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Abstract
Acute myeloid leukemia (AML) is a devastating disease. Hybrid agents with dual activity, which have been shown to pos-
sess anti-cancer effect, are expected to potentially improve the prognosis of AML patients. EDO-S101 is a novel alkylating 
deacetylase inhibitor molecule synthesized by the addition of the hydroxamic acid of histone deacetylases inhibitor vorinostat 
into bendamustine, a DNA-damaging agent. However, the effect of EDO-S101 in combination with traditional chemotherapy 
drugs has not been studied in AML. In this study, we investigated the effect of EDO-S101 in combination with cytarabine in 
treating AML cells. The synergic activity against AML was identified by remarkable reduction of cell viability, significant 
apoptosis enhancement and the upregulation of the cleaved PARP, Casepase-3 and -7 proteins compared with monotherapy. 
To explain the drivers, we detected the DNA damage pathway including DNA double-strand breaks marker γ-H2AX and 
DNA damage checkpoint proteins, which was supposed to be responsible for the enhanced apoptosis activity. In summary, 
our data demonstrated that EDO-S101 in combination with cytarabine could synergistically induce the apoptosis of AML 
cells and it might be a potential regimen for treating leukemia.
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Introduction

Acute myeloid leukemia (AML) is a heterogeneous disease 
characterized by myeloid differentiation suppression and 
abnormal proliferation of hematopoietic blast cells [1, 2]. 
Currently, anthracycline plus cytarabine (Ara-C) is the tradi-
tional induction chemotherapeutic regimen for AML patients 
[3, 4]. A number of new agents have been added to the AML 
management [5, 6]. However, it is regrettable that relatively 
few new agents have been approved in the past 20 years [7] 
and AML remains incurable when adverse risk features exist 
[8]. While evidence showed that there was modest improve-
ment in prognosis for younger patients with AML, the over-
all outcome remains dissatisfied [9]. Therefore, to overcome 
the dilemma, new treatments are required.

Cooperative or at least additive effects has been observed 
in the treatment of cancer with Histone deacetylase inhibi-
tors (HDACis) in combination with DNA damage agents 
[10]. Bendamustine is an alkylating agent consisting of 
purine-like structural group and an alkylating nitrogen 
mustard moiety [11, 12], which has been shown to have 
valid clinical activity and manageable toxicity in treating 
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hematologic malignancies [12, 13]. SAHA is one of the 
HDACis that plays an important role in the epigenetic reg-
ulation of gene expression to anticancer [14]. EDO-S101 
is a novel first-in-class hybrid structurally fused of benda-
mustine and vorinostat (SAHA) [15, 16]. Several trials have 
demonstrated that the EDO-S101 provides superior efficacy 
to single bendamustine or SAHA [15, 17, 18]. It is being 

investigated in the phase I clinical study in hematologic 
malignancies currently [19, 20]. Nevertheless, the synergis-
tic effect of this novel hybrid in combination with other anti-
cancer drugs remains unknown in experimental and clinical 
settings. Our hypothesis is that this hybrid in combination 
with traditional drug might exert more efficient therapeutic 
activity in AML.

Fig. 1   Proliferation inhibition of AML cell lines treated by EDO-
S101 and Ara-C alone or simultaneously. MV4-11 cells (a), Molm13 
cells (b), HL-60 cells (c) and Kasumi-1 cells (d) were treated with 
EDO-S101 and Ara-C alone or simultaneously for 48 h. The rate of 

viability was measured by a MTT assay and the synergistic effect 
curves were determined by Calcusyn software. In all of the above, 
error bars represent the SD. The p values were determined using two-
tailed unpaired t test, *p < 0.05, and **p < 0.001

Fig. 2   Proliferation inhibition of AML primary cells by EDO-S101 
and Ara-C alone or simultaneously. AML patients’ primary cells were 
treated with EDO-S101 EDO-S101 and Ara-C alone or simultane-

ously for 48 h. The detection and analysis methods used were same as 
those shown in Fig. 1
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As an antimetabolite, Ara-C plays the pharmacological 
role through DNA damage [21], and is one of the most effec-
tive and common cytotoxic agents for treatment of AML [22, 
23]. In this study, we investigated the effect of EDO-S101 in 
combination with Ara-C on AML and further explained the 
potential synergic mechanisms.

Materials and methods

Materials

Antibodies PARP, Caspase-3, Caspase-7, γ-H2AX, P-ATM, 
P-ATR, P-CHK1, P-CHK2 and GAPDH were purchased 
from Cell Signaling Technology (Beverly, MA, USA). ATR, 
ATM, CHK1 and CHK2 were purchase from ProteinTech 
(Rosemont, USA). EDO-S101 was presented from Min-
sheng Institute of Pharmaceutical Research (Hangzhou, 
China). Cytarabine was bought from Selleck Chemicals 
(Houston, USA). EDO-S101 and Ara-C would be diluted 
to 100–1000 μM with Dimethyl sulfoxide (DMSO) and 
phosphate-buffered saline (PBS), respectively.

Methods

AML cell lines and primary cells

MV4-11 and Molm13 cell lines were kindly gifted by Pro-
fessor Ravi Bhatia (City of Hope National Medical Center, 
Duarte, CA). Kasumi-1 and HL-60 cell lines were purchased 

from Cell Bank of Type Culture Collection of Chinese Acad-
emy of Science (Shanghai, China). MV4-11 and Molm13 
cells were cultured in Iscove’s Modified Dulbecco’s Medium 
(IMDM) (Gibco, Billings, MT, USA), while HL-60 and 
Kasumi-1 cells were cultured in RPMI 1640 medium 
(Gibco, Billings, MT, USA), supplemented with 10% fetal 
bovine serum (Gibco) at 37 °C in a humid incubator contain-
ing 5% CO2. Peripheral blood mononuclear cells (PBMCs) 
were collected through venipuncture and isolated by Ficoll-
Hypaque (Sigma-Aldrich) density gradient centrifugation. 
Informed consents were acquired from patients according 
to institutional guidelines.

Cell viability assay

Cells were seeded into 96-well plates at 2 × 105 (cell-line 
cells) or 1 × 106 (primary AML cells) and treated with 
EDO-S101, Ara-C and the combination for 48 h at 37 °C 
incubator, 20 μl MTS solution (Promega) was added and 
the mixtures were incubated for 4 h in the incubator. Then, 
plates were read at an absorbance of 490 nm.

Apoptosis assay

Cells were treated with EDO-S101, Ara-C and the com-
bination for 48 h and harvested. After washed three times 
with PBS, cells were suspended in 1 × binding buffer and 
co-stained with 5 μl AnnexinV-Fluorescein Isothiocyanate 
(FITC) plus 10 μl Propidium Iodide (PI) in an apoptosis 
detection kit (BD Pharmingen, San Diego, C. Apoptotic 
cells were analyzed by FACS flow cytometer (Becton–Dick-
inson, San Diego, CA, USA).

Western blot analysis

Treated cells were harvested and lysed in 1 × RIPA buffer 
(Cell Signaling Technology, Beverly, MA, USA), then cen-
trifuged at 12000×g for 15 min at 4 °C. The supernatant that 
contained proteins was collected. BCA reagent was used to 
detect the protein concentration. Proteins were separated via 
different concentrations SDS-PAGE gel (Life Technology, 
USA), then transferred to a PVDF membrane (Millipore, 
Billerica, MA, USA) for 1.5–2 h and blocked in Tris-buff-
ered solution (TBS) containing 5% non-fat milk for 1–2 h. 
The membrane was divided according to protein size and 
incubated in corresponding primary antibodies overnight at 
4 °C. Then the membranes were washed with TBS-T buffer 
for three times and incubated with secondary antibodies 
(CST, Beverly, MA, USA) for 1–1.5 h. The protein bands 
were visualized using an ECL kit (Thermo scientific, USA) 

Table 1   The synergistic effect of EDO-S101 and Ara-C on MV4-11, 
Molm13, HL-60 and Kasumi-1 cells was determined by CalcuSyn 
software. CIs calculated at the ED50, ED75 and ED90 are as follows:

Combination indexes

ED-50 ED-75 ED-90

MV4-11 0.90593 0.64786 0.52541
Molm13 0.96831 0.81864 0.75074
HL-60 0.71631 0.58307 0.53891
Kasumi-1 0.71644 0.58923 0.52521

Table 2   The synergistic effect of EDO-S101 and Ara-C on primary 
AML cells was determined by CalcuSyn software. CIs calculated at 
the ED50, ED75 and ED90 are as follows:

Combination Indexes

ED-50 ED-75 ED-90

AML1 0.67488 0.62086 0.61532
AML2 0.67361 0.34521 0.183
AML3 0.51316 0.22388 0.09838
AML4 0.47198 0.35619 0.28393
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and analysis by the image lab software (Bio-Rad, California, 
USA).

Statistical analysis

CalcuSyn software (Biosoft, Cambridge, UK) was used to 
calculate Combination Index (CI). GraphPad Prism soft-
ware (San Diego, CA) was used to calculate IC50. Statistical 
analyses were performed using two-tailed unpaired t test.

Results

EDO‑S101 plus Ara‑C synergistically inhibited 
proliferation of AML cell lines and primary AML cells

Cells were plated into 96-well plates and exposed to increas-
ing concentrations of corresponding drugs. The results 
showed that EDO-S101 in combination with Ara-C syn-
ergistically inhibited growth of AML cell lines (Fig. 1) 
(p < 0.05) and primary AML cells (Fig. 2). The synergistic 
effect curves were determined by Calcusyn analyses. Com-
bination indexes (CIs) at the ED50, ED75 and ED90 are pre-
sented (Tables 1, 2). Our finding indicated that EDO-S101 in 
combination with Ara-C had a synergistic therapeutic effect 
on AML cells.

EDO‑S101 in combination with Ara‑C synergistically 
induced apoptosis of AML cells

AML cells were treated with EDO-S101, Ara-C and the 
combination for 48 h. Compared with untreated and single 
agents treated, EDO-S101 plus Ara-C significantly (p < 0.05) 
increases apoptosis of MV4-11 and HL-60 cells (Fig. 3a, 
b). Then, we analyzed the apoptosis-related pathway pro-
teins by western blot analysis. As showed in Fig. 3c, we 
observed that the combined treatment obviously upregulated 
the expression of cleaved PARP, Caspase-3 and Caspase-7 at 
48 h. Therefore, we investigated ESO-S101 and Ara-C could 
synergistically induce apoptosis of AML cells.

EDO‑S101 in combination with Ara‑C synergistically 
enhanced DNA damage response

To explain the cause of apoptosis, we identified the level 
of DNA damage-related proteins P-ATM, P-ATR, P-CHK1 
and P-CHK2 were obviously increased while ATM, ATR, 
CHK1 and CHK2 had no significant change (Fig. 4). We 
speculated that DNA damage might be the main reason of 
AML cells apoptosis.

Discussion

In this study, we found the synergistic anti-AML effect 
of EDO-S101 and Ara-C on AML cells, which probably 
attributed to apoptosis enhancement, and to potentially 
improve AML prognosis. Further, as we hypothesized, the 
mechanism behind the apoptosis enhancement might be 
the synergistic increase of DNA damage.

Our study comprehensively profiled the synergistic 
effect of EDO-S101 and Ara-C in treating AML in vitro. 
EDO-S101 was demonstrated as an agent with anti-hema-
tological disease activity as monotherapy [17, 19, 24]. 
Combination chemotherapies are main options for acute 
leukemia [25]. However, the effect of EDO-S101 in combi-
nation with other agents in treating AML is still unknown. 
In this study, AML cell lines and patients’ primary cells 
were treated by EDO-S101 in combination with Ara-C. 
Consequently, CIs < 1 at ED50, ED75 and ED90 were 
detected, which was consistently indicating the presence 
of synergistic effect.

Subsequent investigation found that EDO-S101 had the 
ability to augment the apoptosis induced by Ara-C, which 
was detected by flow cytometer, resulting in improved 
effect on AML cells in comparison to EDO-S101 or Ara-C 
alone. It is well known that the feature of the apoptotic 
process constantly involves of caspases [26], and Poly 
(ADP-ribose) Polymerase (PARP) [27]; therefore, we 
detected the level of cleaved PARP, Caspase-3 and Cas-
pase-7 and found consistently upregulation of these pro-
teins. Given that the resistance to Ara-C commonly leads 
to the failure of AML treatment [28, 29], our results that 
EDO-S101 enhanced the apoptosis of AML cells induced 
by Ara-C suggested that potentially have implications to 
improve the therapeutic effect of traditional chemotherapy 
regimens and the tolerability for the patients who are una-
ble to tolerate intensive chemotherapy.

Finally, we explored the mechanism of the combina-
tion chemotherapy and found that the enhanced apopto-
sis was possibly caused by strengthened DNA damage. It 
has been shown that HDACi has the ability to induce the 
growth arrest and apoptosis of cancer cells, and ultimately 
leading to cell death [30, 31], and it also improves the 

Fig. 3   Apoptosis of AML cells induced by EDO-S101 and Ara-C 
alone or simultaneously. MV4-11 (a) and HL-60 cells (b) were 
treated with EDO-S101 and Ara-C alone or simultaneously for 48 h 
and the apoptosis was measured by flow cytometry. Expression of 
PARP, caspase-3 and -7 were analyzed by Western blot (c). In all of 
the above, error bars represent the SD. The p values were determined 
using two-tailed unpaired t test, *p < 0.05, and **p < 0.001

◂



	 Medical Oncology (2019) 36:77

1 3

77  Page 6 of 8

sensitivity of tumor cells to chemotherapy or other thera-
peutic method [32, 33]. Ara-C as a first-choice chemother-
apy drug in the AML treatment [28] is able to block DNA 
synthesis by incorporating into DNA [23, 34]. Unrepaired 
DNA damage promotes the pathways of cell apoptotic and 
necrotic death [35]. Therefore, we assumed that the com-
bination of EDO-S101 and Ara-C could mutually promote 
DNA damage in AML cells. H2AX was demonstrated to 
be extensively phosphorylated (γ-H2AX) in the presence 
of DNA double-stranded breaks (DSBs) [36, 37]. ATM 
and ATR proteins are central to the entire DNA damage 
response [38]. Downstream of these proteins are CHK1 
and CHK2 kinases and their homologues [39], which 
could be phosphorylated by ATM and ATR in response 
to replication stress or DNA damage [40–42]. Therefore, 
we detected the expression of γ-H2AX and some DNA 
damage checkpoint proteins. Our result showed that EDO-
S101 in combination with Ara-C significantly upregulated 
the expression of γ-H2AX, P-ATM, P-ATR, P-CHK1 and 
P-CHK2, suggesting that, as we hypothesized, combina-
tion therapy of EDO-S101 plus Ara-C enhanced AML 
apoptosis possibly through promoting DNA damage.

There are some limitations in this study. We had studied the 
synergistic effects and explored its mechanism of the EDO-
S101 in combination with Ara-C in vitro; however, for assess-
ing the biological safety, in vivo study remains to be neces-
sary. Moreover, whether the synergy results can be extended to 
other anti-AML drugs are waiting to be explored, and the opti-
mal combination regimen is still an open issue to be studied.

In conclusion, the hybrid EDO-S101 in combination with 
conventional chemotherapeutic drug Ara-C had synergic effect 
on AML cells and patients’ primary cells. This combination 
therapy synergistically increased the apoptosis of AML cells 
probably through the enhancement of DNA damage. Our data 
suggested that EDO-S101 in combination with Ara-C might be 
an effective and promising treatment option for AML.
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Fig. 4   EDO-S101 and Ara-C 
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