
 

 

Introduction 
 
The epithelium of the intestinal mucosa has the 
most rapid turnover rate of any tissue in the 
body and its integrity depends on a dynamic 
balance between cell proliferation, growth ar-
rest, and apoptosis [1-3]. Undifferentiated intes-
tinal epithelial cells (IECs) continuously replicate 
in the proliferative zone within the crypt areas 
and differentiate as they move up the luminal 
surface of the intestine to replace lost cells [4, 
5]. To maintain normal gut mucosal homeosta-
sis, the rate of epithelial cell division is counter 
balanced by apoptosis that is regulated by vari-
ous extrinsic and intrinsic factors including cel-
lular polyamines. The natural polyamines sper-
midine, spermine and their precursor, putre-
scine, are the central convergence point for the 
multiple signaling pathways and regulate dis-
tinct cellular functions [6, 7]. We [8-11] and 
others [12, 13] have reported that cellular poly-
amines are implicated in the control of the 

apoptotic response in IECs and that polyamine 
depletion induces a resistance to apoptosis, at 
least partially, by activating Akt activity. How-
ever, the exact mechanism by which polyamine 
depletion activates Akt remains unknown.  
 
3-Phosphoinositide-dependent protein kinase-1 
(PDK1) is a 63-kDa Ser/Thr protein kinase that 
phosphorylates and regulates several down-
stream signaling pathways including several 
"AGC" family kinases such as Akt/protein kinase 
B, protein kinase C (PKC), p70S6K, and serum 
and glucocorticoid-regulated kinase (SGK) [14, 
15]. PDK1 exists in an active, phosphorylated 
form under basal conditions and appears to be 
refractive to additional activation and phos-
phorylation upon cell stimulation with agonists 
which activate phosphatidylinositol-3 kinase 
(PI3K) [16, 17]. PDK1 functions as a down-
stream of PI3K but upstream of Akt and serves 
as a major regulatory point in Akt signaling. 
PDK1 activity is primarily controlled through its 
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phosphorylation and regulates a wide spectrum 
of cell functions [14, 18, 19].  
 
Although the precise function of cellular poly-
amines in programmed cell death is highly de-
pendent upon cell type and death stimulus, 
polyamine depletion by inhibiting ornithine de-
carboxylase (ODC, the first rate-limiting step in 
polyamine biosynthesis) enhances the resis-
tance of normal IECs to Tumor necrosis factor-
α/cycloheximide (TNF-α/CHX)-induced apop-
tosis [8, 9, 20, 21]. The current studies were to 
test the hypothesis that polyamines regulate Akt 
activity by altering PDK1, thus modulating apop-
tosis in IECs.  
 
Materials and methods 
 
Chemicals and supplies 
 
Disposable culture ware was purchased from 
Corning Glass Works (Corning, NY). Tissue cul-
ture media and dialyzed fetal bovine serum 
(dFBS) were obtained from GIBCO-BRL 
(Gaithersburg, MD), and biochemicals were ob-
tained from Sigma (St. Louis, MO). Antibodies 
against phosphorylated Akt (pAkt at Serine 
473), total Akt, phosphorylated PDK1 (pPDK1), 
total PDK1, phosphorylated-PTEN (pPTEN), total 
PTEN, PI3K (p85, p110) were purchased from 
Cell Signaling Technology (Danvers, MA). Secon-
dary antibodies conjugated to horseradish per-
oxidase (HRP) were from Santa Cruz Biotechnol-
ogy Inc. (Santa Cruz, CA). [γ-32P]ATP was pur-
chased from Perkin Elmer Life Sciences (San 
Jose, CA). PDK1 assay kit was purchased from 
Upstate Biotechnology (Lake Placid, NY) and DL-
α-difluoromethylornithine (DFMO) was obtained 
from Genzyme (Cambridge, MA). 
 
Cell culture 
 
The IEC-6 cell line was purchased from the 
American Type Culture Collection (ATCC) at pas-
sage 13. The cell line was derived from normal 
rat intestine and was developed and character-
ized by Quaroni et al [22]. IEC-6 cells originated 
from intestinal crypt cells, as judged by morpho-
logical and immunological criteria. They are non-
tumorigenic and retain the undifferentiated 
character of epithelial stem cells. Stock cells 
were maintained in T-150 flasks in Dulbecco’s 
modified Eagle medium (DMEM) supplemented 
with 5% heat-inactivated FBS, 10 μg/ml insulin, 
and 50 μg/ml gentamicin sulfate. Flasks were 
incubated at 37°C in a humidified atmosphere 

of 90% air-10% CO2. Stock cells were subcul-
tured once a week at 1:20; medium was 
changed three times weekly. The cells were re-
started from original frozen stock every 7 pas-
sages. Tests for mycoplasma were routinely 
negative and passages 15-20 were used in the 
experiments. 
 
RNA interference 
 
The small interfering (si)RNA that were designed 
to specifically target the coding region of PDK1 
(siPDK1) mRNA was synthesized and purchased 
from Dharmacon Inc (Lafayette, CO). Scrambled 
control siRNA (C-siRNA), which had no sequence 
homology to any known genes, was used as the 
control. The siPDK1, and C-siRNA were trans-
fected into cells as described previously [9, 10, 
23]. Briefly, for each 60-mm cell culture dish, 
20 µl of the 5 µM stock siPDK1 or C-siRNA was 
mixed with 500 µl of Opti-MEM medium 
(Invitrogen). This mixture was added to a solu-
tion containing LipofectAMINE 2000 in 500 µl 
of Opti-MEM. The solution was incubated for 20 
min at room temperature and gently overlaid 
onto monolayers of cells in 3 ml of medium, and 
cells were harvested for various assays after 
appropriate incubation times. 
 
Western blot analysis 
 
Cell samples, dissolved in ice-cold NP40×-buffer 
(25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 1 mM 
EDTA, 205 mM sodium pyrophosphate, 1 mM 
Na3VO4, 10% glycerol, 1% Triton×-100, 10 mg/
ml aprotinin), were sonicated and centrifuged at 
14,000 rpm for 15 min at 4oC. The protein con-
centration of the supernatant was measured by 
the methods described by Bradford [24], and 
each lane was loaded with 20 µg of protein 
equivalent. The supernatant was boiled for 5 
min and then subjected to electrophoresis on 
10% acrylamide gels according to Laemmli [25]. 
Briefly, after the transfer of protein onto nitro-
cellulose filters, the filters were incubated for 1 
h in 5% BSA in 1x TBS-T buffer (Tris-buffered 
saline, pH 7.4, with 0.1% Tween 20). Immu-
nologic evaluation was then performed over-
night at 4°C in 5% nonfat dry milk/TBS-T buffer 
containing specific antibodies against pPDK1, 
total PDK1, pPTEN, total PTEN, PI3K (p85, 
p110), pAkt, total Akt, proteins. The filters were 
subsequently washed with 1x TBS-T and incu-
bated with the secondary antibodies conjugated 
with HRP for 1 h at room temperature. The im-
munocomplexes on the filters were reacted for 
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1 min with Chemiluminiscence Reagent (NEL-
100 DuPont NEN). 
 
Assessment of morphology and Annexin V stain-
ing 
 
After various experimental treatments, cells 
were photographed with a Nikon inverted micro-
scope before fixation. Annexin V staining of 
apoptosis was carried out by using a commer-
cial apoptosis kit (Clontech Laboratories, Palo 
Alto, CA) and performed according to the proto-
col recommended by the manufacturer. Briefly, 
cells were rinsed with 1× binding buffer, and 
resuspended in 200 µl of 1× binding buffer. 
Five µl of Annexin V was added on a slide and 
incubated at room temperature for 10 min in 
the dark. Annexin-stained cells were visualized 
and photographed under fluorescence micro-
scope using a dual filter set for FITC & rhoda-
mine, and the percentage of “apoptotic” cells 
was determined. 
 
PDK1 kinase activity assay 
 
The PDK1 kinase activity was estimated by us-
ing a PDK1 kinase assay kit according to the 
manufacturer's instructions (Upstate Biotech-
nology). This assay was carried out in two 
stages. In stage one, the inactive SGK was incu-
bated with active PDK1 in the presence of 
Mg2+/ATP to activate SGK. In the second stage, 
Mg2+ [γ-32P]ATP and Akt/SGK substrate peptide 
(RPRAATF) were added to detect PDK1 depend-
ent SGK activity. 
 
Statistics 
 
All data are expressed as means ± SE from 
three to six samples. Autoradiographic results 
were repeated three times. Apoptosis assay 
results were repeated separately three times. 
The significance of the difference between 
means was determined by analysis of variance. 
The level of significance was determined using 
Duncan’s multiple range test [26].  
 
Results 
 
Effect of polyamine depletion on PDK1 kinase 
activity in IEC-6 cells 
 
Consistent with our previous studies [20, 27, 
28], inhibition of ODC activity by exposure to 5 
mM DFMO almost completely depleted cellular 

polyamines in IEC-6 cells. Putrescine and sper-
midine were significantly decreased on day 2 
and was undetectable on days 4 and 6. Sper-
mine was less sensitive to DFMO but decreased 
by ~65% on days 4 and 6 after DFMO treatment 
(data not shown) [8, 20, 21]. Results presented 
in Figure 1 show that polyamine depletion by 
DFMO increased the levels of phosphorylated 

Figure 1. Changes in phosphorylated PDK1 (pPDK1) 
and its total protein levels after polyamine depletion. 
IEC-6 cells were grown in DMEM containing either 
DFMO (5 mM) alone or DFMO plus PUT (10 μM) for 4 
and 6 days; whole cell lysates were harvested for 
various measurements. A: Representative im-
munoblots of Western blot analysis. Twenty micro-
grams of total protein were applied to each lane, and 
immunoblots were hybridized with the antibody spe-
cific for pPDK1 and total PDK1 (~63 kDa). After the 
blot was stripped, actin (~42 kDa) immunoblotting 
was performed as an internal control for equal load-
ing. B: levels of PDK1 kinase activity (% change) in 
cells described in A. Values are mean ± SE of data 
from three separate experiments. *P< 0.05 com-
pared with control and DFMO + PUT.  
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PDK1 (pPDK1) although it had no effect on ex-
pression of total PDK1 protein. The induction of 
pPDK1 occurred on day 4 after treatment with 
DFMO, and the levels of pPDK1 in DFMO-
treated cells were ~5.0, and 6.0 times the nor-
mal values (without DFMO) on days 4 and 6 
respectively (Figure 1A). Putrescine (10 µM) 
added together with DFMO returned pPDK1 to 
near normal levels. Exogenous addition of sper-
midine at 5 μM to cultures containing DFMO 
had an effect similar to putrescine on pPDK1 
protein levels (data not shown). Consistently, 
increased levels of pPDK1 in DFMO-treated 
cells were paralleled by an increase in PDK1 
kinase activity (Figure 1B), which was also com-
pletely prevented by putrescine given together 
with DFMO. In addition, polyamine depletion 
had no effect on the levels of other members of 
PI3K/Akt pathway such as pPTEN, PTEN, p85 
and p110 (Figure 2). These results clearly indi-
cate that depletion of cellular polyamines in-
creases PDK1 phosphorylation and activates its 

kinase activity in IECs. 
 
PDK1 silencing decreases Akt phosphorylation 
in polyamine-deficient IECs 
 
Our previous studies show that polyamine de-
pletion increases Akt phosphorylation [8]. The 
current study further determined whether in-
creased Akt following polyamine depletion is 
mediated by PDK1 activation. As shown in Fig-
ure 3, transfection with the siRNA specifically 
targeting the coding region of PDK1 mRNA 
(siPDK1) decreased PDK1 protein by 85% in 
DFMO-treated cells. Decreased PDK1 by siPDK1 
transfection reduced pAkt protein levels al-
though it failed to alter total Akt protein content. 
These results strongly suggest that polyamine 
depletion induces Akt phosphorylation by acti-
vating PDK1 activity.  
 
Effect of PDK1 silencing on TNF-α/CHX-induced 
apoptosis 
 
To elucidate the function of increased PDK1 
activity in IECs, the TNF-α/CHX-induced apop-
tosis model was used as reported previously [8, 
20, 27, 29]. As shown in Figure 4, inhibition of 
PDK1 activation by siPDK1 enhanced the sensi-
tivity to TNF-α/CHX-induced apoptosis in normal 

Figure 2. Changes in levels of phosphorylated PTEN 
(pPTEN), total PTEN, p85, and p110 proteins in cells 
described in Figure 1. Twenty micrograms of total 
protein were applied to each lane, and immunoblots 
were hybridized with the antibody specific for pPTEN 
(~54 kDa), total PTEN (~54 kDa), p85 (~85 kDa) and 
p110 (~110 kDa), and actin (~42 kDa) immunoblot-
ting was performed as an internal control for equal 
loading. Three experiments were performed that 
showed similar results. 

Figure 3. Effect of PDK1 silencing on pAkt and its 
total proteins after polyamine depletion. Cells were 
grown in DMEM containing DFMO (5 mM) for 4 days 
and then transfected with either control siRNA (C-
siRNA) or siPDK1. Whole cell lysates were harvested 
at indicated times for Western blotting analysis.  
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IEC-6 cells (without DFMO treatment). When 
TNF-α/CHX was added to control cultures, it 
induced typical apoptotic cell death (Figure 4A, 

a versus b, and B, left panel). Annexin V staining 
showed significant phosphatidylserine presence 
in the cell membrane, a classic indicator of 
apoptotic cells (Figure 4A, b, right). In siPDK1 
transfected cells, treatment with the same 
doses of TNF-α/CHX increases number of apop-
totic bodies significantly compared to IECs 
transfected with C-siRNA.  
 
Interestingly, inhibition of PDK1 activation with 
siPDK1 also completely reversed the protective 
effect of polyamine depletion on TNF-α/CHX-
induced apoptosis (Figure 5). When polyamine-
deficient cells were exposed to TNF-α/CHX, they 
exhibited decreased cell death as reported pre-
viously [10, 20, 30]. There were no differences 
in morphological features and percentage of 
apoptotic cells between cells treated with DFMO 
alone and DFMO-treated cells exposed to TNF-
α/CHX (Figure 5A). However, when PDK1 was 
silenced by siPDK1 the resistance of polyamine-
deficient cells to TNF-α/CHX-induced apoptosis 
was abolished compared to the cells trans-
fected with C-siRNA. These results indicate that 
activated PDK1 plays an important role in the 
induced resistance of polyamine-deficient cells 
to apoptosis. 
 
Discussion 
 
Our previous studies [8, 20, 21, 29] show that 
polyamines regulate apoptosis through multiple 
signaling pathways including Akt kinase. Poly-
amines negatively regulate Akt phosphorylation 
in normal IECs, and activated Akt kinase activity 
following polyamine depletion plays a critical 
role in the increased resistance to apoptosis [8]. 
In the current study we further showed that in-
creased Akt signal results from induced PDK1 
activation, thus advancing our understanding of 
polyamine-regulated apoptosis in IECs.  
 
The results presented in Figure 3 clearly show 
that inhibition of PDK1 by siPDK1 almost com-
pletely prevented the increased Akt phosphory-
lation in polyamine-deficient cells, suggesting 
that polyamine depletion induces Akt activity by 
increasing PDK1 activity. The most important 
findings reported here are that PDK1-mediated 
Akt phosphorylation regulates apoptosis after 
polyamine depletion. The activated PDK1 was 
associated with an increased resistance to TNF-
α/CHX-induced apoptosis in polyamine-deficient 
IEC-6 cells, whereas inhibition of PDK1 activity 
by siPDK1 increased the sensitivity to apoptosis 

Figure 4. Apoptosis response to TNF-α/CHX in control 
IEC-6 cells after PDK1 silencing. A: Pictures of TNF-α/
CHX-induced apoptosis after various treatments. 
Cells were transfected with siPDK1 or C-siRNA by the 
LipofectAMINE technique. Cells were exposed to TNF-
α (20 ng/ml) and CHX (25 μg/ml) after 48 h post-
transfection. Apoptosis was measured by morphologi-
cal analysis (middle) and annexin V staining (left) 3 h 
after the treatment with TNF-α/CHX. a, control; b, 
control cells exposed to TNF-α/CHX; c, cells trans-
fected with C-siRNA; d, C-siRNA transfected cells ex-
posed to TNF-α/CHX; e, cells transfected with 
siPDK1; f, siPDK1 transfected cells exposed to TNF-
α/CHX. Original magnification X200. B: percentage of 
apoptotic cells in cells described in A. Values are 
mean ± SE of data from three experiments. * p < 
0.05 compared with cells treated without TNF-α/CHX 
(No-TNF-α/CHX). 
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in control (Figure 4) as well as in DFMO-treated 
cells (Figure 5). These findings are consistent 

with results from others [31-33], who have dem-
onstrated that PDK1 activation and resulting 
Akt activation suppress apoptosis in a wide vari-
ety of cell types. It has been shown that overex-
pression of wild-type Akt protein prevents apop-
tosis in primary cultures of cerebellar neurons 
when survival factors were withdrawal or PI3K 
was inhibited [34]. Kikani et al [35] showed that 
the cell lines stably expressing wild type PDK1 
displayed increased resistance to UV-induced 
apoptosis. 
 
In summary, these results indicate that PDK1 
activity is regulated by cellular polyamines in 
normal IECs. Decreasing cellular polyamines 
activates PDK1 phosphorylation, increases its 
kinase activity, thus activating Akt kinase activ-
ity and protecting IECs against TNF-α/CHX-
induced apoptosis. Inactivation of PDK1 by 
siPDK1 decreased Akt phosphorylation and en-
hanced the susceptibility to apoptosis. These 
findings suggest that PDK1 is an important cell 
survival factor in the gut mucosa in vivo and 
plays an important role in biological regulation 
of epithelial homeostasis.   
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