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      Abstract
 A previous study indicated that reactive oxygen species (ROS) and nitric oxide (NO) played pivotal roles in mediating cytotoxicity 
of evodiamine in human cervix carcinoma HeLa cells. This study suggested that G2/M cell cycle arrest was triggered by 
ROS/NO productions with regulations of p53, p21, cell division cycle 25C (Cdc25C), Cdc2 and cyclin B1, which were able 
to be prevented by protein tyrosine kinase (PTK) activity inhibitor genistein or JNK inhibitor SP600125. The decreased 
JNK phosphorylation by addition of Ras or Raf inhibitor, as well as the increased cell viability by addition of insulin-like 
growth factor-1 receptor (IGF-1R), Ras, Raf or c-Jun N-terminal kinase (JNK) inhibitor, further demonstrated that the 
Ras-Raf-JNK pathway was responsible for this PTK-mediated signalling. These observations provide a distinct look at PTK 
pathway for its suppressive effect on G2/M transition by inductions of ROS/NO generations.  

  Keywords:   Reactive oxygen species (ROS)  ,   nitric oxide (NO)  ,   cell cycle arrest  ,   protein tyrosine kinase (PTK)  ,   evodiamine  ,  
 genistein    
 Introduction 

 Reactive oxygen species (ROS) and nitric oxide (NO) 
are two major forms of free radicals. ROS are small, 
highly reactive, oxygen-containing molecules that are 
naturally generated endogenously as by-products of 
cellular metabolism [1]. NO is a highly reactive gas-
eous free radical generated by a heme enzyme NO 
synthase (NOS)-mediated oxidation of L-arginine 
[2]. Under physiological conditions, free radicals are 
part of the normal cellular redox state, the balance of 
which is tightly controlled by a defence system of anti-
oxidants including enzymes such as glutathione per-
oxidase, catalase and superoxide dismutase. Disturbed 
balance between pro-oxidants and antioxidants is 
considered as oxidative stress, which is one major 
source of the intrinsic DNA damage [3]. Cell cycle 
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checkpoints can be activated by oxidative stress to 
arrest cell cycle progression to allow repair DNA in 
response to DNA damage. There are at least two 
checkpoints to monitor DNA damage: one at the 
G1/S transition and the other at the G2/M transition. 
The G1/S checkpoint prevents replication of dam-
aged DNA; whereas the G2/M checkpoint inhibits 
the segregation of damaged chromosomes [4]. Two 
key families of proteins, protein kinase sub-units 
called cyclin-dependent protein kinases (Cdk) and 
activating proteins called cyclins, can bind together 
and activate Cdk kinases activities through phospho-
rylations to control cell cycle progression [5]. These 
control mechanisms determine a temporary arrest at 
a specifi c stage of cell cycle to allow the cell to correct 
possible defects. 
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 It is well known that protein tyrosine kinases 
(PTKs) recruit a large network of protein (Ser/Thr) 
kinases including the Ras-Raf-mitogen-activated pro-
tein kinase (MAPK) cascade to execute their cellular 
programmes [6]. PTK activity can be suppressed by 
genistein, which can bind with a common, highly con-
servative sequence at, or near to, the ATP-binding 
domain of PTK, parallelled with its enzymatic activity 
[7]. Extracellular signal-regulated kinases (ERK1/2), 
p38 MAPK and c-Jun N-terminal kinase (JNK) are 
the major mammalian MAPKs. In general, ERK1/2 
is a major growth-signalling kinase; whereas JNK and 
p38 MAPK infl uence cell survival, apoptosis, differ-
entiation and infl ammation [8]. 

 Evodiamine is a bioactive quinozole alkaloid extract 
from the dried, unripe fruit of  Evodia rutaecarpa 
Bentham  ( Rutaceae ) and has been found to present 
anti-tumour growth, anti-obesity, anti-anoxic, anti-
nociceptive and vasorelaxant effects [9 – 13]. In our 
previous study, we have demonstrated that evodi-
amine can induce human melanoma A375-S2 cell 
and human cervix carcinoma HeLa cell apoptosis 
[14 – 16]. In this study, we provided a detailed look at 
the effect of evodiamine treatment on HeLa cells. 
Interesting fi nding was disclosed after co-incubation 
of HeLa cells with PTK pathway inhibitors and evo-
diamine, with the preventive effect of PTK, Ras, Raf or 
JNK inhibitor on evodiamine-induced G2/M cell cycle 
arrest and ROS/NO productions. This potential PTK 
pathway on regulating the redox status in evodiamine-
treated HeLa cells attracted us to further explore the 
possible mechanisms to be involved in.   

 Materials and methods  

 Reagents 

 Evodiamine was obtained from Beijing Institute of 
Biological Products (Beijing, China); and its purity 
was determined to be  ∼  98% by HPLC measurement. 
Evodiamine was dissolved in dimethyl sulphoxide 
(DMSO) to make a stock solution and diluted by 
RPMI-1640 (Gibco, Grand Island, NY) before the 
experiments. DMSO concentration in all cell cultures 
was kept below 0.001%, which had no detectable effect 
on cell growth or death. 3-(4,5-dimetrylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), 3,3-diamin-
obenzidine tetrahydrochloride (DAB), propidium 
iodide (PI), genistein, SP600125, AG1024, AG1478, 
manumycin A, GW5074, PD98059, SB203580, 
 N -acetyl-cysteine (NAC), N G -nitro- L-arginine methyl 
ester (L-NAME), 2 ′ ,7 ′ -dichlorofl uorescein diacetate 
(DCF-DA), 4,5-diaminofl uorescein diacetate (DAF-
2DA), rhodamine-123, PMSF, aprotinin and leupep-
tin were purchased from Sigma Chemical (St. Louis, 
MO). Polyclonal antibodies against JNK, phospho-
JNK, p53, phospho-p53, p21, phospho-Cdc25C, 
phospho-Cdc2, cyclin B1,   b  -actin and horseradish 
peroxidase-conjugated secondary antibodies were 
obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA).   

 Cell culture 

 HeLa, human cervical carcinoma cells, were obtained 
from American Type Culture Collection (ATCC, 
#CCL-2, Manassas, VA) and were cultured in RPMI-
1640 medium supplemented with 10% heat inacti-
vated (56 ° C, 30 min) foetal calf serum (Beijing 
Yuanheng Shengma Research Institution of Biotech-
nology, Beijing, China), 2 mM L-glutamine (Gibco, 
Grand Island, NY), 100 kU/L penicillin and 100 
mg/L streptomycin (Gibco) at 37 ° C in 5% CO 2 . Cells 
in the exponential phase of growth were used in the 
experiments.   

 Flow cytometric analysis using PI 

 After treatment with drugs, 1  �  10 6  cells were har-
vested, washed with PBS, then fi xed in 70% methanol 
and, fi nally, maintained at 4 ° C for at least 12 h. Then 
the cell pellets were stained with the fl uorescent probe 
solution containing PBS, 50  μ g/ml PI and 1 mg/ml 
DNase-free RNaseA for 30 min on ice in the dark. 
DNA fl uorescence of PI-stained cells was evaluated by 
a FACScan fl ow cytometer. A minimum of 10 000 cells 
were analysed per sample and the DNA histograms 
were gated and analysed further using Modfi t software 
on a Mac workstation to estimate the percentage of 
cells in various phases of the cell cycle [17].   

 Measurement of intracellular ROS generation 

 After drug treatments, the cells were incubated with 
10  μ M DCF-DA at 37 ° C for 15 min to assess ROS-
mediated oxidation of DCF-DA to the fl uorescent 
compound 2′  ,7 ′ -dichlorofluorescein (DCF). Then 
the cells were harvested and the pellets were sus-
pended in 1 ml PBS. Samples were analysed at an 
excitation wavelength of 480 nm and an emission 
wavelength of 525 nm by a FACScan fl ow cytometer 
(Becton Dickinson, Franklin Lakes, NJ) [18].   

 Measurement of intracellular NO generation 

 The intracellular NO was detected using DAF-2DA as 
described [19] with some modifi cations. DAF-2DA, a 
nitric oxide fl uorescent probe, can react with NO within 
viable cells to produce a fl uorescent compound DAF-
2T. After drug treatments, the cells were collected and 
resuspended in PBS and then incubated with 10  μ M 
DAF-2DA at 37 ° C for 45 min. Samples were then 
analysed at an excitation wavelength of 485 nm and an 
emission wavelength of 515 nm by a FACScan fl ow 
cytometer (Becton Dickinson, Franklin Lakes, NJ).   



794 J. Yang et al.

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 Measurement of  Δ Ψm 

  Δ  Y m was measured by the incorporation of a cationic 
fl uorescent dye rhodamine 123 as described [20]. 
After incubation with 21  μ M evodiamine for 24 h 
with or without 80  μ M genistein or 40  μ M SP600125, 
the cells were stained with 1  μ g/ml rhodamine 123 
and incubated at 37 ° C for 15 min. The fl uorescence 
intensity of cells  in situ  was observed under fl uores-
cence microscopy. Quantitative assay was performed 
by a similar staining procedure as above. After treat-
ment with evodiamine, the cells were instead collected 
and suspended in 1 ml PBS containing 1  μ g/ml rho-
damine 123 and incubated at 37 ° C for 15 min. The 
fl uorescence intensity of cells was analysed within 15 
min by a FACScan fl ow cytometer (Becton Dickinson, 
Franklin Lakes, NJ).   

 Assessment of cell viability 

 HeLa cells were dispensed in 96-well fl at bottom 
microtiter plates (NUNC, Roskilde, Denmark) at 
a density of 1  �  10 5  cells/ml. After 12 h incubation, 
the cells were treated with or without genistein, 
SP600125, AG1024, AG1478, manumycin A, 
GW5074, PD98059, SB203580, NAC or L-NAME 
at given concentrations 1 h prior to the administra-
tion of 21  μ M evodiamine for the indicated time 
periods. Cell viability was measured using the MTT 
assay as described elsewhere [21] with a plate reader 
(Bio-Rad, Hercules, CA). 

 The percentage of cell viability was calculated as 
follows: 

 Cell viability (%)  �  (A490,sample  –  A490,blank)/
(A490,control  –  A490,blank)]  �  100   

 Western blot analysis 

 HeLa cells were treated with 21  μ M evodiamine for 
0, 12 or 24 h or co-incubated with the given inhibitors 
for 24 h. Both adherent and fl oating cells were col-
lected and then Western blot analysis was carried out 
as previously described [22] with some modifi cation. 
Briefl y, the cell pellets were resuspended in lysis buf-
fer, including 50 mM Hepes (pH 7.4), 1% Triton – X 
100, 2 mM sodium orthovanadate, 100 mM sodium 
fl uoride, 1 mM edetic acid, 1 mM PMSF (Sigma), 
10  μ g/mL aprotinin, 10  μ g/mL leupeptin and lysed on 
ice for 60 min. After centrifugation of the cell suspen-
sion at 13 000 � g for 15 min, the protein content of 
supernatant was determined by Bio-Rad protein assay 
reagent (Bio-Rad, Hercules, CA). The protein lysates 
were separated by electrophoresis in 12% SDS-
polyacrylamide gel electrophoresis and blotted onto 
nitrocellulose membrane (Amersham Biosciences, 
Piscataway, NJ). Proteins were detected using poly-
clonal antibody and visualized using anti-rabbit, anti-
mouse or anti-goat IgG conjugated with horseradish 
peroxidase (HRP) and 3,3-diaminobenzidine tetrahy-
drochloride (DAB) as the substrate of HRP.   

 Statistical analysis 

 The results are presented as Mean ± SD. Compari-
sons between groups were made using Student’s 
 t -test. A  p -value less than 0.05 was considered to rep-
resent a statistically signifi cant difference.    

 Results  

 ROS and NO generations contributed to the 
evodiamine-stimulated G2/M cell cycle arrest 

 To obtain a more comprehensive view of the effects of 
ROS and NO productions on evodiamine-triggered 
HeLa cell damage, fl ow cytometry was introduced to 
analyse cell cycle progression by PI staining. The peak 
of DNA fragments in cell cycle analytic diagrams 
locates at the left of the normal G0/G1 phase peak, 
which is defi ned as SubG0/G1 peak [23]. As shown in 
Figure 1, G2/M percentage was dramatically decreased 
from 43.1% by evodiamine alone to 6.6% ( p   �  0.01) 
or 22.2% ( p   �  0.01) in the presence of NAC or 
L-NAME, as well as the markedly reduced SubG0/G1 
percentage from 28.6% by evodiamine alone to 8.4% 
( p   �  0.01) or 15.2% ( p   �  0.01) in the presence of 
NAC or L-NAME. Therefore, the productions of ROS 
and NO played pivotal roles in regulating evodiamine-
induced apoptosis and G2/M cell cycle arrest.   

 Genistein and SP600125 prevented the evodiamine-
triggered ROS generation 

 Genistein was shown to be a specifi c and potent inhib-
itor of PTK activity, as well as an effective antioxidant. 
SP600125 is a reversible ATP-competitive inhibitor 
specifi c for the three isoforms of JNK [24]. To detect 
the relationship between PTK signalling and ROS 
generations, intracellular ROS level was determined 
by using ROS-detecting fl uorescent dye DCF-DA 
after pre-treatment with genistein or SP600125 in 
evodiamine-administered cells. As shown in Figure 2, 
the ratio of DCF positive cells dropped remarkably 
from 67.4% by evodiamine alone to 10.7% ( p   �  0.01) 
or 20.7% ( p   �  0.01) in the presence of genistein or 
SP600125 at 24 h; while pre-incubation with NAC 
abolished ROS generation to 7.1% ( p   �  0.01), which 
served as the positive control group. This result 
revealed that the intracellular ROS productions were 
probably regulated by PTK and JNK.   

 Genistein and SP600125 decreased the evodiamine-
induced NO generation 

 Similar investigation was performed to examine 
the relationship between PTK signalling and NO 
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production. By staining the cells with DAF-2DA, a 
membrane-permeable derivative of the NO sensitive 
fl uorophore DAF-2, the burst of DAF-2T fl uores-
cence in evodiamine-treated cells at 24 h was largely 
reduced from 45.3% to 20.21% ( p   �  0.01) or 25.06% 
( p   �  0.01) by pre-incubation with genistein or 
SP600125; while pre-treatment with NOS inhibitor 
L-NAME, a methyl ester derivate of the NOS sub-
strate L-arginine, attenuated NO generation to 
17.48% ( p   �  0.01) (Figure 3). Thus, NO production 
was closely related to PTK signalling.   

 Genistein and SP600125 prevented evodiamine-induced 
 DY m dissipation 

 To test whether mitochondrial damage was also 
affected by genistein or SP600125, the change in 
 DY   m was determined by rhodamine 123 staining. 
FACScan analysis showed that exposure of HeLa 
cells to evodiamine decreased the fl uorescent inten-
sity of rhodamine 123 staining from 95.4% in 
untreated cells to 50.5%; whereas pre-treatment with 
genistein or SP600125 rescued evodiamine induced 
the loss of DY  m   from 50.5% to 83.5% ( p   �  0.001) 
or 73.9% ( p   �  0.001) (Table I), respectively. These 
data suggested that notable deprivation of DY  m was 
triggered by PTK and JNK signalling in evodiamine-
treated HeLa cells.   

 Genistein and SP600125 suppressed evodiamine-
triggered G2/M cell cycle arrest 

 Since genistein and SP600125 are both indicated 
here to be closely related to the stimulation of ROS 
and NO burst from our results, we tested whether 
apoptosis and G2/M cell cycle could be prevented by 
administration of genistein or SP600125. After treat-
ment with evodiamine for 24 h, FACScan analysis of 
DNA content by PI staining showed that the percent-
age of SubG0/G1 or G2/M was obviously increased 
to 28.6% or 43.1%, as compared with 1.0% ( p   �  0.001) 
or 11.1% ( p   �  0.001) in the untreated group, indicat-
ing that evodiamine induced signifi cant apoptosis and 
G2/M arrest in HeLa cells. When co-incubated with 
genistein or SP600125, the percentage of SubG0/G1 
or G2/M was remarkably reduced from 28.6% or 
43.1% for evodiamine alone to 5.5% ( p   �  0.01) or 
18.8% ( p   �  0.01) in the presence of genistein, as well 
as to 11.2% ( p   �  0.01) or 21.1% ( p   �  0.01) in the 
presence of SP600125 (Figure 4). Therefore, genistein 
and SP600126 contributed their protective roles in 
promoting cell cycle progression in evodiamine-
incubated HeLa cells.   

 Evaluate critical factors in mediating evodiamine-
induced cell growth inhibition 

 MTT assay displayed that cell viability in evodiamine-
treated cells was markedly elevated from 49.7% to 70.9% 
( p   �  0.001) by 40  μ M genistein, 84.9% ( p   �  0.001) 
by 80  μ M genistein, 60.4% ( p   �  0.01) by 20  μ M 
SP600125 or 73.7% ( p   �  0.001) by 40  μ M SP600125 
(Figure 5A), respectively. This result further illus-
trated the possible role of PTK and JNK in cell 
growth inhibition. 

 Increasing evidence suggests that the mechanism 
underlying the transactivation of PTK, such as 
epidermal growth factor receptor (EGFR) and insulin-
like growth factor-1 receptor (IGF-1R), involves the 
signalling pathway of Ras-Raf-MEK-MAPK [25,26]. 
Since genistein was found here to present its remark-
able protective effect on evodiamine-treated HeLa 
cells, we further tested whether PTK pathway mole-
cules were stimulated and exerted their roles in cell 
growth inhibition. Thus, IGF-1R inhibitor AG1024, 
EGFR inhibitor AG1478, Ras inhibitor manumycin A, 
Figure 1. Suppressive effect of NAC or L-NAME on evodiamine-
induced G2/M cell cycle arrest. The cells were pre-treated 
with 10 mM NAC or 20 mM L-NAME (NAME) for 1 h, 
followed by an additional 21 μM evodiamine for 24 h. The DNA 
content was analysed by fl ow cytometry after PI staining. The 
corresponding linear diagram of the FACScan histograms is 
expressed at the bottom. Data from a representative experiment 
(n � 3) are shown.
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Raf inhibitor GW5074, ERK inhibitor PD98059 
and p38 inhibitor SB203580 were introduced in the 
MTT assay. As shown in Figure 5B, after pre-
incubation with increasing concentrations of 
AG1024, manumycin A or GW5074, a signifi cant 
protective effect of each inhibitor on cell viability was 
found in a dose-dependent manner, as compared with 
the evodiamine-treated group, indicating that IGF-
1R, Ras and Raf all played cytotoxic roles in evodi-
amine-treated cells. However, AG1478, PD98059 or 
SB203580 was not shown signifi cant protective effect 
on evodiamine-treated cells by MTT assay, suggest-
ing that EGFR, ERK and p38 MAPK were not 
involved in mediating evodiamine-induced cytotoxic-
ity. Additionally, by introducing ROS non-enzymatic 
scavenger NAC and NOS inhibitor L-NAME, the 
result from MTT assay was observed to be consistent 
with the result obtained in Figure 1 that ROS and 
NO contributed their potential roles in mediating cell 
growth inhibition induced by evodiamine. 
 Since SP600125 was found to be able to reverse 
evodiamine-triggered growth inhibition, JNK was 
believed to be an essential downstream effector of 
evodiamine. Western Blot analysis showed us that 
JNK was triggered by evodiamine through phospho-
rylation with the intact total JNK; while the phospho-
rylation of JNK was markedly attenuated by addition 
of genistein, NAC or L-NAME and was moderately 
decreased by addition of manumycin A or GW5074 
(Figure 5C). Taken together, these data suggested 
PTK signalling cascade PTK-Ras-Raf as well as gen-
erations of ROS and NO both acted as critical factors 
in regulating JNK activation to facilitate evodiamine-
induced cell growth inhibition.   

 Evaluate important downstream effectors in mediating 
G2/M cell cycle arrest 

 p53 is acknowledged as the mediator of either 
apoptosis or cell cycle arrest in response to DNA 
Figure 2. Suppressive effect of NAC, genistein or SP600125 on evodiamine-induced ROS production. The cells were cultured in the 
presence or absence of 10 mM NAC, 80 μM genistein (Gen), 40 μM SP600125 (SP) for 1 h prior to the addition of 21 μM evodiamine 
and then incubated for 24 h. Then the cells were loaded with DCF-DA and examined by fl ow cytometry. The corresponding linear diagram 
of the FACScan histograms is expressed at the bottom. Data from a representative experiment (n � 3) are shown.
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damage, thus acting as a molecular ‘guardian of the 
genome’ [27]. p21, an inhibitor of most of the 
cyclin-dependent kinases (CDKs) which help to 
regulate the cell cycle, is an important target of p53 
Table I. FACScan analysis of the protective effect of genistein or 
SP600125 on evodiamine-triggered ΔΨm dissipation.

Group M1 (%)

Control 95.4 � 2.4
EV 50.5 � 3.6
Gen � EV 83.5 � 2.7#

SP � EV 73.9 � 3.0#

The cells were incubated with 21 μM evodiamine or coincubated 
with 21 μM evodiamine and 80 μM Genistein (Gen) or 40 μM 
SP600125 (SP) for 24 h. After loading with rhodamine-123 1 μg/
ml, cells were measured for DYm b y a FACScan fl owcytometery. 
The cells in M1 zone represent the rhodamine positive cells. Data 
from a representative experiment (n � 3) are shown. Values are 
expressed as mean ± SD. #p � 0.001 vs evodiamine-treated group.
[28]. Detections of expressions of p53 and phos-
pho-p53 by Western blot analysis revealed that 
phospho-p53, one active form of p53, and p21 were 
both notably upregulated by evodiamine in a time-
dependent manner, without any changes in p53 
expression. However, co-incubation with genistein, 
SP600125, NAC or L-NAME for 24 h apparently 
prevented these enhancements (Figure 6A), sug-
gesting that the productions of ROS/NO and the 
stimulation of PTK signalling lead to the inductions 
of p53 and p21. 

 The fi nal effector in the G2/M checkpoint is the 
Cdc2/cyclin B1 complex as being essential for the 
transition from G2 into mitosis [29]. Upon DNA 
damage, the cell division cycle 25C (Cdc25C) phos-
phatase can no longer remove inhibitory phosphates 
from Cdc2, thus preventing the Cdc2/cyclin B1 
complex from breaking down the nuclear envelope, 
condensing chromosomes and other events that 
Figure 3. Inhibitory effect of L-NAME, genistein or SP600125 on evodiamine-induced NO production. The cells were cultured in the 
presence or absence of 20 mM L-NAME (NAME), 80 μM genistein (Gen) or 40 μM SP600125 (SP) for 1 h prior to the addition of 21 
μM evodiamine and then incubated for 24 h. DAF-2T, the fl uorescent dye product of DAF-2 in reaction with NO, was measured 
fl uorometrically at 1 h post-treatment. The corresponding linear diagram of the FACScan histograms is expressed at the bottom. Data 
from a representative experiment (n � 3) are shown.
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occur in early mitosis [30]. To further delineate the 
role of PTK signalling and ROS/NO in G2/M cell 
cycle arrest, crucial G2/M regulators Cdc25C, Cdc2 
and cyclin B1 were examined in the presence of 
these inhibitors. As shown in Figure 6B, the inactive 
form of Cdc25C, phospho-Cdc25C, increased with 
time obviously after evodiamine treatment; while 
the active form Cdc25C decreased simultaneously. 
In addition, phosphorylation of Cdc2 at Tyr15 
was also found augmented time-dependently after 
incubation with evodiamine, with the detection of a 
slight decrease in cyclin B1 expression. However, 
pre-treatment with genistein, SP600125, NAC or 
L-NAME effi ciently prevented the phosphorylations 
of Cdc25C and Cdc2, as well as the detectable 
increase in cyclin B1. Taken together, these results 
indicated that ROS/NO generation and PTK signal-
ling both acted as upstream regulators of G2/M cell 
cycle arrest by targeting various G2/M cell cycle 
checkpoints.    
 Discussion 

 PTKs are a large family of enzymes that transfer 
 γ −phosphate of ATP to Tyr hydroxyl group in proteins, 
which has been proposed to play a major role in reg-
ulating cell proliferation and differentiation, promot-
ing cell migration and survival and modulating 
cellular metabolism [31]. In our study, it was shown 
that PTK signalling molecules Ras and Raf were trig-
gered in mediating evodiamine-induced HeLa cell 
growth inhibition, in the process of which JNK, rather 
than ERK and p38 MARK, acted as an central down-
stream effector (Figure 7). This interesting fi nding 
gives us an important clue that the PTK pathway can 
not only play a known proliferative role, but also an 
anti-proliferative role in cancer cell growth by using 
the same signalling cascade Ras-Raf-MAPK, which 
was then found to be closely related to the burst of 
ROS/NO productions. 

 Recently, the activation of Ras-Raf-MAPK path-
way has been shown to cause growth arrest in several 
cell types. The Ras-Raf-ERK pathway was reported 
to be involved in naringin-induced G1-cell cycle 
arrest via p21 expression in 5637 cancer cells [32]. 
Similarly, Ras-induced G1 arrest and cell senescence 
in primary human or rodent cells was reported to be 
associated with the accumulation of p53 and p16 
[33]. Thus, the Ras-Raf-MARK pathway can pro-
mote growth arrest by inducing several CDK inhibi-
tors, including p21, p53 and p16, in a cell-specifi c 
manner. Consistent with these fi ndings, the potent 
inhibitory effects of both genistein and SP600125 on 
p53 and p21 activations observed in this study further 
illustrated that Ras-Raf-MARK pathway could trigger 
cell cycle arrest by inducing several CDK inhibitors. 
Moreover, the present study revealed that among 
PTKs, the RTK member IGF-1R, a membrane-
associated tyrosine kinase receptor that was believed 
to play an important role in cell growth, transforma-
tion and tumourigenesis [34], was found to be one 
potential upstream regulator of this cascade to inhibit 
cell growth. The contribution of IGF-1R signalling to 
cell death has been shown to be related to the C terminus 
of the IGF-1R   b   sub-unit [35]. Additionally, IGF-1R 
signalling was reported to be participated in p53-
mediated apoptosis through translational modulation 
of the p53-murine double minute 2 (Mdm2) feed-
back loop [36]. Thus, these reports together with our 
fi nding provide a fresh look at the function of IGF-1R, 
indicating that cancer intervention by disruption of 
IGF-1R signalling should be carefully operated. 

 Oxidative stress can damage cellular macromole-
cules such as lipids, protein and DNA and is known 
to be involved in triggering apoptosis induced by exte-
rior factors such as environmental pollutants, ionized 
radiation and UV irradiation [37]. Numerous anti-
cancer drugs exert their cytotoxicity via oxidative 
stress-mediated mechanisms. It was suggested that 
Figure 4. Preventive effect of genistein or SP600125 on evodiamine-
induced G2/M cell cycle arrest. The cells were pre-incubated with 
80 μM genistein (Gen) or 40 μM SP600125 (SP) for 1 h, followed 
by an additional 21 μM evodiamine for 24 h. The DNA content was 
analysed by fl ow cytometry after PI staining. The corresponding 
linear diagram of the FACScan histograms is expressed at the 
bottom. Data from a representative experiment (n � 3) are shown.
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mitochondria and NADPH oxidase are two major 
sources of ROS induction. Mitochondria generate 
ROS as byproducts of respiration; while NADPH oxi-
dase is a membrane enzyme that is responsible for the 
oxidative burst [38]. Recent work has suggested that 
ligand-induced activation of RTKs is reported to lead 
to the phosphatidylinositol 3-kinase (PI3K)-mediated 
activation of Rac, which switches on the production 
of ROS from NADPH oxidase. The intracellular ROS 
then catalytically inactivated protein tyrosine phos-
phatases (PTPs) through oxidation of active-site 
cysteine residues, which negatively regulated RTK 
activity and downstream signalling, hence allowing the 
sustained RTK phosphorylation and activation [39]. 
Our present fi nding that  DY m dissipation can be pre-
vented by PTK or JNK inhibitor also suggested that 
the intact mitochondria, which are crucial for main-
taining the normal redox environment in cell, can be 
damaged by PTK signalling. Therefore, the PTK 
pathway might interfere with both two major sources 
of ROS to execute cell damage induced by oxidative 
stress. Moreover, we found that there was a mutual 
cross-talk between JNK activation and ROS/NO 
productions, as shown by the suppressive effect of 
JNK inhibitor SP600125 on ROS/NO generations 
and the preventive role of ROS scavenger or NOS 
inhibitor in JNK phosphorylation. Several studies have 
provided evidence that JNK can be activated by hydro-
gen peroxide though the activation of MAPK kinase 
kinases (MAPKKKs) or suppression of phosphatases 
involved in JNK inactivation by oxidizing cysteine 
residues critical for their phosphatase activities and 
then affect the cellular redox status in turn [40]. Thus, 
PTK signalling might target at multiple levels to 
enlarge the loop to induce ROS productions. 

 It has been well accepted that many of the G2/M 
regulators appear to ultimately target Cdc2, the acti-
vation of which requires its association with cyclin B1 
and phosphorylation at Thr161 and dephosphoryla-
tion at Thr14/Tyr15, thus controlling the G2/M phase 
transition in eukaryotes [41]. Cdc25C is a protein 
phosphatase responsible for dephosphorylating the 
two conserved inhibitory Thr and Tyr residues on 
Cdc2 in order to promote its activation. When phos-
phorylated at Ser216, Cdc25C binds to members of 
the 14-3-3 family of proteins, preventing its activation 
Figure 5. Assessment of the possible signalling pathway involved in evodiamine-induced cell growth inhibition. (A) The cells were pre-
treated with genistein (Gen) or SP600125 (SP) at the indicated concentration for 1 h and then incubated with 21 μM evodiamine (EV) 
for 24 h. The viability of cell was measured by MTT assay. ∗∗∗p � 0.001, ∗∗p � 0.01, as compared with the viability in group treated with 
evodiamine alone. Data are presented as mean ± SD (n � 3). (B) The cells were cultured in the presence or absence of AG1024, AG1478, 
manumycin A (Man), GW5074 (GW), PD98059 (PD), SB203580 (SB), NAC or L-NAME (NAME) at indicated concentrations for 1 h 
prior to the addition of 21 μM evodiamine and then incubated for 24 h. The viability of cells was determined by MTT assay (n � 3). 
Values are expressed as mean ± SD. ∗∗∗p � 0.001, ∗∗p � 0.01, ∗p � 0.05 vs the viability in group treated with evodiamine alone. (C) The 
cells were treated with 21 μM evodiamine for the indicated time periods in the presence or absence of 80 μM genistein (Gen), 20 μM 
manumycin A (Man), 20 μM GW5074 (GW), 10 mM NAC or 20 mM L-NAME (NAME), followed by Western blot analysis for detections 
of JNK and p-JNK expressions. b-actin was used as an equal loading control.
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of Cdc2 [42]. The data from our study revealed that 
the G2/M checkpoints were deregulated by evodi-
amine through phosphorylating Cdc25C at Ser216 
and Cdc2 at Tyr15 as well as by decreasing the expres-
sion of cyclin B1 (Figure 7). It has been shown that 
DNA damage was able to suppress Cdc2 activity by 
inhibiting the accumulation of cyclin B1 mRNA and 
protein [43]. A similar report demonstrated that 
decreased Cdc2 kinase activity after radiation was 
mediated by reduced expression of cyclin B1 protein 
due to shortened cyclin B1 mRNA half-life in HeLa 
cells [44]. Thus, the reductions of cyclin B1 and the 
inability of Cdc25C were two contributors to the 
inactivation of Cdc2 in this study. Moreover, it was 
shown that ROS generations were associated with 
diallyl trisulphide-induced G2/M phase cell cycle 
arrest in PC-3 and DU145 human prostate cancer 
cells, which caused rapid degradation and phospho-
rylation of Cdc25C at Ser216, leading to accumula-
tion of Tyr15-phosphorylated Cdc2 [45]. JNK was 
demonstrated to regulate the Cdc2/cyclin B1 com-
plex following stress events by phosphorylation of 
Cdc25C [46]. Together with our fi nding, ROS/NO 
generations as well as JNK signalling were considered 
as two key regulators of Cdc25C, Cdc2 and cyclin B1 
for controlling the G2/M transition. 

 ROS are also considered to be potent activators of 
p53 function and are key factors in the activation of 
p53 by many chemotherapeutic agents [47]. 14-3-3 
is one of the p53 downstream genes and p53 locates 
upstream of Cdc25C by promoting the formation 
and maintenance of the Cdc25C/14-3-3 complex, 
hence inhibiting the formation of the Cdc2/cyclin B1 
complex [48]. ROS contribute to p53 activation in 
Figure 6. Impairment of genistein, SP600125, NAC or L-NAME 
on the increased expressions of p-p53, p21, p-Cdc25C, p-Cdc2 
and cyclin B1 induced by evodiamine. The cells were treated with 
21 μM evodiamine for the indicated time periods in the presence 
or absence of 80 μM genistein (Gen), 40 μM SP600125 (SP), 
10 mM NAC or 20 mM L-NAME (NAME), followed by Western 
blot analysis for detections of p53, p-p53, p21 (A), Cdc25C, 
p-Cdc25C, p-Cdc2 and cyclin B1 (B) expressions. b-actin was used 
as an equal loading control.
Figure 7. Schematic diagram of the possible mechanism for evodiamine-induced G2/M cell cycle arrest in HeLa cells. Evodiamine (EV) 
may act through PTK signalling pathway, Ras-Raf-JNK, resulting in the increased enrichment of ROS and NO productions through a 
positive feedback loop. ROS/NO then disrupt the normal transition of G2 to M phase by inducing p53 and p21 activation, inactivating 
Cdc25C, which is vital for Cdc2 phosphorylation at Tyr15, by promoting Cdc25C phosphorylation at Ser216 and suppressing the 
expression of cyclin B1, hence preventing the formation of Cdc2/cyclin B1 complex that regulates G2 to M phase transition.
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many ways, such as through direct damage to DNA, 
via NF- κ B dependent upregulation of p53 and by 
modulating the redox status of a critical cysteine in 
the DNA-binding domain of p53 which affects its 
DNA binding activity [49 – 51]. ROS were shown to 
induce p21 gene expression by an unknown mecha-
nism that may involve p53 [52]. JNK are also capable 
of phosphorylating p53 and have been implicated in 
regulating p53 expression levels through stabilization 
of the p53 protein under oxidative stress [53]. In view 
of these reports, our study suggested that p53 activa-
tion was stimulated by ROS/NO generations and 
JNK signalling, which might participate in evodi-
amine-induced G2/M cell cycle arrest by controlling 
Cdc25C activity. 

 In conclusion, our study interpreted a distinct 
mechanism for ROS/NO generations by induction of 
IGF-1R-involved Ras-Raf-JNK signalling pathway in 
evodiamine-treated human cervix carcinoma HeLa 
cells (Figure 7). A positive feedback loop was found 
to be enlarged between JNK and ROS/NO bursts, 
mediating the cytotoxicity of evodiamine through 
deregulations of p53 and p21 and leading to G2/M 
cell cycle arrest by crippling critical G2/M checkpoints 
Cdc25C, Cdc2 and cyclin B1. This fi nding gives us a 
novel look at the correlations between PTK signalling 
and ROS/NO productions, therefore providing a dif-
ferent view for anti-cancer drug development. 

Declaration of interest: The authors report no 
confl icts of interest. The authors alone are respon-
sible for the content and writing of the paper.

    References 

  Finkel T. Oxygen radicals and signaling. Curr Opin Cell Biol [1] 
1998;10:248 – 253.  
  Moncada S, Palmer RM, Higgs EA. Nitric oxide: physiology, [2] 
pathophysiology, and pharmacology. Pharmacol Rev 1991;
43:109 – 142.  
  Apel K, Hirt H. Reactive oxygen species: metabolism, oxida-[3] 
tive stress, and signal transduction. Annu Rev Plant Biol 
2004;55:373 – 399.  
  Hartwell LH, Kastan MB. Cell cycle control and cancer. Sci-[4] 
ence 1994;266:1821 – 1828.  
  Li JM, Brooks G. Cell cycle regulatory molecules (cyclins, [5] 
cyclin-dependent kinases and cyclin-dependent kinase inhib-
itors) and the cardiovascular system; potential targets for 
therapy? Eur Heart J 1999;20:406 – 420.  
  Avruch J, Khokhlatchev A, Kyriakis JM, Luo Z, Tzivion G, [6] 
Vavvas D, Zhang XF. Ras activation of the Raf kinase: tyrosine 
kinase recruitment of the MAP kinase cascade. Recent Prog 
Horm Res 2001;56:127 – 155.  
  Akiyama T, Ishida J, Nakagawa S, Ogawara H, Watanabe S, [7] 
Itoh N, Shibuya M, Fukami Y. Genistein, a specifi c inhibitor 
of tyrosine-specifi c protein kinases. J Biol Chem 1987;262:
5592 – 5595.  
  Touyz RM, Yao G, Viel E, Amiri F, Schiffrin EL. Angiotensin [8] 
II and endothelin-1 regulate MAP kinases through different 
redox-dependent mechanisms in human vascular smooth 
muscle cells. J Hypertens 2004;22:1141 – 1149.  
  Kan SF, Yu CH, Pu HF, Hsu JM, Chen MJ, Wang PS. [9] 
Anti-proliferative effects of evodiamine on human prostate 
cancer cell lines DU145 and PC3. J Cell Biochem 2007;
101:44 – 56.  
  Kobayashi Y, Nakano Y, Kizaki M, Hoshikuma K, Yokoo Y, [10] 
Kamiya T. Capsaicin-like anti-obese activities of evodiamine 
from fruits of Evodia rutaecarpa, a vanilloid receptor agonist. 
Planta Med 2001;67:628 – 633.  
  Yamahara J, Yamada T, Kitani T, Naitoh Y, Fujimura H. [11] 
Antianoxic action of evodiamine, an alkaloid in Evodia rutae-
carpa fruit. J Ethnopharmacol 1989;27:185 – 192.  
  Kobayashi Y. The nociceptive and anti-nociceptive effects of [12] 
evodiamine from fruits of Evodia rutaecarpa in mice. Planta 
Med 2003;69:425 – 428.  
  Chiou WF, Chou CJ, Shum AY, Chen CF. The vasorelaxant [13] 
effect of evodiamine in rat isolated mesenteric arteries: mode 
of action. Eur J Pharmacol 1992;215:277 – 283.  
  Yang J, Wu LJ, Tashino S, Onodera S, Ikejima T. Critical [14] 
roles of reactive oxygen species in mitochondrial permea-
bility transition in mediating evodiamine-induced human 
melanoma A375-S2 cell apoptosis. Free Radic Res 2007;
41:1099 – 1108.  
  Yang J, Wu LJ, Tashiro S, Onodera S, Ikejima T. Nitric [15] 
oxide activated by p38 and NF-kappaB facilitates apoptosis 
and cell cycle arrest under oxidative stress in evodiamine-
treated human melanoma A375-S2 cells. Free Radic Res 
2008;42:1 – 11.  
  Yang J, Wu LJ, Tashiro S, Onodera S, Ikejima T. Reactive [16] 
oxygen species and notric oxide regulate mitochondria-
dependent apoptosis and autophagy in evodiamine-treated 
human cervix carcinoma HeLa cells. Free Radic Res 
2008;42:492–504.  
  Hsieh TJ, Liu TZ, Lu FJ, Hsieh PY, Chen CH. Actinodaph-[17] 
nine induces apoptosis through increased nitric oxide, reactive 
oxygen species and down-regulation of NF-κB signaling in 
human hepatoma Mahlavu cells. Food Chem Toxicol 2006;
44:344 – 354.  
Wu X, Zhu L, Zilbering A, Mahadev K, Motoshima H, Yao J, [18] 
Goldstein BJ.   Hyperglycemia potentiates H 2 O 2  production in 
adipocytes and enhances insulin signal transduction: potential 
role for oxidative inhibition of thiol-sensitive protein-tyrosine 
phosphatases. Antioxid Redox Signal 2005;7:526 – 537.  
  Kojima H, Nakatsubo N, Kikuchi K, Urano Y, Higuchi T, [19] 
Tanaka J, Kudo Y, Nagano T. Direct evidence of NO produc-
tion in rat hippocampus and cortex using a new fl uorescent 
indicator: DAF-2 DA. Neuroreport 1998;9:3345 – 3348.  
  Johnson LV, Walsh ML, Chen LB. Localization of mitochon-[20] 
dria in living cells with rhodamine 123. Proc Natl Acad Sci 
USA 1980;77:990 – 994.  
  Horáková K, Sovcíková A, Seemannová Z, Syrová D, [21] 
Busányová K, Drobná Z, Ferencík M. Detection of drug-
induced, superoxide-mediated cell damage and its prevention 
by antioxidants. Free Radic Biol Med 2001;30:650 – 654.  
  Wu JN, Huang J, Yang J, Tashino S, Onodera S, Ikejima T. [22] 
Caspase inhibition augmented oridonin-induced cell death in 
murine fi brosarcarcoma L929 by enhancing reactive oxygen 
species generation. J Pharmacol Sci 2008;108:32 – 39.  
  Cowling VH, Chandriani S, Whitfi eld ML, Cole MD. A con-[23] 
served Myc protein domain, MBIV, regulates DNA binding, 
apoptosis, transformation, and G2 arrest. Mol Cell Biol 
2006;26:4226 – 4239.  
  Gazel A, Banno T, Walsh R, Blumenberg M. Inhibition of JNK [24] 
promotes differentiation of epidermal keratinocytes. J Biol 
Chem 2006;281:20530 – 20541.  
  Giehl K, Skripczynski B, Mansard A, Menke A, Gierschik P. [25] 
Growth factor-dependent activation of the Ras-Raf-MEK-
MAPK pathway in the human pancreatic carcinoma cell line 
PANC-1 carrying activated K-ras: implications for cell prolif-
eration and cell migration. Oncogene 2000;19:2930 – 2942.  



802 J. Yang et al.

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
  Zhang H, Nøohr J, Jensen CH, Petersen RK, Bachmann E, [26] 
Teisner B, Larsen LK, Mandrup S, Kristiansen K. Insulin-like 
growth factor-1/insulin bypasses Pref-1/FA1-mediated inhibi-
tion of adipocyte differentiation. J Biol Chem 2003;278:
20906 – 20914.  
  Lane DP. Cancer. p53, guardian of the genome. Nature [27] 
1992;358:15 – 16.  
  Philipp-Staheli J, Kim KH, Liggitt D, Gurley KE, Longton [28] 
G, Kemp CJ. Distinct roles for p53, p27Kip1, and p21Cip1 
during tumor development. Oncogene 2004;23:905 – 913.  
  Lindqvist A, van Zon W, Karlsson Rosenthal C, Wolthuis [29] 
RM. Cyclin B1-Cdk1 activation continues after centrosome 
separation to control mitotic progression. PLoS Biol 2007;
5:e123.  
  Jin P, Hardy S, Morgan DO. Nuclear localization of cyclin B1 [30] 
controls mitotic entry after DNA damage. J Cell Biol 1998;
141:875 – 885.  
  Hubbard SR, Till JH. Protein tyrosine kinase structure and [31] 
function. Annu Rev Biochem 2000;69:373 – 398.  
  Kim DI, Lee SJ, Lee SB, Park K, Kim WJ, Moon SK. Require-[32] 
ment for Ras/Raf/ERK pathway in naringin-induced G1-cell 
cycle arrest via p21WAF1 expression. Carcinogenesis 2008;
29:1701 – 1709.  
  Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. [33] 
Oncogenic ras provokes premature cell senescence associated 
with accumulation of p53 and p16INK4a. Cell 1997;88:
593 – 602.  
  Fürstenberger G, Senn HJ. Insulin-like growth factors and [34] 
cancer. Lancet Oncol 2002;3:298 – 302.  
  Liu Y, Lehar S, Corvi C, Payne G, O’Connor R. Expression [35] 
of the insulin-like growth factor I receptor C terminus as a 
myristylated protein leads to induction of apoptosis in tumor 
cells. Cancer Res 1998;58:570 – 576.  
  Xiong L, Kou F, Yang Y, Wu J. A novel role for IGF-1R in p53-[36] 
mediated apoptosis through translational modulation of the 
p53-Mdm2 feedback loop. J Cell Biol 2007;178:995 – 1007.  
  Jacobson MD. Reactive oxygen species and programmed cell [37] 
death. Trends Biochem Sci 1996;21:83 – 86.  
  Lee SB, Bae IH, Bae YS, Um HD. Link between mitochondria [38] 
and NADPH oxidase 1 isozyme for the sustained production 
of reactive oxygen species and cell death. J Biol Chem 2006;
281:36228 – 36235.  
  Chiarugi P, Cirri P. Redox regulation of protein tyrosine phos-[39] 
phatases during receptor tyrosine kinase signal transduction. 
Trends Biochem Sci 2003;28:509 – 514.  
  Meriin AB, Yaglom JA, Gabai VL, Zon L, Ganiatsas S, [40] 
Mosser DD, Zon L, Sherman MY. Protein-damaging stresses 
activate c-Jun N-terminal kinase via inhibition of its dephos-
phorylation: a novel pathway controlled by HSP72. Mol 
Cell Biol 1999;19:2547 – 2555.  
  Jin S, Tong T, Fan W, Fan F, Antinore MJ, Zhu X, [41] 
Mazzacurati L, Li X, Petrik KL, Rajasekaran B, Wu M, Zhan Q. 
GADD45-induced cell cycle G2-M arrest associates with 
altered subcellular distribution of cyclin B1 and is independ-
ent of p38 kinase activity. Oncogene 2002;21:8696 – 8704.  
  Kumagai A, Dunphy WG. Binding of 14-3-3 proteins and [42] 
nuclear export control the intracellular localization of the 
mitotic inducer Cdc25. Genes Dev 1999;13:1067 – 1072.  
  Jin S, Antinore MJ, Lung FD, Dong X, Zhao H, Fan F, [43] 
Colchagie AB, Blanck P, Roller PP, Fornace AJ Jr, Zhan Q. 
The GADD45 inhibition of Cdc2 kinase correlates with 
GADD45-mediated growth suppression. J Biol Chem 2000;
275:16602 – 16608.  
  Kao GD, McKenna WG, Maity A, Blank K, Muschel RJ. [44] 
Cyclin B1 availability is a rate-limiting component of the 
radiation-induced G2 delay in HeLa cells. Cancer Res 1997;
57:753 – 758.  
  Xiao D, Herman-Antosiewicz A, Antosiewicz J, Xiao H, [45] 
Brisson M, Lazo JS, Singh SV. Diallyl trisulfi de-induced 
G(2)-M phase cell cycle arrest in human prostate cancer cells 
is caused by reactive oxygen species-dependent destruction 
and hyperphosphorylation of Cdc 25 C. Oncogene 2005;
24:6256 – 6268.  
  Goss VL, Cross JV, Ma K, Qian Y, Mola PW, Templeton DJ. [46] 
SAPK/JNK regulates cdc2/cyclin B kinase through phos-
phorylation and inhibition of cdc25c. Cell Signal 2003;15:
709 – 718.  
  Fujioka S, Schmidt C, Sclabas GM, Li Z, Pelicano H, Peng [47] 
B, Yao A, Niu J, Zhang W, Evans DB, Abbruzzese JL, Huang 
P, Chiao PJ. Stabilization of p53 is a novel mechanism for 
proapoptotic function of NF-kappaB. J Biol Chem 2004;279:
27549 – 27559.  
  Hermeking H, Lengauer C, Polyak K, He TC, Zhang L, [48] 
Thiagalingam S, Kinzler KW, Vogelstein B. 14-3-3 sigma is a 
p53-regulated inhibitor of G2/M progression. Mol Cell 1997;
1:3 – 11.  
  Martindale JL, Holbrook NJ. Cellular response to oxidative [49] 
stress: signaling for suicide and survival. J Cell Physiol 2002;
192:1 – 15.  
  Datta K, Babbar P, Srivastava T, Sinha S, Chattopadhyay P. [50] 
p53 dependent apoptosis in glioma cell lines in response to 
hydrogen peroxide induced oxidative stress. Int J Biochem 
Cell Biol 2002;34:148 – 157.  
  Rainwater R, Parks D, Anderson ME, Tegtmeyer P, Mann K. [51] 
Role of cysteine residues in regulation of p53 function. Mol 
Cell Biol 1995;15:3892 – 3903.  
  Dröge W. Free radicals in the physiological control of cell [52] 
function. Physiol Rev 2002;82:47 – 95.  
  Buschmann T, Potapova O, Bar-Shira A, Ivanov VN, Fuchs [53] 
SY, Henderson S, Fried VA, Minamoto T, Alarcon-Vargas D, 
Pincus MR, Gaarde WA, Holbrook NJ, Shiloh Y, Ronai Z. Jun 
NH2-terminal kinase phosphorylation of p53 on Thr-81 is 
important for p53 stabilization and transcriptional activities 
in response to stress. Mol Cell Biol 2001;21:2743 – 2754.    
This paper was fi rst published online on Early Online on 
4 May 2010.


