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Abstract
FLICE-like inhibitory protein (FLIP), a naturally occurring caspase-inhibitory protein that lacks the
critical cysteine domain necessary for catalytic activity, is a negative regulator of Fas-induced
apoptosis. Decreased FLIP levels sensitize tumor cells to Fas- and TRAIL-mediated apoptosis;
however, the cellular mechanisms regulating FLIP expression have not been defined. Here, we
examined the roles of the PKC and NF-κB pathway in the regulation of FLIP in human colon cancers.
FLIP mRNA levels were increased in Caco-2 cells by treatment with PMA; actinomycin D
completely inhibited the induction of FLIP by PMA, indicating transcriptional regulation. PKC
inhibitors Gö6983 and Ro-31-8220, blocked PMA-stimulated FLIP expression. Pretreatment with
the PKCδ selective inhibitor rottlerin or transfection with PKCδ siRNA inhibited PMA-induced FLIP
expression, which identifies a role for PKCδ in FLIP induction. Treatment with the proteasome
inhibitor, MG132, or the NF-κB inhibitor (eg, PDTC and gliotoxin), or overexpression of the
superrepressor of IκB-α inhibited PMA-induced upregulation of FLIP. Moreover, PMA-induced NF-
κB transactivation was blocked by GF109203x. In conclusion, our results demonstrate a critical role
for PKCδ/NF-κB in the regulation of FLIP in human colon cancer cells.
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INTRODUCTION
The caspase-8 homologue, FLICE-like inhibitory protein (FLIP), functions as a caspase-8
dominant negative by blocking apoptosis induced by the oligomerization of the adapter protein
FADD/MORT-1.1, 2 At the transcription level, cellular FLIP appears to exist as multiple splice
variants but only two endogenous forms, FLIPL and FLIPS, are detected.3-5 FLIP expression
correlates with resistance to apoptosis induced by various members of the tumor necrosis factor
(TNF) family such as TRAIL.6 High levels of FLIP are commonly found in tumors; forced
expression of FLIP renders cells resistant to Fas-mediated apoptosis.1, 7, 8 Conversely,
reduction in FLIP levels can sensitize normally resistant cancer cells to chemotherapy-induced
apoptosis.9, 10 FLIP expression is dependent on the phosphatidylinositol-3 kinase (PI3-kinase)
pathway in some tumor cell lines.2 Forced overexpression of protein kinase D (PKD)
upregulates FLIP expression along with a reduction of CD95-mediated apoptosis in pancreatic
carcinoma cells.11 Inducers of the transcription factor NF-κB induce FLIP expression.12, 13
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However, the oncogenic signaling pathways that regulate FLIP expression in tumor cells are
largely unknown.

The protein kinase C (PKC) family, some isoforms of which are stimulated by phorbol esters
such as phorbol 12-myristate 13-acetate (PMA), is responsible for transducing many cellular
signals important for mitogenesis, cellular metabolism, differentiation, tumor promotion, and
apoptosis.14–16 Phorbol esters attenuate Fas-induced apoptosis.16 Moreover, in other cellular
models of apoptosis, there is selective inhibition/activation of PKC isotypes, depending on cell
type and apoptotic stimuli considered.17, 18 PKC functions in the cell death program to
positively or negatively regulate apoptosis. For example, PKCδ acts as a pro-survival factor in
human breast tumor cells.19 Activation of PKCδ/NF-κB increases expression of the inhibitor
of apoptosis protein-2 (cIAP-2) 20, whereas, inhibition of PKCδ with rottlerin or transfection
of a kinase-dead mutant of PKCδ increased apoptosis and potentiated chemotherapy-induced
apoptosis in non-small cell lung cancer cells.21 In contrast, overexpression of PKCδ inhibited
the proliferation of fibroblasts 22, induced monocytic differentiation of the myeloid progenitor
cell line 23, and enhanced enterocyte-like differentiation of colon cancer cell line Caco-2.24
PKCδ has been reported to undergo tyrosine phosphorylation in response to various stimuli
such as PMA, epidermal growth factor, and platelet-derived growth factor (PDGF).23, 25,
26 TNF-α has been shown to induce NF-κB activation through PKCδ in human neutrophils.
27 Induction of NF-κB by PKC activation can prevent apoptosis in certain cells.28–30

Our laboratory is interested in mechanisms regulating the expression of the apoptotic-related
genes in colorectal cancers.20, 31 Recently, we demonstrated that selective induction of
TRAF1 in human colon cancer cells is through a Ca2+-dependent PKC/Raf-1/ERK/NF-κB-
dependent pathway 31 and moreover, we found that the PKCδ/NF-κB pathway plays an
important role in the regulation of the anti-apoptosis protein cIAP-2 in human colon cancer
cells.20 It appears, however, that FLIP is a more efficient inhibitor of death ligand-induced
apoptosis than TRAF1, TRAF-2, cIAP-1, and cIAP-2, which have been previously proposed
to be responsible for the inhibition of death receptor-induced cell death.12, 32 Although the
regulation of FLIP expression has been characterized to some degree in certain cancer cells
2, 33, the regulation of expression in colon cancers has not been defined. Therefore, the purpose
of this present study was to analyze the mechanisms regulating FLIP gene expression in
colorectal cancers. Phorbol esters, such as PMA, were originally described as tumor promoters
but these agents can also modulate a variety of cell processes such as growth, differentiation,
apoptosis and gene transcription through the PKC signaling pathway. PMA, which can
substitute for diacylglycerol (the endogenous PKC activator), has been utilized as a model
agent to analyze the potential mechanisms used by growth factors and hormones to modulate
cell growth and differentiation.34–37 Here, we found that PMA induced FLIP expression in a
dose- and time-dependent fashion. Moreover, we found that the induction of FLIP in human
colon cancer cells is mediated through a PKCδ/NF-κB-dependent pathway.

MATERIALS AND METHODS
Materials

PMA, sodium butyrate (NaBT), hydrogen peroxide (H2O2), and anti-actin antibodies were
purchased from Sigma Chemical Company (St. Louis, MO). Bis-indolylmaleimide I
(GF109203x), PD98059, wortmannin, Gö6983, Gö6976, Ro-31-8220, Rottlerin, MG132,
pyrrolidine dithiocarbamate (PDTC), and gliotoxin were from Calbiochem (San Diego, CA).
The anti-c-FLIP mAb (NF6) (mouse IgG1) was a gift from Dr. Marcus E. Peter (University of
Chicago, Chicago, IL). Adenovirus vector encoding hemagglutinin-tagged IκB-α
superrepressor (Ad5IκB-AA) and its control vector (Ad5GFP) were gifts from Dr. Christian
Jobin (University of North Carolina, Chapel Hill). PKCδ and control siRNA, purchased from
Dharmacon, Inc. (Lafayette, CO), were used as we have described previously.38 The siRNAs
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for targeting PKCδ consist of four pooled SMARTselection-designed siRNAs and the
sequences were PKCδ siRNA1 (5′-GAAAGAACGCUUCAACAUC-3′), PKCδ siRNA2 (5′-
AGAAGAAGCCGACCAUGUA-3′), PKCδ siRNA3 (5′-
GUUGAUGUCUGUUCAGUAU-3′), and PKCδ siRNA4 (5′-
AGAAAUGCAUCGACAAGAU-3′). All siRNAs are synthesized with UU as 3′-overhangs
on each strand, and 5′-phosphate on the antisense strand only. The pGEMT-FLIP construct
was a gift from Dr. Alicia Algeciras-Schimnich (University of Chicago, Chicago, IL). The
pNF-κB-luc reporter plasmid was from Clontech (Palo Alto, CA) and the pRL-Tk-luc reporter
plasmid was purchased from Promega (Madison, WI). The luciferase reporter assay system
was from Promega. The constitutively expressed glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene was obtained from Ambion (Austin, TX) and used to ensure the integrity of
the RNA samples analyzed by Northern blot. [γ-32P] ATP (3,000 Ci/mmol) was from
Amersham Pharmacia Biotech (Piscataway, NY). Tissue culture media and reagents were
obtained from GIBCO BRL (Grand Island, NY). Polyvinylidene difluoride (PVDF)
membranes for Western blots were from Bio-Rad Laboratories (Hercules, CA). The enhanced
chemiluminescence (ECL) system for Western immunoblot analysis was purchased form
Amersham.

Cell culture
The human colon cancer cell lines Caco-2, HT29 and HCT116 were purchased from ATCC
(Rockville, MA). The human colon cancer cell lines, KM20 and KM12C, were obtained from
Dr. Isaiah Fidler (MD Anderson, Houston TX). Caco-2, KM20, and KM12C cells were
incubated in MEM supplemented with either 15% (Caco-2,) or 10% (KM20, KM12C) fetal
calf serum (FCS), respectively. HT29 and HCT116 cells were maintained in McCoy’s 5A
supplemented with 10% FCS. PMA and inhibitors were initially dissolved in dimethyl
sulfoxide (DMSO) and compared to cells treated with DMSO at the same final concentration.
Cells were plated in 100 mm dishes and treated with PMA, the next day when ~80% confluent.
Neither PMA nor the protein kinase inhibitors induced obvious cell death at the time points
assessed in this study.

Transient transfections and luciferase assays
The PKCδ and control siRNA duplexes were introduced into cells by electroporation (Gene
Pulser, Bio-Rad) as we have described previously.38. The pNF-κB-luc construct was co-
transfected with 0.05 μg of pRL-Tk plasmid (Promega) using the calcium phosphate method.
39 The pRL-Tk plasmid was co-transfected to normalize for variation in transfection
efficiency. After 24 h, the cells were treated with various reagents for 16 h prior to luciferase
assay. Luciferase activity was measured using the dual luciferase assay system (Promega)
according to the manufacturer’s instructions and as we have previously described.40

RNA isolation and Northern blot analysis
Total RNA was isolated using the Ultraspectm RNA reagent. RNA extracts (30 μg) were run
in 1.2% agarose/formaldehyde gels and transferred to supported nitrocellulose. Membranes
were hybridized to random-primed 32P-labeled FLIP cDNA probe, containing nucleotides
383-1826 of the human FLIP cDNA sequence, overnight at 42°C and then washed three times
at 68°C for 15 min with 2 × SSC and 0.5% SDS. After hybridization with a GAPDH probe,
membranes were washed again and signals detected by autoradiography.

Protein preparation and Western immunoblot
Western immunoblot analyses were performed as described previously.41 Cells were lysed
with TNN buffer (50 mM Tris HCl [pH 7.5], 150 mM NaCl, 0.5 mM Nonidet P-40, 50 mM
NaF, 1 mM sodium orthovanadate, 1 mM dithiothreitol [DTT], and 1 mM
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phenylmethylfuldonyl fluoride and 25 μg/m each of aprotinin, leupeptin and pepstatin A) at
4°C for 30 min. Lysates were clarified by centrifugation (10,000 g for 30 min at 4°C) and
protein concentrations determined using the method of Bradford.42 Briefly, total protein (100
μg) was resolved on a 10% polyacrylamide gel and transferred to PVDF membranes.
Membranes were incubated overnight at 4°C in blotting solution (Tris-buffer saline containing
5% nonfat dried milk and 0.1% Tween 20). FLIP and actin were detected with anti-FLIP (NF6)
or anti-actin antibodies, respectively, following blotting with a horseradish peroxidase-
conjugated secondary antibody and visualized using ECL detection.

DNA fragmentation assay
Cells were plated in 96-well plates 24 h before treatment. After treatment, DNA fragmentation
was evaluated by examination of cytoplasmic histone-associated DNA fragments
(mononucleosomes and oligonucleosomes) using a Cell Death Detection ELISAPlus kit (Roche
Molecular Biochemicals, Indianapolis, IN) according to the manufacturer’s instructions as we
have described previously.43

Statistical analysis
Data in Fig. 6C and 6D was analyzed using analysis of variance for a two-factor experiment.
Fisher’s least significant difference procedure was used for multiple comparisons with
Bonferroni adjustment for the number of comparisons. Data in Fig. 5D was analyzed using the
Kruskal-Wallis test.

RESULTS
PMA induced FLIP mRNA expression in Caco-2 cells

PKC regulates expression of certain anti-apoptotic proteins.20, 34, 44, 45 For example,
activation of PKCδ/NF-κB increases cIAP-2, inhibitor of apoptosis protein.20 Reduction of
PKCα levels decreases Bcl-xL content and leads to increased sensitivity to apoptosis in hepatic
epithelial cells.45 In this study, we examined the effect of PMA treatment on the levels of FLIP
mRNA in human colon cancer cell line Caco-2. As shown in Fig. 1A, PMA treatment induced
the expression of multiple splice variants FLIP mRNA in a time-dependent fashion. Induction
of FLIP occurred by 2 h with maximal expression at 8 h. In addition, PMA induced FLIP
expression in a dose-dependent fashion with concentrations as low as 5 nM resulting in an
increase in expression (Fig. 1B).

Steady-state levels of mRNAs may be modulated by transcriptional or post-transcriptional
mechanisms. To determine the mechanisms for PMA-mediated FLIP induction, Caco-2 cells
were exposed to PMA (100 nM) for 8 h in the presence or absence of actinomycin D (10 μg/
ml), which inhibits transcription.46 Total cellular RNA was extracted and Northern analysis
was performed (Fig. 1C). Actinomycin D alone slightly decreased FLIP mRNA levels which
is consistent with findings of other investigators utilizing actinomycin D to assess expression
of various genes.47–51 The increased expression of FLIP mRNA splice variants by PMA was
completely blocked by co-incubation with actinomycin D, suggesting transcriptional
regulation as the mechanism for FLIP induction by PMA (Fig. 1C).

Regulation of PMA-stimulated FLIP expression through the PKC pathway
PMA can stimulate downstream gene expression through the PKC, PI3-kinase or MAPK
pathways, depending on the cell type.37, 52 Therefore, we examined which signaling pathway
is involved in the PMA-induced FLIP expression.

Caco-2 cells were pretreated with the MEK/MAPK inhibitor PD98059 (10–50 μM) for 1 h
followed by combination treatment with PMA (100 nM) for 2 h; activation of MEK/MAPK
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was assayed by the determination of ERK1/2 phosphorylation using anti-phospho-ERK1/2
antibody. Treatment with PMA induced ERK1/2 phosphorylation and this induction was
attenuated by pretreatment with PD98059 (Fig. 2A). Treatment with PMA (100 nM) for 8 h
increased FLIP mRNA expression detected by Northern blot; however, pretreatment with
PD98059 (10–50 μM) did not affect PMA-mediated FLIP mRNA induction (Fig. 2B). To
determine the effect of PMA on FLIP protein levels, whole cell protein was extracted and FLIP
protein was analyzed by Western blot using a specific anti-human FLIP antibody. At least two
splice variants of FLIP are expressed in a variety of cells: the full-length form, p55-FLIPL, and
the shorter form, p28-FLIPS.8, 53–55 Both FLIPL and FLIPS are recruited into the death-
inducing signaling complex (DISC) and block death receptor-mediated apoptosis.8, 54 As
shown in Fig. 2C, PMA induced both FLIPL and FLIPS expression in Caco-2 cells.
Consistently, pretreatment with PD98059 did not affect the PMA increased FLIP expression.
Together, these results suggested that PMA-induced FLIP expression did not involve MEK/
MAPK.

To determine whether PI3-kinase plays a role in the FLIP induction by PMA, Caco-2 cells
were pretreated with the PI3-kinase inhibitor wortmannin (250 nM) for 1 h followed by
combination treatment with PMA (100 nM) for various times; activation of the PI3-kinase
pathway was assayed by determining Akt phosphorylation, a downstream target of PI3-kinase,
using anti-phospho-Akt antibody. Treatment with PMA increased Akt phosphorylation and
this induction was completely blocked by pretreatment with wortmannin (Fig. 2D). In contrast,
pretreatment with wortmannin (250 nM) did not affect either PMA-mediated FLIP mRNA
(Fig. 2E) or protein induction (Fig. 2F), suggesting that the PI3-kinase pathway may not play
a role in PMA-mediated FLIP induction.

To determine weather PKC is involved in FLIP inhibition, we next assessed the effect of various
PKC inhibitors on PMA-induced FLIP mRNA expression in Caco-2 cells. Caco-2 cells were
treated with PMA (100 nM) in the presence or absence of the PKC inhibitors Gö6983 (2 μM),
Ro-31-8220 (2 μM), or Gö6976 (2 μM). Both Gö6983 and Ro-31-8220 completely attenuated
PMA-induced FLIP mRNA expression (Fig. 3A) while the Ca2+-dependent PKC inhibitor
Gö6976 has a minor effect. These results suggest a major role for Ca2+-independent novel PKC
in PMA-mediated regulation of FLIP expression.

We have shown induction of FLIP mRNA expression through a PKC-mediated mechanism.
To determine the effect on FLIP protein levels, Caco-2 cells were treated with PMA (100 nM)
with or without the PKC inhibitor Gö6983 (2 μM) for 8 h. PMA increased FLIP expression
was blocked by Gö6983 (Fig. 3B). Taken together, our results identify regulation of both FLIP
mRNA and protein by PKC.

PMA induces FLIP mRNA expression in KM12C, KM20, HT29, and HCT116 colon cancer cells
To determine whether PKC-mediated FLIP induction occurs in other colon cancer cell lines,
FLIP expression was assessed in the human colon cancer cell lines KM12C, KM20, HT29,
and HCT116 after treatment with PMA (100 nM) for 8 h with or without the PKC inhibitor
Gö6983 (2 μM) (Fig. 4). PMA induced FLIP mRNA expression in all four cell lines compared
with control (Fig. 4A). Interestingly, there was only one major splice variant which was
expressed in these cell lines. Similar to Caco-2 cells, FLIP mRNA induction by PMA was
blocked by Gö6883. Analysis of FLIP protein expression by Western blot also showed an
induction of only p28-FLIPs in HT29 and KM20 cells; this induction was attenuated by Gö6883
(Fig. 4B). These results confirm the findings in the Caco-2 cell line and suggest a regulation
of FLIP expression by the PKC pathway in human colon cancer cells
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PKCδ contributes to PMA-induced FLIP expression
The PKCδ isoform contributes to the regulation of various genes, such as ICAM-1 56, cyclin
D1 57, GM-CSF and RANTES expression.58 Recently, we have found that PMA induces
cIAP-2 expression through PKCδ activation in colon cancer cells.20 To determine whether
PKCδ is involved in the induction of FLIP, Caco-2 cells were pretreated with the PKCδ-
selective inhibitor rottlerin for 30 min prior to the addition of PMA; cells were harvested 4 h
later and RNA analyzed by Northern blot (Fig. 5A). Pretreatment with rottlerin resulted in a
complete inhibition of PMA-mediated FLIP induction in Caco-2 cells cultured in serum-free
medium for 24 h prior to treatment. The inhibition of PMA-induced FLIP mRNA expression
by rottlerin suggests that the PKCδ isoenzyme may play a role in PMA-mediated FLIP
induction.

To further confirm the role of PKCδ in FLIP mRNA induction, Caco-2 cells were transfected
with control siRNA or siRNA targeting PKCδ for 48 h followed by PMA treatment for 4 h.
As shown in Fig. 5B (top), transfection with the PKCδ siRNA suppressed FLIP mRNA
induction by PMA. PKCδ protein inhibition with PKCδ siRNA treatment was confirmed by
Western blot; PKCα expression, which was decreased by PMA, was not affected by PKCδ
siRNA, thus confirming selective inhibition of PKCδ by the PKCδ siRNA (Fig. 5B; bottom).
In order to determine whether this regulation was limited to Caco-2 cells or occurs in other
colon cancer cells, HT29 cells were transfected with control siRNA or siRNA targeting the
PKCδ gene for 48 h followed by PMA treatment for 4 h; transfection with the PKCδ siRNA
attenuated PMA-mediated FLIP induction with PMA (Fig. 5C). Taken together, these results,
using complementary approaches (i.e., chemical inhibition of PKCδ and transfection with
PKCδ siRNA) demonstrate a contributory role for PKCδ in PMA-mediated FLIP induction in
human colon cancer cells.

We have shown that activation of PKCδ increased expression of the anti-apoptotic proteins,
FLIP and cIAP-2 20, in colon cancer cells. To explore the biological consequences of these
changes in protein expression levels, we investigated NaBT- or H2O2-induced apoptotic
changes in Caco-2 cells that were transfected with siRNA to PKCδ. Treatment with either
NaBT or H2O2 induced obvious cell death; this effect was further enhanced in the cells
transfected with PKCδ siRNA (Fig. 5D). These results suggest a moderate anti-apoptotic role
of PKCδ, which was associated with regulation of FLIP and cIAP-2 expression.

PMA-mediated FLIP induction is dependent on NF-κB activation
FLIP expression is preferentially up-regulated by stimuli that activate NF-κB.12, 13 To
investigate whether NF-κB activation is involved in PKC-mediated FLIP induction in colon
cancer cells, we used either MG132, a proteasome inhibitor that inhibits IκB degradation 59,
or the antioxidant PDTC, which functions as an NF-κB inhibitor by blocking the dissociation
of the NF-κB·IκB complex 60, or gliotoxin, a potent inhibitor of NF-κB.61 Caco-2 cells were
preincubated 30 min, with or without MG132, PDTC or gliotoxin, followed by the addition of
PMA (100 nM) in the presence or absence of the inhibitor; FLIP expression was assessed by
Northern blot. Treatment with either MG132 (Fig. 6A), PDTC or gliotoxin (Fig. 6B) inhibited
PMA-induced upregulation of FLIP.

To further confirm the involvement of NF-κB activation in PMA-induced FLIP expression, an
adenovirus expressing the superrepressor of IκB-α (IκB-AA) was used to infect Caco-2 cells.
62 First, we assessed the inhibitory role of IκB-AA on NF-κB transactivation by transfection
of the NF-κB-luciferase plasmid, which contains four tandem copies of the NF-κB consensus
sequence. Caco-2 cells were then either infected with the adenovirus encoding IκB-AA or the
adenoviral control vector encoding GFP. Infection was carried out for 1 h followed by the
replacement of fresh medium and an additional 24 h of incubation. Cells were then treated with
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PMA (100 nM) for 16 h. Treatment with PMA significantly increased NF-κB transactivation
compared with control (Fig. 6C, top panel). Moreover, this induction was completely blocked
by infection with adenovirus encoding IκB-AA. Next, we assessed the effect of IκB-AA on
PMA-mediated FLIP expression. Caco-2 cells were infected with adenovirus encoding IκB-
AA or the adenoviral control vector encoding GFP. Cells were treated with PMA or vehicle
and protein and RNA extracted for Western and Northern blot analysis, respectively (Fig. 6C,
middle panel & bottom panel). Consistent with the effect observed previously by chemical
inhibitors, IκB-AA overexpression attenuated PMA-induced FLIP mRNA and protein
expression. IκB-AA expression was confirmed by Western blot (Fig. 6C, middle panel).
Notably, IκB-AA completely reversed the PMA-induced NF-κB reporter activity but did not
completely reverse PMA-induced FLIP expression, suggesting NF-κB-dependent and NF-κB-
independent regulation of FLIP expression by PKCδ.

Finally, we determined whether inhibition of PKC results in decreased NF-κB transactivation
by transfection of the NF-κB-luciferase plasmid and treatment with PMA in the presence or
absence of GF109203x. Treatment with PMA (100 nM) significantly increased NF-κB
transactivation compared with control (Fig. 6D). Moreover, this induction was completely
blocked by treatment with GF109203x. We have found that PKCδ significantly increased NF-
κB transactivation in Caco-2 cells.20 Taken together, these findings suggest the regulation of
FLIP induction in colon cancer cells through PKCδ-mediated NF-κB activation.

DISCUSSION
Previously, we demonstrated regulation of the anti-apoptotic cIAP-2 protein through a PKCδ/
NF-κB-dependent pathway in human colon cancer cells.20 Here, we show that the PKCδ/NF-
κB-dependent pathway also regulates expression of the anti-apoptotic FLIP gene. We
demonstrate induction of FLIP expression by the phorbol ester, PMA, in human colon cancer
cell lines. Inhibition of PKC by inhibitors markedly decreased PMA-mediated FLIP induction
strongly suggesting that the PKC pathway plays a critical role in the regulation of FLIP
expression levels in human colon cancer.

The PKC family consists of conventional PKC isoforms α, βI, βII and γ that are Ca2+-dependent
and PMA-responsive, novel PKC isoforms δ, ε, η and θ that are Ca2+-independent and atypical
PKC isoforms which are not responsive to PMA.34, 44 To delineate the PKC isoforms involved
in PMA-mediated FLIP stimulation, we used a battery of PKC inhibitors. Isoform-selective
PKC inhibitors Gö6983 and rottlerin, both of which inhibit PKCδ 63, blocked FLIP induction
by PMA. The role of PKCδ in PMA-mediated FLIP expression was further confirmed using
PKCδ siRNA. Gö6976, which inhibits PKCα, βI and μ but not PKCδ 63 had minor effect on
PMA induction of FLIP. Although PKD, described originally as a novel PKC and named
PKCμ, has been shown to upregulate FLIP expression in pancreatic adenocarcinoma cell lines
11, PKD does not appear to play a predominant role in the regulation of FLIP in human colon
cancer as noted by the fact that treatment with Gö6976, which inhibits PKD (IC50 = 20 nM),
64 had a minor effect on FLIP expression, whereas Gö6983, which does not inhibit PKD (IC50
of 20 μM) at the dosage used in this study,64 blocked PMA induction of FLIP.

The role of PKCδ in tumor cell lines is of particular interest, since contradictory reports exist
in the literature regarding the role of PKCδ in cell survival and apoptosis.65 PKCδ has been
implicated as a prosurvival factor in some tumor cells 19, 21 whereas other studies suggest a
pro-apoptotic effect of PKCδ, thus demonstrating that the role of PKCδ is highly dependent
on cell type and cellular context. For instance, PKCδ overexpression inhibits Sindbis virus-
induced apoptosis but enhances etoposide-induced apoptosis in the same cell line.66, 67 A
recent study showed that increased expression of the PKCδ isoform enhanced the rate of
apoptosis in the Caco-2 human colon cancer cell line, which was further augmented by phorbol
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ester treatment.24 However, we demonstrate that activation of PKCδ increased expression of
the anti-apoptotic proteins, FLIP and cIAP-2 20, levels in colon cancer cells, including Caco-2.
In agreement with our results, PKCδ has been identified as a prosurvival factor in human breast
tumor cell lines.19 PKCδ is commonly expressed in multiple myeloma cells and its
downregulation by rottlerin results in apoptosis.68 These findings emphasize an important role
of PKCδ in the regulation of anti-apoptotic molecules in certain cancer cells.

The transcription factor NF-κB controls transcription of numerous genes including genes
fundamental for survival, such as TRAF1, TRAF-2, cIAP-1, cIAP-2, and FLIP.12, 32 Indeed,
PKCδ/NF-κB plays a key role in the regulation of various genes, such as ICAM-1 56, cyclin
D1 57, GM-CSF, and RANTES.58 We have shown that the presence of p65 RelA and p50
NF-κB1 in the PMA-induced DNA binding complex and overexpression of PKCδ significantly
increased NF-κB transactivation.20 Consistent with these results, we found that NF-κB
inhibition by either MG132 or PDTC abolished or significantly reduced PMA-induced FLIP
expression, indicating that NF-κB is also involved in FLIP activation by PKCδ. Furthermore,
the PKC inhibitor GF109203x abolished NF-κB transactivation by PMA and blocked PMA-
induced FLIP expression. Collectively, these findings suggest a regulation of survival-
associated gene expression through the PKCδ/NF-κB signaling pathway.

PI3-kinase and MAPK, which are critical regulators of cell proliferation and survival, have
been reported to regulate the expression of FLIP in some cells.2, 69, 70 PMA can stimulate
the MAPK/ERK and PI3-kinase pathways.37, 52 However, PI3-kinase and MAPK/ERK may
not be involved in PMA-mediated FLIP induction in colon cancer cells, since either
wortmannin, a PI3-kinase inhibitor, or PD98059, a MEK inhibitor, had no effect on PMA-
induced FLIP expression in Caco-2 cells. Thus, FLIP induction noted in colon cancer cells by
PMA was through PKC.

In conclusion, we demonstrate FLIP induction in human colon cancer cells through PKC
activation by PMA. Importantly, this induction occurs through a PKCδ/NF-κB-dependent
pathway. Together, our findings suggest that PKCδ plays a critical role in the regulation of
NF-κB-dependent anti-apoptotic gene expression. The selective modulation of FLIP levels in
certain cancers may be useful in sensitizing resistant cancers to the effects of agents which
induce apoptosis through the Fas or TRAIL pathway.
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FLICE-like inhibitory protein

TNF  
tumor necrosis factor

PI3-kinase  
phosphatidylinositol-3 kinase

PKD  
protein kinase D

PMA  
phorbol 12-myristate 13-acetate

PDGF  
platelet-derived growth factor

PKC  
protein kinase C
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Figure 1. PMA treatment increases FLIP mRNA level in Caco-2 cells
A. Northern blot of total RNA (40 μg) from Caco-2 cells treated with PMA (100 nM) for
various times and hybridized to a 1.5 kb fragment of FLIP cDNA probe. The same membrane
was reprobed with a human GAPDH probe as an internal loading control. B. To determine
whether induction of FLIP mRNA by PMA occurs in a dose-dependent manner, Caco-2 cells
were treated with various concentrations of PMA for 8 h; RNA was extracted and Northern
blot performed as above. C. Cells were treated with 0 or 100 nM PMA and actinomycin D (10
μg/ml) for 8 h. Total cellular RNA was extracted, and Northern blot was performed as described
above.
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Figure 2. MEK/MAPK and PI3-kinase may not be involved in PMA-induced FLIP expression
A. Caco-2 cells were pre-treated with the MEK1 inhibitor PD98059 (10–50 μM) for 1 h
followed by treatment with PMA (100 nM) alone or together with PD98059 for 2 h. Whole
cell protein was extracted and phospho-ERK1/2 level was determined by Western blot. B&C.
Caco-2 cells were pre-treated with PD98059 (10–50 μM) for 1 h followed by treatment with
PMA (100 nM) alone or together with PD98059. After incubation for 8 h, total RNA was
extracted and FLIP mRNA level was determined by Northern blot (B); whole cell protein was
extracted and FLIP level was determined by Western blot (C). D. Caco-2 cells were pre-treated
with the PI3-kinase inhibitor wortmannin (250 nM) for 1 h followed by treatment with PMA
(100 nM) alone or together with wortmannin for 1.5 or 2 h. Whole cell protein was extracted
and phospho-Akt level was determined by Western blot. E&F. Caco-2 cells were pre-treated
with wortmannin (250 nM) for 1 h followed by treatment with PMA (100 nM) alone or together
with wortmannin. After incubation for 8 h, total RNA was extracted and FLIP mRNA level
was determined by Northern blot (E); whole cell protein was extracted and FLIP expression
was determined by Western blot (F).
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Figure 3. Effect of protein kinase C inhibitors on PMA-induced FLIP expression
A. Caco-2 cells were treated with PMA (100 nM) alone or together with either Gö6983 (2
μM), Gö6976 (2 μM), or Ro-31-8220 (2 μM). After 8 h treatment, total RNA was extracted
and FLIP mRNA level was determined by Northern blot. B. Caco-2 cells were treated with
PMA (100 nM) alone or together with Gö6983 (2 μM). After 8 h treatment, whole cell protein
was extracted and FLIP protein level was determined by Western blot.
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Figure 4. PMA induces FLIP mRNA expression in KM12C, KM20, HT29, and HCT116 colon
cancer cells
A. KM12C, KM20, HT29, and HCT116 colon cancer cells were treated with PMA (100 nM)
alone or together with PKC inhibitor Gö6983 (2 μM) for 8 h. Total RNA was extracted and
FLIP mRNA level was determined by Northern blot. B. HT29 and KM20 cells were treated
with PMA (100 nM) alone or together with Gö6983 (2 μM) for 8 h. Whole cell protein was
extracted and FLIP protein level was determined by Western blot.
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Figure 5. PKCδ contributes to PMA-induced FLIP expression
A. Caco-2 cells were starved for 24 h in serum-free medium. Cells were pretreated with or
without the PKCδ inhibitor rottlerin (20 μM) for 30 min and then treated with PMA (100 nM)
alone or in combination. RNA was isolated and analyzed by Northern blot. B. Caco-2 cells
were transfected with control or PKCδ siRNA as described under “Materials and Methods”
and then treated with PMA (100 nM) for 4 h. Total RNA was extracted for assessment of FLIP
mRNA expression by Northern blot (upper panel). The whole cell lysates were extracted,
resolved by SDS-PAGE (10% polyacrylamide) and assayed for PKCδ and PKCα expression
by immunoblotting with anti-PKCδ or anti-PKCα antibodies (lower panel). C. HT29 cells were
transfected with control or PKCδ siRNA as described in “Materials and Methods” and then
treated with PMA (100 nM) for 4 h. Total RNA was extracted for assessment of FLIP mRNA
expression by Northern blot (upper two panels). Cells from parallel dishes were harvested, and
the lysates resolved by SDS-PAGE (10% polyacrylamide) and assayed for PKCδ and PKCα
expression by immunoblotting with anti-PKCδ or anti-PKCα antibodies (lower two panels).
D. After transfection with PKCδ siRNA to knockdown endogenous PKCδ or control siRNA,
Caco-2 cells were treated with 5 mM NaBT or 5 mM H2O2. Apoptosis was estimated by an
ELISA method as described in “Materials and Methods.” Columns, means of triplicate
determinations; bar, SD. *, P < 0.05 compared with control; †, P < 0.05 compared with NaBT
or H2O2 alone.
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Figure 6. PMA-induced FLIP expression acts through NF-κB activation
A. Caco-2 cells were preincubated for 30 min with the proteosome inhibitor MG132 (15 μM)
and then treated with PMA (100 nM) for 8 h in the presence or absence of the inhibitor. Total
RNA was isolated for Northern blot. B. Caco-2 cells were preincubated for 30 min with PDTC
(50 μM) or gliotoxin (0.2 μM) and then treated with PMA (100 nM) for 8 h in the presence or
absence of PDTC or gliotoxin. Total RNA was isolated for Northern blot. C. Top panel, Caco-2
cells were transfected with 0.3 μg of a plasmid containing the consensus NF-κB binding site
linked to the luciferase reporter gene. The cells were then infected with a recombinant
adenovirus encoding the Ad5IκB-AA or vector control encoding GFP. After 24 h, cells were
treated with PMA or vehicle control for 16 h and then extracted and luciferase activity measured
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in the crude cell lysates as described in the “Materials and Methods.” Middle panel & bottom
panel, Caco-2 cells were infected with a recombinant adenovirus encoding the Ad5IκB-AA or
vector control encoding GFP. After 24 h, cells were treated with PMA (100 nM) or vehicle
control for 8 h and then extracted for RNA and protein. Cell lysates (100 μg of protein) were
fractionated by SDS-PAGE and blotted with anti-FLIP, anti-HA and anti-actin antibodies
(middle panel). Total RNA was fractionated and probed with a labeled FLIP cDNA; blots were
stripped and reprobed with GAPDH (bottom panel). D. Caco-2 cells were transfected with 0.3
μg of a plasmid containing the consensus NF-κB binding site linked to the luciferase reporter
gene. Twenty-four hours after transfection, cells were treated with PMA with or without
GF109203x (2 μM) for an additional 16 h and then extracted and luciferase activity measured
in the crude cell lysates as described in the “Materials and Methods”. All results from the
luciferase assay were normalized for transfection efficiency using the pRL-Tk-luc plasmid
(Promega). Data are expressed as mean ±SD; * p < 0.05 compared with control; † p < 0.05
compared with PMA alone.
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