
Protein Kinase C-� and Phosphatidylinositol 3-Kinase/Akt
Activate Mammalian Target of Rapamycin to Modulate NF-�B
Activation and Intercellular Adhesion Molecule-1 (ICAM-1)
Expression in Endothelial Cells*□S

Received for publication, July 2, 2008, and in revised form, December 3, 2008 Published, JBC Papers in Press, December 13, 2008, DOI 10.1074/jbc.M805032200

Mohd Minhajuddin‡, Kaiser M. Bijli‡, Fabeha Fazal‡, Antonella Sassano§, Keiichi I. Nakayama¶, Nissim Hay�,
Leonidas C. Platanias§1, and Arshad Rahman‡2

From the ‡Department of Pediatrics (Neonatology), Lung Biology and Disease Program, University of Rochester School of Medicine
and Dentistry, Rochester, New York 14642, the §Robert H. Lurie Comprehensive Cancer Center, Northwestern University Medical
School, Chicago, Illinois 60611, the ¶Department of Molecular and Cellular Biology, Medical Institute of Bioregulation, Kyushu
University, Fukuoka 812-8582, Japan, and the �Department of Biochemistry and Molecular Genetics, University of Illinois,
Chicago, Illinois 60612

We have shown that the mammalian target of rapamycin
(mTOR)down-regulates thrombin-induced ICAM-1 expression
in endothelial cells by suppressing the activation of NF-�B.
However, the mechanisms by whichmTOR is activated to mod-
ulate these responses remain to be addressed. Here, we show
that thrombin engages protein kinase C (PKC)-� and phosphat-
tidylinositol 3-kinase (PI3K)/Akt pathways to activate mTOR
and thereby dampens NF-�B activation and intercellular adhe-
sion molecule 1 (ICAM-1) expression. Stimulation of human
vascular endothelial cells with thrombin induced the phospho-
rylation of mTOR and its downstream target p70 S6 kinase in a
PKC-�- andPI3K/Akt-dependentmanner. Consistentwith this,
thrombin-induced phosphorylation of p70 S6 kinase was defec-
tive in embryonic fibroblasts frommicewith targeteddisruption
of PKC-� (Pkc-��/�), p85� and p85� subunits of the PI3K
(p85��/���/�), or Akt1 and Akt2 (Akt1�/�2�/�). Furthermore,
we observed that expression of the constitutively active form of
PKC-� or Akt was sufficient to induce NF-�B activation and
ICAM-1 expression, and that co-expression of mTOR suppressed
these responses. In reciprocal experiments, inhibition/depletionof
mTOR augmented NF-�B activation and ICAM-1 expression
induced by PKC-� or Akt. In control experiments, increasing or
impairingmTORsignalingbytheaboveapproachesproducedsim-
ilareffectsonNF-�Bactivationand ICAM-1expression inducedby
thrombin. Thus, these data reveal an important role of PKC-� and
PI3K/Akt pathways in activatingmTOR as an endogenous modu-
lator to ensure a tight regulation of NF-�B signaling of ICAM-1
expression in endothelial cells.

Stable adhesion of polymorphonuclear leukocytes (PMN)3 to
the endothelium constitutes a crucial step in the mechanism of
PMN recruitment from blood to the site of inflammation, and
involves the expression of intercellular adhesion molecule-1
(ICAM-1; CD54) on the endothelial cell surface and activation
of its counter-receptor �2 integrins (CD11/CD18) on the PMN
surface (1). The interaction of ICAM-1 with �2 integrins
enables PMN to adhere firmly to the vascular endothelium and
migrate across the endothelial barrier (2, 3). Although ICAM-1
is constitutively expressed in low levels in endothelial cells, its
expression can be induced by proinflammatory mediators such
as the procoagulant thrombin (4, 5), released during intravas-
cular coagulation initiated by tissue injury or sepsis (6–9). We
have shown that the transcription factorNF-�Bp65 (RelA/p65)
is an essential regulator of ICAM-1 gene transcription in endo-
thelial cells (4). SignalsmediatingNF-�Bactivation are initiated
by the ligation of the protease-activated receptor-1 and are
relayed through heterotrimeric G-protein G�q and G�� (10).
Activation of G�q and dissociation of G�� complex results in
stimulationof PKC�, andPI3Kand thedownstreamkinaseAkt-
dependent pathways (4, 10). These pathways converge to acti-
vate I�B� kinase (IKK�), which in turn catalyzes the phospho-
rylation and consequently, degradation of I�B� (11–14), the
prototype of a family of inhibitory proteins that sequester
NF-�B as an inactive complex in the cytoplasm (15). The
releasedNF-�Bundergoes rapid nuclear translocation and sub-
sequent binding to the promoter activates transcription of the
ICAM-1 gene (4, 5).
Mammalian target of rapamycin (mTOR) is a highly con-

served serine/threonine kinase belonging to the family of phos-
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regulator of cell growth, predominantly by virtue of controlling
the phosphorylation of at least two regulators of protein syn-
thesis: p70 S6 kinase and an inhibitor of translation initiation,
eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) (17,
18). mTOR was originally discovered during studies into the
mechanism of action of the immunosuppressant rapamycin
(19–21). Rapamycin complexes with high affinity with its cel-
lular receptor FK506-binding protein 12 (FKBP12) and the
resulting rapamycin-FKBP12 complex specifically binds to
mTOR and prevents mTOR-dependent downstream signaling
(17, 19, 22). Using rapamycin, we recently showed that inhibi-
tion of mTOR potentiates thrombin-induced ICAM-1 expres-
sion by augmenting IKK/NF-�B activation in endothelial cells
(23), suggesting an inhibitory role of mTOR in these responses.
In view of the above findings showing an stimulatory role for

PKC-� and PI3K/Akt (5, 10), and an inhibitory role for mTOR
(23) in the mechanism of ICAM-1 expression, we sought to
determine whether there is cross-talk between these stimula-
tory and inhibitory pathways that leads to a tight regulation of
NF-�B activation and ICAM-1 expression in endothelial cells.
Our results show that thrombin engages PKC-� and PI3K/Akt
to activate mTOR, in addition to mediating NF-�B activation
and ICAM-1 expression (5, 10).We further show that activation
ofmTOR by these kinases serves to dampenNF-�B signaling of
ICAM-1 expression in endothelial cells.

EXPERIMENTAL PROCEDURES

Reagents—Human �-thrombin was purchased from Enzyme
Research Laboratories (South Bend, IN). Rapamycin cheleryth-
rine, Go6976, and LY 294002 were all purchased from Calbio-
chem-NovabiochemCorp. (La Jolla, CA). Polyclonal antibodies
to RelA/p65 and �-actin, and monoclonal antibodies to
ICAM-1 and p70 S6 kinase were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). A polyclonal antibody that
detects p70 S6 kinase when phosphorylated at Thr421 and
Ser424 and mTOR when phosphorylated at Ser2448 were
obtained from Cell Signaling Technology (Beverly, MA). In
addition, polyvinylidene difluoride membrane was from Milli-
pore Corp. (Bradford, MA); plasmid maxi kit from Qiagen Inc.
(Valencia, CA); DEAE-dextran from Sigma; and the protein
assay kit and nitrocellulose membrane were from Bio-Rad.
Lipofectamine 2000 transfection reagent was purchased from
Invitrogen. All othermaterials were fromVWRScientific Prod-
ucts Corporation (Bridgeport, NJ).
cDNA and siRNA Constructs—The construct pNF-�B-LUC

containing 5 copies of the consensus NF-�B sequences linked
to a minimal E1B promoter-luciferase gene was obtained from
Stratagene (La Jolla, CA). The constructs pcDNA3.1-mTOR-
shRNA encoding mTOR short hairpin RNA (mTOR-shRNA)
and pRK5-myc-mTOR encoding the myc-tagged wild type
mTOR (mTOR-WT) (24, 25) were gifts fromDavidM. Sabatini
(MIT, Boston,MA). Expression vector encoding the hemagglu-
tinin (HA)-tagged constitutively active form of Akt (Akt-
CAT) is described elsewhere (26, 27). The constructs
pcDNA3HA-PKC-�-CATand pcDNA3HA-PKC-�-KD encod-
ing HA-tagged constitutively active and kinase-defective forms
ofmouse PKC-�, respectively, were gifts from Jae-WonSoh and
I. B. Weinstein (Columbia University, NY) (28). The constitu-

tively active form of PKC-� (PKC-�-CAT) contains only the
catalytic domain and was generated by deletion of the regula-
tory domain (28). The kinase-deficientmutant of PKC-� (PKC-
�-KD) was created by replacing Lys376 with Arg (K376R) (28).
Endothelial Cell Culture—Human umbilical vein endothelial

cell (HUVEC) cultures were established as described previously
(29, 30) by using umbilical cords collected within 48 h of deliv-
ery. Human lung microvascular endothelial cells (HLMVEC)
were obtained from Clonetics (San Diego, CA). Cells were cul-
tured as described (23) in gelatin-coated flasks using endothe-
lial basal medium 2 (EBM2) with bullet kitTM additives (Bio-
Whittaker, Walkersville, MD). In all experiments, unless
otherwise indicated, cells were washed twice with serum-free
MCDB-131 medium and incubated in the same serum-free
medium for 0.5–1 h prior to thrombin challenge. Cells used in
the experiments were between 3 and 6 passages.
Mouse Embryonic Fibroblast Cell Culture—Immortalized

Akt1�/�2�/� (31) and p85��/���/� (32, 33) mouse embry-
onic fibroblasts (MEFs) have been previously described. The
immortalized p85��/���/�MEFs from the double p85�/p85�
knock-outmice (34)were previously provided by the laboratory
of Dr. Lewis Cantley (Boston, MA). Mouse embryonic fibro-
blasts from Pkc-��/� knock-out mice (35) and corresponding
parental MEFs were immortalized by retroviral infection using
E6/E7 oncoproteins of human papillomavirus. Briefly, 1.5 ml of
viral supernatant was filtered through a 0.22-�m filter and
mixedwith 3.5ml ofDulbecco’smodified Eagle’smediumand 4
�l of 10 mg/ml Polybrene. After overnight infection, fresh
media was added to the plate to keep the immortalized cells in
culture. All different immortalized knock-out MEFs were
grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, penicillin, and streptomycin at
37 °C in 5% CO2.
Cell Lysis, Immunoprecipitation, and Immunoblotting—

Cells were lysed in a phosphorylation lysis buffer (50 mM
HEPES, 150 mM NaCl, 200 �M sodium orthovanadate, 10 mM
sodium pyrophosphate, 1 mM EDTA, 1.5 mMmagnesium chlo-
ride, 100 mM sodium fluoride, 10% glycerol, 0.5 to 1% Triton
X-100, 1 mM phenylmethylsulfonyl fluoride, and protease
inhibitor mixture (Sigma)) or in radioimmune precipitation
(RIPA) buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM
sodiium fluoride, 0.25 mM EDTA, pH 8.0, 1% deoxycholic acid,
1% Triton X, 1 mM sodium orthovanadate) supplemented with
protease inhibitor mixture (Sigma). Cell lysates were resolved
on SDS-PAGE and transferred onto nitrocellulose or polyvi-
nylidene difluoride membranes. The residual binding sites on
themembranes were blocked by incubation with 5% (w/v) non-
fat dry milk in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, and
0.05% Tween 20) for 1 h at room temperature. Themembranes
were then incubated with appropriate antibodies and devel-
oped using an ECL method as previously described (36). For
immunoprecipitation, cell lysates were prepared in 300 �l of
phosphorylation lysis buffer and then subjected to preclearing
with 10 �l of protein A/G-agarose beads (Santa Cruz Biotech-
nology) for 4 h at 4 °C. The precleared lysates were subjected to
immunoprecipitation by incubatingwith 0.6–1�g of appropri-
ate antibody and 10 �l of the protein A/G-agarose beads at 4 °C
overnight with gentle shaking as described (37). The immuno-
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precipitates were washed 4 times with the same volume of ice-
cold phosphorylation lysis buffer. The proteins in the immuno-
precipitates were extracted by boiling with SDS sample buffer
for 5 min. The extracted proteins were subsequently analyzed
by immunoblotting as described above.
Reporter Gene Constructs, Endothelial Cell Transfection, and

Luciferase Assay—Transfections were performed using the
DEAE-dextran method (38) with slight modifications (5).
Briefly, 5 �g of DNA was mixed with 50 �g/ml DEAE-dextran
in serum-free EBM2 and the mixture was added onto 60–80%
confluent cells. We used 0.125 �g of pTKRLUC plasmid (Pro-
mega, Madison, WI) containing the Renilla luciferase gene
driven by the constitutively active thymidine kinase promoter
to normalize the transfection efficiencies. After 1 h, cells were
incubated for 4 min with 10% dimethyl sulfoxide in serum-free
EBM2. The cells were then washed 2 times with EBM2, 10%
fetal bovine serum and grown to confluence. We achieved
transfection efficiency of 16 � 3 (mean � S.D.; n � 3) in these
cells (36). Cell extractswere prepared and assayed for firefly and
Renilla luciferase activities using the Promega Biotech Dual
Luciferase Reporter Assay System. The data are expressed as a
ratio of firefly to Renilla luciferase activity. In some experi-
ments where pTKRLUC was not used, data are expressed as
firefly luciferase activity.
Overexpression of mTOR, PKC-�-CAT, and Akt-CAT Con-

structs in Endothelial Cells—The constructs encoding mTOR-
WT, PKC-�-CAT, Akt-CAT, and mTOR-shRNA were trans-
fected in endothelial cells using Lipofectamine reagent
(Invitrogen) as per the manufacturer’s protocol. Briefly, cDNA
(1.5 �g) was mixed with 1.5 �l of Lipofectamine 2000 in 100 �l
of serum-free EBM2. After a 15–20-min incubation at room
temperature, 0.9 ml of EBM2, 10% fetal bovine serum was
added and the mixture applied to 60–70% confluent cells that
had been washed once with serum-free EBM2. Three hours
later, the medium was replaced with EBM2, 10% fetal bovine
serum and the cells were used after 24–30 h for analyses.
Statistical Analysis—Data are expressed as mean � S.E.

Comparisons between experimental groups were made by Stu-
dent’s t test. Differences inmean values were considered signif-
icant at p � 0.05.

RESULTS

Thrombin Induces Biphasic Activation of mTOR in Endothe-
lial Cells—Wedetermined the time course ofmTOR activation
by monitoring its phosphorylation on Ser2448. Results showed
that thrombin induced mTOR phosphorylation in a biphasic
manner (5min and 2 h after stimulation) (Fig. 1A). As expected,
phosphorylation (Thr421 and Ser424) of p70 S6 kinase, a well
established downstream target of mTOR (17, 18, 22) paralleled
the time course of mTOR phosphorylation by thrombin (Fig.
1A). Notably, p70 S6 kinase phosphorylation was evident up to
4 h after thrombin challenge, suggesting that the late phase of
mTOR activation was sustained (Fig. 1A). Pretreatment of cells
with rapamycin, an inhibitor of mTOR prevented the basal as
well as thrombin-induced phosphorylation of p70 S6 kinase
(Fig. 1B). Similarly, siRNA-mediated depletion of mTOR also
inhibited the early phase (5 min) (Fig. 1C) as well as the late
phase (2 h) (data not shown) of p70 S6 kinase phosphorylation,

confirming the activation of mTOR by thrombin. Therefore, in
subsequent experiments the phosphorylation of p70 S6 kinase
was used as an indicator of mTOR activation.
Inhibition or Targeted Deletion of PKC-� Impairs mTOR

Activation—We used pharmacological inhibitors to assess the
possible role of PKC-� in mediating thrombin-induced mTOR
activation in endothelial cells. Pretreatment of cells with chel-
erythrine, a broad-spectrum PKC inhibitor, prevented phos-
phorylation of p70 S6 kinase indicating the involvement of PKC
in the response (Fig. 2A). We next employed Gö6976, a rela-
tively specific inhibitor of PKC-�, to examine the involvement
of PKC-� in the response. Inhibition of PKC-� by this approach
failed to prevent thrombin-induced (Fig. 2B), but was effective in
interfering with PMA-induced p70 S6 kinase phosphorylation
(datanot shown). BecausePKC-� andPKC-� represent twoabun-
dantPKCisoforms inendothelial cells that are activatedby throm-

FIGURE 1. A, thrombin induces biphasic phosphorylation of mTOR and p70 S6
kinase in endothelial cells. Confluent HUVEC monolayers were challenged
with thrombin (5 units/ml) for the indicated time periods. Total cell lysates
were separated by SDS-PAGE and immunoblotted with an anti-phospho-
mTOR (Ser2248) or anti-phospho-p70 S6K (Thr421/Ser424) antibody. The blots
were subsequently stripped and reprobed with an antibody to p70 S6K to
monitor loading. The bar graph represents the level of mTOR and p70 S6K
phosphorylation induced by thrombin at different time points. mTOR and
p70 S6K phosphorylation normalized to total p70 S6K is expressed relative to
the untreated control set at 1. Data are mean � S.E. (n � 4 for each condition).
*, p � 0.05 compared with untreated control. B and C, inhibition or depletion
of mTOR prevents p70 S6 kinase phosphorylation in endothelial cells. HUVEC
were (B) pretreated with rapamycin (5 ng/ml) for 45 min prior to challenge
with thrombin (5 units/ml) for the indicated time periods or (C) transfected
with siRNA targeting mTOR (siRNA-mTOR) or control siRNA (siRNA-Con) and
then challenged with thrombin (5 units/ml) for 5 min. Total cell lysates were
separated by SDS-PAGE, and immunoblotted with an (B and C) anti-phospho-
p70 S6K (Thr421/Ser424) antibody or (C) anti-mTOR antibody. Total p70 S6
kinase levels were used to monitor loading. The bar graph represents the
effect of rapamycin (A) or RNAi (B) knockdown of mTOR on p70 S6K phospho-
rylation. p70 S6K phosphorylation normalized to total p70 S6K is expressed
relative to the untreated control set at 1. Data are mean � S.E. (n � 3 for each
condition). *, p � 0.05 compared with untreated control; �, p � 0.05 com-
pared with untreated control; #, p � 0.05 compared with thrombin-stimu-
lated control.
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bin (5, 39), the ability of chelerythrine and the failure ofGö6976 to
prevent p70 S6 kinase phosphorylation provided a clue for the
involvement of PKC-� inmTORactivation.Weexplored this pos-
sibility by assessing the effect of expressing the kinase-defective
mutant of PKC-� (PKC-�-KD) on p70 S6 kinase phosphorylation.
Expression of PKC-�-KD in endothelial cells inhibited p70 S6
kinase phosphorylation by thrombin (Fig. 2C), indicating a role of
PKC-� in the response. To further establish the involvement of
PKC-� in mTOR activation, we used embryonic fibroblasts from
mice with targeted disruption of the gene encoding PKC-�. Stim-
ulation of wild type (Pkc-��/�) MEFs with thrombin resulted in
increased phosphorylation of p70 S6 kinase and this response was
abolished in PKC-� null (Pkc-��/�) MEFs (Fig. 2D). These data
confirman important role of PKC-� in signalingmTORactivation
and also indicate that this pathway is conserved in other cell types
and species as well.
We also examined whether activation of PKC-� is sufficient

to induce mTOR activation in endothelial cells. Cells were

transfected with a construct encod-
ing an constitutively active PKC-�
mutant (PKC-�-CAT, which con-
tains the catalytic domain but lacks
the regulatory domain) and the
phosphorylation status of p70 S6
kinase was determined. Results
showed an increased phosphoryla-
tion of p70 S6 kinase in cells trans-
fected with PKC-�-CAT compared
with the cells transfected with
empty vector. Pretreatment of cells
with rapamycin prevented p70 S6
kinase phosphorylation (Fig. 2E).
These results show that expression
of PKC-�-CAT is capable of activat-
ing mTOR in the absence of throm-
bin challenge. We next asked
whether mTOR associates with
PKC-� for its activation. We deter-
mined this possibility by immuno-
precipitating mTOR from control
and thrombin-challenged cells and
then analyzed these precipitates by
immunoblotting for the presence of
PKC-�. We found that PKC-� is
constitutively associated with
mTOR and that this interaction
does not appear to be influenced by
thrombin (Fig. 2F). In control IgG
immunoprecipitates, we failed to
detect the interaction of PKC-�with
mTOR (Fig. 2F), indicating the
specificity of the interaction.
In reciprocal experiments, we

assessed the effect of depleting
mTOR on thrombin-induced acti-
vation of PKC-�, as determined by
the phosphorylation of PKC-� at
Thr505. Thrombin induced the

phosphorylation of PKC-� in a time-dependent manner, with
maximal phosphorylation occurring at 5 min after thrombin
challenge (supplemental data Fig. S1A). RNAi knockdown of
mTOR failed to influence PKC-� activation by thrombin (sup-
plemental data Fig. S1B). Together, these data indicate the
requirement of PKC-� in mTOR activation by thrombin.
Inhibition or Targeted Deletion of PI3K and Akt Impairs

mTOR Activation—We determined whether PI3K also partici-
pates in thrombin activation of mTOR. Pretreatment with
LY294002, a relatively specific PI3K inhibitor, inhibited p70 S6
kinase phosphorylation in both HUVEC and HLMVEC (Fig. 3,
A and B), suggesting a role of PI3K in the response. In a related
experiment, we used wortmannin, another PI3K inhibitor, to
verify the effect of LY294002 on mTOR signaling. Inhibition of
PI3K by this approach also impaired p70 S6 kinase phosphoryl-
ation (Fig. 3C). Additionally, we found that p70 S6 kinase phos-
phorylation was defective in embryonic fibroblasts from mice
with targeted disruption of the p85� and p85� subunits of the

FIGURE 2. A–C, inhibition of PKC-� prevents thrombin-induced p70 S6 kinase phosphorylation in endothelial
cells. HUVEC were pretreated with chelerythrine (2 �M) (A) or Go6976 (10 nM) (B) or transfected with
pcDNA3-PKC�-KD (C) encoding kinase-defective PKC-� (PKC�-KD) mutant or empty vector (pcDNA3) using
Lipofectamine 2000 as described under “Experimental Procedures.” Cells were then challenged with thrombin
(5 units/ml) for (A) the indicated time periods or (B and C) 5 min. Total cell lysates were separated by SDS-PAGE
and immunoblotted with an anti-phospho p70 S6K (Thr421/Ser424). Total p70 S6K levels were used to monitor
loading. Lysates in C were also immunoblotted with an anti-PKC-� or anti-�-actin antibody. Results are repre-
sentative of two to three separate experiments. D, loss of PKC-� impairs thrombin-induced p70 S6 kinase
phosphorylation in mouse embryonic fibroblasts. Pkc��/� and Pkc��/� immortalized MEFs were challenged
with thrombin for 5 min. Total cell lysates were separated by SDS-PAGE, and immunoblotted with an anti-
PKC-� or anti-phospho-p70 S6K (Thr421/Ser424) antibody. Total p70 S6K levels were used to monitor loading.
Results are representative of two separate experiments. E, activation of PKC-� is sufficient to induce p70 S6
kinase phosphorylation in endothelial cells. HUVEC were transfected with the construct pcDNA3-PKC�-CAT
encoding constitutively active PKC-� (PKC�-CAT) mutant or empty vector (pcDNA3) using Lipofectamine 2000
as described under “Experimental Procedures.” Cells were incubated with rapamycin (5 ng/ml) or dimethyl
sulfoxide (vehicle) alone for 6 – 8 h. Total cell lysates were separated by SDS-PAGE, and immunoblotted with an
anti-phospho-p70 S6K antibody. Total p70 S6K levels were used to monitor loading. Results are representative
of two separate experiments. F, PKC-� is constitutively associated with mTOR in endothelial cells. HUVEC were
challenged with thrombin (5 units/ml) for the indicated times. Total cell lysates were immunoprecipitated with
an antibody to mTOR or IgG. The immunoprecipitates were then immunoblotted with an anti-PKC-� and mTOR
antibody. Results are representative of three separate experiments.
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PI3K (p85��/���/�) (Fig. 3D), confirming the involvement of
PI3K in mTOR activation by thrombin.
We next examined whether PI3K activates mTOR via Akt.

To this end, we first determined the involvement of PI3K in
mediating the activation of Akt by thrombin. Results showed

that thrombin induced the phosphorylation of Akt in a time-
dependent manner and that this response was inhibited in cells
pretreated with LY294002 (Fig. 4, A and B). Similarly, throm-
bin-induced Akt phosphorylation was impaired in p85��/�

��/� MEFs (Fig. 4C). To address the role of Akt in mTOR
activation by thrombin, we usedMEFs frommice with targeted
disruption of the Akt1 and Akt2 subunits (Akt1�/�2�/�). As
shown in Fig. 4D, thrombin failed to induce p70 S6 kinase phos-
phorylation in Akt1�/�2�/� MEFs. These results demonstrate
that thrombin engages PI3K/Akt, in addition to PKC-�, to acti-
vate mTOR signaling.
Overexpression of mTOR Dampens NF-�B Activation and

ICAM-1 Expression Induced by PKC-� andAkt—The above find-
ings led us to test the hypothesis that activation of mTOR by
PKC-� and PI3K/Akt serves to tightly regulate NF-�B activa-
tion and ICAM-1 expression following thrombin challenge of
endothelial cells. To test this possibility, we determined the

FIGURE 3. A–C, inhibition of PI3K impairs thrombin-induced p70 S6 kinase
phosphorylation. Confluent (A) HUVEC or (B) HLMVEC monolayers were pre-
treated with LY294002 (50 �M) prior to challenge with thrombin (5 units/ml)
for the indicated time periods. C, confluent HUVEC monolayers were pre-
treated with wortmannin (50 nM) prior to challenge with thrombin (5 units/
ml) for the indicated time periods. Total cell lysates were immunoblotted with
an anti-phospho-p70 S6K (Thr421/Ser424) antibody. Total p70 S6K levels were
used to monitor loading. The bar graph represents the effect of wortmannin
on thrombin-induced p70 S6K phosphorylation. p70 S6K phosphorylation
normalized to total p70 S6K is expressed relative to the untreated control set
at 1. Data are mean � S.E. (n � 3 for each condition). *, p � 0.05 compared
with untreated control; #, p � 0.05 compared with thrombin-stimulated con-
trol. D, loss of PI3K prevents thrombin-induced p70 S6 kinase phosphoryla-
tion. p85��/�/��/� and p85��/�/��/� MEFs were challenged with thrombin
(5 units/ml) for 5 min. Total cell lysates were immunoblotted with an anti-
phospho-p70 S6K (Thr421/Ser424) antibody. Total p70 S6K levels were used to
monitor loading. Results are representative of two to three separate
experiments.

FIGURE 4. A–C: A and B, inhibition of PI3K prevents thrombin-induced Akt
phosphorylation. HUVEC were (A) challenged with thrombin (5 units/ml) for
the indicated time periods or (B) pretreated with LY294002 (50 �M) prior to
challenge with thrombin (5 units/ml) for 5 min. Total cell lysates were sepa-
rated with SDS-PAGE and immunoblotted with an anti-phospho-Akt (Ser473)
antibody. Total Akt levels were used to monitor loading. The bar graphs rep-
resent (A) the time course of Akt phosphorylation induced by thrombin and
(B) the effect of LY294002 on thrombin-induced Akt phosphorylation. Akt
phosphorylation normalized to total Akt is expressed relative to the
untreated control set at 1. Data are mean � S.E. (n � 3 for each condition).
*, p � 0.05 compared with untreated control; #, p � 0.05 compared with
thrombin-stimulated control. C, loss of PI3K prevents thrombin-induced Akt
phosphorylation. p85��/���/� and p85��/���/� MEFs were challenged
with thrombin (5 units/ml) for 5 min. Total cell lysates were separated with
SDS-PAGE and immunoblotted with an anti-phospho-Akt (Ser473) anti-
body. Total Akt or actin levels were used to monitor loading. Results are
representative of two to three separate experiments. D, loss of Akt1 and
Akt2 subunits prevents thrombin-induced p70 S6 kinase phosphorylation.
Akt1�/�2�/� and Akt1�/�2�/� MEFs were challenged with thrombin (5 units/
ml) for 5 min. Total cell lysates were immunoblotted with an anti-Akt or anti-
phospho-p70 S6K antibody. Total p70 S6K levels were used to monitor load-
ing. Results are representative of three separate experiments.
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effects of augmenting mTOR signaling on NF-�B activity and
ICAM-1 expression induced by PKC-� or Akt. We observed
that expression of PKC-�-CAT or Akt-CAT, each was capable
of inducing NF-�B activity in the absence of thrombin chal-
lenge and that overexpression ofmTOR inhibited this response
(Fig. 5, A and B).
We evaluated whether the suppressive effect of mTOR over-

expression on NF-�B activity causes decreased expression of
ICAM-1 induced by PKC-�-CAT or Akt-CAT. For this pur-
pose, we first verified whether transfection of endothelial

cells with constructs encoding PKC-�-CAT Akt-CAT or
mTOR-WT yields adequate expression of these proteins. As
shown in Fig. 6A, expression of PKC-�-CAT or Akt-CAT
mutants and overexpression of mTORwas noted in cells trans-
duced with the corresponding construct of each molecule.
Using this strategy, we found that expression of PKC�-CAT or
Akt-CAT was sufficient to induce ICAM-1 expression and that
this response was inhibited in cells overexpressing mTOR (Fig.
6,B andC). In control experiments, we also examined the effect
of augmented mTOR signaling on ICAM-1 expression by
thrombin. As expected, mTOR overexpression was effective in
inhibiting thrombin-induced ICAM-1 expression (supplemen-
tal data Fig. S2).
Inhibition orDepletion ofmTORAugmentsNF-�BActivation

and ICAM-1 Expression Induced by PKC-� and Akt—We next
asked if suppressing mTOR signaling augments PKC-�-CAT-
and Akt-CAT-induced NF-�B activity and ICAM-1 expression
in endothelial cells. To this end, we determined the effect of
inhibiting or depleting mTOR on NF-�B activity and ICAM-1
expression induced by PKC-�-CAT or Akt-CAT. Pretreatment
of cells with rapamycin augmented NF-�B activity induced by
PKC-�-CAT or Akt-CAT (Fig. 7, A and B). In related experi-

FIGURE 5. Overexpression of mTOR suppresses PKC-�- and Akt-induced
NF-�B activity in endothelial cells. A, HUVEC were transfected with
NF-�BLUC in combination with pcDNA3-PKC�-CAT encoding constitutively
active PKC-� (PKC-�-CAT) and pRK5-mTOR-WT encoding wild type mTOR
(mTOR-WT) using DEAE-dextran as described under “Experimental Proce-
dures.” B, HUVEC were transfected with NF-�B LUC in combination with
pcDNA3-Akt-CAT encoding constitutively active Akt (Akt-CAT) and pRK5-
mTOR-WT using Lipofectamine 2000 as described under “Experimental Pro-
cedures.” After 18 h, cell extracts were prepared and assayed for firefly and
Renilla luciferase activities. Data are mean � S.E. (n � 6 to 9 for each condi-
tion). *, p � 0.05 compared with vector-transfected control; #, p � 0.01 com-
pared with PKC�-CAT- or Akt-CAT-transfected control.

FIGURE 6. Overexpression of mTOR suppresses PKC-�- and Akt-in-
duced ICAM-1 expression in endothelial cells. A, HUVEC were trans-
fected with pcDNA3-PKC�-CAT, pcDNA3-Akt-CAT, or pRK5-mTOR-WT
using Lipofectamine 2000 as described under “Experimental Procedures.”
After 24 h, total cell lysates were prepared and analyzed by immunoblot-
ting using an anti-PKC-�, anti-HA, or anti-mTOR antibody to verify the
expression of PKC�-CAT, Akt-CAT, or mTOR, respectively. PKC-�-CAT corre-
sponds to �47 kDa as it contains only the catalytic domain and therefore can
be distinguished from the endogenous PKC-� (76 kDa). Anti-HA antibody
allowed the detection of Akt-CAT but not the endogenous Akt. Increased
expression of mTOR in mTOR-WT-transduced cells was due to overexpressed
mTOR. Actin levels were used to monitor loading. B, HUVEC were transfected
with pCDNA3-PKC�-CAT in combination with pRK5-mTOR-WT using Lipo-
fectamine 2000 as described under “Experimental Procedures.” Total cell
lysates were resolved by SDS-PAGE and immunoblotted with an antibody to
ICAM-1. Actin levels were used to monitor loading. Results are representative
of two separate experiments. C, HUVEC were transfected with
pCDNA3-Akt-CAT in combination with pRK5-mTOR-WT using Lipofectamine
2000 as described under “Experimental Procedures.” Total cell lysates were
resolved by SDS-PAGE and immunoblotted with an antibody to ICAM-1. Actin
levels were used to monitor loading. Results are representative of two sepa-
rate experiments.
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ments, co-transfection of short hairpin RNA targeting mTOR
(mTOR shRNA) also resulted in potentiation of NF-�B activity
induced by PKC-�-CAT or Akt-CAT (Fig. 7, C and D). Simi-
larly, in control experiments, co-transfection of mTOR shRNA
augmented NF-�B activity in HUVEC challenged with throm-
bin (supplemental data Fig. S3). Consistent with these data,
impairingmTORsignaling inHUVECorHLMVECaugmented
ICAM-1 expression induced by PKC-�-CAT or Akt-CAT (Fig.
8, A–C). As expected, siRNA-mediated depletion of mTOR
potentiated thrombin-induced ICAM-1 expression (supple-
mental data Fig. S4).We also determinedwhethermTOR influ-
ences ICAM-1 expression in response to other proinflamma-
tory mediators such as tumor necrosis factor-� (TNF-�).
Results showed that interfering with mTOR signaling also
potentiated ICAM-1 expression following TNF-� challenge of
endothelial cells.4

4 M. Minhajuddin, unpublished observations.

FIGURE 8. Inhibition or depletion of mTOR augments PKC-�- and Akt-in-
duced ICAM-1 expression in endothelial cells. HUVEC (A) or HLMVEC (B) were
transfected with pCDNA3-PKC�-CAT or empty vector (pCDNA3) using Lipo-
fectamine 2000 as described under “Experimental Procedures.” Cells were incu-
bated with rapamycin (5 ng/ml) or dimethyl sulfoxide (vehicle) alone for 6–8 h.
Total cell lysates were resolved by SDS-PAGE and immunoblotted with an anti-
ICAM-1 antibody. Actin levels were used to monitor loading. Results are repre-
sentative of two separate experiments. C, HUVEC were co-transfected with
pCDNA3-Akt-CAT and pCDNA3.1-mTOR shRNA using Lipofectamine 2000. Total
cell lysates were resolved by SDS-PAGE and immunoblotted with an anti-ICAM-1
antibody. Actin levels were used to monitor loading (upper panel). The same
lysates were re-electrophoresed and immunoblotted with an anti-mTOR anti-
body to assess the depletion of mTOR (lower panel). Results are representative of
two separate experiments.

FIGURE 7. A and B, inhibition of mTOR augments PKC-�- and Akt-induced
NF-�B activity in endothelial cells. HUVEC were co-transfected with
NF-�BLUC and pcDNA3-PKC�-CAT (A) or NF-�BLUC and pcDNA3-Akt-CAT
(B) using Lipofectamine 2000 as described under “Experimental Proce-
dures.” Cells were treated with rapamycin (5 ng/ml) for 12–18 h, and the
cell extracts were assayed for firefly and Renilla luciferase activities. Data
are mean � S.E. (n � 6 to 9 for each condition). *, p � 0.05 compared with
vector (pcDNA3)-transfected control; #, p � 0.05 compared with PKC-�-
CAT- or Akt-CAT-transfected control. C and D, depletion of mTOR aug-
ments PKC-�- and Akt-induced NF-�B activity in endothelial cells. C, HUVEC
were transfected with NF-�BLUC in combination with pCDNA3-PKC�-CAT
and pCDNA3.1-mTOR shRNA encoding short hairpin RNA targeting mTOR
(mTOR shRNA) using DEAE-dextran. D, HUVEC were transfected with
NF-�BLUC in combination with pCDNA3-Akt-CAT and pCDNA3.1-mTOR
shRNA using Lipofectamine 2000. After 18 h, cells extracts were prepared and
assayed for firefly and Renilla luciferase activities. Data are mean � S.E. (n � 6
to 8 for each condition). *, p � 0.05 compared with vector-transfected control;
#, p � 0.05 compared with PKC-�-CAT- or Akt-CAT-transfected control.
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DISCUSSION

The major findings of this study are that thrombin activates
mTOR via PKC-�- and PI3K/Akt-dependent pathways, and
that this event is crucial in modulating activation of NF-�B and
expression of ICAM-1 expression in endothelial cells. Our
results establish that mTOR is activated in a biphasic manner
with an early and transient phase occurring at 5min followed by
a late and sustained phase that begins at 2 h after thrombin
stimulation of endothelial cells. We also show that inhibition/
deletion of PKC-� or PI3K/Akt impairs thrombin-induced
mTOR activation and that expression of PKC-�-CAT or Akt-
CAT bypasses the requirement of thrombin challenge for
mTOR activation, NF-�B activation, and ICAM-1 expression.
Augmenting mTOR signaling dampens whereas inhibiting
mTOR signaling potentiates PKC-�-CAT- as well as Akt-CAT-
induced NF-�B activation and ICAM-1 expression. These data
reveal an important role of PKC-� and PI3K/Akt pathways in
activating mTOR to modulate thrombin-induced NF-�B sig-
naling of ICAM-1 expression in endothelial cells. Importantly,
inhibition of mTOR also augmented ICAM-1 expression
induced by TNF-�, suggesting thatmTOR is a general modifier
of these responses.
We used multiple approaches to address the involvement of

PKC-� and PI3K/Akt pathways in themechanism of thrombin-
induced mTOR activation. Inhibition of PKC-� or PI3K
impaired the phosphorylation of p70 S6 kinase. Similarly, p70
S6 kinase phosphorylation was defective in MEFs lacking
PKC-�, p85� and p85� subunits of PI3K, or Akt1 and Akt2
subunits. Notably, thrombin-induced phosphorylation of Akt
was inhibited in endothelial cells pretreated with LY294002 as
well as in MEFs lacking p85� and p85� subunits of PI3K. Con-
sidered together, these data indicate that activation of PKC-� or
PI3K/Akt by thrombin is required to activate mTOR signaling
in endothelial cells. Additionally, these data show that PKC-�or
PI3K/Akt signaling ofmTOR activation is not restricted only to
endothelial cells but is functional in other cells types as well.
Indeed, studies have shown that mTOR and other members of
phosphatidylinositol kinase-like kinase family are regulated by
PKC-� in various cell types. For example, PKC-� constitutively
interacts with mTOR to regulate phosphorylation of 4E-BP1
and cap-dependent initiation of protein translation in 293T
cells (40). PKC-� and mTOR interaction is also implicated in
regulation of stress and insulin-like growth factor 1-induced
insulin receptor substrate-1 phosphorylation (Ser312) inMCF-7
cells (41). Besides mTOR, PKC-� associates with the catalytic
subunit of DNA-dependent protein kinase, a member of phos-
phatidylinositol kinase-like kinases family, and this interaction
inhibits the function of the catalytic subunit of DNA-depend-
ent protein kinase to form complexes with DNA and to phos-
phorylate its downstream target, tumor suppressor p53, and
thus contributes to DNA damage-induced apoptosis in U-937
monoblastic leukemia cells (42). Similarly, the regulation of
mTOR by PI3K/Akt is well established in a variety of cellular
contexts (43–45).
Our results show that PKC-� and PI3K/Akt each regulates

both the early and the late phase ofmTOR activation by throm-
bin. The early phase ofmTOR activation parallels the peak acti-

vation of PKC-� or Akt that occurs at 5 min after thrombin
challenge. This observation is also consistent with the consti-
tutive association of PKC-� withmTOR; it is likely that such an
interaction provides an efficient mechanism of mTOR phos-
phorylation upon stimulation with thrombin. Studies have
shown a similar association of PKC-� with c-Src and activation
of PKC-� in this complex leads to rapid phosphorylation and
increased activity of c-Src (46). Intriguingly, the late compo-
nent of mTOR activation is not consistent with markedly
reduced activation of PKC-� at 2 h after thrombin challenge. To
account for the dependence of the late phase of mTOR activa-
tion onPKC-� aswell as PI3K/Akt, we propose amodelwherein
activated PKC-�orAkt, in addition to catalyzing the early phos-
phorylation of mTOR, participates in the activation of an inter-
mediate kinase(s) that may in turn control the late onset of
mTOR/p70 S6 kinase phosphorylation. However, additional
studies are required to verify this model.
The activation ofmTORby PKC-� or PI3K/Akt prompted us

to investigate the functional importance of this relationship in
regulating NF-�B activation and ICAM-1 expression following
thrombin challenge of endothelial cells. Because activation of
PKC-�, PI3K, and Akt mediate IKK/NF-�B signaling of
ICAM-1 expression (5, 10), whereas the activation of mTOR is
implicated in dampening IKK/NF-�B signaling of ICAM-1
expression (23), we reasoned that engagement of PKC-�/
mTOR and PI3K/Akt/mTOR pathways by thrombin may lead
to a tight regulation of NF-�B activation and ICAM-1 in endo-
thelial cells. In pursuit of this possibility, we carried out a series
of experiments in which mTOR signaling was altered either
by overexpressing or inhibiting/depleting mTOR, and the
effects of altering mTOR signaling by these approaches were
assessed on NF-�B activation and ICAM-1 expression induced
by PKC-�-CAT or Akt-CAT. Results showed that promoting
mTOR signaling in endothelial cells markedly reduced PKC-�-
CAT- or Akt-CAT-induced NF-�B activation and ICAM-1
expression. Conversely, suppressing mTOR signaling in these
cells resulted in augmentation ofNF-�B activation and ICAM-1
expression in response to PKC-�-CAT orAkt-CAT expression.
Importantly, these results are consistent with the effects of
altering mTOR signaling on NF-�B activation and ICAM-1
expression induced by thrombin in control experiments and
the previous study (23). Together, these data indicate that
thrombin-induced NF-�B activation and ICAM-1 expression
are tightly regulated through the functional coupling of PKC-�
and PI3K/Akt to mTOR.
Analysis of time course of mTOR and NF-�B activation pro-

vides more insight into the modifier role of mTOR in these
responses. Although thrombin activates mTOR in a biphasic
manner, activation of NF-�B begins at 0.5 h, peaks between 1
and 2 h, and declines by 4 h after thrombin challenge (23). We
also showed that inhibition of mTOR by rapamycin alters the
kinetics of thrombin response such that NF-�B activation
occurs within 10 min, peaks between 1 and 2 h, and remains
significantly elevated at 4 h after thrombin challenge (23). We
interpreted these results to indicate that mTOR dampens
thrombin-induced ICAM-1 expression in endothelial cells by
controlling a delayed and transient activation of NF-�B (23).
Notably, these findings are consistent with the early phase (5
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min) of mTOR activation that precedes NF-�B activation and
the late phase (2 h) of mTOR activation, after which NF-�B
activation begins to decline. Thus, activation of mTOR appears
to serve as a “bump” in the pathway to limit the strength and
duration of NF-�B signaling of ICAM-1 expression. However,
the precise mechanism by which mTOR contributes to sup-
pression of IKK/NF-�B activation and thereby ICAM-1 expres-
sion is unclear. One possible mechanism for mTOR modula-
tion of IKK/NF-�B signaling may involve activation of serine/
threonine protein phosphatases. It should be noted that
multiple serine/threonine protein phosphatases including
PP2A, PP2B, and PPM1B (formerly PP2C�) are implicated in
negative regulation of the IKK/NF-�B pathway (47, 48). For
example, PP2A is associated with IKK� and this interaction is
responsible for rapid deactivation of IKK, and thereby phos-
phorylation and degradation of I�B, and activation of NF-�B
(47). Similarly, PPM1B is also associated with the IKK complex
and this association decreases at early times and is restored at
later times after TNF-� treatment to control activation/deacti-
vation of IKK (48). Furthermore, PP2B has been shown to
decrease NF-�B activity by promoting dephosphorylation of
I�B in response to insulin-like growth factor 1 (49). In view of
these findings and the ability of mTOR to regulate serine/thre-
onine phosphatase (50, 51), it is possible that mTOR activates
serine/threonine phosphatase(s) to facilitate the inactivation of
IKK by catalyzing its dephosphorylation. Our finding that
RNAi knockdown of PPM1B augments thrombin-induced
NF-�B activity4 is consistent with this possibility.
In contrast to our findings, Dan et al. (52) have recently

shown a role of mTOR in mediating NF-�B activation. The
exact reason for the differential regulation of NF-�B activation
by mTOR is not clear; one notable difference between these
studies, however, is the use of different cell types. Given that the
signaling mechanism of mTOR activation depends, at least in
part, upon the stimulus and the cell-type used (53), it is likely
that the observed differences between our study and that ofDan
et al. (52) derive from the different cell types (primary endothe-
lial cells versusHeLa and the prostrate cancer cell lines) used in
these studies.
In summary, the present study demonstrates that stimula-

tion of PKC-� and PI3K/Akt activity by thrombin results in
activation of two signaling pathways; one stimulatory pathway
that involves IKK/NF-�B-dependent ICAM-1 expression (5,
10), and the other inhibitory pathway involving biphasic activa-
tion of mTOR, which is engaged to restrict the duration and
intensity of NF-�B activation and thereby ICAM-1 expression
in endothelial cells. These findings are consistent with the
notion that activation of stimulatory and inhibitory pathways
by the same upstream signal, but with different kinetics, may be
a mechanism of ensuring the tight regulation of cellular
responses. Such a notion finds further support from a recent
report (54) showing that a dynamic activation of the mitogen-
activated protein kinases (p38/JNK) and mitogen-activated
protein kinase phosphatase (MKP-1) by the same upstream sig-
nals controls the immune balance by temporally regulating
both pro- (TNF-�) and anti-inflammatory (interleukin-10)
mediators of Toll-like receptor signaling. Thus, augmenting
mTOR signaling may be a useful strategy for dampening

ICAM-1 expression to limit excessive PMN infiltration associ-
ated with inflammatory disease states such as acute respiratory
distress syndrome.
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