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Parthenolide treatment activates stress signaling proteins in
high-risk acute lymphoblastic leukemia cells with
chromosomal translocation t(4;11)
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Abstract. Parthenolide, the principal bio-active component
of the herb feverfew (Tanacetum parthenium), has shown anti-
leukemic activity. We evaluated the cell cycle status and the
phosphorylation/activation of proteins involved in signal
transduction in t(4;11) and non-t(4;11) acute lymphoblastic
leukemia (ALL) cell lines after treatment with parthenolide.
The cells were treated with the vehicle or 10 #M parthenolide
for 2, 4, 6 and 8 h. As shown by flow cytometric analysis,
parthenolide induced growth arrest at the S to G2/M phase
transition. Using multiplex technology and Western blotting,
we showed that the treatment with parthenolide within O to
10 h induced the phosphorylation of stress signaling proteins,
including the p38 mitogen-activated protein kinase, the c-Jun
N-terminal kinase, c-Jun, the heat shock protein 27 and
protein kinase B. These data show that parthenolide induces
a stress response leading to cell death and provide further
evidence suggesting that parthenolide could be useful as a
novel therapeutic agent against high risk ALL with chromo-
somal translocation t(4;11).

Introduction

Parthenolide, a sesquiterpene lactone, is the principal bio-
active component of the medicinal herb feverfew (Tanacetum
parthenium) (1). Feverfew has been used in folk medicine to
treat fever, migraines, inflammation, stomach ache, tooth-
ache, menstrual irregularities, and rheumatoid arthritis (2-5).
Parthenolide has also shown anti-cancer activities (6). The
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potent anti-cancer activity of this substance is due in part to
its ability to inhibit the transcription factor NF-kB, thereby
reducing the survival potential of a number of cancer cells
(6-8). Furthermore, the parthenolide-induced generation of
reactive oxygen species (ROS) in cancer cells plays a key
role in promoting apoptotic cell death (9,10).

The chromosomal translocation t(4;11)(q21;q23) is found
in 60-85% of infants, 2% of children, and 3-6% of adults
diagnosed with acute lymphoblastic leukemia (ALL) and the
presence of this chromosomal abnormality is strongly asso-
ciated with poor prognosis (11,12). This type of leukemia is
deemed a high-risk subgroup of ALL and is highly resistant
to conventional chemotherapeutics, necessitating further
research to find potential novel therapeutic agents. We
previously reported that parthenolide effectively induced
apoptotic cell death in SEM and RS4;11 cell lines established
from patients with ALL carrying the t(4;11)(q21;q23) chromo-
somal translocation (13). Compared to the REH leukemia
cells which have no translocation, parthenolide killed the
t(4;11) ALL cells more rapidly at a lower concentration. Cell
death in these leukemic cells was accompanied by increases
in multiple ROS, including nitric oxide, superoxide anion
and hypochlorite anion (13).

In the present study, we examined the early intracellular
protein signaling events leading to parthenolide-induced
apoptosis in these leukemia cells. Parthenolide treatment
induced activation (phosphorylation) of several proteins
involved in the stress response, including the heat shock
protein 27 (HSP27), protein kinase B (Akt), c-Jun N-terminal
kinase (JNK), c-Jun and the p38 mitogen-activated protein
kinases (p38 MAPK). These data demonstrate part of the
mechanism by which parthenolide induces cell death in
t(4;11) and non-t(4;11) ALL cells, and provide further
information suggesting that this phytochemical could be
useful as a novel therapeutic agent against ALL.

Materials and methods
Cell lines and reagents. SEM and RS4;11 are established cell

lines from patients diagnosed with high-risk pre-B cell ALL
containing the chromosomal translocation t(4;11)(q21;q23)



1308

(14,15). The REH cell line (pre-B cell ALL without the
translocation) was obtained from the American Type Culture
Collection (Manassas, VA). All the cell lines were main-
tained at 37°C, 5% CO, in RPMI-1640 (Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum (Sigma, St.
Louis, MO), 50 IU/ml penicillin, 50 pg/ml streptomycin,
0.25 pg/ml amphotericin B, 1 mM sodium pyruvate and 2 mM
L-glutamine (Invitrogen). For each experiment, the cells were
split to a density of 0.5x10%ml before treatment.

Parthenolide was purchased from EMD Biosciences (San
Diego, CA) and stock solutions were dissolved in dimethyl-
sulfoxide (DMSO; Sigma). As a control, an equivalent amount
of DMSO was added to a control cell population in each
experiment.

Cell cycle analysis. The leukemia cells were treated with
DMSO or 10 uM parthenolide and collected for cell cycle
analysis at 2, 4, 6, and 8 h. Parthenolide and the vehicle were
left in the medium during the entire treatment period. The
cell cycle was measured at each time-point by lysing the cells
in a hypotonic solution containing 1 mg/ml sodium citrate,
0.1% Triton X-100, and 50 pg/ml propidium iodide (PI,
Sigma) and analyzing the resulting nuclei using a FACSCanto
fluorescence-activated cell sorter (FACS) with FACSDiva
software (Becton-Dickinson, San Jose, CA). Twenty thousand
events were collected for each sample stained with PI. The
cell cycle profiles were generated with the flow cytometry
data of the PI-stained nuclei using ModFit LT software (Verity
Software House, Inc., Topsham, ME).

Multiplex measurements of phosphoproteins. The phos-
phorylation status of the proteins Akt, ERK1/2, JNK, p38
MAPK, c-Jun and HSP27 was assessed using the Bio-Plex
Phosphoprotein Detection kit (Bio-Rad, Hercules, CA). The
SEM, RS4;11 and REH cells were treated with 0.1% DMSO
as the control or 10 M parthenolide, and the cell lysates were
prepared at 2, 4, 6, 8 and 10 h. Lysates were also prepared
from untreated cells as a zero time-point. Cell lysates were
prepared from 2.5x10° cells at each time-point with lysate
buffer supplied with the kit according to manufacturer's
instructions with the following exceptions: i) The cells were
pelleted, then washed with 0.5 ml wash buffer, ii) the protein-
ase inhibitor Pefabloc SC (Roche Diagnostics, Indianapolis,
IN) was substituted for phenylmethanesulphonyl fluoride in
the lysis buffer and used at a concentration of 2 mM, and iii)
the cells were suspended in 200 pl lysis buffer and freeze/
thawed once before agitation for 20 min at 4°C. Protein
concentrations for each lysate were measured using the Bio-
Rad DC Protein Assay. Bovine y-globulin was used as the
standard for the protein measurements. Lysate samples and
supplied lysate controls were analyzed in duplicate on a Bio-
Plex multiplex flow cytometry instrument (Bio-Rad) following
the phosphoprotein detection kit instructions except that 50
beads were acquired per bead region instead of 25. The data
were expressed as the means of the median bead intensities
normalized to the protein concentration in each well.

Western blot analysis of total and phosphoproteins. For
further analysis of the protein levels of the total protein and
phosphorylation status after DMSO or 10 M parthenolide
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treatment, protein lysates were prepared by vortexing 1x10%
cells per ml of lysis buffer containing 1% Triton X-100
(Sigma), 50 mM Tris-Cl, pH 8.0, 150 mM NacCl, and the
following proteinase inhibitors: aprotinin, leupeptin, EDTA
(Sigma) and Pefabloc SC (Roche Diagnostics). Protein
concentrations were measured using the Bio-Rad DC Protein
Assay. Equal amounts of protein (40 ug) were electro-
phoresed on 10% SDS-polyacrylamide gels under reducing
conditions and electroblotted on to PVDF membranes (GE
Healthcare, Piscataway, NJ). The blocking and staining of
membranes were carried out using Tris-buffered saline con-
taining 5% bovine serum albumin, Fraction V (Sigma) and
0.1% Tween-20 (Sigma). Rabbit polyclonal antibodies against
phosphorylated and total Akt, p38 MAPK, JNK, c-Jun,
phosphorylated HSP27 and mouse antibody against total
HSP27, were purchased from Cell Signaling Technology
(Danvers, MA) and used according to the manufacturer's
instructions. HRP-conjugated donkey anti-rabbit and sheep
anti-mouse [gGs (GE Healthcare) were used as secondary
antibodies at a dilution of 1:1000. The ECL Western blotting
system (GE Healthcare) was used for the visualization of
immunoreactive bands at the concentrations suggested by the
manufacturer.

Statistical analysis. All the statistical analyses were performed
with GraphPad software (GraphPad Software, Inc., San Diego,
CA) and the data were displayed as arithmetic means + SEM.
For analysis of the cell cycle and Bio-Plex data, two-way
analysis of variance (ANOVA) with Bonferroni post-hoc
tests was used to determine the differences in the cell cycle
profiles and in the relative levels of phosphoproteins over
time between the DMSO- and parthenolide-treated cells. The
confidence interval for significant differences was set at
95%.

Results

Parthenolide induces cell cycle arrest. In previous studies,
we found that 10 uM parthenolide was a potent inducer of
apoptosis in t(4;11) ALL-derived cell lines. In this study, we
examined the early events leading to apoptosis after parthe-
nolide treatment by first evaluating whether parthenolide
influenced the cell cycle in these leukemic cells prior to the
induction of apoptosis. The cells were treated with DMSO or
10 uM parthenolide and the cell cycle changes were measured
at 2,4, 6 and 8 h after treatment. Fig. 1 shows that the cells
were arrested at the S to G2/M transition of the cell cycle by
parthenolide treatment in the SEM and REH cells within 4 h
and in the RS4;11 cells within 8 h. This is evident by an
accumulation of cells in the S phase and a reduction of cells
in G2/M. At 8 h post-parthenolide treatment, the SEM cells
were undergoing cell death and this was displayed by an
accumulation of cells in the subG1 population (Fig. 2). An
increase in cells in the G1 phase was observed at this time-
point for SEM and this was possibly due to the progressive
loss of 4N DNA resulting in a mixture of signals in the 2N
G1 population. Therefore, this increase was not considered a
parthenolide-induced G1 arrest. No subG1 population was
detected for the other time-points for any cell line, other than
the 8-h time-point for SEM.
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Figure 1. Parthenolide treatment induces cell cycle arrest. SEM, RS4;11 and REH cells were treated with DMSO (control) or 10 M parthenolide for 2, 4, 6
and 8 h, and cells were lysed in hypotonic buffer containing PI. The resulting nuclei were collected on a flow cytometer and the percentage of cells in the G1
(white bars), S (black bars) and G2/M (grey bars) phases of the cell cycle were calculated using ModFit LT software. The data represent 3 separate experiments.
The asterisks represent the significant differences compared to the control cells for each cell cycle stage (P<0.05).
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Figure 2. Cell cycle analysis of SEM cells at 8 h post-treatment with parthe-
nolide. SEM cells were treated with DMSO (control) or 10 xM parthenolide
for 8 h and lysed in hypotonic buffer containing PI. Cell cycle histogram
profiles were generated with ModFit LT software. The subGl, G1, S and
G2/M populations are indicated. The data are representative of 3 experiments.

Parthenolide treatment activates stress response proteins.
We then analyzed signal transduction pathways in order to
determine the early signaling events leading to parthenolide-
induced apoptosis in leukemic cells. Multiplex technology
was used to evaluate multiple proteins simultaneously from
single samples. The activation of proteins involved in signal
transduction was determined by measuring the phospho-
rylation status of each protein at 0, 2, 4, 6, 8 and 10 h post-

treatment with parthenolide or DMSO. Several proteins
directly involved in the cellular stress response leading to
apoptosis were phosphorylated. The levels of phosphorylated
p38 MAPK were increased in all 3 lines compared to the
control cells and the differences between the treatment groups
were significant at each time-point (P<0.05; Fig. 3A). The
level of phosphorylated JNK was greatest in the SEM and
RS4;11 cells (P<0.05; Fig. 3B). The differences in phos-
phorylated JNK between the treatment groups were significant
in the REH cells, but the detectable levels remained low
compared to the SEM and RS4;11 cells. Phosphorylated c-Jun
levels were also elevated in the parthenolide-treated compared
to the control cells for all 3 lines (P<0.05; Fig. 3C). Significant
signals for phosphorylated p38MAPK, JNK and c-Jun were
sustained throughout the 10-h time period after parthenolide
treatment, indicating that the treatment with parthenolide
maintained stress on the leukemia cells.

The proteins HSP27 and Akt are considered survival
proteins and the activation of these proteins in response to
parthenolide treatment, was also analyzed. An increase in
phosphorylated HSP27 was observed in the SEM cells during
the first 6 h of treatment with parthenolide, with a reduction
in the phosphorylated form occurring within 8 h after treat-
ment (P<0.05; Fig. 4A). RS4;11 showed the largest increase
in the phosphorylation of HSP27 after the treatment with
parthenolide and the phosphorylation was maintained for at
least 10 h after treatment. It should be noted that even though
the differences between the treatment groups was significant
in the REH cells, the signal for phosphorylated HSP27 in
these cells was exceedingly low compared to the signal in the
SEM and RS4;11 cells, as indicated by the y-axis values. The
phosphorylation status of Akt was also variable between the 3
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Figure 3. Stress proteins are phosphorylated after treatment with parthenolide. SEM, RS4;11 and REH cells were treated with DMSO (control) or 10 xM
parthenolide for 2, 4, 6, 8 and 10 h. Cell lysates were prepared and run in duplicate on a Bio-Plex multiplex instrument. Lysates were analyzed for
phosphorylated A) p38 MAPK, B) JNK and C) c-Jun. The data are expressed as the means of the median bead intensities normalized to the protein
concentration in each well. MFI, mean fluorescent intensity. The asterisks represent the significant differences compared to the control cells for each time-
point (P<0.05).
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Figure 4. Protective proteins are phosphorylated after treatment with parthenolide. SEM, RS4;11 and REH cells were treated with DMSO (control) or 10 xM
parthenolide for 2, 4, 6, 8 and 10 h. Cell lysates were prepared and run in duplicate on a Bio-Plex multiplex instrument. Lysates were analyzed for
phosphorylated A) HSP27 and B) Akt. The data are expressed as the means of the median bead intensities normalized to the protein concentration in each
well. MFI, mean fluorescent intensity. The asterisks represent the significant differences compared to the control cells for each time-point (P<0.05).

cell lines (Fig. 4B). Significant phosphorylation and activation =~ However, no changes in the phosphorylation status of Akt
of Akt occurred in the SEM and REH cells after the treat- was observed in the RS4;11 cells between the 2 treatment
ment with parthenolide compared to the control cells (P<0.05).  groups.
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Figure 5. Western blot analysis of the phosphorylated and total proteins. SEM,
RS4;11 and REH cells were treated with DMSO (control) or 10 M parthe-
nolide for 4 and 10 h. Cell lysates were prepared and equal amounts of
proteins (40 ug) were electrophoresed on 10% SDS-polyacrylamide gels
under reducing conditions, and electroblotted on to PVDF membranes. The
blots were stained with rabbit polyclonal antibodies against phosphorylated
and total p38 MAPK, JNK, c-Jun, Akt, phosphorylated HSP27 and mouse
antibody against total HSP27. HRP-conjugated secondary antibodies and the
ECL Western blotting system were used to visualize the bands. The lysates
used were from 10-h treatments, except for the SEM cells stained with HSP27
and Akt, which were from the 4-h time-point. For each protein, the upper
panel represents the phosphorylated protein, and the bottom panel represents
the total protein. For each cell line: (-) Untreated; (+) parthenolide-treated.

Confirmation of phosphorylation status by Western blot
analysis. Western blot analysis was performed in order to
confirm the phosphorylation status of the above-mentioned
proteins and to compare the total proteins after DMSO or
10 uM parthenolide treatment (Fig. 5). Lysates represented
the 10-h time-point except for HSP27 and Akt in the SEM
cells, which were taken at the 4-h time-point based on the
multiplex analyses. An increase in the phosphorylated p38
MAPK protein (Thr180/Tyr182) was detectable in all 3 cell
lines, with the lowest signal observed in the REH cells. Two
isoforms of JNK (46 and 54 kD) were observed and an
increase in phosphorylated JNK (Thr183/Tyr185) was
observed in the 3 lines after the treatment with parthenolide.
Two isoforms of total c-Jun (43 and 48 kD) were expressed
in the 3 lines and an increase in phosphorylated c-Jun (Ser63)
was presented in the cells treated with parthenolide.
Phosphorylated HSP27 (Ser78) was present in the lysates
from the SEM and RS4;11 cells, but not in the REH cells
after the treatment with parthenolide. The levels of phos-
phorylated Akt were increased in the REH cells, but only
slightly in the SEM and RS4;11 lysates after the treatment
with parthenolide. These data agree with the multiplex data,
except for the phosphorylated p38 MAPK in the REH cells,
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where multiplex data showed a significant increase in phos-
phorylated protein similar to the signals obtained from the
SEM and RS4;11 cells.

Discussion

These data show that treatment with parthenolide induces
growth arrest and stress signaling responses in t(4;11) ALL
lines, as well as ALL cells without the chromosomal trans-
location. Parthenolide induced an arrest in the S to G2/M
transition in all 3 cell lines within 8 h after treatment. Other
studies have also reported a transient G2/M arrest in HL60
myeloid and Jurkat T-cell leukemia lines after treatment with
parthenolide (16). The activation of p38 MAPK has been
shown to induce G2/M arrest in response to DNA damage
(17-19). The arrest of cells in G2/M by p38 MAPK was
shown to occur by at least 2 mechanisms: i) By the p38
MAPK-induced activation of the tumor suppressor protein
p53 leading to a p53-dependent G2/M arrest. The activation
of p53 leads to the transcription of p21, the growth arrest and
DNA damage 45a and 14-3-3 proteins resulting in the down-
stream association with and inactivation of the mitotic cyclin
B/Cdc2 complex. ii) By phosphorylating and inactivating the
Cdc25B phosphatase required to activate the cyclin B/Cdc2
complex so that cells can progress through mitosis (17). The
phosphorylation and dephosphorylation of the cyclin B/Cdc2
protein complex regulate the transition of cells through mitosis
(20,21). Specialized Cdc25 phosphatases are key players in
the regulation of the phosphorylation and activation status of
the cyclin B/Cdc2 complex (22,23). Although we did not test
for DNA damage, the formation of high molecular weight
fragments of ~700, 300 and 50 kbp correlates with the early
chromatin alterations displayed in pre-apoptotic cells (24,25).
In our previous studies, we showed that parthenolide induced
the generation of significant levels of ROS in leukemia cells
within the first 4 h of treatment (13), which can lead to
damaged DNA and subsequent growth arrest (26). The acti-
vation of p38 MAPK by parthenolide in SEM, RS4;11 and
REH cells could be a product of the parthenolide-induced
generation of ROS in these cells.

The treatment of leukemic cells in our study resulted in
the phosphorylation of JNK and c-Jun. The JNK signaling
pathway plays a major role in apoptosis (27). JNK has been
shown to translocate to the mitochondria and influence mito-
chondrial-mediated apoptosis (28,29). Parthenolide induces
mitochondrial-mediated apoptosis in the leukemia cell lines
(13), possibly through the action of activated JNK. JNK has
also been shown to inactivate the anti-apoptotic proteins,
Bcl-2 and Bcl-XL, and to enhance the activation of the pro-
apoptotic proteins, Bad, Bim and Bax (29-33). In a previous
study, we showed that REH cells were less sensitive to the
induction of apoptosis by parthenolide than the SEM and
RS4;11 cells (13). REH cells required 25 M parthenolide in
order to induce the equivalent level of death observed in the
SEM and RS4;11 cells treated with 10 M parthenolide. In
the current study, the parthenolide-induced phosphorylation
of JNK and c-Jun was reduced in the REH cells compared to
that observed in the SEM and RS4;11 cells. These data
suggest that the activation of the JNK signaling pathway is
an important event for inducing the more rapid apoptotic
death seen in the t(4;11) ALL lines.
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HSP27 is a member of the small heat shock protein family
and has multiple functions (34). The activation of HSP27 is
induced in the cells by many types of environmental stress
including heat shock, inflammatory cytokines and oxidants,
and plays a protective role (35). HSP27 has been shown to
inhibit stress-induced apoptosis by binding to apoptogenic
cytochrome c after release from the mitochondria and the
interference with downstream caspase activation (36,37).
HSP27 inhibits the activation of the pro-apoptotic protein
Bax (38). HSP27 has also been shown to inhibit apoptosis by
the direct interaction and activation of Akt (39). The phos-
phorylation and activation of HSP27 occurred within the first
2 h after the parthenolide treatment of SEM and RS4;11. The
SEM cells had elevated levels of both phosphorylated HSP27
and Akt. However, the RS4;11 cells had increased levels of
phosphorylated HSP27, but no activation of Akt above the
control levels, and the REH cells showed low levels of phos-
phorylated HSP27, but significant levels of phosphorylated
Akt. Furthermore, SEM and RS4;11 were more sensitive to
parthenolide-induced apoptosis. Therefore, the importance of
HSP27 and Akt activation as possible protective events in
response to parthenolide treatment, is not clear.

The stimulation of conflicting pathways promoting and
protecting from apoptosis provides a system for investigating
the roles of these stress proteins in apoptotic and/or survival
signaling. These data provide further evidence for the potential
of parthenolide as a novel therapeutic and show at least part
of the mechanism of parthenolide-induced apoptosis in ALL
cells. Further evaluation in animal models is required in order
to evaluate the bioavailability and efficacy of parthenolide
against high-risk leukemia in vivo.
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