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Vitamin E-succinate (VES) treatment of U937 human monoblasts induced
cells to undergo apoptosis. After 96 h of VES treatment at 10 ng/ml, more
than 80% of cells appeared apoptotic. Evidence for apoptosis by VES was
based on propidium iodide staining for detection of chromatin condensa-
tional fragmentation and electrophoretic DNA ladder formation. Western
blot analyses showed a transient increase in Fas and p21 protein levels up
to 48 h after the VES treatment. Protein expression and activity of CDK1
and lamin B degradation were remarkably induced by VES, following the
cleavage of caspase-3 after 48 h. The VES-induced apoptosis was found to
involve activation of PKC as shown by increases in membrane transloca-
tion of PKCBIl and PKC activity. Pretreatment of GF109203X (PKC inhibitor)
prior to VES treatment almost completely inhibited the induction of apoptosis
as assessed by blockage of VES-induced caspase-3 activity and DNA
fragmentation. However, GF109203X had no effect on the VES-induced
nitric oxide synthesis, which was required for monocytic differentiation in
our previous report (J Cell Sci 111, 435, 1998). Taken together, our data
suggest that induction of apoptosis by VES in U937 cells occurs through
activation of PKC-Bll resulting in the activation of caspase-3 cascade and is

independent of nitric oxide.

Vitamin E-succinate (VES; RRR-alpha-tocopheryl suc-
cinate) has recently been reported to induce apoptosis
in prostate cancer, breast carcinoma, lymphoma, and
jeukemia cells (Qian et al., 1997, Sokoloski et al,
1997; Zhao et al., 1997; Turley et al., 1997; Yu et al,,
1998; Neuzil et al.,, 1999; Yu et al., 1999; Israeal et
al., 2000). Little is known about the molecular mech-
anism of VES action in apoptosis. Our previous studies
showed that VES induced dramatic inhibition of cell
growth and monocytic differentiation of U937 cells that
was mediated by nitric oxide (NO) (Kim et al., 1998). It
can be suggested that the VES-induced cell growth
inhibition may be caused by apoptotic cell death.

It has been expected that apoptosis is mediated by
signal transduction pathways involving specific protein
kinases. The phospholipid-dependent protein kinase C
(PKC) family of isozymes has a central role in the
transduction of extracellular signals and has been impli-
cated in tumor promotion (Hug and Sarre., 1993). PKC
can act not only as a negative regulator of cell death
but also a potentiator of the apoptotic effect of other
inducers depending upon cell system and apoptosis
inducer (Schutze et al., 1994, Mansat et al., 1997,
Porn-Ares et al., 1997).

The purpose of this study was to explore the under-
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lying mechanism of VES-induced apoptosis on the
basis of biochemical events. We show that the VES-
induced apoptosis in U937 cell involves activation of
PKC-BIl and is unrelated to nitric oxide.

Materials and Methods

Cell culture and treatments

U937 cell was abtained from the American Type Culture
Collection and was maintained in RPMI 1640 medium
containing 10% heat-inactivated fetal bovine serum,
100 IU/ml penicillin, and 50 ug/ml streptomycin (Gibco
BRL) at 37C in a humidified 5% CO: incubator. Prior
to treatments, cells were made quiescent by incubation
in serum free-DMEM for 1 h. Cells were then treated
with 10 ug/ml of VES or vehicle (0.1% ethano! and 51
g/mi succinic acid). Chemicals used were 100 nM GF-
109203X (Calbiochem) and 2mM N-G-monomethyl-L-
arginine {L-NMMA, Sigma).

Confocal microscopy

Control and VES-treated cells were washed three
times with PBS, fixed with cold methanol:acetone (1:1),
and stained with propidium iodide (P!, 50 ug/ml; Mole-
cular Probes) containing RNase (40 ug/ml; Boehringer
Mannheim). Morphological changes were analyzed by
iaser scanning confocal microscopy using a Carl Zeiss
410 confocal microscope (Carl Zeiss; Axiovert 135;
Lens 3 x40/0.75; laser line=488, 543).
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DNA fragmentation assay

The pattern of DNA cleavage was analyzed by agarose
gel electrophoresis as described (Maciejewski et al.,
1995). Briefly, genomic DNA was purified by WizardTM
Genomic DNA purification kit (Promega). After ethanol
precipitation, 5 ug sample was loaded in each lane and
was subjected to electrophoresis on a 1.4% agarosegel
at 50 V for 3 h. DNA was stained with ethidium bromide.

Western blot analysis

Cells were lysed in 10 mM Tris-HCI, pH 7.4, containing
1% of sodium dodecyl sulfate (SDS), 10pg/ml leu-
peptin, 2mM PMSF, 2 ug/ml aprotinin, 10 pg/m! peps-
tain A, and 2mM phenanthroline. Cell lysates were
centrifuged for 10 min at 12,000 x g and supernatants
were analyzed for protein concentration using a BCA
protein assay kit (Pierce). Equal amounts of proteins
were separated on 7.5 or 10% polyacrylamide gels
containing 1% SDS and were transferred to nitrocel-
lulose membrane. The membranes were probed with
antibodies against PKC-q, BI, Bll, 7, 8, € M1 and ¢
isoforms, and CDK1 (Santa Cruz), and visualized by
using ECL system (Amersham). The other proteins
were detected by using antibodies against Fas (UBI),
p21 (Transduction Lab), caspase-3 and lamin B (Cal-
Biochem). Separation of cytosolic and membrane frac-
tions of PKC isoforms was performed as described
previously (Chang et al, 1998).

In vitro kinase assay

Two hundred pg of protein from total cellular lysates
was incubated with anti-CDK1 antibody for 4 h at 4TC.
Immnuocomplexes were collected with 15l of protein
A-Sepharose slurry (50% v/v, Pharmacia), and washed
three times with lysis buffer. Immunoprecipitates were
washed twice with kinase buffer (20 mM Tris-HCI, pH
7.5, | mM dithiothreitol, 10 mM MnCl,, and 10 mM MgCl),
and incubated with 30 pl of kinase buffer containing 5
uCi of [y-*P] ATP (Amersham), 3ug of histone H1
(CalBiochem) as a substrate, and 30 pM cold ATP for
30 min at 30°C. The reaction was stopped by adding 4
x SDS sample buffer followed by boiling for 5 min.
Samples were then subjected to 12% SDS-PAGE fol-
lowed by autoradiography.

FACS analysis

Cells were trypsinized and collected by centrifugation
at 1,000xg for 10 min. Collected cells were washed
twice and resuspended into 1-2 x 10%/ml with PBS. For
fixation, equal volume of 80% ethanol was added drop-
wise and the cell suspension was kept overnight at
4. Cells were washed once with PBS, and then
stained with PI solution containing 50 mg/ml Pl, 0.1%
Triton X-100, 0.1 mM EDTA and 50 mg/ml RNase for
60 min at room temperature. Stained DNA was an-
alyzed by a flow cytometer (FACS Calibur; Beckton
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Dickinson). To detect PI, cells were excited at 488 nm,
and emissions were observed at 585 nm.

Measurement of PKC activity

Quantification of PKC activity was carried out using
SignaTECT PKC assay system (Promega) according to
the manufacturers instruction. Briefly, cells (5x 10°
cells) were washed in PBS and suspended in 0.5 ml of
cold extraction buffer (50 mM Tris-HCI, pH 7.4, 0.5 mM
EDTA, 0.5mM EGTA, 0.05% Triton X-100, 10 mM 2-
mercaptoethanol, and 1 pg/ml leupeptin, 1 pg/ml apro-
tinin) with 0.5ml of 100 mM PMSF. The mixture was
then homogenized using a Dounce homogenizer for 5
min. The homogenate was centrifuged for 5min at
14,000 xg and the supernatant was saved. Reaction
mixture was prepared consisting of 5ul of PKC coac-
tivation 5X buffer (1.256 mM EGTA, 2mM CaCl,, and
0.5 mg/ml BSA), 5ul of PKC activation 5X buffer (100
mM Tris-HCI, pH 7.5, 1.6 mg/ml phosphatidylserine,
0.16 mg/ml diacylglycerol, and 50 mM MgClz), 5ul of
PKC biotinylated peptide substrate and 5ul of ATP
mixture (51l of 0.5mM ATP and 0.05nl of [7-%P]
ATP (3,000 Ci/mmol)). The reaction mixture was prein-
cubated for 5 min at 30C, to which 5ul of sample (20
ug/ul of protein in sample buffer) was added, followed
by further incubation for 5 min. The reaction was stop-
ped by adding 12.5ul of 7.5 M guanidine-HCI. Ten pl of
each reacted mixture was dropped onto SAM*™ mem-
brane. After serial washing, the membranes were dried
for 1h and radioactivity was determined with liquid
scintillation counter (Wallac Model). The PKC activity
was calculated as pmol of ATP/min/ug of protein.

Measurement of caspase activity

Caspase activity was analyzed using caspase fluoro-
metric substrate (Ac-DEVD-aminomethylcoumarin; UBI)
as described by Nicholson et al. (1995). Briefly, treated
cells were washed in PBS and then lysed in modified
RIPA buffer (50 mM Tris-HCI, pH 7.4 buffer containing
1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl,
1 mM EGTA). Fifty pg of lysate proteins were mixed
with 1 ml of RIPA buffer and 7 pl of substrate, and
incubated at 37°C for 5 min. Fluorescence was then
monitored with an excitation wavelength of 380 nm and
an emission wavelength of 460 nm using fluorescence
spectrophotometer (Kontron Model SFM25). Fluores-
cence of the substrate alone was subtracted from all
measurements.

Measurement of nitrite

NO synthesis in cell cultures was measured by a
microplate assay as previously described (Kim et al.,
1998). One hundred ul of conditioned medium was
collected and incubated with an equal volume of the
Griess reagent [1% sulfanilamide, 0.1% N-(1-naphthyl)-
ethylene-diaminedihydro-chloride, 2.5% HszPO4] at room
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Fig. 1. Induction of apoptosis by VES in U937 cells. Cells were treated with 10 pg/ml VES for indicated periods. A, Confocal microscopy of cells
stained with Pl. Arrows indicates apoptotic cells with highly condensed chromatin and apoptotic bodies. B, DNA fragmentation analysis. Equal amounts
of DNA (10ng) were analyzed by 1.4% agaose gel electrophoresis and DNA laddering was visualized by staining gels with ethidium bromide.
BstEll-digested ADNA was used as a molecular size marker (M). C, Quantification of apoptotic cells. Percentages of apoptotic cells were determined

by counting more than 200 cells on Pl stained cytospin slides.

temperature for 10 min. The absorbance at 540 nm
was determined in a Titertek Multiskan (Flow Lab).
NO. was determined using sodium nitrite as standard.

Results

VES induces apoptosis in U937 cells

When U937 cells were treated with VES, a large num-
ber of cells began to display morphological changes
characteristic of apoptotic cell death such as chromatin
condensation and nuclear fragmentation after 48 h of
culture. More than 80% of the cells appeared apoptotic
at 96h (Fig. 1A & C). Also oligonucleosomal length
DNA fragmentation, a hallmark of apoptosis, appeared
in the VES-treated cells after 48 h (Fig. 1B). The results
indicated that VES induced apoptosis in U937 cells.
Expression of the apoptosis-related proteins such as
Fas and p21 in the VES-treated U937 cells were an-
alyzed by Western blotting. Their expression was dra-
matically increased up to 48 h followed by a decrease
(Fig. 2A). The expression and activity of CDK1 showed
similar pattern as those of Fas and p21 (Fig. 2B). The
unscheduled elevation of CDK1 activity is reported to
be related to apoptosis accompanied by diminished
levels of lamin B dependent on caspase cleavage
(Shimizu et al., 1995; 1998). Thus, we examined ex-
pression of caspase-3 and lamin B by Western blot
analysis. The cleavage of lamin B appeared after 48 h
in the VES-treated culture (Fig. 2C). The cleavage and
activity of caspase-3 were maximal at 72 h after the
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VES treatment (Fig. 2C and Fig. 4A).

VES induces activation of PKC-BII

Recently, it has been reported that activation of PKC is
related with apoptosis via a distinct signaling pathways
(Shao et al., 1997; Cross et al., 2000, Frasch et al,,
2000). Human promonocytic leukemia U937 cells ex-
pressed multiple PKC isoforms including a, Bl, B, 5, €
and £ except PKC-y and A/v. The expression level
of PKC isoforms was not changed by the VES treat-
ment (data not shown). To assess whether VES modu-
lated PKC activity, first we performed Westermn blot
analysis to visualize translocation of PKC from cytosol
to membrane. Among the expressed PKC isoforms,
only PKC-pll was translocated to membrane in re-
sponse to the VES treatment which was maximal at
48-72 h (Fig. 3A). Most of the expressed PKC-isoforms
except PKC-BIl was detected in the cytosolic fraction
without significant changes during the VES-induced
apoptosis progression. We then tested the effect of
VES on PKC activity. PKC preparation from the cell
lysate was incubated in the presence of phosphatidyl-
serine and diacylglycerol. VES remarkably increased
PKC activity after 48-72 h (Fig. 3B). This is consistent
with the translocation pattern of PKC-BII.

Involvement of activation of PKC-BIl in VES-induced
apoptosis in U937 cells

To examine the relationship between the activation of
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Fig. 2. Modulation in the expression of apoptosis-related proteins during VES-induced apoptosis in U937 cells. Whole cell lysates from the untreated
or VES-treated U937 cells for indicated periods were analyzed by Western blotting. Immunobiots were probed with antibodies against Fas and p21Waf1
(A), CDK1 (B), and caspase-3 and lamin B proteins (C). For CDK1 activity assay, cell lysates were immunoprecipitated with anti-CDK1 antibody, and
the in vitro kinase reactions were performed using histone H1. Arrow indicates the cleaved lamin B protein.

PKC-ll and the apoptosis induced by VES in U937 for the VES-induced apoptosis.

cells, caspase activity and DNA fragmentation were ~ We previously described that nitric oxide is an
analyzed using a specific PKC inhibitor, GF109203X.  important intermediator during the VES-induced differ-
When treated with VES, U937 cells exhibited an in- ~ entiation of U937 cells (Kim et al., 1998). To confirm

crease in caspase activity up to 9 fold at 72 h, which the feasibility of involvement of NO in VES-induced
was greatly reduced by co-treatment with GF109203X apoptosis, the effect of GF109203X on NO production
(Fig. 4A). The VES-induced DNA fragmentation was ~ Was analyzed. As shown in Fig. 5A, GF109203 had no
completely blocked by GF109203X (Fig. 4B). These re-  effect on VES-induced NO production (Fig. 5A). More-

sults demonstrated that PKC-BIl activation was required over, blockage of VES-induced NO production by co-
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Fig. 3. VES-induced translocation of PKC-isoforms and activation of PKC. U937 cells were treated with 10 pg/ml VES for the indicated periods. A,
Distribution of PKC-isozymes. Cells were sonicated and fractionated. Membrane and cytosolic fractions were anlayzed by Western blotting using
respective antibodies of PKC isozymes. B, Activity of PKC was determined as described in ‘Materials and Methods’ using PS/DG-dependent transfer
of [*P]JATP to substrate.
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Fig. 4. Effect of GF109203X on the VES-induced apoptosis of U937 cells.
Cells were cultured with 10 pg/ml VES or VES plus 1uM GF109203X
for the indicated periods. A, Caspase activity was measured by cleav-
age of the Ac-DEVD-AMC fluorogenic substrate. GF/72 indicates that
the cells were co-treated with VES and GF109203X for 72h. B, DNA
fragmentation analysis was performd as in Fig. 1B.

treatment with L-NMMA, a NO synthase inhibitor, did
not affect the VES-induced apoptosis (Fig. 5B). These
results indicated that the VES-induced apoptosis through
PKC activation occurs independently of NO production
by VES.

Discussion

When cells are exposed to external insults, negative
regulation of cell cycle or apoptosis occurs; cells which
fail to repair DNA are eliminated through apoptosis
(Lotem et al., 1991; Imamura et al., 1994). In this study,
we have investigated the mechanisms of apoptosis
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induced by VES treatment in the human monocytic cell
line U937. Our results indicate that VES induces apop-
tosis, at least in part, through activation of PKC-Bl
which stimulates caspase-3 cascade.

In this study, VES-treated U937 cells exhibited apop-
totic characteristics, including nuclear DNA condensa-
tion and DNA fragmentation yielding an apoptotic body
shape and ladder formation. VES also increased pro-
tein levels of Fas and p21. Fas (APO/CD95), a mem-
ber of the tumor necrosis factor receptor, is known to
trigger apoptosis in a number of different cell types
upon ligand binding (Nagata, 1997; Turley et al., 1997;
Yu et al.,, 1999). p21wafi/cip1 represents a family of
molecules which block the activity of the cyclinjedk
complexes, and acts as one of the key regulatory pro-
teins in cell cycle, terminal differentiation, and apoptosis
(Frey et al., 1997). In contrast to the increase in p21
protein expression, VES treatment induced large in-
creases in the expression and activation of CDK1 (also
known as cdc2) in these cells. This aberrant expres-
sion and activation of CDK1, however, are consistent
with what is associated with Fas induced apoptosis of
hematopoietic cells (Furukawa et al., 1996). These
data are also consistent with the result that unsched-
uled cyclin Bfcde2 activation takes place in response
to DNA damage in HL-60 cells committed to apoptosis
(Shimizu et al., 1995).

A common feature of cells undergoing apoptosis is
activation of caspases, a family of the death-related
cysteine proteases (Earnshaw et al., 1999). It was also
reported that lamin cleavage participates in the activa-
tion of DNA fragmentation and nuclear apoptosis, and
the process has been related to the roles of PKC
isoforms (Lazebnik et al., 1993; Goss et al., 1994; Rao
et al, 1996; Shimizu et al., 1998). Consistent with
these reports, our study showed that VES induced the
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Fig. 5. Effects of NO and PKC inhibitor on the VES-induced apoptosis of U937 cells. Cells were cultured with 10 ug/ml VES, VES plus 1M
GF109203X, or VES plus 2mM L-NMMA for the indicated periods. A, Induction of NO by VES treatment was not affected by PKC inhibition. Release
of NO was measured by the use of Griess reagent. L-NMMA (2mM), a competitive NOS inhibitor was used for confirmation of the involvement of
iNOS in NO production, B, The apoptotic fraction of the cell cycle was assessed by FACS analysis as described in ‘Materials and Methods’. The data
represent averages of four independent experiments with standard deviation.
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cleavage and activation of caspase-3, followed by the
cleavage of lamin B. VES also stimulated membrane
translocation of PKC-gll and activation of PKC, and
pretreatment of cells with the specific PKC inhibitor,
GF109203X abrogated the DNA fragmentation induced
by VES. Inhibition of PKC pathway also prevented the
induction of caspase activity and apoptosis by VES.
These results indicate that the VES- stimulated PKC
signaling pathway is upstream of the caspase cascade,
which triggers apoptosis by VES. Taken together, our
data suggest that activation of PKC-Bll plays a crucial
role in apoptosis of these cells.

The effect of VES on the regulation of PKC activity
is very complex. Although the mechanism of PKC re-
gulation by VES is still obscure, several studies have
shown that VES inhibits activation of PKC by changing
its phosphorylation state as reported in smooth muscle
cells and mesengial cells (Clement et al., 1997; Studer
et al.,, 1997; Ricciarel et al., 1998). However, in most
of those studies the results are due to the ability of
VES as an antioxidant, and the inhibition of PKC ac-
tivity by VES has been shown to be dependent on cell
types.

Our study showed the opposing effect of VES treat-
ment on the regulation of PKC activation; VES stimu-
lated the membrane translocation of PKC-Bli and activa-
tion of PKC, which induced caspase 3-mediated apop-
tosis. In our system the effect of VES on monocytic
differentiation and apoptosis of U937 cells were not
due to antioxidant function of VES as discussed in our
previous report (Kim et al., 1998), and thus the precise
signaling pathway leading to PKC activation by VES
remained to be elucidated.
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