defined by CD11b and CD235a antibodies. The incubation time for all experiments is 72 h. *P<0.05, ***P<0.001.
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from 5.12 × 106 to 5.54 × 106 (Figure S2B), indicating an increase in the cellular size, which is consistent with the
differentiation occurrence.

The differentiated cells are more likely to undergo apoptosis compared with immature leukemic cells.25,26 It was
shown that after incubated with ee-As4S4 for 24 h or 72 h, most of the Kasumi-1 cells were double-stained with lineage
markers and Annexin V conjugated with APC, indicating that the differentiated cells (CD11b+, CD235a+ or CD41a+

cells) were undergoing apoptosis (Figure 2A–F). Besides, both the intracellular content and the activity of caspase-3 were
elevated significantly in a dose-dependent manner (Figure 2G and H), which clearly showed the effect of apoptosis
induction of ee-As4S4. Taken above together, the ee-As4S4 induced differentiation and apoptosis in Kasumi-1 cells.

ee-As4S4 Induced Differentiation Through Reducing the Activity of HDAC
Histone deacetylases (HDAC) inhibit the acetylation of histones and repress gene expression through chromatin
remodeling, inappropriate repression of genes has been linked to several types of cancer,11,27 and aberrant histone
acetylation is known to play a key role in differentiation block in AML. It was reported that inhibition of HDAC resulted
in transcriptional activation of genes that participated in hematopoietic differentiation,25 therefore activating these
transcript factors could be a candidate strategy for differentiation therapy of leukemia.

Figure 2 The ee-As4S4 induced post-differentiation apoptosis of Kasumi-1 cells. (A–C) Representative plots distribution of the Kasumi-1 cells incubated with ee-As4S4 at
2.0 mg/L for 72 h after co-staining with Annexin V and antibodies against differentiation markers. (D–F) Proportion of Annexin V and differentiation marker double-positive
cells. (G) Western blot of pro-caspase 3 and caspase 3 after incubation with ee-As4S4 for 72 h. (H) Caspase-3 activity after incubation with ee-As4S4 for 72 h. *P<0.05,
***P<0.001.
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It was shown that the activity of HDAC of Kasumi-1 cells was reduced to about 70% of the untreated group after
incubation with ee-As4S4 (Figure 3A); meanwhile, the acetylated histone H3 was increased along with the down-regulation of
HDAC activity (Figure 3B). The inhibition of HDAC activity resulted in the transcriptional activation of genes that
participated in hematopoietic differentiation, including CEBPA and PU.1, the regulators of granulocytic differentiation28,29

(Figure 3C and D), and GATA1, (Figure 3E) the master transcription factor of megakaryopoiesis and erythropoiesis.30,31

Oral Administered ee-As4S4 Induced Differentiation and Apoptosis of Leukemic Cells
in AML Mice
The in vivo differentiation induction effect was investigated using a transplantable AML mouse model co-expressing
AML1-ETO fusion protein and mutant HyC-KITD816V, the leukemic cells were also constitutively expressed GFP
reporter gene.22 The FAB classification and WHO category and definition of the mouse model are the same as
Kasumi-1 cells. Moreover, co-occurrence of kit mutation and the t (8;21) translocation is associated with a poor outcome
and a higher risk of relapse, making it a refractory AML mouse model.

The AML mice were orally administered with ee-As4S4 once a day for 7 days and sacrificed and the femurs were
collected. Bone marrow mononuclear cells were flushed from one of the femurs of each mouse and subjected to flow
cytometry to analyze differentiation-associated surface markers. Ter119 and CD41 severed as an erythroid and mega-
karyocytic marker in mice, respectively. The AML cells were gated in Gate 1 according to the expression of GFP
(Figure 4A). It was observed that ee-As4S4 increased the expression of CD11b, Ter119, and CD41 on the AML cells
(Figure 4B–D). The MFI of the three markers for the leukemia cells separated from the bone marrow of AML mice were
all elevated after the ee-As4S4 treatment (Figure 4E–G). The other femurs of each mouse were collected and fixed for
immunofluorescence staining. The results showed that ee-As4S4 increased the expression of the three differentiation
markers in the bone marrow cells (Figure 4H–J), which is consistent with the results derived from flow cytometry.
Together, these results demonstrated that ee-As4S4 induced leukemia cell differentiation in vivo.

Figure 3 Ee-As4S4 inhibited the activity of HDAC in Kasumi-1 cells. (A) HDAC activity in lysate Kasumi-1 cell that incubated with ee-As4S4 for 72 h. (B) The expression of
acetylated histone H3 determined by Western Blotting in Kasumi-1 cell that incubated with ee-As4S4 for 72 h. (C–E) Relative mRNA levels of CEBPA, PU.1, and GATA1 of
Kasumi-1 cells incubated with ee-As4S4 at 2.0 mg/L for 48 h. *P<0.05 ***P<0.001.
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The in vivo apoptosis induction effect was next investigated. Results showed that the percentage of GFP+ cells in the bone
marrow decreased from 77.4% in the control group to 53.0% with ee-As4S4 treatment (Figure 5A). Furthermore, caspase-3 was
increased in the femur of ee-As4S4 treated mice, indicating that ee-As4S4 induced significant apoptosis in vivo (Figure 5B). In

Figure 4 The ee-As4S4 induced multi-lineage differentiation in vivo. (A) Illustration of the bone marrow assay and the gated scheme, cells in Gate 1 are leukemia cells. (B–D)
Overlap distribution of CD11b, Ter119, and CD41 expression in the leukemia cells in the control group and the ee-As4S4-treated group. (E–G) Mean fluorescence intensity
of the three markers in leukemia cells. (n=4) (H–J) Immunofluorescence staining of the three markers in femurs of mice from control and ee-As4S4 group.
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summary, these results indicated that ee-As4S4 induced differentiation and apoptosis in vivo, and inhibited the hyperproliferation
of GFP+ leukemic cells in vivo.

Hepatomegaly and splenomegaly are typical symptoms resulting from leukemia cell extramedullary infiltration,
which was relieved after the AML mice received ee-As4S4 treatment as the spleen weight was slightly reduced by the
mean although not statistically (Figure 5C). The average weight of the livers was reduced to 1.13 g in the ee-As4S4
group, while that was 1.48 g in the control group (Figure 5D). It was noticed that the relief effect of splenomegaly was
not as strong as that of hepatomegaly; this could be due to that ee-As4S4 was administered orally and likely to be
metabolized through the liver in priority, therefore showing a stronger effect on hepatomegaly.

The peripheral hemogram of acute leukemia can be characterized by an obvious increase of white blood cells (WBC), and
higherWBC counts in AML patients were associated with an increased mortality rate.32 Besides, anemia and thrombocytopenia,
ie, reduction of red cell count (RBC) and platelet (PLT), were also observed in AML patients. When comparing the blood cell
counts detected onDay 11 andDay 15 after transplantation, it was found that theWBC increased and theRBC and PLT decreased
in the control group. Due to the apoptosis-induction effect, the peripheral WBC was significantly reduced by ee-As4S4
administration in the mice, suggesting the remission of AML (Figure 5E). The composition of WBC on Day 15 was shown in
Figure S5A since there was a significant difference between the two groups. The differentiated counts of WBC including
neutrophils, lymphocytes,monocytes, eosinophils, and basophils were all decreased alongwith the decrease of totalWBCcounts.

When compared with the control group, the ee-As4S4 treated group showed the tendency of decreasedWBC. The RBC in the
ee-As4S4 group was 5.74×109/L and 4.34 ×109/L while that was 4.99×109/L and 4.09 ×109/L in the control group on Day 11 and
Day 15, revealing an anemia-alleviating effect (Figure 5F). However, the ee-As4S4 did not affect the PLTcount (Figure 5G). Due
to the reduced leukemic cells, relief of extramedullary infiltration, and improvement of hemogram, ee-As4S4 treatments
prolonged the survival of AML mice compared with the control group and the r-As4S4 group (Figures 5H, S3 and S4). The
median survival was 21 days for the ee-As4S4 group, while that was about 16 days for the control group.

In vivo Safety of Multiple Administration of ee-As4S4
To assess the in vivo safety of ee-As4S4, healthy C57BL/6micewere orally administeredwith ee-As4S4 or ddH2O twice a day for
14 days. Results showed that there were no significant differences detected in the bodyweight in the two groups (Figure 6A).

Figure 5 The ee-As4S4 induced apoptosis in vivo. (A) The percentage of GFP+ leukemia cells in the bone marrow determined by flow cytometry. (B) Immunofluorescence
staining of cleaved caspase-3 in the femur of mice from control and ee-As4S4 group. (C and D) The weight of spleen and liver of AML mice (n=5). (E–G). The count of WBC,
RBC, and PLT (n=5). (H) Survival curve of AML mice (n=7). *P < 0.05, **P<0.01.
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Besides, the counts ofWBC aswell as its composition, RBC, and PLTwere at a similar level among the different groups (Figures
6B–DandS5B), indicating that the oral administration of ee-As4S4 had no significant toxicity in the healthymice, exhibiting good
biosafety as a therapeutic agent.

Discussion
Although existing chemotherapies can help to reach complete remission for initial treatment of AML, relapse and drug resistance
still take about six in ten patients within five years.33,34 Therefore, developing alternative medicines is still an unmet health
demand in this field. Differentiation therapy is an attractive and promising strategy for AML, which gained the eyesight of
researchers since 1970s.5 Great success has been obtained in APL, and research interests are also increased in the treatment of
other cancer types, especially leukemia; however, clinically available options are still in lack.

Nanoparticle-based drug delivery systems have shown great potentials in the development of novel therapeutics against
blood cancer.35 For example, Vyxeos (CPX-351) is a liposomal formulation of cytarabine and daunorubicin, which
demonstrate a striking higher response rate with improved overall survival among secondary AML (including MRC-
AML) and therapy-related AML compared to the traditional 3 + 7 regimen.36,37 The therapeutic effects of Vyxeos come
from the synergistic cytotoxicity of two chemotherapeutic drugs. In the present study, by utilizing nanoparticle-based
technology, ee-As4S4 was prepared and it displayed the novel function of differentiation induction in the AML cells in vitro
and in vivo. Moreover, the mouse model used in this study is a refractory one, which was unable to benefit from cytosine
arabinoside treatment.38 These results strongly suggested that ee-As4S4 could serve as a therapeutic for refractory AML
patients.

The differentiation induction effect of the ee-As4S4 was first noted in chronic myeloid leukemia cells K562, as the
erythroid differentiation of K562 cells was induced through the autophagic elimination of BCR-ABL,20 and the megakar-
yocytic differentiation was induced through the inhibition of HDAC activity and transcriptional activation of RUNX1.21 The
preference of ee-As4S4 beyond the r-As4S4 was clearly shown in this work, indicating that the nanoformulation may lead to

Figure 6 The in vivo safety of ee-As4S4 in healthy mice. (A) The bodyweight of mice for each group (n=6). (B–D) The counts of WBC (B), RBC (C), and PLT (D) were
analyzed after the administration for 14 days (n=6). Mean of body weight, WBC, RBC, and PLT count were listed in the inserted table, the mean of the control group was
black-colored, and that of the ee-As4S4 treated group is Orange-colored. “n.s.” indicates no significance between the two groups in the same day.
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new therapeutic opportunities. In the mechanistic study, we showed that ee-As4S4 was able to activate the expression of
myeloid differentiation-associated transcript factors and induce the differentiation of AML cells, meanwhile the activity of
HDAC was reduced, which implied that ee-As4S4 might serve as a potent treatment option for different subtypes of AML.39

The experimental evidence both in vitro and in vivo also showed that ee-As4S4 was capable of inducing multi-lineage
differentiation of M2b subtypes of AML cells. We would like to address that the in vitro and in vivo effects of differentiation
induction were consistent, though the proportion of the cells undergoing differentiation was different. The difference between
the in vitro and in vivo data could be attributed to two reasons: 1. the cells were of different species origin, and the performance
might be different; 2. unlike in vitro culture, cells undergoing differentiation could be rapidly cleared by phagocytes due to the
apoptosis, resulting in lower expression of differentiation markers in the harvested cells.

Conclusion
In conclusion, ee-As4S4 was able to induce multi-lineage differentiation including granulocytic, erythroid, and mega-
karyocytic differentiation through reducing the activity of HDAC, which led to apoptosis of the AML cells. The oral
administration of ee-As4S4 prolonged the survival of the refractory AML mice by inducing the in situ leukemia cells in
the bone marrow as well as the extramedullary infiltrating AML cells to undergo differentiation and apoptosis.
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