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Piperlongumine induces apoptotic and autophagic
death of the primary myeloid leukemia cells from
patients via activation of ROS-p38/JNK pathways
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Aim: To investigate the effects of piperlongumine (PL), an anticancer alkaloid from long pepper plants, on the primary myeloid leukemia

cells from patients and the mechanisms of action.

Methods: Human BM samples were obtained from 9 patients with acute or chronic myeloid leukemias and 2 patients with
myelodysplastic syndrome (MDS). Bone marrow mononuclear cells (BMMNCs) were isolated and cultured. Cell viability was
determined using MTT assay, and apoptosis was examined with Pl staining or flow cytometry. ROS levels in the cells were determined
using DCFH-DA staining and flow cytometry. Expression of apoptotic and autophagic signaling proteins was analyzed using Western

blotting.

Results: PL inhibited the viability of BMMNCs from the patients with myeloid leukemias (with ICg, less than 20 ymol/L), but not that of
BMMNCs from a patient with MDS. Furthermore, PL (10 and 20 umol/L) induced apoptosis of BMMNCs from the patients with myeloid
leukemias in a dose-dependent manner. PL markedly increased ROS levels in BMMNCs from the patients with myeloid leukemias,
whereas pretreatment with the antioxidant N-acetyl-L-cysteine abolished PL-induced ROS accumulation and effectively reduced
PL-induced cytotoxicity. Moreover, PL markedly increased the expression of the apoptotic proteins (Bax, Bcl-2, and caspase-3) and
autophagic proteins (Beclin-1 and LC3B), and phosphorylation of p38 and JNK in BMMNCs from the patients with myeloid leukemias,
whereas pretreatment with the specific p38 inhibitor SB203580 or the specific JNK inhibitor SP600125 partially reversed PL-induced
ROS production, apoptotic/autophagic signaling activation and cytotoxicity.

Conclusion: Piperlongumine induces apoptotic and autophagic death of the primary myeloid leukemia cells from patients via activation

of ROS-p38/JNK pathways.
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Introduction

Myeloid leukemias (MLs), including acute and chronic
myeloid leukemia (AML and CML), are clonal bone-marrow
diseases characterized by the pathological proliferation of
abnormal white blood cells. AML, the most frequent type
of blood cancer in adults, is an aggressive and fatal disease
caused by the increased proliferation and blocked differ-
entiation of myeloid blast cells. CML, which accounts for
approximately 15%-20% of all leukemias arising in adulthood,
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is characterized by the overproduction and accumulation of
mature but functionally impaired myeloid cells and carries
the risk of progressing into an accelerated phase and a blast
crisis that are refractory to the current treatments®”. Chemo-
therapy plus hematopoietic stem-cell transplantation (SCT)
have greatly improved the overall survival time of AML
patients™ *; however, at this time, approximately 30%-40% of
AML patients do not have access to SCT or are resistant to the
current chemotherapeutics™ . Moreover, high-dose chemo-
therapy is highly toxic and causes severe side effects, such as
skin rash, edema, muscular cramps or pustular eruptions”.
Clearly, more selective therapeutic drugs for ML patients must
be developed.

Piper longum L, ie, the long pepper plant, has been used in



traditional Ayurvedic medicine to treat gastrointestinal and

18]

respiratory diseases for a thousand years™. Piperlongumine

(PL) is the major effective alkaloid of long pepper plants and

has a well-characterized structure (Cy;HuNOs)" .

Recently,
the screening studies by two independent research groups
showed that PL was highly selectively cytotoxic to cancer

cellglt™ 1!

, strongly suggesting that PL is a promising drug for
cancer therapy. Raj et al'” reported that PL selectively killed
various types of cancer cells and oncogene-transformed cells
but not normal cells by inducing the accumulation of reactive
oxygen species (ROS). The mechanisms underlying this phe-
nomenon might involve the preferential binding of PL with
ROS-clearance proteins, such as glutathione S-transferase pi 1
(GSTP1) or carbonyl reductase 1 (CBR1), thereby representing
a novel cancer therapy strategy of targeting ROS responses.
Recently, the anticancer effects of PL have been demonstrated
in more cancer cell lines, and multiple mechanisms have been
proposed to explain the activity of PL, including the induction
of apoptosis'?, autophagic cell death!! 0,
The downstream signaling pathways activated by ROS accu-

or cell-cycle arrest

mulation in cancer cells include the p38 mitogen-activated pro-
tein kinase (p38 MAPK) pathway, the c-Jun N-terminal kinase
(JNK) pathway, the extracellular signal-regulated kinase (Erk)
pathway and the nuclear factor kB (NFxB) pathway!™> >,

Previous studies examined only the cytotoxic effects of PL
in cancer cell lines. Whether PL could effectively kill primary
cancer cells obtained from patients is currently unknown.
Because primary cancer cells best represent cancer cells within
patients, the results obtained using primary cancer cells are
pivotal to translating the anticancer effects of PL from the lab-
oratory to the clinic. Therefore, we investigated the cytotoxic
effect of PL and the underlying mechanisms using primary
myeloid leukemia cells obtained from patients suffering from
AML and CML. Our results demonstrated that PL was effec-
tive in killing myeloid leukemia cells obtained from patients
and that multiple mechanisms were involved in the action of
PL.
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Materials and methods

Primary cultures of human myeloid leukemia cells

Bone marrow (BM) samples were obtained from patients
admitted to Tongji Hospital, Huazhong University of Science
and Technology. All of the patients with newly diagnosed or
initially relapsed AML or CML met the World Health Orga-
nization’s criteria for the diagnosis of AML or CML, and the
diagnosis was confirmed through a formal histopathologi-
cal review (the patients” information is shown in Table 1).
The human BM samples were obtained following informed
consent, in accordance with a clinical protocol that was
approved by Institutional Review Board of Tongji Hospital,
HUST. Among 11 patients (for whom no selection criteria
was applied), 9 suffered from ML ( 1 with the M1 subtype of
AML; 3 with the M2 subtype of AML; 2 with the M5 subtype
of AML; 3 with CML) and 2 with myelodysplastic syndrome
(MDS) (Table 1 and Figure 1). The bone marrow mononuclear
cells (BMMNCs) were isolated using gradient centrifuga-
tion. After lysing the red blood cells using the Red Blood Cell
Lysis Buffer (Wuhan Goodbio Technology, Wuhan, China),
the white cells were resuspended and washed twice using
phosphate-buffered saline (PBS). The cell viability rate was
greater than 90%, as determined using trypan blue staining.
Finally, the BMMNCs were cultured in 35-mm dishes at a den-
sity of 2x10° cells/ mL in Roswell Park Memorial Institute 1640
(RPMI 1640) medium (Gibco Invitrogen, Grand Island, NY,
USA), supplemented with 20% fetal bovine serum (FBS, Gibco
Invitrogen) and 100 U/mL penicillin-streptomycin (Gibco Invi-
trogen). The cells were used for drug-treatment experiments
24 h after subculturing and were then utilized in other experi-
ments.

Treatment with piperlongumine and other drugs

Piperlongumine (Sigma-Aldrich, St Louis, MO, USA) was dis-
solved in dimethyl sulfoxide (DMSO) to prepare a 50 mmol/L
stock concentration. The final concentration of DMSO was
less than 0.1%. N-acetyl-L-cysteine (NAC, antioxidant, Sigma-

Table 1. Clinicopathologic features of primary diseases information in 11 cases of donor cell-derived leukemia/myelodysplastic neoplasms.

Age Diagnosis Status .
# Sex (vear) FAB subtypes (x10%/1) WBC Source Cytogenetics
1 M 26 M1 Newly diagnosed 249.65 BM 46, XY, N2
2 F 34 M2 Newly diagnosed Indefinite BM 45, X, X, 1(8;21)(q22;922)*"
3 F 24 CML Newly diagnosed 301.48 BM 46, XX, 1(9;22)(q34;q11)"®
4 F 41 M5 Newly diagnosed 90.69 BM 47, XX, 1(10;11)(p12;q23)+mar’/46, XXF!
5 M 41 M5 Newly diagnosed 208.72 BM 46, XX, (9;11)(p12;023)2"
6 F 56 M2 Newly diagnosed Indefinite BM 46, XX, N9
7 F 47 M2 Relapse 5.44 BM No split phase
8 M 52 CML Newly diagnosed 194.59 BM 46, XY, 1(9;22)(q34;q11)"*®
9 F 62 CML Newly diagnosed 123.7 BM 46, XX
10 F 66 MDS-RAEB2 Newly diagnosed 11.97 BM 46, XX, del(2)(p11), del(3)(p12), del(3)(p26), del(3)(q13),
del(4)(q31), del(6)(p23), del(7)(q22q34), -10, del(12)
(p12), del(13)(q12q14), +15, -16, -21, +mar[cp10]
11 M 40 MDS-RAEB2 Newly diagnosed 4.63 BM 46, Xy
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Figure 1. Morphology of bone marrow cells derived from patients. Bone marrow (BM), blood or tissue samples from freshly diagnosed or first-relapsed
patients with AML, CML, or MDS were stained using Giemsa or H&E dyes. The representative micrographs show the morphologies of BM and blood
cells or tissue as viewed under a light microscope (magnification of 1000x for BM and blood samples and 200x for BM tissues. Bar=20 um).

Aldrich, St Louis, MI, USA) was used at 3 mmol/L, whereas
SB203580 (P38 pathway-specific inhibitor, Cell Signaling Tech-
nology, Danvers, MA, USA) and SP600125 (JNK pathway-
specific inhibitor, Cell Signaling Technology) were used at
10 umol/L. NAC, SB203580, and SP600125 were added 1 h
before PL-treatment.

Cell viability assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, Sigma-Aldrich) assay was used to determine the
cell viability rate, as reported previously!'?. Briefly, primary
human BMMNCs were seeded in 96-well plates (4000 cells/
well) and incubated for 24 h under normal culture conditions.
The cells were treated with drugs in six parallel wells for the
designated periods and then were treated with 20 mg/mL
MTT. The cell viability rate was determined from the intensity
of the optical absorption at 490 nm using a microplate reader
(Synergy™ 2, Biotek, Winooski, VT, USA).

Apoptosis assay

The annexin V-based apoptosis assay was performed as
described™. Cultured BMMNCs cells were treated with 0,
10, and 20 pmol/L PL alone or together with NAC for 24 h
and then were co-stained with anti-annexin V-FITC and prop-
idium iodide (PI) according to the manufacturer’s instructions
(Invitrogen, Life Technologies Inc, Carlsbad, CA, USA). After
24 h of PL treatment, the cells were harvested, washed using
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ice-cold PBS, resuspended in 195 pL of binding buffer and
incubated with 5 pL of anti-annexin V-FITC for 10 min at room
temperature in the dark. The samples were resuspended in
annexin V-FITC binding buffer and were counterstained using
PI. Untreated cells were used as the negative control. After
being stained, the cells were maintained in an ice bath for 10
min in the dark prior to flow cytometry (FCM) (Becton Dickin-
son, Franklin Lakes, NJ, USA) analysis.

Determination of the intracellular ROS content

To assess the intracellular production of ROS, the primary
BMMNCs were treated with PL for 3 h alone or together
with other drugs. The cells were incubated in 10 pmol/L
2’-,7’-dichloro-fluorescin diacetate (DCFH-DA; Sigma-
Aldrich). The DCFH-DA-fluorescence intensities (representing
the intracellular ROS levels) were determined using conven-
tional fluorescence microscopy (Olympus, Tokyo, Japan) or
using FCM. The average fluorescence intensities of DCFH-DA
in the cells in 9 randomly chosen fields were analyzed using
Image-Pro Plus software (Media Cybernetics, Silver Spring,
MD, USA).

Western blotting analyses

The Western blotting analyses were performed as previously
described™]. The total soluble proteins were extracted from
the primary BMMNC s using radio-immunoprecipitation assay
(RIPA) lysis buffer (Applygen Technologies Incorporation,



Beijing, China) containing phenylmethanesulfonyl fluoride
(Sigma-Aldrich), and equal amounts of total protein were
loaded on a 12% denaturing polyacrylamide gel. The blotted
membranes were blocked using 5% (w/v) nonfat dried milk in
Tris-buffered saline (TBS) and then were incubated with pri-
mary antibodies directed against B-actin, p-p38 Thr180/182,
p38, p-JNK Thr183/185, JNK, Bcl-2, Bax, caspase-3, LC3B
(1:1000, Cell Signaling Technology) and Beclin-1 (1:1000, Santa
Cruz Biotechnology, Santa Cruz, CA, USA). After incubation
with IRDye 800 CW- or IRDye 680 CW-conjugated goat anti-
rabbit or anti-mouse IgG antibodies (LI-COR Bioscience, Lin-
coln, NE, USA), the labeled bands were visualized and quan-
tified using an Odyssey Infrared Imaging System (LI-COR
Bioscience).

Statistical analysis

All experiments were repeated independently at least
three times. The quantitative results are expressed as the
mean+SEM. The significance of the differences between the
groups was determined using a one-way analysis of variance
(ANOVA) and the Student-Newman-Keuls test. P values of
less than 0.05 were considered significant. All of the results
were analyzed using SPSS (Statistical Package for the Social
Sciences) 13.0 statistical software (SPSS, Chicago, IL, USA).

Results

Piperlongumine efficiently killed primary human myeloid
leukemia cells obtained from patients with ML but not MDS via
inducing apoptosis

To translate the anti-cancer effects of PL observed in cell lines
to clinical applications, we tested the cytotoxic effect of PL in
primary BMMNCs obtained from 11 patients (9 with ML and
2 with MDS). All patients were randomly selected, and their
clinical information is shown in Table 1. The morphologies of
the bone marrow (BM) blood cells or tissue cells of the patients
are shown in Figure 1 (#1, #3, #4, #5, #7-#11, Giemsa stain-
ing; #2 and #6, H&E staining). The structure of PL is shown
in Figure 2A. The cytotoxic effect of PL in primary BMMNCs
is evaluated upon 24 h of PL treatment (Figure 2B-2D). The
MTT assay clearly showed that PL effectively reduced the
viability of the BMMNCs obtained from all 9 of the patients
with ML (#1-#9) in a dose-dependent manner. However, PL
did not reduce the viability of BMMNCs obtained from the
patient with MDS (#10) (Figure 2B). These results strongly
indicated that PL selectively killed the myeloid leukemia cells
among the patient’'s BMMNCs. Notably, PL exerted a more
potent cytotoxic effect in BMMNCs obtained from patients #1,
#2 and #5, suggesting that a better therapeutic effect might be
achieved in a subgroup of ML patients (3/9). The ICs, of PL
in BMMNCs was less than 20 pmol/L (Figure 2B). We then
further confirmed that PL-reduced viability of BMMNCs was
due to cell death. PI staining clearly revealed that cell death
was significantly increased at 24 h of PL treatment at 10 (PL
10) or 20 umol/L (PL 20), in a dose-dependent manner (Figure
2C). Treatment with PL at 20 pmol/L induced the death of
approximately 40% of the BMMNCs from patient #3 as deter-
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mined using PI staining (Figure 2C), consistent with the results
of the MTT assay (Figure 2B). We next examined whether
PL induced the apoptosis of BMMNCs using FCM analysis
after annexin V/PI double staining. The cells in the quadrant
2 (Q2) and Q4 with a higher intensity of annexin V staining
represented apoptotic cells (Figure 2D). Our results clearly
showed that the percentage of total apoptotic cells (Q2+Q4)
among the BMMNCs obtained from patient #1 (3.8%, DMSO
vs 83.3%, PL 20 umol/L) and in those from patient #2 (32.2%,
DMSO vs 56.4%, PL 20 pmol/L) was greatly increased after
24 h of PL treatment. The percentage of apoptotic cells among
the PL-treated BMMNCs obtained from patient #1 (approxi-
mately 80%, Figure 2D) was similar to the percent reduction
of viability of these cells (approximately 80%, Figure 2B), sug-
gesting that apoptosis was the predominant cause of cell death
in this sample. In the BMMNCs from patient #2, however,
PL treatment resulted in 24.2% apoptotic cells, only partially
accounting for the effect of PL on the viability of these cells
(approximately 80%, Figure 2B), indicating that non-apoptotic
cell death was also induced by PL.

Piperlongumine induced ROS accumulation in primary human
myeloid leukemia cells

PL is considered a cancer cell-specific ROS inducer™, and
previous studies have demonstrated that PL induced ROS
accumulation in various cancer cell lines"* !, We determined
the level of intracellular ROS in PL-treated BMMNCs using
the fluorescent ROS indicator DCFH-DA. Statistical analysis
clearly demonstrated that the intensity of DCFH-DA fluores-
cence (representing the ROS level) in the primary BMMNCs
(obtained from patient #3) was significantly increased at 24 h
of PL treatment, in a dose-dependent manner (PL 0, 10, and
20 pmol/L) (Figure 3A). The PL-induced production of ROS
in primary BMMNCs (obtained from patients #1 and #2) was
further evaluated using FCM (Figure 3B and 3C). The inten-
sity of DCFH-DA fluorescence in primary BMMNCs obtained
from patients #1 (Figure 3B) and #2 (Figure 3C) was clearly
increased at 24 h of treatment using PL at 10 or 20 umol/L,
as demonstrated by the rightward shift (along the x-axis) of
the peak of DCFH-DA fluorescence in these cell populations.
Taken together, these results demonstrated that PL induced
ROS accumulation in BMMNCs.

Piperlongumine induced cell death or apoptosis in primary
human myeloid leukemia cells via ROS-dependent and -indepen-
dent mechanisms

We then tested whether PL killed primary human BMMNCs
via inducing ROS accumulation. Treatment with the anti-
oxidant NAC completely abolished PL-induced cell death,
as determined using PI staining of BMMNCs obtained from
patient #3 (Figure 4A), suggesting that PL induced cell death
mainly via a ROS-dependent mechanism. Next, we examined
whether NAC pretreatment reduced the rate of PL-induced
apoptosis of primary BMMNCs. NAC pretreatment strongly
reduced but did not inhibit the PL-induced apoptosis in
the BMMNC s obtained from patient #1 (83.3% in the PL 20
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Figure 2. Piperlongumine effectively killed primary human myeloid leukemia cells via inducing cell death or apoptosis. (A) The structure of
piperlongumine. (B) Viability of primary human BMMNCs after PL treatment. BMMNCs purified from the BM and blood of patients were cultured in 96-
well plates at a density of 2x10*/mL. The cultured BMMNCs were then treated with PL at various concentrations (0, 10, or 20 umol/L) for 24 h. Cell
viability was determined using the MTT assay. (C) PL-induced cell death in BMMNCs. Primary human BMMNCs from patient #3 were treated with PL at O,
10, or 20 pmol/L for 24 h. Cell death was determined using Pl staining. The left panels show representative micrographs of Pl stained cells. The right
panel shows the results of the statistical analysis (n=3). "P<0.05 and °P<0.01 vs PL 0. (D) PL-induced apoptosis in BMMNCs. Primary BMMNCs from
patients #1 and #2 were treated with PL at O, 10, or 20 umol/L for 24 h before Pl/annexin V-FITC double-fluorescence staining. The cells in Q2 and Q4
represent apoptotic cells. The right panel shows the results of the statistical analysis (1=3). °P<0.05 and °P<0.01 vs PL O.

group vs 44.8% in the PL 20+NAC group) and those obtained 20+NAC group) (Figure 4B).
from patient #2 (56.2% in the PL 20 group vs 39.5% in the PL Consistent with the effect of NAC of reducing the level
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Figure 3. Piperlongumine induced ROS accumulation in primary human myeloid leukemia cells. (A) Increased ROS content in PLtreated primary
BMMNCs. Primary BMMNCs from patients #3 was treated with PL at O, 10, or 20 ymol/L for 3 h and then were stained using DCFH-DA. The left panels
show representative micrographs of cells exhibiting DCFH-DA fluorescence. The right panel shows the results of the statistical analysis of the relative
intracellular ROS levels (represented by the mean intensity of DCFH-DA fluorescence) (n=3). °P<0.05 and °P<0.01 vs PL 0. (B, C) ROS accumulation

in PL-treated primary BMMNCs obtained from patient #1 (B) or #2 (C).

The DCFH-DA fluorescence of the cells was evaluated using FCM. The upper

panels show the merged DCFH-DA fluorescence curves of BMMNCs treated with PL at O, 10, and 20 pmol/L. The fluorescence intensities of DCFH-DA
were greatly increased after 3 h of PL treatment at 10 or 20 ymol/L, as demonstrated by the rightward shift of the peak of DCFH-DA fluorescence of the
cell population (along the x-axis). The x-axis represents the fluorescence intensity and the y-axis represents the number of cells. The mean DCFH-DA
fluorescence intensity (lower panel) was determined using FlowJo 7.6 software. °P<0.05 and °P<0.01 vs PL O.

of PL-induced cell death or apoptosis of primary human
BMMNCs, statistical analysis of the DCFH-DA fluorescence
levels of these cells demonstrated that NAC pretreatment
significantly reduced the level of PL-induced ROS accumula-
tion in the BMMNCs obtained from patient #3 (Figure 4C).
However, PL and NAC had no effect on the intracellular ROS
levels of BMMNCs obtained from an MDS patient (patient
#11, Figure 4C), suggesting that PL selectively killed myeloid
leukemia cells via ROS-dependent mechanisms. FCM analysis
showed that the mean intensities of DCFH-DA fluorescence
in PL-treated primary BMMNCs obtained from patients #1
(Figure 4D) and #2 (Figure 4E) were clearly reduced by NAC
pretreatment (PL 20+NAC), as demonstrated by the leftward
shift of the peak of DCFH-DA fluorescence in these cell popu-

lations. Taken together, the results indicated that PL induced
cell death or apoptosis via ROS-dependent as well as ROS-
independent mechanisms.

Piperlongumine activated apoptotic and autophagic cell-death
pathways in primary human myeloid leukemia cells via ROS
accumulation or p38/JNK activation

We next explored the possible mechanisms underlying the
cytotoxic effect of PL on primary BMMNCs. Because PL
induced apoptosis in primary BMMNCs (Figure 2D), we eval-
uated the level of expression of Bcl-2 and Bax proteins, the two
major members of the Bcl-2 family that gate-control mitochon-
dria-mediated apoptotic cell death. Western blotting analysis
showed that the level of Bax expression was increased upon

367
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Figure 4A-4B. Piperlongumine induced cell death or apoptosis in primary human myeloid leukemia cells via ROS accumulation. (A) Treatment with
the antioxidant NAC reduced the extent of PL-induced cell death, as demonstrated using Pl staining of primary human BMMNCs obtained from patient
#3. The left panels show representative micrographs of Pl-stained cells. The right panel shows the results of the statistical analysis (n=3). °P<0.01 vs
PL 20. (B) NAC treatment reduced the extent of PL-induced apoptotic cell death. Primary BMMNCs obtained from patients #1 and #2 were treated with
PL (20 pmol/L) alone or in combination with NAC (3 mmol/L) for 24 h before Pl/annexin V-FITC double staining and FCM were performed. The cells in
Q2 plus Q4 represent apoptotic cells. The right panel shows the results of the statistical analysis (n=3). "P<0.05 vs PL 20.

treatment with PL at 10 or 20 pmol/L (Figure 5A). In contrast,
the level of Bcl-2 (a key factor in controlling mitochondrial-
membrane permeability) expression was greatly reduced upon
PL treatment (Figure 5A). The ratio of Bax/Bcl-2 was greatly
increased in primary BMMNCs upon PL treatment. Consis-
tent with the increased Bax/Bcl-2 ratio in PL-treated leukemia
cells, the level of pro-caspase-3 was evidently decreased, sug-
gesting that pro-caspase-3 was cleaved upon PL treatment
(Figure 5A). NAC treatment reduced the content of Bax,
increased the content of Bcl-2 and slightly increased the pro-
caspase-3 content in PL-treated leukemia cells (Figure 5A).
In addition, we tested the role of the p38 and JNK signaling
pathways in PL-induced cell death because p38 and JNK are
the two canonical ROS-activated signaling pathways® *L Tt
was clear that suppressing the activation of p38 (SB203580, SB)

Acta Pharmacologica Sinica

or JNK (SP600125, SP) reduced the level of Bax and increased
the level of pro-caspase-3 in PL-treated BMMNCs (Figure
5A). The evidence that apoptosis (of BMMNCs obtained from
patient #2, Figure 2D) only partially accounted for the PL-
induced cell death (of BMMNCs obtained from patient #2,
Figure 4B), PL-treated BMMNCs appeared to undergo other
types of cell death. Autophagy is a common stress response
of cancer cells, and the overactivation of autophagic signaling
causes programmed cell death, ie, autophagic cell death®" !,
Western blotting analysis showed that both Beclin-1 and
LC3B, two molecular markers of autophagic cell death, were
affected by PL treatment of primary BMMNCs, with the level
of expression of the former being increased and the level of
activation of the latter (ie, converted from the LC3-I form to
the LC3-1I form) being increased in primary BMMNCs at
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Figure 4C-4E. (C) Pretreatment with NAC abolished the PL-induced ROS accumulation in primary BMMNCs obtained from patient #3 (ML), whereas
NAC had no effect on the primary BMMNCs obtained patient #11 (MDS). Bar=20 um. °P<0.01 vs PL 20 (n=3). (D, E) Pretreatment with NAC reduced
the extent of PL-induced ROS accumulation in the primary BMMNCs obtained from patients #1 (D) and #2 (E), as demonstrated using FCM analysis.
The lower panel shows the results of the statistical analysis (n=3). °P<0.01 vs PL 20.

24 h of treatment with PL at 10 and 20 umol/L, in a dose-
dependent manner (Figure 5B). Clearly, autophagic signaling
pathways were activated in PL-treated primary BMMNCs.
Treatment with NAC or with a p38- or a JNK- inhibitor (SB or
SP, respectively) differentially ameliorated the effects of PL
on the induction of Beclin-1 expression and LC3B activation
(Figure 5B). Consistent with these results, Western blotting
analysis demonstrated that the levels of both p-p38/p38 and
p-JNK/JNK were greatly increased after various periods (1,
3, 6,12, and 24 h) of PL treatment compared with the levels
at 0 h (Figure 5C). In the PL-treated BMMNCs obtained from

an MDS patient, only delayed and transient p38 activation
was detected between 6 and 12 h of PL treatment, whereas
JNK activation was not observed (Figure 5D). NAC treatment
slightly reduced the level of p-p38 activation after 3 h of treat-
ment with PL at 20 pmol/L (Figure 5E).

Piperlongumine induced cell death or apoptosis in primary
human myeloid leukemia cells via p38/JNK activation

Finally, we examined whether the PL-induced ROS accumula-
tion and p38/JNK activation contributed to the PL-mediated
cytotoxicity in primary human BMMNCs. NAC treatment
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Figure 5. Piperlongumine activated apoptotic and autophagic cell death pathways in primary human myeloid leukemia cells via ROS accumulation
or p38/JNK activation. (A) Representative Western blots demonstrating the levels of Bax, Bcl-2, and pro-caspase-3 in Pl-treated primary BMMNCs
obtained from patient #5. The cells were treated with PL alone (0, 10, or 20 umol/L), PL (20 pmol/L)+NAC (3 mmol/L), PL (20 pmol/L)+SB203580
(SB, 10 umol/L) or PL (20 pmol/L)+SP600125 (SP, 10 umol/L) for 24 h. Equal amounts of total protein were subjected to Western blotting analysis
using the designated antibodies. B-Actin was used as the internal loading control. (B) Representative Western blots demonstrating the levels of LC3B
and Beclin 1 in PLtreated primary BMMNCs cells obtained from patient #5. (C) Representative Western blots demonstrating the levels of p-p38/
p38 and p-JNK/JNK in primary BMMNCs obtained from patients #4 or #5 at various time points of PL treatment. (D) Representative Western blots
demonstrating the levels of p-p38/p38 and p-JNK/JNK in primary BMMNCs obtained from patient #11 (MDS) at various time points of PL treatment.
(E) Representative Western blots demonstrating the levels of p-p38/p38 in PL-treated primary BMMNCs obtained from patient #2 after 3 h of treatment
with PL alone or in combination with either NAC (3 mmol/L), SB (10 pmol/L) or SP (10 umol/L). The Western blot shown here is representative of three

independent experiments yielding similar results.

ameliorated the PL-mediated reduction of the viability of the
BMMNCs obtained from all of the patients with AML or CML
(patients #1-#9), as determined using the MTT assay (Figure
6A). Notably, NAC almost completely reversed the cytotoxic-
ity of PL in the BMMNC s obtained from patient #2 but had
little effect on the BMMNCs obtained from patient #1 (Figure
6A). SB or SP treatment also partially reversed the cytotoxic-
ity of PL (eg, in the BMMNCs obtained from patients #3 and
#7) but was less effective than NAC treatment (Figure 6A).
Consistent with these results, co-treatment using SB or SP
and PL ameliorated the level of PL-induced apoptosis in the
BMMNCs obtained from patient #2 (Figure 6B). Treatment
with SB or SP significantly reduced the intracellular ROS lev-
els in the PL-treated BMMN(C s, as determined using fluores-
cence microscopy of the BMMNCs obtained from patient #3
(Figure 6C) and using FCM analysis of the BMMNCs obtained
from patient #2 (Figure 6D), whereas neither SB treatment or
SP treatment affected the ROS level of the BMMNCs obtained
from the patient with MDS (patient #11). This evidence sug-
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gested that p38/JNK activation could enhance the PL-induced
accumulation of ROS in primary human BMMNCs obtained
from AML/CML patients not in those obtained from MDS
patients.

Discussion

In the present study, we demonstrated that piperlongumine
can effectively kill primary BMMNCs (mainly myeloid leu-
kemia cells) obtained from patients with AML or CML. PL
activated both apoptotic and autophagic signaling pathways
via its effects on ROS, p38, or JNK. Clearance of ROS or sup-
pression of p38/JNK activation lessened the cytotoxicity of PL
in primary myeloid leukemia cells.

We discovered that PL exerted a specific cytotoxic effect
in myeloid leukemia cells but not in non-leukemic cells. PL
significantly reduced the viability of BMMNCs obtained from
all 9 of the ML patients (6 with AML and 3 with CML, IC5,<20
pumol/L) but not that of the BMMNCs obtained from the MDS
patient. Each patient was randomly selected from those with
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Figure 6A-6B. Piperlongumine induced cell death or apoptosis in primary human myeloid leukemia cells via p38/JNK activation. (A) Effect of NAC or
p38/JNK inhibitors on the PL-induced cell death of primary BMMNCs obtained from patients. Cell viability was evaluated using the MTT assay. Primary
BMMNCs obtained from patients #1-#10 were treated with PL (20 umol/L) alone or in combination with NAC (3 mmol/L), SB (10 uymol/L) or SP (10
umol/L) for 24 h. n=3. (B) Effect of SB (10 umol/L) or SP (10 ymol/L) on the PL-induced apoptosis of primary BMMNCs obtained from patient #2. The

cells in Q2+Q4 represent apoptotic cells. °P<0.01 vs PL 20 group.

primary or relapsed ML, and none was excluded. Our results
suggested the generally efficacy of PL in ML therapy. In our
primary cultures of BMMNC s, all types of myeloid mono-
nuclear cells, including leukemia cells, were present, closely
mimicking the actual cellular components and cellular envi-
ronment in vivo. Notably, at 20 umol/L, PL had almost no
effect on the viability of the BMMNCs from the MDS patient,
suggesting that PL did not kill normal BMMNCs or abnormal
myeloid non-leukemic cells.

Previous studies demonstrated the specific cytotoxic effect
of PL in various cancer cell lines but not in normal primary
cells obtained from animals, including hematopoietic cells®™.
Therefore, the cytotoxicity of PL in the primary BMMNCs
obtained from patients with ML was largely a specific effect of
PL in myeloid leukemia cells. The differential cytotoxic effects
of PL in different myeloid leukemia samples might signify
the high level of biological heterogeneity of ML cells and their
variable sensitivity to PL treatment, most likely reflecting the
actual therapeutic effects of PL in future cancer treatments”’),

In addition to killing primary ML cells, PL was also effective
in killing myeloid leukemia cells from patients with relapsed
ML, suggesting that it could be an alternative and safer drug
for treating refractory ML or for preventing relapsing ML.
Identifying the key parameters that determine the sensitiv-
ity of myeloid leukemia cells to PL could further improve the
therapeutic effects of PL in ML patients.

PL killed myeloid leukemia cells via different mechanisms.
PL clearly induced apoptosis in myeloid leukemia cells, as
demonstrated by the increased level of annexin-V staining and
the altered expression of apoptotic proteins, such as Bax, Bcl-2
and caspase-3, consistent with the results of previous studies
using various cancer cell lines™. Because the rate of apoptotic
death was not equal to the rate of total cell death induced by
PL treatment, other types of cell death must also have occurred
in the PL-treated myeloid leukemia cells. Autophagic cell
death, another type of programmed cell death, was previously
observed in PL-treated cancer cell lines"™. The upregulated
expression of Beclin-1 and LC3B, which are molecular markers

Acta Pharmacologica Sinica



www.nature.com/aps
Xiong XX et al

®

372

C #3,PL-3 h, DCFH-DA

PL 20+SB

4 -
b
s 3 T
3 b
5 2 0
&
1
0 T T T T
PLO PL20 PL20+SB PL 20+SP
D #2,PL-3 h
........... PLO
- — —PL20
— PL20+SB
PL20+SP
2 H
>
3 ;
(&)

e
T

L R e

0 10?2 10 104 10
DCFH-DA

#11, PL-3 h, DCFH-DA

PL 20+SB PL 20+SP

20 um
15
T 10
Q@
8
x 05
0.0 T T v T
PLO PL20 PL20+SB PL 20+SP
5
- -t b
g 4
8 > C
= 3 T
o c
20
CE 2
8 1
=
0

PLO PL20 PL 20+SB PL 20+SP

Figure 6C-6D. (C) Effect of SB (10 pmol/L) or SP (10 ymol/L) on the PL-induced ROS accumulation in primary BMMNCs obtained from patients #3
(ML) or #11 (MDS). °P<0.05 vs PL 20 (n=3). (D) Effect of SB (10 umol/L) or SP (10 pmol/L) on the PLinduced ROS accumulation in primary BMMNCs
obtained from patient #2, as determined using FCM analysis. °P<0.05, °P<0.01 vs PL 20 group.

for autophagic cell death, strongly suggested the occurrence of
autophagic cell death in the PL-treated myeloid leukemia cells.

PL possesses diverse biological activities, the underly-
ing mechanisms of which remain elusive. Very recently, it
was proposed that PL selectively kills cancer cells but not
normal cells by inducing ROS accumulation specifically in
cancer cells!"”. We previously reported that PL selectively
killed glioblastoma cells but not normal astrocytes by induc-
ing ROS accumulation only in glioma cells?. In primary
myeloid leukemia cells (Figure 3) but not primary MDS cells
(lower panels, Figure 4C), the intracellular ROS level was also
clearly increased. Previous studies demonstrated that treat-
ment with the antioxidant NAC completely abolished the PL-
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induced ROS accumulation and cell death in many cancer cell
lines, including GBM cells!"’l. In our study, NAC completely
abolished the PL-mediated ROS accumulation and effectively
reduced the level of PL-induced cell death in all of the ML
samples, supporting the concept that ROS accumulation is the
major mechanism contributing to the cytotoxicity of PL in the
cancer cells obtained from patients. In contrast to the results
obtained using cancer cell lines, we found that NAC could
only partially reduce the PL-mediated cytotoxicity in several
of the ML samples (eg, samples #1, #9, Figure 6A).

These results might reflect the complexity of the cellular
components and the heterogeneity of cancer cells in vivo. It
has been proposed that PL impairs ROS homeostasis by



interacting with key antioxidant proteins, such as GSTP1 and
CBR1™. However, knocking-down the expression of GSTP1
or CBR1 only reduced the rate of PL-induced cell death in can-

cer cells!"”

. This evidence suggests that other mechanisms are
involved in the PL-mediated induction of ROS accumulation
and cell death. Indeed, PL could exert its cytotoxic effect in
cancer cells after its ability to inducing ROS accumulation was
abolished™). We propose that PL kills primary myeloid leuke-
mia cells via both ROS-dependent and -independent mecha-
nisms.

It is well known that ROS accumulation can activate the
canonical p38- and JNK-mediated downstream signaling path-
ways, which contribute to both apoptosis and autophagic cell
death™*!. We previously reported that PL strongly activated
p38 and JNK in glioma cells, which contributed to its cytotoxic
effect in these cells™™. Wang et al® also reported that p38
activation contributed to the PL-induced autophagic cell death
in cancer cells. In several of the samples of primary myeloid
leukemia cells, p38 and JNK were strongly activated (Figure
5C), and the activation of p38 or JNK contributed to the PL-
induced cell death (Figure 6A, and PL-induced the activation
of apoptotic and autophagic cell death pathways (Figure 5A
and 5B). However, we also found that inhibiting the p38 or
JNK pathway did not affect the PL-mediated cytotoxicity in
several other ML samples (Figure 6A). Therefore, both p38/
JNK-dependent and p38/JNK-independent mechanisms were
involved in the PL-induced cell death of the myeloid leukemia
cells (Figure 7).

We previously demonstrated that NAC completely blocked
the PL-induced p38/JNK activation in glioma cell lines,
whereas inhibiting p38/JNK activation did not affect the ROS
level™. In primary myeloid leukemia cells, however, ROS
accumulation could be alleviated by inhibiting the p38/JNK
pathways (Figure 6C), whereas p38 activation could be par-
tially blocked by NAC treatment (Figure 5D). These results
suggested a reciprocal ROS and p38/JNK interacting signal-
ing network became active in myeloid leukemia cells upon PL
treatment.

Conclusion

In summary, PL effectively and selectively killed primary
myeloid leukemia cells obtained from ML patients via activat-
ing both apoptotic and autophagic cell death pathways. ROS/
p38/JNK-dependent and -independent mechanisms were
involved in the PL-mediated cytotoxicity in myeloid leukemia
cells. PL is likely a potentially safer drug for treating patients
with primary or relapsed AML or CML.
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