
Abstract. ß-Elemene, a natural plant drug extracted from
Curcuma wenyujin, has shown a strong anti-glioblastoma
effect. However, the antitumor mechanism of ß-elemene
remains unclear. Mitogen-activated protein kinase kinase-3
(MKK3) and -6 (MKK6) can regulate cellular growth, fission,
differentiation and apoptosis. To illustrate the role of MKK3
and MKK6 in the anti-glioblastoma proliferation effect of
ß-elemene, U87 cells were treated with ß-elemene at various
doses or for different times, and then phosphorylated MKK3
(p-MKK3), phosphorylated MKK6 (p-MKK6), MKK3 and
MKK6 were detected by Western blot assay. After transient
transfection with dominant-negative mutant plasmids of
MKK3 and MKK6, cell viability and cell cycle stage were
determined by methyl thiazolyl tetrazolium assay and flow
cytometry, respectively. Results showed that ß-elemene inhi-
bited the proliferation of U87 glioblastoma cells and arrested
them in G0/G1 phase through up-regulating p-MKK3 and
p-MKK6 levels. In contrast, inhibition of MKK3 and MKK6
reversed the antitumor effect of ß-elemene. Furthermore,
when either MKK3 or MKK6 was inhibited by a dominant-
negative plasmid, the other was compensatorily activated in
the presence of ß-elemene. Taken together, our findings indi-
cate that mutually compensatory activation of MKK3 and
MKK6 mediates the anti-glioblastoma effect of ß-elemene.
MKK3 and MKK6 might be two putative targets for molecular
therapy against glioblastoma.

Introduction

Glioblastoma is the most common and aggressive type of
primary brain tumor, accounting for approximately 52% of
all primary intracranial tumors and 20% of all brain neoplasms.
Despite recent advances in the therapeutics of surgical resec-
tion, chemotherapy and radiotherapy, it is still difficult to
efficiently treat glioblastoma, and the prognosis for patients
with glioblastoma remains dismal (1-4).

Elemene, an effective antitumor medicine, is extracted from
natural plant Curcuma wenyujin and exists as an essential oil
mixture of ß-, Á- and ‰-elemene (5). As the major active anti-
tumor component, ß-elemene has been isolated as a mono-
meric drug and found to strongly induce apoptosis and anti-
proliferation in tumors or cells in vitro and in vivo (6-9). The
antitumor effect of ß-elemene has been demonstrated in the
treatment of various tumors, such as glioma, liver cancer,
breast carcinoma, leukemia, laryngeal cancer and ovarian
cancer (7,10-12). However, the antitumor mechanism of ß-
elemene remains unclear.

Cellular behavior in response to extracellular stimuli can be
regulated by the mitogen-activated protein kinase (MAPK)
pathways, which participate in the cascade reaction of
MAPKKK-MAPKK-MAPK. p38 MAPK, extracellular signal-
regulated kinase-1 and -2 (ERK1/2) and JNK are at the center
of three major MAPK pathways (13-17). Mitogen-activated
protein kinase kinase-3 (MKK3) and -6 (MKK6) are two
upstream kinases of p38 MAPK and play important roles in
regulating cell proliferation, differentiation and apoptosis
through phosphorylating the conserved Thr-Gly-Tyr motif in
the activation loop of p38 (18,19). MKK3/6 used to be consi-
dered two specific activators of p38 MAPK, until recent reports
that p38 MAPK also could be activated independently of
MKK3/6 through mechanisms beyond the MKKK-MKK-
MAPK cascade (20,21). In a previous study, we showed that
p38 MAPK mediated the anti-glioblastoma effect of ß-elemene
(10). Therefore, it was essential to illustrate the role of MKK3/6
in the anti-glioblastoma of ß-elemene.
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In this study, we illustrated the action of MKK3/6 in the
anti-glioblastoma proliferation effect of ß-elemene. We found
that ß-elemene inhibited the proliferation of U87 glioblastoma
cells and arrested them in G0/G1 phase through up-regulating
the expression of phosphorylated MKK3 (p-MKK3) and
phosphorylated MKK6 (p-MKK6). In contrast, inhibition of
MKK3 and MKK6 with dominant-negative plasmids reversed
the antitumor effect of ß-elemene. Furthermore, when either
MKK3 or MKK6 was inhibited, the other was compensatorily
activated in the presence of ß-elemene. These results suggest
that mutually compensatory activation of MKK3 and MKK6
mediates the anti-glioblastoma of ß-elemene. MKK3 and
MKK6 might be two putative targets for molecular therapy
against glioblastoma.

Materials and methods

Reagents, antibodies and cell culture. ß-Elemene (98% purity)
was purchased from Jingang Pharmaceutical Co. (China).
The antibodies against p-MKK3, MKK3, p-MKK6, MKK6
and GAPDH were from Abcam Inc. (UK). Reverse trans-
cription polymerase chain reaction (RT-PCR) kit and primers
were from Takara Co., Ltd. (China). Lipofectamine 2000
Transfection Reagent was from Invitrogen Corp. (USA). All
other reagents, such as propidium iodide (PI) and RNase,
were from Sigma-Aldrich (USA). The human U87 glioblas-
toma cell line and the rat C6 glioblastoma cell line were
purchased from Shanghai Cell Bank of Chinese Academy of
Sciences, maintained in Dulbecco's Modified Eagle's Medium
supplemented with 10% fetal calf serum, 50 IU/ml penicillin
and 50 mg/ml streptomycin, and grown at 37˚C in a humidified
atmosphere with 5% CO2.

Cell proliferation assay. Cell viability was detected by methyl
thiazolyl tetrazolium (MTT) assay. After cells were cultured
in the 96-well plate and treated according to needs of the
experiment, 0.5 mg/ml MTT (Sigma-Aldrich, USA) was added
to each well, and then the mixture was incubated at 37˚C for
4 h. Culture medium was replaced with 200 μl of dimethyl
sulfoxide to dissolve formazan crystals. After the 96-well plate
was shaken at room temperature for 10 min, absorbance of
each well was determined at 550 nm using a microplate reader
(Bio-Tek, USA). Five replicate wells were designed for each
cell sample.

Western blot assay. Cells were extracted with RIPA buffer
[50 mM Tris-HCl (pH 7.4), 0.25% Na-deoxycholate, 1.0%
NP-40, 1 mM EDTA, 150 mM NaCl, 1 mM aprotinin, 1 mg/ml
PMSF, 1 μg/ml leupeptin and 1 μg/ml pepstatin]. The protein
concentration in the extracts was determined using the BCA
Assay kit (Keygen Biotech. Co., Ltd., China). The proteins
were separated in 12% sodium dodecyl sulfate polyacry-
lamide gels and transferred to nitrocellulose filter membranes
(Bio-Rad, USA). The membranes were blocked with 5%
BSA at room temperature for 2 h and probed with anti-
bodies to MKK3, p-MKK3, MKK6, p-MKK6 and GAPDH
at 4˚C overnight, then incubated with horseradish peroxidase-
conjugated secondary antibodies at 37˚C for 2 h. Immuno-
reactive proteins were detected with the ECL system
(Amersham, Sweden) and scanned by Image Quant 5.2
software (Amersham).

RNA extraction and RT-PCR. Total RNA was extracted from
glioblastoma cells by the routine RNA isolation method
using TRIzol (Invitrogen, USA). The quality of RNA samples
was qualified using the DU 640 Nucleic Acid and Protein
Analyzer (Beckman Coulter, USA). The specific primers for
human MKK3, MKK6 and GAPDH were designed by Primer
5.0 software and synthesized by Takara. The sequences of
primers were as follows: MKK3: forward 5'-GGTTCCCTTA
CGAGTCCTG-3', reverse 5'-TGTCCGTCTTCTTGGTTTT-3'.
MKK6: forward 5'-GCAAGAAGCGAAACCCTG-3', reverse
5'-CTGGGAGTTGTGGAGACG-3'. GAPDH: forward 5'-AAC
GGATTTGGTCGTATTG-3', reverse 5'-GCTCCTGGAAG
ATGGTGAT-3'. RT-PCR was carried out with an RT-PCR kit
(Takara) according to the manufacturer's instructions.

Transfection. For transient transfection, cells were plated in
6-well plates at a density of 4x105 and cultured for 24 h.
Empty vector, dominant-negative MKK3 (DN-MKK3) and
dominant-negative MKK6 (DN-MKK6) plasmids (marked
with an HA tag) were transfected into glioblastoma cells
with Lipofectamine 2000 according to the manufacturer's
instructions. The DN-MKK3 and DN-MKK6 plasmids were
generously provided by Dr Jim Woodgett (Ontario Cancer
Institute, Princess Margaret Hospital, Canada).

Immunofluorescence and 4'-6-diamidino-2-phenylindole
(DAPI) staining. In each well of 24-well plates, 2x105 U87
cells were plated with polylysine-coated cover slips and
cultured for 24 h. Cells were transfected with Lipofectamine
2000 for 24 h. Cells on cover slips were washed with PBS,
fixed with methanol and then treated with 0.1% Triton X-100.
After blocking with 5% BSA, cells were incubated with
anti-HA tag antibody at a 1:200 dilution (Millipore, USA) at
4˚C overnight and labeled with FITC-conjugated antibody to
mouse IgG for 40 min at 37˚C in the dark. Cell nuclei were
stained with DAPI (Sigma-Aldrich, USA), and immuno-
fluorescent images were examined using a fluorescent micro-
scope (Leica Microsystems, Germany).

Cell cycle analysis. U87 cells were plated at a density of
4x105 in 6-well plates. When cells were 90-95% confluent,
transfection was carried out for 24 h with Lipofectamine 2000.
After treatment with 60 μg/ml ß-elemene for 24 h, cells were
harvested and washed with PBS and then fixed with 70%
ethanol at -20˚C overnight. U87 cells were stained with PI
after incubating in 0.2 mg/ml RNase at 37˚C for 1 h. Finally,
cell samples were analyzed by a FACSCalibur (Becton-
Dickinson, USA). Cell cycle phase distributions were analyzed
with CellQuest Pro software (Becton-Dickinson) and ModFit
LT software (Verity Software House, USA).

Patients and specimens. Tumor tissues originated from 20
patients (9 men and 11 women, 47±12.7 years) with glioblas-
toma who had undergone tumorectomy. Normal brain tissues
were from 19 subjects (9 men and 10 women, 44±13.1 years)
undergoing intracranial decompression without brain tumors
between 2008 and 2010 at the First Affiliated Hospital of
Dalian Medical University. The study was approved by the
Ethics Committee of Dalian Medical University and abided
by the Declaration of Helsinki, with informed consent obtained
from all study participants.
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Immunohistochemical analysis. Paraffin sections of normal
brain and glioblastoma tissues were obtained and deparaffinized.
Antigen retrieval was performed with citrate buffer pH 6.0
(Invitrogen). Non-specific sites were blocked by incubating
sections with 5% BSA in a humidified chamber for 1 h at
room temperature. The samples were incubated with 0.3%
H2O2 for 15 min to block endogenous peroxidase activity
and then labeled with different primary antibodies at proper
concentrations (1:50 for p-MKK3, p-MKK6, MKK6 and
1:25 for MKK3) for 1 h at room temperature. In subsequent
steps, we used the Vectastain ABC kit (Vector Laboratories,
USA) and DAB as a chromogen (Changdao Biotech, China).
Nuclear counterstaining of sections was performed with
hematoxylin. In each tissue, additional staining without
primary antibody was carried out in parallel as a negative
control. The integrated optical density (IOD) was used to
semi-quantitatively estimate the expression of p-MKK3/6
and MKK3/6 in Image-Pro Plus 6.0 software.

Statistical analysis. All values were expressed as means ± SD.
Statistical analysis was performed by Student's t-test. Statistical
significance was defined as p<0.05 between different groups,
and p<0.01 was highly significant. Statistical analysis was
done with SPSS software (SPSS, Inc., USA).

Results

ß-Elemene inhibits growth of both human U87 and rat C6
glioblastoma cells. To evaluate the anti-glioblastoma effect
of ß-elemene, rat C6 and human U87 glioblastoma cells were
treated with ß-elemene at different doses or for different
durations, and then a MTT assay was performed to determine
cell viability. We found that viability of ß-elemene-treated cells
decreased with increasing drug dose (Fig. 1A) or treatment
time (Fig. 1B). These results indicate that proliferation of
glioblastoma cells was inhibited dose- and time-dependently
by ß-elemene.

ß-Elemene increases phosphorylation of both MKK3 and
MKK6 in human glioblastoma cells. We reported previously
that p38 MAPK played an essential part in inhibiting glioblas-
toma cellular proliferation and arresting cell cycle progression
in the G0/G1 phase by ß-elemene (10). MKK3 and MKK6
usually are considered specific upstream kinases of p38
MAPK. However, recent research has shown that they are not
essential for activation of p38 MAPK (20,21), so it is not
certain whether MMK3/6 mediates the involvement of the
MAPK pathway in the anti-glioblastoma effect of ß-elemene.
We thus examined activity of MKK3/6 in U87 glioblastoma
cells treated with different concentrations of ß-elemene for 1 h
or 24 h by Western blot or RT-PCR assay, respectively. As
shown in Fig. 2A, phosphorylated levels of both MKK3 and
MKK6 were increased in a dose-dependent manner. However,
the expression of total MKK3/6 was not affected by ß-elemene
treatment for either 1 h (Fig. 2A) or 24 h (Fig. 2B). The
Western blot analysis results were further semi-quantitatively
estimated using Gel-Pro Analyzer 4.0 software, and the
changes in the levels of p-MKK3, MKK3, p-MKK6 and
MKK6 were illustrated by a polygram (Fig. 2C). These results
suggest that ß-elemene increased the activity of MKK3/6 to
inhibit proliferation of U87 cells.

Inhibition of MKK3 and MKK6 blocks the anti-glioblastoma
proliferation effect of ß-elemene in vitro. To test whether
MKK3/6 is critical for the ß-elemene-induced anti-proliferative
effect, we transfected U87 glioblastoma cells with DN-MKK3,
DN-MKK6 and empty plasmids, and then examined trans-
fection efficiency by fluorescence microscopy and cell growth
by MTT assay. As shown in our results, mutation plasmids
were transfected efficiently into U87 cells (Fig. 3A). The cell
proliferation activities in all DN-MKK3 (Fig. 3B, bar c), DN-
MKK6 (Fig. 3B, bar d) and DN-MKK3 + DN-MKK6 (Fig. 3B,
bar e) cells were higher than those transfected with empty
vector (Fig. 3B, bar b). These results suggest that the anti-
proliferation effect of ß-elemene was distinctly inhibited by
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Figure 1. ß-Elemene inhibits C6 and U87 cell proliferation. (A) C6 and U87 cells were treated with ß-elemene at different concentrations (0, 20, 40, 60 and
80 μg/ml) for 24 h, and then cell viability was determined by MTT assay. (B) C6 and U87 cells were treated by ß-elemene for different times (0, 12, 24, 36
and 48 h) at a concentration of 60 μg/ml, and then cell viability was determined by MTT assay. The viability of ß-elemene-treated cells decreased with
increasing drug dose or treatment time.
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blocking the MKK3/6 pathway. Therefore, the inhibitory
effect of ß-elemene on the growth of human glioblastoma cells
depended on activation of the MKK3/6 pathway.

Inhibition of MKK3 and MKK6 blocked ß-elemene-induced
G0/G1-phase arrest in human glioblastoma cells. To explore
the mechanism by which ß-elemene inhibits glioblastoma
cell growth, we evaluated cell cycle progression by flow cyto-
metry after U87 cells were transfected with five combinations

of plasmids and treated with 60 μg/ml ß-elemene for 24 h.
The percentages of the five groups of cells in G0/G1 phase
were illustrated in Fig. 4F. The fraction of U87 cells in the
G0/G1 phase was higher in the ß-elemene-treated group
(Fig. 4A) than the ß-elemene-untreated group (Fig. 4E,
p<0.01). The percentage of U87 cells in G0/G1 phase in all the
DN-MKK3 (Fig. 4C), DN-MKK6 (Fig. 4B) and DN-MKK3/6
co-transfected cells (Fig. 4D) was lower than in the empty
vector group treated by ß-elemene (Fig. 4A). These results
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Figure 2. ß-Elemene increased phosphorylation of MKK3 and MKK6. (A) U87 cells were treated with different concentrations of ß-elemene for 1 h and
extracted with protein lysis buffer. p-MKK3, MKK3, p-MKK6 and MKK6 were measured by Western blot analysis. p-MKK3 and p-MKK6 (and not total
MKK3 or MKK6) were enhanced dose-dependently by ß-elemene. (B) After U87 cells were treated with various concentrations of ß-elemene for 24 h, total
RNA was extracted. RT-PCR was performed using specific primers for MKK3, MKK6 and GAPDH. Expression of total MKK3 and MKK6 was not affected
by 24-h ß-elemene. (C) The Western blot results (A) were further analyzed using Gel-Pro Analyzer 4.0 software. The changes in the levels of p-MKK3,
MKK3, p-MKK6 and MKK6 were illustrated by a polygram. The results are representative of three independent experiments.

Figure 3. Transfection with DN-MKK3 and DN-MKK6 plasmids inhibited the ß-elemene-induced anti-proliferation effect in U87 cells. (A) After transfection
with DN-MKK3 or DN-MKK6, U87 cells were labeled with anti-HA tag antibody and stained with DAPI. A high transfection efficiency was confirmed using
a fluorescence microscope. (B) Empty vector, DN-MKK3, DN-MKK6 or DN-MKK3 + DN-MKK6 were transfected into U87 cells prior to 24-h treatment
with 60 μg/ml ß-elemene. Proliferation activity was measured by MTT assay. Although DN-MKK3 (B, bar c) or DN-MKK6 (B, bar d) alone partially
inhibited the action of ß-elemene (p<0.05), co-transfection (B, bar e) with these two mutant plasmids nearly completely blocked the anti-proliferation effect of
ß-elemene (p<0.01). Data shown represent means ± SD from three independent experiments performed in triplicate (*p<0.05, **p<0.01). 
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suggest that ß-elemene-induced inhibition of U87 cell prolifer-
ation was likely due to G0/G1-phase arrest mediated by
activation of MKK3/6 pathway.

Compensatory increases in MKK3 or MKK6 phosphorylation
by ß-elemene when the other was inhibited with a dominant-
negative plasmid. We were intrigued by the findings from the
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Figure 4. Transfection with DN-MKK3 and DN-MKK6 plasmids reverses ß-elemene-induced G0/G1-phase arrest in U87 cells. (A-E) After transfection with
different plasmids for 24 h, U87 cells were treated with 60 μg/ml ß-elemene for 24 h, and then cell cycle progression was determined by flow cytometry. (F)
The percentages of all groups of cells in G0/G1 phase were illustrated by a vertical bar chart. The fraction of U87 cells in G0/G1 phase was higher in the
ß-elemene-treated group (A) than the ß-elemene-untreated group (E, p<0.01). The percentages of U87 cells in G0/G1 phase in the DN-MKK3 (C), DN-MKK6
(B) and co-transfected group (D) were lower than in the empty vector group treated by ß-elemene (A). The data are representative of three independent
experiments (*p<0.05, **p<0.01).

Figure 5. When either MKK3 or MKK6 was inhibited by a dominant-negative construct, the activity of the other was increased compensatorily by ß-elemene.
U87 cells were transfected with DN-MKK3 or DN-MKK6 for 24 h (control, empty vector) and treated with 60 μg/ml ß-elemene for 24 h. p-MKK6/3 and total
MKK6/3 proteins were measured by Western blot assay. (A) Under the action of ß-elemene, p-MKK3 compensatorily increased when MKK6 was inhibited
by DN-MKK6. (B) Under the action of ß-elemene, p-MKK6 compensatorily increased when MKK3 was inhibited by DN-MKK3. (C) The results of Western
blots were analyzed with Gel-Pro Analyzer 4.0 software. The alterations in protein level were illustrated by a vertical bar chart. The results are representative
of three independent experiments (**p<0.01).
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cell viability and cell cycle arrest assays that co-transfecting
DN-MKK3 and DN-MKK6 offset the effect of ß-elemene on
U87 cells more markedly than expected from the additive
effect of the DN-MKK3 and DN-MKK6 single transfections.
Thus, we supposed that some redundancy might exist bet-
ween MKK3 and MKK6. To elucidate this relationship, U87
cells were transfected with DN-MKK3 or DN-MKK6 for 24 h
(with the empty vector as control) and then treated with
60 μg/ml ß-elemene for 24 h. p-MKK6/3 and total MKK6/3
proteins were measured in the lysis products by Western blot
analysis (Fig. 5A and B). The results of the Western blots
were analyzed using Gel-Pro Analyzer 4.0 software. The
alterations in protein levels were illustrated by a vertical bar
chart (Fig. 5C). We found that under the action of ß-elemene,
the expression of p-MKK3 was higher in DN-MKK6 cells
than controls (p<0.01), and p-MKK6 was also significantly
increased in DN-MKK3 cells in comparison with controls
(p<0.01). Therefore, when either MKK3 or MKK6 was

inhibited by a dominant-negative construct in U87 cells, the
other was activated compensatorily by ß-elemene.

Overexpression of MKK3/6 and p-MKK3/6 in human glio-
blastoma tissue. To evaluate the expression levels of MKK3/6
and p-MKK3/6 in human glioblastoma tissue, immunohisto-
chemistry on glioblastoma and normal brain tissues was
performed using antibodies against MKK3, p-MKK3, MKK6
and p-MKK6 (Fig. 6A). Image-Pro Plus 6.0 software was
applied to calculate the IOD of each group (the same selected
areas and magnifications in all images), and then statistical
analysis was performed. Each group's IOD was illustrated
in a vertical bar chart (Fig. 6B). We found in this assay that
the IOD values reflecting the expression of MKK3/6 and p-
MKK3/6 in the glioblastoma (abbreviated ‘GBM’ in Fig. 6A,
panels a-d) group were significantly higher than in the
normal brain group (abbreviated ‘NB’ in Fig. 6A, panels e-h)
(p<0.01). These results suggest that the expression of both
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Figure 6. Immunohistochemical analysis of glioblastoma (GBM) and normal brain (NB) tissue to determined the expression of MKK3/6 and p-MKK3/6. (A)
After tissues were prepared following routine protocols, sample slides were detected using antibodies of MKK3, p-MKK3, MKK6 and p-MKK6 by immuno-
histochemistry. IOD was analyzed using Image-Pro Plus 6.0 software (the same selected areas and magnifications in all the images). Individual tumor cells
(inset black squares) were magnified to facilitate interpretation of the staining pattern (A, panels a-e and g). (B) Each group IOD was illustrated by a vertical
bar chart. IOD for MKK3, p-MKK3, MKK6 and p-MKK6 were higher significantly in GBM groups (A, panels a-d) than NB groups (A, panels e-h)
(**p<0.01). Serial sections stained with control antibodies were negative (data not shown). Original magnifications, x200.
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total and phosphorylated forms of MKK3/6 were up-regulated
in human glioblastoma.

Discussion

p38 MAPK, ERK and JNK are three major MAPKs that
regulate mammalian cellular behaviors. As two important
members of the MKKK-MKK-MAPK cascade reaction,
MKK3 and MKK6 can activate the p38 MAPK pathway to
regulate cellular growth, fission, differentiation and apoptosis.
MKK3/6 can be activated through phosphorylation by
MKKKs. Those MKKKs responsible for activating the
MKK3/6-p38 MAPK pathways seem to be cell type-specific
and stimulus-specific, including TAK1, ASK1, MLKs and
some members of the MEKK family (22,23). Previously, we
reported that p38 MAPK mediated the anti-glioblastoma
action of ß-elemene. Although MKK3/6 used to be considered
two specific kinases of p38, p38 is now known to be also
activated through MKK3/6-independent mechanisms (20,21).
Therefore, MKK3/6 is the key factor in our research of the
anti-glioblastoma mechanisms of ß-elemene. The present
study shows that ß-elemene inhibited proliferation of glio-
blastoma cells and arrested cells in G0/G1 through activating
the MKK3/6 pathway. In contrast, inhibition of MKK3 and
MKK6 reversed the anti-glioblastoma effect of ß-elemene.
These results indicate that the anti-glioblastoma action of ß-
elemene depends on activation of MKK3/6 in vitro. This
conclusion is supported by the fact that MKK3/6 also
frequently mediates the antitumor effects of various drugs,
such as isoflavone derivative, sodium butyrate, TNF-· and
gemcitabine (24-27). Therefore, considering the key role in
inhibiting the proliferation of human glioblastoma cells,
activation of MKK3/6 by ß-elemene provides an important
strategy for molecular therapy against glioblastoma.

Many studies have shown that the activities of p38 MAPK,
ERK and JNK are altered in various malignant tumors, such
as breast carcinoma, brain cancer, hepatoma and renal carci-
noma (28-35). Altered activity of MKK3/6 has also been
seen in carcinomas of breast, brain, prostate, liver and other
tissues (28-31). To further illustrate the relationship between
MKK3/6 and glioblastoma, MKK3/6 and p-MKK3/6 in human
glioblastoma tissues were determined by immunohisto-
chemistry. The expression of both MKK3/6 and p-MKK3/6
were increased in human glioblastoma tissues, suggesting
that the MKK3/6 pathway might be related to the development
of human glioblastoma. However, it is worth noting that the
roles of MKK3/6 activation in glioblastoma development and
in mediating the anti-glioblastoma effect of ß-elemene are
not necessarily functionally contradictory, as a similar dicho-
tomy has been seen with ERK in breast cancer (28,36) and
p38 MAPK in glioma (29,10). The defensive activation of
MKK3/6 or other more complicated mechanisms cannot be
ruled out in the development of glioblastoma. In short, although
more clinical samples and animal experiments are still needed,
our results enhance the rationality of molecular therapies for
glioblastoma that target MKK3/6.

In addition, the data presented here show that combined
inhibition of MKK3 and MKK6 counteracted the anti-glioblas-
toma effect of ß-elemene more effectively than blocking MKK3
or MKK6 singly, and it even surpassed the additive effect of

MKK3 and MKK6 inhibition. Our further investigations
indicated that MKK3 and MKK6 compensated functionally
for each other when one of them was inhibited. Although the
compensatory mechanism between MKK3 and MKK6 is still
unclear, negative feedback in the Ras/MKK3/ p38-JNK-
MKK1/2/ERK pathway has been reported (37), which partially
illuminates the potentially complicated cross-talk among
MKK/MAPK pathways. In the future, the compensatory
mechanism or negative feedback in which MKK3/6 participates
should be worth studying in molecular therapies targeting
MKK3/6.

In conclusion, we propose that mutually compensatory
activation of MKK3 and MKK6 mediates the anti-
glioblastoma effect of ß-elemene. MKK3 and MKK6 are
involved in the development of human glioblastoma, and might
be two novel molecular targets for glioblastoma therapy.
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