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Acute myeloid leukemia (AML) is a heterogeneous disorder characterized by the clonal expansion and differentiation arrest of
leukemic cells in peripheral blood and bone marrow. /ough the treatment using cytarabine-based protocol for AML patients
with t (8; 21) translocation has improved the 5-year overall survival rate, drug resistance continues to be the principal limiting
factor for the cure of the disease. In addition, very few AML patients with mixed lineage leukemia gene rearrangements (MLLr)
have a desirable outcome. /is study evaluated the cell differentiation effect of a potent HDAC (histone deacetylase) inhibitor, I3,
and its possible mechanism on the AML cells with t (8; 21) translocation or MLLr and leukemic stem-like cells (Kasumi-1, KG-1,
MOLM-13, and THP-1). I3 exhibited efficient anti-proliferative activity on these cells via promoting cell differentiation, ac-
companied by the cell cycle exit at G0/G1. Importantly, I3 showed the properties of HDAC inhibition, as assessed by the
acetylation of histones H3 and H4, which resulted in blocking the activation of the VEGF (vascular endothelial growth factor)-
MAPK (mitogen-activated protein kinase) signaling pathway in the Kasumi-1 cell line. /ese data demonstrate that I3 could be
a potent chromatin-remodeling agent to surmount the differentiation block in AML patients, including those with t (8; 21)
translocation or MLLr, and could be a potent and selective agent for AML treatment.

1. Introduction

Leukemia is a malignant clonal stem cell neoplasm in which
immature hematopoietic cells are characterized by the
failure of differentiation and unrestricted rapid proliferation
[1]. Acute myeloid leukemia (AML) is an aggressive and
lethal blood cancer originating from a differentiation block
at the level of immature progenitors [2, 3]. Fortunately, acute
promyelocytic leukemia (APL), the M3 subtype of AML, is
a classic example of a disease that has become treatable with
the differentiation inducer, all-trans retinoic acid (ATRA).
ATRA has transformed APL from a highly fatal to highly
curable disease [4, 5]. /e t (8; 21) translocation is

considered the most common structural chromosomal ab-
errations in patients with AML, and creates the RUNX1-
RUNX1T1 fusion oncoprotein [6]./e t (8; 21) translocation
is observed in about 40–60% of AML patients. /ough the
cytarabine-based protocol for AML with t (8; 21) has im-
proved the 5-year overall survival rate, continuous che-
motherapy may enhance toxicity and is detrimental to the
patient's health [7]. Moreover, resistance to chemotherapy is
a significant challenge [8]. In addition, the mixed lineage
leukemia (MLL) gene rearrangements (MLLr) occur in
about 10% of AML, often detected in subtypes M4 and M5,
which is one of the most aggressive subtypes [9]. AML with
MLLr is associated with a poor response to therapy and very
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few patients have either a good or an intermediate outcome
[10]. /erefore, there is an urgent need to develop new
therapeutics for AML with t (8; 21) translocation and the
MLLr-AML. /ough differentiation therapy with ATRA in
APL achieves excellent success, ATRA is ineffective in
treating the other subtypes of AML cases.

Histone deacetylases (HDACs) belong to an epigenetic
modification enzyme family whose enzymatic activity
controls the acetylation state of histones and other proteins.
It can regulate chromatin accessibility and the expression of
target genes [11]. It has been well established that HDACs
are frequently overexpressed in human leukemia cases,
which results in the abnormal regulation of chromatin
remodeling and the overexpression of tumor-driven genes
[12, 13]. Decades of research has shown that the inhibition of
HDACs leads to cell cycle arrest, cell differentiation, or cell
apoptosis, and decreases cell proliferation by altering the
acetylation status of histone or non-histone proteins [13, 14].
/e US Food and Drug Administration (FDA) has approved
only four anti-cancer drugs targeting HDAC: SAHA (sub-
eroylanilide hydroxamic acid), PXD-101, FK-228, and
LBH-589 [13]. SAHA, a well-studied and the most famous
HDAC inhibitor (HDACi), was first approved by the FDA
for cancer treatment. However, it is restricted to the
treatment of cutaneous T cell lymphoma [15].

I3 (Chemical name: 4-(4-(1-Ethyl-1H-indol-3-yl)buta-
namido)-N-hydroxybenzamide, C21H23N3O3), a HDAC
inhibitor, has shown considerable potency with an in-
hibitory rate of 78% compared with SAHA’s 59% at the
concentration of 1 μM [16]. Moreover, it was shown that I3
also exhibited higher inhibitory potency than SAHA against
U937, U266, and HepG2 cells. In addition, I3 is a derivative
of I1 with the NH in the indole ring substiuted by an ethyl
group, which exhibited the activity to overcome the dif-
ferentiation block in acute leukemia cells with mixed lineage
leukemia gene rearrangements [17]. In the present study, we
assessed whether I3 exhibited an inhibitory activity by in-
ducing cell differentiation against AML cells with t (8; 21)
translocation or MLLr and leukemic stem-like cells
(Kasumi-1, MOLM-13, THP-1, and KG-1). /e possible
molecular mechanism of action of I3 is then explored.

2. Materials and Methods

2.1. Chemicals. I3 was prepared by our lab. /e chemical
structure of I3 with a molecular weight of 366.18 and SAHA
are shown in Figure 1(a). I3 or SAHA was dissolved in di-
methyl sulfoxide (DMSO) to prepare a 10mM stock solution
and stored at −20°C. /e desired concentrations of I3 or
SAHA were obtained by diluting the stock solutions with the
RPMI-1640 medium. /e same concentration of DMSO as
the I3 solution was used as the control. /e final DMSO
concentrations in the cell culture mediumwere not more than
0.1% and had no observable toxic effect on cells. Fluorescein
Isothiocyanate (FITC)/Annexin V Apoptosis Detection Kit
and Propidium iodide (PI)/RNase staining solution were
obtained from BD Biosciences (San Jose, CA, USA). Cell
Counting Kit-8 (CCK-8) was purchased from Solarbio
(Beijing, China). PE anti-CD13 (Cat #301704 RRID:

AB_314180), FITC anti-CD11b (Cat #301330 RRID:
B272326), and PE anti-CD15 (cat #301906, RRID:
AB_314198) were obtained from Biolegend, Inc (San Diego,
CA, USA). FITC anti-CD14 (Cat #555397, RRID: 0357884)
was obtained from BD Biosciences (San Jose, CA, USA).
CD312 (antibodies against EMR2, Cat# MA5-28205) was
obtained from Invitrogen, Inc (Carlsbad, CA, USA).
MethoCult H4100 (Cat #04100) andH4435 (Cat #04435) were
obtained from STEMCELL Technologies, Inc (Vancouver,
BC, Canada). Antibodies against GAPDH (Cat #5174), His-
tone H3 (Cat #4499), Acetyl-Histone H3 (Ac-H3, Cat #8173),
Histone H4 (Cat #2935), Acetyl-Histone H4 (Ac-H4, Cat
#2594), RUNX1-RUNX1T1 (Cat #4336), VEGF-A (Cat
#65373), MAPK/ERK (Cat #4695), and phospho- MAPK/
ERK (p-MAPK/ERK, Cat #4370) were obtained from Cell
Signaling Technology (Beverly, MA, USA). /e Evo M-MLV
RT kit (Cat #AG11706) and SYBR® Green Pro TaqHS qPCR
Kit (Cat #AG11718) were purchased from Accurate Biology
(Hubei, China). Spark ECL Plus A (Cat #ED0015-C), Spark
ECL Plus B (Cat #ED0016-C), and RIPA buffer (Cat #EA0002)
were purchased from SPARKJADE (Shandong, China).

2.2. Cell Lines andCell Culture. Since there is an urgent need
to develop new therapeutics for AML with t (8; 21) trans-
location and the MLLr-AML, Kasumi-1 (M2 subtype of
AML with t (8; 21) translocation, DSMZ: ACC 220),
MOLM-13 (M5 subtype of AML with MLLr, DSMZ: ACC
554), and THP-1 (M5 subtype of AML with MLLr, DSMZ
No.: ACC 16) cell lines were used. In addition, KG-1 was also
used to assess the effect of I3 on the proliferaton of leukemic
stem-like cells, which has leukemic stem cells characteristics
and was established from the bone marrow cells of an AML
patient (DSMZ: ACC 14). Kasumi-1, KG-1, MOLM-13, and
THP-1 cells were purchased from DSMZ (Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH,
Leibniz, Germany) and maintained in RPMI-1640 medium,
supplemented with 10% or 20% FBS and 1% penicillin-
streptomycin, and incubated at 37°C in 5% CO2.

2.3. Cell Proliferation Assay. Kasumi-1, KG-1, MOLM-13,
and THP-1 cells were seeded into 96-well culture plates at
a density of about 5×103 cells/well in 180 μL medium for 24
h and were treated with 20 μL of I3 at different concen-
trations (0.01–10 μM). 10 μL CCK-8 reagent was added into
each well after 72 h. /en, the cells were incubated at 37°C
for 4 h. Subsequently, the absorbance of each well was de-
tected at 450 nm using an Opsys microplate reader (Dynex
Technologies, Chantilly, VA, USA).

2.4. Cell Apoptosis Assay. Kasumi-1, KG-1, MOLM-13, and
THP-1 cells were treated with I3 (0–2.4 μM) or the indicated
concentration of SAHA (0–1.2 μM) for 72 h. First, the cells
were collected and resuspended in a 1× binding buffer. Next,
the cells weremixed with Annexin V-FITC and PI for 30min
at room temperature in the dark. Finally, Beckman Coulter
DxFLEX flow cytometer was used to detect the cell apoptotic
rate quantitatively.

2 Journal of Oncology



2.5. Cell Morphology Analysis. Kasumi-1, KG-1, MOLM-13,
and THP-1 cells were cultured with a specified concentra-
tion of I3 for 72 h. Slides were made from the collected cells
by cytospin, air-dried, stained with Wright-Giemsa for
about 20min, and observed formorphological features using
light microscopy.

2.6. Analysis of Cell Surface Antigens. Kasumi-1, KG-1,
MOLM-13, and THP-1 cells were treated with the indicated
concentration of I3. After 72 h, the cells were centrifuged,
collected, washed, and stained with monoclonal antibodies
for 30min at room temperature in the dark. /e cells
conjugated with the antibodies were determined with
a Beckman Coulter DxFLEX flow cytometer.

2.7. Cell Cycle Analysis. Kasumi-1, KG-1, MOLM-13, and
THP-1 cells were treated with the indicated concentration of
I3 for 24, 48, or 72 h. /e cells were then collected and fixed
with 70% ethanol at −20°C for at least 24 h and subsequently
stained with PI (50mg/mL) and RNase A (100mg/mL) for
30min at room temperature in the dark. Finally, the per-
centage of cells in the sub-G1, G0/G1, S, and G2/M phases
was detected by a Beckman Coulter DxFLEX flow cytometer
(Florida, Miami, USA). ModFit software was used to analyze
the percentage of cells in various phases.

2.8. Colony Formation Assay. Kasumi-1, KG-1, MOLM-13,
and THP-1 cells were treated with I3 (0–2 μM) in 2.6%
methylcellulose medium containing 10% FBS and placed in
a 24-wellflat-bottomed plate for two weeks. Colonies con-
taining over 50 cells were visualized and counted using an
inverted microscope (Olympus, Shinjuku-ku, Tokyo, Japan).

2.9. mRNA-Sequencing Analysis. Since the t (8; 21) trans-
location occurs in primary cases of AML, mRNA-
Sequencing (mRNA-seq) was performed for Kasumi-1
cells. Similar to our previous work [18], cells treated with
I3 for 48 h were collected for RNA extraction. Sequencing
libraries were prepared, the mRNAs levels were estimated,
and differential expression analysis was performed using
DESeq R packages. /e threshold of the differential ex-
pression of genes (DEGs) was set as a corrected p-value of
0.05 and an absolute value of log2FC (fold change) ≥0.58.
/e involved signaling pathways associated with the I3
treatment were analyzed using Gene Set Variation Analysis
(GSVA). /e cluster profile package of R software was used
to conduct the enrichment analysis of DEGs. /e pathways
with a p-value of <0.05 were considered significantly
enriched.

2.10. Real-Time PCR Analysis. According to the manufac-
turer’s instructions, total RNA was extracted from the
samples using Trizol reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA). /e cDNA was synthesized using the
Evo M-MLV RT kit (AG11706, Accurate Biology, Hunan,
China). Quantitative analysis of the mRNA expression was
evaluated by qPCR using S-YBR® Green Pro TaqHS qPCR
Kit (AG11718; Accurate Biology), and GAPDH was used as
an endogenous control. /e sequences of the qPCR primers
were as follow: forward GAPDH: 5′-GGCGCTGAGTAC
GTCGTGGAGTCCA-3′ and reverse GAPDH: 5′-AAAGTT
GTCATGGATGACCTTGG-3′; forward VEGF-A: 5′-CTC
ACCAAGGCCAGCACATAGG-3′ and reverse VEGF-A:
5′-ATCTGGTTCCGAAAACCCTGAG-3′; forward EMR2:
5′-AGAAGCAAGTAGACAGGAGTGT-3′ and reverse
EMR2: 5′-TTCTGTGCCTGATTCCAGTCG-3′; forward
RUNX1-RUNX1T1: 5′-CACCTACCACAGAGCCATCAA

I3 SAHA

ON

O

NH

NHOH

H
N

O

O

N
OH

H

(a)
Kasumi-1

120.00

0.01 0.1
Concentration (μM)

1 10 100

C
el

l p
ro

lif
er

at
io

n 
(%

) 100.00

80.00

60.00

40.00

20.00

0.00

I3
SAHA

KG-1

120.00

0.01 0.1
Concentration (μM)

1 10 100

C
el

l p
ro

lif
er

at
io

n 
(%

) 100.00

80.00

60.00

40.00

20.00

0.00

I3
SAHA

MOLM-13

120.00

0.01 0.1
Concentration (μM)

1 10 100

C
el

l p
ro

lif
er

at
io

n 
(%

) 100.00

80.00

60.00

40.00

20.00

0.00

I3
SAHA

THP-1

120.00

0.01 0.1
Concentration (μM)

1 10 100

C
el

l p
ro

lif
er

at
io

n 
(%

) 100.00

80.00

60.00

40.00

20.00

0.00

I3
SAHA

(b)

Figure 1: I3 inhibited the proliferation of Kasumi-1, KG-1, MOLM-13, and THP-1 cells. (a) /e chemical structure of I3 and SAHA.
(b) CCK-8 assay on cells treated with I3 or SAHA (0–10 μM) for 72 h. Data represented as mean± SD.
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A-3′ and reverse RUNX1-RUNX1T1: 5′-ATCCACAGG
TGAAGTCTGGCATT-3′; and forward ERK: 5′-TACACC
AACCTCTCGTACATCG-3′ and reverse ERK: 5′-CATGTC
TGAAGCGCAGTAAGATT-3′.

2.11. Western Blotting Analysis. After treatment with the
indicated concentration of I3 for 72 h, Kasumi-1 cells were
lysed with RIPA buffer containing proteinase inhibitors. /e
protein lysates were separated using sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE), and then transferred to the
polyvinylidene fluoride (PVDF) membrane. /e PVDF
membrane was blocked with 10% skim milk, subsequently
incubated with primary antibodies overnight at 4°C, and
incubated with the appropriate secondary antibodies. /e
expression of proteins was visualized via the enhanced
chemiluminescence (ECL) reagent detection system
(Amersham Imager 600; GE Healthcare Biosciences, Pitts-
burgh, PA, USA).

2.12. Statistical Analysis. All experiments were repeated
three times. Data were presented as mean± standard de-
viation (SD)./e comparison of each experiment group with
the control was analyzed by the one-way ANOVA method
using the SPSS software, and p< 0.05 or p< 0.01 was
considered statistically significant.

3. Results

3.1. I3 Significantly Inhibits theProliferation ofAMLCellswith
t (8; 21) or MLLr and Leukemic Stem-Like Cells. /e anti-
proliferation effect of I3 on AML cells compared with SAHA
was determined by the CCK-8 assay. As shown in
Figure 1(b), I3 markedly inhibited the proliferation of
Kasumi-1, KG-1, MOLM-13, and THP-1 cells with IC50
values of 0.26, 1.18, 0.86, and 1.16 μM, respectively, which
were comparable with that of SAHA (0.10, 0.21, 0.27, and
0.25 μM, respectively). /ese results indicate that I3 can
effectively inhibit the proliferation of AML cells with t (8; 21)
translocation or MLL gene rearrangements and leukemic
stem-like cells. Moreover, I3 had a similar anti-proliferation
potency as SAHA on these cells.

3.2. I3 Induces Less Apoptosis in AML Cells with t (8; 21) or
MLLr and Leukemic Stem-Like Cells. Next, we determined
the apoptosis rate of cells to confirm whether the anti-
proliferative effect of I3 on Kasumi-1, KG-1, MOLM-13,
and THP-1 cells is associated with the induction of apo-
ptosis. As shown in Figures 2(a) and 2(b), minimal signs of
apoptosis were observed when these cells were incubated
with I3 at concentrations of 0.25, 1.2, 0.9, or 1.2 μM, re-
spectively. /ese results indicate that the cell cycle arrest in
all cells induced by I3 was not due to apoptosis. Hence, these
concentrations of I3 were used in further experiments to
explore their effect on cell differentiation.

3.3. I3 Promotes Cell Differentiation inAMLCells with t (8; 21)
or MLLr and Leukemic Stem-Like Cells. As I3 induces

minimal apoptosis in Kasumi-1, KG-1, MOLM-13, and
THP-1 cells at the indicated concentrations, we performed
cell morphology analysis and cell surface antigen test to
evaluate the effect of I3 on the differentiation in these cells.
/e cell phenotype was analyzed by determining the cell
differentiation biomarkers CD11b (a granulocyte/monocyte
marker), CD13 (a monocyte/macrophage marker), CD14 (a
monocyte/macrophage), CD15 (a monocyte/macrophage
marker), and CD321 (antibodies against EMR2, highly
expressed by monocyte/macrophages [19]). As shown in
Figure 3(a), after being treated with I3 for 72 h, all cells
showed decreased nuclear/cytoplasmic ratio and increased
cell size, revealing that I3 induced cell differentiation as-
sociated with morphological changes. Moreover, it can be
seen that I3 significantly upregulated the expression of the
differentiation markers CD11b, CD14, and CD312 in
Kasumi-1 cells. Similarly, CD11b, CD14, and D15 were
upregulated in KG-1 cells. Additionally, CD11b, CD13, and
CD15 were upregulated in MOLM-13 cells and THP-1 cells
(Figures 3(b) and 3(c)). Based on these results, it can be
inferred that I3 could induce cell differentiation of AML cells
with t (8; 21) or MLLr and leukemic stem-like cells.

3.4. I3 Induces Cell Cycle Arrest at G0/G1 in AML Cells with t
(8; 21) orMLLrandLeukemic Stem-LikeCells. /e effect of I3
on the cell cycle distribution of Kasumi-1, KG-1, MOLM-13,
and THP-1 cells was assessed. It was found that the per-
centage of cells in the G0/G1 phase significantly increased
within 72 h after I3 treatment in these cell lines (Figures 4(a)
and 4(b)). /ese findings reveal that I3 repressed cell pro-
liferation by inducing a cell cycle arrest at G0/G1 in AML
cells with t (8; 21) translocation or MLLr and leukemic stem-
like cells at a low concentration.

3.5. I3 Inhibits Colony Formation of AMLCells with t (8; 21) or
MLLr and Leukemic Stem-Like Cells. /e effect of I3 on the
colony-forming capacity of Kasumi-1, KG-1, MOLM-13, and
THP-1 cells was investigated next. It was found that the
number of colonies was decreased significantly with an in-
creasing concentration of I3 (Figure 5). Moreover, Kasumi-1,
KG-1, MOLM-13, and THP-1 cells rarely formed colonies
when incubated with I3 at 2 μM, suggesting that the differ-
entiated cells have lost their capability to form colonies./ese
results indicate that I3 could significantly inhibit the colony-
formation ability of AML cells with t (8; 21) translocation or
MLLr and leukemic stem-like cells at a low concentration.

3.6. I3 Induces Cell Differentiation Related to the VEGF Sig-
naling Pathway in Kasumi-1 Cells. To explore the molecular
mechanism of cell differentiation mediated by I3, we per-
formed the differential gene expression analyses using
mRNA-seq in Kasumi-1 cells. We found that 86 genes were
downregulated and 67 genes were upregulated, demon-
strating the different effects of I3 on gene expression. /e
volcano plot of cells is shown in Figure 6(a). /e result
suggests that the mRNA expression of genes is not uni-
versally affected by I3. As shown in Figure 6(b), VEGF-A,
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FGF-22, and CEBPβwere markedly downregulated, whereas
ADGRE2 (EMR2) was significantly upregulated in Kasumi-1
cells incubated with I3. GSVA showed that the most optimal

pathway related to cell differentiation was the VEGF sig-
naling pathway in Kasumi-1 cells incubated with I3
(Figure 6(c)).
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Figure 2: I3 induced minimal apoptosis in Kasumi-1, KG-1, MOLM-13, and THP-1 cells. (a) Cells were treated with I3 or SAHA for 72 h
and cell apoptosis was determined by flow cytometric analysis. (b) Graph bars show the percentage of living cells and cells undergoing
necrosis/apoptosis. Kasumi-1 cells were treated with 0.125, 0.25, and 0.5 μM of I3 or 0.5 μM of SAHA. KG-1 cells were treated with 0.6, 1.2,
and 2.4 μM of I3 or 1 μM of SAHA. MOLM-13 cells were incubated with 0.45, 0.9, and 1.8 μM of I3 or 0.9 μM of SAHA. THP-1 cells were
treated with 0.6, 1.2, and 2.4 μM of I3 or 1.2 μM SAHA (∗p< 0.05, ∗∗p< 0.01).
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Furthermore, some representative DEGs identified by
mRNA-seq were confirmed by RT-PCR andwestern blotting
in Kasumi-1 cells. In addition, it was found that I3 treatment
markedly changed the expression of mRNA and proteins of
VEGF-A and EMR2 (Figure 7(a)). /ese results align with
the expression screened by mRNA-seq. In addition, as I3 is
a potent HDAC inhibitor, we explored the effect of I3 on the
inhibition of HDAC by determining the level of acetylated
histones, H3 and H4, via western blotting analysis. As shown
in Figures 7(b) and 7(c), the level of acetylated histones H3
and H4 increased in a concentration-dependent manner in
Kasumi-1 cells incubated with I3. Moreover, I3 reduced the
phosphorylation of MAPK/ERK but not the total MAPK/
ERK expression. In addition, because RUNX1-RUNX1T1
fusion oncoprotein plays essential roles in AMLwith t (8; 21)
translocation, we detected RUNX1-RUNX1T1 mRNA and

protein expression levels in Kasumi-1 cells. It was shown
that I3 did not alter the mRNA and protein expression of
RUNX1-RUNX1T1.

4. Discussion

AML, the most common form of acute leukemia in adults, is
a hematological malignancy with recurrent and refractory
characteristics. /e chromosomal translocation t (8; 21)
occurs in about 40%–60% of cases of AML [20]. Clinically,
the cytosine arabinoside (Ara-C)-based chemotherapy is the
standard therapy for AML with t (8; 21) translocation.
However, continuous chemotherapy may cause toxicities
and can result in the development of drug resistance [21, 22].
In addition, AML with MLLr occurs in about 10% of AML
and is often associated with a poor prognosis and limited
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Figure 3: I3 induces the differentiation of Kasumi-1, KG-1, MOLM-13, and THP-1 cells. (a) /e morphology of Wright-Giemsa-stained
cells captured by oil immersion lens (×1,000). (b)/e expression of antigens of cells measured by flow cytometry. (c) Graph bars present the
mean fluorescence intensity (MFI) of antigens. Kasumi-1, KG-1, MOLM-13, and THP-1 cells were incubated with 0.25, 1.2, 0.9, or 1.2 μMof
I3 for 72 h (∗p< 0.05, ∗∗p< 0.01).

6 Journal of Oncology



response to conventional therapies [23]. /erefore, de-
veloping novel treatment compounds for newly identified
targets is imperative.

HDACs catalyze the removal of the acetyl group from
the ε-amino groups in histone or non-histone proteins,
lysine residues. Acetylation and deacetylation play an
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Figure 4: I3 induces G0/G1 cell cycle exit in Kasumi-1, KG-1, MOLM-13, and THP-1 cells. (a) Cells were treated with 0.25, 1.2, 0.9, or
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essential role in the expression of genes [24]. In
leukemic cells, HDACs are often overexpressed, which
results in transcriptional repression. Furthermore,
HDACi has been shown to induce differentiation, apo-
ptosis, autophagy, or cell cycle arrest in hematopoietic
cancers via the acetylation of histone or non-histone
proteins [15, 25, 26].

I3, as a potent HDACi, has exhibited higher HDAC
enzyme inhibitory activity and demonstrated higher anti-
proliferation potential in HepG2, U937, and U266 cells
compared with SAHA [16]. Our study is the first to show the
differentiation-inducing activity of I3 in AML cells with t (8;
21) translocation or MLLr and leukemic stem-like cells. We
showed that I3 significantly inhibited the cell proliferation

and colony-forming ability of Kasumi-1, KG-1, MOLM-13,
and THP-1 cells by inducing cell differentiation. /e
morphological changes confirm the cell differentiation by
altering the expression of the cell surface antigens CD11b,
CD13, CD14, CD15, or CD312. Moreover, cell differentia-
tion was accompanied by G0/G1 cell cycle arrest. Mecha-
nistically, the VEGF signaling pathway was demonstrated to
be associated with cell differentiation in Kasumi-1 cells
treated with I3. We also observed an increase in the acet-
ylation of histones H3 and H4, suggesting that I3 targeted
and inhibited HDAC, contributing to its anti-proliferative
activities. In contrast, SAHA exhibited the anti-proliferation
effect on leukemia cells by inducing cell aopotosis [27].
Furthermore, the effect of I3 on the HDAC inhibition
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Figure 5: I3 suppresses colony formation in Kasumi-1, KG-1, MOLM-13, and THP-1 cells. (a) Cells were treated with I3 at concentrations
of 0.5–2 μM for 14 days, and the cell morphology was observed under light microscopy. (b) /e effect of different concentrations of I3 on
colony formation.
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activity was higher than SAHA. Taken together, we found
that I3 induces cell differentiation and is effective against cell
proliferation in AML cells with t (8; 21) translocation or
MLLr and leukemic stem-like cells. Consistent results were
also found with other HDACi such as valproic acid (VPA)
and trichostatin A (TSA), both of which induced myeloid
precursors committed to cell differentiation [28, 29].

It was shown that the VEGF signaling can stimulate
cancer stemness and promote the growth and proliferation
of tumor cells [30]. Several VEGF-targeted therapies have
been developed [31]. /e members of the VEGF family,
including VEGF-A (also known as VEGF), VEGF-β, VEGF-
C, VEGF-D, and placenta growth factor (PlGF), play es-
sential roles in vascular biology [32]. VEGF overexpression
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has a demonstrated correlation with a lower remission rate
and reduced overall survival in AML patients [31]. /ere-
fore, the VEGF pathway, a key regulator of angiogenesis in
hematologic malignancies, has led to several VEGF-targeted
approaches [33].

Furthermore, it was demonstrated that VEGF could
stimulate cell differentiation, survival, proliferation, and
migration [34]. In this study, mRNA-seq showed that the
VEGF signaling pathway was enriched. I3 treatment sig-
nificantly decreased VEGF-A’s mRNA and protein levels.
Furthermore, it was shown that I3 exhibited marked HDAC

inhibitory activity resulting in the acetylation of histones H3
and H4 in Kasumi-1 cells. Based on the literature, HDAC
activity is required for chromatin remodeling at the VEGF
promoter and VEGF mRNA expression [35]. Hence, we
deduce that I3’s role in decreased VEGF expression may be
due to its HDAC inhibitory activity. Moreover, the MAPK/
ERK signaling pathway is a signaling branch downstream of
VEGF [36], and MAPKs have been demonstrated to play
essential roles in regulating cell differentiation, survival,
proliferation, and apoptosis [37]. We also found that p-
MAPK/ERK protein level was significantly decreased with
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Figure 7: /e RT-PCR and western blotting analysis of cell differentiation-related genes and proteins in Kasumi-1 cells. (a) /e effect of I3
on the mRNA expression of RUNX1-RUNX1T1, ERK, VEGF-A, and EMR2 measured by RT-PCR. (b) /e effect of I3 on the protein
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analysis. (c) Graph bars show the protein expression quantified by the AI600 imager. Cells were incubated with 0.25 μM of I3 for 72 h
(∗p< 0.05, ∗∗p< 0.01).
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no apparent change in the expression of total MAPK/ERK
protein level in Kasumi-1 cells treated with I3. Furthermore,
as mentioned above, I3 treatment inhibited the proliferation
of AML cells by inducing cell differentiation. /is result was
in line with the finding that the inhibition of MAPK/ERK
phosphorylation accompanied cell differentiation [38]. In
summary, the cell differentiation induced by I3 is likely
associated with the block of the VEGFA/MAPK signaling
pathway via the HDAC inhibition activity of I3 facilitated by
the acetylation of histones H3 and H4.

In conclusion, our findings show that I3, an HDAC
inhibitor and a chromatin-remodeling agent, has significant
anti-proliferative effects on AML cells with t (8; 21) trans-
location or MLLr by inducing cell differentiation. /e in-
duction of cell differentiation by I3 may be associated with
the blocking the activation of VEGFA/MAPK signaling
pathway involving HDAC inhibition. Moreover, the activity
of I3 on the HDAC inhibition was higher than SAHA.
However, the effect of I3 on the primary AML samples
should be further studied. In a word, I3 could overcome the
cell differentiation block of AML cells with t (8; 21) trans-
location or MLLr. I3 may be a potential HDAC inhibitor
worthy of further investigation including the molecular
mechanism of cell differentiation of KG-1, MOLM-13, and
THP-1 cells and the anti-proliferation activity on other AML
cell lines and development to surmount the differentiation
block in AML patients with t (8; 21) translocation or MLLr
and leukemic stem-like cells.

Data Availability

/e original data used in this article will be available from
the corresponding authors. /e datasets presented in this
study can be found in online repositories. /e names of the
repository/repositories and accession number(s) can be
found here: GEO of NCBI, accession number GSE193969.

Conflicts of Interest

/e authors declare that there are no conflicts of interest.

Authors’ Contributions

MZ is responsible for the conceptualization of the study, the
methodology, and writing the original draft. YD, JW, YL,
YZ, HW, and LZ designed the methodology. Z-SC super-
vised the study. ZH was responsible for the conceptuali-
zation and supervision of the study. LWwrote and edited the
article and supervised the study. All authors contributed to
the article and approved the submitted version. Mengjie
Zhao, Yu Duan, and Jiangyun Wang contributed equally to
this work.

Acknowledgments

/is work was supported by the National Natural Science
Foundation of China (No. 8170016); the Natural Science
Foundation of Shandong Province (Nos. ZR2016HM47 and
ZR2020KC016), and the Weifang Science and Technology
Bureau (No. 2020YQFK013).

References

[1] S. Fujita, D. Honma, N. Adachi et al., “Dual inhibition of
EZH1/2 breaks the quiescence of leukemia stem cells in acute
myeloid leukemia,” Leukemia, vol. 32, no. 4, pp. 855–864,
2018.

[2] S. A. Assi, M. R. Imperato, D. J. L. Coleman et al., “Subtype-
specific regulatory network rewiring in acute myeloid leu-
kemia,” Nature Genetics, vol. 51, no. 1, pp. 151–162, 2019.

[3] J. N. Saultz and R. Garzon, “Acute myeloid leukemia:
a concise review,” Journal of Clinical Medicine, vol. 5, no. 3,
p. 33, 2016, https://doi.org/10.3390/jcm5030033.

[4] M. E. Huang, Y. C. Ye, S. R. Chen et al., “Use of all-trans
retinoic acid in the treatment of acute promyelocytic leuke-
mia,” Blood, vol. 72, no. 2, pp. 567–572, 1988.

[5] Z. Y. Wang and Z. Chen, “Acute promyelocytic leukemia:
from highly fatal to highly curable,” Blood, vol. 111, no. 5,
pp. 2505–2515, 2008.

[6] B. Linggi, C. Müller-Tidow, L. van de Locht et al., “/e t (8; 21)
fusion protein, AML1 ETO, specifically represses the tran-
scription of the p14 (ARF) tumor suppressor in acute myeloid
leukemia,” Nature Medicine, vol. 8, no. 7, pp. 743–750, 2002.

[7] T. Zhen, C. F. Wu, P. Liu et al., “Targeting of AML1-ETO in t
(8; 21) leukemia by oridonin generates a tumor suppressor-
like protein,” Science Translational Medicine, vol. 4, no. 127,
2012.

[8] X. Yu, X. Ruan, J. Zhang, and Q. Zhao, “Celastrol induces cell
apoptosis and inhibits the expression of the AML1-ETO/C-kit
oncoprotein in t (8; 21) leukemia,” Molecules, vol. 21, no. 5,
p. 574, 2016.

[9] C. Wuchter, J. Harbott, C. Schoch et al., “Detection of acute
leukemia cells with mixed lineage leukemia (MLL) gene
rearrangements by flow cytometry using monoclonal anti-
body 7.1,” Leukemia, vol. 14, no. 7, pp. 1232–1238, 2000.

[10] S. M. Park, M. Gönen, L. Vu et al., “Musashi2 sustains the
mixed-lineageleukemia-driven stem cell regulatory program,”
Journal of Clinical Investigation, vol. 125, no. 3, pp. 1286–1298,
2015.

[11] G. Manzotti, A. Ciarrocchi, and V. Sancisi, “Inhibition of BET
proteins and histone deacetylase (HDACs): crossing roads in
cancer therapy,” Cancers, vol. 11, no. 3, pp. 304–331, 2019.

[12] H. Yang, S. Maddipoti, A. Quesada et al., “Analysis of class I
and II histone deacetylase gene expression in human leuke-
mia,” Leukemia and Lymphoma, vol. 56, no. 12, pp. 3426–
3433, 2015.

[13] A. C. West and R. W. Johnstone, “New and emerging HDAC
inhibitors for cancer treatment,” Journal of Clinical In-
vestigation, vol. 124, no. 1, pp. 30–39, 2014.

[14] T. Eckschlager, J. Plch, M. Stiborova, and J. Hrabeta, “Histone
deacetylase inhibitors as anticancer drugs,” International
Journal of Molecular Sciences, vol. 18, no. 7, p. 1414, 2017.

[15] B. S. Mann, J. R. Johnson, M. H. Cohen, R. Justice, and
R. Pazdur, “FDA approval summary: vorinostat for treatment
of advanced primary cutaneous T-cell lymphoma,” Fe On-
cologist, vol. 12, no. 10, pp. 1247–1252, 2007.

[16] Y. Chen, L. Zhang, L. Zhang, Q. Jiang, and L. Zhang, “Dis-
covery of indole-3-butyric acid derivatives as potent histone
deacetylase inhibitors,” Journal of Enzyme Inhibition and
Medicinal Chemistry, vol. 36, no. 1, pp. 425–436, 2021.

[17] J. Yao, G. Li, Z. Cui et al., “/e histone deacetylase inhibitor I1
induces differentiation of acute leukemia cells with MLL gene
rearrangements via epigenetic modification,” Frontiers in
Pharmacology, vol. 13, Article ID 876076, 2022.

12 Journal of Oncology

https://doi.org/10.3390/jcm5030033


[18] M. Qu, Y. Duan,M. Zhao et al., “Jiyuan oridonin A overcomes
differentiation blockade in acute myeloid leukemia cells with
MLL rearrangements via multiple signaling pathways,”
Frontiers in Oncology, vol. 11, Article ID 659720, 2021.

[19] Y. I. Kuan, Y. S. Huang, C. H. Hu et al., “Activation of ad-
hesion GPCR EMR2/ADGRE2 induces macrophage differ-
entiation and inflammatory responses via gα16/akt/MAPK/
NF-κB signaling pathways,” Frontiers in Immunology, vol. 8,
p. 373, 2017.

[20] R. Billström, B. Johansson, T. Fioretos et al., “Poor survival in t
(8; 21) (q22; q22)-associated acute myeloid leukaemia with
leukocytosis,” European Journal of Haematology, vol. 59, no. 1,
pp. 47–52, 2009.

[21] I. S. Choi, E. Y. Roh, D. Y. Kim et al., “Adult patients with t (8;
21) acute myeloid leukemia had no superior treatment out-
come to those without t (8; 21): a single institution’s expe-
rience,” Annals of Hematology, vol. 83, no. 4, pp. 218–224,
2004.

[22] Y. Matsumoto, M. Mori, and T. Ohtsuki, “Outcome of acute
myelogenous leukemia in 41 patients treated with idarubicin:
the prognosis of t (8; 21) cases,” Rinsho Ketsueki, vol. 42,
pp. 15–22, 2001.

[23] K. A. Secker, H. Keppeler, S. Duerr-Stoerzer et al., “Myc drives
MLL leukemogenesis in a human CRISPR/Cas9 leukemia
model and indirect inhibition with JQ1 diminishes leukemia
activity,” Blood, vol. 132, no. Supplement 1, p. 2213, 2018.

[24] A. Mai, S. Massa, D. Rotili et al., “Histone deacetylation in
epigenetics: an attractive target for anticancer therapy,”
Medicinal Research Reviews, vol. 25, no. 3, pp. 261–309, 2005.

[25] T. Maeda, M. Towatari, H. Kosugi, and H. Saito, “Up-
regulation of costimulatory/adhesion molecules by histone
deacetylase inhibitors in acute myeloid leukemia cells,” Blood,
vol. 96, no. 12, pp. 3847–3856, 2000.

[26] B. Venugopal and T. R. Evans, “Developing histone deace-
tylase inhibitors as anti-cancer therapeutics,” Current Me-
dicinal Chemistry, vol. 18, no. 11, pp. 1658–1671, 2011.

[27] Y. Wang, S. Y. Wang, and C. M. Hou, “Histone deacetylase
inhibitor SAHA induces inactivation of MAPK signaling and
apoptosis in HL-60 cells,” Zhongguo Shi Yan Xue Ye Xue Za
Zhi, vol. 15, pp. 267–271, 2007.

[28] L. De Felice, C. Tatarelli, M. G. Mascolo et al., “Histone
deacetylase inhibitor valproic acid enhances the cytokine-
induced expansion of human hematopoietic stem cells,”
Cancer Research, vol. 65, no. 4, pp. 1505–1513, 2005.

[29] M. Milhem, N. Mahmud, D. Lavelle et al., “Modification of
hematopoietic stem cell fate by 5aza 2’deoxycytidine and
trichostatin A,” Blood, vol. 103, no. 11, pp. 4102–4110, 2004.

[30] Q. Zhang, C. Yu, S. Peng et al., “Autocrine VEGF signaling
promotes proliferation of neoplastic Barrett’s epithelial cells
through a PLC-dependent pathway,” Gastroenterology,
vol. 146, no. 2, pp. 461–472, 2014.

[31] A. Rodriguez-Ariza, C. Lopez-Pedrera, E. Aranda, and
N. Barbarroja, “VEGF targeted therapy in acute myeloid
leukemia,” Critical Reviews in Oncology-Hematology, vol. 80,
no. 2, pp. 241–256, 2011.

[32] S. A. Stacker and M. G. Achen, “/e VEGF signaling pathway
in cancer: the road ahead,” Chinese Journal of Cancer, vol. 32,
no. 6, pp. 297–302, 2013.

[33] A. Aguayo, E. Estey, H. Kantarjian et al., “Cellular vascular
endothelial growth factor is a predictor of outcome in patients
with acute myeloid leukemia,” Blood, vol. 94, no. 11,
pp. 3717–3721, 1999.

[34] J. Xu, X. Liu, Y. Jiang et al., “MAPK/ERK signalling mediates
VEGF-induced bone marrow stem cell differentiation into

endothelial cell,” Journal of Cellular and Molecular Medicine,
vol. 12, no. 6a, pp. 2395–2406, 2008.

[35] N. S. Middleton, O. Gorodnya, M. Ruchko, and
M. N. Gillespie, “Hypoxia-induced recruitment of HDAC1 to
the VEGF promoter of pulmonary artery endothelial cells
(PAECs),” Fe FASEB Journal, vol. 21, no. 6, p. A924, 2007.

[36] C. Zhang, J. Lv, Q. He et al., “Inhibition of endothelial ERK
signalling by smad1/5 is essential for haematopoietic stem cell
emergence,” Nature Communications, vol. 5, no. 1, p. 3431,
2014.

[37] G. Manning, D. B. Whyte, R. Martinez, T. Hunter, and
S. Sudarsanam, “/e protein kinase complement of the hu-
man genome,” Science, vol. 298, no. 5600, pp. 1912–1934,
2002.

[38] C. L. Hsu, K. Kikuchi, andM. Kondo, “Activation of mitogen-
activated protein kinase kinase (MEK)/extracellular signal
regulated kinase (ERK) signaling pathway is involved in
myeloid lineage commitment,” Blood, vol. 110, no. 5,
pp. 1420–1428, 2007.

Journal of Oncology 13


