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Introduction

Neurofibromin (the protein product of Nf1) shares the 
sequence similarities with the catalytic domain of p120 GAP.1 
Biochemical analysis of the recombinant peptides correspond-
ing to this domain and crystallography revealed that Nf1 is a 
GAP (GTPase-activating proteins) for Ras.1-5 The inactivation of 
neurofibromin was shown to link to an increase in Ras activity 
in murine cells with Nf1 defect and some human Nf1 deficient 
tumor cells.6-8 The experimental information suggested that the 
growth advantage in these tumor cells was most likely conferred 
by hyperactivity of Ras signaling due to the loss of the function 
of neurofibromin.1,9-12

The GAP activity of neurofibromin has profound implica-
tions in the pathology and complications of Neurofibromatosis 
type 1 (NF1) patients. This common familial tumor predispo-
sition syndrome is inherited in an autosomal dominant man-
ner, a common abnormality of which causes the development of 
peripheral nerve tumors consisting 60–85% Schwann cells and 
10–20% fibroblasts with small amounts of pericytes, perineurial 
cells, mast cells, endothelial and smooth muscle cells.12-15 Some 
of NF1 patients develop to malignant peripheral nerve sheath 

tumor (MPNST) or low grade gliomas that are clinically resis-
tant to conventional therapies. In addition, pheochromocytoma 
and myeloid leukemia are commonly seen in NF1 patients. In 
some cases, children with NF1 develop congenital skeletal dys-
plasias and learning disabilities.

PKC consists of more than 10 isoforms which are serine/
threonine protein kinases.16-18 These isoforms differ in their 
structures, cellular functions and tissue distributions. The major 
isoforms, such as α and β, can be activated by both calcium and 
diacylglycerol (DAG), while other PKC subgroup (for example, δ 
or θ) is independent of calcium for their functions. The atypical 
PKC isozymes (ζ and λ/ν) require neither DAG nor calcium for 
their activation. Due to such differences, PKC isozymes are able 
to differentially regulate different cellular signaling pathways and 
dictate different biological outcomes, including apoptosis. Using 
small hairpin RNA (shRNA), we demonstrated that PKC α, β, 
or δ could be either pro- or anti-apoptotic, depending upon cell 
types or stimuli.19-21 It has also been reported that the stability of 
Nf1 protein was regulated by PKC and Nf1 deficient cells were 
highly sensitive to PKC inhibitors.22 Recently, using genome-
wide siRNA high-throughput screens, it revealed a diverse set of 
proteins whose depletion selectively impaired the viability of cells 

*Correspondence to: Changyan Chen; Email: c.changyan@neu.edu
Submitted: 04/07/2014; Revised: 05/20/2014; Accepted: 05/20/2014; Published Online: 06/09/2014
http://dx.doi.org/10.4161/cc.29297

Induction of mitotic catastrophe by PKC inhibition 
in Nf1-deficient cells

Xiaodong Zhou1,2,†, Sung-Hoon Kim3,†, Ling Shen1, Hyo-Jung Lee3, and Changyan Chen1,4,*

1Center for Drug Discovery; Northeastern University; Boston, MA USA; 2the First Affiliated Hospital of Nanchang University; Nanchang, China; 3College of oriental Medicine; 
Kyung Hee University; Seoul, South Korea; 4Sahlgrenska Academy; Gothenburg, Sweden

†these authors contributed equally to this work.

Keywords: PKC, NF1, Chk1, mitotic exit checkpoint, mitotic catastrophe

Mutations of tumor suppressor Nf1 gene deregulate Ras-mediated signaling, which confers the predisposition for 
developing benign or malignant tumors. Inhibition of protein kinase C (pKC) was shown to be in synergy with aberrant 
Ras for the induction of apoptosis in various types of cancer cells. However, it has not been investigated whether loss of 
pKC is lethal for Nf1-deficient cells. In this study, using HMG (3-hydroxy-3-methylgutaryl, a pKC inhibitor), we demonstrate 
that the inhibition of pKC by HMG treatment triggered a persistently mitotic arrest, resulting in the occurrence of mitotic 
catastrophe in Nf1-deficient St8814 cells. However, the introduction of the Nf1 effective domain gene into St8814 cells 
abolished this mitotic crisis. In addition, HMG injection significantly attenuated the growth of the xenografted St8814 
tumors. Moreover, Chk1 was phosphorylated, accompanied with the persistent increase of cyclin B1 expression in HMG-
treated St8814 cells. the knockdown of Chk1 by the siRNA prevented the Nf1-deficient cells from undergoing HMG-
mediated mitotic arrest as well as mitotic catastrophe. thus, our data suggested that the suppression of pKC activates the 
Chk1-mediated mitotic exit checkpoint in Nf1-deficient cells, leading to the induction of apoptosis via mitotic catastro-
phe. Collectively, the study indicates that targeting pKC may be a potential option for developing new strategies to treat 
Nf1-deficiency-related diseases.
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expressing aberrant or mutated ras.23 Importantly, most of these 
proteins are kinases involving in the regulation of cell cycle, par-
ticularly mitosis.23

Upon cellular insults, such as DNA damage, cell cycle 
checkpoints are activated to eliminate damaged DNA for being 
propagated, which prevents injured cells to enter next genera-
tion.24-26 Such elaborate signaling network during DNA damage 
is mainly regulated by 2 partially overlapped pathways: Chk1 
and Chk2.24-26 The activation of these checkpoint regulators trig-
gers cell cycle responses, damage repair and apoptosis. It is well 
known that mitotic catastrophe is often elicited when cells fail 
to finish or exit from the mitotic phase.27,28 In budding yeast, 
mitotic catastrophe was triggered after chromosomes were mis-
segregated.29-31 In order to properly exiting from the mitosis and 
entering cytokinesis, cyclin B1 has to be degraded in time.32-34 A 
prolonged elevation of cyclin B1 expression was observed to be 
accompanied with a persistent mitotic arrest, resulting in mitotic 
catastrophe.32-34 It was also suggested that mitotic catastrophe is 
an important mechanism for eliminating cancerous or diseased 
cells, during which cell cycle checkpoint regulators play impor-
tant roles.35,36 In the G

2
 and mitotic phases, the DNA damage 

checkpoint was realized by the phosphorylation and inactivation 
of Cdk1 or Cdc25C in a Chk1-dependent matter, whose func-
tion is essential for cell progression in the mitosis.37-39 However, 
the molecular mechanisms that link persistent mitotic arrest to 
the cell death machinery were not fully understood.

In this study, we identified that Chk1 was phosphorylated and 
activated in Nf1 deficient cells in the absence of PKC, accompa-
nied by a persistent expression of cyclin B1, prolonged mitotic 
arrest and subsequent induction of apoptosis via mitotic catas-
trophe. We further demonstrated that these events occurred in 
HMG-treated Nf1 deficient cells were dependent upon Chk1. 
Overall, the study suggested that PKC is critical for maintaining 
homeostasis in the cellular environment controlled by aberrant 
Nf1 signaling.

Results

PKC activity was increased in Nf1 deficient cells
Cancer cells harboring an oncogenic or mutated ras appeared 

highly sensitive to chemical or genetic PKC inhibitors.19-22 
However, it remained unclear whether Nf1 deficient cells would 
be susceptible to apoptosis in the absence of PKC. Therefore, 
human Nf1 deficient ST8814 cells were used in this study. The 
Nf1 effective domain gene was generated by PCR, and then 
inserted into the pBMN plasmid expression vector. The construct 
containing the Nf1 effective domain gene was stably transfected 
into ST8814 cells and designated as ST/NF1 cells. Subsequently, 
the activity of Ras in ST8814 or ST/Nf1 cells was measured, using 
the Active Ras Pull-Down and Detection kit. A high amount 
of the GTP bound Ras was detected in ST8814 cells (Fig. 1A). 
In comparison, the active Ras was almost undetectable after 
ST8814 cells were transfected with Nf1 effective domain gene. 
The amount of the active Ras in ST8814 or ST/Nf1 cells did not 
change after the treatment of HMG (1-O-methyl-rac-glycerol, a 

PKC inhibitor) (data not shown). Akt and MAPK function down-
stream of Ras and have been implicated in the growth promotion 
under Nf1 deficient conditions.40 Therefore, the phosphorylation 
status of these Ras effectors was analyzed by immunoblotting. 
A high level of the phosphorylation form of Akt or ERK1/2 was 
present in ST8814 cells, but absent in ST/Nf1 cells (Fig. 1B). 
Again, the levels of the phosphorylation of these Ras effectors 
were not altered by the addition of HMG (data not shown). The 
activation of JNK or p38 in the cells was also tested. Neither JNK 
nor p38 was active in ST8814 or ST/Nf1 cells (data not shown).

It was reported that Nf1 deficient cells were sensitive to PKC 
inhibition22 and cancer cells expressing mutated ras depended 
upon PKC for survival.19-21 These led us first to test PKC expres-
sion. A comparable amount of PKC was expressed in ST8814 or 
ST/Nf1 cells (data not shown). Subsequently, the cells were treated 
with PMA (phorbol myristate acetate, a PKC activator) or co-
treated with PMA plus HMG, and the activity of this kinase was 
measured using a PKC kinase activity kit (Fig. 1C). Interestingly, 
the activity of PKC was moderately high in untreated ST8814 
cells, but was at the baseline level in untreated ST/Nf1 cells. As 
expected, PMA treatment dramatically upregulated PKC activ-
ity in both cells, and the addition of HMG alone had no impact 
on the kinase activity. HMG treatment completely suppressed 
PKC activity in untreated ST8814 cells as well as that induced by 
PMA in both ST8814 and ST/Nf1 cells. The data suggested that 
PKC activity was moderately, but persistently upregulated in Nf1 
deficient cells.

HMG treatment exerted pro-apoptotic effect on Nf1 defi-
cient cells in response to HMG treatment in vitro and in vivo

Next, we tested whether PKC inhibition conferred the suscep-
tibility of Nf1 deficient cells to apoptosis. DNA fragmentation 
assay was conducted (Fig. 2A). After being treated with HMG 
for 48 h, more than 40% of ST8814 cells underwent apopto-
sis. In comparison, very low numbers of ST/Nf1 cells, following 
HMG treatment, were apoptotic. Annexin V-FITC apoptotic 
detection assay was also conducted. A similar result was obtained 
(data not shown). It seemed that the inhibition of PKC sensitized 
the cells with Nf1 deficiency to apoptosis.

To further confirm the inhibitory effect of HMG on Nf1 
deficient tumor growth in vivo, ST8814 cells were subcutane-
ously inoculated into nude mice. At the same time, the mice were 
injected with HMG peritoneally. Afterwards, the same concen-
tration of HMG was administrated into the mice every 4 d. The 
tumor formation signs were noticed in untreated mice 10 d after 
the inoculation. However, the growth of the xenografted tumors 
was significantly delayed in HMG-treated mice. Thirty-two days 
after the inoculation, the mice were sacrificed and, tumors were 
isolated and weighted (Fig. 2B). The untreated tumor messes 
were 3.5-folds bigger than those treated with HMG. The isolated 
tumors were also documented by the photograph (Fig. 2C). The 
in vivo results further suggested that Nf1 deficiency was incom-
patible with loss of PKC for survival.

HMG-mediated cell death in ST8814 cells was via mitotic 
catastrophe

During conducting DNA fragmentation assay to detect 
apoptosis, we noticed that a large percentage of HMG-treated 
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ST8814 cells seemingly accumulated in the mitotic phase of the 
cell cycle before undergoing apoptosis. This led us to analyze the 
cell cycle profiles of HMG-treated cells at the time point before 
undergoing apoptosis (Fig. 3A). Thirty-two hours after HMG 
treatment, majority of ST8814 cells (more than 90%) accumu-
lated in the G

2
/M phases. In comparison, much less percentage 

(<30%) of HMG-treated or untreated ST/Nf1 cells was presented 
in the mitotic phase after the treatment, suggesting that the major-
ity of the treated ST/Nf1 cells, like the untreated cells, entered next 
cytokinesis. To further corroborate the link between the persis-
tent mitotic arrest and mitotic catastrophe, ST8814 and ST/Nf1 
cells, after being treated with HMG for 32 h, was stained with 
Giemsa dye (Fig. 3B). Dramatically enlarged nuclei were observed 
in HMG-treated ST8814 cells, but not in the treated ST/Nf1 cells. 
Taken together with the data presented in Figure 2A, it seemed 
that apoptosis that occurred in HMG-treated Nf1 deficient cells 
was through a mitotic catastrophe. Since the introduction of the 
functional Nf1 effective domain gene into 
ST8814 cells prevented the occurrence of mitotic 
arrest and catastrophe, such reversion is probably 
dependent upon and specific for Nf1 function.

Cyclin B1 is regulated spatially during cell 
division. In particular, this cell cycle regulator 
is rapidly and temporally downregulated before 
cells exit from the mitotic phase and enter-
ing next cytokinesis.32-34 Because HMG treat-
ment caused a persistent mitotic arrest of Nf1 
deficient cells, it led us to examine the effect 
of this PKC inhibitor on cyclin B1 expression 
by immunoblot analysis (Fig. 3C). The expres-
sion of cyclin B1 maintained at the similar level 
after ST8814 cells were treated with HMG 
for 32 h in comparison with that in untreated 
cells. The amount of cyclin B1 in ST/Nf1 cells 
was significantly decreased upon the treat-
ment. Overall, the high expression of cyclin B1 
in HMG-treated ST8814 cells was in a good 
agreement with that the same cells were unable 
to exit from the mitotic phase.

Chk1 was activated in HMG-induced 
mitotic arrest in Nf1 deficient cells

Chk1 and 2 are the key regulators in the 
regulation of cell cycle checkpoints.24-26 Since 
the Nf1 deficient cells delayed to exit from the 
mitotic phase of the cell cycle and cyclin B1 
was persistently expressed in the cells follow-
ing HMG treatment, the phosphorylation sta-
tus of Chk1 (Fig. 4A) and 2 (Fig. 4B) kinases 
was examined in ST8814 or ST/Nf1 cells with 
or without HMG treatment, using the anti-
phosphorylated S345-Chk1 or anti-phosphor-
ylated-Chk2 antibody, respectively. Chk1 was 
phosphorylated at the serine-345 residue in 
HMG-treated ST8814 cells only. Chk2 phos-
phorylation was detected in neither ST8814 nor 
ST/Nf1 cells with or without HMG treatment.

Subsequently, the knockdown effect of Chk1 by siRNA-
Chk1on HMG-mediated mitotic exit delay was examined 
(Fig. 5). The knockdown of Chk1 by the siRNA was tested first. 
scRNA- or siRNA-Chk1 was transiently transfected into ST8814 
cells. The cell lysates were prepared and subjected to immunob-
lotting with an anti-Chk1 antibody (Fig. 5A). A similar amount 
of Chk1 was recognized by the antibody in control ST8814 
cells or the cells transfected with scRNA-Chk1. Chk1 expression 
was almost undetected in the cells after the introduction of the 
siRNA. Subsequently, the DNA profiles were analyzed in HMG-
treated cells transfected with scRNA- or siRNA-Chk1 (Fig. 5B). 
Consistently, more than 90% of ST8814 cells still accumulated 
in the G

2
 and mitotic phases after the transfection of the scRNA. 

In contrast, the knockdown of Chk1 by siRNA-Chk1 relieved 
the major of HMG-treated ST cells (>70%) from arresting in 
the G

2
 and mitotic phases and, allowed these cells to enter next 

cytokinesis.

Figure 1. Ras and pKC signaling in St cells. (A) Cell lysates were extracted from St8814 and 
St/Nf1 cells and subjected to Ras pull-Down assay. the even loadings of total proteins were 
normalized by Ras expression. (B) Cell lysates were prepared and then immunoblotted with 
the anti-phosphorylated Akt or eRK1/2 antibody. the even loadings of total proteins were 
normalized by Akt or eRK1/2 expression. (C) After the treatments of pMA, HMG, or both, cell 
lysates were subjected to immunoprecipitation with an anti-pKC antibody. pKC activity in the 
immunoprecipitates was then analyzed using a pKC enzymatic kit. the error bars represent 
SD from 5 independent experiments (n = 5, P values < 0.05).
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Since the levels of cyclin B1 in untreated and HMG-treated 
ST8814 cells were unchanged, the expression of cyclin B1 was 
tested after the knockdown of Chk1 (Fig. 5C). The cells trans-
fected with scRNA- or siRNA-Chk1 were treated with HMG for 32 
h and then subjected to immunoblot analysis. A similar amounts 
of cyclin B1 were present in ST8814 cells treated with HMG 
and transfected with scRNA-Chk1 plus the treatment. However, 
the knockdown of Chk1 reversed the HMG-induced, persistent 
increases of cyclin B1 expression in ST8814 cells and much less 
amount (>2.5-folds) of this cell cycle regulator was detected.

HMG-induced mitotic catastrophe in Nf1 deficient cells is 
dependent upon Chk1 and Akt

We then tested the induction of apoptosis in Nf1 deficient 
cells in the absence of Chk1 or after the inhibition of Akt or 
MAPK (Fig. 6). ST8814 cells were transiently transfected with 
scRNA- or siRNA-Chk1, prior to the treatment of HMG or 
other inhibitors. Forty-eight hours later following PKC inhibi-
tion, Annexin V apoptotic assay was conducted. The magni-
tude of the induction of apoptosis in ST8814 cells transfected 
with siRNA-Chk1 was partially reduced in comparison with 
that occurred in the cells received HMG treatment only. The 
transfection of scRNA-Chk1 did not affect the magnitude of 
apoptosis induced by HMG. The effect of the inhibition of Akt 
or MAPK on the induction of apoptosis was also examined. The 
addition of KP372–1 (an Akt inhibitor), but not PD168393 (a 
MAPK inhibitor), partially blocked this HMG-mediated apop-
totic process in ST8814 cells. The incomplete suppression of 
the apoptotic process indicated the involvement of other signal-
ing pathways, besides Akt signaling, in this action.

To further determine whether Akt played a role in Chk1 acti-
vation, the phosphorylation of Chk1 was tested in the presence 
of KP372–1 or PD98059 by immunoblot analysis (Fig. 6B). 
The phosphorylated form of Chk1 was absent in HMG-treated 
ST8814 cells after the inhibition of Akt. However, the addition 
of PD98059 did not affect HMG-induced Chk1 phosphoryla-
tion. Overall, the data suggested that the suppression of endog-
enous PKC probably cooperated with Akt pathway to activate 
the Chk1-mediated, mitotic exit checkpoint in Nf1 deficient 
ST8814 cells, leading to apoptosis, possibly through mitotic 
catastrophe.

Discussion

Neurofibromatosis type 1 (NF1) is caused by mutations or 
deletions in Nf1, which render the high susceptibility to the 
development of benign or malignant tumors, such as neuro-
fibrotoma, leukemia, or malignant peripheral nerve sheath 
tumors (MPNST) that are originated from neural crest-derived 
tissues.41-43 Because the underlying mechanisms of the high 
susceptibility of tumor formations in NF1 patients have not 
been fully understood, there is an urgent need for identifying 
molecular targets and further developing effective therapies to 
treat this disease, especially MPNST. Our current study dem-
onstrated a potential, apoptotic signaling model, in which PKC 
activity appeared being upregulated in Nf1 deficient ST8814 

cells and however, the inhibition of PKC sensitized the cells to 
apoptosis, possibly via mitotic catastrophe. Prior to the occur-
rence of apoptosis, the majority of the Nf1 deficient cells, after 
PKC inhibition, accumulated in the mitotic phase, which accom-
panied with the persistent expression of cyclin B1. Furthermore, 
the cell cycle checkpoint regulator Chk1 was activated. The inhi-
bition of Chk1 or Akt blocked this apoptotic process. Collectively, 
our study suggested that the increase of PKC activity functions 
parallel with hyperactive Ras pathway to maintain the homeo-
stasis in Nf1 deficient cells for survival. After the suppression 
of PKC signaling, Nf1 deficient cells can no longer keep high 

Figure 2. Suppression of pKC perturbed the growth of St8814 cells in vitro 
and in vivo. (A) After the treatment with HMG (1.0 μM) for 48 h, DNA frag-
mentation assay was performed. the error bars are SD over 5 independent 
experiments (n = 5, * P < 0.05). (B) St8814 cells were inoculated subcutane-
ously into the nude mice (4 mice per group). HMG was injected peritone-
ally right after the inoculation and subsequently administrated every 4 d. 
thirty-two days later, the isolated tumors were weighted and data were 
plotted. the error bars represent SD (n = 4, *P values < 0.05). (C) the photo 
of the tumors isolated from untreated or HMG treated mice.
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metabolic rates driven by aberrant Ras and an apoptotic crisis 
is initiated, which may be through activating a Chk1-mediated 
mitotic exit checkpoint. Our study also indicated that Akt may 
be one of downstream effectors of aberrant Ras and cooperates 
with loss of PKC for the activation of the mitotic checkpoint and 
further occurrence of mitotic catastrophe.

Under the condition of Nf1 deficiency, Ras activity is hyper-
activated. In order to maintain the deregulated Ras signals or to 
keep high metabolic rates driven by aberrant Ras, a coordination 
of the Ras signaling with other parallel pathways may be essen-
tial for the survival of Nf1 deficient cells. Disruption of one or 
more of these signaling pathways would perturb the homeostasis 
under the Nf1 deficient conditions and further trigger an apop-
totic crisis in the cells. Recently, targeting cooperating factors of 
aberrant Ras signaling has been viewed as an important strategy 
for developing anti-cancer therapies. It was reported that in the 
absence of PKC, aberrant Ras became unstable and subsequently 
triggered cell death program.19-21 However, little is known about 
whether PKC signaling is essential for Nf1 deficient cells to sur-
vive or if the blockade of PKC could sensitize the defect cells to 

apoptosis. In this study, we demonstrated the occurrence of a syn-
thetic lethal interaction between mutated Nf1 and loss of PKC. 
In this lethal process, Chk1 was phosphorylated in Nf1 deficient 
cells after the treatment of HMG, and responsible for triggering a 
persistent mitotic arrest and subsequent cell death. The suppres-
sion of Akt not only abrogated Chk1 activation, but also dramati-
cally decreased the magnitude of apoptosis in our experimental 
setting. However, it remains puzzling about the suggested linear 
relationship between Akt and Chk1 observed here, because Chk1 
was not phosphorylated in untreated ST8814 cells and however, 
Akt, as the downstream of aberrant Ras, was being constitutively 
activated in the same cells. Previously, we showed that PKC δ 
functioned as a tumor suppression to promote apoptosis in can-
cer cells harboring oncogenic ras, when the conventional PKC 
isoforms were suppressed.19 Therefore, it is possible that PKC δ 
is upregulated or activated and further acts in synergy with Akt 
to mediate Chk1 phosphorylation under Nf1 deficient condition. 
The investigation of Chk1 activation in our experimental setting 
is under way.

Figure 3. persistent mitotic arrest and mitotic catastrophe occurred in HMG-treated St8814 cells. (A) St8814 or SNF02.2 cells were treated with HMG 
for 32 h, cell cycle analysis was performed using a flow cytometer. the percentages of the cells accumulated in the G2 and M phases were plotted (left 
panel). the error bars represent SD from 5 independent experiments (n = 5, * P values < 0.05). the DNA profiles of the untreated or HMG–treated St8814 
and St/Nf1 cells were presented in the right panels. (B) thirty-two hours after HMG treatment, the cells were stained with Giemsa dye and photos of 
the stained nuclei were taken. (C) With or without HMG treatment, cell lysates were prepared and subjected to immunoblotting with an anti-cyclin B1 
antibody. the even loadings of total proteins were normalized by actin expression.
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Genetic changes (such as the loss of the CDKN2A/B, encoded 
proteins of which are negative cell cycle regulators) could be 
detected at early stages of NF1.44 In MPNSTs, the genes of p53 
and other tumor suppressors are often mutated. In particular, 
under Nf1 deficient conditions, the expression and function 
of aurora kinase (a regulator of the mitosis) were upregulated 
to promote cell proliferation or migration, in a Ras-dependent 
fashion.45 The inhibition of aurora was shown to induce mitotic 
catastrophe. It was also reported that Ras family protein Rac 1 
was functioning during the G

2
 and mitotic phases to promote cell 

division.46 These data all suggested the involvement of Ras or its 
family members in the regulation of the G

2
 and mitotic phases. 

Thus, the focus on the mitotic phase and its regulators may shed 
a light for developing new strategies for NF1 therapeutics, espe-
cially for MPNST.

Mitotic catastrophe is a well-known phenomenon and 
often occurs in cancer cells treated with genotoxic or radiation 
reagents.32-34 Many studies demonstrated that upon genotoxic 
insults, cells (including mammalian cells) were accumulated in 
the mitosis by the delay of mitotic exit.39 The connection between 
mitotic DNA damage checkpoint and mitotic catastrophe is well 
established in irradiated cancer cells.36 It was reported that the 
mitotic exit checkpoint was activated by Chk1 in the cancer cells, 
followed by the occurrence of mitotic catastrophe.39 Our current 
study indicated that the inhibition of PKC appeared targeting 
a mitotic checkpoint, which further caused Nf1 deficient cells 
to collapse at the mitosis. Since PKC activity was upregulated 
in Nf1 deficient ST8814 cells, it is likely that PKC cooperates 
with aberrant Ras to maintain the homeostasis in the cells. Once 
PKC activity was inhibited, hyperactive Ras functions through 
Akt and other signaling pathway to activate the Chk1-dependent 
mitotic exit checkpoint, leading to mitotic catastrophe in Nf1 
deficient cells. The underlying mechanisms of how this Chk1-
dependent, mitotic exit checkpoint is activated in Nf1 deficient 

cells remain to be further investigated. In budding yeast, the 
mitotic exit checkpoint is operated by Pds1 through metaphase 
arrest.47 This checkpoint could also be activated by Bub2, a 
negative regulator of the mitotic exit.48 It is conceivable that an 
equivalent factor, like Bub2, is controlled by Akt and Chk1 for 
the activation of the mitotic exit checkpoint in our experimen-
tal setting. Furthermore, the knockdown of Chk1 or inhibition 
of Akt only partially blocked the magnitude of apoptosis, which 
indicates the involvement of multiple apoptotic pathways in our 
experimental setting.

Studies showed that the treatment with PKC inhibitors could 
induce apoptosis in various types of cells overexpressing onco-
genic v-ras.19-21 Here, we identified that the suppression of PKC 
was able to induce apoptosis in human Nf1 deficient cells, via 
eliciting persistent mitotic arrest and further mitotic catastro-
phe, but not in the same cells expressing a normal Nf1 func-
tional domain gene. The involvement of PKC in the regulation 
cell cycle progression was well documented.49,50 The treatment 
of PKC inhibitors appeared promoting re-replication without 
the completion of cell cycle, leading to the deregulation of the 
mitotic phase and the generation of cells with polyploidies.51,52 
In this study, we showed that after HMG treatment, the size 
of some of ST8814 cells were significantly enlarged (Fig. 3B), 
before the onset of mitotic catastrophe. Indeed, the percentage of 
HMG-treated ST8814 cells with polyploidies was dramatically 
increased in comparison with that of HMG-treated ST/Nf1 cells 
(data not shown). All the information indicated that targeting 
PKC may be an ideal strategy for developing new therapeutics to 
treat MPNST patients. Importantly, the inhibition of PKC is not 
harmful for surrounding normal cells or tissues.19-21

In summary, our study shows that the suppression of PKC 
specifically induces the cells with Nf1 deficiency to undergo 
apoptosis, suggesting that hyperactive Ras is the possible player 
in the regulation of this apoptotic process. PKC and Nf1 are 
important intracellular signal transducers for cell differentia-
tion and proliferation. Nf1 defects alone are compatible with 
cell viability. However, the suppression of PKC severely perturbs 
crucial survival signaling pathways in Nf1 deficient cells, which 
elicited an apoptotic crisis through the Chk1-dependent, mitotic 
exit checkpoint. With increasing attention in targeting paral-
lel or downstream signaling of aberrant Ras pathway for cancer 
treatment, our study provides the new information for develop-
ing therapeutic strategies that are able to preferentially kill Nf1 
deficient tumor cells at clinically achievable doses.

Materials and methods

Cells and reagents
Human NF1 deficient ST8814 cells were obtained from 

ATCC. The cells were cultured in Dulbecco Modified Eagles 
medium supplemented with 10% heat-inactivated Fetal Bovine 
Serum (Atlanta Biologicals), 100 units/ml penicillin, 100 µg/ml 
Streptomycin. ST6614 cells were stably transfected with a plas-
mid pBMN vector (Invitrogen) carrying the Nf1 effective domain 
and maintained in the growth medium containing 400 μg/ml 

Figure 4. phosphorylation of Chk1 and 2 following HMG treatment. 
(A) After HMG treatment, the expression of the phosphorylated Chk1 
in St8814 and St/Nf1 cells was analyzed by immunoblotting using the 
anti-phosphor-Chk1 (ser-345) antibody. the even loadings of total pro-
teins were normalized by Chk1 expression. (B) After the treatment as 
described above, the expression of the phosphorylated Chk2 was ana-
lyzed by immunoblotting using the anti-phosphor-Chk 2 antibody. the 
even loadings of total proteins were normalized by Chk2 expression.
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of G418 (neomycin) (Life Technlogies). HMG and PD98059 
were purchased from EMD Millipore and KP372–1 was from 
Echelon. Antibodies were purchased from BD Biosciences. The 
siRNA-Chk1 was purchased from Origene.

Ras activation assay
Active Ras Pull-Down and Detection kit (Thermo. 

Scientific) was used. Positive control was generated by treating 
lysate extracted from the cells with GTPγS to activate Ras.

PKC activity assay
The activity of PKC was analyzed using thPKC light HTS 

protein kinase assay kit (Lonza Rocklnad). Cell lysates were 
immunoprecipitated with an anti-PKC antibody. Subsequently, 
the immunoprecipitates were incubated with PKC substrate 
peptide and adenosine triphosphate (ATP) in the kinase buffer. 
The intensity of the luminescence in the samples was deter-
mined by a microplate luminometer.

Immunoprecipitation and immunoblot analyses
After treatments, cells were lysed and immunoprecipited 

with antibodies. Subsequently, the precipitates pulled down by 
the antibodies were separated by SDS-PAGE gel and transferred 
to nitrocellulose. After blocking with 5% non-fat milk for 1 h at 
room temperature, the nitrocellulose was probed with antibod-
ies and then visualized by chemilluminescence (Perkin-Elmer).

Flow cytometry analysis
Flow cytometry analyses for cell cycle profile and frag-

mented DNA were performed using a FACScan machine (BD 
Biosciences). The data analysis was performed using the Cell-
Fit software program (BD Biosciences). Cell-Fit receives data 
from the flow cytometer and provides real-time statistical anal-
ysis, computed at one second intervals, and also discriminates 
doublets or adjacent particles. Following treatments, cells were 
harvested and then fixed in 70% cold ethanol. Afterwards, cells 
were stained with 0.1 mg/ml propidium iodide containing 1.5 
ug/ml of RNase. DNA profiles of cells or sub-G

0
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1
 DNA con-

tents of cells were then analyzed by the FACScan machine.
Annexin V-FITC apoptosis detection assay
After treatments, cells were prepared and stained with 

Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences) 
according to manufacturer’s instructions. Subsequently, the 
samples were analyzed by a flow cytometer.

Xenograft assay
Nude mice at ages of 4–6 wk were used for the xenograft 

assay. ST8814 cells (5 × 106) in 100 μl of 1 × PBS were inocu-
lated into the right flank area of each mouse. Four mice were 
served as the untreated control. For the inhibition of tumor 
formation, 4 mice were injected peritoneally with HMG (30 
mg/kg in 100 μl of 1 × PBS) right after the inoculation and 
subsequently administrated the same amount of HMG every 3 
d. The sizes of the tumors were measured routinely. Thirty-two 
days later, the mice were sacrificed and the tumors were isolated 
and weighted.

Giemsa staining assay
After HMG treatment for 32 h, the cells were fixed on slides 

in methanol for 30 min and stained with a freshly-made 10% 
Giemsa staining solution for 30 min at room temperature. The 
slides were rinsed with distilled water and then thoroughly dried.

Statistical analysis
Averages and standard deviations of the results of the experi-

ments were computed. Standard deviations are displayed as error 
bars in the figures. A Student t test was used and a P value of < 
0.05 was considered significant.

Figure 5. effect of the knockdown of Chk1 on persistent mitotic arrest in 
HMG-treated St8814 cells. (A) Forty-eight hours after transfected with 
scRNA- or siRNA-Chk1, Chk1 expression in St8814 cells was analyzed by 
immunoblotting. the even loadings of total proteins were normalized 
by actin expression. (B) After the transfection of scRNA- or siRNA-Chk1 
into St6614 cells, St8814 cells were treated with HMG for 32 h, cell cycle 
analysis was performed using a flow cytometer. the percentages of the 
cells accumulated in the G2 and M phases were plotted (left panel). the 
error bars represent SD from 5 independent experiments (n = 5, * P values 
< 0.05). the DNA profiles of the untreated or HMG–treated St8814 cells 
transfected with either scRNA- or siRNA-Chk1 were presented in the right 
panels. (C) After knockdown of Chk1, cyclin B1 expression was examined 
by immunoblotting. the even loadings of total proteins were normalized 
by actin expression.
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Figure 6. effect of suppression of Akt on the induction of apoptosis and Chk1 phosphorylation. (A) After the transfection of scRNA-, siRNA-Chk1, or 
treatment of Akt, eRK1/2 inhibitor, respectively, prior to the addition of HMG, annexin V analysis was performed. the error bars represent SD over 5 inde-
pendent experiments (n = 5, * P values < 0.05). (B) the phosphorylation status of Chk1 in HMG-treated St8814 cells, after the treatment of Akt or eRK1/2 
inhibitor, was analyzed by immunoblotting. the even loadings were normalized by Chk1 expression.
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