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Background: We aimed to investigate the anti-multiple myeloma (MM) activity of the new 
small molecular compound AE-848 (5-bromo-2-hydroxyisophthalaldehyde bis[(1-methyl- 
1H-benzimidazol-2-yl)hydrazone]) and its underlying anti-MM mechanism.
Methods: Cell viability and apoptosis were detected and quantified by using MTT and flow 
cytometry, respectively. JC-1 dye-related techniques were used to assess mitochondrial 
membrane potential (MMP). Western blotting was applied to detect the expression of NF- 
κB and PI3K/Akt/mTOR pathway-associated proteins. The in vivo activity of AE-848 
against MM was evaluated in a MM mouse model.
Results: Application of AE-848 into the in vitro cell culture system significantly reduced the 
viability and induced apoptosis of the MM cell lines, RPMI-8226 and U266, in a dose- and 
time-dependent manner, respectively. JC-1 dye and Western blotting analysis revealed that 
AE-848 induced the cleavage of caspase-8, caspase-3, and poly ADP-ribose polymerase 
(PARP), resulting in loss of mitochondrial membrane potential (MMP). Both the NF-κB and 
PI3K/AKT/mTOR signaling pathways were involved in AE-848-induced apoptosis of U266 
and RPMI8226 cells. Moreover, AE-848 leads to cell cycle arrest of MM cells. Its anti-MM 
efficacy was further confirmed in a xenograft model of MM. AE-848 administration sig-
nificantly inhibited MM tumor progression and prolonged the survival of MM-bearing mice. 
More importantly, our results demonstrated that AE-848 markedly induced primary MM cell 
apoptosis.
Conclusion: Our results for the first time showed that the small compound AE-848 had 
potent in vitro and in vivo anti-myeloma activity, indicating that AE-848 may have great 
potential to be developed as a drug for MM treatment.
Keywords: small molecular compound, AE-848, multiple myeloma, apoptosis, NF-κB and 
PI3K/Akt/mTOR pathway

Introduction
Multiple myeloma (MM) is a malignant tumor characterized by abnormal hyper-
plasia of plasma cells in the bone marrow. It accounts for approximately 10% of 
hematopoietic tumors worldwide, and its incidence is increasing globally.1 The 
widespread filling of malignant plasma cells in bone marrow leads to multiple 
osteolytic lesions, repeated infections, anemia, hypercalcemia, hyperviscosity syn-
drome and kidney damage, which can eventually result in adverse consequences.2
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The pathogenesis of MM is extremely complex, invol-
ving a variety of cytokines, adhesion molecules, signal 
transduction pathways, cellular genetic abnormalities, and 
the bone marrow microenvironment.3 Among these, nuclear 
factor κB (NF-κB) is a key factor that selectively binds to 
the enhancer of B cell kappa-light chain to regulate the 
expression of many genes. Hyperactivated NF-κB signaling 
thus serves as an important prognostic biomarker and ther-
apeutic target for MM.4,5 The PI3K/Akt/mTOR signaling 
pathway controls a number of biological processes critical to 
tumorigenesis, including apoptosis, transcription, transla-
tion, and cell cycle.6 A growing number of studies have 
shown that inhibition of the PI3K/Akt/mTOR signaling 
pathway triggers apoptosis in MM cells.7,8

In the recent years advances in treatments, including 
immunomodulatory drugs (eg, thalidomide and 
lenalidomide),9 proteasome inhibitors (eg, bortezomib 
and carfilzomib),10 and autologous transplantation,11 and 
so on, has changed outcome of MM patients tremendously. 
However, MM remains incurable, and there is a demand 
for novel therapeutic compounds. In the present study, we 
evaluated anti-MM activity of the small molecule 
5-bromo-2-hydroxyisophthalaldehyde bis[(1-methyl-1H- 
benzimidazol-2-yl)hydrazone] (AE-848), which was cyto-
toxic to both MM-derived cell lines and primary MM 
cells. And administration of AE-848 significantly inhibited 
myeloma growth and prolonged survival of myeloma bear-
ing mice. These findings together suggest a therapeutic 
potential of AE-848 for the treatment of MM.

Materials and Methods
General
1H NMR spectra were recorded on a Bruker DRX spectro-
meter at 600 MHz using DMSO-d6 as the solvent. Melting 
points (Mp) were determined using a Stuart melting point 
apparatus. All reagents and solvents were purchased from 
commercial sources and used without further purification.

Synthesis
Synthesis of 2-Hydrazino-1-Methyl-1H- 
Benzimidazole (1)
Ethanol (10 mL) was added to 2-chloro-1-methyl-1H- 
benzimidazole (1 g, 6.4 mmol), followed by addition of 
hydrazine (1 mL, 32 mmol) under stirring at room tempera-
ture. The solution was heated to 70 °C and allowed to stirred 
for 1 h, and then the reaction mixture was cooled to room 
temperature. After filtration and elimination of the solvent, 

the product was obtained as a white solid ([2-hydrazino- 
1-methyl-1H-benzimidazole, Mp: 148–150 °C. 1H NMR 
(600 MHz, CDCl3): 1.25–1.29 (s, 2H), 3.82–3.85 (s, 3H), 
7.29–7.36 (m, 2H), 7.38–7.42 (d, 1H),7.81–7.84 (d, 1H), 
7.86–7.89 (d, 1H)]).

Synthesis of 5-Bromo-2-Hydroxy- 
1,3-Benzenedicarboxaldehyde (2)
Trifluoroacetic acid (15 mL) was added to 4-bromophenol, 
followed by the addition of hexamethylenetetramine (1.62 g, 
11.5 mmol) at room temperature under stirring. The solution 
was heated to 120 °C and refluxed for 12 h under argon. HCl 
(4N, 30 mL) was added to the reaction mixture, which was 
then stirred for another 1 h. The reaction mixture was cooled 
to room temperature and the crude product was obtained by 
filtration and elimination of the solvent. The pure product 
was obtained by column separation (eluent: petroleum ether/ 
ethyl acetate = 3:1) as a yellow solid (5-bromo-2-hydroxy- 
1,3-benzenedicarboxaldehyde, Mp: 126–128 °C. 1H NMR 
(600 MHz, DMSO-d6): 8.12–8.16 (s, 2H), 10.19–10.21 (s, 
2H), 11.55–11.70 (s, 1H)).

Synthesis of AE-848 (3)
Ethanol (10 mL) was added to a mixture of 2-hydrazino- 
1-methyl-1H-benzimidazole (1 mmol) and 5-bromo- 
2-hydroxy-1,3-benzenedicarboxaldehyde (1 mmol), and 2 
drops of acetic acid were added. The precipitate formed 
after stirring for 30 min. The reaction mixture was refluxed 
for 1–2 h and filtrated when it became hot. The crude product 
was obtained by washing with hot methanol, and the pure 
product was purified by crystallizing with tert-butyl alcohol 
and DMF (2:1 (v/v)) [AE-848, Mp: 156–158 °C. 1H NMR 
(600 MHz, DMSO-d6): 3.88–3.92 (s, 6H), 6.85–7.30 (m, 
8H), 7.44–7.49 (s, 2H), 7.86–7.93 (s, 2H), 8.40–8.46 (s, 
2H), 11.10–11.45 (s, 1H)].

Reagents
AE-848 was dissolved in dimethyl sulfoxide (DMSO; 
Sigma, St. Louis, MO, USA) at a concentration of 50 
mM and stored at 37°C until use. Human CD38-PE mono-
clonal antibody was obtained from Miltenyi (Miltenyi 
Biotec GmbH, Bergisch Gladbach, Germany). Annexin 
V-FITC/propidium iodide (PI) detection kit and mitochon-
drial membrane potential (MMP) detection kit were pur-
chased from KeyGEN BioTECH (Jiangsu, China). MTT 
was obtained from Solarbio (Beijing, China). Antibodies 
against Caspase-8, Caspase-3, cleaved poly ADP-ribose 
polymerase (PARP), P65, phosphatidylinositol 3 kinase 
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(PI3K), Akt, mammalian target of rapamycin (mTOR), 
GAPDH and β-actin were purchased from Cell Signaling 
Technology (Danvers, MA, USA). And antibodies against 
NF-κB2 P100/P52, NF-κB1 P105/P50, Rel-B, c-Rel and 
Histone-3 were purchased from Abcam (Cambridge, UK). 
Pan-caspase inhibitor, Z-VAD-FMK (zVAD), was pur-
chased from R&D Systems (Minneapolis, MN, USA).

Cell Culture
Human MM cell lines (U266 and RPMI8226) were 
obtained from American Type Culture Collection (ATCC, 
Manassas, VA, USA) and cultured in RPMI-1640 medium 
supplemented with 10% fetal bovine serum (FBS) at 37 °C 
in a humidified incubator with 95% air and 5% CO2. Cells 
in the logarithmic growth phase were selected for subse-
quent experiments.

Primary MM Cells
The human sample study was approved by the Human 
Ethics Research Committee of the Second Hospital of 
Shandong University (approval no. KYLL-2019(KJ) 
P-0205). Bone marrow specimens were obtained from 
newly diagnosed or relapsed/refractory patients with 
MM. Bone marrow mononuclear cells (BMMCs) by 
Ficoll-Hypaque (Tianjin HY Bioscience Co., Ltd., 
Tianjin, China) were isolated via density gradient centri-
fugation and further cultured in RPMI-1640 medium with 
10% FBS. Blood samples from healthy volunteers were 
collected and treated with Ficoll-Hypaque density gradient 
centrifugation to isolate peripheral blood mononuclear 
cells (PBMCs) following the reagent instructions. Each 
patient and healthy volunteer provided informed consent. 
The study was approved by the Human Ethics Research 
Committee of the Second Hospital of Shandong University 
in accordance with the Declaration of Helsinki.

Cell Viability Analysis
MTT assay was conducted to detect cell viability.12 U266 
and RPMI8226 cells were seeded at 2×104 cells/well and 
treated with 2.5, 5, 10, or 20 µM AE-848 for 12 h, or with 
5 µM AE-848 for 24 and 48 h, respectively. The cells were 
incubated with MTT at room temperature for 4 
h. Subsequently, an appropriate amount of DMSO was 
then added and oscillated on the oscillator for 15 min. 
The optical density at 570 nm was measured with 
a multifunctional microplate reader (Synergy Neo, 
BioTek, Winooski, VT, USA), and the values were 
expressed as absorbance.

Apoptosis Analysis
U266 and RPMI8226 cells (2×105 cells/well) were incu-
bated with AE-848 (2.5, 5, and 10 µM) for 12 h or incu-
bated with 5 µM AE-848 for 24 h and 48 h. The cells were 
then incubated with Annexin V in the dark for 15 min. 
Subsequently, 2 µL PI was added to the cell suspension, 
and the apoptosis rate was measured using a flow cyt-
ometer (BD Biosciences, San Jose, CA, USA).

For eight primary MM samples, the cells (2×105 cells/ 
well) were inoculated into 24-well plates with 5 μM AE- 
848 for 12 h. The cultured cells were then collected, 
washed, and stained with anti-human CD38-PE monoclo-
nal antibody in PBS for 20 min at room temperature in the 
dark. Afterwards, the cells were washed with PBS twice 
and resuspended in 100 μL binding buffer containing 2 μL 
Annexin-V. The percentage of apoptotic cells was mea-
sured using FACS.

Analysis of MMP
JC-1 dye was used to detect MMPs.13 The images were 
taken with an inverted fluorescent microscope. Briefly, 
U266 and RPMI8226 cells (2×105 cells/well) were treated 
with AE-848 (5µM) for 12 h. After incubation, the MM 
cells were first rinsed with PBS, then added to the JC-1 
dye working solution and shaken evenly. Next, the cells 
were incubated at room temperature for 15 min, washed 
with JC-1 staining buffer twice, and analyzed by flow 
cytometry.

Western-Blotting Analysis
U266 and RPMI8226 cells were cultured with various 
concentrations of AE-848 (2.5, 5, and 10 µM) for 12 
h. Drug-treated cells were lysed in RIPA buffer supple-
mented with a phosphatase inhibitor cocktail (Roche, 
Mannheim, Germany) and 1 mM PMSF on ice for 20 
min. Cytoplasmic and nuclear proteins were isolated 
using the Nuclear and Cytoplasmic Protein Extraction 
Kit (Beyotime, Shanghai, China) according to the man-
ufacturer’s instructions. Protein concentrations were 
measured using a BCA Protein Assay kit (Pierce, 
Thermo Scientific, Waltham, MA, USA) following the 
manufacturer’s instructions. Protein samples were sepa-
rated by polyacrylamide-SDS gels and electroblotted 
onto nitrocellulose membranes. After blocking, the mem-
brane was incubated overnight with the following pri-
mary antibodies: Caspase-8, Caspase-3, cleaved-PARP, 
P65, NF-κB2 P100/P52, NF-κB1 P105/P50, Rel-B, 
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c-Rel, PI3K, AKT1, mTOR, GAPDH and β-actin 
(Caspase-8, mouse polyclonal, 1:1000, CST; Caspase-3, 
mouse polyclonal, 1:1000, CST; Cleaved-PARP, rabbit 
polyclonal, 1:1000, CST; Cleaved-PARP, rabbit polyclo-
nal, 1:1000, CST; P65, rabbit polyclonal, 1:1000, CST; 
NF-κB2 P100/P52, rabbit polyclonal, 1:1000, Abcam; 
NF-κB1 P105/P50, rabbit polyclonal, 1:1000, Abcam; 
Rel-B, rabbit polyclonal, 1:1000, Abcam; c-Rel, rabbit 
polyclonal, 1:1000, Abcam; PI3K, rabbit polyclonal, 
1:1000, CST; AKT1, rabbit polyclonal, 1:1000, CST; 
mTOR, rabbit polyclonal, 1:1000, CST; GAPDH, 
mouse polyclonal, 1:1000, CST; β-actin, rabbit polyclo-
nal, 1:1000, Abcam; Histone-3, rabbit polyclonal, 
1:1000, Abcam), followed by a secondary antibody for 
1 h at room temperature.

Cell Cycle Analysis
Cell cycle distribution was analyzed using flow cytometric 
assay, as previously described.14 In brief, U266 and 
RPMI8226 cells treated with AE-848 (2.5, 5, and 10 
µM) were harvested, washed twice with PBS, and fixed 
overnight with 75% ethanol. U266 and RPMI8226 cells 
were incubated with 500 μL PI/RNase staining buffer at 37 
°C for 30 min, followed by FACS analyses.

Mouse Xenograft Model
The animal study was approved by the Second Hospital of 
Shandong University of Medicine Institutional Animal 
Care & Use Committee (approval no. KYLL-2018(LW) 
019). The study obeyed the principles of the ethical guide-
lines outlined by the International Council for Laboratory 
Animal Science (ICLAS).15 Female NOD/SCID mice (6–8 
weeks, weighing 18–20 g) were purchased from the 
Beijing Vital River Laboratory Animal Technology Co., 
Ltd (Beijing, China) and raised under a specific-pathogen- 
free (SPF) environment. Mice were subcutaneously 
injected with 1×107 RPMI8226 cells suspended in 100 
μL normal saline (NS) in the right foreleg. Based on our 
pilot evaluations, we selected a concentration of 12.5 mg/ 
kg via intraperitoneal injection for subsequent in vivo 
experiments.

Approximately 3 weeks after RPMI8226 cell injection, 
when the tumor reached a size of approximately 200 mm3, 
12 immunized mice were randomly divided into two 
groups: the control (n=6) and treatment groups (n=6). 
The mice in the control group were intraperitoneally 
injected with NS containing DMSO and Cremophor EL 
for 14 consecutive days, while the mice in the treatment 

group were additionally administered AE-848 (12.5 mg/ 
kg). When the mice reached the endpoint of the observa-
tions, which was defined as when the tumor size exceeded 
2.0 cm in any direction or when a mouse was unable to 
creep for food and/or water, the mice were humanely 
euthanized by cervical dislocation. Changes in mice 
weight and tumor volume were monitored in the control 
and treatment groups every 3 days. The administration of 
compounds was carried out as a blind experiment, and all 
information about the expected outputs and the nature of 
compounds used were kept from the animal technicians. 
Tumors were measured using calipers, and volumes were 
calculated using the formula V = long diameter × (short 
diameter) 2 × π/6.16

Statistical Analysis
The data were analyzed using SPSS 19.0, and one-way 
analysis of variance (ANOVA) and Bonferroni’s test were 
used to compare differences among different treatment 
groups. Survival rate was analyzed by Kaplan–Meier ana-
lysis. A P-value of < 0.05 was considered statistically 
significant.

Results
Chemistry
AE-848 was prepared by following the expected reaction 
route in Figure 1. The starting material, 2-chloro- 
1-methyl-1H-benzimidazole (1) as the starting material, 
was reacted with hydrazine hydrate to obtain intermediate 
2, which was then reacted with 5-bromo-2-hydroxy-1,3 
benzenedicarboxaldehyde (4). The reaction produced the 
target product (5). The NMR spectra of AE-848 are shown 
in Supplementary Figure 1.

Inhibitory Effect of AE-848 on U266 and 
RPMI8226 Cell Viability
AE-848 is a synthesized small-molecule compound (Figure 
2A). To investigate whether AE-848 affects the viability of 
U266 and RPMI8226 cells, we conducted an MTT assay. As 
presented in Figure 2B and D, AE-848 suppressed the via-
bility of U266 and RPMI8226 cells in a concentration- and 
time-dependent manner. More specifically, after treatment 
with 2.5, 5, 10, and 20 μM AE-848 for 12 h, the inhibition 
rates of U266 and RPMI8226 increased gradually. The IC50 
values of U266 and RPMI8336 cells were 4.3 ± 2.5 μM and 
5.1 ± 3.5 μM, respectively (Figure 2B and D). As shown in 
Figure 2C and E, after exposure to 5 μM AE-848 for 12, 24, 
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and 48 h, the remaining viable U266 cells were 52.9 ± 4.2%, 
32.0 ± 1.8%, and 18.4 ± 1.2%, respectively. Meanwhile, the 
viable RPMI8336 cells were 53.1 ± 0.7%, 35.0 ± 1.3% and 
6.1 ± 4.2%, respectively.

AE-848 Has Lower Cytotoxicity Against 
Peripheral Blood Mononuclear Cells
To evaluate the toxicity of AE-848 to normal cells, we col-
lected PBMCs from normal human peripheral blood, and 
compared apoptosis between PBMCs and U266 cells incu-
bated with AE-848 for 12 h. Annexin V/PI staining results 
showed that when incubated with 5 μM AE-848 for 12 h, AE- 
848 exhibited negligible toxicity to normal PBMCs, while 
a great killing effect was observed on U266 cells (13.3 ± 
1.1%, PBMCs vs 68.0 ± 4.3%, U266; P < 0.001) (Figure 2F 
and G).

Induction of Cell Apoptosis by AE-848
U266 and RPMI8226 cells were stained with Annexin-V 
FITC and PI to test apoptosis by flow cytometry. The total 
number of AV+PI− and AV+ PI+ cells were counted as apopto-
tic cells. As shown in Figure 3A, the induction of apoptosis by 
AE-848 increased with its concentration, and the proportion of 
Annexin V-positive cells increased. More specifically, com-
pared to the control group (11.4 ± 4.5%), the apoptosis of 
U266 cells increased to 36.3 ± 5.4% at 2.5 μM, 62.6 ± 4.6% at 
5 μM, and 85.0 ± 2.5% at 10 μM. Meanwhile, the apoptotic 
RPMI8226 cells (baseline 6.6 ± 1.7%) increased to 13.6 ± 
4.6% at 2.5 μM, 35.2 ± 5.0% at 5 μM, and 66.4 ± 2.3% at 10 
μM (Figure 3B). A similar pattern was observed in Figure 3C 
and D, in which markedly increased apoptosis occurred after 
incubation with 5 μM AE-848 for 24 or 48 h. Apoptosis was 
induced in both U266 and RPMI8226 cells in a dose- and 

Figure 1 Synthetic route of AE-848. (A) Hydrazine, Ethanol. (B) Trifluoroacetic Acid, Hexamethylenetetramine. (C) Ethanol.

Figure 2 The chemical structure of AE-848. AE-848 inhibits MM cell viability in a dose- and time-dependent manner, and AE-848 induces minimal cytotoxicity to peripheral 
blood mononuclear cells (PBMCs). (A) The chemical structure of AE-848. (B) U266 cells were treated with AE-848 (2.5, 5, 10, and 20 µM) for 12 h, and cell viability was 
then assessed using MTT. (C) U266 cells were treated with 5 µM AE-848 for 12, 24, and 48 h, and the viability was determined using MTT. (D) RPMI8226 cells were treated 
with different concentrations of AE-848 (2.5, 5, 10, and 20 µM) for 12 h followed by cell viability detection. (E) RPMI8226 cells were treated with AE-848 (5 µM) for 12, 24, 
and 48 h, and cell viability was then analyzed. (F) Apoptosis of PBMCs and U266 cells treated with 5 µM AE-848 was analyzed using flow cytometry. (G) Apoptosis of PBMCs 
and U266 cells. ***P < 0.001 (untreated control vs AE-848-treated cells). Results were expressed as the mean ± SEM from three independent experiments.
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time-dependent manner, consistent with our findings in the 
MTT assay.

To further evaluate the toxic effect of AE-848 on primary 
MM cells obtained from the bone marrow of newly diag-
nosed or relapsed/refractory patients, we treated the cells with 
5 μM AE-848 for 12 h. Consistent with the results obtained 
from MM cell lines, AE-848 significantly promoted the 
apoptosis of primary MM cells in comparison to the control 
group (74.2 ± 21.3% vs 20.7 ± 10.6%, P < 0.001) (Figure 4).

AE-848 Induced Loss of MMP in MM Cells
JC-1 dye-related techniques were used to assess MMP in 
MM cells. The relative proportion of red and green fluores-
cence is commonly used to measure the degree of mitochon-
drial depolarization. A decrease in the red/green ratio is 
indicative of apoptosis. When JC-1 staining was applied to 
investigate the possible involvement of the mitochondrial 
apoptosis pathway, we found that after exposure to 5 µM 

AE-848 for 12 h, a dramatic drop in MMP was observed in 
both U266 and RPMI8226 (Figure 5A and B) (U266, treated 
vs untreated, 87.0 ± 3.1% vs 8.0 ± 3.1%, P < 0.001; 
RPMI8226, treated vs untreated, 82.5 ± 2.7% vs.15.7 ± 
3.5%, P < 0.001). In addition, a stronger green fluorescence 
was observed in AE-848-treated groups, in line with our 
flow cytometry data (Figure 5C). These results suggest that 
the mitochondrial-related intrinsic apoptosis pathway is 
involved in AE-848-induced apoptosis.

AE-848 Induced Cleavage of Caspase 8, 
Caspase 3, and Cleaved PARP in MM 
Cells
Western blotting analysis was performed to study the 
underlying mechanisms of the related proteins associated 
with mitochondria-mediated intrinsic apoptosis in U266 
cells. This included pro-caspase-3 and pro-caspase-8, two 
key proteases in the apoptosis pathway. Processing of both 

Figure 3 AE-848 significantly induces apoptosis of U266 and RPMI8226 cells. (A) U266 and RPMI8226 cells were treated with AE-848 (2.5, 5, and 10 µM) or vehicle control 
for 12 h, and cells were then stained with Annexin V/PI. (B) Apoptotic U266 and RPMI8226 cells were measured using flow cytometry after being treated with AE-848 (5 
µM) for 24 and 48 h, respectively. (C) After exposure to AE-848 (2.5, 5, and 10 µM) for 12 h, the apoptosis rates of U266 and RPMI8226 cells robustly increased in a dose- 
dependent manner. (D) After treatment with 5 µM AE-848 for 24 and 48 h, the apoptosis rates of U266 and RPMI8226 cells significantly increased in a time-dependent 
manner (n=3). **P < 0.01, and ***P < 0.001, respectively (untreated control vs AE-848-treated group).
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pro-caspase-3 and pro-caspase-8 increased in AE-848- 
treated U266 and RPMI8226 cells (Figure 6A and B). In 
addition, the cleavage of the nuclear protein PARP, 
a caspase-3-dependent protein, was also observed in AE- 
848-treated U266 and RPMI8226 cells.

AE-848 Induces Apoptosis in MM Cells in 
a Caspase-Dependent Manner
In this study, we observed caspase activation in MM cells 
treated with AE-848. To further reveal the importance of 
caspase activation for AE-848-induced apoptosis, we 
applied Z-VAD-FMK (zVAD), a pan-caspase inhibitor, to 
cell culture at 20 μM for 1 h, followed by the addition of 
AE-848 (5 μM). Interestingly, flow cytometry results 
showed that zVAD significantly attenuated AE-848- 
induced apoptosis (24.0 ± 2.1% vs 66.7 ± 3.0% in U266 
cells; 14.0 ± 2.0% vs 39.3 ± 3.1%, RPMI8226 cells; P < 
0.001; Figure 6C and D). Consistently, Western blotting 
revealed that zVAD markedly reduced the cleavage of 
caspase-3 and PARP (Figure 6E). Taken together, the 

extrinsic cell apoptosis pathway is involved in AE-848- 
induced apoptosis in a caspase-dependent manner.

AE-848 Induced U266 and RPMI8226 Cell 
Apoptosis by Inhibiting the NF-κB and 
PI3K/Akt/mTOR Signaling Pathways
We then sought to determine whether the NF-κB and PI3K/ 
Akt/mTOR signaling pathways are involved in AE-848- 
induced U266 and RPMI8226 cell apoptosis. P65, NF- 
κB2 P100/P52, NF-κB1 P105/P50, Rel-B, c-Rel, PI3K, 
Akt1, and mTOR protein expression were assessed. As 
presented in Figure 7A–D, the cytoplasmic and nuclear 
protein expression of P65, NF-κB2 P100/P52, NF-κB1 
P105/P50, Rel-B, and c-Rel were significantly decreased 
in U266 and RPMI8226 cells, indicating that the NF-κB 
pathway was inhibited in the AE-848-treated MM cells. 
Moreover, AE-848 markedly reduced PI3K, mTOR and 
AKT1 protein expression (Figure 7E and F), indicating 
that down-regulation of PI3K/Akt/mTOR signaling path-
ways is involved in MM cell apoptosis induced by AE-848.

Figure 4 AE-848 induced apoptosis of primary MM cells. (A) Purified patient MM cells (CD38+) were treated with AE-848 or vehicle control, and the cell apoptosis rate 
was then assessed. (B) Percentage of Annexin-V expression in the control and AE-848 groups. Data are presented as the mean ± SD (n=8).

Figure 5 AE-848 markedly induces loss of MMP. (A) After exposing U266 and RPMI8226 cells to 5 µM AE-848 for 12 h, the loss of MMP was detected by using JC-1 flow 
cytometry. (B) Fluorescence intensity of the AE-848 treatment groups (***P < 0.001 compared to the control). (C) Fluorescence images of U266 and RPMI8226 cells stained 
with JC-1. JC-1 red and JC-1 green represent the JC-1 polymer and JC-1 monomer, respectively.
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AE-848 Induced Cell Cycle Arrest in MM Cells
We next conducted flow cytometry assays to test whether AE- 
848 could cause cell cycle arrest. As shown in Figure 8A–C, 
after AE-848 treatment for 12 h, the percentage of cells in G2/ 
M phase increased from 23.5% to 29.3% for U266 (Figure 8B) 
and from 46.6% to 62.0% for RPMI8226 (Figure 8C).

AE-848 Suppressed Tumor Growth and 
Prolonged Overall Survival of 
MM-Bearing Mice
To examine the therapeutic effects of AE-848 on MM 
in vivo, MM cell-bearing mice were treated with AE-848 

or NS containing DMSO and Cremophor EL by intraper-
itoneal injection every day for 14 days. As shown in 
Figure 9A–C, AE-848 administration inhibited tumor 
growth, in terms of tumor weight and tumor volume. 
Kaplan–Meier curves (Figure 9D) showed that AE-848 
treatment significantly prolonged the survival time of 
MM cell-bearing mice (23.5 vs 17.0 days, P < 0.001). 
Taken together, AE-848 selectively inhibited tumor growth 
and prolonged survival of MM cell-bearing mice in vivo.

Discussion
Multiple myeloma (MM) is a malignant plasma cell dis-
ease, often accompanied by multiple osteolytic lesions, 

Figure 6 AE-848 induced cleavage of caspase-8, caspase-3, and PARP. (A) The protein expression of cleaved caspase-8 in U266 and RPMI8226 cells was determined using 
Western blotting. (B) The protein expression of cleaved-caspase-3 and cleaved-PARP in U266 and RPMI8226 cells was assessed using Western blotting. (C) U266 and 
RPMI8226 cells were treated with 20 μM zVAD for 1 h prior to adding 5 µM AE-848 for 12 h. Percentages of AV- and PI-positive cells are indicated in the plots. (D) 
Apoptosis of U266 and RPMI8226 cells treated with AE-848 in the presence or absence of zVAD (***P < 0.001, compared to the control). (E) The protein expression of 
caspase-3 and cleavage of PARP in U266 and RPMI8226 cells treated with AE-848 in the presence or absence of zVAD at 12 h.
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hypercalcemia, anemia, and kidney damage.17 Although 
proteasome inhibitors and immunoregulatory drugs signif-
icantly improve the treatment efficiency and prognosis of 
MM patients, patients eventually relapse; MM therefore 
remains an incurable malignancy. Additionally, side 
effects created by the current regimens affect the quality 
of life of patients.1,18 Thus, the development of new ther-
apeutic drugs with high efficacy and minimal side effects 
is urgently required. By screening a small molecular 
library (Specs_SC), we identified twenty compounds and 
found that only AE-848 significantly induced apoptosis in 
MM cells but not in normal cells.

Apoptosis is a kind of programmed death, which is 
crucial for cells to maintain the balance of the body.19 

As cancer cells have abnormal proliferation and survival 
characteristics, inducing apoptosis is one of the main 
mechanisms for many anti-tumor drugs.20 A novel aryl- 
guanidino compound AE-848 was synthesized in our 
study, and our results demonstrate its potent anti-MM 
efficacy. We used an MTT assay to evaluate the viability 
of MM cells. AE-848 inhibited U266 and RPMI8226 cell 
viability in a dose- and time-dependent manner. Moreover, 
the same concentration of AE-848 and treatment times had 
negligible toxicity in normal PBMCs, providing 

Figure 7 AE-848 inhibits the NF-κB and PI3K/Akt/mTOR signaling pathways. (A–D), Effects of AE-848 (2.5, 5, and 10 µM) on the cytoplasmic and nuclear protein 
expression of NF-κB pathway-associated proteins (P65, NF-κB2 P100/P52, NF-κB1 P105/P50, Rel-B, and c-Rel) in U266 and RPMI8226 cells. (E) Effects of AE-848 (2.5, 5, and 
10 µM) on the protein expression of PI3K/AKT/mTOR pathway-associated proteins in U266 and RPMI8226 cells. (F) Cytoplasmic and nuclear AKT1 levels were measured 
at the indicated concentrations of AE-848.
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a therapeutic window for AE-848 in MM treatment. 
Moreover, exposure to AE-848 remarkably induced apop-
tosis of U266, RPMI8226, and primary MM cells. 
Consistently, in vivo experiments using MM cell-bearing 
mice showed that tumor weight and tumor volume were 
significantly reduced following AE-848 treatment.

Mitochondria-mediated apoptosis is considered an 
important apoptotic pathway. The loss of MMP leads to 
mitochondrial depolarization, which in turn promotes the 
release of apoptotic factors and ultimately triggers cell 
apoptosis.21 In our study, treatment with AE-848 sharply 
decreased the MMP in U266 and RPMI8266 cells, which 
was consistent with our immunofluorescence results. 
Mitochondria-mediated apoptosis involves many factors, 
such as caspase-3, caspase-8, and PARP.22 Caspase-8 

(initiator caspase) and caspase-3 (executor caspase) are 
core components of apoptosis resulting from exogenous 
or endogenous apoptotic signals.23 Meanwhile, PARP is 
the main shear substrate of caspase-3, which is considered 
an important indicator of caspase-3 activation. Western 
blotting results showed that treatment with AE-848 
induced the cleavage of caspase-3, caspase-8, and PARP. 
When zVAD was added, the apoptosis rate of U266 cells 
was significantly reduced, coupled with diminished clea-
vage of caspase-3.

Uncontrolled cell proliferation is one of the most 
important hallmarks of tumor cells. Moreover, an aberrant 
cell cycle accounts for dysregulated cell growth, which 
ultimately leads to tumor formation.24 In this study, we 
demonstrated that AE-848 inhibited the growth of U266 

Figure 8 AE-848 elicits cell cycle arrest in MM cells. (A) Cell cycle analysis was performed in U266 and RPMI8226 cells treated with and without AE-848 (2.5, 5, and 10 μM) 
for 12 h. (B and C) Cell cycle distribution in U266 and RPMI8226 cells. The histogram shows the percentage of cells in the G1, S, and G2/M phases. *P < 0.05, **P < 0.01, and 
***P < 0.001, respectively (compared with the control).
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and RPMI8226 cells by inducing cell cycle arrest at the 
G2/M phase.

As a transcription factor, NF-κB is composed of 
dimeric complexes of p50 (NF-κB1) or p52 (NF-κB2), 
usually associated with members of the Rel family (P65, 
c-Rel, Rel-B). NF-κB plays an important role in regulating 
the inflammatory response and cellular proliferation, and is 
generally inactive in normal cells.25 IκB, an inhibitor of 
NF-κB, prevents NF-κB from transferring into the nucleus. 
Phosphorylated IκB releases NF-κB, which then enters the 
nucleus and triggers the activation of downstream genes 
and participates in a series of biological processes, includ-
ing MM.26 In the present study, the cytoplasmic and 
nuclear protein expression of P65, NF-κB2 P100/P52, 
NF-κB1 P105/P50, Rel-B, and c-Rel in U266 and 
RPMI8226 cells were significantly inhibited by AE-848, 
indicating that AE-848 inhibits the NF-κB signaling path-
way in MM cells.

PI3K/Akt/mammalian target of rapamycin (mTOR) is an 
important intracellular signaling pathway directly related to 
cell dormancy, proliferation, and longevity.22 Increasing 
numbers of studies have suggested that inhibition of PI3K/ 

Akt/mTOR is crucial for the anti-proliferation effect of MM 
cells.27 Akt is the downstream target of PI3K. Upon PI3K 
activation, Akt is phosphorylated and activated to localize in 
the plasma membrane. Activated Akt regulates cell function 
by phosphorylating downstream factors, including various 
enzymes, kinases, and transcription factors.28,29 mTOR is an 
important downstream target of PI3K/Akt, and participates 
in the regulation of tumor cell proliferation.30 It has been 
shown that inhibition of PI3K/Akt/mTOR signaling pathway 
prolongs the life cycle and improves the quality of life of 
MM patients.31 In our study, a decreased protein expression 
of PI3K, Akt, and mTOR was observed in MM cells, which 
was consistent with the results of a previous study.32 Here, in 
our study, a decreased protein expression of PI3K, Akt and 
mTOR were observed in MM cells treated by AE-848, 
suggesting that PI3K/Akt/mTOR pathway is involved in 
AE-848 induced MM apoptosis.

Conclusion
AE-848 induces apoptosis of MM cells in vitro and 
in vivo, and exerts this effect on primary MM cells 
through its inhibitory effects on the NF-κB and PI3K/ 

Figure 9 AE-848 significantly inhibits tumor growth and prolongs overall survival of MM cell-bearing mice. (A) Xenograft images. (B) AE-848 treatment significantly reduced 
the average tumor weight of the MM cell-bearing mice. **P < 0.01 (compared with the control group). (C) The tumor volumes were measured every day for 16 days, and 
data represent the mean ± SD (**P < 0.01, ***P < 0.001). (D) AE-848 treatment significantly prolonged survival time of MM cell-bearing mice.
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Akt/mTOR signaling pathways. Given its minimal toxicity 
to normal blood cells, AE-848 may thus be a promising 
candidate drug to develop for the treatment of MM.
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