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Purpose: Chronic myelogenous leukemia (CML) is a hematological malignancy with increased proliferation of cells of the myeloid
series. This can disrupt normal hematopoiesis. The 1-(2-(dimethylamino)acetyl)-rocaglaol (MQ-16) is a new synthetic flavagline
compound that showed promising activity in chronic myeloid leukemia K562 cells. This study aims to analyze the underlying
mechanisms of MQ-16 against CML.

Methods: Growth, cell cycle progression, and apoptosis were assessed in K562 cells following MQ-16 exposure by MTT assay and
flow cytometry. The effect of MQ-16 on DNA strands between nucleosomes was examined by 1% agarose gel electrophoresis. PI3K/
Akt/mTOR, JAK2/STAT3, and mitogen-activated protein kinase (MAPK) pathway-related proteins were detected in MQ-16—treated
K562 cells by Western blot.

Results: MQ-16 significantly inhibited the proliferation of K562 cells and arrested the cell cycle at the G2/M phase in a time- and
concentration-dependent manner. MQ-16 induced mitochondria-dependent apoptosis by downregulating the anti-apoptotic proteins
Bcl-2 and Bel-xL and induced time- and concentration-dependent DNA fragmentation. In addition, MQ-16 affected the expression of
PI3K/Akt/mTOR, JAK2/STAT3, and MAPK pathway-related proteins.

Conclusion: In summary, MQ-16 appears to be a promising chemotherapeutic drug for treating CML.

Keywords: CML, flavagline, cycle arrest, apoptosis, PI3K/Akt/mTOR, JAK2/STAT3, MAPK

Introduction

Cancer has always been a world health problem of deep concern. A survey reported in the United States in 2021 found
that the incidence of lung cancer, colorectal cancer, leukemia and other cancers was relatively high.' Among them,
leukemia can occur at any stage, which was mainly divided into four categories: acute myeloid leukemia, chronic
myeloid leukemia (CML), acute lymphocytic leukemia, and chronic lymphocytic leukemia, according to the cumulative
cell type of the lesion and the progression of the disease.” CML is a hematological malignancy that affects blood and
bone marrow. In the Western hemisphere, men with CML accounted for 15% of all cases of new-onset leukemia.' It is
characterized by the translocation of chromosomes 9 and 22 via the fusion of Abelson tyrosine-protein kinase 1 (ABL1)
and breakpoint cluster region protein (BCR). The product of BCR-ABLI is a tyrosine kinase with increased activity.’
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CML mainly occurs in three stages, chronic, accelerated, and blast phases.* Before the development of tyrosine kinase
inhibitors (TKIs), the median survival time of patients was 5—7 years. With the birth of TKIs, the life expectancy of CML
patients has dramatically changed. The CML patients taking long-term TKIs are expected to achieve the survival and
“quality of life” of the gender- and age-matched healthy people.” However, this is insufficient for patients in the
accelerated or blast phase because about 5-7% of patients will still progress to the accelerated/blast phase.® For patients
with blast phase CML, the survival period is up to 12 months.” In addition, For the CML patients, taking TKIs for life
and regular physical examinations are expensive, causing heavy financial pressure on families. Therefore, the continued
development and search for new therapeutic drugs is our eternal goal.

Meliaceae includes 50 genera with about 1400 species, mainly distributed in tropical and subtropical regions.®
Currently, lignans, flavonoids, terpenoids, bisamides and flavaglines have been isolated from Meliaceae. Nevertheless,
flavaglines have only been reported in the Meliaceae family so far.” Since the discovery of the first compound rocaglamide
in 1982, more and more flavaglines compounds have been studied, such as rocaglaol, silvestrol, and aglaiastatin.'’
Flavagline compounds have a unique cyclopenta[b]benzofuran skeleton, and they were initially discovered to exert unique
effects, including anti-insect, anti-fungal, anti-inflammatory, and neuroprotective activities. Interestingly, it was later
proved that they have substantial anti-cancer effects at low nanomolar concentrations without significant toxicity on
human umbilical vein endothelial cells.'" Flavaglines have been reported in many studies to induce apoptosis or cell cycle
arrest in oral cancer, colorectal cancer, bladder urothelial cancer cells, leukemia, and other malignant cells.'>'> The most
studied mechanism of action is related to protein synthesis, which was mainly inhibited by influencing core processes of
mRNA translation.'® To further explore its mechanism of action, 1-(2-(dimethylamino)acetyl)-rocaglaol (MQ-16) was
synthesized to examine the activity against CML and the underlying molecular mechanism in K562 cells.

Apoptosis is a process of programmed cell death, which can effectively remove damaged cells. To maintain normal
physiology and tissue function, damaged, dysfunctional, or unneeded cells can be constantly eliminated by regulating cell
death.!” Dysfunction of the normal cell death pathway can cause a variety of diseases, such as cancer. Therefore, inducing
apoptosis is an ideal treatment strategy for cancer.'® The PI3K/Akt/mTOR, JAK2/STAT3, and mitogen-activated protein
kinase (MAPK) pathways are highly active in cancer cells, and they are related to cell proliferation, apoptosis, differentia-
tion, and inflammation. Inhibition of these pathways confirmed their ability to regulate the growth of a variety of tumor
cells."” " It is unclear whether these pathways are involved in the anti-proliferative effects of MQ-16 in K562 cells.

In the present study, we explored the underlying anti-cancer mechanisms of MQ-16 in K562 cells by analyzing the
cell cycle and apoptosis using flow cytometry. Then, we measured the expression of PI3K/Akt/mTOR, JAK2/STAT3, and
MAPK pathway-associated proteins using Western blot. These findings could provide insight for targeting multiple
pathways to treat CML and facilitate the development of MQ-16 for the potential treatment of CML.

Materials and Methods
Synthesis for MQ-16

There were two steps required to synthesize MQ-16:1 Rocaglaol was synthesized according to our previous procedure.?
Then To a solution of rocaglaol (30 mg, 0.065 mmol) in 2 mL DCM were added Et3N (28.7 uL, 0.207 mmol),
chloroacetyl chloride (11 pL, 0.138 mmol) and a catalytic amount of DMAP at room temperature. The reaction mixture
was stirred at room temperature for 10 h. To the solution was added with 30 mL water, and then extracted with ethyl
acetate (30 mL). The organic layer was then washed with brine, dried over Na2S0O4, and concentrated in vacuum. The
crude products were prepared and purified by preparative TLC to obtain pure compound, 1-chloracetylrocaglaol.

2 To a solution of 1-chloracetylrocaglaol (30 mg, 0.056 mmol) in 2 mL DMF were added 2.52 pL dimethylamine in THF
(2 M), NaHCOj3 (7 mg, 0.084 mmol), and a catalytic amount of CsF at room temperature. The reaction mixture was stirred at
room temperature for 10 h. To the solution was added with 30 mL water, and then extracted with ethyl acetate (30 mL). The
organic layer was then washed with brine, dried over Na,SQy, and concentrated in vacuum. The crude products were prepared
and purified by preparative TLC to obtain pure compound, 1-(2-(dimethylamino)acetyl)-rocaglaol (MQ-16).

MQ-16. m.p. 105-106 °C;' H NMR (400 MHz, CDCl5) 6: 7.13-7.06 (7H, m), 6.63 (2H, d, J = 8.9 Hz), 6.23 (1H, d,
J=19Hz), 6.03 (1H, d, J= 1.9 Hz), 5.86 (1H, d, /= 3.7 Hz), 4.10 (1H, dd, J= 13.8, 6.1 Hz), 3.84 (3H, s), 3.76 (3H, s),
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3.67 (3H, s), 3.00 (1H, d, /= 16.9 Hz), 2.86 (1H, td, J=13.9, 4.9 Hz), 2.82 (1H, d, /= 16.9 Hz), 2.33 (1H, dd, J=13.7,
6.3 Hz), 2.25 (6H, s), 1.77 (1H, s);'> C NMR (100 MHz, CDCl5) 6 169.3, 163.7, 161.0, 158.5, 157.9, 138.5, 128.7, 128.7,
128.0, 128.0, 127.8, 127.8, 127.2, 127.2, 126.2, 112.6, 106.6, 103.0, 93.3, 91.7, 88.2, 79.1, 59.8, 55.6, 55.4, 55.0, 53.8,
44.9, 44.9, 35.7; ESIMS m/z 542.2 [M + Na]"; HRESIMS m/z 520.2338 [M + H]" (Calcd. for C3oH3,0,N, 520.2329). Its
purity was 98.65% by HPLC analysis.

Reagents and Antibodies

Imatinib was purchased from MedChemExpress (New Jersey, USA). A BCA protein assay kit and DNA extraction
phenol reagent were purchased from Solarbio (Beijing, China). An annexin V-FITC/ propidium iodide (PI) kit was
purchased from Becton, Dickinson and Company (New Jersey, USA). Hoechst staining kit, Apoptosis-DNA Ladder
Extraction Kit, and mitochondrial membrane potential assay kit with JC-1 were purchased from Beyotime (Jiangsu,
China). Primary antibodies against Bcl-2 (4223S), Bcl-xL (2762S5), cleaved caspase-9 (7237S), caspase-3 (9662S),
cleaved caspase-3 (9661S), poly (ADP-ribose) polymerase (PARP; 9542S), p-Chkl (2348T), Cdc25C (4688S),
p-Cdc25C (4901S), p-Cdc2 (4539S), PI3K (4249T), Akt (4685S), p-mTOR (2974T), STAT3 (12640), MEK1/2
(8727T), p-MEK1/2 (9154T), c-Jun NH2 terminal kinase (JNK; 9252T), and p-JNK (4668T) and their respective
secondary antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). Antibodies against cas-
pase-9 (ab25758), Bim (ab32158), Chk1 (ab40866), Chk2 (ab109413), p-Chk2 (ab32148), CDK1 (ab133327), cyclin Bl
(ab32053), mTOR (ab32028), p-STAT3 (ab76315), Ras (ab52939), extracellular signal-regulated kinase (ERK;
ab184699), p-ERK (ab32538), c-Myc (ab32072), p38 (ab47363), and p-p38 (ab178867) were purchased from Abcam
(Cambridge, MA, UK). Antibodies against p-PI3K (341468) and p-Akt (11054) were purchased from ZEN
BIOSCIENCE (Chengdu, China) and Signalway Antibody (CA, USA), respectively.

Cell Lines and Cell Culture

The K562 human chronic myeloid leukemia cell line and the 7702 human normal liver cells were obtained from ATCC
(Manassas, VA, USA) and cultured in RPMI or DMEM medium (Gibco, USA) supplemented with 5% fetal bovine serum
(VACCA, USA) at 37°C.

Cell Viability Assays

K562 cells and HL-7702 cells (8 x 10° cells/well) were exposed to MQ-16 (25-400 nM) or Imatinib (0.1875-3 pM)
for 72 h. Control cells were treated with an equal volume of dimethyl sulfoxide (DMSO) (final concentration, <0.1%).
Ten microliters of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) were added to cells
cultured in 96-well plates for 4 h, and the absorbance of formazan products was measured at 490 nm using the
Synergy 2 modular Multi-Mode Reader (BioTek, Winooski, VT, USA). Then, we used the FORECAST function to
calculate the ICsq at 72 h. K562 cells were seeded in 96-well plates with MQ-16 (50, 100, 200, or 400 nM) for
different times, and the cell inhibition rate and the growth curve were then analyzed using GraphPad Prism 8. The
inhibition rate was calculated as follows: inhibition rate = (control group ODygq - treatment group OD,49¢)/control
group ODygg * 100%.*

Cell Cycle and Apoptosis Analyses

According to the ICsq value of MQ-16, we chose 50-200 nM concentration for subsequent experiments. K562 cells (6 x 10°
cells/well) were incubated with MQ-16 or DMSO for 24, 48, or 72 h. Then, cells were collected and washed once or twice with
pre-chilled phosphate-buffered solution (PBS). For cell cycle analysis, after fixation in cold 70% ethanol overnight at 4°C,
cells were stained with 0.5 mL of PI (50 pg/mL), RNase (5 pg/mL) inhibitor, and Triton X100 (0.5 pg/mL) for 10 min at room
temperature in the dark and then analyzed by flow cytometry (ACEA NovoCyte, USA). For apoptosis experiments, cells were
incubated in the dark with 50 uL of binding buffer, followed by 2.5 uL of annexin- V and 2.5 puL of PI for 15 min at room
temperature, then analyzed by flow cytometry.'
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Hoechst 33258 Staining

To further observe apoptosis in K562 cells, cells (1 x 10° cells/well) were incubated with MQ-16 for 48 or 72 h. Then,
we carried out the experiment according to the steps of the Hoechst staining kit instructions. The cell samples were
collected by centrifugation and fixed with 0.5 mL of fixing solution for 10 min. After discarding the stationary solution,
the cells were stained with 0.5 mL of Hoechst 33258 for 5 min. Next, the cells were resuspended in 50 pL of PBS
containing a fluorescence quenching agent, and a fluorescence microscope (Leica Microsystems, Germany) was used to
observe the nuclear morphology.

Detection of Fragmented DNA by Agarose Gel Electrophoresis

To examine the effect of MQ-16 on DNA strands, K562 cells (1 x 10° cells/well) with or without MQ-16 for 48 or 72
h were collected and washed twice with PBS. According to the apoptosis-DNA ladder extraction Kit instructions, the
cells were lysed by incubation with 500 pL sample lysis buffer containing 0.5% proteinase K at 50°C overnight. Then
500 pL tris-phenol (pH8.0) and chloroform were successively added to the sample for DNA extraction. After centrifuga-
tion for 5 min at 12,000 x g at 4°C, about 300 pL supernatant was slowly aspirated, 60 uL 10M CH3COONH4 and 600
uL ethanol absolute were added, and the mixture was inverted several times to mix. At this time, DNA precipitation was
observed. Subsequently, the samples were stored at —20°C for 1 h or overnight to fully precipitate small DNA fragments.
After centrifugation for 10 min at 12,000 x g at 4°C, 50-100 pL TE was added to dissolve DNA. Finally, after DNA
quantification, DNA fragmentation was detected by 1% agarose gel electrophoresis (80 v, 2 h).

Mitochondrial Membrane Potential Assay

To detect changes in mitochondrial membrane potential (MMP), K562 cells (1 x 10° cells/well) were incubated with or
without MQ-16 for 72 h. Following the kit instructions, 1x10°-6 x 10> cells were collected and resuspended in 0.5 mL of
cell culture medium, and after adding 0.5 mL of JC-1 staining working medium, cells were incubated at 37°C for 20 min.
After washing with JC-1 staining buffer (1x), cells were resuspended with an appropriate amount of JC-1 staining buffer
(1x) and observed using a fluorescence microscope.

Western Blotting Analysis

The collected K562 cells (2 x 10° cells/well) were mixed with cell lysis buffer for immunoprecipitation on ice for 1
h. The BCA assay kit was used to determine the concentration of proteins. Proteins (50 pg) were resolved by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis and transferred to PVDF membranes via wet transfer. The mem-
branes were blocked with 3% BSA for 1 h, then washed with 1x TBST (20 mM Tris-HCl, 0.1% Tween 20) three times
for 5 min each. Next, the membranes were incubated overnight at 4 °C with primary antibodies. The next day, the
membranes were washed and incubated with the FITC-labeled secondary antibody at room temperature for 2 h. Finally,
the membranes were scanned using the Odyssey Platform (LI-COR Biosciences, Lincoln, NE, USA).**

Statistical Analysis

Each experiment was repeated at least three times independently, and statistical analysis was performed using Student’s
t-test or one-way ANOVA in GraphPad Prism 8.0 and SPSS 26.0. The data are expressed as the mean + SD, and P < 0.05
indicated statistical significance.

Results

MQ-16 Suppressed K562 Cell Proliferation

MQ-16 is a new flavagline compound (Figure 1A). Using MTT assay, we found that MQ-16 could significantly inhibit
K562 cell proliferation (ICsq 161.85 + 9.44 nM). Cell viability was significantly decreased by 50-400 nM MQ-16
(Figure 1B). Furthermore, MQ-16 inhibited K562 cell growth in a time- and concentration-dependent manner
(Figure 1C). The cell morphology analysis also indicated that MQ-16 gradually increased the amount of cell debris in
a concentration- and time-dependent manner compared with the control DMSO (Figure 1D) (Figure S1A). MQ-16 has
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Figure 1 MQ-16 inhibited the proliferation of K562 cells. (A) The chemical structure of MQ-16. (B). Cells were treated with MQ-16 (50, 100, 200, or 400 nM) in 96-well
plates for 24, 48, or 72 h, and the cell growth inhibition rate was calculated using the MTT assay. **P < 0.0, ***P < 0.001, versus the DMSO group. (C) K562 cells were
incubated with MQ-16 for different times, then the growth curve was drawn using GraphPad Prism 8. *P < 0.05, **P < 0.01, ***P < 0.001, versus the DMSO group. (D) The
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four times less toxicity on HL-7702 (IC50 672.65+£24.85 nM) than on K562 cells. Compared with positive control
imatinib, MQ-16 has more toxicity on K562 cells and HL-7702 (Table 1).

MQ-16 Induced Cell Cycle Arrest in K562 Cells at the G2/M Phase

To investigate the effect of MQ-16 on cell cycle arrest, we used flow cytometry to detect the cellular DNA content of the
cells and found that K562 cells exposed to MQ-16 for 24 h began to accumulate in the G2/M phase. The percentages of
K562 cells in the G2/M phase were increased from 14.45% to 27.27%, 54.17%, and 58.04% at 0, 50, 100, and 200 nM
for 72 h, respectively (Figure 2A and B). To investigate the molecular mechanisms underlying MQ-16—induced G2/M
arrest, the expression of G2/M phase-related proteins was analyzed by Western blot. The downregulation of p-Cdc25C
and p-Cdc2, and upregulation of p-Chk1/2 further proved that MQ-16 induced G2/M phase arrest and even caused DNA

damage in G2/M phase (Figure 2C and D).

Table | K562 and HL-7702 Cells Were Exposed to MQ-16 or
Imatinib in 96-Well Plates for 72 H. The ICso Was Calculated Using

the MTT Assay

Compounds IC50 (nM)

K562 HL-7702
MQ-16 161.85+9.44 717.52+27.04
Imatinib 672.65£24.85 >3x10°
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Figure 2 MQ-16 induced G2/M arrest in K562 cells. (A) K562 cells were treated with various concentrations of MQ-16 for 24, 48, or 72 h, then the cell cycle distribution
was determined using propidium iodide. (B) The percentages of K562 cells in each phase of the cell cycle (GO/GI, S, and G2/M) are presented on the right. Data are
presented as the mean * SD of three independent experiments. **P < 0.01, versus the DMSO group. (C) The expression of Chk|/2, p-Chk1/2, Cdc25C, p-Cdc25C, CDKI,
p-Cdc2, and cyclin Bl was detected by Western blot. (D) Quantification of relative protein expression levels of Chkl/2, p-Chk1/2, Cdc25C, p-Cdc25C, CDKI, p-Cdc2, and
cyclin Bl. GAPDH was used as loading control. *P < 0.05, **P < 0.01, **P <0.001, versus the DMSO group.

MQ-16 Induced Apoptosis in K562 Cells

To evaluate the effect of MQ-16 on cell apoptosis, the apoptosis rate, cell nuclear morphology, and DNA fragmentation were
examined in K562 cells treated with different concentrations of MQ-16. The results illustrated that MQ-16 induced apoptosis
in K562 cells, and the apoptosis rate under the highest concentration of MQ-16 exceeded 30% (Figure 3A and B) (Figure
S1B). Hoechst 33258 is a blue fluorescent dye that can penetrate the cell membrane and binds to the minor groove in the DNA
double-strand for DNA staining. Compared with the control group, after staining with Hoechst 33258, the nuclei of the MQ-16
group were densely stained, and the color was white (Figure 3C). Also, DNA fragmentation resulted in a time- and
concentration-dependent DNA ladder pattern was found by 1% agarose gel electrophoresis (Figure 3D).

MQ-16 Decreased the MMP by Downregulating Bcl-2 Protein
Moreover, the assessment of MMP revealed that the number of cells with green fluorescence gradually increased in
a concentration-dependent manner in the MQ-16 groups (Figure 4A). In mammalian cells, the Bcl2 and caspase families
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Figure 3 MQ-16 induced apoptosis in K562 cells. (A) K562 cells were treated with various concentrations of MQ-16 for 48 or 72 h, then apoptosis was detected by
annexin- V/propidium iodide double staining using flow cytometry. (B) The percentage of apoptotic cells is presented below the images. *P < 0.05, **P < 0.01, versus the
control. (C) K562 cells were stained with Hoechst 33258 and then observed by fluorescence microscopy (magnification, x200; scale bar = 100 um). (D) After treatment
with MQ-16 for 48 h, DNA fragmentation in K562 cells was detected by |% agarose gel electrophoresis.

are involved in the process of apoptosis.”’ To identify the mechanisms underlying MQ-16- induced apoptosis in K562
cells, apoptosis-related proteins were detected using Western blot. The results revealed that Bcl-2 and Bel-xL were
significantly downregulated in K562 cells treated with MQ-16. Whereas cleaved caspase-9, cleaved caspase-3, and
cleaved PARP were upregulated by MQ-16 treatment (Figure 4B and C).

Mechanism of Anticancer Activity of MQ-16

Previous studies revealed the critical roles of the PI3K/Akt/mTOR, JAK2/STAT3, and MAPK signaling pathways in the
action of chemotherapeutic drugs.?®>® To further study the mechanism of MQ-16 in K562 cells, we performed Western
blot to analyze the expression of related signaling proteins after exposure to MQ-16 for 24 h. The results revealed that the
expression of p-PI3K, p-Akt, p-mTOR, p-JAK2, p-STAT3, p-MEK, and p-ERK was significantly reduced. However,
p-p38 and p-JNK were activated, and their expression was significantly upregulated (Figure SA-F).

Discussion

Patients with CML are mostly Philadelphia chromosome-positive, and thus, TKIs can slow disease progression and
prolong survival. However, extending survival remains challenging in patients transitioning from the chronic phase to the
acute phase.”’ Flavagline compounds have been proven to inhibit the proliferation of leukemia cells, kill leukemia stem
cells, and enhance the efficacy of anti-leukemia chemotherapy drugs.’® In this study, we explored the mechanism of the
new synthetic flavagline compound MQ-16, finding that it induced apoptosis in K562 cells, which may have been
mediated by the PI3K/Akt/mTOR, JAK2/STAT3, and MAPK signaling pathways.

Endogenous and exogenous stimuli mainly cause DNA damage. There are reports that genotoxic chemotherapeutic drugs can
cause DNA damage.®'*? DNA damage activates DNA damage checkpoints and initiates DNA repair procedures. However, in
response to severe or irreparable DNA damage, cells undergo permanent cell cycle arrest or apoptosis.**** Using flow cytometry,
we revealed that MQ-16 markedly induced cell cycle arrest in the G2/M phase. Western blot demonstrated that the expression of
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Figure 4 MQ-16 decreased the MMP by downregulating the Bcl-2 protein. (A) K562 cells were treated with MQ-16 for 72 h, then incubated with JC-I staining buffer.
Mitochondrial membrane potential was examined by fluorescence microscopy (magnification, %630; scale bar = 50 um). (B) The expression of Bim, Bcl-2, Bcl-xL, caspase-3,
cleaved caspase-3, caspase-9, cleaved caspase-9, poly (ADP-ribose) polymerase (PARP), and cleaved PARP was measured by Western blot. (C) Quantification of relative
protein expression levels of Bim, Bcl-2, Bcl-xL, caspase-3, cleaved caspase-3, caspase-9, cleaved caspase-9, PARP, and cleaved PARP. GAPDH was used as loading control. *P <
0.05, **P < 0.0, **P <0.001, versus the DMSO group.

phosphorylated cell cycle checkpoint kinase (Chk1/2) was increased, indicating that G2/M DNA damage checkpoints were
activated. Chk1/2 further regulates the phosphorylation of Cdc25C and inhibits its activity.’> The regular operation of the cell
cycle is inseparable from the strict regulation of cyclins and cyclin-dependent kinases. Different cyclins and cyclin-dependent
kinases regulate cells at different stages. G2/M phase is mainly regulated by the cyclin B1 and CDK1 protein complex.*®**” At the
protein level, MQ-16 inhibited the expression of CDK1, but its effect on cyclin B1 was not detected.

Apoptosis is an orderly and autonomous process of cell death controlled by various genes. DNA damage that is difficult to
repair eventually leads to cell apoptosis.®® Because of the ability of cancer cells to evade apoptosis, the use of chemotherapeutic
drugs is restricted in the clinic. Apoptosis has been widely studied as a target for tumor therapy.®” In the present study, apoptosis
was induced by MQ-16 in K562 cells in a time- and concentration-dependent manner. Apoptosis is mainly triggered by two
classical pathways: the extrinsic pathway (death receptors pathway) and the intrinsic pathway.** Mitochondria mainly mediate the
endogenous apoptosis pathway, and mitochondrial membrane potential is mostly maintained by the Bel2 family.*' The Bel2
family is divided into anti-apoptotic proteins such as Bcl2 and Bel-xL and pro-apoptotic proteins such as Bax and Bim. A balance
is maintained between anti-apoptotic and pro-apoptotic proteins to ensure the function of mitochondrial membrane potential.**
MQ-16 significantly reduced the expression of Bel-2 and Bel-xL. It promoted the expression of Bim, resulting in dysregulation of
the balance of pro-apoptotic and anti-apoptotic proteins and a subsequent reduction of mitochondrial membrane potential.

Subsequently, the promoter caspase-9 and the effector caspase-3 were activated. Western blot revealed that cleaved caspase-3
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Figure 5 The effects of MQ-16 on the PI3K/AKT/mTOR, JAK2/STAT3, and mitogen-activated protein kinase signaling pathways. (A), (C) and (E) K562 cells were incubated
with different concentrations of MQ-16 for 24 h. The expression of PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR, JAK2, p-JAK2, STAT3, p-STAT3, Ras, MEK, p-MEK,
extracellular signal-regulated kinase (ERK), p-ERK, P38, p-P38, c-Jun NH2 terminal kinase (JNK), p-JNK, and c-Myc was detected by Western blot. (B), (D) and (F)
Quantification of relative protein expression levels of PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR, JAK2, p-JAK2, STAT3, p-STAT3, Ras, MEK, p-MEK, ERK, p-ERK, P38, p-P38,
JNK, p-JNK, and c-Myc. GAPDH was used as loading control. *P < 0.05, **P < 0.01, ***P <0.001, versus the DMSO group.

and cleaved PARP were upregulated by MQ-16 in a concentration-dependent manner. Caspase-3 is the most important terminal
splicing enzyme involved in apoptosis, and its primary substrate is PARP, which is associated with DNA repair and gene
integrity.43’44 Therefore, the upregulation of cleaved PARP and DNA fragmentation further proved that MQ-16 induced apoptosis.

The PI3K/Akt/mTOR, JAK2/STAT3, and MAPK signaling pathways are frequently activated in leukemia and other
hematopoietic diseases by upstream mutations of cytokine receptors, abnormal chromosomal translocations, and other
genetic mechanisms. Efficient targeting of these signaling pathways may lead to inhibition of cell growth and death of
leukemia cells.*> BCR-ABL translocations are present in almost all patients with CML, and most patients are sensitive to
imatinib, which inhibits the BCR-ABL oncoprotein.*® Compared with CML treatment with the targeted “upstream”
inhibitor BCR-ABL, targeting the downstream signaling pathway to treat CML is an exciting theory due to its importance
in survival.*” PI3K is a member of the lipid kinase family, and there are three types, of which Class I PI3K is most
closely associated with cancer. Class IA PI3K comprises a regulatory subunit p85 and a catalytic subunit p110.*® When
PI3K is activated, and the activated PI3K phosphorylates the substrate PIP2 to generate PIP3, which subsequently
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recruits Akt to the cell membrane. Akt, a serine/threonine kinase, is closely related to cell survival.*” Akt can regulate
a variety of target proteins that control cell proliferation, survival, growth, and other processes, including the anti-
apoptotic proteins Bcl-2, Bcel-xL; the pro-apoptotic proteins Bim, Bad and Bax; the DNA damage checkpoint kinase
Chk1.°° In addition, Bcl2 family proteins are also regulated by ERK1/2.°" The Ras/Raf/MEK/ERK pathway acts as
a complementary pathway to PI3K, and inhibition of the PI3K pathway may lead to feedback activation of MEK/ERK,
a phenomenon that may impair its antitumor activity.’> In our study, MQ-16 could inhibit both PI3K and ERK pathways,
thereby avoiding feedback activation of MEK/ERK. MAPKs are serine/threonine kinases that mediate intracellular signal
transduction. The MAPK family consists of ERK, p38, and JNK. In different cells, ERK and p38, INK sometimes show
different functions in cell survival. Between p38 and ERK, there is a complex interaction. They have been reported to
exhibit opposing effects on regulating cell survival and apoptosis.” The JNK pathway can promote or resist apoptosis,
depending on the cell type, the nature of the death stimulus, and the activity of other signaling pathways.>* In this study,
MQ-16 activated p38 and JNK, making them involved in the regulation of apoptosis in the opposite role to ERK. Long
et al reported that activation of p38 also decreased the phosphorylation level of CDC25C to arrest leukemia cells in the
G2/M phase.” The same trend was observed in this paper, indicating p38 might been also involved in the cycle
regulation by MQ-16. A growing number of studies have found that abnormal expression and activation of STAT3
accompany the development of leukemia, suggesting a potential role of STAT3 in the pathogenesis of leukemia.’® STAT3
can be activated by multiple mechanisms, including through JAK/STAT3, Ras/MAPK, and non-receptor tyrosine kinase
signaling pathways.”’ In leukemia cells, Liu et al reported that inhibiting the phosphorylation levels of ERK and STAT3
inhibited cell growth, and the inhibition of ERK and STAT3 pathways resulted in the downregulation of the anti-
apoptotic protein Bcl-2, thereby inducing apoptosis.”® In this study, MQ-16 significantly decreased p-ERK, p-STAT3 and
Bcl-2. In summary, the results indicated that MQ-16-induced apoptosis in K562 cells might be regulated by PI3K/Akt/
mTOR, JAK2/STAT3, and MAPK pathways (Figure 6).

Apoptosis

cleaved
PARP

cleaved
caspase-3

- cleaved
caspase-9

MMPY/

Figure 6 Schematic mechanisms of MQ-16 inducing G2/M arrest and apoptosis by regulating PI3K/Akt/mTOR, JAK2/STAT3, and MAPK signaling pathways.
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Conclusion

In conclusion, our present study demonstrated the activity of MQ-16 against K562 cells in vitro. MQ-16 induced G2/M
arrest by activating the DNA damage checkpoint. MQ-16 induced mitochondria-dependent apoptosis by regulating the
expression of Bcl2 family members and activating the caspase cascade. In addition, apoptosis may be induced by
regulating the PI3K/AKT/mTOR, JAK2/STAT3, and MAPK pathways. Moreover, additional experiments showed that
MQ-16 also induced apoptosis in human acute T lymphoblastic leukemia Jurkat cells (Figure S2A and B), indicating that
MQ-16 might have therapeutic effects on both myeloid leukemia and lymphoid leukemia, and could enter clinical
development in the future.
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