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Arsenic trioxide potentiates 
Gilteritinib-induced apoptosis in FLT3-ITD 
positive leukemic cells via IRE1a-JNK-mediated 
endoplasmic reticulum stress
Xiaoli Hu†, Jiayi Cai†, Jianyi Zhu, Wenjing Lang, Jihua Zhong, Hua Zhong and Fangyuan Chen*

Abstract 

Background: Acute myeloid leukemia (AML) patients with FMS-like tyrosine kinase 3-internal tandem duplication 
(FLT3-ITD) have a high relapse rate and poor prognosis. This study aims to explore the underlying mechanism of com-
bining Gilteritinib with ATO at low concentration in the treatment of FLT3-ITD positive leukemias.

Methods: We used both in vitro and in vivo studies to investigate the effects of combination of Gilteritinib with ATO 
at low concentration on FLT3-ITD positive leukemias, together with the underlying molecular mechanisms of these 
processes.

Results: Combination of Gilteritinib with ATO showed synergistic effects on inhibiting proliferation, increasing 
apoptosis and attenuating invasive ability in FLT3-ITD-mutated cells and reducing tumor growth in nude mice. Results 
of western blot indicated that Gilteritinib increased a 160KD form of FLT3 protein on the surface of cell membrane. 
Detection of endoplasmic reticulum stress marker protein revealed that IRE1a and its downstream signal phospho-
rylated JNK were suppressed in Gilteritinib-treated FLT3-ITD positive cells. The downregulation of IRE1a induced by 
Gilteritinib was reversed with addition of ATO. Knockdown of IRE1a diminished the combinatorial effects of Gilteritinib 
plus ATO treatment and combination of tunicamycin (an endoplasmic reticulum pathway activator) with Gilteritinib 
achieved the similar effect as treatment with Gilteritinib plus ATO.

Conclusions: Thus, ATO at low concentration potentiates Gilteritinib-induced apoptosis in FLT3-ITD positive leuke-
mic cells via IRE1a-JNK signal pathway, targeting IRE1a to cooperate with Gilteritinib may serve as a new theoretical 
basis on FLT3-ITD mutant AML treatment.
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Background
Acute myeloid leukemia (AML) is a kind of clonal dis-
ease of hematopoietic stem cells, characterized by 
inhibition of differentiation and subsequent cell accu-
mulation at various stages of incomplete maturation [1]. 

Although diagnosis and treatment in recent years have 
been improved, the overall 5-year survival rate of AML 
patients is still less than 30% [2]. Therapeutic response 
varies greatly among different individuals due to clini-
cal heterogeneity of AML patients [3]. FMS-like tyrosine 
kinase 3 (FLT3) which acts as a cytokine receptor for the 
FLT3 ligand belongs to class III family receptor of tyros-
ine kinase [4]. Mutated FLT3 is one of the most frequent 
mutant gene in AML that occurs in approximately 30% 
of patients to confer a very poor prognosis [5]. There are 
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two major groups of mutations: FLT3-internal tandem 
duplications (FLT3-ITDs) in the juxtamembrane (JM) 
domain occur in about 20% to 25% of patients [6–8]; 
FLT3 point mutations in the tyrosine-kinase domain 
(FLT3-TKD) occur in about 7% to 10% of patients [9, 
10]. Our study mainly involves in FLT3-ITD which is the 
most common mutation of FLT3.

Several FLT3 tyrosine kinase inhibitors (TKIs) have 
been developed to inhibit FLT3 signaling, and the clini-
cal trials are underway [11]. Gilteritinib is a new genera-
tion of FLT3 TKIs developed for the treatment of AML 
harboring FLT3 mutations [12]. Its selectivity, potency 
and activity against FLT3-activating mutations have been 
confirmed by several AML clinical trials [13]. Gilteritinib 
targets FLT3 with fewer side effects [14], and the com-
mon toxicities of Gilteritinib are diarrhea, fatigue and 
transaminitis [15]. Gilteritinib is also well tolerated and 
demonstrated antileukemic activity in a relapsed/refrac-
tory AML population [16]. Most recently, Gilteritinib 
has been approved by the Food and Drug Administra-
tion (FDA) for the treatment of adults with mutant FLT3 
who have relapsed [17]. But Gilteritinib is more likely to 
have limited curative ability as a single reagent even used 
in early disease course, combination of Gilteritinib with 
front-line chemotherapy regimen is under study [18].

Arsenic trioxide (ATO) is a clinically established drug 
for the treatment of acute promyelocytic leukemia (APL) 
[19]. ATO rapidly degrades promyelocytic leukemia-
retinoic acid receptor-alpha (PML-RARA) fusion protein 
and wild-type PML protein, and induces differentia-
tion or apoptosis to exert a dual effect on APL cells [20]. 
ATO could induce apoptosis by acting on mitochondrial 
membrane [21, 22] and also by upregulating endoplas-
mic reticulum stress [23]. ATO is effective not only in 
the treatment of APL, but also in the treatment of other 
hematological tumors and some solid tumors (e.g., hepa-
tocellular carcinoma [24] and gastric cancer [25, 26]).

Recently, there have been several reports about the 
combination of FLT3 first-generation inhibitor sorafenib 
with ATO [27, 28]. These studies mainly focus on ATO 
at high concentration to induce degradation of FLT3 pro-
tein but the cardiac toxicity caused by high concentra-
tions of ATO has directly limited the clinical application 
of ATO, to explore the mechanism of its low concentra-
tion is more clinically meaningful. Most recently, it is 
reported that ATO at concentration of 0.5 µM could trig-
ger the endoplasmic reticulum stress in FLT3-ITD posi-
tive cells [29]. Furthermore, few studies on Gilteritinib 
that is different from the first-generation broad-spectrum 
inhibitor sorafenib have been reported. Our study aims 
to focus on the newly applied Gilteritinib and to explore 
the novel mechanism of combining Gilteritinib with 
ATO at low concentration on the treatment of FLT3-ITD 

positive cells. The combinatorial effects of Gilteritinib 
plus ATO on cell proliferation, apoptosis assay, morpho-
logic assessment, transwell assay and cell cycle analysis 
were examined. We also estimated the pro-apoptotic 
effect of inositol-requiring enzyme-1a (IRE1a) on Gilteri-
tinib plus ATO-treated FLT3-ITD-mutated cells. The 
results suggested that ATO at low concentration could 
activate IRE1a-JNK signal pathway to potentiate Gilter-
itinib-induced apoptosis. Thus, targeting IRE1a to com-
bine with Gilteritinib may serve as a new treatment on 
AML with FLT3-ITD mutation.

Materials and methods
Cell culture and reagents
The MV4-11, MOLM13, THP1 and HL60 cell lines were 
obtained from the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China). FLT3-ITD mutant cell lines 
MV4-11 and MOLM13 were cultured in IMDM (Gibco, 
CA, USA) supplemented with 10% fetal bovine serum 
(FBS) (Invitrogen, Carlsbad, CA, USA) and the leukemic 
cell lines THP1 and HL60 were cultured in RPMI 1640 
(Gibco, CA, USA) supplemented with 10% FBS at 37 °C 
in 5%  CO2. ATO was purchased from Beijing SL Phar-
maceutical Co., Ltd. Gilteritinib was obtained from Med-
chemexpress. Dimethyl sulfoxide (DMSO), tunicamycin 
(TM) and bovine serum albumin (BSA) were obtained 
from Sigma-Aldrich. Gilteritinib, ATO and TM were dis-
solved in DMSO to produce a stock solution and stored 
at − 20 °C for cell experiment. The above stock solutions 
were further diluted to the appropriate concentrations 
in cell culture medium before experiments. Anti-FLT3, 
anti-phosphorylated-FLT3, anti-Human Recombinant 
Protein (USP10), anti-signal transducers and activators 
of transcription 5 (STAT5), anti-phosphorylated-STAT5, 
anti-extracellular regulated protein kinases (ERK), anti-
phosphorylated-ERK, anti-protein kinase B (AKT), anti-
phosphorylated-AKT, anti-glucose regulated protein 94 
(GRP94), anti-PKR-like ER kinase (PERK), anti-activat-
ing transcription factor 6 (ATF6), anti-IRE1a, anti-c-Jun 
NH2-terminal kinase (JNK), anti-phosphorylated-JNK, 
anti-bcl2-associated X protein (BAX) and anti-B-cell 
lymphoma-2 (BCL-2) antibodies were obtained from Cell 
Signaling Technology. Anti-glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) antibody was purchased from 
Abmart. Lipofectamine 2000 was purchased from Invit-
rogen Corporation.

Growth inhibition assay
MV4-11, MOLM13, THP1 and HL60 cells were treated 
with various concentrations (0–20  nM) of Gilteritinib 
for 24 h. MV4-11 and MOLM13 cells were treated with 
various concentrations of Gilteritinib (0–20  nM) alone, 
ATO (0–4 μM) alone or Gilteritinib (0–20 nM) plus ATO 
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(0–4  μM) for 48  h. The control group was treated with 
DMSO. After treatment, an aliquot of the treated-cell 
suspension (100 μL) was seeded into each well of 96-well 
plate. 10 μL CCK-8 stock solution was added to each well 
and incubated for 2  h at 37  °C. The plates were meas-
ured at an absorbance of 450 nm by a microplate reader 
(Multi-scan FC, Thermo Fisher, USA).

Cell morphology
MV4-11 and MOLM13 cells were treated with DMSO, 
Gilteritinib (2.5  nM) alone, ATO (0.5  µM) alone or 
Gilteritinib (2.5 nM) plus ATO (0.5 µM) for 48 h respec-
tively. The cells were centrifuged onto slides by cytospin 
and stained with Wright–Geimsa. Images were captured 
using a light microscope (1000×, magnification) for mor-
phological observations.

Transwell experiments
The invasive ability of cells was estimated using a 
Matrigel coated transwell chamber with an 8-μm pore 
size membrane (R3NA43983, Millipore, Billerica, MA, 
USA) as described previously [30].

MV4-11 and MOLM13 cells were treated with DMSO, 
Gilteritinib (2.5  nM) alone, ATO (0.5  µM) alone or 
Gilteritinib (2.5 nM) plus ATO (0.5 µM) for 48 h respec-
tively. Then the cells were centrifuged to discard culture 
medium and resuspended in serum-free culture medium. 
The treated-cell suspension was added into transwell’s 
upper chamber; the culture medium containing 10% FBS 
was added into the bottom chamber. After incubation for 
24 h, the cells attached to the lower surface were fixed in 
100% methanol and stained with 1% crystal violet.

Apoptosis assay
Cell apoptosis was assessed by flow cytometry using an 
Annexin V-PI Kit (Nanjing Keygen Biotech. Co. Ltd., 
Nanjing, China) according to the instructions. MV4-11 
and MOLM13 cells were treated with DMSO, Gilteri-
tinib (2.5 nM) alone, ATO (0.5 µM) alone or Gilteritinib 
(2.5  nM) plus ATO (0.5  µM) for 48  h and treated with 
DMSO, Gilteritinib (2.5 nM) alone, TM (0.2 µM) alone or 
Gilteritinib (2.5 nM) plus TM (0.2 µM) for 24 h. The cells 
were washed in phosphate buffer saline (PBS) and resus-
pended in binding buffer, and then stained with 5  µL 
propidium iodide (PI) and 5  µL Annexin V-Fluorescein 
Isothiocyanate (FITC) at room temperature for 15  min. 
The samples were examined by flow cytometry using a 
FACS Calibur system (BD Biosciences, Franklin Lakes, 
NJ, USA) followed by apoptotic cells analysis with Cell-
Quest Pro software (BD Biosciences, Franklin Lakes, NJ, 
USA).

Cell cycle analysis
MV4-11 cells in six-well culture plates were treated 
with DMSO, Gilteritinib (2.5 nM) alone, ATO (0.5 µM) 
alone or Gilteritinib (2.5  nM) plus ATO (0.5  µM) for 
48  h respectively. The treated-cells were washed with 
PBS, then fixed with 70% ethanol at 4 °C for more than 
24 h. Cells were incubated with propidium iodide (Nan-
jing Keygen, China) for 15  min at room temperature 
and examined by flow cytometry using a FACS Calibur 
system (BD Biosciences, Franklin Lakes, NJ, USA).

Transfection of small interfering RNA (siRNA)
The MV4-11 and MOLM13 cells were seeded into a 
6-well plate at a density of 5 × 105  cells/well. The siRNA 
was synthesized from GenePharma Company (Shang-
hai, China). The MV4-11 and MOLM13 cells were tran-
siently transfected with IRE1a siRNA (IRE1a siRNA#1 
sense: 5′-CAG ACA GAC CUG CGU AAA UUCTT-3′; 
antisense: 5′-GAA UUU ACG CAG GUC UGU CUGTT-3′. 
IRE1a siRNA#2 sense: 5′-AUG GAG CUG AGG GCA CAA 
UUGTT-3′; antisense: 5′-CAA UUG UGC CCU CAG CUC 
CAUTT-3′); or scramble siRNA (sense: 5′-UUC UCC 
GAA CGU GUC ACG UTT-3′; antisense: 5′-ACG UGA 
CAC GUU CGG AGA ATT-3′) as negative control. IRE1a 
siRNA or the negative control siRNA and Lipofectamine 
2000 (Invitrogen) were added to OptiMEM (Invitrogen) 
to incubate for 20 min at room temperature. The mixture 
was added to MV4-11 and MOLM13 cells in 6-well plate 
after incubation. After siRNA transfection overnight, cells 
were either collected for knockdown validation or treated 
with DMSO or Gilteritinib (2.5 nM) plus ATO (0.5 µM) at 
37 °C for an additional 48 h for flow cytometry and west-
ern blot.

Real‑time reverse transcription‑polymerase chain reaction 
(RT‑qPCR)
RNAs extraction and RT-PCR assays were performed 
as previously [31]. Total RNA was extracted using Tri-
zol (Invitrogen, Carlsbad, CA, USA) and the RNA was 
converted into cDNA using the PrimeScript™ RT rea-
gent Kit (Takara Bio Inc, Shiga, Japan) via the first-strand 
synthesis system (Thermo Scientific, USA). RT-PCR 
was performed following the standard protocol on ABI 
7500fast with SYBR Premix Ex Taq reagent kit (Takara 
Bio Inc, Shiga, Japan). The sequences of the RT-PCR 
primers were as follows: IRE1a sense: CAC AGT GAC 
GCT TCC TGA AAC, antisense: GCC ATC ATT AGG 
ATC TGG GAGA; GAPDH sense:GGA GCG AGA TCC 
CTC CAA AAT, antisense: GGC TGT TGT CAT ACT TCT 
CATGG.
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Western blot analysis
After treatment, MV4-11 and MOLM13 cells were har-
vested and lysed in Radio-Immunoprecipitation Assay 
(RIPA) lysis buffer (Cell Signaling Technology, Beverly, 
MA, USA) on ice for 30  min according to the manu-
facturer’s protocol. Then the cells were centrifuged at 
12000g for 15 min at 4 °C and the supernatant was col-
lected. Bicinchoninic acid (BCA) reagent (Thermo Sci-
entific, Waltham, MA, USA) was used to determine the 
protein concentration. Equal amounts (20 µg) of protein 
extract were applied to 10% SDS-polyacrylamide gels 
and transferred to a polyvinylidene fluoride (PVDF) 
membrane (Bio Rad, Hercules, CA, USA). Then, the 
membranes were incubated with primary antibodies 
overnight at 4 °C. After three washes with Tris Buffered 
Saline Tween (TBST) buffer, membranes were incu-
bated with secondary antibodies (CST, Beverly, MA, 
USA) for 2 h. The target protein bands were examined 
by an ECL kit (Millipore, Billerica, MA, USA).

Tumor xenograft in nude mice
Six-week-old female nude mice were purchased from the 
SLAC (Shanghai, China). All the animal experiments were 
agreed by the Animal Care and Ethical Committee of 
Ren Ji Hospital Affiliated to Shanghai Jiaotong University. 
Xenograft tumors were generated by injecting subcutane-
ously 1 × 107 MV4-11 cells in 100 µL of PBS on left flank 
in nude mice. When the tumors reached 100 mm3 in size, 
animals which divided randomly into four group (5 mice 
of each group) were treated daily with Gilteritinib (10 mg/
kg/day, orally) and/or ATO (1  mg/kg/day, intraperito-
neally) or vehicle for 2  weeks. Tumors were measured 
with a caliper and volume was calculated by the formula: 
V = A × B2/2 (A is the larger diameter and B is the smaller 
diameter). After treatment for 2 weeks, the tumors were 
removed from the nude mice for further experiments.

TUNEL staining
The distribution of apoptotic cells in tumor was meas-
ured by TUNEL assay kit (In Situ Cell Death Detection 
kit; Roche Diagnostics GmbH, Mannheim, Germany) 
according to the manufacturer’s protocol. The deparaffi-
nized sections were treated with xylene and rehydrated 
in graded alcohol. After two washes with PBS, the sec-
tions were incubated with the mixture of prepared 
TUNEL reagent at 37 °C in the humidified chamber away 
from light for 60  min. Green-fluorescence in the nuclei 
was visualized as apoptosis. TUNEL-positive cells were 
imaged under a fluorescence microscope (Nikon, Tokyo, 
Japan).

Statistical analysis
All data were expressed as the mean ± standard devia-
tion. For all analyses, comparisons between various con-
ditions were performed using an unpaired t-test. P < 0.05 
was considered statistically significant. All statistical 
analyses were performed using the SPSS 20.0 software 
program (Statistical Package for Social Science, SPSS Inc. 
Chicago, IL., USA). Curves and histograms were con-
structed using GraphPad Prism 5.0 software (GraphPad 
Software, Inc., La Jolla, CA, USA).

Results
FLT3‑ITD‑mutated cell lines are more sensitive 
to Gilteritinib
In an initial screen, we first examined the expression of 
total FLT3 protein in FLT3-WT cells (THP1 and HL60) 
and FLT3-ITD mutant cells (MV4-11 and MOLM13) 
by western blot and compared the therapeutic effects of 
Gilteritinib between FLT3-WT cells (THP1 and HL60) 
and FLT3-ITD mutant cells (MV4-11 and MOLM13). 
Among these leukemic cell lines, higher expression of 
FLT3 was detected in FLT3-ITD-mutated MV4-11 and 
MOLM13 cell lines (Fig.  1a, b). The leukemic cell lines 
including MV4-11, MOLM13, THP1 and HL60 were 
treated with increasing concentrations of Gilteritinib 
(0–20  nM) and the anti-proliferative effect of Gilteri-
tinib was examined by CCK-8 kit. The control group was 
treated with DMSO. Proliferation assay demonstrated 
that FLT3-ITD mutant cells (MV4-11 and MOLM13) 
were more sensitive to Gilteritinib compared with 
FLT3-WT cells (THP1 and HL60) (Fig.  1c–f). This cor-
roborated that Gilteritinib exhibited a greater effect on 
FLT3-ITD mutant leukemic cells.

Synergistic effects of Gilteritinib and ATO 
in FLT3‑ITD‑mutated cell lines
To evaluate combinatorial effects on cell proliferation, 
FLT3-ITD positive cells were treated with increasing 
concentrations of Gilteritinib (0–20  nM) alone, ATO 
(0–4 μM) alone, or the combination for 48 h. The control 
group was treated with DMSO. Treatment with Gilteri-
tinib plus ATO achieved a further inhibition of prolifera-
tion in MV4-11 and MOLM13 cell lines compared with 
Gilteritinib alone or ATO alone (Fig. 2a, b). The combi-
natorial effect on cell proliferation was assessed by the 
Chou-Talalay method to calculate combinatorial index 
(CI). Synergistic effects were observed for the combina-
tion of Gilteritinib with ATO against FLT3-ITD-mutated 
cells with CI values < 1 (Fig. 2c, d) indicating synergy. The 
50% inhibitory concentration values (IC50) of Gilteritinib 
in MV4-11 and MOLM13 cell lines for 48 h was 3.02 nM 
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Fig. 1 FLT3-ITD-mutated cell lines are more sensitive to Gilteritinib. a, b Western blot analysis of FLT3 in MV4-11, MOLM13, HL60 and THP1 cells. 
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and 2.58 nM, respectively; IC50 of ATO in MV4-11 and 
MOLM13 cell lines for 48  h was 0.82  µM and 0.89  µM 
(Fig. 2e).

We found that the addition of ATO at low concentra-
tion to Gilteritinib could further inhibit the proliferation 
of cells. To explore the synergistic effect of combin-
ing Gilteritinib with ATO at low concentration in both 
FLT3-ITD-mutated cells, apoptosis assay, morphologic 
assessment, transwell assay and cell cycle analysis were 
performed. A fixed concentration of each drug (2.5  nM 
Gilteritinib and 0.5 µM ATO) was chosen. The combina-
tion of Gilteritinib with ATO could significantly increase 
the apoptotic proportion of MV4-11 and MOLM13 cells 
compared with Gilteritinib alone or ATO alone (Fig. 3a–
d). Typical features of apoptotic cells were visualized 
using light microscopy and an increase of typical apop-
totic cells was observed following Gilteritinib plus ATO 
treatment (Fig. 3e, f ). Cells treated with Gilteritinib plus 
ATO passing through the transwell compartment were 
significantly decreased according to the transwell assay 
in both FLT3-ITD-mutated cells (Fig.  3g, h). Combina-
tion therapy could dramatically reduce ability of invasion 

in MV4-11 and MOLM13 cells. Gilteritinib monother-
apy could significantly induce cell cycle arrest with an 
increased fraction of MV4-11 cells in G1 phase and 
Gilteritinib plus ATO treatment upregulated G1 phase 
and downregulated G2 phase compared with Gilteritinib 
monotherapy but without statistics difference (Fig. 3i, j).

Modulation of downstream targets of FLT3 activation 
by Gilteritinib plus ATO treatment
Previous reports had suggested that ATO could degrade 
FLT3 protein by downregulating USP10 to inhibit 
FLT3-ITD positive cells, but ATO at low concentrations 
(0.5  µM) failed to downregulate USP10 and could not 
induce degradation of total FLT3 (Fig. 4a–d) and modu-
lation of 160KD or 130KD FLT3 (Additional file  1: Fig-
ure S1A, B). There may be a mechanism different from 
previous reports. Gilteritinib as a new type of inhibi-
tor exhibited a strong inhibition on the phosphorylated 
FLT3 even at a low concentration of 2.5 nM (Fig. 4e–h), 
but had little effect on total FLT3 (Fig. 4e–h) and USP10 
(Additional file  1: Figure S2A–D). Combination treat-
ment did not further reduce the level of FLT3 activation 
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(phosphorylated FLT3), and failed to affect the total pro-
tein level of FLT3 (Fig. 4e–h).

Mutant FLT3-ITD could activate STAT5, AKT and 
ERK pathways, all of which are downstream targets of 
FLT3 activation [32]. We detected whether treatment 
with ATO plus Gilteritinib at a fixed concentration could 
inhibit these abnormal pathways. MV4-11 and MOLM13 
cells were treated with DMSO, Gilteritinib (2.5  nM) 
alone, ATO (0.5 µM) alone, or Gilteritinib (2.5 nM) plus 
ATO (0.5  µM) (combination) for 48  h. Gilteritinib sig-
nificantly inhibited STAT5 phosphorylation (Figs.  5a, b, 
6a, b), AKT phosphorylation (Figs. 5c, d, 6c, d) and ERK 
phosphorylation (Figs.  5e, f, 6e, f ) in both cells with no 
effect on total expression of STAT5 (Figs.  5a, b, 6a, b), 
AKT (Figs.  5c, d, 6c, d) and ERK (Figs.  5e, f, 6e, f ), the 
addition of ATO to Gilteritinib displayed no further inhi-
bition (Figs. 5a–f, 6a–f). The combination of Gilteritinib 
with ATO could increase apoptosis, but the inhibition on 
phosphorylated abnormal pathways activated by FLT3-
ITD mutation was not observed with improvement upon 
combination therapy. In a word, combination therapy 
showed no synergistic effects on inhibition of expression 

of FLT3 and its downstream targets, it suggested that 
other mechanisms may be involved in combination of the 
two drugs at a fixed concentration.

Addition of ATO to Gilteritinib activates IRE1a‑JNK signal 
pathway to induce apoptosis
Based on the strong apoptotic effect observed for the 
combination therapy in FLT3-ITD-mutated cells, we 
further investigated the molecular mechanism underly-
ing the synergy. FLT3 exists in endoplasmic reticulum in 
the form of 130KD and on cell membrane in the form of 
160KD [33]. Gilteritinib (2.5 nM) had little effect on total 
FLT3(160KD and 130KD), but the expression of 160KD 
FLT3 was observed with a slight increase under treat-
ment with Gilteritinib (2.5 nM) (Fig. 4e–h), a significant 
change was found only in MOLM13 (Additional file  1: 
Figure S1C, D). Gilteritinib (5  nM) was used to con-
firm this change and Gilteritinib (5  nM) increased the 
expression of 160KD FLT3 on cell surface in both MV4-
11 and MOLM13 cells with statistic significance at 48 h 
(Fig. 7a–d). An increase of mature, complex glycosylated 
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form (160KD) of FLT3 on the surface of cell membrane 
which transferred from the endoplasmic reticulum in 
the form of 130KD was related to the decreased endo-
plasmic reticulum stress. We detected the endoplasmic 
reticulum stress-related proteins in MV4-11 cells treated 

with Gilteritinib (2.5 nM and 5 nM) for 48 h. GRP94, as 
an endoplasmic reticulum stress marker, was observed 
a decreased protein level to indicate the inactivation of 
endoplasmic reticulum stress (Fig.  7e, f ). Three distinct 
signaling pathways are activated by PERK, ATF6, and 
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IRE1a that are triggered in response to endoplasmic 
reticulum stress [34, 35]. Protein levels of PERK, ATF6, 
and IRE1a were tested to further explore the status of 
endoplasmic reticulum stress under treatment of Gilteri-
tinib. Gilteritinib decreased IRE1a levels, while PERK and 
ATF6 were not changed significantly (Fig.  7e, f ). Mean-
while, a decreased level of phosphorylated JNK which 
was the downstream targets of IRE1a was observed 
(Fig.  7g, h). Endoplasmic reticulum stress-activated 
IRE1a are proved to be involved in apoptosis in several 
cancers [36]. Endoplasmic reticulum stress triggered by 
FLT3 in the form of 130KD in endoplasmic reticulum 
to promote apoptosis was blocked by an increase of the 
expression of 160KD FLT3 on cell surface with treatment 
of Gilteritinib. The decreased expression of IRE1a and 
phosphorylated JNK indicated that inactivation of endo-
plasmic reticulum stress was induced by Gilteritinib.

In MV4-11 and MOLM13 cells, it was further veri-
fied that Gilteritinib was defective to activate endo-
plasmic reticulum stress, and ATO could significantly 
increase the expression of IRE1a and phosphorylated 
JNK to upregulate endoplasmic reticulum stress at low 

concentration of 0.5  µM (Fig.  7i, j). Thus, Gilteritinib 
decreased the expression of IRE1a and phosphorylated 
JNK in FLT3-ITD-mutated cells but the downregulation 
trend was rescued by cotreatment with ATO (Fig. 7i, j).

Knockdown of IRE1a diminishes the synergism 
of Gilteritinib plus ATO combination treatment 
of FLT3‑ITD‑mutated cells
To further explore the role of IRE1a on the synergis-
tic effects observed with combined Gilteritinib with 
ATO treatment, we transiently transfected MV4-11 and 
MOLM13 with siRNA against IRE1a or nonsilencing 
(NS) siRNA as a control. Following induction of siRNA 
expression, the decreased IRE1a mRNA level was cor-
roborated using RT-qPCR (Fig. 8a) and there was a sig-
nificant reduction in basal IRE1a protein level compared 
with NS siRNA induction in both FLT3-ITD-mutated 
cells (Fig.  8b, c). Consequently, when IRE1a siRNA-
expressing cells were treated with Gilteritinib (2.5  nM) 
and ATO (0.5 µM) in combination for 48 h, there was a 
decrease in Annexin  V+ cells compared with NS siRNA-
expressing cells treated with the same dose of two drugs 
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(Fig.  8d–g). Furthermore, upregulation-trend of pro-
apoptotic molecule BAX and downregulation-trend of 
anti-apoptotic molecule BCL-2 were reversed by knock-
down of IRE1a in MV4-11 (Fig. 8h, i) and MOLM13 cells 
(Fig. 8j, k). Thus, the combined effect of Gilteritinib and 
ATO was achieved through IRE1a-JNK signal pathway. 
Furthermore, MV4-11 and MOLM13 cells treated with 
tunicamycin (TM, 0.2  µM) (an endoplasmic reticulum 
stress activator) plus Gilteritinib for 24  h had similar 
effects with those treated with ATO plus Gilteritinib. 
The increased proportion of apoptotic cells was observed 
(Fig.  9a–d) and western blot showed an increased BAX 
expression and a decreased BCL-2 expression after treat-
ment with Gilteritinib plus TM (Fig. 9e–h). Thus, target-
ing IRE1a in endoplasmic reticulum stress pathway to 
cooperate with Gilteritinib may serve as a new treatment 
strategy on FLT3-ITD mutant AML.

Gilteritinib plus ATO is efficacious in mouse xenograft 
models of FLT3‑ITD mutant AML
We next explored the efficacy of Gilteritinib plus ATO 
treatment in mouse xenograft models of AML. We 

established a subcutaneous xenograft model of AML 
using 6-week-old female nude mice, which were sub-
cutaneously injected in the flank with MV4-11 cells. 
When tumors were established, mice were treated with 
daily intraperitoneal injection of ATO (1  mg/kg/day), 
oral administration of Gilteritinib (10  mg/kg/day), or 
Gilteritinib (10  mg/kg/day) plus ATO (1  mg/kg/day) in 
combination for 2  weeks. After treatment for 2  weeks, 
the tumors were removed from the nude mice for fur-
ther experiments. Gilteritinib and ATO in combination 
strongly inhibited the growth of tumors (Fig.  10a, b). 
Dose of ATO at 1 mg/kg/day in vivo could not degrade 
the total protein level of FLT3. Gilteritinib treatment 
significantly inhibited FLT3 activation (phosphorylated-
FLT3) and combinatorial effect on inhibition of FLT3 
activation was limited (Fig.  10c, d). Consistent with 
vitro studies, Gilteritinib plus ATO treatment to acti-
vate IRE1a-JNK signal pathway was further confirmed 
in  vivo. Gilteritinib resulted in reduction on expression 
of both IRE1a and phosphorylated JNK, but cotreat-
ment with ATO led to a significant increase (Fig. 10e, f ). 
The combination therapy had a synergistic antileukemic 
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effect to increase apoptosis as shown in TUNEL staining 
(Fig.  10g). Taken together, these results suggested that 
the combination of Gilteritinib plus ATO was efficacious 
to reduce the tumor volume in mouse xenograft models 
of FLT3-ITD mutant AML.

Discussion
Our results first demonstrated that the limited ability 
of Gilteritinib to activate endoplasmic reticulum stress 
could be salvaged by ATO at low concentration through 
activating IRE1a-JNK signal pathway in FLT3-ITD 
mutant cells.

FLT3-ITD mutations concentrated in the juxtamem-
brane domain induce ligand-independent dimerization 
to activate phosphatidylinositol 3-kinase (PI3K)/AKT, 
mitogen-activated extracellular signal regulated kinase 
(MEK)/ERK and Janus Kinase (JAK)/STAT signal trans-
duction pathways and achieve cytokine-independent cell 
proliferation and finally result in leukemia under the syn-
ergistic effect of other oncogenes [32]. Compared to the 
first generation inhibitor sorafenib which inhibits broad-
spectrum of fibrosarcoma protein (RAF-1), vascular 
endothelial growth factor (VEGF), c-KIT, platelet-derived 
growth factor receptor (PDGFR) and FLT3, Gilteritinib 
has a strong inhibitory effect on FLT3 and the smallest 
effect on c-KIT with a higher specificity [37]. Gilteritinib 

is the second generation of FLT3 TKIs like Crenolanib 
and Quizartinib. Gilteritinib is more effective in suppres-
sion on FLT3-ITD/D835Y mutation than Quizartinib 
[38] and the therapeutic effect of Crenolanib at the maxi-
mum tolerable dose is limited compared to Gilteritinib in 
mouse model [39]. Thus, Gilteritinib may be more potent 
than other TKIs in the treatment of FLT3 mutant leuke-
mia. FLT3-ITD positive cells were sensitive to Gilteritinib 
(Fig. 1c–f). But curative ability of Gilteritinib as a single 
reagent was limited, combining Gilteritinib with other 
regimens was needed. Recently, combination of ATO 
with sorafenib is proved to be effective on inhibition of 
FLT3-ITD positive cells with a specific exploration for 
the effect of ATO at high concentration on the degrada-
tion of mutant FLT3 protein [27, 28]. But high concentra-
tion of ATO increases the occurrence of side effects, even 
fatal for patients. In our study, combination of Gilteri-
tinib with ATO at low concentration of 0.5  µM could 
inhibit cell proliferation (Fig.  2a, b), increase apoptosis 
(Fig.  3a–d), weaken ability of invasion (Fig.  3g, h) and 
induce cell cycle arrest (Fig. 3i, j). Most previous studies 
performed investigation on ATO at a high concentration 
(1  µM, especially 2  µM and 4  µM) that could decrease 
deubiquitinating enzyme USP10 to contribute to deg-
radation of total FLT3 protein [28], but we observed 
no obvious reduction of USP10 and total FLT3 protein 
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Fig. 9 Targeting endoplasmic reticulum stress to cooperate with Gilteritinib promotes apoptosis of FLT3-ITD-mutated cells. a–d MV4-11 and 
MOLM13 cells were treated with Gilteritinib (2.5 nM) and/or tunicamycin (TM, 0.2 µM) for 24 h and cell apoptosis was detected using flow 
cytometry. Data are shown as mean ± SD. *P < 0.05, **P < 0.01. e–h Expression of BAX and BCL-2 in MV4-11 and MOLM13 cells was detected by 
western blot following 24 h treatment with Gilteritinib (2.5 nM) and/or TM (0.2 µM). Data are shown as mean ± SD. *P < 0.05, **P < 0.01
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following treatment with ATO at 0.5  µM (Fig.  4a–d). 
Gilteritinib dramatically inhibited phosphorylated FLT3 
(Fig.  4e–h) and its downstream phosphorylation tar-
gets including STAT5 (Figs. 5a, b, 6a, b), AKT (Figs. 5c, 
d, 6c, d) and ERK (Figs.  5e, f, 6e, f ) at concentration of 
2.5 nM, further suppression on phosphorylation of FLT3 
(Fig. 4e–h) and its downstream phosphorylation targets 
(Fig. 5a–f, 6a–f) wasn’t observed with addition of ATO at 
low concentration of 0.5 µM. But the addition of ATO at 
0.5 µM to Gilteritinib (2.5 nM) could increase apoptosis, 
other mechanisms were needed to clarify in the combi-
nation of the two drugs.

Previous literatures have revealed that FLT3 TKIs 
could transfer FLT3 protein from endoplasmic reticulum 
to cell membrane [40], we confirmed that Gilteritinib as 
a FLT3 TKI increased 160KD FLT3 protein (Fig.  7a–d). 
The increase of 160KD FLT3 protein induced by Gilteri-
tinib might lead to inactivation of endoplasmic reticulum 
stress to weaken the ability of inhibition on FLT3-ITD 
positive cells. Recent studies indicate that endoplasmic 
reticulum stress-activated PERK, ATF6 and IRE1a play 

an important role in apoptosis [41] and sustained IRE1a 
activation serves as a positive regulatory factor to phos-
phorylate its downstream target JNK [42]. Detecting the 
marker proteins of endoplasmic reticulum stress, we 
found that IRE1a and its downstream phosphorylated 
JNK were inhibited after Gilteritinib treatment (Fig. 7e–
h). This downregulation of IRE1a and phosphorylated 
JNK was reversed by cotreatment with ATO (Fig.  7i, j). 
Our experiments showed that ATO at 0.5  µM could 
potentiate Gilteritinib-induced apoptosis in FLT3-ITD 
positive leukemic cells with upregulation of both IRE1a 
and its downstream phosphorylation target JNK. The 
apoptotic effect of combination of Gilteritinib with ATO 
on MV4-11 and MOLM13 cells was weakened when 
IRE1a was knocked down (Fig.  8d–k) to further con-
firm that the synergistic effect of Gilteritinib plus ATO 
was achieved by activating IRE1a-JNK signal pathway. In 
addition, the combination of Gilteritinib with endoplas-
mic reticulum stress activator TM to increase percentage 
of apoptosis (Fig.  9a–d) and to activate apoptosis sig-
nal pathway (Fig. 9e–h) proved that it was an important 
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target to strengthen endoplasmic reticulum stress in 
Gilteritinib-treated cells. In mouse xenograft models of 
FLT3-ITD mutant AML, Gilteritinib alone or ATO alone 
both reduced tumor size, while combination of Gilteri-
tinib with ATO produced a profound treatment (Fig. 10a, 
b). IRE1a and phosphorylated JNK were suppressed by 
Gilteritinib in vivo and cotreatment with ATO produced 
an increased expression (Fig.  10e, f ) to induce further 
apoptosis (Fig.  10g) under the condition that ATO at 
1  mg/kg/day could not degrade FLT3 protein (Fig.  10c, 
d). The role of phosphorylated JNK in the synergis-
tic effect of combination treatment was consistent with 
IRE1a in vitro and vivo, and JNK was also an important 
target of endoplasmic reticulum stress pathway in Gilter-
itinib-treated FLT3-ITD mutant cells. Though no change 
of total expression of JNK protein was produced under 
combination therapy, more exploration on its effect could 
provide a valuable direction in future research. Gilteri-
tinib alone was more potent to reduce the tumor volume 
as compared to ATO alone, on the one hand, this may 
due to the facts that Gilteritinib was far more effective 
than ATO to target FLT3 signaling; on the other hand, 
the effect of ATO on reduction of tumor growth may hin-
dered because of low dose applied.

Conclusion
In conclusion, our study first uncovered the mecha-
nism of combination of the second generation FLT3 
TKI Gilteritinib with ATO at low concentration. ATO 
at low concentration could rescue the defective ability of 
Gilteritinib on activation of IRE1a-JNK signal pathway in 
FLT3-ITD mutant cells. Low doses of each drug in com-
bination maximize synergy and possibly reduce toxicity 
with little side effect in clinic. Our findings may provide 
a new target for combination treatment and a novel theo-
retical basis for the treatment of FLT3-ITD positive AML 
patients. Further clinical trials are needed to confirm the 
combinatorial effects in the therapy of FLT3-ITD positive 
AML.
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