
ICANCER RESEARCH57. 4714-4717. November 1. 19971

Advances in Brief

Activated Ki-ras Enhances Sensitivity of Ceramide-induced Apoptosis without c-Jun
NH2-Terminal Kinase/Stress-activated Protein Kinase or Extracellular Signal

regulated Kinase Activation in Human Colon Cancer Cells1

Mariko Ohmori, Senji Shirasawa, Masanori Furuse, Koji Okumura, and Takehiko Sasazuki2

Department of Genetics, Medical Institute of Bioregulation, Kyushu University. Fukuoka 812-82, Japan

Abstract

The activation of c-Jun NH2-terminal kinase (JNK)/stress-activated
protein kinase (SAPK) and/or extracellular signal-regulated kinase (ERK)
is involved in ceramide-induced apoptosis in certain cells. To examine the
relationship between activated Ki-ras-mediated signals and ceraniide
induced apoptosis in human colon cancer cells, JNK/SAPK and ERK
activity, as initiated by ceramide, was examined in HCT116, which has a
mutation of Ki-ras at codon 13, and HCT116-derlved clones, HKe-3 and
HKh-2, in which activated Ki-ras was disrupted throuaJ gene targeting.

In HKe-3 and HKb-2, the activity of JNK/SAPK increased significantly
within 60 mm following C2 ceramide stimulation, and some apoptosis

followed. In contrast, C2 ceramide caused a marked apoptosis in HCT116,
but activation of JNK/SAPK was not observed. C2 ceramide did not
activate ERK in any of the cell lines. These results suggest that activated
Ki-ras contributes to the sensitivity ofceramide-induced apoptosis without

JNK/SAPK or ERK activation and that other signaling pathways involved

in ceramide-induced apoptosis may be present in human colon cancer
cells.

Introduction

Ceramide acts as a second messenger to mediate effects on cell
differentiation, growth inhibition, and programmed cell death (1, 2).
However, the precise molecular mechanisms of the ceramide-induced
apoptotic pathway remain unknown. Activation of JNK3/SAPK is
essential for stress- and ceramide-induced apoptosis in bovine endo
thelial cells and U937 leukemia cells (3), and activated Ha-ras is
involved in the JNK/SAPK signaling pathway (4, 5). Ceramide also
activated ERK through Ha-ras-mediated signals, and Fas-induced
apoptosis was mediated by this Ha-ras-ERK pathway (6). However,
the mechanisms of JNK/SAPK activation are poorly understood.

We previously established HCT1 16-derived clones, HKe-3 and
HKh-2, in which activated Ki-ras was disrupted through gene target

ing (7). Using these cells, we found that activated Ki-ras is involved
in the deregulation of c-myc (7) and in the suppression of c-jun
expression that is induced by serum stimulation (8). Thus, we asked
how the activated Ki-ras is involved in ceramide-induced apoptosis in
these cells. We investigated whether ceramide-initiated activation of
JNKJSAPK or ERK depends on activated Ki-ras, and for this, we
analyzed human colon cancer cell lines HCT1 16, HKe-3, and HKh-2.
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We obtained evidence that activated Ki-ras contributes to ceramide
induced apoptosis sensitivity but not through JNKISAPK or ERK.

Materials and Methods

Materials. D-Erythro-sphingosine, N-acetyl-(C2 ceramide) and r-erythro
sphingosine, dihydro-N-acetyl-(C2 dihydroceramide) were purchased from
Calbiochem (La Jolla, CA). Aliquots were resuspended at 30 mM in ethanol
before use.

Cell Culture. The colon cancercell line HCFI16 (ATCCCCL 247) has a
mutation of Ki-ras at codon 13. HKe-3 and HKh-2 are clones derived from
HCT116 through gene targeting at activated Ki-ras (7). Cells were grown in
DMEM, supplemented with 10%FCS and penicillin/streptomycin (Life Tech
nologies, Inc.) in a humidified atmosphere of 10% CO2.

Ceramide Stimulation. Cells were platedat 1â€”2X 106cells per 100-mm
dish, incubated overnight in DMEM containing 10% FCS, and then cultured in
serum-free DMEM for 48 h, followed by C2 ceramide or C2 dihydroceramide
treatment.

Western Blot Analysis. Proteins were extracted from HCT116, HKe-3,
and HKh-2 at serum-starved and the indicated time points after C2 ceramide or
C2 dihydroceramide stimulation. Equal amounts of total lysate were electro
phoresed in 10% SDS/polyacrylamide gels at a constant current of 18 mA for
90 mm followed by transfer to polyvinylidene fluoride membrane (Micron
Separations, Inc.). Western blotting was performed with the ECL system
(Amersham), with anti c-Myc monoclonal antibody (Santa Cruz Biotechnol
ogy) or anti c-Raf antibody (Santa Cruz Biotechnology).

iNK Assays. JNK activity was assayed using the â€œpull-downâ€•methodas
described (4), in which GST-c-Jun (1â€”89)fusion protein is used to affinity
select the iNK enzyme before the kinase reaction, according to the manufac
turer's protocol (New England BioLabs). Cells were lysed in cell lysis buffer
[20 misi Tris (pH 7.5), 150 mM NaCI, 1 misi EDTA, I mlsi EGTA, 1% Triton
X-lOO,2.5 mMsodium pyrophosphate,1 mMf3-glycerolphosphate, 1 mM
Na3VO4, 1 @tg/mlleupeptin, and 1 mM phenylmethylsulfonyl fluoridel. Within
each experiment, equal amounts of protein (250 @g)were assayed for each
sample. Cell lysates were incubated overnight with 2 p@gof GST-c-Jun (1â€”89)
fusion protein beads (New England BioLabs) at 4Â°C. The beads were washed

twice in cell lysis buffer and twice in kinase buffer [25 mM Tris (pH 7.5), 5 mM
f3-glycerolphosphate,2 mMDTT, 0.1 mMNa3VO4,and 10 mrsiMgC12].After
the mixtures were centrifuged, supernatants were removed, and the kinase
reaction was carried out in 50 p1 of kinase buffer, containing 100 ,.@MATP, at
30Â°Cfor 30 rain, with occasional agitation. The reaction mixture was mixed
with 25 @dof 3X SDS sample buffer and heated in a boiling water bath for 5
mmbeforebeingloadedona 12%SDS-polyacrylamidegel.Phosphorylation
of c-Jun at Ser-63 was visualized by immunoblotting with antiphosphospecific
c-Jun (Ser-63) antibody (New England BioLabs).

MAPK (ERK) Assays. After stimulation,cells were lysed in cell lysis
buffer. Equal amounts of protein (200 @g)were immunoprecipitated with
antiphospho-specific p44/42 MAPK antibody (New England Biolabs), fol
lowed by incubation with protein G-Sepharose beads (Pharmacia Biotech Inc.).
Agarose beads with bound kinases were washed twice in cell lysis buffer and
twice in kinase buffer. Supernatants were removed, and the kinase reaction was
carried out in 50 @.tlof kinase buffer containing 1 ,.@gof GST-Elkl (307â€”428)
fusion protein (New England BioLabs) and 100 p.M ATP at 30Â°C for 30 mm,

with occasional agitation. The reaction mixture was mixed with 25 @.dof 3X
SDS samplebufferandplaced in a boiling waterbathfor 5 mm beforebeing
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loaded on a 12% SDS-polyacrylamide gel. Phosphorylation of Elkl at Ser-383
was visualized by immunoblotting with antiphospho-Elkl (Ser-383) antibody
(New England BioLabs).

Cell Viability Assay. After stimulationwith C2 ceramideor C2 dihydro
ceramide, viable cells were counted at the indicated time points following
trypan blue dye exclusion. All values were normalized to the relative viability
of untreated cells.

Agarose Gel Electrophoresis for DNA Fragmentation. Low molecular
weight DNA was purified as described (9) but with minor modifications.
Treated cells (1â€”7X 106) were pelleted and lysed with 500 pA of 5 msi
Tris-HC1 (pH 8), 10 mMEDTA, and 0.5% Triton X-lOO.After incubation at
room temperature for 30 mm, the lysate was centrifuged at 13,000 X g for 30

mm.To thesupernatantwas added1%SDS and 1mg/mIproteinaseK, andthe
mixture was incubated at 50Â°Cfor 2 h. DNA was extracted with an equal
volume of phenol:chloroform, followed by phenol:chloroform:isoamyl alcohol
extraction. The aqueous phase was then treated for 30 mm with 100 @g/ml

RNase A at 37Â°C.The DNA was precipitated in ethanol overnight at â€”20Â°C.
Samples were centrifuged at 4Â°C,and pellets were washed with 70% EtOH and
dried. DNA pellets were resuspended in 10 mM Tris (pH 8)-l mM EDTA
buffer, followed by electrophoresis in a 2% agarose gel. DNA bands were
visualized by ethidium bromide staining and UV light illumination.

Results and Discussion c

To determine how activated Ki-ras-mediated signals are involved
in the ceramide-induced activation of JNK/SAPK in human colon
cancer cells, HCT1 16 and HKe-3 were serum starved for 48 h and
treated with 30 p.M of C2 ceramide. In HKe-3, JNKJSAPK was
activated within 30 mm after exposure to C2 ceramide, and the
maximal activation was observed after 60 mm in a dose-dependent

manner, whereas JNK/SAPK activity was scarcely induced in
HCT1 16 (Fig. lA and B). C2 dihydroceramide failed to activate
JNK/SAPK in HKe-3 (Fig. 1C), indicating that C2 ceramide specif
ically activated JNKJSAPK. To exclude the possibility that these
phenomena were related to clonality, we asked if C2 ceramide would
activate JNK/SAPK in HKh-2, another HCT116-derived clone dis
rupted at activated Ki-ras. JNK/SAPK activity was also increased in

HKh-2 by treatment with 30 @LMC2 ceramide, as was observed in
HKe-3 (Fig. 1D). These results suggest that ceramide-induced iNK'
SAPK activation was recovered in the clones disrupted at activated
Ki-ras.

It has been reported that ceramide activates JNK/SAPK and that
ceramide-induced activation of JNK/SAPK is required for ceramide
initiated apoptosis (3). The results shown in Fig. 1 led to the notion
that C2 ceramide would induce apoptosis in HKe-3 and HKh-2 but not
in HCT116. When treated with C2 ceramide for 3 h, HKe-3 and
HKh-2 remained attached to plates and morphological changes did not
occur, whereas HCT1 16 shrank, became rounded, and detached from
the plates (data not shown). Hence, apoptosis apparently occurred
without the activation of JNKJSAPK.

To examine the dose dependency of C2 ceramide-induced apopto
sis, the survival rates in case of treatment with 10 or 30 p.M of C2
ceramide were analyzed by trypan blue dye exclusion in HCT1 16,

HKe-3, and HKh-2 (Fig. 14). Although these cells were sensitive to
C2 ceramide in a dose- and time-dependent fashion, HKe-3 and
HKh-2 were less sensitive than HCT116 (Fig. 14). Neither the ethanol
vehicle nor C2 dihydroceramide induced cytotoxicity in any cell (data

not shown), thus indicating C2 ceramide specificity (10).
To confirm that the ceramide-induced cytotoxic response in

HCF116 and HKe-3 was due to apoptosis, DNA analysis following
C2 ceramide stimulation for 24 h was made on HCT116 and HKe-3.
HCT116 exhibited a more striking DNA ladder, consisting of 180-bp
fragments, following treatment with C2 ceramide than HKe-3 (Fig.
2B). In both lines, neither the ethanol vehicle nor C2 dihydroceram
ide-treated cultures showed any significant fragmentation of DNA
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Fig. 1. Analysis of C2 ceramide-induced JNK/SAPK activity in human colon cancer
cells, with and without activated Ki-ras. A, C2 ceramide-induced JNKJSAPK activation in
HKe-3, a HC1'l 16-derivedclone disrupted at activated Ki-ras. HC1'l 16 and HKe-3 cells
were treated with 30 @LMC2 ceramide for the indicated time. B, dose dependency of
JNK/SAPK activation induced by C2 ceramide in HKe-3. HKe-3 cells were treated with
10 or 30 @LMC2 ceramide for the indicated time. C, specific activation of JNK/SAPK by
C2 ceramide. HKe-3 cells were treated with 30 @.sMof C2 ceramide (Ce) or 30 @sMC2
dihydroceramide (Di) for the indicated time. D, C2 ceramide-induced JNK/SAPK acti
vation in HKh-2, another Ki-ras-disrupted clone. HCTI 16, HKe-3, and HKh-2 cells were
treated with 30 @.LMof C2 ceramide for 60 mm. JNKJSAPK activity was assayed as
described in â€œMaterialsand Methods.â€•The phosphorylation states of the GST-c-Jun
fusion protein are shown.

(data not shown). Therefore, ceramide-induced apoptosis in human
colon cancer cells is probably enhanced by activated Ki-ras and is
independent of JNK/SAPK activation. Other molecules likely play
critical roles in ceramide-initiated apoptosis in human colon cancer
cells.

We then investigated c-Raf-ERK pathways, one of the downstream
targets of Ras (1 1, 12). c-Raf is activated by phosphorylation, and
hyperphosphorylated c-Raf can be detected by a decrease of mobility
on SDS-PAGE. C2 ceramide stimulation did not increase the hyper
phosphorylated form of c-Raf or activate ERK in HCT1 16, HKe-3, or
HKh-2 (Fig. 3). This suggests that the c-Raf-ERK cascade is not
involved in ceramide-initiated signaling in these colon cancer cells,
although ceramide does specifically bind to and activate c-Raf, lead
ing to a subsequent activation of the MAPK cascade ( 13) or ceramide
activated protein kinase, which phosphorylates c-Raf on Thr-269 in
HL-60 cells (14). Recent reports also suggested that ceramide could
activate ERK through Ha-ras activation and that Fas-induced apop
tosis was mediated by this signal transduction (6). However, ERK
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Fig. 2. Viability and DNA fragmentation of HCT1 16 and
HKe-3 following treatment of C2 ceramide. A, viability
curves after treatment of 10 or 30 ,.LMof C2 ceramide.
Viability was ascertained as described in â€œMaterialsand
Methods.â€• Data points, mean values of three experiments
with duplicate determinations; bars, SD. â€¢,HCTI 16; @,
HKe-3; 0, HKh-2. B, C2 ceramide-induced DNA fragmen
tation of HCT1 16 and HKe-3. Cultured cells were incubated
with 30 @LMof C2 ceramide for 24 h. DNAs purified from
1 X 10Â°cells (Lanes 1 and 5), 3 X 106 cells (limes 2 and 6),
S x 106cells (Lanes 3 and 7), and 7 X 106cells (Lanes 4 and
8), were resolved by electrophoresis in a 2% agarose gel.

Each experiment was performed three times independently.
Similar results were obtained in each experiment. Lane M,
size marker.
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activation was suppressed in HCT1 16 and was recovered by the dismp
Hon of activated Ki-ras. The mechanisms involved in the suppression are
not known and target molecules of activated Ki-ras on the suppression of
ceramide-induced JNK/SAPK activation in these colon cancer cells can
be determined by investigating events upstream of JNK/SAPK. Our
evidence shows that ceramide-induced apoptosis is enhanced in HCT116,

without JNK/SAPK activation. Therefore, activated Ki-ras itself or other
signal transduction pathways regulated by activated Ki-ras can enhance
susceptibilityto ceramide-initiatedapoptosis in HCT116.

Although most of the critical ceramide-initiated pathways inducing
apoptosis in HCT1 16 remain to be elucidated, evidence is mounting
that c-Myc can increase the susceptibility to apoptosis, particularly
under conditions of low serum concentration or high cell density (15).
We reported earlier that expression of c-myc in HCT1 16 was 10 times
higher than that in activated Ki-ras-disrupted clones (7). The consti
tutive expression of c-Myc was also observed under conditions of
serum deprivation and ceramide treatment of HCT1 16, whereas c

A HCTi16HKe-3HKh-2060060060 Time
(mm)

60

Fig. 3. Phosphorylation states of c-Raf and ERK activity by treatment with C2
ceramide. A, lack of increased c-Raf phosphorylation stimulated by C2 ceramide. Western
blot analysis was performed as described in â€œMaterialsand Methods.â€•HCT116, HKe-3,
and HKh-2 cells were treated with 30 @LMC2 ceramide for 60 mm. B, activation of ERK
was not stimulated by C2 ceramide. Phosphorylation states ofGST-Elkl fusion protein are
shown.
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Fig. 4. Differential expression of c-Myc between HCT1 16 and HKe-3. HCT116 and

HKe-3 cells treated with 30 @LMC2 ceramide for the indicated time. Anti-c-Myc antibody
was used for Western blots.
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activation by C2 ceramide treatment was not observed in either cell
line we used (Fig. 3B), and the treatment with a high dose of anti-Fas
1gM (CH-1 1) did not induce apoptotic changes in these colon cancer
cells (data not shown). Mechanisms governing the ceramide-initiated

apoptosis, other than the iNK or ERK cascade, probably exist in
HCT1 16.

We have shown in this study that ceramide-induced JNK/SAPK
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Myc was not detected in HKe-3 (Fig. 4). Such a difference in c-Myc
may explain the difference in susceptibility to ceramide between
HCT116 and activated Ki-ras-disrupted clones. Identification of a
signal transduction pathway involved in ceramide-mediated apoptosis
in cancer cells may possibly lead to development of therapies for the
control of cancer. The cell lines we used here are expected to be useful
for investigating the relation between activated Ki-ras-mediated sig
nals and other genes involved in colorectal tumorigenesis.
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