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Because the phosphatidylinositol-3-kinase-AKT pathway is emerging as an important
regulator of tumor cell survival, inhibitors of this pathway have enormous potential in
cancer treatment. A specific inhibitor of AKT, [p-3-deoxy-2-O-methyl-myo-inositol-1-[(R)-2-
methoxy-3-(octadecyloxy)propyl hydrogen phosphate]] (SH-5) has been recently synthe-
sized, but little is known about its effects on cytokine signaling. We found that SH-5
potentiated the apoptosis induced by tumor necrosis factor (TNF), as indicated by intra-
cellular esterase staining, annexin V staining, and caspase-3 activation. This effect of SH-5
correlated with downregulation of various gene products that mediate cell survival, pro-
liferation, metastasis, and invasion, all known to be regulated by NF-«B. SH-5 also blocked
NF-kB activation induced by TNF-a, lipopolysaccharide, phorbol ester, and cigarette smoke
but not that activated by hydrogen peroxide and RANK ligand, indicating differential
requirement of AKT. Inhibition of NF-«kB correlated with abrogation of phosphorylation
and degradation of IkBa through the inhibition of activation of IkBa kinase (IKK). This led to
suppression of the phosphorylation and translocation of p65 and also of NF-kB reporter
activity induced by TNFR1, TRADD, TRAF2, NIK, and IKKB but not that induced by p65
transfection. Thus, our results clearly demonstrate that inhibition of AKT leads to potentia-
tion of apoptosis through modulation of NF-xB signaling.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

decrease the activity of pro-apoptotic proteins or increase
the activity of anti-apoptotic proteins [4-7]. Activation of PI3K/

AKT, a serine-threonine kinase also known as protein kinase
B, is a central signaling molecule in the phosphatidylinositol-
3-kinase (PI3K) pathway. [1-3]. This kinase is activated by
mitogens and cytokines that function as survival factors. AKT
mediates its effects by phosphorylating substrates that

AKT signaling results in a disturbance of control of cell
proliferation and apoptosis, resulting in competitive growth
advantage for tumor cells. Blockade of the PI3K-AKT pathway
has been found to sensitize various tumor cell types to
apoptotic cell death induced by a variety of chemotherapeutic
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agents [8,9]. Hence, this pathway is an attractive target for the
development of novel anticancer strategies. However, the
molecular mechanisms for such enhanced induction of tumor
cell apoptosis by the combination of a PI3K-AKT inhibitor and
anticancer agents have remained largely unknown.

In addition to directly phosphorylating and inactivating pro-
apoptotic protein targets, AKT can stimulate signaling path-
ways that regulate the activity of transcription factor NF-«B (10—
16). [10-15]. NF-«B is a family of Rel domain-containing proteins
present in the cytoplasm of all cells, where they are keptin an
inactive state by a family of anchorin domain-containing
proteins, which includes IkBa, IxBB, IkBy, IkBe, Bcl-3, p105,
and pl100. Under resting conditions, NF-kB consists of a
heterotrimer of p50, p65, and IkBa in the cytoplasm; only when
activated and translocated to the nucleus is the sequence of
events leading to activation initiated. Most carcinogens,
inflammatory agents, and tumor promoters, including cigarette
smoke, phorbol ester, okadaic acid, H,0,, and tumor necrosis
factor (TNF), have been shown to activate NF-«B. The activation
of NF-«B involves the phosphorylation, ubiquitination, and
degradation of IkBa and phosphorylation of p65, which in turn
leads to the translocation of NF-«B to the nucleus where it binds
to specific response elements in the DNA. The phosphorylation
of IkBa is catalyzed by IkBa kinase (IKK), which is essential for
NF-kB activation by most agents [16-18].

However, the mechanism(s) by which NF-«B-AKT inter-
action contributes to survival in tumor cells is unknown.
In the current study, we used a recently discovered inhibi-
tor of AKT, the phosphatidylinositol ether lipid analogue
[D-3-deoxy-2-O-methyl-myo-inositol-1-[(R)-2-methoxy-3-
(octadecyloxy)propyl hydrogen phosphate]] (SH-5) [19] to
investigate the role of NF-«B as a putative mediator of the
anti-apoptotic function of AKT in TNF-induced cell signaling.
Our results demonstrate that AKT inhibitor potentiates the
TNF-induced apoptosis through downregulation of NF-«B-
regulated anti-apoptotic gene products and the NF-«B
activation pathway.

2. Materials and methods
2.1. Reagents

The phosphatidylinositol ether lipid analogue SH-5 (Fig. 1A)
was obtained from Alexis Biochemicals (San Diego, CA, USA).
A 50mM solution of SH-5 was prepared with dimethyl
sulfoxide, stored as small aliquots at —20 °C, and then diluted
as needed in cell culture medium. Bacteria-derived human
recombinant human TNF, purified to homogeneity with a
specific activity of 5x 10’ U/mg, was kindly provided by
Genentech (South San Francisco, CA, USA). Cigarette smoke
condensate (CSC), prepared as previously described [20], was
kindly supplied by Dr. C. Gary Gairola (University of Kentucky,
Lexington, KY, USA). Penicillin, streptomycin, RPMI 1640
medium, and FBS were obtained from Invitrogen (Carlsbad,
CA). Phorbol 12-myristate 13-acetate (PMA), hydrogen per-
oxide (H,0,), lipopolysaccharide (LPS) and anti-B-actin anti-
body were obtained from Aldrich-Sigma (St. Louis, MO, USA).
N-Acetyl-leucyl-leucyl-norleucinal (ALLN) was purchased
from EMD Biosciences, Inc. (San Diego, CA, USA). Antibodies

against p65, p50, IkBa, cyclin D1, MMP-9, PARP, IAP1, Bcl-2, Bcl-
xL, AKT, and TRAF1 were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Anti-COX-2 and anti-XIAP
antibodies were obtained from BD Biosciences (San Diego, CA,
USA). Phospho-specific anti-IkBa (Ser32/36), and phospho-
specific anti-p65 (Ser536) were purchased from Cell Signaling
(Beverly, MA, USA). Anti-IKK-«, anti-IKK-B, and phospho-AKT
(Ser 473), antibodies were kindly provided by Imgenex (San
Diego, CA, USA).

2.2. Cell lines

Cell lines KBM-5 (human myeloid), H1299 (lung adenocarci-
noma), and A293 (human embryonic kidney) were obtained
from American Type Culture Collection (Manassas, VA, USA).
The H1299 cells were cultured in RPMI 1640 medium,
the KBM-5 cells were cultured in IMDM medium with 15%
FBS, and the A293 cells were cultured in DMEM medium
supplemented with 10% FBS. All culture media were also
supplemented with 100 U/ml penicillin and 100 pg/ml
streptomycin.

2.3.  Cytotoxicity assay

Cytotoxicity was assayed by the modified tetrazolium salt
3-(4-5-dimethylthiozol-2-yl)2-5-diphenyl-tetrazolium bromide
(MTT) assay [21] with following modification. Briefly, the cells
(5000 per well) were incubated in triplicate in a 96-well plate in
the presence or absence of indicated test samples in a final
volume of 0.1 mlfor 24 h at 37 °C. Thereafter, 20 pl MTT solution
(5 mg/ml in PBS) was added to each well. After a 2-h incubation
at 37°C, 0.1 ml extraction buffer (20% SDS, 50% dimethylfor-
mamide) was added; incubation was continued overnight at
37 °C; and then the optical density (OD) at 570 nm was measured
by means of a 96-well multiscanner autoreader (Dynatech MR
5000, Chantilly, VA) [23],

2.4.  Live/Dead assay

To measure apoptosis, we used the Live/Dead cell viability
assay (Invitrogen, Carlsbad, CA), which determines intracel-
lular esterase activity and plasma membrane integrity [22].

2.5.  Clonogenic assay

H1299 cells were seeded in six-well plates at 500 cells/well in
RPMI 1640 medium containing 10% serum. After 12 h, cells
were treated with medium containing indicated concentra-
tions of SH-5 and TNF (1 nM). The medium with SH-5 and TNF
was replaced after every 5 days. After 12 days of incubation,
colonies were stained with 0.3% crystal violet solution
(dissolved in 1:1 mixture of methanol and H,0) for 2 min,
washed once with Dulbecco’s phosphate-buffered saline, air-
dried, and manually counted. Each point was a mean of three
replicate wells.

2.6.  Annexin V assay

Annexin V assay was performed as described previously
[23].
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Fig. 1 - (A) The structure of SH-5. (B) SH-5 enhances TNF- and chemotherapeutic agent-induced cytotoxicity. In total, 10,000
cells were seeded in triplicate in 96-well plates. The cells were pretreated with 5 pM SH-5 for 4 h and then incubated with
the indicated concentrations of TNF, paclitaxel, and doxorubicin for 24 h. Cell viability was analyzed by the MTT method as
described in Section 2. (C) SH-5 potentiates the effect of TNF for growth inhibition of tumor cells H1299 (500 cells/well) were
exposed to indicated concentration of SH-5 alone and with 1 nM TNF; and incubated for an additional 12 days before
counting colony numbers. Determinations were made in triplicate. (D) SH-5 potentiates TNF-induced apoptosis. KBM-5
cells were pretreated with 5 pM SH-5 for 4 h and then incubated with 1 nM TNF for 16 h. The cells were stained with the
Live/Dead assay reagent for 30 min and then analyzed under a fluorescence microscope as described in Section 2. (E) SH-5
enhances TNF-induced annexin V-FITC binding. Cells were pretreated with 5 pM SH-5 for 4 h and then incubated with 1 nM
TNF for 16 h. The cells were incubated with a fluorescein isothiocyanate-conjugated annexin V antibody and then analyzed
by flow cytometry as described in Section 2. (F) SH-5 potentiates TNF-induced PARP cleavage. Cells were pretreated with
5 pM SH-5 for 4 h and then incubated with 1 nM TNF for the indicated times. Whole-cell extracts were prepared and
analyzed by Western blotting using an anti-PARP antibody. (G) SH-5 suppresses TNF-induced invasion activity. H1299 cells
(2.5 X 10* cells) were seeded to the top chamber of a Matrigel invasion chamber system overnight in the absence of serum
and then treated with 5 pM SH-5 for 4 h. After incubation, the cells were treated with 1 nM TNF in the presence of 1% serum
and then assayed for invasion as described in Section 2. Results are expressed as fold activity of the untreated control.
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2.7. Invasion assay

The invasion assay was performed using the BD BioCoat tumor
invasion system (BD Biosciences, San Jose, CA), as described
previously [22]. Briefly, 2.5 x 10* cells were resuspended in
serum-free medium and seeded into the upper wells. After
incubation overnight, the cells were treated with 5 uM SH-5 for
an additional 2 h and then stimulated with 1 nM TNF for 24 h
more in the presence of 1% FBS and 5 uM SH-5. The cells that
invaded through the Matrigel were labeled with 4 ng/ml calcein
acetoxymethylester (Molecular Probes) in PBS for 30 min at
37°C and subjected to scan fluorescence with a Victor 3
(PerkinElmer Life and Analytical Sciences, Waltham, MA).

2.8.  Cyclooxygenase-2 promoter-dependent reporter
luciferase gene expression

The COX-2 promoter (—375 to +59; contains one kB binding site),
which was amplified from human genomic DNA by using the
primers 5-GAGTCTCTTATTTATTTTT-3' (sense) and 5'-
GCTGCTGAGGAGTTCCTGGACGTGC-3' (antisense), was kindly
provided by Dr. Xiao-Chun Xu (The University of Texas M. D.
Anderson Cancer Center, Houston, TX). COX-2 promoter-
dependent reporter luciferase gene expression was performed
as described previously [23].

2.9.  Electrophoretic mobility shift assays (EMSA)

To determine NF-«B activation, we prepared the nuclear
extracts and performed EMSA as described previously [24]. The
dried gels were visualized, and the radioactive bands were
quantified using a Storm820 optical scanner and Imagequant
software (GE Healthcare, Chalfont St. Giles, Buckinghamshire,
UK).

2.10.  Western blot analysis

To determine the levels of protein expression, we prepared
nuclear, cytoplasmic or whole-cell extracts as described
previously [22] and fractionated them by SDS-polyacrylamide
gel electrophoresis (PAGE). After electrophoresis, the proteins
were electrotransferred onto nitrocellulose membranes,
blotted with each antibody, and detected by an ECL regent
(GE Healthcare). The bands obtained were quantified using the
NIH image software (National Institutes of Health, Bethesda,
MD, USA).

2.11. PARP assay

To determine the effect of SH-5 on PARP 40 pg whole-cell
extracts were resolved on 7.5% polyacrylamide gel, transferred
to a nitrocellulose membrane, blocked with 5% non-fat milk
protein, probed with PARP antibodies (1:3000), and detected by
ECL reagent as previously described [25].

2.12. IKK assay
To determine the effect of SH-5 on TNF-induced IKK

activation, an IKK assay was performed as described pre-
viously [23].

2.13. NF-«kB-dependent reporter gene expression assay

To determine the effect of SH-5 on TNF-, TNFR-, TRADD-,
TRAF2-, NIK-, IKKB-, and p65-induced NF-kB-dependent
reporter gene transcription, we performed the secretory
alkaline phosphatase (SEAP) assay as previously described
[23]. Briefly, A293 cells (5 x 10° cells/well) were plated in six-
well plates and transiently transfected by Fugene6 (Roche
Molecular Biochemicals, Mannheim, Germany) with pNF-
kB-SEAP (0.25 pg). To examine TNF-induced reporter gene
expression, we transfected the cells with 0.25 pg of the
SEAP expression plasmid with 1 pg of the control plasmid,
PCMV-FLAGI, for 24 h. We treated the cells for 2 h with 5 uM
SH-5 and then stimulated them with 1 nM TNF for further
24h. To examine the expression levels of various gene-
induced reporter genes, the «cells were transfected
with 0.25 pg of reporter gene plasmid with each 1pg of
expressing plasmid for 24 h and then treated with 5 pM SH-5
for 2h. The cell culture medium was harvested and
analyzed for SEAP activity according to the protocol,
essentially in the same way described by the manufacturer
(Clontech, Palo Alto, CA, USA) using Victor 3 microplate
reader (PerkinElmer Life and Analytical Sciences, Boston,
MA, USA).

2.14.  Immunocytochemistry for NF-«B p65 localization

Immunocytochemistry for p65 nuclear localization was
performed as described previously [23]. Briefly, the cells
were seeded in a chamber slide (Lab-Tek II Chamber Slide
System, Nalge Nunc International, Rochester, NY, USA),
treated, air-dried, and fixed with 4% paraformaldehyde after
permeabilization with 0.2% of Triton X-100. After being
washed in PBS, the slides were blocked with 5% normal
goat serum for 1h and then incubated with rabbit
polyclonal antihuman p65 antibody at a 1:200 dilution.
After overnight incubation at 4 °C, the slides were again
washed, incubated with goat anti-rabbit IgG-Alexa 594 at a
1:200 dilution for 1h, and the nuclei were counterstained
with Hoechst 33342 (50ng/ml) for 5min. The stained
slides were mounted with a mounting medium purchased
from Aldrich-Sigma and analyzed under a fluorescence
microscope (Labophot-2, Nikon, Tokyo, Japan). Pictures
were captured using a Photometrics Coolsnap CF
color camera (Nikon, Lewisville, TX, USA) and MetaMorph
version 4.6.5 software (Universal Imaging, Downingtown,
PA, USA).

3. Results

The aim of this study was to investigate the effect of SH-5 on
TNF-mediated cellular responses and the NF-«B signaling
pathway. Most of our studies were performed using human
chronic myeloid leukemia cells (KBM-5) because these cells
express both types of TNF receptors. Under the conditions
that we used to examine the NF-«B pathway and NF-«B-
regulated gene products, SH-5had no effect on the viability of
these cells (datanotshown). The structure of SH-5is shown in
Fig. 1A.



1408

BIOCHEMICAL PHARMACOLOGY 76 (2008) 1404-1416

TNF SH-5+TNF
(A)
0 6 12 18 24 0 6 12 18 24
3 _——
— -
— ——
— —
| — O — - - —
—
SR || T —

TNF SH-5+TNF
(B)
0 6 12 18 24 0 6 12 18 24

e - - -
L O N S e |

v v

©

COX2 -dependent reporter gene
(luciferase) expression (fold)

1

Vector 0

Fig. 2 - SH-5 inhibits TNF-induced expression of NF-kB-dependent gene products associated with anti-apoptosis,
metastasis, proliferation and invasion. (A) SH-5 inhibits the expression of TNF-induced anti-apoptotic proteins. KBM-5 cells
were incubated with 5 uM SH-5 for 4 h and then treated with 1 nM TNF for the indicated times. Whole-cell extracts were
prepared and analyzed by Western blotting using the indicated antibodies. The same membranes were probed with p-actin
antibody to verify equal loading. (B) SH-5 inhibits TNF-induced COX-2, MMP-9, and cyclin D1 expression. KBM-5 cells were
incubated with 5 uM SH-5 for 4 h and then treated with 1 nM TNF for the indicated times. Whole-cell extracts were prepared
and analyzed by Western blotting using the indicated antibodies. The same membranes were probed with p-actin antibody
to verify equal loading. (C) SH-5 inhibits TNF-induced COX-2 promoter activity. H1299 cells were transiently transfected
with a COX-2 promoter plasmid linked to the luciferase gene and then treated with the indicated concentrations of SH-5.
After 24 h in culture with 1 nM TNF, cells were collected and assayed for luciferase activity as described in Section 2. Results
are expressed as fold activity over the activity of the vector control. The results shown are representative of three

independent experiments.
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3.1. SH-5 potentiates apoptosis induced by TNF and
chemotherapeutic agents

NF-kB activation has been shown to suppress apoptosis
induced by TNF and chemotherapeutic agents through the
expression of gene products regulated by NF-«B [26]. We
investigated whether SH-5 modulates the cytotoxic effects of
TNF, paclitaxel, and doxorubicin. The effect of SH-5 on TNF-
and chemotherapeutic agent-induced apoptosis was exam-
ined by the MTT assay. We found that SH-5 significantly
enhanced the cytotoxic effects of TNF, paclitaxel, and
doxorubicin (Fig. 1B). We also examined whether SH-5
potentiates the effect of TNF by clonogenic assay in H1299
cells. Cells were exposed to the indicated concentrations of
SH-5 alone or with TNF, cultured for 12 days, and then counted
the number of the colonies. The exposure to SH-5 resulted in
dose-dependent reduction in colony formation compared with
that of control. TNF enhanced the inhibition of colony
formation induced by SH-5 in H1299 (Fig. 1C). These results
demonstrate that SH-5 enhances the effect of TNF for
inhibition of tumor colony formation. The Live/Dead assay,
which measures intracellular esterase activity and plasma
membrane integrity, indicated that SH-5 upregulates TNF-
induced apoptosis from 8% to 46% (Fig. 1D). The results of
annexin V staining, which examines early apoptosis, also
showed that TNF-induced apoptosis was enhanced by
incubation with SH-5 (Fig. 1E). When we examined the cells
for caspase-mediated PARP cleavage, we found that the SH-5
enhanced apoptosis induced by TNF (Fig. 1F). Together, these
results support the conclusion that SH-5 potentiates the
apoptotic effect of TNF and chemotherapeutic agents.

3.2 SH-5 suppresses TNF-induced tumor cell
invasion activity

NF-«B activation also plays an important role in tumor cell
invasion [27]. Whether SH-5 can modulate TNF-induced
invasive activity was investigated in vitro. For this study, we
seeded the tumor cells into the upper wells of a Matrigel
invasion chamber in the absence of serum. The cells were
pretreated with SH-5 and then treated with TNF in the presence
of 1% serum. As shown in Fig. 1G, TNF induced invasion activity
by almost four-fold, and SH-5 suppressed this activity.

3.3.  SH-5 represses TNF-induced NF-«xB-dependent
anti-apoptotic gene products

NF-«B regulates the expression of the anti-apoptotic proteins
IAP-1, XIAP, Bcl-2, Bcl-xL, TRAF1, and survivin [16]. We
investigated whether SH-5 can modulate the expression of
these anti-apoptotic gene products. We found that TNF
induced the expression of these anti-apoptotic proteins in a
time-dependent manner, and SH-5 blocked it (Fig. 2A).

3.4. SH-5 represses the TNF-induced NF-«xB-dependent
gene products involved in the proliferation, metastasis, and
invasion of tumor cells

We also investigated whether SH-5 can modulate NF-«kB-
regulated gene products involved in the proliferation,

metastasis and invasion of tumor cells. TNF has been
shown to induce COX-2, cyclin D1, and MMP-9, all of which
have NF-«kB binding sites in their promoters [16]. We
therefore investigated whether SH-5 inhibits the TNF-
induced expression of these proteins. Cells untreated
with SH-5 and those pretreated with SH-5 were examined
for TNF-induced gene products by Western blot analysis
using specific antibodies (Fig. 2B). TNF induced the expres-
sion of COX-2, MMP-9, and cyclin D1 in a time-dependent
manner, and SH-5 abolished the expression of these
proteins.

3.5. SH-5 represses TNF-induced cyclooxygenase-2
promoter activity

We next determined whether SH-5 affected COX-2 promoter
activity, which is regulated by NF-«B [16]. As shown in Fig. 2C,
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Fig. 3 - (A) SH-5 suppresses AKT activation induced by TNF
in KBM-5 cells. KBM-5 cells were incubated with the
indicated concentrations of SH-5 for 4 h and treated with
1 nM TNF for 30 min. Whole-cell extracts were prepared
and analyzed by Western blotting using the indicated
antibodies. (B) KBM-5 cells were preincubated with 5 pM
SH-5 for the indicated times and then treated with 1 nM
TNF for 30 min. Whole-cell extracts were prepared and
analyzed by Western blotting using phospho-AKT
antibody. The same membranes were probed with non-
phosphorylated AKT antibody to verify equal loading. (C)
SH-5 differentially inhibits NF-kB activation induced by
TNF, LPS, PMA, CSC, H,0, and RANKL. Human chronic
myeloid leukemia KBM-5 cells were preincubated with

5 pM SH-5 for 4 h and then treated with 0.1 nM TNF for
30 min, 25 ng/ml PMA for 2 h, 10 pg/ml LPS for 2 h and
10 pg/ml CSC for 1 h, 500 pM H,0, for 2 h, and 10 nM
RANKL for 60 min. Nuclear extracts were analyzed for NF-
kB activation as described in Section 2. The results shown
are representative of three independent experiments.
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SH-5 inhibited TNF-induced COX-2 promoter activity in a
dose-dependent manner.

3.6. SH-5 inhibits TNF-induced AKT activation in
KBM-5 cells

We determined the dose and time of exposure to SH-5
required to suppress AKT activation. Western blot results
showed that SH-5 inhibited TNF-mediated AKT activation in a
dose-dependent manner (Fig. 3A). However, it alone had no
effect on AKT activation. The suppression of AKT activation by
SH-5 was also found to be time dependent (Fig. 3B). The level of
non-phosphorylated AKT remained unchanged in both cases
(Fig. 3A and B, lower panels).

3.7.  SH-5 differentially inhibits NF-«B activation induced
by carcinogens and inflammatory stimuli

TNF, LPS, CSC, PMA, RANK ligand (RANKL), and H,0, activate
NF-«B but by different mechanisms [20,26,28]. Therefore, we
examined the effect of SH-5 on the activation of NF-«B by these
agents. Pretreatment of cells with SH-5 suppressed the acti-
vation of NF-«kB induced by TNF, LPS, CSC, and PMA but did not
affect NF-«B activation induced by RANKL or H,0, (Fig. 3C).

These results suggest that AKT activation is not involved in the
NF-kB activation pathway induced by RANK ligand and H,0..

3.8. SH-5 suppresses NF-«B activation in a dose- and
time-dependent manner

We next investigated the dose and time of exposure to SH-5
required to suppress NF-«B activation in KBM-5 cells. EMSA
results showed that SH-5 alone had no effect on NF-«B
activation. However, it inhibited TNF-mediated NF-«B activa-
tionin a dose-dependent manner (Fig. 4A). The suppression of
NF-«B activation by SH-5 was also found to be time dependent
(Fig. 4B). When nuclear extracts from TNF-activated cells
were incubated with antibodies to the p50 (NF-«B) and the p65
(RelA) subunits of NF-«B, the resulting bands were shifted to
higher molecular masses (data not shown), suggesting that
the TNF-activated complex consisted of p50 and p65 (data not
shown).

3.9. Inhibition of NF-«B activation by SH-5 is not
cell type specific

Distinct signal transduction pathways can mediate NF-«B
induction in different cell types [29], so we investigated whether
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Fig. 4 - (A) SH-5 suppresses NF-«B activation by dose dependent manner. KBM-5 cells were incubated with the indicated
concentrations SH-5 for 4 h and treated with 0.1 nM TNF for 30 min. The nuclear extracts were assayed for NF-«B activation
by EMSA. (B) SH-5 suppresses NF-kB activation by time dependent manner, KBM-5 cells were preincubated with 5 pM SH-5
for the indicated times and then treated with 0.1 nM TNF for 30 min. The nuclear extracts were prepared and assayed for
NF-kB activation by EMSA. (C) SH-5 suppresses TNF-induced NF-«B activation in different cell types. Human lung carcinoma
H1299 and human embryonic kidney A293 cells were incubated with 5 uM SH-5 for 4 h, followed by incubation with 0.1 nM
TNF for 30 min. Nuclear extracts were then prepared and assayed for NF-«B activation by EMSA. (D) The direct effect of SH-5
on NF-kB complex was investigated. Nuclear extracts were prepared from untreated cells or cells treated with 0.1 nM TNF
and incubated for 30 min with the indicated concentrations of SH-5. They were then assayed for NF-«B activation by EMSA.
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Fig. 5 - (A) SH-5 inhibits TNF-induced degradation of IkBa. KBM-5 cells were incubated with 5 uM SH-5 for 4 h and treated with
0.1 nM TNF for the indicated times. Cytoplasmic extracts were prepared and analyzed by Western blotting using antibodies
against anti-IkBa and B-actin. (B) Effect of SH-5 on the phosphorylation by IkBa by TNF. Cells were preincubated with 5 puM SH-
5 for 4 h, incubated with 50 pg/ml N-acetyl-leucyl-leucyl-norleucinal (ALLN) for 30 min, and then treated with 0.1 nM TNF for
10 min. Cytoplasmic extracts were fractionated and then subjected to Westem blot analysis using phospho-specific IxB«x
antibody. The same membranes were reprobed with B-actin antibody. (C) Effect of SH-5 on the phosphorylation by IkBa by
TNF. Cells were preincubated with 5 pM SH-5 for 4 h, incubated with 20 pM lactacystin for 30 min, and then treated with
0.1 nM TNF for 10 min. Cytoplasmic extracts were fractionated and then subjected to Western blot analysis using phospho-
specific IkBa antibody. The same membranes were reprobed with g-actin antibody. (D) SH-5 inhibits TNF-induced
phosphorylation and translocation of p65. KBM-5 cells were either untreated or pretreated with 5 nM SH-5 for 4 h at 37 °C and
then treated with 0.1 nM TNF for the indicated times. Nuclear extracts were prepared and analyzed by Western blotting using
antibodies against phospho-specific p65 and p65. (E) SH-5 inhibits TNF-induced nuclear translocation of p65. KBM-5 cells were
first treated with SH-5 for 4 h at 37 °C and then exposed to 1 nM TNF for 20 min. After cytospin, immunocytochemical analysis
was performed as described in Section 2. (F) The effect of SH-5 on the activation of IKK by TNF was investigated. KBM-5 cells
were incubated with 5 pM SH-5 for 4 h, and then treated with 1 nM TNF for different time intervals. Whole-cell extracts
(500 pg) were prepared and immunoprecipitated with antibodies against IKK-a. Thereafter, the immune complex kinase
assay was performed as described in Section 2. To examine the effect of SH-5 on the level of expression of IKK proteins, whole-
cell extracts were fractionated on SDS-PAGE and examined by Western blot analysis using anti-IKK-a and anti-IKK-$
antibodies. (G) The direct effect of SH-5 on the activation of IKK induced by TNF was investigated. Whole-cell extracts (500 p.g)
were prepared from 1 nM TNF treated cells and then immunoprecipitated with antibodies against IKK-a and IKK-B. The
immunocomplex kinase assay was performed after incubation with indicated concentrations of SH-5 for 30 min.
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Fig. 6 - (A) SH-5 and AKT-DN inhibit TNF-induced NF-«kB-dependent reporter gene (SEAP) expression. A293 cells were
transiently transfected with a NF-kB-containing plasmid linked to the SEAP gene and then treated with the indicated
concentrations of SH-5 or co-transfected with dominant negative AKT (AKT-DN) gene plasmid along with NF-xB-SEAP
containing plasmid. After 24 h in culture with 1 nM TNF, cell supernatants were collected and assayed for SEAP activity.
Results are expressed as fold activity over the activity of the vector control. (B) Human embryonic kidney A293 cells were
transiently transfected with an AKT gene plasmid, and then treated with 5 pM SH-5 for 4 h. After transfection/treatment,
the cells were treated with 1 nM TNF for 24 h. After 24 h in culture with 1 nM TNF, cell supernatants were collected and
assayed for SEAP activity. (C) Human embryonic kidney A293 cells were transiently transfected with a AKT-DN plasmid for
24 h and/or treated with 5 pM SH-5 for 4 h. After transfection/treatment, the cells were treated with 0.1 nM TNF for 30 min.
The nuclear extracts were assayed for NF-«B activation by EMSA. (D) SH-5 inhibits NF-kB-dependent reporter gene
expression induced by TNF, TNFR1, TRADD, TRAF2, NIK, and IKK-$ but not by p65. Cells were transiently transfected with
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SH-5 could block TNF-induced NF-«B activation in human small
cell lung carcinoma H1299 and human embryonic kidney
A293 cells. TNF activated NF-«B in both cell types, and SH-5
completely inhibited the activation (Fig. 4C). These results
indicated that there was a lack of cell type specificity.

3.10.  SH-5 does not directly affect binding of NF-«B
to the DNA

Some NF-«B inhibitors, including N-tosyl-L-phenylalanine
chloromethyl ketone (TPCK; the serine protease inhibitor),
herbimycin A (protein tyrosine kinase inhibitor), caffeic acid
phenethyl ester (CAPE), and plumbagin, directly modify NF-xB
to suppress its DNA binding. We investigated whether SH-5
mediates its effect through a similar mechanism. EMSA
showed that SH-5 did not modify the DNA-binding ability
of NF-«kB proteins prepared from TNF-treated cells (Fig. 4D).
These results suggest that SH-5 inhibits NF-«B activation by a
mechanism different from that of TPCK, herbimycin A, or CAPE.

3.11.  SH-5 inhibits TNF-induced IxB« degradation

Because IkBa degradation is required for activation of NF-xB
[30], we determined whether SH-5’s inhibition of TNF-induced
NF-kB activation was due to inhibition of IkBa degradation. We
found that TNF-induced IkBa degradation in control cells at
15 min, but in SH-5-pretreated cells TNF had no effect on IkBa
degradation (Fig. SA).

3.12.  SH-5 inhibits TNF-dependent IxBa phosphorylation

To determine whether the inhibition of TNF-induced IkBa
degradation was due to an inhibition of IkBa phosphoryla-
tion, we used the proteasome inhibitor N-acetyl-leucyl-
leucyl-norleucinal (ALLN) to block degradation of IkBa. Cells
were pretreated with SH-5, treated with ALLN for 30 min,
exposed to TNF, and then examined for IkBa phosphoryla-
tion status by Western blot analysis using an antibody that
recognizes the serine-phosphorylated form of IkBa. SH-5
completely suppressed the IkBa phosphorylation induced
by TNF in the presence of the proteasome inhibitor (Fig. 5B).
The other proteasome inhibitor, lactacystin, showed similar
result to ALLN on IkBa phosphorylation induced by TNF
(Fig. 5Q).

3.13. SH-5 inhibits TNF-induced phosphorylation of p65

TNF induces the phosphorylation of p65, which is required for
its transcriptional activity [31]. After phosphorylation, the p65
subunit is translocated to the nucleus. In the nuclear fraction
from the TNF-treated cells, there was a time-dependent
increase in the phosphorylated form of p65, and SH-5
treatment suppressed the phosphorylation (Fig. 5D).

3.14. SH-5 inhibits TNF-induced nuclear translocation

of p65

We performed immunocytochemical analysis to determine
whether SH-5 can inhibit TNF-induced nuclear translocation
of p65. The results showed that SH-5 significantly inhibited
TNF-induced p65 translocation to the nucleus (Fig. 5E).

3.15. SH-5 inhibits TNF-induced IxBa kinase activation

IKK activation is required for the phosphorylation of IkBa [30].
Because SH-5 inhibits the phosphorylation and degradation
of IkBa, we tested the effect of SH-5 on TNF-induced IKK
activation. As shown in Fig. 5F, SH-5 completely suppressed
TNF-induced activation of IKK. Neither TNF nor SH-5 had any
effect on the expression of IKK-a or IKK-B proteins.

To evaluate whether SH-5 suppresses IKK activity directly
by binding to IKK or indirectly by suppressing its activation,
we incubated whole-cell extracts from untreated cells and TNF-
stimulated cells with anti-IKK-a and IKK-g antibodies. After
precipitation with protein A/G-agarose beads, the immunocom-
plex was treated with various concentrations of SH-5. Results
from the immune complex kinase assay showed that SH-5 did
not directly affect the activity of IKK. This finding suggests that
SH-5 modulates TNF-induced IKK activation (Fig. 5G).

3.16. SH-5 represses TNF-induced NF-«B-dependent
reporter gene expression

As DNA binding alone does not always correlate with NF-kB-
dependent gene transcription [32], we also investigated the
effect of SH-5 on TNF-induced reporter gene transcription. We
found that TNF activated the transcription of the NF-«B reporter
gene and that transfection with AKT-DN and SH-5 treatment
completely inhibited it in a dose-dependent manner (Fig. 6A).

an NF-kB-containing SEAP reporter gene plasmid alone or with the indicated plasmids. After transfection, the cells were
treated with 5 pM SH-5 for 4 h. TNF-treated cells were treated with 1 nM TNF for an additional 24 h. After 24 h in culture
with TNF, cell supernatants were collected and assayed for SEAP activity. (E) SH-5 had no effect on RANKL-induced NF-kB-
dependent reporter gene expression. A293 cells were transiently transfected with a NF-kB-SEAP containing plasmid and
then treated with the indicated concentrations of SH-5. After 24 h in culture with 10 nM RANKIL, cell supernatants were
collected and assayed for SEAP activity as described in Section 2. (F) H,0, and RANKL activated AKT. A293 cells were
incubated with 500 pM of H,0, or 10 nM RANKL for indicated times, whole-cell extracts were prepared, and phospho-AKT
was detected by Western blot as described in Section 2. The same blots were stripped and reprobed with AKT antibody to
verify equal protein loading. (G) A293 cells were transiently transfected with a NF-«kB-SEAP reporter plasmid with an AKT-
DN gene plasmid gene and then treated with 1 nM TNF, 500 pM H,0, or 10 nM RANKL. After 24 h in culture with stimuli, cell
supernatants were collected and assayed for SEAP activity. (H) SH-5 has no effect on H,0, or RANKL-induced NF-«B
activation. A293 cells were transiently transfected with a NF-xB-SEAP reporter plasmid. After transfection, the cells treated
with 5 pM SH-5 for 2 h, and then incubated with 1 nM TNF, 500 p.M H,0, or 10 nM RANKL for an additional 24 h. The cell
supernatants were collected and assayed for SEAP activity as described in Section 2. The results shown are representative
of three independent experiments.
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SH-5 also substantially inhibited NF-«B-dependent SEAP
expression in cells transfected with AKT wild-type plasmid
(Fig. 6B). Transfection with the AKT-DN plasmid also signifi-
cantly suppressed TNF-induced NF-«B activation as measured
by DNA binding in human embryonic kidney A293 cells (Fig. 6C).
TNF-induced NF-«B activation is mediated through the sequen-
tial interaction of the TNF receptor with TRADD, TRAF2, NIK,
and IKK, leading to the degradation of IkBa and p65 nuclear
translocation [33]. Thus, we also investigated where in the
pathway SH-5 suppresses gene transcription. To determine
this, cells were transfected with TNFR1-, TRADD-, TRAF2-, NIK-,
IKK-B-, and p65 plasmids, along with the NF-kB-regulated SEAP
reporter construct, incubated with SH-5, and then monitored
for NF-«kB-dependent SEAP expression. SH-5 suppressed the NF-
kB reporter activity induced by the TNFR1-, TRADD-, TRAF2-,
NIK-, and IKK-B plasmids but had no effect on the activity
induced by the p65 plasmid (Fig. 6D). These results suggest that
SH-5 affects a step upstream of p65.

3.17.  SH-5 did not affect RANKL-induced NF-«xB-
dependent reporter gene expression

Because SH-5 failed to suppress RANKL-induced NF-«B DNA
binding, we also investigated its effect on RANKL-induced
reporter gene transcription. We transiently co-transfected the
cells with the NF-«B-regulated SEAP reporter construct,
incubated them with SH-5, and then stimulated them with
RANKL. We found that RANKL activated the transcription of
the NF-«B reporter gene and that transfection with different
doses of SH-5 did not significantly affect the gene transcription
(Fig. 6E).

3.18. H,0, and RANKL induced AKT activation
in A293 cells

We further examined whether H,0, and RANKL can induce
AKT activation in A293 cells. A293 cells were incubated with
H,0, or RANKL for indicated time and whole-cell extracts were
prepared and examined for phosphorylated AKT by Western
blot analysis with antibody that recognizes AKT phosphory-
lated at Ser 473. As shown in Fig. 6F, both H,0, and RANKL
activated AKT in A293 cells in within 5-10 min.

3.19. Effects of AKT-DN on H,0, and RANKL-induced
NF-kB-dependent reporter gene expression

Since AKT-DN abrogated TNF-induced NF-«B DNA binding, we
also investigated its effect on RANKL or H,0,-induced NF-kB
activation using reporter gene assay. We transiently co-
transfected the cells with the NF-«kB-regulated SEAP reporter
and AKT-DN constructs, and then stimulated them with
RANKL or H,0,. We found that deficiency of AKT failed to
induce NF-«B activation (Fig. 6G).

3.20. Wortmanin inhibits TNF, RANKL and H,0,-induced
NF-«B-dependent reporter gene expression

We investigated the effect of other AKT inhibitor on H,0, and
RANKL-induced reporter gene transcription. We transiently
transfected cells with the NF-«B-regulated SEAP reporter

plasmid, treated them with wortmanin (100 nM) for 2 h, and
then induced NF-«B activation with, TNF, H,0, and RANKL.
We found that wortmanin suppressed TNF, RANKL and H,0,-
induced NF-«B activation (Fig. 6H).

4, Discussion

In this study, we investigated the role of SH-5 on TNF-
mediated cellular responses and the TNF-induced NF-«B
activation pathway. We found that SH-5 potentiated the
apoptosis induced by TNF. This effect of SH-5 correlated with
downregulation of various gene products that mediate cell
survival, proliferation, metastasis, and invasion all known to
be regulated by NF-«B. We found that this AKT inhibitor
suppressed the activation of NF-«kB induced by TNF, LPS,
cigarette smoke, and PMA but did not affect NF-«B activation
induced by RANK ligand or H,0,. NF-«B inhibition correlated
with suppression of IKK activation, IkBa phosphorylation and
degradation, p65 phosphorylation and nuclear translocation,
and inhibition of NF-kB-dependent reporter gene expression.

We found for the first time that SH-5 potentiates TNF-
induced apoptosis in chronic myeloid leukemia cells. When
we sought to investigate the mechanism of this potentiation,
we found that SH-5 downregulated the expression of various
anti-apoptotic gene products (IAP1, XIAP, Bcl-2, Bcl-xL, TRAF,
and survivin). We also found that inhibition of AKT down-
regulated the expression of COX-2, cyclin D1, and MMP-9.
COX-2 also has been implicated in carcinogenic processes,
and its overexpression by malignant cells has been shown
to enhance cellular invasion, induce angiogenesis, regulate
anti-apoptotic cellular defenses, and augment immunologic
resistance through the production of prostaglandin E, [34].
The downregulation of MMP-9 correlated with the inhibition
of TNF-induced invasion by SH-5. MMP-9 plays a crucial role
in tumor invasion and angiogenesis by mediating the
degradation of the extracellular matrix, and the inhibition
of MMP activity has been shown to suppress lung metastasis
[35]. Lu and Wahl [36] recently showed that AKT plays an
important role in MMP-9 production in monocytes. In
addition to COX-2 and MMP-9, SH-5 also suppressed the
production of TNF-a in titanium particle induced murine
monocyte, RAW 264.7 cells, through inhibition of PI3K-AKT
signaling pathway [37].

This is first report to suggest that AKT is needed for NF-«B
activation induced by TNF, LPS, PMA, and CSC. However, we
found that AKT is not needed for NF-«B activation induced by
RANKL or H,0, in myeloid leukemia cells. Our results differ
from those of a recent report that found that NF-«B activation
in endothelial cells by TNF is AKT independent [10]. This
difference may be due to cell type specificity. Although we did
not examine endothelial cells, our results show that AKT was
needed for NF-«B activation by TNF, irrespective of the cell
type. Our results are in agreement with those of other reports
that have suggested that AKT is involved in the activation of
NF-kB in response to TNF-a [11,12], IL-1pB [13], PMA [14], PDGF
[15], and pervanadate [38]. It has been reported that AKT is
activated by both RANKL [39,40] and H,0, [41]. Why RANKL
and H,0,-induced AKT activation does not lead to NF-«B
activation is not clear. Our results are in agreement with a
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previous report that wortmannin, a PI3-K inhibitor, has no
effect on H,0,-induced NF-«B activation [42].

In response to most of these stimuli, NF-kB activation
requires the activation of IKK. The suppression of TNF-
induced IKK activation by SH-5 suggests that it abolishes NF-
kB activation by other agents through a suppression of IKK
activation. This result is in agreement with previous reports
indicating that the role of AKT in inducing NF-«B occurs
through IKK-dependent degradation of IkBa [14,15,38]. How-
ever, most of these reports suggest that AKT directly
phosphorylates IKKa. Gene deletion experiments, however,
indicate that IKKa plays small role in TNF-induced NF-«B
activation. The role of IKKa has been linked to the non-
canonical pathway of NF-«B activation [43]. Therefore, it
seems likely that AKT is part of the complex that activates IKK,
and in normal cells, in addition to its role in an alternate
pathway, it is also required for activation of NF-«kB by the
canonical pathway. Whether AKT associates transiently to
this IKK kinase complex is not clear at present. We observed
that suppression of IKK inhibited IkBa phosphorylation and
degradation. We also found SH-5 suppressed NF-«B reporter
activity induced by TNF and the activity following transfection
with wild-type AKT plasmid. These results are in agreement
with those of Sizemore et al. [13], who showed that both IKK«a
and IKKB are required AKT-mediated p65 phosphorylation
and NF-kB activation in response to TNF and IL-18. Our results
are also consistent with those of Kane et al. [14], who reported
that kinase-deficient forms of both IKKa and IKKp inhibited
NF-kB reporter activity induced by AKT. Our results are
consistent with those of another report, which showed that
AKT requires IKKB to upregulate the transactivation domain of
the p65 subunit of NF-«B [44].

We also found that AKT is needed for NF-«B reporter gene
expression induced by TNFR1, TRADD, TRAF2, NIK, and IKK.
However, p65-induced NF-«B activation was unaffected by AKT
inhibitor. These results suggested that the SH-5 acts at a step
upstream from p65. Thus these results indicate that AKT is
needed for IKK activation but not for the transactivation
potential of p65. Overall our results indicate that the suppres-
sion of NF-«B activation plays a critical role in potentiation
of apoptosis by SH-5. Our results also demonstrate the critical
role of AKT in expression of gene products involved in cell
survival, proliferation, inflammation, and invasion.
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