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R�uta Navakauskienė Æ Karl-Eric Magnusson

Received: 8 July 2006 / Accepted: 19 January 2007
� Springer Science+Business Media B.V. 2007

Abstract Despite the understanding of the impor-

tance of phosphoinositide 3-kinase (PI 3-K) signaling

pathway in the regulation of cellular proliferation, little

is known about its role during phorbol 12-myristate 13-

acetate (PMA)-induced differentiation in human leu-

kemia cells. Here, we report a novel finding that PI 3-K

inhibition by LY294002 significantly increases

p21WAF1/Cip1 expression in PMA-stimulated human

leukemia cells NB4 and THP1. LY294002 potentiated

expression of p21WAF1/Cip1 via a p53-independent

mechanism and did not affect mitogen activated pro-

tein kinase (MAPK) activation. Electrophoretic

mobility shift (EMSA) experiments revealed that

blocking of PI 3-K was associated with increased

binding of transcription factor Sp1 to the PMA-

responsive sites on the p21WAF1/Cip1 promoter.

Pretreatment with rapamycin, an inhibitor of mTOR

kinase, decreased the expression of p21WAF1/Cip1

protein in PMA-stimulated NB4 cells. The level of

PMA-induced p21WAF1/Cip1 protein expression was

lower in NB4 cells overexpressing wild type protein

kinase C f (PKC f) compared to those transfected with

empty vector or with kinase inactive PKC f.

Sp1 binding to the p21WAF1/Cip1 promoter was

completely lost in a wild type PKC f overexpressing

and PMA-stimulated NB4 cells. We demonstrate that

PI 3-K signaling pathway suppresses PMA-induced

expression of p21WAF1/Cip1 in human leukemia cells,

and that this effect is partly mediated by PKC f.
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Introduction

The terminal differentiation of human leukemia cells

involves exit from the cell cycle and realization of

lineage-specific genetic programs responsible for ma-

ture phenotype. Exit from the cell cycle during dif-

ferentiation of leukemia cells has been linked to the

induction of expression of cyclin-dependent kinase

(CDK) inhibitors p21WAF1/Cip1 and p27Kip1 [1–2].

p21WAF1/Cip1 and p27Kip1 are members of the

CIP/KIP family of CDK inhibitors (CKI) and play an

important role in regulation of the G1/S transition

[3]. The exact role of p21WAF1/Cip1 in regulation of

cell cycle exit still remains controversial, but the

current understanding suggests that under physiolog-

ical conditions p21WAF1/Cip1 forms an active com-

plex with G1 cyclin/CDK and thereby promotes G1/S

transition. By contrast, elevation of intracellular lev-

els of p21WAF1/Cip1 blocks activation of G1 cyclin/

CDK complexes and causes cell cycle arrest [4].

The expression of p21WAF1/Cip1 is regulated at

the transcriptional and post-transcriptional levels [5–

9]. Regulation of p21WAF1/Cip1 transcription is

controlled by both p53-dependent and -independent
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mechanisms. A variety of differentiation inducers

(histone deacetylase inhibitors, phorbol esters, nerve

growth factor, retinoic acid, vitamin D3) induce

binding of different transcription factors to specific

elements on the p21WAF1/Cip1 promoter and acti-

vate transcription by p53-independent mechanism

[4, 6].

Treatment of human promyelocytic leukemia cells

with PMA, known as a protein kinase C (PKC) acti-

vator, results in growth arrest and differentiation to-

wards the monocytic phenotype [10]. About 12

different isoforms of PKC have been so far character-

ized and divided into three groups based on their

requirements for activation. Conventional PKCs (a, bI,

bII, and c) are calcium- and phorbol ester-dependent.

By contrast, the novel PKCs (d, e, h, and g) are cal-

cium-independent, but require phorbol esters for acti-

vation. The atypical PKCs (f, s, k, and l) kinases are

independent of both calcium and phorbol esters [11]. It

has been demonstrated in several studies that PMA

regulates expression of the p21WAF1/Cip1 at both the

transcriptional and post-transcriptional levels. PMA-

mediated transcriptional activation of the p21WAF1/

Cip1 promoter is p53-independent and requires bind-

ing of transcription factor Sp1. Six Sp1 binding sites

have been identified on the p21WAF1/Cip1 promoter

and two of them are necessary for PMA-induced

transcription [12–15]. PMA also regulates expression

of p21WAF1/Cip1 at the post-transcriptional level

[8–9].

These findings suggest that direct targets of PMA

(classical and novel PKCs) are important regulators of

the p21WAF1/Cip1 expression. However, it is not

currently exactly clear how PKCs exert their effect on

the induction of expression of p21WAF1/Cip1.

Phorbol esters activate several signaling pathways

in leukemia cells, which could putatively play a role

in the regulation of PMA-induced expression of

p21WAF1/Cip1. For example, PMA induces rapid

and sustained activation of MEK and MAPK in HL-

60 and U937 cells [16]. Moreover, PMA was shown

to induce expression of p21WAF1/Cip1 and p27Kip1

in a MAPK-dependent manner [2]. PMA also elicited

activation of a p38 kinase cascade in HL-60 cells [17],

and the PI 3-K signaling pathway via an unknown

mechanism in human leukemia cells [18]. Numerous

studies demonstrate that PI 3-K is an important

regulator of p21WAF1/Cip1 expression [19–23]. It is

not known however, whether PI 3-K signaling path-

way influences PMA-induced p21WAF1/Cip1

expression in human leukemia cells. We therefore

addressed this issue in the present study.

Materials and methods

Chemicals and antibodies

Phorbol 12-myristate 13-acetate (PMA), phosphoino-

sitide 3-kinase inhibitor LY 294002, dimethylsulfoxide

(DMSO) and nuclei isolation kit Nuclei EZ PREP

were obtained from Sigma Chemical (St Louis, MO,

USA). mTOR kinase inhibitor rapamycin was pur-

chased from Calbiochem (Darmstadt, Germany).

PMA, LY 294002, and rapamycin were dissolved in

DMSO and stock solutions were stored at –20�C.

Monoclonal antibodies against p21WAF1/Cip1 and

p53 were purchased from Santa Cruz Biotechnology

(Santa Cruz, CA, USA). Activation of MAPK 42/44

was detected using polyclonal anti-phospho-MAPK 42/

44 antibody from Cell Signaling Technology (Beverly,

MA, USA). Total MAPK protein levels were deter-

mined using an anti-Erk 1/2 polyclonal antibody from

Upstate (Lake Placid, NY, USA). Horseradish perox-

idase (HRP) conjungated secondary antibodies for

Western blotting were purchased from DAKO

(Glostrup, Denmark). Oligonucleotides for EMSA

experiments were synthesized at MWG-Biotech AG,

Denmark. c-32P-ATP and poly(dI-dC) were obtained

from Amersham Biosciences (Little Chalfont Buck-

inghemshire, UK). T4 polynucleotide kinase was pur-

chased from Fermentas (Vilnius, Lithuania).

Cell culture and transient transfections

Human promyelocytic leukemia NB4 and acute

monocytic leukemia THP-1 cells were cultured in

RPMI 1640 medium (Gibco, Grand Island, NY, USA)

supplemented with 10% fetal bovine serum (FBS)

(Gibco), 100 units/ml penicillin, and 100 lg/ml strep-

tomycin (NordCell, Sweden) in a 5% CO2 humidified

incubator at 37�C. In all experiments, NB4 and THP-1

cells were seeded at 5 · 105 cells/ml. The final con-

centration of solvent DMSO in the culture medium

was less than 0.1%. The plasmids coding wild type

PKC f (WT PKC f) and kinase-inactive PKC f (K/N

PKC f), which contains a mutation at the conserved

lysine residue in the ATP-binding domain, have been

kindly provided by Dr. Alex Toker, Department of

Pathology, Beth Israel Deaconess Medical Center,

Harvard Medical School. For transient transfection

experiments, exponentially growing NB4 cells were

collected by centrifugation and resuspended in RPMI

medium without FBS at 107 cells/ml. Aliquots of cell

suspension were transferred into 0.4 cm electropora-

tion cuvetes (Bio-Rad Laboratories, Hercules, CA),
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and 10 lg of plasmid DNA was added. After incuba-

tion for 10 min at room temperature, electroporation

was performed by Gene Pulser (Bio-Rad) with a shock

of 250 V voltages and a 950 lF capacity. Ten minutes

after shock cells were plated into complete medium for

24 h, thereafter transfected cells were treated with

100 nM PMA.

Preparation of nuclear extracts

Harvested cells were pelleted at 1700 rpm for 6 min

and washed twice in ice-cold PBS. Nuclei were iso-

lated using Nuclei Isolation Kit according to the

manufacturer’s recommendations. Isolated nuclei

were suspended in Nuclei EZ storage buffer, and

frozen at –76�C. Nuclear protein extracts for EMSA

were prepared by lysis of nuclei in buffer containing

20 mM Tris-HCl, pH 8.0, 200 lM EDTA, 2 mM

EGTA, 20% glycerol, 400 mM NaCl, 1· protease

inhibitors coctail Complete (Roche Diagnostics,

Mannheim, Germany), 1 mM phenylmethylsulphon-

ylfluoride (PMSF), 3 mM dithiothreitol (DTT). After

1 h incubation on ice, the extracts were centrifuged at

14,000 rpm for 20 min at 4�C, and used immediately.

Protein concentrations were measured by the Bio-Rad

DC protein assay.

Electrophoretic mobility shift assay (EMSA)

Complementary oligonucleotides were annealed and

labeled at their 5¢ ends using c-32P-ATP and T4 poly-

nucleotide kinase. Standard DNA binding reactions

were performed with nuclear protein extracts in 20 ll

of reaction buffer (10 mM HEPES pH 7.9, 80 mM

NaCl, 3 mM MgCl2, 0.1 mM EDTA, 10% glycerol),

2 lg BSA, 1 lg poly(dI-dC), 1 picomole labeled oli-

gonucleotide for 30 min at room temperature. When

desired, unlabeled competitor oligonucleotide was ad-

ded to protein extracts at 50-fold molar excess for a

15 min preincubation. DNA-protein complexes were

resolved on 6% polyacrylamide gel containing 1· Tris-

borate-EDTA. After electrophoresis, gels were dried

and visualized by autoradiography. Oligonucleotides

used as probes for EMSA had the following sequences:

Sp1 consensus sequence: 5¢-ATTCGATCGGGGC

GGGGCGAGC-3¢; mutated Sp1 consensus sequence:

5¢-ATTCGATCGGTTCGGGGCGAG-3¢; Sp1 (1, 2) -

sequence corresponding to the region -135/-101 (Sp1

binding elements 1 and 2) of the p21WAF1/Cip1 pro-

moter: 5¢-GCCTGGGCCCCGGGAGGGCGGTCC

CGGGCGGCGC-3¢. Mutations are shown in bold.

Immunoblotting

For preparation of total protein extracts, cells were

washed twice with cold PBS, pH 7.3 and lysed in lysis

buffer (1% NP-40, 1% deoxycholic acid sodium salt,

0.1% SDS, 150 mM NaCl, 10 mM Tris pH 7.4, 10 mM

EDTA, 1·Complete, 1 mM PMSF, 1 mM Na3VO4,

25 mM NaF) for 30 min on ice, then benzonase

(Merck, Darmstadt, Germany) was added to the final

concentration of 2.5 units/ml and cell lysates homoge-

nized through a 21 G needle. Samples were centrifuged

at 14,000 rpm for 30 min at 4�C. The supernatants

were aliquoted and kept at –20�C until analyzed. Pro-

tein concentration in cell lysates was measured by Bio-

Rad DC protein assay. Cell lysates were diluted in a

Laemmli sample buffer and heated for 5 min at 95�C.

Equal quantities of protein were loaded on 8–16%

SDS-polyacrylamide gels (Cambrex, Rockland, ME).

After fractionation, proteins were transferred to PVDF

membrane (Millipore) and then blocked for 1 h at

room temperature with 3% BSA in PBS containing

0.18% Tween-20 (PBS-Tw). The membranes were then

incubated with primary antibodies for 1 h at room

temperature and washed four times in PBS-Tw. After

washing, membranes were incubated further with

horseradish peroxidase (HRP)-conjungated secondary

antibody for 1 h at room temperature. Washing pro-

cedure was repeated and immunoreactive bands were

detected by enhanced chemiluminescence (ECL)

(Amersham Bioscience) according to the manufac-

turer’s instructions. For reprobing, blots were stripped

by incubation in 0.1 M glycine, pH 2.9 at room tem-

perature for 1 h prior to being probed with a different

antibody, as above. Protein bands densitometry was

performed using ImageJ software.

Results

Inhibition of PI 3-K by LY 294002 results in

increased expression of p21WAF1/Cip1 in PMA-

treated NB4 cells

To investigate whether inhibition of PI 3-K affects the

expression of p21WAF1/Cip1 in PMA-stimulated NB4

cells, the cells were pre-incubated with 25 lM

LY294002 for 1 h and treated with 100 nM PMA for 2,

6, 8, 12, and 24 h. The p21WAF1/Cip1 protein

expression levels in cell lysates were analyzed by

Western blotting using anti- p21WAF1/Cip1 mono-

clonal antibody. No expression of the p21WAF1/Cip1

protein was detected in NB4 cells treated for 2 h with

PMA alone and in combination with LY294002
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(Fig. 1A). PMA-induced expression of the p21WAF1/

Cip1 protein was detected first after 6 h, reached

maximum at 8 h, declined after 12 h and decreased to

the background level by 24 h. Pretreatment with

LY294002 resulted in significant upregulation of the

p21WAF1/Cip1 expression in NB4 cells stimulated

with PMA for 6, 8, and 12 h. Densitometric analyses

revealed that pretreatment with LY294002 resulted in

upregulation of the p21 WAF1/Cip1 protein expression

by more than 100% (Fig. 1D). These results demon-

strate that PI 3-K signaling pathway negatively influ-

ences expression of the p21WAF1/Cip1 protein in

PMA-treated human promyelocytic NB4 cells.

Suppressive effect of PI 3-K on the expression

of p21WAF1/Cip1 in PMA-stimulated NB4 cells

is p53-independent

The p53 tumor suppressor protein is a transcription

factor, which induces the expression of p21WAF1/Cip1

in response to various stress conditions [24]. In our

experiments, we have used human promyelocytic leu-

kemia cells NB4 which express a wild type p53 protein.

Although PMA induces the expression of p21WAF1/

Cip1 by p53-independent mechanism, several reports

have shown that PKB, which is downstream of PI 3-K,

negatively regulates p53 [25, 26]. Therefore, inhibition

of PI 3-K signaling could result in increased expression

of p53 and subsequent upregulation of p21WAF1/Cip1.

First we employed p53-negative THP1 cells to test

whether inhibition of the PI 3-K by LY294002 potenti-

ates PMA-induced expression of p21WAF1/Cip1. In

contrast to the NB4 cells, PMA-induced expression of

the p21WAF1/Cip1 protein was detected after 2 h and

decreased to the background level after 6 h (Fig. 1B).

Pretreatment with LY 294002 resulted in a significant

upregulation of the p21WAF1/Cip1 protein expression

in THP1 cells stimulated with PMA for 2 h. Interest-

ingly, p21WAF1/Cip1 expression was not detectable in

cells treated with PMA alone for 6 h. By contrast, pre-

treatment with LY294002 resulted in a dramatic upreg-

ulation of the p21WAF1/Cip1 expression (Fig. 1B).

We next examined how inhibition of the PI 3-K

influences the expression of the p53 protein in PMA-

treated NB4 cells. The same blot, which was used in

previous experiment (Fig. 1A), was stripped and ana-

lyzed with monoclonal antibodies against p53

(Fig. 1C). Our data indicate that LY294002 did not

affect expression levels of the p53 protein in PMA-

treated NB4 cells (Fig. 1C, E). Therefore, we con-

cluded that LY294002 potentiates PMA-induced

expression of the p21WAF1/Cip1 by p53-independent

mechanism.

LY294002 potentiates transcription factor Sp1

binding to the p21WAF1/Cip1 promoter in NB4

and THP-1 cells

We employed EMSA to investigate whether inhibition

of the PI 3-K by LY294002 affects binding of the Sp1 to

Fig. 1 Inhibition of PI 3-K by LY294002 increases the expres-
sion of p21 WAF1/Cip1 in PMA-treated leukemia cells in p53-
independent manner. (A) NB4 cells were pretreated with 25 lM
LY294002 for 1 h before treatment with 100 nM PMA, or
treated with 100 nM PMA alone for indicated time points. (B)
THP1 cells were either pre-incubated with 25 lM LY294002 for
1 h and (or) stimulated with 100 nM PMA for 2 h and 6 h, or
treated with 25 lM LY294002 alone for 2 and 6 h. (C) Equal
amounts of total cellular proteins were electrophoresed on 8–

16% SDS/PAGE gel and transferred to a PVDF membrane. The
filter was then probed with monoclonal anti-p21WAF1/Cip1 or
monoclonal anti-p53 antibody. NS–non-specific band detected in
the Western analysis and used as a loading control. All results
are representative of three independent experiments. (D, E)
Densitometry measurements have been performed using Image J
software. Statistical analyses were carried out on the results of
three Western blott experiments by calculating means and
standard deviations
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PMA-responsive elements on the p21WAF1/Cip1

promoter. We used oligonucleotides containing Sp1

consensus sequence (Sp1 cons.) and Sp1 binding sites

to elements 1 and 2 of the p21 WAF1/Cip1 pro-

moter—Sp1 (1, 2). As shown in Fig. 2A, incubation of

PMA-stimulated NB4 cell nuclear extracts with those

probes revealed a specific protein–DNA complex

which was eliminated using the Sp1-mutated sequence

(Sp1 mut) as a probe. We tested how LY 294002 affects

Sp1 binding to its consensus sequence in PMA-stimu-

lated NB4 cells. Pretreatment with LY294002 signifi-

cantly increased Sp1 binding activity in NB4 cells

stimulated with PMA for 6, 8, and 12 h (Fig. 2B). Next

we employed oligonucleotides containing Sp1 binding

elements 1 and 2 of the p21WAF1/Cip1 promoter.

Again, pretreatment with LY294002 potentiated Sp1

binding in PMA-stimulated NB4 and THP-1 cells

(Fig. 2C, D).

Inhibition of PI 3-K by LY294002 does not affect

MAPK activation in PMA-stimulated NB4 cells

Several reports have demonstrated that PMA-induced

expression of p21WAF1/Cip1 in HL-60 cells is MAPK-

dependent [2, 16]. In this study, we demonstrate that

inhibition of PI 3-K by LY294002 potentiates the

expression p21WAF1/Cip1 in PMA-stimulated NB4

cells. To determine whether this effect is related to

MAPK cascade, we investigated the influence of PI 3-

K inhibition on the MAPK activity in PMA-treated

NB4 cells. Thus, inhibition of PI 3-K by LY294002

resulted in the suppression of basal MAPK activity

(Fig. 3A, C). By contrast, LY294002 did not affect

PMA-induced MAPK activation, and we therefore

concluded that LY294002 potentiates expression of the

p21WAF1/Cip1 protein by MAPK-independent

mechanism.

Inhibition of mTOR kinase by rapamycin

suppresses PMA-induced expression of p21WAF1/

Cip1 in NB4 cells

One of the downstream targets of PI 3-K is mTOR

kinase, which regulates p70S6K. The finding that

inhibition of mTOR kinase by rapamycin increases the

expression of p21 WAF1/Cip1 in human prostate can-

cer cells [23] prompted us to test whether mTOR/p70

S6K pathway is responsible for upregulation of

p21WAF1/Cip1. NB4 cells were preincubated with

20 ng/ml rapamycin for 1 h before treatment with

100 nM PMA or treated with PMA alone during 24 h.

As shown in Fig. 3B, D, rapamycin suppressed PMA-

induced expression of p21WAF1/Cip1, indicating that

mTOR/p70S6K pathway is not involved in the poten-

tiation of p21WAF1/Cip1 expression.

Fig. 2 PI 3-K inhibition potentiates Sp1 binding activity in
PMA-stimulated NB4 and THP-1 cells. (A) Sp1 binding to Sp1
consensus sequence (Sp1 cons) and PMA-responsive elements 1
and 2 of the p21WAF1/Cip1 promoter-Sp1 (1, 2); (B) NB4 cells
were pre-incubated with 25 lM LY294002 for 1 h and (or)
treated with 100 nM PMA during 24 h. (C) NB4 and THP-1 cells
were pretreated with 25 lM LY294002 for 1 h and (or)
stimulated with 100 nM PMA for 2 and 6 h. EMSA was
performed using a total 15 lg protein from each nuclear extract

and Sp1 probe. Sp1 binding was eliminated competitively by
addition of a 50-fold molar excess of unlabeled competitor
(comp.) using a probe containing mutated Sp1 binding site (Sp1
mut.). Arrow indicates DNA complex with Sp1 protein. All
results are representative of four independent experiments. (D)
Densitometry measurements have been performed using Image J
software. Statistical analyses were carried out on the results of
three EMSA experiments by calculating means and standard
deviations
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Influence of PKC f on PMA-induced expression

of p21WAF1/Cip1 and Sp1 binding activity in NB4

cells

We next tested whether PKC f, which is another

downstream target of the PI 3-K, is responsible for

suppressive effect on the PMA-induced expression of

p21WAF1/Cip1. NB4 cells were transiently transfected

with plasmids coding empty vector (EV), wild type

(WT), and kinase negative (K/N) mutants of PKC f.

About 24 h after transfection, cells were treated with

100 nM PMA for 8 h. As shown in Fig. 4A, B, in NB4

cells overexpressing WT PKC f, PMA-induced

p21WAF1/Cip1 protein expression level was lower by

25% compared to those transfected with empty vector

or with K/N PKC f.

To investigate whether PKC f overexpression af-

fects Sp1 binding to the p21 WAF1/Cip1 promoter,

transfected NB4 cells were treated with 100 nM PMA

for 8 h and nuclear protein extracts were subjected to

EMSA using oligonucleotides containing Sp1 binding

sites to the PMA-responsible elements 1 and 2 of the

p21 WAF1/Cip1 promoter. As shown in Fig. 4C,

binding of the Sp1 to the p21WAF1/Cip1 promoter was

completely abolished in WT PKC f over-expressing

cells stimulated with 100 nM PMA. Interestingly, Sp1

binding activity was not reduced in PMA-untreated

cells overexpressing WT PKC f. No significant differ-

ences in Sp1 binding activity were observed between

PMA-treated and untreated cells overexpressing K/N

PKC f. Thus, PKC f, at least partly, mediates the

suppressive effect of PI 3-K on PMA-induced

p21WAF1/Cip1 expression.

Discussion

PI 3-K participates in a wide range of cellular pro-

cesses, such as growth, transformation, apoptosis and

differentiation. Active PI 3-K phosphorylates the D-3

position of inositol ring of phosphoinositides and gen-

erate phosphatidylinositol (3) phosphate, (PtdIns (3) P,

PtdIns (3, 4) P2, and PtdIns (3, 4, 5) P3. These lipids

help to recruit pleckstrin homology domain containing

proteins, such as phosphoinositide-dependent kinase 1

(PDK1), to the plasma membrane for activation [27].

In addition, PDK1 phosphorylates and activates sev-

eral important cell signaling kinases including protein

Fig. 3 The role of MAPK and mTOR kinase in PI 3-K-mediated
suppression of p21WAF1/Cip1 in PMA-treated NB4 cells. (A)
Cells were treated with 25 lM LY294002 for 6 h, or pretreated
with 25 lM LY294002 for 1 h and then exposed to 100 nM PMA
for 2 and 6 h. (B) Cells were pre-incubated with 20 ng/ml
rapamycin for 1 h and then exposed to 100 nM PMA, or treated
with 100 nM PMA alone for indicated time points. Total cellular
protein aliquots were electrophoresed on 8–16% SDS/PAGE gel

and transferred to a PVDF membrane. The filter was probed
with polyclonal anti-phospho-MAPK and reprobed with anti-
Erk 1/2 polyclonal antibody or with monoclonal anti- p21WAF1/
Cip1 antibody. All results are representative of three indepen-
dent experiments. (C, D) Densitometry measurements have
been performed using Image J software. Statistical analyses were
carried out on the results of three Western blott experiments by
calculating means and standard deviations
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kinase B (PKB), p70S6 kinase, PKA, and PKC [27, 28].

PI 3-K signaling is important in the regulation of cel-

lular proliferation. For instance, PKB, a downstream

target of PI 3-K, positively regulates expression levels

of cyclin D1 which are important for G1/S transition

[29]. PI 3-K signaling is furthermore required for the

accumulation of the p21WAF1/Cip1 protein in re-

sponse to the c-irradiation [19]. PKB also directly

phosphorylates p21WAF1/Cip1 protein on Thr145 and

Ser146. Phosphorylation of Thr 145 inhibited PCNA

binding and promoted proliferation of endothelial

cells, whereas phosphorylation of Ser 146 increased

p21WAF1/Cip1 protein stability and enhanced survival

of glioblastoma cells [21, 30]. Moreover, phosphoryla-

tion of Thr 145 by PKB has been linked to cytoplasmic

localization of p21WAF1/Cip1 and enhanced prolifer-

ation of HER-2/neu over-expressing cells [31], and

stimulation of PKB increases p21WAF1/Cip1 protein

stability via inhibitory phosphorylation of glycogen

synthase kinase-3 (GSK-3) [20]. These studies suggest

that in some cancer cell lines the PI 3-K signaling

pathway is directly involved in positive regulation of

the p21WAF1/Cip1. Furthermore, this PI 3-K-medi-

ated effect is associated with enhanced proliferation

and survival. However, in some experimental models,

PI 3-K signaling pathway can negatively affect the

expression of p21WAF1/Cip1. Pretreatment with PI 3-

K inhibitor LY294002 potentiated zinc-induced

expression of p21WAF1/Cip1 in HT29 colorectal can-

cer cells [22]. Moreover, it was demonstrated that

inhibition of the PI 3-K activity by LY294002 can in-

hibit prostate cancer cell proliferation and induced

expression of p21WAF1/Cip1. Rapamycin inhibition of

mTOR, which is downstream of PKB and activates

p70S6K, had the similar effect [23]. These findings

demonstrate that PI 3-K signaling plays an important

role in regulation of p21WAF1/Cip1 expression during

proliferation and differentiation of different cell types.

It appears that PI 3-K may act as positive or negative

regulator of the p21WAF1/Cip1 expression depending

on the cell type or stimulus used.

We demonstrate in this study that pretreament with

LY 294002, inhibitor of PI 3-K, results in significant

increase of the p21WAF1/Cip1 protein expression in

PMA-stimulated NB4 and THP1 cells. In NB4 cells

pretreated with LY 294002 and stimulated with PMA

for 6 and 8 h, expression of p21WAF1/Cip1 protein

was by more than 100% higher than in those treated

only with PMA (Fig. 1A, D). In THP1 cells the effect

of pretreatment with LY294002 was even stronger

(Fig. 1B). Interestingly, no expression of p21WAF1/

Cip1 was detected in THP1 cells after 6 h treatment

Fig. 4 Influence of PKCf on PMA-induced expression of
p21WAF1/Cip1 and Sp1 binding activity in PMA-treated NB4
cells. (A) Cells were transiently transfected with plasmids coding
empty vector (EV), wild type PKC f (WT), and kinase-inactive
PKC f (K/N). 24 h after transfection, cells were exposed to
100 nM PMA for 8 h. Total protein aliquots were electropho-
resed on 8–16% SDS/PAGE gel and transferred to a PVDF
membrane. The filter was probed with monoclonal anti-
p21WAF1/Cip1 antibody. (B) Densitometry of p21WAF1/Cip1
protein expression levels in NB4 cells overexpressing empty
vector (EV), wild type PKC f (WT) and kinase-inactive PKC f

(K/N) was performed using ImageJ software. Statistical analyses
were carried out on the results of four independent Western blott
experiments by calculating means and standard deviations. (C)
Transfected NB4 cells were treated with 100 nM PMA for 8 h.
EMSA was performed using a total 15 lg protein from each
nuclear extract and Sp1 (1, 2) probe. Sp1 binding was eliminated
competitively by addition of a 50-fold molar excess of unlabeled
competitor (comp.) Arrows indicate DNA complexes with Sp1
protein or non-estimated (NS) protein. All results are represen-
tative of four independent experiments
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with PMA alone, while LY294002 pretreatment in-

duced dramatical upregulation of p21WAF1/Cip1

(Fig. 1B).

PMA-mediated transcriptional activation of

p21WAF1/Cip1 promoter requires binding of the

transcription factor Sp1 [12, 13]. Our results demon-

strate that blocking of PI 3-K potentiates binding of

Sp1 to the PMA-dependent sites of the p21WAF1/Cip1

promoter in PMA-stimulated NB4 and THP1 cells

(Fig. 2C, D), supporting the idea that enhancement of

p21WAF1/Cip1 expession occurs at transcriptional

level.

These findings let us to conclude that PI 3-K sig-

naling negatively influences p21WAF1/Cip1 expresion

in PMA-stimulated NB4 and THP1 cells. We thus at-

tempted to identify a downstream target of the PI 3-K

responsible for its suppressive effect on the expression

of p21WAF1/Cip1. At first, we tested whether PI 3-K

signaling interferes with some signaling pathways,

which are known to be important in regulation of

p21WAF1/Cip1 expression.

The p53 tumor suppressor protein is a transcription

factor, which induces expression of p21WAF1/Cip1 in

response to various stresses [24]. In our experiments,

we used human promyelocytic leukemia cells NB4

which express wild type p53 protein. Although PMA

induces expression of the p21WAF1/Cip1 by p53-

independent mechanism, several reports have shown

that PKB, which is downstream of PI 3-K, phospho-

rylates MDM2 ubiquitin ligase, promotes its entry to

the nucleus and degradation of p53 [25, 26]. Therefore,

inhibition of PI 3-K signaling could result in increased

expression levels of p53 and subsequent upregulation

of p21WAF1/Cip1. However, pretreatment with

LY294002 did not affect expression of p 53 in PMA-

stimulated NB4 cells (Fig. 1C, E). Moreover, blocking

of the PI 3-K in PMA-treated human monocytic leu-

kemia cells THP1, which are p53-negative, also re-

sulted in significant increase of p21WAF1/Cip1

expression (Fig. 1B). These findings indicate that the

PI 3-K-mediated effect on the expression of p21WAF1/

Cip1 is p53- independent.

PMA-induced expression of p21WAF1/Cip1 and

p27Kip1 in HL-60 cells has been shown to be MAPK-

dependent [2]. We therefore tested whether blocking

of the PI 3-K affects PMA-induced activation of

MAPK in NB4 cells. Interestingly, inhibition of PI 3-K

had no effect on the PMA-induced activation of

MAPK, only basal level of MAPK activity in unstim-

ulated cells was inhibited (Fig. 3A, C). These results

are in agreement with previous findings [32] and show

that PI 3-K signaling pathway does not interfere with

PMA-induced MAPK activation.

Previous report have demonstrated that blocking of

PI 3-K/PKB/mTOR/p70S6K pathway results in in-

creased expression of p21WAF1/Cip1 and inhibition of

prostate cancer cell proliferation [23]. We therefore

tested, whether mTOR pathway is involved in PI 3-K-

mediated effect on p21WAF1/Cip1 expression in

PMA-stimulated cells. Indeed, that pretreatment with

rapamycin, an inhibitor of mTOR kinase, resulted in

the suppression of p21WAF1/Cip1 expression in PMA-

stimulated NB4 cells (Fig. 3B, D). Thus, mTOR

pathway is not involved in PI 3-K-mediated suppres-

sive effect on the p21WAF1/Cip1 expression in PMA-

treated NB4 cells.

We next assessed the role of PKC f which is another

important downstream target of PI 3-K. PKC f is

atypical PKC and does not require DAG for activa-

tion, however, it has been demonstrated that PMA

activates PI 3-K and subsequently PKC f in HL-60

cells [18]. Interestingly, the role of PKC f as negative

regulator of the p21WAF1/Cip1 expression has been

described in response to insulin stimulation, where

PKC f directly phosphorylated p21WAF1/Cip1 protein

on Ser14; this event leads to proteasome-dependent

degradation [33]. We found that the level of PMA-

induced p21WAF1/Cip1 protein expression was low-

ered by about 25% in NB4 cells overexpressing wild

type PKC f compared to those transfected with empty

vector or with kinase-inactive PKC f (Fig. 4A, B).

Moreover, EMSA experiments revealed that PMA

caused complete inhibition of Sp1 binding to the

p21WAF1/Cip1 promoter in NB4 cells overexpressing

wild type PKC f (Fig. 4C). This result is in agreement

with our observation presented here that inhibition of

PI 3-K potentiates binding of Sp1 to the p21WAF1/

Cip1 promoter in PMA-stimulated NB4 cells (Fig. 2B,

C). If PKC f acts as a suppressor of Sp1 binding to the

p21WAF1/Cip1 promoter in response to the stimula-

tion with PMA, then inhibition of PI 3-K, an upstream

activator of the PKC f, should potentiate that binding.

Interestingly, in other experimental systems, PKC f
directly regulates Sp1-dependent transcription [34, 35].

However, whether PKC f directly regulates Sp1 bind-

ing to the p21WAF1/Cip1 promoter in our model re-

mains to be elucidated.

In conclusion, we have demonstrated that PI 3-K

signaling suppresses PMA-induced expression of

p21WAF1/Cip1 protein in NB4 and THP1 cells.

Moreover, PKC f, at least in part, suppresses PMA-

induced p21WAF1/Cip1 expression, possibly at the

transcriptional level. Thus, the data presented here

clarifies understanding of the regulation of PMA-in-

duced p21WAF1/Cip1 expression in human leukemia

cells.

Mol Cell Biochem

123



Acknowledgments We thank Dr. Alex Toker, Department of
Pathology, Beth Israel Deaconess Medical Center, Harvard
Medical School for plasmids coding wild type and kinase-inactive
PKC f. This research was supported by the Swedish Research
Council, the Visby program of the Swedish Institute, the EC
Marie Curie program, and Forum Scientium at Linköping Uni-
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