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Abstract
Protein kinase D (PKD) is a novel protein serine kinase which has recently been implicated in diverse
cellular functions, including apoptosis and cell proliferation. The purpose of our present study was:
(i) to define the activation of PKD in intestinal epithelial cells treated with hydrogen peroxide
(H2O2), an agent which induces oxidative stress, and (ii) to delineate the upstream signaling
mechanisms mediating the activation of PKD. We found that the activation of PKD is induced by
H2O2 in both a dose- and time-dependent fashion. PKD phosphorylation was attenuated by rottlerin,
a selective protein kinase C (PKC)-δ inhibitor, and small interfering RNA (siRNA) directed against
PKC-δ, suggesting the regulation of PKD activity by upstream PKC-δ. Activation of PKD was also
blocked by a Rho kinase (ROK) specific inhibitor, Y27632, as well as C3, a Rho protein inhibitor,
demonstrating that the Rho/ROK pathway also mediates PKD activity in intestinal cells. In addition,
H2O2-induced PKC-δ phosphorylation was inhibited by C3 treatment, further suggesting that PKC-
δ is downstream of Rho/ROK. Interestingly, H2O2-induced intestinal cell apoptosis was enhanced
by PKD siRNA. Taken together, these results clearly demonstrate that oxidative stress induces PKD
activation in intestinal epithelial cells, and this activation is regulated by upstream PKC-δ and Rho/
ROK pathways. Importantly, our findings suggest that PKD activation protects intestinal epithelial
cells from oxidative stress-induced apoptosis. These findings have potential clinical implications to
intestinal injury associated with oxidative stress (e.g., necrotizing enterocolitis in infants).
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INTRODUCTION
Oxidative stress is noted in cells when concentrations of reactive oxygen species (ROS) exceed
the capacity of cellular antioxidant protective mechanisms. ROS-mediated damage to cellular
components is thought to contribute to the pathophysiology of numerous diseases that affect
tissues of various organ system including the gastrointestinal (GI) tract (4,41). In addition,
many types of mammalian cells rapidly produce ROS in response to various stimuli, leading
to the hypothesis that ROS constitute biologically important signaling molecules. Cells
exposed to ROS at high concentrations or for extended periods undergo cellular DNA damage,
which is widely known to induce cell death via either apoptosis and/or necrosis (11). Oxidative
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stress is known to contribute to various inflammatory conditions of the GI tract (4,41). In
particular, ROS has been implicated in the pathogenesis of necrotizing enterocolitis (NEC), a
devastating disease in premature infants which can lead to sepsis and death. Although numerous
risk factors for this disease process have been identified, the exact cellular mechanisms
involved in its pathogenesis are largely unknown.

Protein kinase D (PKD), initially referred to as protein kinase C (PKC)-μ(14), is a serine-
threonine kinase with a distinctive structure and substrate specificity different from the PKC
family members (34). PKD has been implicated in many important intracellular signal
transduction pathways via PKC-dependent mechanisms. Importantly, PKD is activated by
oxidative stress and induces survival pathways in fibroblast cells (33,36,37). However, its
potential role in the regulation of oxidative stress-induced intestinal epithelial cell injury is not
known. PKC-δ, a novel PKC isoform, is activated by a variety of apoptotic stimuli in different
cellular systems. Although the majority of the studies indicate that PKC-δ is involved in the
induction of cell apoptosis, there are other reports indicating a role of PKC-δ in cell survival
and in anti-apoptotic responses (6).

The Rho family of small GTPases, including well-known Rho proteins (RhoA and RhoB),
Rac1 and Cdc42, are members of the Ras superfamily of GTPases. The Rho family regulates
many biological processes, including cytoskeletal regulation, membrane trafficking, cell
adhesion, cell polarization and transcriptional activity (1,7). The Rho family has been
implicated in cell growth and apoptosis in response to diverse stimuli (2,18). The Rho kinase
(ROK), including isoform α and β, is an effector of Rho proteins. It has been shown that
membrane blebbing during apoptosis is mediated through a caspase-mediated activation of
ROKβ (9). However, the exact role of these cellular signaling kinases in oxidative stress-
induced intestinal epithelial cell injury is not known.

In the present study, we show activation of PKD by hydrogen peroxide (H2O2) treatment in
intestinal epithelial cells. This activation of PKD is regulated by PKC-δ and Rho/ROK
pathways, which also play a critical anti-apoptosis role during the oxidative stress-mediated
intestinal epithelial cell injury. Using small interfering (si) RNA targeting PKD, we also
demonstrate the protective role of PKD during H2O2-induced intestinal epithelial cell
apoptosis. Together, our findings suggest an important protective role for PKD in intestinal
cells in response to oxidative damage. These results have potential clinical implications for the
management of diseases (such as NEC) which are related to ROS-mediated injury.

MATERIALS AND METHODS
Reagents and antibodies

PKD and PKC-δ siRNA were synthesized by Custom SMARTPool siRNA Design Service of
Dharmacon, Inc. (Lafayette, CO). The non-specific control siRNA was also obtained from
Dharmacon. Recombinant GST-C3 and GST control proteins were purified from E. coli using
constructs provided by Dr. Keith Burridge (University of North Carolina, Chapel Hill, NC).
GF109203X (GFX), Ro31-8220, rottlerin and Y27632 were from BIOMOL Research
Laboratories Inc. (Plymouth Meeting, PA). Syntide-2 and Gö6983 were from CALBIOCHEM
(La Jolla, CA). 2′,7′-dichlorofluorescein diacetate (DCFH-DA) was from Sigma Chemical Co.
(St. Louis, MO). PKD, PKC-δ, poly (ADP-ribose) polymerase (PARP), and caspase-3
polyclonal antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-
phospho-PKD (Ser744/748) antibody was from Cell Signaling Technology (Beverly, MA).
The anti-phospho-PKC-δ (Tyr311) antibody was from Stressgen Biotechnologies (San Diego,
CA). The secondary antibodies were from Pierce (Rockford, IL). Alexa Fluor 488 antibody
for fluorescent staining was from Molecular Probes (Eugene, OR). The enhanced
chemiluminescence (ECL) system for Western immunoblot analysis was from Amersham
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(Arlington Heights, IL). The concentrated protein assay dye reagent was from Bio-Rad
(Hercules, CA). Tissue culture media and reagents were from GIBCO-BRL (Grand Island,
NY). All other reagents were of molecular biology grade and purchased from Sigma Chemical
Co. (St. Louis, MO).

Cell culture and transfection
The RIE-1 cell line (a generous gift from Dr. Kenneth D. Brown; Cambridge Research Station,
Babraham, Cambridge, U.K.) is a diploid, nontransformed, crypt-like cell line derived from
rat small intestine (5). IEC-6 cell line (purchased from American Type Culture Collection;
Manassas, VA) was derived from normal rat intestinal crypt cells and was developed and
characterized by Quaroni et al (26). For all experiments, RIE-1 cells were used between
passages 18–29, and IEC-6 cells were used between passages 23–31. Both cell lines were found
to be free of Mycoplasma contamination by polymerase chain reaction method. Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% fetal
bovine serum (FBS) in 5% CO2 at 37°C. For experimental purposes, cells were plated in 100-
mm dishes and grown to near confluence. Cells were treated with the indicated concentrations
of H2O2 at 37°C. For inhibitor studies, cells were pretreated with inhibitors for 30 min and
then treated with H2O2 in combination with inhibitors for another 30 min. siRNA or GST-C3
protein was transfected by electroporation (400V, 500 μF for siRNA; 450V, 25 μF for GST-
C3 protein) using GenePulser XCell (Bio-Rad, Hercules, CA).

Immunoprecipitation, in vitro kinase assays and Western blotting
Immunoprecipitation and in vitro kinase assays were performed as described previously (21).
In brief, proteins (50 μg) were incubated with PKD antibodies (1:50) on a shaker for 2 h at 4°
C followed by another 2 h incubation with 30 μl of protein A-Sepharose beads at 4°C. The
immunocomplexes were suspended in 20 μl of kinase buffer and kinase reaction, with or
without 2.5 μg of syntide-2 as a substrate, was started by adding 5 μCi of [γ-32P]ATP and
incubated for 10 min at 30°C. Reactions were stopped by the addition of 2x Tris-glycine sample
buffer. Samples were denatured by boiling for 5 min and separated by NuPAGE 4–12% Bis-
Tris gels. Gels were incubated in Gel-Dry drying solution (Invitrogen) for 5 min and dried at
60°C for 60 min followed by exposure to x-ray film. For Western blotting, equal amounts of
protein were resolved on NuPAGE Bis-Tris gels and electrophoretically transferred to
polyvinylidene difluoride membranes; the membranes were incubated with primary antibodies
overnight at 4°C followed by secondary antibodies conjugated with horseradish peroxidase.
Membranes were developed using the ECL detection system.

Immunofluorescent staining and fluorescent microscopy
Cells were grown in chamber slides. Three days after seeding, cells were treated either with or
without H2O2 (500 μM) for 15 min. After treatment, cells were fixed with 4%
paraformaldehyde for 20 min at 37°C. After three washes with phosphate buffered saline
(PBS), the cells were permeabilized with 0.3% Triton X-100 for 15 min at 37°C and blocked
with 1% bovine serum albumin (BSA)-PBS for 20 min. The cells were incubated with rabbit
polyclonal anti-PKD antibody diluted 1:100 with 1% BSA-PBS for 1 h at room temperature
or overnight at 4°C. Cells were washed three times with PBS and incubated with Alexa 488-
conjugated anti-rabbit secondary antibody diluted 1:500 in 1% BSA-PBS. The fluorescence
of PKD immunoreactivity was observed under a fluorescent microscope.

Cell death assay and measurement of reactive oxygen species
RIE-1 cells (4x104 cells/well) were seeded in 24-well plates for 24 h. Cells were transfected
with siRNA and then grown for an additional 72 h. Cells were treated with various doses of
H2O2 in growth medium for 3h or H2O2 (500 μM) over a time course. Both adherent and
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floating cells were collected and washed 3 times using cold PBS. Quantitation of apoptosis
was performed using a Cell Death Detection ELISAplus kit (Roche Applied Science;
Indianapolis, IN) following the manufacturer’s instructions. ROS was measured using a
modification of methods described by Wang et al (39). In brief, 6.4x103 cells were plated in
96-well plates. After 24 h, cells were incubated with 50 μM of the fluorescent probe 2′,7′-
dichlorofluorescein diacetate (DCFH-DA) for 30 min. DCFH-DA was removed and cells were
washed twice with PBS and incubated with 500 μM of H2O2 in DMEM containing 5% FBS
for 3 h. DCFH-DA fluorescence was determined at an excitation of 485 nm and an emission
of 520 nm by a fluorescent microplate-reader (FLUOstar Optima; BMG Labtech Inc., Durham,
NC).

Statistical analysis
All experiments were repeated at least three times and data are reported as mean ± SEM. Data
were analyzed using the Kruskal-Wallis test due to heterogeneous variability in each group.
All tests were assessed at the 0.05 level of significance. All statistical computations were
conducted using the SAS® system, Release 8.2 (SAS Insitute, Inc., Cary, NC).

RESULTS
H2O2 induces PKD activation in a dose- and time-dependent fashion

H2O2 has been implicated in the activation of PKD in Swiss 3T3 fibroblasts, COS-7 cells,
HeLa cells and NIH 3T3 fibroblasts (33,36,37). In order to determine whether an activation of
PKD occurs during oxidative stress injury in intestinal epithelial cells, RIE-1 cells and another
normal rat intestinal cell line, IEC-6, were treated with or without H2O2 and PKD activation
determined by Western blot using anti-phospho-PKD (Ser744/748) antibody. First, RIE-1 cells
were treated with or without various concentrations of H2O2 (10 to 500 μM) for 15 min.

PKD phosphorylation was noted using 250 μM of H2O2 with increased phosphorylation at 500
μM (Fig. 1A, upper panel). Next, RIE-1 cells were treated with 500 μM of H2O2 over a time
course. PKD activation occurred rapidly at 5 min with a significant increase at 10 min after
treatment with H2O2 (Fig. 1A, lower panel). Similar results in IEC-6 cells confirmed that PKD
activation, in response to H2O2, was not limited to RIE-1 cells (Fig. 1B), suggesting that the
activation of PKD by H2O2 occurs in intestinal epithelial cells, consistent with previous studies
in other cell types (33,36,37).

To further demonstrate the activation of PKD by H2O2 treatment, we performed PKD
immunofluorescent staining (Fig. 1C). In untreated control RIE-1 cells, PKD was noted in
Golgi-like structures in the cytosol. In contrast, PKD localization to the nucleus was noted in
RIE-1 cells after treatment with 500 μM of H2O2 for 15min (Fig. 1C, right panel). These data
indicate that oxidative stress stimulates PKD nuclear accumulation in RIE-1 cells.

H2O2 stimulates apoptosis in RIE-1 cells
H2O2 is a known intracellular stress agent which induces apoptosis (19). We next examined
whether H2O2 increases apoptosis in RIE-1 cells. Cells were treated with various dosages of
H2O2 for 3 h. Then, using the dose which produces significant cell apoptosis (i.e., 500 μM),
we also performed a time course study. As shown in figure 2A, treatment of RIE-1 cells with
500 μM of H2O2 did not induce cell death until 3 h after treatment. Next, RIE-1 cells were
treated with different doses of H2O2 for 3 h (Fig. 2B). The results demonstrate that H2O2
induces intestinal epithelial cell apoptosis in a dose-dependent manner.

In many cell types, apoptosis involves the activation of cysteine-dependent aspartate-directed
proteases known as caspases (43). Therefore, we measured the protein levels of cleaved caspase
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3 as an apoptotic marker. In addition, poly (ADP-ribose) polymerase (PARP), a nuclear zinc
finger DNA-binding protein, is a caspase 3 target and cleavage of PARP has also been used
extensively as a marker of apoptosis (23). Cells were treated with or without different doses
of H2O2 (50, 250, 500 μM) for 3 h. Western blots were performed using anti-caspase 3 or anti-
PARP-1 antibodies. Treatment of RIE-1 cells with 500 μM of H2O2 for 3 h induced caspase-3
activation and PARP cleavage (Fig. 2C). To further confirm that the H2O2-induced apoptosis
was a result of increased cellular ROS, the generation of ROS in RIE-1 cells was measured.
Treatment with 500 μM of H2O2 for 3 h caused a significant increase in intracellular ROS
accumulation in RIE-1 cells when compared to vehicle-treated (control) cells (Fig. 2D).

PKD siRNA enhances H2O2-induced cell death
PKD activation in HeLa cells was shown to protect oxidative stress-induced cell death (33),
but whether PKD activation also protects intestinal epithelial cells from oxidative stress
induced-cell apoptosis is unknown. To further determine if PKD plays a role in the protection
of RIE-1 cells from H2O2-induced apoptosis, we transfected PKD siRNA into RIE-1 cells and,
3 days later, cells were treated with 500 μM of H2O2 for 3 h. Western blotting demonstrated
that the inhibition of PKD expression by siRNA significantly decreased endogenous PKD
levels and concurrently PKD phosphorylation when compared to control siRNA (Fig. 3A).
The cell death assay demonstrated that H2O2 treatment enhanced intestinal epithelial cell
apoptosis by approximately 1.5 fold compared to cells without H2O2 treatment in control
siRNA transfected cells (Fig. 3B). More importantly, H2O2 treatment induced cell death up to
5 fold when compared to cells in the absence of H2O2 in PKD siRNA transfected cells, strongly
suggesting that the suppression of endogenous PKD enhances H2O2-induced intestinal
epithelial cell apoptosis. Additionally, this increase in H2O2-induced apoptosis in PKD siRNA
transfected RIE-1 cells was confirmed by increased activation of caspase 3 and PARP cleavage
(Fig. 3C).

PKC and ROK pathway regulation of H2O2-induced PKD activation
Phosphorylation of serines 744/748 in PKD has previously been associated with a dependence
on PKC activity (36,37) and the Rho/ROK pathway (22,42) in certain cell types. To investigate
whether H2O2-induced PKD activation in intestinal epithelial cells is mediated by PKC or Rho/
ROK, RIE-1 and IEC-6 cells were treated with three well-characterized PKC inhibitors
(Gö6983, GFX, Ro31-8220), which inhibit activity of classic and novel PKC isoforms but not
PKD (12,29), and the PKC-δ selective inhibitor, rottlerin (13), as well as the ROK inhibitor
Y27632 (10). H2O2-induced PKD activation in RIE-1 cells was significantly attenuated in the
presence of all of these inhibitors (Fig. 4A, upper panel). The membrane was stripped and
reprobed with total PKD antibody to monitor the loading equality (Fig. 4A, middle panel).
Similar results were obtained in IEC-6 cells (Fig. 4B, upper and middle panels). Quantitative
analysis confirmed that H2O2 treatment increases PKD phosphorylation by 40.3% and 42.9%
in both RIE-1 and IEC-6 cells, respectively; these increases were attenuated to baseline level
by all of PKC inhibitors and ROK inhibitor (Fig. 4A,B; bottom panels). These data further
demonstrate that the activation of PKD is PKC or Rho/ROK pathway-dependent in intestinal
epithelial cells.

Oxidative stress-mediated PKD activation is regulated by PKC-δ
PKC-δ has been implicated in both pro- and anti-apoptosis (15). Based on significant inhibition
of PKD activation by rottlerin, a PKC-δ selective inhibitor, we further wanted to confirm the
involvement of PKC-δ in oxidative stress-mediated PKD activation in intestinal epithelial cells.
Rottlerin effectively inhibits PKC-δ kinase activity at a concentration of 5–10 μM (13). To
examine the sensitivity of PKD phosphorylation to rottlerin, RIE-1 cells were pretreated with
various doses of rottlerin for 30 min and, then, in combination with H2O2 and rottlerin for
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another 30 min. Western blots were performed using anti-phospho-PKD (Ser744/748)
antibody. H2O2-induced PKD phosphorylation was decreased with the 2.5 μM dosage of
rottlerin and markedly decreased using 5 μM (Fig. 5A). This result was confirmed in IEC-6
cells (Fig. 5B). To further demonstrate a specific role of PKC-δ in the regulation of PKD activity
in H2O2-induced cell apoptosis, siRNA-targeting PKC-δ was transfected into RIE-1 cells for
3 days. The expression of PKC-δ protein was significantly decreased by PKC-δ siRNA
compared to control siRNA (Fig. 5C). Furthermore, PKD activation was significantly inhibited
by PKC-δ siRNA either in the presence or absence of H2O2 compared with the control siRNA
(Fig. 5C). To further support the specific nature of PKC-δ regulation of PKD activation, we
next performed an in vitro PKD kinase assay using syntide-2, a specific PKD substrate.
Consistent with the PKD protein expression level, PKC-δ siRNA also significantly decreased
PKD kinase activity (Fig. 5C).

To examine the role PKC-δ in H2O2-induced intestinal cell apoptosis, cell death assay was
performed in RIE-1 cells transfected with either PKC-δ or control siRNA (Fig. 5D). In cells
transfected with control siRNA, H2O2 treatment enhanced cell death approximately 2-fold
compared to cells in the absence of H2O2. In contrast, H2O2 treatment induced cell death up
to 4-fold when compared to cells in the absence of H2O2 and transfected with PKC-δ siRNA
(Fig. 5D). We also determined caspase 3 and PARP cleavage in RIE-1 cells transfected with
PKC-δ siRNA and found that PKC-δ siRNA resulted in increased active procaspase 3 as well
as PARP cleavage when compared to control siRNA (Fig. 5E). Taken together, these results
strongly suggest the regulation of PKC-δ on PKD activity in H2O2-induced cell apoptosis in
intestinal epithelial cells and, moreover, demonstrate a specific role of PKC-δ in the regulation
of PKD activation during H2O2-induced intestinal epithelial cell apoptosis.

Rho/ROK pathway regulation of PKD activity during H2O2-induced apoptosis
ROK has been implicated in cell membrane blebbing, which often occurs when cells become
committed to apoptosis (27). However, the importance of ROK in apoptosis remains to be
elucidated (17). Based on the inhibition of PKD phosphorylation by the ROK inhibitor Y27632
(Fig. 4), we next examined whether the Rho/ROK pathway is indeed involved in H2O2-induced
PKD activation. For this purpose, both RIE-1 and IEC-6 cells were treated with various
concentrations of Y27632 to examine the sensitivity of PKD activity and Western blots
performed using anti-phospho-PKD (Ser744/748) antibody to detect PKD activation. PKD
phosphorylation was inhibited slightly by 5 μM of Y27632 but significantly at doses of both
15 μM and 30 μM, suggesting the relatively specific regulation of PKD activation by ROK
(Fig. 6A). Similar results were obtained in IEC-6 cells (Fig. 6B). Next, RIE-1 cells were treated
with 500 μM of H2O2, alone or in combination with Y27632, and apoptosis measured (Fig.
6C). Treatment with Y27632 significantly enhanced H2O2-induced cell death, which is
consistent with the protective role of PKD in H2O2-induced apoptosis.

ROK serves as an effector of Rho proteins (27). C3 toxin is a Rho protein inhibitor (27). To
further determine whether Rho proteins are also involved in this process, RIE-1 cells were
transfected with GST-C3 as well as GST as control (Fig. 6D). PKD phosphorylation was totally
blocked by C3 toxin treatment (Fig. 6D, upper panel), further demonstrating the involvement
ofthe Rho/ROK pathway in the regulation of PKD activity. PKC-δ was shown to be a regulator
of PKD phosphorylation, downstream of the Rho/ROK pathway, in the human pancreatic
carcinoid cell line BON (22). Based on the findings presented here that PKC-δ plays an anti-
apoptotic role in H2O2-induced cell death and regulation of PKD phosphorylation, we further
determined the sequential regulation of PKD phosphorylation by PKC-δ and Rho/ROK
pathway. The membrane was reprobed with anti-phospho-PKC-δ (Tyr 311) antibody to detect
PKC-δ tyrosine phosphorylation, which is often noted in apoptosis (Fig. 6D, middle). As
expected, PKC-δ tyrosine phosphorylation at 311 was also decreased by C3 treatment. This
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result demonstrated that PKD phosphorylation was regulated by PKC-δ downstream of the
Rho/ROK pathway, consistent with previous results by Li et al (22). Taken together, these
results provide evidence that the signaling pathway of H2O2-induced PKD activation requires
the Rho/ROK pathway, and PKC-δ is downstream of this pathway in intestinal epithelial cells.

DISCUSSION
ROS has been implicated in the pathogenesis of various inflammatory conditions of the GI
tract, including NEC in premature infants; however, the cellular mechanisms of action in the
intestinal epithelial cells are not yet clearly defined. In this study, we show that H2O2 treatment
generates ROS and results in significant intestinal epithelial cell apoptosis. Moreover, we
demonstrate, for the first time, that H2O2 stimulates PKD phosphorylation via PKC-δ and Rho/
ROK-dependent mechanisms to function as an important anti-apoptotic pathway during
oxidative stress-mediated intestinal epithelial cell injury.

ROS include a group of molecules such as hydrogen peroxide (H2O2), superoxide anion
(O2

−), singlet oxygen (O2), and hydroxyl radicals (OH). Cells possess endogenous antioxidant
enzyme systems to protect against the deleterious effects of free oxygen radicals. Therefore,
cells undergo oxidative stress when levels of ROS exceed the counter-regulatory antioxidant
capacity. The exposure of cells to oxidative stress requires cellular responses to avoid lethal
damage through induction of necrosis or apoptosis (3). Furthermore, oxidative stress can
concurrently stimulate protective cellular functions as a compensatory response to stressful
stimuli. The PKD enzymes have recently been implicated in diverse cellular functions,
including Golgi organization and plasma membrane directed transport, metastasis, immune
responses, apoptosis and cell proliferation (28). Activation of PKD by oxidative stress has been
recently reported in a variety of cell types (30–33,36,37,40). Using HeLa cells as a model,
Storz et al (33), recently showed that oxidative stress induces both tyrosine phosphorylation
in the PH domain and in the activation loop serine residues leading to PKD activation (30–
33). PKD phosphorylation at Ser 744/748 was induced in oxidative stress mediated by
menadione, a superoxide generator, in hepatocytes as a protective cell survival response (40).
However, oxidative stress-induced activation of PKD has never been reported in intestinal
epithelial cells.

In our present study, we demonstrate activation of PKD in H2O2-induced oxidative stress in
RIE-1 and IEC-6 cells, and that the activation of PKD protects from H2O2-induced cell
apoptosis. Consistent with previous reports in Swiss 3T3 fibroblasts (36,37) and HeLa cells
(30–33), we also noted phosphorylation of PKD at the activation loop Ser744/748 induced by
H2O2 treatment in intestinal epithelial cells. More importantly, we found that suppression of
PKD by RNAi rendered RIE-1 cells more sensitive to oxidative stress-induced cell apoptosis.
Therefore, our study demonstrates an important role of PKD in the protection of oxidative
stress-induced intestinal epithelial cell injury.

The function of PKC-δ, a member of the novel PKC family, depends on the cell type and
specific stimulus. PKC-δ has been considered as a redox-sensitive kinase and known to play
a key role in promoting apoptotic cell death in various cell types (6). However, more recent
studies have demonstrated a role of PKC-δ either in cell survival or in anti-apoptosis (16,20,
24,38). In human neutrophils, PKC-δ is a critical factor of tumor necrosis factor (TNF)-related
antiapoptotic signaling. Inhibition of PKC-δ resulted in the inhibition of TNF-mediated
inhibition of apoptosis (16). Using a colon cancer cell line, COLO 205, Lewis et al. (20)
demonstrated that PKC-δ inhibition is sufficient for caspase-3-independent apoptosis.
Similarly, PKC-δ plays a critical role in the anti-apoptotic effect of basic fibroblast growth
factor (FGF) in granulosa cells (24). Storz et al. (33) proposed a model in which two distinct
signaling pathways converge at the level of PKD; the Src-Abl pathway, which controls tyrosine

Song et al. Page 7

Am J Physiol Cell Physiol. Author manuscript; available in PMC 2009 January 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phosphorylation and activation loop phosphorylation of PKD in response to oxidative stress,
is mediated by the PKC pathway, specifically, the PKC-δ isoform (30–32). On the other hand,
tyrosine-phosphorylated PKC-δ was required for H2O2-induced phosphorylation of vascular
endothelial growth factor receptor-3, which is activated in response to H2O2 and promotes
endothelial cell survival (38). In our present study, we utilized the PKC-δ selective inhibitor,
rottlerin, as well as PKC-δ siRNA to examine the role of PKC-δ in the regulation of oxidative
stress-induced PKD activity in intestinal epithelial cells. We found that PKC-δ siRNA
promoted H2O2-induced cell death, suggesting an anti-apoptotic role of PKC-δ in intestinal
epithelial cells. We also showed that the PKD phosphorylation at the activation loop
Ser744/748 was significantly inhibited by rottlerin and PKC-δ siRNA, demonstrating that
PKC-δ is an upstream kinase of PKD, consistent with the findings in HeLa cells.

The Rho family and its effector ROK have been implicated in the regulation of apoptosis (2,
8). The human RhoA, CDC42, and Rac-1 proteins and their guanine nucleotide exchange factor
Dbl efficiently induce the transcriptional activity of nuclear factor kappa B (NF-κB) (25), which
is clearly capable of controlling the expression of several anti-apoptotic factors to enhance cell
survival (35). This indirect evidence suggests that Rho family proteins play a role in the cellular
survival pathway. In this study, we showed that exposure of RIE-1 or IEC-6 cells to Y27632,
a selective ROK inhibitor, induces the inhibition of H2O2-induced PKD phosphorylation. To
our knowledge, this is the first report describing H2O2-induced PKD activation is regulated by
the Rho/ROK pathway. Furthermore, treatment of RIE-1 cells with Y27632 enhanced H2O2-
induced cell death, suggesting a role of Rho/ROK pathway in the protective effect of PKD
against H2O2-induced cell apoptosis. Moreover, PKD phosphorylation was completely
blocked by C3 toxin, a specific Rho protein inhibitor, and the PKC-δ phosphorylation at
tyrosine 311 was also decreased by C3 treatment, suggesting the regulation of PKD activity
by PKC-δ downstream of Rho/ROK pathway.

In summary, the results presented in this report demonstrate a critical role of PKD activation
in oxidative stress-induced intestinal epithelial cell injury. The results also demonstrate that
the PKD activity is regulated by PKC-δ downstream of the Rho/ROK pathway. Here, we
propose a model for PKD-mediated cell survival pathway in oxidative stress-induced intestinal
epithelial cell injury. Oxidative stress is strongly implicated in various diseases, including
NEC; the potent activation of PKD may provide new mechanistic insights into both
physiological and pathological processes in intestinal epithelial cells.
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Figure 1. H2O2 induced PKD activation in RIE-1 and IEC-6 cells
(A) RIE-1 cells were treated with or without various concentrations of H2O2 for 15 min. PKD
phosphorylation was detected by Western blotting using anti-phospho-PKD (Ser744/748)
antibody. The membrane was stripped and reprobed with anti-PKD antibody as a loading
control. RIE-1 cells were treated with 500 μM of H2O2 over a time course study. (B) Similar
experiments were performed using IEC-6 cells. (C) RIE-1 cells were grown on chamber slides
for 3 days and then treated with H2O2 (500 μM) or vehicle (control) for 15 min. A representative
photomicrograph is shown demonstrating PKD localization in the nucleus using
immunofluorescent imaging 15 min after H2O2 treatment. (Representative photomicrograph
from 3 separate experiments).
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Figure 2. H2O2 induced apoptosis in RIE-1 cells
(A) RIE-1 cells were treated with or without H2O2 (500 μM) in normal growth medium over
a time course and cell death assays performed. Experiments were performed in triplicate and
results are expressed as mean ± SEM (n=3); * p< 0.05 vs. control (−). (B) RIE-1 cells were
treated with or without various doses of H2O2 in normal growth medium for 3 h and cell death
assays performed. Experiments were performed in triplicate and results are expressed as mean
± SEM (n=3); * p< 0.05 vs. control (−). (C) RIE-1 cells were treated with or without various
doses of H2O2 in normal growth medium for 3 h. Both attached and floating cells were
collected, lysed and Western blot analysis was performed for the expression of caspase 3 or
PARP cleavage products; β-actin protein expression was detected to monitor equal loading.
(D) RIE-1 cells were loaded with DCFH/DA (50 μM) for 30 min and were subsequently
exposed to H2O2 (500 μM) for 3 h. Cellular fluorescence in each well was measured and
immediately recorded. The DCFH fluorescence increased in H2O2-exposed cells. Results are
expressed as mean ± SEM (n=3); * p< 0.05 vs. control (−).
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Figure 3. PKD siRNA promoted H2O2-induced cell death
(A) RIE-1 cells were transfected with PKD siRNA or the control siRNA. After 3 days, cells
were treated with H2O2 (500 μM) for 3 h and protein extracted and analyzed by Western blot.
Inhibition of PKD expression by PKD siRNA was shown using anti-PKD antibody (upper
panel). PKD phosphorylation was determined using anti-phospho-PKD (Ser744/748) antibody
(middle panel). β-actin was used as a loading control (bottom panel). A representative result
from 3 experiments is shown. (B) RIE-1 cells were transfected with PKD siRNA or the control
siRNA. After 3 days, cells were treated with 500 μM of H2O2 for 3 h and cell death assays
performed. Results from 3 experiments are expressed as mean ± SEM (n=3); * p< 0.05 vs.
control siRNA without H2O2; † p< 0.05 vs. control siRNA and H2O2. (C) RIE-1 cells were
transfected with PKD or control siRNA for 72 h, and then treated with H2O2 (500 μM) for 3
h. Both attached and floating cells were collected, lysed and analyzed by Western blot for the
expression of caspase 3 or PARP cleavage products; β-actin was used as a protein loading
control.
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Figure 4. Regulation of PKD activity by PKC and ROK inhibitors
(A) RIE-1 cells were pretreated with or without inhibitors [Gö6983 (1 μM), GF109203X (1
μM), Ro31-8220 (1 μM), Rottlerin (5 μM), Y27632 (30 μM)] as indicated for 30 min and then
treated with H2O2 (250 μM) in combination with inhibitors for another 15 min. PKD
phosphorylation was determined by Western blot analysis using the anti-phospho-PKD
(Ser744/748) antibody (upper panel). PKD expression was assessed as a loading control
(middle panel). Densitometric analysis of protein level from corresponding treatment lanes
[n=3 immunoblots; * p< 0.05 vs. H2O2 only (lane 2)] (bottom panel). (B) Similar experiments
were performed using IEC-6 cells. A representative Western blot (upper and middle panels)
and corresponding densitometric analysis are shown [n=3 immunoblots; * p< 0.05 vs. only
H2O2 (lane 2)] (bottom panel).
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Figure 5. PKC-δ regulation of PKD phosphorylation
(A) RIE-1 cells were pretreated with or without rottlerin for 30 min and then treated with
H2O2 (250 μM) in combination with inhibitors for another 15 min. PKD phosphorylation was
determined by Western blot analysis using the anti-phospho-PKD (Ser744/748) antibody. PKD
expression was assessed as a loading control. (B) Similar experiments as above were performed
using IEC-6 cells. A representative result from 3 experiments is shown. (C) RIE-1 cells were
transfected with control siRNA or PKC-δ siRNA. After 3 days, cells were treated with or
without H2O2 (500 μM) for 3 h and Western blotting performed using total cell lysates. PKC-
δ expression was examined using anti-PKC-δ antibody (top panel). The membranes were
reprobed with anti-phospho-PKD (Ser744/748) antibody (2nd panel) and β-actin was utilized
as a loading control (3rd panel). PKD kinase assay in vitro was performed in the presence of
syntide-2 using the same lysates (bottom panel). (D) RIE-1 cells were transfected with control
siRNA or PKC-δ siRNA. After 3 days, cells were treated with or without H2O2 (500 μM) for
3 h and cell death assays performed. Results are expressed as mean ± SEM (n = 3). * p< 0.05
vs. control; † p< 0.05 vs. control siRNA and H2O2 (500 μM). (E) RIE-1 cells were transfected
with PKC-δ or control siRNA. After 72 h, cells were treated with or without H2O2 (500 μM)
for 3 h. Both attached and floating cells were collected, lysed and analyzed by Western blot
for the expression of caspase 3 or PARP cleavage products; β-actin was used as a loading
control.
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Figure 6. H2O2-mediated PKD activation was attenuated by Rho/ROK inhibitors
(A) RIE-1 cells were pretreated with or without Y27632 for 30 min and then treated with
H2O2 (250 μM) in combination with inhibitors for another 15 min. PKD phosphorylation was
determined by Western blot analysis using the anti-phospho-PKD (Ser744/748) antibody. PKD
expression was determined as a loading control. (B) Similar experiments as above were
performed using IEC-6 cells. A representative result from 3 experiments is shown. (C) RIE-1
cells were pretreated with Y27632 for 30 min and then with 500 μM of H2O2 in combination
with Y27632 and cell death assay performed. Results are expressed as mean ± SEM (n = 3). *
p< 0.05 vs. control (−); † p< 0.05 vs. control and H2O2 (500 μM). (D) RIE-1 cells were
transfected with GST-C3 or GST proteins (as a control) overnight. Cells were treated with or
without H2O2 (250 μM) for 15 min. Cells were lysed and protein extracted for Western blots.
PKD phosphorylation was monitored using anti-phospho-PKD (Ser744/748) antibody. β-actin
was used as a loading control.
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