ONCOLOGY REPORTS 44: 273-282, 2020

Novel SAHA-bendamustine hybrid NL-101 in combination with
daunorubicin synergistically suppresses acute myeloid leukemia
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Abstract. Acute myeloid leukemia (AML) is a highly aggres-
sive disease with high mortality and recurrence rates, for
which novel therapeutic approaches are required. Hybrid anti-
cancer agents with dual effects have been reported to possess
therapeutic potential to treat AML. However, the efficacy and
underlying toxicity of these hybrids in combination with other
agents remain unclear. NL-101 is a novel hybrid formed by
fusing the DNA damage-inducing agent bendamustine with
the histone deacetylase inhibitor vorinostat. In the present
study, NL-101 treatment was combined with the conven-
tional chemotherapeutic drug daunorubicin (DNR) in AML
cells, and it was revealed that these two compounds exerted
synergistic anti-AML effects. In addition, NL-101 enhanced
DNR-induced cell apoptosis, as assessed by flow cytometry and
as indicated by the upregulation of cleaved-poly (ADP-ribose)
polymerase, cleaved-caspase-3, cleaved-caspase-7, BAD and
BIM. Mechanistically, the DNA double-strand breaks marker
v-H2AX, and other proteins associated with DNA damage,
were investigated, and it was demonstrated that NL-101 in
combination with DNR synergistically promoted the DNA
damage response. In vivo, this combination significantly
delayed the progression of AML and prolonged the survival
time in mice. Collectively, the present results suggested that
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NL-101 in combination with daunorubicin could be an alterna-
tive novel therapeutic strategy for treating leukemia.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous malignant
hematopoietic stem cell disease, which is commonly char-
acterized by an abnormal accumulation of myeloblasts (1).
Chemotherapy remains the most common treatment for
AML (2). The current standard clinical approach is known as
‘3+7 induction’, and consists of a combination of daunorubicin
(DNR), at a dosage of 60-90 mg/m? for 3 days, and cytara-
bine (Ara-C), at a dosage of 100-200 mg/m? for 7 days (3,4).
Although most patients with AML exhibit a response to
induction chemotherapy, relapse represents the main cause
of treatment failure (5). Patients with secondary AML have a
5-year survival rate of 5-10% (6,7). Moreover, it has previously
been demonstrated that high-dose chemotherapy is not safe for
treating elderly patients (>60 years old) due to poor drug toler-
ance and high toxicity (8,9). The overall prognosis of AML
remains unsatisfactory (10,11); therefore, the development of
safe and effective therapy for AML is necessary to improve
the prognosis of patients with this malignancy.

Due to advances in disease and drug research, numerous
novel treatments have been developed to treat and manage
AML (12,13); however, few novel drugs have been approved
for the treatment of AML in the past 20 years (14). The
effectiveness of some complexes, including CPX-351 (15-17),
liposome-encapsulated DNR and Ara-C, prompted the
identification of a more potent and effective hybrid. NL-101
(also known as EDO-S101) is an alkylate, and is a novel
chemotherapeutic agent structurally consisting of the DNA
damage-inducing agent bendamustine hydrochloride and
the histone deacetylase inhibitor vorinostat (SAHA) (18).
NL-101 was designed to allow the simultaneous function of
the two drugs and has been reported to have an increased
efficacy compared with the single agents (19). It has previously
been shown that NL-101 upregulated the protein expression
levels of cleaved-poly (ADP-ribose) polymerase (PARP) and
cleaved-caspase-3 in Kasumi and NB4 cells. In addition,
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NL-101 could increase the survival rate in mice compared
with bendamustine and SAHA in vivo (20). However, the
application of NL-101 with other drugs needs to be further
investigated.

Anthracyclines are one of the most effective anticancer
drugs developed (21). DNR is an anthracycline that has been
broadly used for the treatment of cancer (22). The mechanism
underlying DNR-mediated cytotoxicity has been reported
to include the induction of DNA damage, causing DNA
double-strand breaks (DSBs) and apoptosis (23,24). The
hybrid NL-101 in combination with DNR may represent a
novel strategy to improve the therapeutic effects of NL-101,
thus facilitating the development of more effective combinato-
rial therapies to treat AML.

The present study aimed to investigate the potential of
the novel hybrid NL-101 to treat AML and to examine its
synergistic effect in combination with DNR. In addition, the
mechanisms underlying the effect of NL-101 in combination
with DNR were examined in vitro, and cell-mediated xeno-
graft AML models were used to investigate the efficacy and
safety of this combinatorial regimen in vivo.

Materials and methods

Patients. Clinical data were collected from the medical
records of patients with AML at Key Laboratory of
Hematopoietic Malignancies, Diagnosis and Treatment, The
First Affiliated Hospital, Zhejiang University College of
Medicine, (Hangzhou, China). From March 2017 to July 2018,
10 patients were included in this study with demographic
and clinical information (Table SI), including diagnosis, age,
French-American-British classification system type (25),
cytogenetics and molecular mutation. Patients with secondary
AML or acute promyelocytic leukemia were excluded. This
study was approved by the Research Ethics Committee of
the First Affiliated Hospital, College of Medicine, Zhejiang
University (Hangzhou, China). Informed consent was obtained
from each patient according to institutional guidelines.

Antibodies and reagents. Antibodies against caspase-3
(cat. no. 9662), caspase-7 (cat. no. 9492), PARP (cat. no. 9532),
BAD (cat. no. 9239), BIM (cat. no. 2933), cyclin Bl (cat.
no. 4135), cell division cycle protein 2 (CDC2; cat. no. 9116),
v-H2AX (Ser139; cat. no. 9718), phosphorylated (p)-ATR
(Thr1981; cat. no. 30632), p-ATM (Ser1981; cat. no. 5883),
p-CHK1 (Ser345; cat. no. 2348), p-CHK?2 (Thr68; cat.
no. 2197), GAPDH (cat. no. 5174) and f3-actin (cat. no. 4970)
were purchased from Cell Signaling Technology, Inc. ATR
(cat. no. 19787-1-AP), ATM (cat. no. 27156-1-AP), CHK1 (cat.
no. 10362-1-AP) and CHK?2 (cat. no. 13954-1-AP) antibodies
were purchased from ProteinTech Group, Inc. Anti-human (h)
CD45-fluorescein isothiocyanate (FITC) (cat. no. ab134199)
was obtained from Abcam. DNR was purchased from Selleck
Chemicals. NL-101 was provided from Minsheng Institute
of Pharmaceutical Research. DNR was diluted to 1-100 xuM
with PBS, whereas NL-101 was diluted to 100-1,000 xuM with
dimethyl sulfoxide (DMSO). Aliquots of DNR and NL-101
were stored at -20°C. Female NOD-Prkdc* TL2rg™!/Bcgen
(B-NSG) mice (age, 6-8 weeks; weight, 18-22 g; Biocytogen)
were used to generate a xenograft model of AML.
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Cell lines and primary cells. AML cell lines MV4-11,
Molm13 and THP-1 were provided by Professor Ravi
Bhatia (City of Hope National Medical Center, Duarte, CA,
USA). HL-60 and Kasumi-1 cell lines were purchased from
American Type Culture Collection. NOMO-1, OCI-AML-2
and OCI-AML-3 cell lines were gifted by Professor Jianjun
Chen (City of Hope, Gehr Family Center for Leukemia
Research, Duarte, CA, USA). The MV4-11-luciferase (luc)
cell line was gifted by Professor Rongzhen Xu (The Second
Affiliated Hospital of Zhejiang University, Hangzhou, China).
MV4-11 and Molm13 cells were cultured in Iscove's Modified
Dulbecco's Medium (Gibco; Thermo Fisher Scientific, Inc.)
and the other cells were cultured in RPMI-1640 medium
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10%
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) at
37°C in a humidified incubator containing 5% CO,. Peripheral
blood mononuclear cells were isolated by Ficoll-Hypaque
(Sigma-Aldrich; Merck KGaA) density gradient centrifugation
after obtaining written informed consent from patients with
AML. All procedures were conducted in accordance with
the ethical standards of the Research Ethics Committee of
the First Affiliated Hospital, Zhejiang University College of
Medicine.

Cell viability assay. This assay is also known as the cell
proliferation assay (26,27). AML cells (2x10°) or primary
AML cells (1x10% PBMCs isolated from patients with AML)
were plated into 96-well plates. After treatment with NL-101
(150, 300, 450, 600 and 750 nM in MV4-11; 250, 500, 750,
1,000 and 1,250 nM in HL-60; 100, 200, 400 and 800 nM
in primary AML cells), DNR 4, 8, 12, 16 and 20 nM in
MV4-11; 8, 16, 24, 32 and 40 nM in HL-60; 4, 8, 16 and
32 nM in primary AML cells), the combination or DMSO
at 37°C for 48 h, 20 ul MTS solution (Promega Corporation)
was added. Subsequently, the plates were read at an absor-
bance of 490 nm after 3-4 h incubation at 37°C. Experiments
were repeated three times.

Flow cytometric analysis. For assessment of apoptosis, cells
(2x10°/ml) were treated with corresponding drugs for 48 h and
then collected. Cells were resuspended in 1X binding buffer,
then co-stained with 5 p1 Annexin V-FITC and 10 ul propidium
iodide (PI), obtained from an apoptosis detection kit (Multi
Sciences), for 15 min at room temperature in the dark. To analyze
cell cycle distribution, cells were treated with drugs for 24 h.
After fixing with 75% ethanol at 4°C overnight, the cells were
resuspended in buffer with 50 yg/ml PI and 100 ug/ml RNase
A, obtained from a cell cycle detection kit (Multi Sciences), for
30 min at room temperature. To assess hCD45* cells, the bone
marrows of AML mice were incubated with 1:25 anti-hCD45
as aforementioned. The engrafted MV4-11 cells were analyzed
using anti-hCD45 FITC-labeled antibody (Abcam). The apop-
totic cells, DNA content and hCD45* cells were analyzed using
NovoExpress software (version 1.2.1; ACEA Biosciences, Inc.)
and FACScan flow cytometer (BD Biosciences).

Western blot analysis. Cells (2x10°/ml) were treated with
NL-101, DNR, NL-101 + DNR or DMSO for 24 or 48 h at
37°C, and were then collected. After lysing in 1X RIPA buffer
(Cell Signaling Technology, Inc.) on ice for 30 min, cells were
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centrifuged at 12,000 x g for 15 min at 4°C. The supernatant
was then collected and protein concentration was determined
using bicinchoninic acid reagent. Protein samples (50 ug) were
separated by 10-12% SDS-PAGE (Thermo Fisher Scientific,
Inc.) and transferred to PVDF membranes (EMD Millipore).
Subsequently, the membranes were blocked in 5% non-fat milk
for 1-1.5 h at room temperature and incubated with primary
antibodies (1:1,000) at 4°C for =4 h. The membranes were then
washed with TBS-Tween (0.1%) three times and were incubated
with 1:5,000 anti-rabbit or anti-mouse secondary antibodies
(1:5,000; cat. nos. 7074 and 7076; Cell Signaling Technology,
Inc.) at room temperature for 1-1.5 h. The protein bands
were visualized with SuperSignal™ West Femto Maximum
Sensitivity Substrate (cat. no. 34096; Thermo Fisher Scientific,
Inc.), and images were captured using a chemiluminescence
imager (ChemiDoc XRS+; Bio-Rad Laboratories, Inc.) and
were analyzed using Image Lab software (version 5.2.1;
Bio-Rad Laboratories, Inc.).

AML mice models. All mice were raised under standard condi-
tions (room temperature, 22-24°C; 12-h light/dark cycle; relative
humidity, 45-50%), with free access to food and water. For the
MV4-11-luc model, 1x10® MV4-11-luc cells were implanted
intravenously into the tail vein of mice. Mice were randomly
sorted into four groups (n=5/group), and were observed daily
and weighed every 3 days. The leukemic burden was estimated
by non-invasive luciferin imaging (28) every 7 days. Mice were
treated with 12 mg/kg NL-101, 1.5 mg/kg DNR, the combina-
tion or the same volume of PBS (vehicle). NL-101 was given
intravenously on days 1 and 2, and DNR was given intrave-
nously on days 1, 3, and 5 after AML symptoms were observed
(after 7 days). Mice were observed daily and hind limb paralysis
was used as an endpoint (28). When lower extremities appeared
paralyzed, the mice were euthanized in a non-pre-inflated
chamber. The chamber displacement rate of CO, was set at 20%
per min. Euthanasia was confirmed by cervical dislocation. All
mice were euthanized before the study finished. Subsequently,
the bone marrows obtained from the lower extremities of AML
mice were washed three times and resuspended in 250 x1 PBS.
Anti-hCD45 antibody (10 ul; equivalent to 1:25) was then added
to the samples for 30 min at 4°C in the dark. The hCD45*
cells were detected by flow cytometric analysis, as aforemen-
tioned. Animal experiments were approved by the Animal
Experimental Ethical Inspection of the First Affiliated Hospital,
College of Medicine, Zhejiang University.

Statistical analysis. The combination index (CI) was calcu-
lated by CalcuSyn software (version 2.1; Biosoft). GraphPad
Prism software (version 6.0; GraphPad Software, Inc.) was
used to calculate ICy,. The experiments were repeated three
times. The cell viability assay was analyzed by one-way
ANOVA followed by LSD multiple comparisons test, whereas
the other biological and in vivo assays were analyzed by
one-way ANOVA followed by Tukey's test using SPSS version
19.0 (IBM Corp.).

Results

NL-101 in combination with DNR synergistically inhibits
proliferation of AML cell lines and primary AML cells. The
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present study examined the inhibitory effects of the single
agent NL-101 on the proliferation of AML cells. AML cells
were plated into 96-well plates and exposed to increasing
concentrations of NL-101 (200, 400, 600, 800, 1,000, 1,500
and 2,000 nM) and equal volumes of DMSO for 48 h. The
results revealed that NL-101 inhibited the growth of AML cell
lines and primary AML cells; the ICy, values are shown in
Table I. Subsequently the synergistic effects of NL-101 and
DNR were assessed on two cell lines: MV4-11 and HL-60
cells. A previous study indicated that the concentration at
which the inhibition rates of the two single agents were
similar was the most suitable as the combined concentration to
calculate the combination index (28). Thus we confirmed the
concentration of NL-101 and DNR in the combination experi-
ments. In the present study, NL-101 and DNR synergistically
inhibited the growth of AML cell lines (Fig. 1A and B) and
primary AML cells (Fig. 1C-E). The synergistic effect curves
were generated using CalcuSyn. CIs at the 50, 75 and 90%
effective dose are presented in Tables II and III. The present
study demonstrated that NL-101 in combination with DNR
had a synergistic inhibitory effect on the proliferation of AML
cell lines and primary AML cells. The demographic informa-
tion of the included patients is presented in Table SI.

Combination treatment with NL-101 and DNR induces cell
apoptosis and G,/M cell cycle arrest. To explore the mechanism
underlying the synergistic effect of NL-101 and DNR, cell apop-
tosis and cell cycle arrest was assessed after exposure to drugs.
Cells were treated with NL-101, DNR or the combination for
48 h. Compared with untreated cells and single agent-treated
cells, combination treatment with NL-101 and DNR resulted
in a significant increase in apoptosis (early + late) of MV4-11
and HL-60 cells (P<0.05; Fig. 2A and B). Subsequently, the
key signaling proteins in the apoptotic pathway were analyzed
by western blot analysis. As shown in Fig. 2C, the combination
treatment markedly increased the expression of cleaved-PARP,
cleaved-caspase-3 and cleaved-caspase-7 after 48 h. In addi-
tion, the expression levels of BAD and BIM were increased
by 48-h treatment with NL-101 in combination with DNR
(Fig. 2D). After treatment for 24 h, cell cycle distribution was
analyzed. There was no significant evidence to suggest that
the combination of NL-101 and DNR synergistically impeded
cell cycle progression of MV4-11 cells (Fig. S1A). However,
significant G,/M accumulation was observed following treat-
ment of HL-60 cells with the combination (P<0.05; Fig. S1B).
Western blot analysis revealed an upregulation of the G,/M
regulatory molecules, cyclin Bl and CDC2, in the combina-
tion treatment group compared with the single agent groups in
HL-60 cells (Fig. S1C). These findings indicated that NL-101
in combination with DNR may have the ability to induce apop-
tosis and G,/M cell cycle arrest of HL-60 cells.

NL-101 in combination with DNR increases the DNA damage
response. By further investigating the cause of apoptosis,
western blot analysis revealed that the protein expression
levels of y-H2AX were increased in cells treated with the drug
combination compared with the single agents. In addition,
the expression levels of DNA damage checkpoint proteins,
p-ATM, p-CHKI1 and p-CHK?2, were upregulated after treat-
ment (Fig. 3). P-ATR was upregulated in HL-60 cells, whereas
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Table I. ICs, values of NL-101 in AML cell lines and primary
AML cells.

JIN et al: NL-101 AND DAUNORUBICIN ACT SYNERGISTICALLY TO SUPPRESS LEUKEMIA

Table III. Synergistic effect of NL-101 in combination with
DNR on primary AML cells.

Cell type ICy, value (nM)

AML cell lines
Molm13 666.2+24 0
MV4-11 805.7+58.8
Kasumi-1 973.1£61.4
OCI-AML-3 941.4+105.9
OCI-AML-2 962.5+49.5
HL-60 1,124.0+68 4
NOMO-1 1,338.0+53.9
THP1 1,466.0+62 .4

Primary AML cells
AML1 281.1
AML2 3125
AMLS3 3244
AMLA4 4732
AMLS 5282
AML6 632.0
AML7 661.0
AMLS 741.4
AML9 10170
AMLI10 1,034.0

AML, acute myeloid leukemia.

Table II. Synergistic effect of NL-101 in combination with
DNR on MV4-11 and HL-60 cells.

CI values
Cell line ED;, ED; EDy,
MV4-11 0.87436 0.68794 0.55617
HL-60 0.74289 0.51788 0.36108

CI, combination index; DNR, daunorubicin; ED, effective dose.

no change was observed in MV4-11 cells. ATR, ATM, CHK1
and CHK?2 exhibited no change in MV4-11 and HL-60 cells.
Briefly, increased DNA damage may contribute to apoptosis of
cells induced by the combination treatment.

NL-101 in combination with DNR delays AML progression
and prolongs survival in vivo. This study also investigated the
efficacy and safety of NL-101 in combination with DNR on
female B-NSG MV4-11-luc xenograft mouse models. Mice
were randomly sorted into four treatment groups. Briefly,
1x10°MV4-11-Luc cells were injected into mice; 7 days after
cell injection, engraftment was measured by photon intensity
and leukemia burden was assessed weekly. The treatment
regimen is presented in Fig. 4A. On day 22 after transplanta-
tion, the fluorescence intensity of the combination group was

CI values
ED;, ED,; ED,,
AML4 0.91606 0.61831 0.46426
AMLS5 0.85689 0.80696 0.89024
AML9 0.78682 0.74980 0.74815

AML, acute myeloid leukemia; CI, combination index; DNR, dauno-
rubicin; ED, effective dose.

distinctly reduced compared with the single drug treatment
group (P<0.001; Fig. 4B and C). Blast cell number in the bone
marrow was quantified and the number of hCD45* cells was
significantly decreased in the combination treatment group
(P<0.001; Fig. 4D). In addition, combination treatment signifi-
cantly prolonged survival time (P<0.05; Fig. 4E). These data
indicated that NL-101 in combination with DNR enhanced
the therapeutic effect on AML, compared with untreated and
single agents, in vivo.

Discussion

In the present study, the efficacy of NL-101 was investigated
in AML cells, and the synergistic anti-AML effects of NL-101
in combination with DNR were revealed. Notably, the mecha-
nism underlying NL-101 function was investigated and it was
suggested that this synergistic effect was due to an increase in
DNA damage-induced apoptosis. In addition, NL-101 + DNR
treatment delayed AML progression and prolonged survival
time in vivo.

The SAHA-bendamustine hybrid NL-101 has dual molec-
ular mechanisms and has been reported to exhibit improved
pharmaceutical effects in treating AML compared with single
agents (20). In the present study, treatment with NL-101
alone inhibited proliferation of AML cell lines and primary
AML cells in a dose-dependent manner. In order to identify
a novel regimen that could potentially improve the prognosis
of patients with AML, NL-101 treatment was combined with
DNR, one of the most effective chemotherapeutic drugs used
to treat patients with AML. Subsequently, the synergistic
effects of this combinatorial therapy were identified in various
types of AML cells, including MV4-11 and HL-60 cell lines,
and primary AML cells; the synergistic effect was reflected by
CI <1. Notably, an increase in cell apoptosis may be respon-
sible for this effect. Cleaved-PARP has been reported to serve
arole in apoptosis and in numerous types of programmed cell
death (29,30). In addition, caspases (31) and the Bcl-2 family
proteins (32,33) have been demonstrated to serve a role in
apoptosis. In the present study, a significant upregulation in the
protein expression levels of cleaved-PARP, cleaved-caspase-3,
cleaved-caspase-7, BAD and BIM was detected in AML cells
following treatment. Furthermore, G,/M cell cycle arrest
was observed, and an upregulation in the G,/M regulatory
molecules, cyclin Bl and CDC2, was detected in HL-60 cells.
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Figure 1. NL-101, DNR and a combination of these agents inhibit the growth of AML cells. (A) MV4-11 cells, (B) HL-60 cells and (C-E) primary AML cells
were treated with NL-101, DNR and the combination for 48 h. The rate of viability was measured using a MTS assay. The findings were normalized to the
control group. Data are presented as mean viability rates + SD from at least three independent experiments. P-values were determined using one-way ANOVA.
“P<0.05 and “P<0.001 vs. NL-101 and DNR groups. AML, acute myeloid leukemia; CI, combination index; COM, combination; DNR, daunorubicin.

In some AML cells, it has been suggested that cell cycle arrest
contributes to cell death; however, this process is not absolute
in AML and requires further validation. Therefore, the present
findings suggested that NL-101 in combination with DNR had
the ability to synergistically inhibit AML cell proliferation by
principally enhancing apoptosis.

Subsequently, the mechanisms underlying enhancement
of apoptosis following combination therapy were investi-
gated; it was revealed that y-H2AX, p-ATM, p-CHK1 and
p-CHK?2 were upregulated in MV4-11 and HL-60 cells,
whereas no changes in the expression levels of ATR, ATM,
CHKI1 and CHK2 were detected, following combination
treatment. Since the bendamustine subunit in NL-101 (34,35)
and DNR (36,37) are known to induce the DNA damage stress

response, it was hypothesized that the synergistic effects of
NL-101 and DNR may be caused by an enhancement of the
DNA damage stress response. The protein expression of
v-H2AX is a sensitive DSB response marker (38,39), and
ATR, in combination with ATM, is required for the precise
repair of DSBs (40,41). ATR and ATM can phosphorylate and
activate CHK1 and CHK2, which have important roles in the
DNA damage checkpoint (42). However, in the present study,
p-ATR was significantly upregulated in HL-60 cells but not
in MV4-11 cells. This discrepancy may be responsible for the
inconsistency in cell cycle distribution in MV4-11 and HL-60
cells. Collectively, it was suggested that, by enhancing DNA
damage, NL-101 + DNR synergistically increased cell apop-
tosis and led to AML cell death.
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Figure 2. Apoptosis is induced by NL-101, DNR and a combination of these agents in acute myeloid leukemia cells. (A) MV4-11 and (B) HL-60 cells
were treated with NL-101, DNR and the combination for 48 h. Cells co-stained with Annexin V and PI were measured by flow cytometry. Expression of
(C) cleaved-PARP, cleaved-CAS3, cleaved-CAS7, (D) BAD and BIM were detected in MV4-11 and HL-60 cells by western blotting after cells were exposed to
drugs for 48 h. Data are presented as the mean apoptosis rates + SD. P-values were determined using one-way ANOVA. "P<0.05 and “P<0.001 vs. NL-101 and
DNR groups. C, cleaved; CAS, caspase; COM, combination; Ctrl, control; DNR, daunorubicin; PARP, poly (ADP-ribose) polymerase; PI, propidium iodide.
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Figure 3. NL-101 in combination with DNR promotes DNA damage-related signaling. MV4-11 cells were treated with 300 nM NL-101, 8 nM DNR and the
combination; HL-60 cells were treated with 500 nM NL-101, 16 nM DNR and the combination for 48 h. Western blot analysis was conducted for y-H2AX,
ATR, p-ATR, ATM, p-ATM, CHK1, p-CHK1, CHK2 and p-CHK2 protein levels. DNR, daunorubicin; p, phosphorylated.

In order to investigate the in vivo biocompatibility of this
combinatorial therapy, tumor progression was investigated in a
B-NSG MV4-11-luc xenograft mouse model by detecting fluo-
rescence intensity. In addition, the hCD45* cells in the bone
marrow were quantified following lower extremity paralysis
and the survival time of mice was then recorded. These in vivo
experiments indicated that NL-101 in combination with DNR
could significantly delay AML progression and prolong
survival time, which supported the aforementioned in vitro
results. The present findings further confirmed the efficacy
and safety of this combinatorial therapy and may facilitate the
future development of novel treatments.

The present study had certain limitations. Although the
synergistic effects of the combination of NL-101 and DNR
were examined and the underlying mechanisms were investi-
gated, the most effective relative concentration between the two
agents was not identified. With regards to in vivo experiments,
the measurements of complete blood count and bone marrow
smear could provide more information; therefore, a more

comprehensive study is required. As DNR and Ara-C/idaru-
bicin and Ara-C (DA/IA) regimen is the standard therapy for
AML, it might be better to compare the combination regimen
with the DA/IA regimen in vivo. Moreover, the present study is
a preliminary investigation that may facilitate the development
of novel strategies based on the combination of NL-101 with
other chemotherapeutics to improve the prognosis of patients
with AML. However, it is unclear whether a combination of
two chemotherapeutics may lead to an improved prognosis.
Therefore, future studies are required to test additional combi-
nations and to confirm the effectiveness of NL-101 + DNR in
treating AML.

In conclusion, the present results suggested that the
combinatorial treatment of NL-101 with DNR was effective in
treating AML, and the key mechanism underlying this combi-
nation therapy was also identified. The combination of the
SAHA-bendamustine hybrid NL-101 with DNR may represent
a promising therapeutic strategy to treat patients with AML,
thus improving their prognosis.
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Figure 4. Anti-leukemic effect of NL-101, DNR and NL-101 + DNR on a murine model of leukemia. (A) Schematic diagram of the treatment regimen for the
AML murine model. (B) Images and (C) measurements of photon intensity showing leukemia burden up to 22 days post-transplantation. (D) Representative
flow cytometry histograms of hCD45 blasts and a graph showing the percentage of hCD45* blasts in the bone marrow of mice from different treatment groups.
(E) Percentage survival. Data are presented as the mean = SD. P-values were determined using one-way ANOVA. “P<0.001 vs. NL-101 and DNR groups.
COM, combination; Ctrl, control; DNR, daunorubicin; hCD45, human CD45.
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