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Artemether suppresses cell proliferation and induces
apoptosis in diffuse large B cell lymphoma cells
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Abstract. Artemether (ART), a derivative of the well-known
anti-malaria drug artemisinin, demonstrates potent anti-cancer
activity in various cancer cells, however its effects on
lymphoma remain unknown. The present study demonstrated
that ART significantly inhibited proliferation of diffuse large
B cell lymphoma (DLBCL) in vivo and in vitro, and led to
GO0/G1 phase arrest. Mechanistic studies demonstrated that
ART suppressed the expression of the cell cycle proteins cyclin
dependent kinase (CDK) 2, 4, and Cyclin DI, and specifically
repressed the proto-oncogene c-Myc, rather than regulating
the extracellular signal-regulated kinase or protein kinase B
signaling pathways (two key pathways involved in regulating
cell proliferation). In addition, high-concentration ART treat-
ment significantly induced the apoptosis of DLBCL cells by
promoting the cleavage of Caspase-3 and Poly (ADP-ribose)
polymerase (PARP) 1. Overall, the data indicated that ART
exhibited anti-cancer activity by inhibiting the expression of
cell cycle genes and c-Myc, and promoting Caspase-3 and
PARPI cleavage, which suggested that ART may serve as a
dual pharmaceutical for the treatment DLBCL.
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Introduction

Diffuse large B cell lymphoma (DLBCL), which accounts
for 30 to 40% of non-Hodgkin lymphoma (NHL) cases, is
the most common malignant lymphoma. Response rates to
RCHOP treatment (rituximab, cyclophosphamide, doxoru-
bicin, vincristine, and prednisone) range from 80 to 90% in
patients with low-risk disease (1). However, the response
rates for refractory or relapsed patients range from 30 to 60%
with frequent relapses, and salvage chemotherapy is often
inadequate for these patients. Thus, there is an urgent need to
develop new anti-tumor drugs with better efficacy and lower
toxicity that can enhance the chemotherapeutic sensitivity of
refractory and relapsed patients.

Botanical drugs are pharmaceuticals of plant origin that
generally have multiple targets and fewer side effects than
those of traditional medicines. Artemisinin and its deriva-
tives, including artesunate, dihydroartemisnin and artemether
(ART), are well-known anti-malaria botanical drugs, and
these sesquiterpene lactone compounds contain specific endo-
peroxide bridges. Abundant experimental and clinical studies
have shown that artemisinin and its derivatives are effective in
treating malaria with little drug resistance (2). In recent studies,
these artemisinin drugs have not only exhibited significant
cytotoxicity towards and inhibitory effects on different cancer
cells under experimental conditions (3-6), but also increased
the recurrence-free survival with well-toleration in colorectal
cancer patients and contributed to regression in prostate
carcinoma patients (7,8). These findings suggest that arte-
misinin derivatives may also be promising drugs for treating
lymphoma patients. However, the effects of these artemisinin
drugs on lymphoma are still unclear.

Intracellular free iron is reported to be more abundant in
cancer cells than normal cells (9). Artemisinin and its deriva-
tives can react with intracellular free iron to form cytotoxic
free radicals and increase the activity of antioxidant enzymes,
promoting apoptosis in cancer cells (10). Furthermore, the
expression of genes involved in iron metabolism is positively
correlated with the sensitivity of cancer cells to artemisinin
treatment (11). Additionally, tumor cells can secrete vascular
endothelial growth factor (VEGF) receptors to increase
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Figure 1. ART inhibits the growth and proliferation of SUDHL-4 and DB cells. (A and B) Cell growth curves of SUDHL-4 (A) and DB cells (B) were generated
by cell counting after ART treatment for different durations (24, 48 and 72 h). (C and D) CCKS assays were performed to compare the cell proliferation of
SUDHL-4 (C) and DB cells (D) after ART treatment for different durations (24,48 and 72 h). (E and F) Flow cytometry was employed to detect the expression
of Ki-67 in SUDHL-4 (E) and DB (F) cells with or without ART treatment for 48 h. Data are presented as the mean + standard deviation (n=3). Significance

for differences between groups was determined by two-tailed Student's t-test.

t-test. "P<0.05. “P<0.01. ““P<0.001 vs. no drug. Error bar, standard deviation.

capillary permeability, promote proliferation and migration of
endothelial cells and contribute to tumor angiogenesis. Capillary
permeability and tumor angiogenesis are reduced by inhibiting
VEGEF receptors (12). Artemisinin is also shown to inhibit tumor
angiogenesis by suppressing the expression of VEGF in treat-
ment of brain glioma (5). Moreover, artemisinin inhibits the
proliferation of tumor cells by blocking the apoptosis pathway
of P53-independent tumors (13). All these studies indicate that
artemisinin and its derivatives are potential anti-tumor drugs, but
the detailed mechanisms require further elucidation.

Here, we used two human DLBCL cell lines, SUDHL-4
and DB, to explore the anti-cancer effects of ART (a deriva-
tive of artemisinin) on DLBCL cells. Our results showed

oy

indicates ART vs. No drug, which was determined by two-tailed Student's

that ART significantly inhibited the proliferation of DLBCL
cells by suppressing the expression of cell cycle-related genes
(CDK2, CDK4, and Cyclin D1) and c-Myc, and induced
DLBCL cells apoptosis by activating the Caspase-3/PARP1
axis.

Materials and methods

Cell lines and cell culture. The DLBCL cell lines SUDHL-4
and DB were generously provided by Shanghai Ruijin
Hospital (Shanghai, China). Cells were cultured in DMEM
(Gibco, USA) supplemented with 10% fetal bovine serum
(Gibco, USA) at 37°C in a humidified incubator containing
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Figure 2. ART treatment results in GO/G1 phase arrest of DLBCL cells and d

own-regulates cyclin expression. (A and B) Cell cycle distributions SUDHL-4

(A) and DB cells (B) with or without ART treatment were analyzed by flow cytometry. (C and D) Western blotting analysis was used to measure the expression
of CDK2, CDK4, and Cyclin D1 in SUDHL-4 (C) and DB (D) cells with or without ART treatment at 24 and 48 h. GAPDH was used as a loading control. Data
are presented as the mean + standard deviation (n=3). < indicates ART vs. No drug, which was determined by two-tailed Student's t-test. "P<0.05. “P<0.01 vs.

no drug. Error bar, standard deviation.

5% CO,, supplied with fresh medium every 3 days and
subcultured when confluence was reached.

Cell counting assays and Cell Counting Kit-8 (CCKS)
analysis. SUDHL-4 and DB cells were seeded into 12-well
plates at a density of 6x10* cells per well. ART, purchased
from Sigma-Aldrich Co. and dissolved in ethanol (Sinopharm
Chemical Reagent Co.,Ltd.), was added to the medium to reach
a final concentration of 0.1 mM. Cells with an equal volume
of ethanol were used as negative controls. Cell counting assays
were performed after 24, 48, and 72 h of ART treatment. Cell
proliferation was assessed in 96-well plates at a density of
3x10° cells per well using the CCKS8 assay (DOJINDO, Japan).

Ki-67 detection. DLBCL cells were treated with ART
(0.1 mM) and collected after 48 h. Cells were fixed by 2%
PFA for 30 min. After permeabilization, the cells were further
stained with Ki-67 (Abcam, ab66155) at 37°C for 60 min and
then stained with FITC-labeled Goat Anti-Rabbit IgG (H+L)

(Beyotime Biotechnology) at 37°C for 60 min in the dark
before flow cytometric analysis.

Cell cycle analysis. SUDHL-4 and DB cells were seeded into
12-well plates at a density of 6x10* cells per well and treated
with ART (0.1 mM) for 48 h. Cells were washed twice with
phosphate buffered saline (PBS) and then resuspended with
precooled 70% ethanol overnight at 4°C. After centrifuga-
tion, the pellets were washed twice with precooled PBS.
Each sample was mixed with 500 ul of staining buffer, 25 ul
propidium iodide (PI) staining solution and 10 1l RNase A
(Beyotime Biotechnology) and incubated for 30 min in the
dark at 37°C. The cell cycle distribution was evaluated by flow
cytometry.

Cell apoptosis assay. SUDHL-4 and DB cells were seeded into
12-well plates at a density of 6x10* cells per well and treated
with ART (0.3 mM) for 48 h. Cells with an equal volume of
ethanol were used as negative controls. All cells were collected
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after a 48 h treatment and then washed twice with PBS. After
centrifugation, each sample was mixed with 195 pl staining
buffer, 5 ul PI staining solution and 5 xl Annexin V-FITC
solution (KeyGEN Biotech.) and incubated for 20 min in the
dark at 37°C before flow cytometry analysis.

Western blotting. RIPA buffer (KeyGEN Biotech.) was used
to lyse the cells, and protein concentration was quantified by
the BCA method. An equal amount of the extracted protein
was separated by 10% SDS-PAGE and transferred onto PVDF
membranes. The membranes were blocked with 3% BSA for
1 h at room temperature and then incubated with the primary
antibodies overnight at 4°C. After three washes with TBST,
the membranes were incubated with secondary antibodies
(1:3,000) for 1 h at room temperature. The membranes were
washed with TBST three times before visualization by a
chemiluminescence system. Antibodies used in this work:
Mouse anti-CDK2 (SC-6248, Santa Cruz Biotechnology),
rabbit anti-CDK4 (SC-260, Santa Cruz Biotechnology), rabbit
anti-Cyclin D1 (SC-718, Santa Cruz Biotechnology), mouse
anti-c-Myc (ab32, Abcam), rabbit anti-ERK (4695S, Cell
Signaling Technology), rabbit anti-P-ERK (4370S, Cell
Signaling Technology), rabbit anti-AKT (4685S, Cell
Signaling Technology), rabbit anti-P-AKT (4060L, Cell
Signaling Technology), rabbit anti-GAPDH (47724, Santa
Cruz Biotechnology), rabbit anti-cleaved-Caspase-3 (96618,
Cell Signaling Technology), rabbit anti-Caspase-3 (9662S, Cell
Signaling Technology), rabbit anti-cleaved-PARP1 (CY5035,
Abways Technology), mouse anti-PARP1 (SC-74469X,
Santa Cruz Biotechnology), HRP-Ms (7076, Cell Signaling
Technology), and HRP-Rb (7074, Cell Signaling Technology).

Tumor xenografts. Six-week-old NOD-SCID mice were
purchased from the National Resource Centre for Rodent
Laboratory Animals of China. Initially, 1x10” DB cells
suspended in 100 yl with 1 part matrigel and 2 part DMEM
were injected subcutaneously into the left and right thighs of the
mice. On day 16 after tumor injection, the mice were injected
intraperitoneally with ART (200 mg/kg) every day until day 25.
Then, the mice were sacrificed at day 25 post-injection.

Statistical analysis. Statistical analysis was performed
using SPSS 11.0 software, and the results were presented as
the mean + standard deviation from triplicate experiments.
Significance differences were determined by two-tailed
Student's t-test, and P<0.05 was considered statistically
significant.

Results

ART treatment inhibits the growth and proliferation of
SUDHL-4 and DB cells. Preliminary experiments indicated
that 0.1 mM ART treatment for 48 h led to half maximal inhi-
bition of SUDHL-4 and DB cells. There was no significant
abnormality inthe growth of SUDHL-4 and DB cells after ART
(0.1 mM) treatment for 24 h. Following ART (0.1 mM) treatment
for 48 h, the number of SUDHL-4 cells was (20.26+2.58) x10*
and the number of DB cells was (21.44+2.70) x10*, which were
much lower compared with those of the negative controls,
(39.99+2.38) x10* for SUDHL-4 cells and (40.11+6.36) x10*
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Figure 3. ART specifically inhibits the expression of c-Myc. (A and B) Western
blotting analysis was used to measure the expression of c-Myc, P-ERK/ERK,
and P-AKT/AKT in SUDHL-4 (A) and DB (B) cells with or without ART
treatment at 24, 48, and 72 h from triplicate experiments. GAPDH was used
as a loading control.

for DB cells. These results showed that ART treatment for
48 h significantly inhibited the growth of SUDHL-4 and DB
cells. The percentages of growth inhibition in SUDHL-4
and DB cells were 49.35+5.33% and 46.37+1.69%, respec-
tively (Fig. 1A and B). For the 72 h treatment, the growth
inhibition percentages were 70.63+5.53% for SUDHL-4 cells
and 70.05+6.22% for DB cells, showing more significant
inhibitory effects on DLBCL cell growth (Fig. 1A and B).
CCKS8 analysis indicated that ART significantly inhibited the
proliferation of DLBCL cells after 48 and 72 h treatments
(Fig. 1C and D). The DLBCL cells exposed to ART treat-
ment had significantly decreased Ki-67 expression, which
confirmed the inhibition of DLBCL cell proliferation (Fig. 1E
and F). These results indicated that treatment with ART had
a significant inhibitory effect on cell growth and proliferation
in DLBCL cells.

ART treatment results in GO/GI1 phase arrest of DLBCL
cells and down-regulates cyclin expression. To determine
whether the growth delay was due to arrest in any specific
cell cycle phase, we used flow cytometry to compare the
cell cycle distribution of untreated cells vs. that of cells
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Figure 4. High-concentration ART treatment induces the apoptosis of DLBCL cells by activating the Caspase-3/PARP1 axis. (A and B) Apoptosis of untreated
and 0.3 mM ART-treated SUDHL-4 (A) and DB (B) cells was analyzed by flow cytometry. (C and D) Western blotting analysis was used to measure the
expression of cleaved—Caspase—3/Caspa€e (C) and cleaved-PARP1/PARPI (D) in SUDHL-4 and DB cells with or without ART treatment. Data are presented

as the mean + standard deviation (n=3). <
standard deviation.

treated with 0.1 mM ART. Our data recorded severe arrest
in GO/G1 phase of SUDHL-4 cells (38.73+1.25%) and DB
cells (41.12+1.56%) after 0.1 mM ART treatment for 48 h
compared with that of the untreated cells (30.67+1.45% for
SUDHL-4 cells and 36.46+1.05% for DB cells) (Fig. 2A
and B). Additionally, the percentages of S-phase cells were
decreased by 9.12+0.82% (SUDHL-4) and 4.03+1.13% (DB)
(P<0.05) (Fig. 2A and B). Taken together, the results showed
that ART treatment arrested cells in GO/G1 phase, leading to
failure to enter S-phase.

CDK?2, CDK4 and Cyclin D1 play important roles in G1/S
transition, which is positively related to cell proliferation.
Reduction of these cyclins indicates that cells are arrested in
G1 phase and cell proliferation is restrained. To determine
how ART affected cell cycle distribution of DLBCL cells,
we measured the CDK2, CDK4 and Cyclin DI levels and
found that these proteins were substantially down-regulated
with ART treatment for 24 and 48 h (Fig. 2C and D). These
results were consistent with the cell cycle detection by flow
cytometry.

ART specifically inhibits the expression of c-Myc. c-Myc is a
proto-oncogene that is involved in many malignant behaviors
of cancers including proliferation, invasion and activation of

> indicates ART vs. No drug, which was determined by two-tailed Student's t-test.

“P<0.001 vs. no drug. Error bar,

cancer signaling pathways (14). ERK and AKT are important
kinases in MAPK signaling and PI3K signaling respectively,
which are important for tumor progression (15,16). Our
results showed that c-Myc expression was dramatically
down-regulated after SUDHL-4 and DB cells were treated for
different durations (24,48 and 72 h) (Fig. 3A and B). However,
ART treatment had no significant effect on the expression
of P-ERK/ERK and P-AKT/AKT at 24, 48 or 72 h (Fig. 3A
and B), suggesting that ART-mediated inhibition of cell
proliferation was predominantly regulated by decreasing the
expression of c-Myc, rather than the other two key signaling
pathways involved in cell proliferation.

High-concentration ART treatment induces apoptosis of
DLBCL cells by activating the Caspase-3/PARPI axis. To
determine whether ART affected DLBCL cell apoptosis, we
evaluated the intensity of apoptosis by Annexin V-FITC and
PI staining using flow cytometry. Treating SUDHL-4 and DB
cells with ART (0.1 mM) did not make any notable differ-
ence on the percentages of apoptotic cells, compared with the
negative controls (data not shown). While the percentages of
apoptotic cells were significantly increased to 5.03+0.59% in
SUDHL-4 cells and 6.83+1.08% in DB cells after treatment
with ART (0.3 mM) (P<0.05) (Fig. 4A and B). Furthermore, our
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results showed that the active forms of Caspase-3 and PARP1
(cleaved-Caspase-3 and cleaved-PARP1) were significantly
increased after ART treatment, suggesting that ART promoted
the cleavage of Caspase-3 and PARPI1 (Fig. 4C and D). These
results indicated that ART induced apoptosis by activating the
Caspase-3/PARPI axis.

ART treatment inhibits DLBCL cell growth in vivo. To further
determine the in vivo effects of ART, we constructed trans-
planted tumor models using six-week-old NOD-SCID mice.
Equal amounts of DB cells were injected subcutaneously into
left and right thighs of mice. Then, the mice were injected
intraperitoneally with ART (200 mg/kg) once a day from
day 16 to day 25 post-injection. Our results showed that the
ART-treated groups presented smaller tumor volumes (Fig. SA
and B) and lighter tumor weights (Fig. 5C) than those of the
control groups, which suggested that ART alleviated the tumor
burden of mice in vivo.

Discussion

Recent studies have shown that artemisinin drugs exhibited
significant cytotoxicity and inhibitory effects on cancer
cells, including leukemia, stomach cancer, breast cancer,
and pancreatic cancer cells (3-6). The anti-tumor effects and
mechanisms of ART on lymphoma remain unexplored. Our
results showed that ART significantly inhibited the prolifera-
tion of DLBCL cells and arrested these cells in GO/GI1 phase.
Moreover, increased concentrations of ART induced apop-
tosis of DLBCL cells. Together, our data first indicated that
ART treatment significantly inhibited proliferation, promoted
GO0/G1 phase arrest and induced apoptosis of DLBCL
cells, suggesting that ART is a potential drug to DLBCL
treatment.

Artemisinin has been reported to inhibit tumor
angiogenesis by suppressing VEGF expression or to
treat P53-independent tumors by blocking the apoptosis
pathway (13), but the mechanisms of ART-mediated inhibi-
tion of lymphoma cell proliferation remain unclear. CDK2
is a crucial cyclin-dependent kinase and essential for G1/S
transition. This protein maintains Rb phosphorylation in
late G1 phase to ensure cells enter S phase (17) and is thus
considered a potential target for anti-tumor treatments (18).
Cyclin DI/CDK4 can act on Cyclin DI-pRb to regulate the
G1/S transition (19,20). Our results showed that ART-treated
DLBCL cells had decreased expression of three cell
cycle-dependent proteins (CDK2, CDK4, and Cyclin D1),
indicating that ART treatment arrested DLBCL cells in G1
phase and inhibited proliferation by suppressing the expres-
sion of cell cycle proteins. A previous report showed that
inhibition of miR-34a abolished the ART-mediated CDK4
down-regulation and cell cycle arrest (21). Moreover, tran-
scription factors including mTOR, NF-kB, and CREB are
reported to be involved in the ART-mediated inhibition of
proliferation (22-24). Thus, miRNAs and these transcription
factors may be key mediators for ART in down-regulating
cell cycle-related gene expression in DLBCL.

The proto-oncogene c-Myc plays major roles in the cell
proliferation, cell growth regulation, protein synthesis,
and cell adhesion of tumor cells (14). Previous reports
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have indicated that artemisinin showed potent anti-cancer
activity in cells overexpressing c-Myc (25) and induced cell
cycle arrest and apoptosis in prostate cancer cells by inhib-
iting c-Myc (26). ERK signaling, a key signal pathway from
surface receptors to the nucleus, is related to progression of
various neoplastic diseases (15,27-29). AKT signaling is also
involved in the regulation of cell proliferation, differentia-
tion, apoptosis and migration by regulating its downstream
target proteins Bad, Caspase9, NF-kB, GSK-3 and others
via phosphorylation (16,30-32). We also found that ART
treatment significantly decreased the expression level of
c-Myc in DLBCL. However, ART treatment did not affect
the expression and the phosphorylation of two key kinases,
ERK and AKT. These results further confirmed that c-Myc
was a key downstream factor of ART in inhibiting DLBCL
cell proliferation. Moreover, the data indicated that ART
induced DLBCL cell apoptosis by activating the cleavage
of Caspase-3 and PARPI. In summary, we elucidated the
critical mechanisms underlying proliferation inhibition and
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apoptosis induction by ART in DLBCL cells, indicating
ART may be an alternative anti-cancer drug for DLBCL
treatment.

Drug resistance and relapse of DLBCL are major chal-
lenges to clinical treatment. Hematopoietic stem cell transplant
(HSCT) may improve the outcome of patients with relapsed
or refractory DLBCL. However, HSCT availability is often
limited by patient age, treatment-related morbidities, and
poor performance status in many cases (33). Therefore, novel
targeted therapies are urgently needed. Natural pharmaceu-
ticals from plants have been increasingly tested due to their
multiple targets and few side effects. Recent reports showed
that ART could inhibit angiogenesis and reverse chemore-
sistance (5,34). Our results demonstrated that the natural
botanical ART significantly inhibited the proliferation and
induced apoptosis of DLBCL cells, suggesting that ART might
be a promising combined pharmaceutical with conventional
chemotherapeutics to combat chemoresistance and relapse of
DLBCL.
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