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Abstract

We have previously reported that protein kinase C (PKC) signaling can trigger hallmark events of cell cycle withdrawal in intestinal

epithelial cells, including downregulation of cyclin D1, induction of p21Waf1/Cip1, and activation of the growth suppressor function of

pocket proteins. In the current study, we compared the cell cycle- and PKC-specific effects of the vanilloid resiniferatoxin (RTX), its

parent diterpene resiniferonol 9,13,14-ortho-phenylacetate (ROPA), and the PKC agonist PMA in the IEC-18 non-transformed intestinal

crypt cell line. ROPA and PMA were found to produce strikingly similar alterations in cell cycle progression and PKC activity in IEC-18

cells, although PMAwas approximately 1000-fold more potent in producing these effects. Both agents induced a transient PKC-dependent

blockade in G1 ! S progression associated with transient downregulation of cyclin D1 and induction of p21Waf1/Cip1. In contrast, RTX

produced a prolonged PKC-independent cell cycle arrest in G0/G1 phase which was maintained for longer than 24 h. This arrest was

vanilloid receptor-independent and associated with prolonged downregulation of cyclin D1 mRNA and protein, with little effect on levels

of p21Waf1/Cip1. Combined exposure to RTX and ROPA produced a sustained and complete cell cycle blockade in IEC-18 cells, associated

with depletion of cyclin D1 and sustained enhancement of p21Waf1/Cip1 levels. PMA, ROPA, RTX and the RTX/ROPA combination were

capable of activating ERK1/2 signaling in IEC-18 cells, albeit with different kinetics. In contrast, only PMA and ROPA activated JNK1/2

and p38 in this system. Notably, some preparations of commercially obtained RTX produced effects indistinguishable from those of the

RTX/ROPA combination, suggesting that certain batches of the compound may contain significant amounts of ROPA (or another PKC

agonist activity). Together, these data demonstrate that structurally related compounds can produce similar cell cycle-specific effects but

through distinct mechanisms. In addition, they add to a growing body of evidence that vanilloids can have antiproliferative effects in a

variety of cell types.
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1. Introduction

Resiniferatoxin (RTX), isolated from the latex of the

Moroccan cactus-like plant Euphorbia resinifera, com-

bines the structural features of two classes of natural

irritants, phorbol esters and vanilloids [1]. The structural

similarity between RTX and phorbol esters indicates that it

may bind and activate members of the PKC family, and

RTX is currently marketed as a PKC agonist by several

companies. A limited number of studies have reported

PKC-specific effects of RTX both in vivo and in vitro. For

example, a report comparing the ability of tumor-promot-

ing (e.g. phorbol 12-myristate 13-acetate, PMA) and non-

tumor-promoting (e.g. RTX) agents to activate PKC a, g, d,

e, z, and Z indicated that RTX preferentially activates PKC

a at concentrations ranging from 1 to 100 nM, while at

1 mM the other isozymes are activated as well [2]. Further-

more, nanomolar concentrations of RTX were shown to

cause membrane translocation of PKC in dorsal root gang-

lion neurons, albeit through an indirect mechanism [3],

and activation of PKC a signaling was implicated in
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RTX-induced alterations in microvascular permeability in

an experimental model [4]. In contrast, a number of studies

have demonstrated only marginal affinity of RTX toward

members of the PKC family [5–8], likely due to the

presence of a homovanillic acid substituent at position

C20 in the phorbol nucleus [9], casting doubt on the ability

of RTX to directly activate PKCs.

A possible explanation for the conflicting findings

regarding the effects of RTX on PKCs is that deesterifica-

tion of RTX yields its parent diterpene resiniferonol

9,13,14-ortho-phenylacetate (ROPA). ROPA has the struc-

ture of a PKC-binding phorbol ester, and has been shown to

be approximately 10-fold more potent than RTX for PKC

binding [10]. In keeping with other phorbol esters, ROPA

has been shown to activate PKCs and to have weak tumor

promoting activity [11]. In vitro studies have further

demonstrated that ROPA preferentially activates the clas-

sical PKC isozymes [2].

In addition to its structural homology to phorbol esters,

RTX also contains a (homo)vanillyl moiety that is homo-

logous to capsaicin (8-methyl-N-vanillyl-6-nonenamide),

the major pungent ingredient in hot chili peppers [1]. Like

capsaicin, RTX acts as an agonist for the vanilloid receptor,

a ligand-gated ion channel found on sensory neurons [1].

Although most studies of the actions of vanilloids have

focused on their ability to activate the vanilloid receptor

(and ultimately desensitize afferent sensory neurons

involved in nociception [1]), a growing body of evidence

indicates that capsaicin and its analogs (including RTX)

also have vanilloid receptor-independent effects on cell

growth/cell cycle progression and cell survival in certain

cell types [12–17]. In this regard, it is interesting to note

that capsaicin has chemopreventive effects in various

tumor systems (including animal models of colon cancer)

that are unrelated to its effects on the vanilloid receptor

[18–22]. In contrast, to our knowledge the cell cycle-

specific effects of ROPA have not been investigated.

We have previously reported that PKC signaling in

intestinal epithelial cells can trigger a coordinated program

of molecular events leading to cell cycle withdrawal into

G0 [23,24]. Activation of PKC a, d, and e, or PKC a alone,

in the IEC-18 non-transformed rat intestinal crypt cell line

results in rapid downregulation of cyclin D1, induction of

Cip/Kip cyclin-dependent kinase inhibitors, and activation

of the growth suppressor functions of members of the

pocket protein family (i.e. pRb, p107, and p130). Main-

tenance of PKC-induced cell cycle arrest requires sus-

tained PKC signaling [23,24] and prolonged activation

of the ERK/MAPK pathway [25]. The physiological sig-

nificance of these findings is supported by the demonstra-

tion that (a) PKC a and other PKC isozymes undergo

membrane translocation/activation precisely at the point

within intestinal crypts at which cells cease dividing

[24,26], (b) the program of cell cycle regulatory events

triggered by PKC activation in IEC-18 cells is representa-

tive of the changes seen coincident with growth arrest in

intestinal crypts in situ [24,26], and (c) ERK activity has

been shown to be maintained in post-mitotic cells of the

intestinal villus [27].

In the present study, we compare the cell cycle- and

PKC-specific effects of the PKC agonist PMA, the vanil-

loid RTX, and its parent diterpene ROPA in IEC-18 cells.

Our data demonstrate, for the first time, that both RTX and

ROPA have potent cell cycle inhibitory effects in these

cells. While the effects of ROPA are PKC-dependent and

transient, paralleling those of PMA, RTX produces a long-

lasting PKC- and vanilloid receptor-independent cell cycle

arrest in this system. Interestingly, combined exposure to

RTX and ROPA produces a sustained and complete cell

cycle blockade in IEC-18 cells. As seen with PMA treat-

ment, RTX, ROPA and the RTX/ROPA combination acti-

vate ERK signaling in these cells. PMA and ROPA also

activate JNK1/2 and p38 MAPKs in this system. Notably,

some preparations of commercially obtained RTX used in

this study produced effects indistinguishable from those of

the RTX/ROPA combination, suggesting that certain

batches of this agent may also contain significant amounts

of ROPA (or a contaminant with PKC agonist activity).

2. Materials and methods

2.1. Reagents

Mouse monoclonal PKC a-specific antibody was pur-

chased from Upstate Biotechnology, Inc. Rabbit anti-PKC d
(C-17), anti-PKC e (C-15), anti-cyclin D1 (H-295), and anti-

total ERK1/2 (C-14) antibodies, and goat anti-total p38

(C-20) antibody, were obtained from Santa Cruz Biotech-

nology. Mouse monoclonal anti-phospho-p44/p42 MAPK

(E10) antibody, mouse anti-phospho-JNK1/2 antibody, rab-

bit anti-total JNK1/2 antibody, and rabbit anti-phospho-p38

antibody were purchased from Cell Signaling Technology.

Mouse monoclonal anti-p21Waf1/Cip1 (G3-245) antibody was

obtained from BD Pharmingen. Horseradish peroxidase-

conjugated rat anti-mouse, goat anti-rabbit, and donkey

anti-goat secondary antibodies were purchased from Jack-

son Immuno Research Laboratories, Inc., Chemicon Inter-

national, and Santa Cruz Biotechnology, respectively.

The pan PKC inhibitor GF 109203X (BIM I) and the

MEK inhibitor 1,4-diamino-2,3-dicyano-1,4-bis(2-amino-

phenylthio)-butadiene (U0126) were obtained from LC

Laboratories and Alexis Biochemicals, respectively. PMA

was from Sigma, PDBu was from Alexis Biochemicals, and

ROPA was from LC Laboratories. Different lots of RTX

were purchased from Alexis Biochemicals or LC Labora-

tories. Iodo-RTX was from LC Laboratories.

2.2. Intestinal epithelial cell culture

The IEC-18 cell line (American Type Culture Collec-

tion; #CRL-1589) is an immature, non-transformed cell
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line derived from rat ileal epithelium [28]. IEC-18

cells grown in culture retain characteristics of proliferating

intestinal crypt cells including the expression of a similar

PKC isozyme profile (a, d, e, z, and i). IEC-18 cells

were maintained in Dulbecco’s modified Eagle’s medium

(Gibco-BRL) supplemented with 4 mM glutamine,

5 mg/ml filtered insulin, and 5% fetal bovine serum

(Intergen).

2.3. Drug treatments

IEC-18 cells in logarithmic phase of growth were treated

with PMA, ROPA, RTX, Iodo-RTX, or RTX/ROPA com-

binations for various times as indicated. All drugs were

dissolved in ethanol with a final concentration in the

medium of �0.1%. Control cells were treated with vehicle

alone for various times; since the vehicle had no effects on

the various parameters examined, only representative con-

trol data are shown.

2.4. Inhibition of PKC or ERK signaling

Inhibition of PKC activity was achieved by pretreat-

ment of IEC-18 cells for 30 min with 5 mM BIM I, a

general inhibitor of the classical and novel PKC isozymes

[29]. Depletion of the phorbol ester-responsive isozymes

expressed in IEC-18 cells (PKC a, d, and e) was accom-

plished by exposing cells to 1 mM PDBu for 24 h as

previously described [23,24]. Inhibition of ERK signal-

ing was achieved by pretreatment of IEC-18 cells for

30 min with the MEK inhibitor U0126 (10 mM). The

following solvents were used to prepare drug stock

solutions: DMSO for BIM I and U0126 and ethanol

for PDBu.

2.5. Flow cytometric analysis

Cultured IEC-18 cells were harvested by trypsinization,

fixed overnight in 70% ethanol at 4 8C, and resuspended in

20 mM Tris, pH 7.5 containing 250 mM sucrose, 5 mM

MgCl2, 0.37% NP-40 (Sigma), and 0.04 mg/ml RNase A

(Sigma). Cellular DNA was stained with 25 mg/ml propi-

dium iodide (Sigma) in 0.05% sodium citrate and quanti-

fied using flow cytometry. Cell cycle analysis was

performed using the Winlist and Modfit programs (Verity

Software House).

2.6. Preparation of whole cell extracts

Subconfluent cultures of IEC-18 cells grown in 100 mm

tissue culture plates were washed twice with phosphate-

buffered saline at 4 8C. Cells were scraped into boiling

SDS lysis buffer containing 10 mM Tris–HCl, pH 7.4 and

1% SDS (approximately 150 ml per plate) and solubilized

by boiling for 5 min. Cellular DNA was sheared by passing

the fresh lysate through a 27.5 gauge needle five times.

Extracts were cleared by room temperature centrifugation

at 12,000 � g for 10 min and boiled in Laemmli sample

buffer (50 mM Tris–HCl, pH 6.8, 10% (v/v) glycerol

(VWR), 2.5% SDS, 2 mM EDTA, 10 mM DTT,

and 0.05% (w/v) Bromophenol Blue) [30] for 5 min prior

to being subjected to SDS–PAGE and immunoblot

analysis.

2.7. Subcellular fractionation

Partitioning of IEC-18 cell extracts into cytosolic (solu-

ble) and membrane (particulate) fractions was performed

as previously described [23,26]. Briefly, subconfluent cul-

tures of IEC-18 cells were rinsed twice with phosphate-

buffered saline at 4 8C and scraped into an extraction buffer

containing 20 mM Tris–HCl, pH 7.5, 2 mM EDTA, 2 mM

EGTA, 0.5 mg/ml digitonin, 10 mM NaF, 4 mM PMSF,

2 mM benzamidine, 10 mg/ml leupeptin, and 10 mg/ml

aprotinin (digitonin buffer). Digitonin-soluble (cytosolic)

and -insoluble (particulate) fractions were separated by

ultracentrifugation at 4 8C for 40 min at 100,000 � g.

Cytosolic proteins were precipitated with freshly prepared

10% TCA for 10 min on ice, washed in acetone, solubi-

lized in 50 ml 100 mM NaOH, and neutralized by addition

of 50 ml 100 mM HCl. Particulate fractions were incubated

in 100 ml digitonin buffer containing 1% Triton X-100

(Sigma; Triton buffer). Membrane proteins were cleared by

30 min centrifugation at 4 8C (10,000 � g). Cytosolic and

membrane fractions were then boiled in Laemmli sample

buffer for 5 min and subjected to SDS–PAGE and immu-

noblot analysis.

2.8. Western blot analysis

Whole cell lysates (30 mg protein) or lysates containing

either soluble or membrane-associated proteins (20 mg

protein) were separated by SDS–PAGE [30] using 10%

(for PKC isozymes), 12.5% (for phospho-JNK1/2, total

JNK1/2, phospho-p38, and total p38), or 20% (for phos-

pho-ERK1/2, total ERK1/2, cyclin D1, and p21Waf1/Cip1)

SDS–polyacrylamide minigels. Cellular proteins were then

electrophoretically transferred to nitrocellulose membrane

(Bio-Rad Laboratories; Hercules, CA). Blots were routi-

nely stained with 0.1% Fast Green to ensure equal protein

loading and even transfer. Membranes were blocked in

Tris-buffered saline (TBS; 20 mM Tris–HCl and 137 mM

NaCl, pH 7.6) containing 5% non-fat powdered Carnation

milk and 0.1% Tween-20 (Sigma) (TBSt/milk) for 1 h at

room temperature or overnight at 4 8C. Following block-

ing, membranes were incubated for 2 h at room tempera-

ture or overnight at 4 8C with primary antibody in TBSt/

milk followed by six 5 min washes in TBSt/milk. Mem-

branes were then incubated for 1 h at room temperature in

TBSt/milk containing horseradish peroxidase-conjugated

secondary antibody, followed by six 5 min washes

with TBSt/milk and three 5 min washes in 1� TBS.
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Bound horseradish peroxidase was detected using the

Super-Signal CL system (Pierce). Primary antibody dilu-

tions were as follows: 1:1000 for PKC d, phospho-JNK1/2,

total JNK1/2, and phospho-p38, and 1:2000 for PKC a,

PKC e, phospho-ERK1/2, total ERK1/2, total p38, cyclin

D1, and p21Waf1/Cip1. Secondary antibodies were used at

1:2000.

2.9. Northern blot analysis of cyclin D1 mRNA

Cells were treated with vehicle (ethanol) or RTX for 6 h

and RNA was isolated using the RNAeasy system (Qia-

gen). RNA was separated on 1% agarose–formaldehyde

gels and total RNA was detected by ethidium bromide

fluorescence [31]. RNA was then transferred to Nytran

nylon membrane (S&S). Following crosslinking, mem-

branes were blocked with Quickhyb (Stratagene), and

probed with [32P]-labeled randomly primed cyclin D1

cDNA. Following high stringency washing, membranes

were subjected to phosphorimaging and visualization/

quantitation using the Storm/ImageQuant system (Mole-

cular Diagnostics).

2.10. Statistical analysis

Statistical analysis of the differences between the cell

cycle-specific effects of PMA (100 nM), ROPA (7.5 mM),

and RTX (7.5 mM) was performed by two-tailed Student’s

t-test using Microsoft Excel Software. P values of less than

0.05 were considered significant.

3. Results

3.1. Comparison of the effects of PMA, ROPA,

and RTX on IEC-18 cell cycle progression

To compare the cell cycle-specific effects of PMA,

ROPA, and RTX in IEC-18 cells, asynchronously growing

cell populations (in logarithmic phase of growth) were

treated with various concentrations of these agents for

various times and cellular DNA content/cell cycle distri-

bution was determined by flow cytometric analysis. All

three agents arrested cell cycle progression in IEC-18 cells,

albeit with different potency and kinetics (Figs. 1 and 2).

While PMA inhibited cell cycle progression at concentra-

tions as low as 1–10 nM (Fig. 1A(i)), 5–7.5 mM ROPA or

RTX was required to achieve similar growth arrest in this

system (Figs. 1A(ii) and 2A). As shown in Fig. 1B(i),

exposure of IEC-18 cells to ROPA at a concentration of

7.5 mM produced strikingly similar cell cycle perturbations

to those induced by 100 nM PMA (identical results were

seen with 5 and 10 mM ROPA, Fig. 1A(ii) and data not

shown). A transient blockade in G1 ! S progression was

observed by 6 h of treatment which was reversed by 12 h.

Statistical analysis revealed no significant differences

between the effects of PMA and ROPA at each time point

examined (e.g. P values for the effects of these agents on S-

phase were �0.95 for all time points except 12 h which was

0.8). Furthermore, as we have previously reported for PMA

[24], ROPA induced a transient downregulation of cyclin

D1 and a marked increase in p21Waf1/Cip1 expression in

these cells (Fig. 1B(ii)). Both PMA- and ROPA-induced

downregulation of cyclin D1 was followed by a sustained

hyperinduction of the protein.

In contrast to the effects of PMA and ROPA, treatment

with RTX at 5–10 mM (data shown only for 7.5 mM,

Fig. 2B(i)) produced a prolonged cell cycle arrest in G0/

G1 phase that was first evident by 6 h and sustained for at

least 24 h. Statistical analysis confirmed the differences in

the effects of these agents since P values of <0.05 were

obtained at each time point examined. Notably, the vanil-

loid receptor antagonist iodo-resiniferatoxin and RTX

similarly affected IEC-18 cell cycle progression

(Fig. 2B(ii)), indicating that the effects of these agents

are independent of vanilloid receptor agonist activity. As

shown in Fig. 2B(ii) and (iii), 7.5 mM RTX produced a

sustained downregulation of cyclin D1 protein and mRNA

expression in IEC-18 cells, but had little effect on p21Waf1/

Cip1 levels throughout the time course of the experiment.

3.2. Analysis of the PKC-dependence of the

cell cycle-specific effects of PMA, ROPA,

and RTX in IEC-18 cells

Two approaches were used to determine the PKC depen-

dence of the cell cycle-specific effects of PMA, ROPA, and

RTX in IEC-18 cells. First, cells were exposed to these

agents in the presence of the PKC inhibitor BIM I, a

general inhibitor of the classical and novel members of

the PKC family [29]. Alternatively, phorbol ester-respon-

sive isozymes (i.e. PKC a, d, and e) were depleted from the

cells by treatment with 1 mM PDBu for 24 h [23]. Both

PMA- and ROPA-induced IEC-18 cell cycle arrest was

blocked by BIM I treatment (Fig. 3A), pointing to the

requirement for PKC signaling in the negative growth

regulatory effects of these agents. The cell cycle effects

of PMA and ROPA were also inhibited by PKC depletion

(data not shown). Consistent with these findings, both

ROPA and PMA induced membrane translocation of

PKC a, d, and e by 15 min of treatment (Fig. 3B). As

we have previously described for PMA in IEC-18 cells

[23], activation of these molecules by either agent was

followed by their downregulation, accounting for the

reversal of cell cycle arrest observed by �12 h of treatment

(see Fig. 1B(i)).

In contrast, analysis of the PKC-dependence of RTX-

induced cell cycle effects in IEC-18 cells revealed that

neither the PKC inhibitor BIM I (data not shown) nor PKC

isozyme depletion from the cells by PDBu treatment

prevented cell cycle arrest by this agent (Fig. 3C). Further-

more, cellular subfractionation experiments demonstrated
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Fig. 1. Effects of PMA and ROPA on cell cycle progression and expression of cyclin D1 and p21Waf1/Cip1 in IEC-18 cells. (A) IEC-18 cells were treated with

PMA (i) or ROPA (ii) at various concentrations as indicated for 6 h, and DNA content/cell cycle distribution was determined by flow cytometric analysis. C:

vehicle-treated cells. (B) IEC-18 cells were treated with either 100 nM PMA or 7.5 mM ROPA for the indicated times. (i) DNA content/cell cycle distribution

was determined by flow cytometric analysis and (ii) expression of cyclin D1 and p21Waf1/Cip1 was analyzed by Western blotting. C: representative control

cells treated with vehicle (ethanol) alone for 6 h (i) or 2 h (ii). Data are representative of at least three independent experiments. Numbers in (i) are the

averages of these experiments � S:E: of the mean.
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that RTX is unable to induce membrane translocation of

phorbol ester-responsive PKC isozymes in this system,

either through direct or indirect mechanisms (Fig. 3D).

Thus, consistent with reports that RTX performs poorly as

a PKC ligand in vitro [5–8], RTX treatment induces IEC-18

cell cycle arrest through a PKC-independent mechanism.

3.3. Effects of combined exposure to RTX and ROPA

on PKC activation and cell cycle progression

in IEC-18 cells

Based on the finding that ROPA and RTX induce IEC-18

cell cycle arrest through different mechanisms, experi-

ments were performed to examine the combined effects

of these agents on (a) cell cycle progression, (b) expression

of the cell cycle regulatory molecules cyclin D1 and

p21Waf1/Cip1, and (c) PKC activity in IEC-18 cells. Cells

were treated with various combinations of RTX and ROPA

and harvested for analysis at the indicated times. As shown

in Fig. 4A, treatment with a combination of 7.5 mM RTX

and 7.5 mM ROPA produced sustained cell cycle arrest

(>24 h) in IEC-18 cells. Interestingly, while a small S

phase population was consistently observed following

24 h treatment with RTX alone (e.g. 14% of the total in

the experiment shown), the RTX/ROPA combination pro-

duced almost complete depletion of S phase cells (e.g. with

Fig. 2. Effects of RTX on cell cycle progression and cell cycle regulatory molecules in IEC-18 cells. (A) IEC-18 cells were treated with RTX at various

concentrations as indicated for 24 h, and DNA content/cell cycle distribution was determined by flow cytometric analysis. C: vehicle-treated cells. (B) IEC-18

cells were treated with 7.5 mM RTX or 7.5 mM iodo-RTX, a vanilloid receptor antagonist, for the indicated times and effects on (i) cell cycle distribution and

(ii) expression of cell cycle regulatory proteins were determined. (iii) Northern blot analysis of cyclin D1 expression in vehicle (ethanol)- or RTX-treated

IEC-18 cells (6 h). C: representative control cells treated with vehicle (ethanol) alone for 6 h (i and iii) or 2 h (ii). Data are representative of at least three

independent experiments, except for (iii) which is representative of two independent experiments. Numbers in (i) are the averages of these

experiments � S:E: of the mean.
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<5% of cells remaining in this phase of the cell cycle; also,

compare Figs. 2A, B and 4A). Western blot analysis

demonstrated that the presence of RTX prevented

the reappearance of cyclin D1 observed with ROPA alone

in these cells (Fig. 4B). The combination of these agents

also resulted in prolonged induction of the cyclin-depen-

dent kinase inhibitor p21Waf1/Cip1, which peaked before

10 h but was maintained for longer than 24 h (Fig. 4B).

Fig. 3. Analysis of the PKC-dependence of the cell cycle-specific effects of PMA, ROPA and RTX in IEC-18 cells. (A) IEC-18 cells were treated

with 100 nM PMA or 7.5 mM ROPA for 6 h in the absence or presence of the general PKC inhibitor BIM I (5 mM). Cell cycle distribution was

determined by flow cytometric analysis. C: control cells treated with vehicle alone for 6 h. (B) Cytosolic and membrane subcellular fractions were

prepared from PMA- and ROPA-treated IEC-18 cells and subjected to immunoblot analysis using antibodies specific for PKC a, d, and e. C: cells

treated with vehicle alone for 15 min; P: PMA; r: ROPA. (C) Phorbol ester-responsive PKC isozymes were depleted from IEC-18 cells by 24 h

incubation in 1 mM PDBu [23] and PKC-depleted cells were treated with 7.5 mM RTX for 12 h. Cell cycle distribution was determined by flow

cytometric analysis. Control cells were treated with vehicle alone for 12 h. (D) IEC-18 cells were treated with 7.5 mM RTX for the indicated times and

cytosolic and membrane fractions were analyzed for the expression of PKC a, d, and e. C: cells treated with vehicle alone for 15 min. Data in (A), (C)

and (B), (D) are representative of at least three and two independent experiments, respectively. Numbers in (A) are the averages of these

experiments � S:E: of the mean.
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The RTX/ROPA combination promoted membrane trans-

location and subsequent downregulation of PKC a, d, and e
(Fig. 4C), paralleling the effects seen with ROPA alone

(indeed, RTX does not appear to alter the overall effects of

ROPA on PKC isozymes in this system; see Fig. 3B). The

early peak (2–6 h) in p21Waf1/Cip1 expression may thus

reflect the strong input from PKC signaling at this time.

Together, the data indicate that, by activating two inde-

pendent pathways, a combination of RTX and ROPA

produces a more complete and sustained IEC-18 cell cycle

arrest than either agent alone, likely mediated by prolonged

depletion of cyclin D1 and sustained enhancement of

p21Waf1/Cip1 expression in the cells.

To determine the concentration-dependence of the

effects of ROPA on RTX-induced IEC-18 cell growth

arrest, cells were exposed to RTX (7.5 mM) in the absence

or presence of increasing concentrations of ROPA

(100 nM–10 mM). As shown in Fig. 4D, at least 2.5 mM

ROPA is required to modulate the cell cycle-specific

effects of RTX in this system (an amount consistent with

the concentration required for ROPA alone to alter IEC-18

cell cycle progression; Fig. 1A(ii)).

Fig. 4. Combined exposure to RTX and ROPA results in prolonged IEC-18 cell cycle arrest associated with sustained downregulation of cyclin D1/induction

of p21Waf1/Cip1 and activation of phorbol ester-responsive PKC isozymes. Asynchronously growing IEC-18 cells were treated with 7.5 mM RTX, 7.5 mM

ROPA, or 7.5 mM RTX and 7.5 mM ROPA in combination for the indicated times. (A) Cell cycle distribution was determined by flow cytometric analysis and

(B) expression of cyclin D1 and p21Waf1/Cip1 was analyzed by Western blotting. C: representative control cells treated with vehicle alone for 24 h (A) or for

2 h (B). (C) IEC-18 cells were treated with 7.5 mM RTX and 7.5 mM ROPA in combination for the indicated times and cytosolic and membrane fractions were

analyzed for the expression of PKC a, d, and e by Western blotting. C: cells treated with vehicle alone for 15 min. (D) IEC-18 cells were treated with RTX

(7.5 mM) for 24 h in the absence or presence of various concentrations of ROPA as indicated. Cell cycle distribution was determined by flow cytometric

analysis. C: vehicle-treated cells. Data in (A)–(D) are representative of at least three independent experiments.
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3.4. Involvement of the ERK signaling pathway in

the cell cycle-specific effects of ROPA, RTX, and the

RTX/ROPA combination in IEC-18 cells—comparison

with PMA

It is now well recognized that ERK signaling can

regulate two mutually antagonistic cellular processes, cell

proliferation and cell cycle withdrawal/differentiation [32–

34]. In IEC-18 cells, although treatment with the MEK

inhibitor U0126 does not block cell cycle progression, it

does reduce the percentage of cells in S phase, demonstrat-

ing the involvement of ERK signaling in promoting cell

cycle progression in these cells [25]. Recent studies in our

laboratory have further demonstrated that activation of

the ERK pathway is also required for PKC agonist (i.e.

PMA and bryostatin)-induced cyclin D1 downregulation,

p21Waf1/Cip1 induction, and cell cycle arrest in IEC-18 cells,

and that the duration of these cell cycle effects correlates

with the intensity/duration of ERK1/2 activation [25]. As

shown in Fig. 5A, treatment of IEC-18 cells with ROPA,

RTX, or a combination of these agents also promoted

activation of the ERK pathway, as indicated by increased

expression of the dually phosphorylated, activated form of

ERK1/2. ROPA and PMA showed similar kinetics of ERK

activation, with strong induction seen at early times of

treatment, followed by a decline in ERK activity over the

first 6 h and marked downregulation by 10 h. RTX gen-

erally induced a somewhat weaker activation of the ERK

pathway, which was also reversed by 10 h. Interestingly,

the RTX/ROPA combination, which produced the most

complete and sustained growth arrest in IEC-18 cells,

induced more intense and more prolonged activation of

ERK1/2, with active phospho-ERK1/2 still detectable after

12 h of treatment.

The requirement for ERK activity in the cell cycle-

specific effects of these agents was examined using the

MEK inhibitor U0126. As shown in Fig. 5B, U0126

effectively blocked ERK1/2 phosphorylation (activation)

Fig. 5. Involvement of the ERK/MAPK pathway in the cell cycle-specific effects of PMA, RTX, ROPA, and the RTX/ROPA combination in IEC-18 cells.

(A) Asynchronously growing IEC-18 cells were treated with 100 nM PMA, 7.5 mM RTX, 7.5 mM ROPA, or 7.5 mM RTX/7.5 mM ROPA for the indicated

times, and whole cell lysates were prepared and subjected to immunoblot analysis using antibodies specific for the phosphorylated/active form of ERK1/2 and

for total ERK1/2. C: representative control cells treated with vehicle alone for 5 min (note that phospho-ERK levels did not change significantly in vehicle-

treated cells over the 24 h incubation period). (B) IEC-18 cells were treated with 100 nM PMA (P), 7.5 mM RTX (R), 7.5 mM ROPA (r), or 7.5 mM RTX/

7.5 mM ROPA (R þ r) for 2 h in the presence or absence of 10 mM U0126 (U). Whole cell lysates were prepared and ERK1/2 activation and cyclin D1/

p21Waf1/Cip1 expression were determined by immunoblot analysis. C: cells treated with vehicle alone for 2 h. Data in (A) and (B) are representative of at least

two independent experiments.
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in IEC-18 cells under all treatment conditions. Inhibition of

ERK signaling prevented downregulation of cyclin D1 and

induction of p21Waf1/Cip1 by ROPA and PMA (Fig. 4B). In

contrast, ERK inhibition did not prevent RTX-induced

cyclin D1 downregulation in IEC-18 cells, pointing to

the involvement of a different pathway of cyclin D1

regulation in cells treated with this agent. U0126 also

partially inhibited the complete depletion of cyclin D1

by the RTX/ROPA combination, indicating that the effects

on cyclin D1 expression produced by this treatment

involved, at least in part, an ERK-dependent mechanism.

Taken together, the data demonstrate that, like PMA [25],

ROPA, RTX, and the RTX/ROPA combination are capable

of activating ERK1/2 signaling in IEC-18 cells. While the

effects of ROPA and PMA on cyclin D1 and p21Waf1/Cip1

expression are ERK1/2-dependent, RTX-induced down-

regulation of cyclin D1 is ERK-independent. In the case of

treatments that promote PKC signaling in this system (i.e.

PMA, ROPA, RTX/ROPA), the intensity and duration of

ERK activation correlate with the extent/duration of the

growth arrest induced in the cells.

3.5. Differential effects of PMA, ROPA, and RTX

on the activity of the MAPKs JNK and p38

To define further the differences between PMA, ROPA,

and RTX with respect to IEC-18 cell cycle regulation,

Western blot analysis was performed to determine the

effects of these agents on the JNK1/2 and p38 signaling

pathways. Fig. 6 demonstrates that, consistent with their

parallel effects on PKC/ERK activity and cell cycle pro-

gression, both PMA and ROPA activated JNK1/2 and p38

in IEC-18 cells by 5 min of treatment. Phosphorylation/

activation of these molecules was transient, with a return to

baseline observed by 2 h. In contrast, RTX produced

minimal effects on the phosphorylation/activation of either

JNK1/2 or p38 in IEC-18 cells.

3.6. Effects on IEC-18 cell cycle progression and PKC

activity vary among commercially obtained RTX

preparations

During the course of this study, several commercial

preparations of RTX were tested for their effects on

IEC-18 cell cycle progression and PKC isozyme activation

status. Notably, while the majority of these preparations

were unable to induce membrane translocation of PKC a,

d, and e in IEC-18 cells (see Fig. 3D), in some cases, newly

purchased RTX samples produced effects indistinguish-

able from those seen with RTX/ROPA combinations. As

shown in Fig. 7, such preparations (referred to as RTX-

PKC) produced a complete and prolonged depletion of S

phase cells (Fig. 7A), membrane translocation of phorbol

ester-responsive isozymes (Fig. 7B), sustained activation

of the ERK pathway, as well as prolonged downregulation

of cyclin D1 and marked and sustained induction of

p21Waf1/Cip1 (Fig. 7C). These effects were strikingly similar

to those seen in response to RTX and ROPA in combination

(see Fig. 4). Based on the findings described in this study,

we caution that some preparations of RTX are likely to also

contain significant amounts of ROPA or a substance with

similar effects on PKC.

4. Discussion

The current study demonstrates for the first time that

both RTX and its parent diterpene ROPA can induce G0/G1

Fig. 6. Effects of PMA, ROPA, and RTX on the JNK1/2 and p38 signaling pathways in IEC-18 cells. IEC-18 cells were treated with 100 nM PMA (P),

7.5 mM ROPA (r), or 7.5 mM RTX (R) for 5 min or 2 h and whole cell lysates were subjected to immunoblot analysis using antibodies specific

for the phophorylated/active forms of JNK1/2 or p38 and for total JNK1/2 or p38. C: vehicle-treated cells. Data are representative of three independent

experiments.
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arrest in non-transformed intestinal epithelial cells, albeit

through different mechanisms. While ROPA-induced IEC-

18 cell cycle arrest is PKC-dependent, RTX inhibits cell

cycle progression through a PKC-independent pathway.

Furthermore, ROPA produces ERK-dependent downregu-

lation of cyclin D1 and induction of p21Waf1/Cip1 expres-

sion in these cells, while RTX only affects cyclin D1 levels,

in an ERK-independent manner. ROPA, but not RTX, also

activates other members of the MAPK family including

JNK1/2 and p38. Consistent with the involvement of

different mechanisms, combined exposure to RTX and

ROPA produces a more prolonged and complete cell cycle

arrest in IEC-18 cells. Notably, the combination also

produces a stronger and more prolonged activation of

the ERK signaling pathway, combined with more complete

downregulation of cyclin D1 and more sustained induction

of p21Waf1/Cip1.

4.1. PKC activation by RTX and ROPA in

IEC-18 cells

RTX is marketed as a PKC agonist by several manu-

facturers. However, our findings that RTX does not pro-

mote membrane translocation of PKC isozymes in IEC-18

cells and that RTX-induced G0/G1 arrest in these cells is

PKC-independent is consistent with a large body of evi-

dence that, despite its structural similarity to phorbol

esters, RTX binds members of the PKC family with very

low affinity [5–8]. Thus, while one study [2] indicated that

RTX could activate PKC a and other PKC isozymes in

vitro, our results are in agreement with other studies which

have shown that RTX is a very poor PKC ligand. Early

work by Blumberg and Driedger [35,36] demonstrated that

the compound is unable to evoke cellular responses char-

acteristic of phorbol esters and that RTX does not compete

effectively with PDBu for PKC binding in isolated mem-

branes. Similarly, we have demonstrated that less than 20%

inhibition of [3H]-PDBu binding to PKC a, b, g, d, e, Z,

and z can be achieved with RTX at a concentration of

10 mM [6]. In studies to determine the affinity of RTX for

seven recombinant PKC isozymes (by competition for

specific [3H]-PDBu binding sites (30 nM)), Evans and

coworkers reported IC50 values of 9 and 45 mM for the

alternatively spliced PKC bI and bII isozymes, respec-

tively, while other PKCs showed no binding to RTX [7].

Taken together, the data strongly support the notion that

Fig. 7. Variable effects of RTX preparations on PKC activity and cell cycle progression in IEC-18 cells: some RTX preparations, referred to as RTX-PKC,

produced effects similar to the RTX/ROPA combination in IEC-18 cells. (A) IEC-18 cells were treated with 10 mM RTX-PKC for 6 or 24 h and cell cycle

distribution was determined by flow cytometric analysis. C; cells treated with vehicle alone. (B) IEC-18 cells were treated with 10 mM RTX-PKC for 15 min

and membrane fractions were analyzed for the expression of PKC a, d, and e by Western blotting. C: cells treated with vehicle alone. (C) IEC-18 cells were

treated with 10 mM RTX-PKC for the indicated times. Whole cell lysates were prepared and subjected to Western blot analysis using antibodies specific for

the phosphorylated active form of ERK1/2, cyclin D1, and p21Waf1/Cip1. C: representative control cells treated with vehicle alone for 2 h. Data in (A)–(C) are

representative of three independent experiments.
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RTX does not activate PKC in vitro or in vivo and should,

therefore, not be considered a PKC agonist.

In contrast to RTX, ROPA (5–10 mM) produces robust

membrane translocation and subsequent downregulation of

PKC a, d, and e in IEC-18 cells. Thus, the diterpene ROPA

can function as a PKC agonist in vivo, although with much

less potency than PMA (which produces similar PKC-

specific effects at a concentration of �100 nM). These

findings are consistent with evidence that ROPA is a weak

tumor promoter [11], that the critical C20 position involved

in phorbol ester binding to PKC is occupied by a free

hydroxyl group in this compound, and that ROPA can

activate certain PKC isozymes, including PKC a, d, and e,

in in vitro assays [2].

Our studies reveal a potential basis for the confusion

regarding the PKC agonist functions of RTX. Three com-

mercially obtained preparations of RTX produced effects

on PKC activity and IEC-18 cell cycle progression very

similar to those observed with the RTX/ROPA combina-

tion. Like the combination, these RTX preparations

induced membrane translocation of PKC a, d, and e, strong

and prolonged activation of the ERK signaling pathway,

and complete and sustained inhibition of cell cycle pro-

gression (Fig. 7). Based on these findings, together with an

understanding of the structure of RTX and of the methods

used for RTX production, we propose that some RTX

preparations also contain significant amounts of ROPA

(or a contaminant with PKC agonist activity). Possible

sources of ROPA in these preparations include (a) incom-

plete removal of ROPA following synthesis of RTX from

ROPA in the laboratory, and (b) hydrolysis of RTX during

synthesis or storage.

4.2. Cell cycle-specific effects of RTX and ROPA

in IEC-18 cells

Studies presented here further demonstrate that both

RTX and ROPA are able to inhibit G1 ! S phase progres-

sion in IEC-18 cells. However, these related compounds

act through different mechanisms. The cell cycle-specific

effects of ROPA are very similar to those of PMA, although

at a �1000-fold higher concentration of the compound. As

seen with PMA, the cell cycle blockade produced by ROPA

is PKC-dependent and transient, with reversal of the effect

coinciding with agonist-induced downregulation of PKC

isozyme(s) [23,24] (Fig. 1). ROPA and PMA also induce

ERK-dependent cyclin D1 downregulation and p21Waf1/

Cip1 induction in IEC-18 cells, with identical kinetics, and

transiently activate JNK1/2 and p38 in this system. The

striking similarities in the effects of these agents strongly

point to the involvement of common mechanisms.

Although the specific PKC isozyme(s) involved in

ROPA-induced IEC-18 cell cycle arrest remain to be

determined, based on the similarity between the effects

of PMA and ROPA in these cells, it is tempting to speculate

that PKC a also plays a critical role in mediating the

cell cycle-specific effects of this agent in this system

[23–25].

In contrast to ROPA, the cell cycle blockade produced

by RTX in IEC-18 cells is independent of PKC activation.

RTX induces prolonged activation of ERK signaling (6–

10 h), in a PKC-independent manner, as well as ERK-

independent downregulation of cyclin D1 expression.

Unlike ROPA, RTX produces minimal effects on JNK1/

2 or p38 signaling in IEC-18 cells. The fact that equivalent

concentrations of ROPA do not produce PKC-independent

cell cycle effects in IEC-18 cells indicates that the effects

of RTX are dependent on the vanilloid moiety of the

molecule. In keeping with this idea, we have observed

similar cell cycle effects following treatment of IEC-18

cells with the vanilloid capsaicin (ARB and NWB, unpub-

lished data). However, these effects are independent of

vanilloid receptor agonist activity, since they were also

seen with the receptor antagonist, iodo-RTX. While several

studies have demonstrated the ability of capsaicin to induce

vanilloid receptor-independent G0/G1 arrest in certain cell

types [12–15], to our knowledge, cell cycle-specific effects

of RTX have only been described in one other study in

which treatment of squamous cell carcinoma cells with

RTX resulted in inhibition of G1 ! S phase progression

[15]. Previous to the current study, vanilloid receptor-

independent effects of capsaicin and RTX had only been

observed in oncogenically-transformed cells (e.g.

[12,13,37]); however, by characterizing effects of RTX

in IEC-18 cells, our study clearly indicates that such effects

can also occur in non-transformed cells. The effects of

vanilloids, including RTX, on transformed cells have been

attributed to multiple mechanisms, including suppression

of a plasma membrane NADH-oxidase, alterations in

mitochondrial function, and inhibition of NF-kB activity

[22]. In addition, RTX is able to stimulate the activity of a

Ca2þ-inhibited and phosphatidlyserine-dependent Rx-

kinase [8]. Whether one or more of these mechanisms

play a role in the antiproliferative effects of RTX in IEC-18

cells remains to be determined.

Complete and prolonged IEC-18 cell cycle arrest was

achieved with the RTX/ROPA combination. Combined

exposure to these agents results in stronger and more

sustained ERK activation relative to either treatment alone,

consistent with the notion that the strength and/or duration

of the ERK signal can play a key role in determining

cellular response to activation of this pathway [33,34,38].

This treatment also produces complete and prolonged

depletion of cyclin D1; RTX thus appears to prevent the

hyperinduction of cyclin D1 associated with PKC agonist-

induced PKC depletion in IEC-18 cells [24]. In addition,

the RTX/ROPA combination promotes strong and pro-

longed induction of p21Waf1/Cip1. Since p21Waf1/Cip1 levels

are not affected by RTX, this finding supports a role for

crosstalk between PKC- and RTX-induced pathways in

producing prolonged induction of this protein. The pre-

sence of high levels of p21Waf1/Cip1 may account for the
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more complete growth inhibition induced by the combina-

tion.

In summary, both RTX and ROPA have antiproliferative

effects in intestinal epithelial cells, albeit via different

mechanisms. RTX-induced G0/G1 arrest in these cells is

PKC-independent, adding to a large body of evidence

indicating that this agent does not function as a

PKC agonist. In contrast, ROPA-induced inhibition of

G1 ! S phase progression is PKC-dependent, consistent

with its ability to activate PKC isozymes in IEC-18 cells.

The involvement of different mechanisms in the antipro-

liferative effects of RTX and ROPA is further supported by

the finding that combined treatment of intestinal epithelial

cells with these agents produces a more complete and

prolonged G0/G1 arrest compared with either agent alone

in this system. Finally, caution should be exercised in the

use of RTX preparations which may contain undefined

levels of ROPA (or another PKC agonist activity). Future

studies will further investigate the molecular mechanisms

underlying the antiproliferative effects of RTX in intestinal

epithelial cells.
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