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Here we describe a novel role for the phosphatidylinositol
3-kinase/AKT pathway in mediating induction of interleukin-6
(IL-6) in response to IL-1. Pharmacological inhibition of phos-
phatidylinositol 3-kinase (PI3K) inhibited IL-6 mRNA and pro-
tein production. Overexpression of either dominant-negative
AKT or IkB kinase a mutant, IKKaT23A, containing a mutation
in a functional AKT phosphorylation site, shown previously to
be important for NF«kB activation, completely abrogated IL-6
promoter activation in response to IL-1. However, mutation of
the consensus NFkB site on the IL-6 promoter did not abrogate
promoter activation by IL-1 in contrast to the AP-1 site muta-
tion. IL-1 induces phosphorylation of IKKa on the NF«B induc-
ing kinase (NIK) phosphorylation sites Ser'”®/Ser'® and on the
Thr?? site, and although phosphorylation of IKK«T23 is inhib-
ited both by LY294002 and wortmannin, phosphorylation of
Ser'7%/Ser'®? is not. Neither inhibition of PI 3-kinase/AKT nor
IKKaT23A overexpression affected IkBa degradation in
response to IL-1. Only partial inhibition by dominant-negative
AKT and no inhibitory effect of IKKaT23A was observed on an
IL-6 promoter-specific NFkB site in contrast to significant
inhibitory effects on the AP-1 site. Taken together, we have dis-
covered a novel PI 3-kinase/AKT-dependent pathway in
response to IL-1, encompassing PI 3-kinase/AKT/IKKaT23
upstream of AP-1. This novel pathway is a parallel pathway to
the PI 3-kinase/AKT upstream of NFkB and both are involved in
IL-6 gene transcription in response to IL-1.

Interleukin-6 (IL-6)* is a pleiotropic cytokine that plays a
crucial role in immune and inflammatory responses. Among its
functions, IL-6 is involved in induction of the hepatic acute
phase response, bone metabolism, reproduction, neoplasia and
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aging (1, 2). Sometimes viewed as an anti-inflammatory cyto-
kine, prolonged IL-6 production may also cause disease and
injury. Inhibition of IL-6 production in males reduces the risk of
chemically induced hepatocellular carcinoma (3). IL-6 is a rec-
ognized modifier gene of intestinal tumorigenesis (4) and serves
as a growth factor for pre-malignant enterocytes that give rise
to colitis-induced cancer (5-7).

Increased mucosal IL-6 production was shown to cause local
inflammation associated with Crohn disease and ulcerative
colitis (inflammatory bowel disease) (8—11). Although the
intestinal epithelium is not the main source of IL-6, intestinal
macrophages and CD4+T-cells also increase their production
of IL-6 and its soluble receptor leading to IL-6 trans-signaling
via glycoprotein 130 during inflammatory bowel disease (10). In
the intestinal mucosa during sepsis, endotoxemia, and severe
injury, the enterocyte increases its production of IL-6 (12).
Although in the short term the beneficial effects of IL-6
includes enterocyte acute phase protein induction, mucosal
protein synthesis and IgA production in Peyers patch B cells
elevated IL-6 may impair mucosal integrity (13, 14).

The primary inflammatory cytokine, interleukin-1 (IL-1),
tumor necrosis factor (TNF), platelet-derived growth factor,
bacterial lipopolysaccharide, acute viral infections, and trans-
forming growth factor (TGEp) each induce IL-6 expression.
IL-1 is the major proinflammatory cytokine responsible for
mediating several physiological responses such as fever, acti-
vation of lymphocytes, and induction of acute phase protein
synthesis (15). Recent findings suggest that cellular
responses to IL-1 are mediated by cascades of intracellular
events including activation of mitogen-activated protein
kinases (MAPKSs) involved in the activation of AP-1 and IkB
kinases (IKKs) involved in the activation of NF-«B (16, 17)
(Fig. 9).

Induction of IL-6 by lipopolysaccharide, from Gram-nega-
tive bacteria, lipoteichoic, LTA, from Gram-positive bacteria,
and lysophosphatidic acid, a naturally occurring phospholipid
have been shown to be phosphatidylinositol 3-kinase (PI3K)-
dependent (18, 19). Little attention, however, has focused on PI
3-kinase as a downstream effector of IL-1 (20, 21). The Ser/Thr
kinase AKT/protein kinase B has been identified as an impor-
tant target of PI 3-kinase. AKT provides a potent cell survival
signal that is likely involved in its transformation and growth-
promoting properties (22, 23). NF«kB is an important down-
stream target of AKT (24). NFkB is typically composed of a
dimer between p50 and the transactivating subunit p65 (RelA).
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IKKa and IKKf are two important kinases required for NFkB
activation. The canonical NF«kB pathway, triggered in response
to microbial and viral infections as well as proinflammatory
cytokines, involves IKKa or IKKB-mediated phosphorylation
of the inhibitor, IkBe, followed by its subsequent ubiquitina-
tion, degradation, and entry of p50/p65 into the nucleus (25).
This pathway is cell type-specific and depends on the levels of
IKKa or -B within the cell (26).

IKKa is the predominant form of the IKK complex activated
in response to IL-1 (27). PI 3-kinase/AKT is involved in the
activation of IKKa. AKT binds to and increases the activity of
IKKa (28). The PI 3-kinase/AKT-mediated phosphorylation of
IKKa on Thr*? in response to TNFa results in the activation
of canonical NF«B through liberation of IkBa (29). IKK« is also
activated by autophosphorylation and phosphorylation on
Ser'”® and Ser'®® by its upstream activator, NIK (30, 31). Both
AKT and NIK acting in parallel contribute to NF«B activation
in response to TNFa (29). IKK« also mediates activation of the
non-canonical pathway, which is involved in B cell maturation
and lymphoid organogenesis, through AKT-dependent phos-
phorylation of the p100 NF«kB precursor (32).

Activation of AP-1 occurs primarily through signaling path-
ways terminating in a group of serine-threonine kinases, MAP
kinases that act separately on its components. The predomi-
nant form of AP-1 in most cells are heterodimers of fos and jun,
which have high affinity for binding to an AP-1 site (33). The
MAP kinase, ERK, phosphorylates Elk-1, which is part of a com-
plex that binds to the serum response element in the fos pro-
moter. JNK phosphorylates c-jun, Elk-1, and ATF-2 and is reg-
ulated itself by MAP/ERK kinase-4 (MEK4/SEK1) and MEK7,
which are dual specificity kinases mediating phosphorylation
on the TPY motif (34). p38 kinase phosphorylates Elk-1 and
ATE-2 (35). AP-1 activates a broad range of genes designed to
protect cells from adverse environmental conditions. Activa-
tion of PI 3-kinase by IL-1 is sufficient for full activation of AP-1
but not NF«B (21). AP-1 activation by epidermal growth factor,
12-O-tetradecanoylphorbol-13-acetate (TPA), as well as by
5-MCDE another tumor promoter, and the tax oncoprotein is
PI 3-kinase dependent (36 —39). Furthermore, it has been dem-
onstrated that the PTEN phosphatase down-regulates AP-1 via
PI 3-kinase/AKT inhibition (40).

This investigation addresses the role of the PI 3-kinase sig-
naling pathway in IL-1 induction of the IL-6 gene in the Caco-2
cell, a colon carcinoma with enterocyte-like characteristics. We
provide evidence for two PI 3-kinase/AKT-dependent path-
ways to induction of the /L-6 gene in response to IL-1. The first
is a newly discovered pathway encompassing PI3K/AKT/IKK«a
upstream of AP-1. This IL-1 responsive pathway targets the
IL-6 promoter AP-1 site and mutation of this site and not the
NEFkB site significantly reduces activation of the gene by IL-1.
The second PI 3-kinase/AKT-dependent pathway is upstream
of NFkB and both pathways, in parallel, are necessary for induc-
tion of IL-6 gene transcription in response to IL-1. A novel PI
3-kinase-dependent pathway involving AKT/IKKa upstream
of AP-1 suggests a more widespread effect of IKKa on gene
expression than can be attributed to activation of NF«kB and is
further evidence of cross-talk between two transcription fac-
tors known to be involved in growth and tumor development.
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With increasing association of IL-6 and chronic disease, discov-
ery of novel signaling pathways can lead to the design of thera-
peutic interventions.

EXPERIMENTAL PROCEDURES

Cell Culture—Caco-2 cells (ATCC) were cultured in Dulbec-
co’s modified Eagle’s medium with 10% fetal bovine serum
(<0.05 units endotoxin), 10 ug/ml apotransferrin, and antibi-
otics (100 mg/liter) streptomycin and penicillin.

Antibodies, Immunoblotting, Kinase Assay—The anti-AKT
antibody (Cell Signaling) detects total levels of endogenous
AKT1, AKT2, and AKT3 proteins, rabbit polyclonal
anti-AKTpS473 (BioSource) detects AKT1, AKT2, and AKT3
when phosphorylated at Ser*”®. Mouse monoclonal anti-
AKTpS473 (587F11) (Cell Signaling) was also used for Western
blotting. The GSK3 antibody (Cell Signaling) detects total lev-
els of endogenous GSK3B. The phospho-GSK3 antibody
(Ser21/9) (Cell Signaling) detects endogenous levels of GSK3
only when phosphorylated at Ser*' of GSK3a or Ser” of GSK3p.
IKKa was detected using rabbit polyclonal IKKea (Cell Signal-
ing). IKKa was first immunoprecipitated and blotted for the
presence of the phosphorylated forms, pIKKSer*”¢/Ser'®° (rab-
bit polyclonal antibody, BioSource) or pIKKa/BThr*® rabbit
polyclonal antibody from Santa Cruz Biotechnology. Western
blots were carried out as previously described (41).

Nonradioactive AKT kinase assay kit (Cell Signaling) com-
ponents, immobilized AKT antibody (anti-phospho-AKT
Ser*”®), phospho-GSK3 «/B antibody, GSK3 fusion protein
(paramyosin fused to GSK3 «/f cross-tide corresponding to
residues surrounding GSK3 «/f serine 21/9) were employed
according to the manufacturer’s instructions. Briefly, lysates
were immunoprecipitated overnight with immobilized anti-
AKT, followed by washes and resuspension of the beads in 50 ul
of assay buffer and incubation with GSK3 «/f3 cross-tide (1 ug)
and 10 mm ATP (1 wl) for 30 min at 30 °C. Reaction was termi-
nated with SDS sample buffer, electrophoresed on a 10% SDS
gel, and blotted for anti-phospho-GSK3 «/f 21/9, and later for
endogenous AKT.

Co-immunoprecipitation of IKKa and AKT—Lysates from
control and IL-1-treated cells were incubated overnight with
control rabbit IgG, anti-IKKe« antibody (Cell Signaling), or AKT
antibody. After several washes, immunoprecipitated proteins
were run on a 10% SDS gel followed by Western blotting (41).
IKKa immunoprecipitates were blotted for the presence of
both AKT and IKK«a and AKT immunoprecipitates were blot-
ted for the presence of both IKK« and AKT.

mRNA Isolation and Reverse Transcriptase-PCR—Total
RNA was isolated using Stat 60 (AMS biotechnology). Reverse
transcriptase-PCR was carried out as previously described in
detail (42) using the following primers and probes: hIL-6 — 87F,
CCAGTACCCCCAGGAGAAGAT; hiL-6-157R, CGTTCT-
GAAGAGGTGAGTGGC; and TagMan probe: hIL-6-110T,
CAAAGATGTAGCCGCCCCACACAGAC. Amplification of
18 S RNA as an internal standard was performed in the same
reaction with the alternatively labeled Vic probe. IL-6 mRNA
was normalized to the 18 S mRNA levels. Samples were assayed
in duplicate.
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IL-6 Assay—Tissue culture supernatants were assayed using
an ELISA from Endogen (sensitivity 1 pg/ml).

Plasmids and Transfections—All AKT expression plasmids
were a gift from Dr. J. R. Woodgett, Department of Molecular
and Medical Genetics, Ontario Cancer Institute, University of
Toronto. The dominant-negative AKT (dnAKT) (AKT AAA)
plasmid in pcDNA3 has Thr'”?, Thr*®%, and Ser*”* residues all
substituted by alanine rendering it unable to bind ATP or be
activated. The constitutively active AKT (caAKT) in pcDNA3 is
linked to the viral gag sequence, which targets it to the cell
membrane. The pIL-6-luc651 plasmid, containing a 651-bp
fragment of the human /L-6 gene promoter located directly
upstream of the transcription start site and the 3 mutated plas-
mids, pIL-6-651mAP-1, pIL-6-651mC/EBP-B, and pIL-6-
651mNFkB were a generous gift from Dr. Oliver Eickelberg,
University Hospital, Basel, Switzerland. Transcription factor
binding site mutations were as described below.

AP-1 —283t02765'-TGAGTCAC-3' was changed to 5'-TGC-
AGCAC-3'; C/EBP-B at —154 to —146, 5’ TTGCACAAT-3’
was changed to 5'-CCGTTCAAT-3’; and the NF«B consensus
sequence from —72 to —63, 5'-GGGATTTTCC-3', was
changed to 5'-CTCATTTTCC-3'. These mutations have pre-
viously been shown to abrogate transcription factor binding
(43). The IKKa and IKKaT23A were obtained from Dr. David
Donner (Indiana University School of Medicine). The IgkB and
IL-6-specific NFkB reporter plasmids were obtained from Dr.
Guy Haegeman (LMMP, University of Ghent, Belgium). The
constitutively active CAAX-p110 plasmid was obtained from
Dr. Lou Cantley, BIDMC, HMS. The AP-1 reporter plasmid, a
12-O-tetradecanoylphorbol-13-acetate responsive AP-1 site
was from Dr. Mike Greenberg, Children’s Hospital Boston con-
taining 5X (3'-TGAGTCAC-5) identical to the IL-6 AP-1
sequence (33).

Transient Transfections—Caco-2 cells were plated to 50%
confluence in transfection media (growth media minus antibi-
otics) in 24-well plates. After overnight attachment, cells were
transfected with reporter plasmid (0.25 ug) together with 3-ga-
lactosidase reporter plasmid (0.25 ug) for transfection effi-
ciency, in the presence or absence of expression plasmids (0.125
pg/well). 18 h following transfection, plates were either left
untreated (C) or treated overnight with IL-18 (0.5 pg/ml). All
plates were harvested 18 h after treatments and assayed for
luciferase activity (Invitrogen, Bright Glo) and B-galactosidase
(Invitrogen). Results are expressed as normalized values, lucif-
erase/3-galactosidase (41).

Trans-AM NFkB ELISA and Inhibitors—p50 and p65 bind-
ing to the WT IgkB binding site (GGGACTTTCC) was meas-
ured by ELISA using antibodies to the activated form of the
proteins. This site differs from the W'T IL-6-kB site by one base
at position 5, which is replaced by a C in the IL-6-kB site
(GGGACTTTCC). This nucleotide is crucial for the binding of
a repressor protein RBP-Jk (44).

The IKK-2 complex inhibitor was from Calbiochem with
IC,, 3—12 pM. It acts as a potent reversible ATP-competitive
inhibitor for the IKKB homodimer and IKK «/8 heterodimer.
LY294002 and wortmannin, selective and potent PI 3-kinase
inhibitors, were from Calbiochem (45).
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FIGURE 1. Interleukin 1 induction of IL-6 mRNA and IL-6 release in
Caco-2 cells is mediated by a Pl 3-kinase-dependent pathway. A, dose
response for IL-1 treatment of Caco-2 cells (0-10 ng/ml). Semi-confluent cells
were treated with IL-1 and the culture supernatant harvested and assayed by
ELISA for IL-6. Data are presented as duplicate experiments measured in trip-
licate. B, time course of IL-6 produced in response to IL-1 or HS. Cells were
treated with 0.5 ng/ml of IL-1 or heat shocked at 43 °C for 1 h and returned to
37 °C. Culture supernatant was harvested at the indicated time points up to
4 h and assayed for IL-6 by ELISA. Mean = S.E. (n = 3) from three separate
experiments. C, cells were treated with IL-1 (0.5 ng/ml) or heat shocked (HS) at
43°C for 1 h and returned to 37 °C, in the presence or absence of the PI
3-kinase inhibitor LY294002 (25 um) and harvested at T, (C) and at 2 h follow-
ing initial treatment. Stat-60 was used for mRNA extraction. Quantitative
reverse transcriptase-PCR for IL-6 mRNA analysis is presented, mean = S.E.
(n = 2).D, Caco-2 cells were left untreated (C; control), or IL-1 (0.5 ng/ml) alone
treated. Treatments were given in the presence or absence of the Pl 3-kinase
inhibitor LY294002 (3.12 to 25 um) or wortmannin (100 nwm, inset) adminis-
tered 10 min prior to IL-1 treatment. Tissue culture media were harvested 4 h
after IL-1 treatment and assayed for IL-6 by ELISA. Mean = S.E. (n = 3) from
three separate experiments are presented.

Statistical Analysis—Analysis of variance was used to com-
pare control versus IL-1 treated with Tukey test comparisons of
all groups. ¢ test (paired) two-tailed analysis was also used in
parallel to compare 2 treatment groups. Experiments were per-
formed at least 3 times with high reproducibility.

RESULTS

Interleukin-1 Induction of IL-6 Production in Caco-2 Cells Is
PI 3-Kinase Dependent—To determine the optimal dose of IL-1
needed to induce maximal IL-6 secretion, Caco-2 cells were
exposed to dose levels of IL-1 ranging from 0 to 10 ng/ml. Max-
imum IL-6 levels in the media was observed with dose levels
between 0.5 and 5 ng/ml (Fig. 14), demonstrating a 10-fold
increase from 2 to 20 pg/ml. A dose level of 0.5 ng/ml of IL-1
was subsequently used. A time course is presented in Fig. 1B
demonstrating increasing levels of IL-6 secreted into the tissue
culture media from 2 to 4 h. Because both IL-1 and IL-6 are
mediators of the acute phase response, including fever produc-
tion, and elevated temperature has previously been demon-
strated to induce IL-6 gene expression (46), we compared the
effects of heat shock (HS) to IL-1 induction of IL-6. A 43 °C heat
shock by itself increased IL-6 levels from 2 to 5.8 pg/ml with
significant increases observed only at the end of the 4-h time
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FIGURE 2. Interleukin-1 and heat shock activate AKT in a Pl 3-kinase dependent manner. A, Caco-2 cells
were treated with IL-1 (0.5 ng/ml) and harvested at the indicated time points. Lysates (70 wg) were run on 10%
SDS-PAGE followed by immunoblotting with phospho-specific AKT Ser*’3, The lysate blots were stripped using
5 ml of Pierce stripping reagent and reprobed using an anti-AKT antibody and an antibody for B-actin. B, the
intensity of phosphorylation of AKT over a 1-h time course was estimated using NIH Image software and is
expressed as the ratio of phosphorylated protein over total AKT. C, Caco-2 cells were treated with IL-1 (0.5
ng/ml) for up to 4 h in the presence or absence of the Pl 3-kinase inhibitor (LY294002, 25 um) incubated 30 min
prior to IL-1 treatment. Cells were harvested and lysed at the indicated hourly time points. AKT was immuno-
precipitated and the kinase assay performed using GSK3 3 peptide. The product of the reaction and the initial
lysate were blotted as in A. D, cells were heat shocked (43 °Cfor 1 h) and harvested at the indicated time points
during HS. Cells were lysed, and blotted for AKT Ser*” asin A. E, the intensity of phosphorylation of AKT over the
1-h time course for HS treatment was estimated using NIH Image software as in B. Mean =+ S.E. (n = 3) from four
separate experiments are presented. F, cells were HS at 43 °C for 1 h in the presence or absence of the Pl

tion, was sustained up to 4 h. At the
end of the 4-h time course the molar
phosphorylation ratio for AKT was
0.71 £ 0.16 (n = 4) (Fig. 2C). Near
complete inhibition of AKT Ser®”?
and GSK3B phosphorylation, by
LY294002, over the entire period of
the time courses was observed dem-
onstrating that activation of AKT in

3-kinase inhibitor (LY294002, 25 um) incubated 30 min prior to HS and returned to 37 °C for an additional 4 h.
phosphorylation was detected as

Cells were harvested and lysed at the indicated hourly time points. AKT Ser*’3

inA.

course (Fig. 1B). IL-1 induces 6-fold more IL-6 mRNA than HS,
reflecting the larger increase in IL-6 protein production by IL-1
(Fig. 1, Band C).

One of the downstream kinases stimulated by IL-1 is PI 3-ki-
nase. We next investigated if this pathway was important in the
induction of IL-6 by IL-1. The PI 3-kinase inhibitor LY294002
inhibited /L-6 mRNA in response to IL-1 and HS and signifi-
cantly inhibited IL-1 induction of IL-6 secretion into the media
in a dose responsive manner (Fig. 1, C and D). Significant inhi-
bition was observed even at the low dose of 3.12 um. In addition,
another highly specific PI 3-kinase inhibitor, wortmannin, sig-
nificantly inhibited IL-1 induction of IL-6 secretion, further
supporting a role for the PI 3-kinase pathway in IL-6 induction
by IL-1.

AKT Is Activated by Interleukin-1 and Heat Shock in a PI
3-Kinase-dependent Manner—One of the major downstream
targets of PI 3-kinase is the AKT kinase. Stress stimuli, includ-
ing heat shock, as well as growth factor stimulation have been
shown to activate AKT in a PI 3-kinase dependent manner (47).
AKT activation is followed by phosphorylation on its 3 major
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response to IL-1 is PI 3-kinase
dependent.

Lysates from cells exposed to a
heat shock of 43 °C were next blot-
ted for activated AKT (Ser*”? phosphorylation) and total AKT.
A HS of 43 °C induced a rapid onset of AKT activation, within 5
min, representing a 3-fold increase in molar phosphorylation
by 1 h (Fig. 2, D and E). This was sustained over a 5-h time
course (Fig. 2F) with an ending molar phosphorylation ratio of
1.33 £ 0.28 (n = 4). AKT activation by HS was also blocked by
LY294002 and therefore is PI 3-kinase dependent.

Taken together, the data shows that activation of AKT by
IL-1 is maximal by 1 h and correlates with the initiation of IL-6
secretion into the media. Inhibition of PI 3-kinase by LY294002
inhibited both AKT activation and IL-6 secretion. Similar
increases in AKT activation in response to HS were insufficient
to induce comparable IL-6 secretion to that induced by IL-1.

Canonical NFkB Activation Occurs following AKT Activation
in Response to IL-1, the IKK Complex Is Required for IL-1 Induc-
tion of IL-6—Because NFkB is a well known downstream target
of AKT in response to IL-1 we next examined the time course of
activation of NF«B in terms of IkBa degradation and DNA
binding of p50/p65. In Fig. 3A degradation of IkBa in response
to IL-1 occurs between 15 and 30 min following stimulation
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FIGURE 3. Canonical NFkB activation correlates with AKT phosphorylation on phospho-Ser*’3; require-

ment for the IKK complex in IL-6 production. A, cells were treated with IL-1 (0.5 ng/ml) and harvested at the
indicated time points. Lysates were run on 10% SDS-PAGE and blotted for IkBa. B, nuclear extracts prepared
from IL-1-treated cells at the indicated time points were assayed for the binding of p50 and p65 to an NF«B
consensus binding site in a Trans-AM ELISA system according to the manufacturer’s instructions. Means from
duplicate measurements from two experiments are presented. C, cells were treated with IL-1 (0.5 ng/ml) for4 h
in the presence or absence of an IKK complex inhibitor (5-25 um) (Calbiochem) incubated 30 min prior to IL-1
stimulation. Tissue culture supernatants were harvested and assayed for IL-6 by ELISA. Mean = S.E. (n = 3) from
three separate experiments are presented. D, cells were treated with IL-1 at the indicated time points and total
IKKa: was immunoprecipitated overnight. Immunoprecipitates were run on a 10% SDS gel and blotted sepa-
rately for phospho-IKKa Ser'”¢/Ser'®°, phospho-IKKaT23, and total IKKa. Lysates were run in parallel and
blotted for phospho-AKTS473 and total AKT. Molar phosphorylation of IKKa on Ser'”¢/Ser'®® and Thr?,
together with Akt Ser*”? is presented (lower panel). E, effect of the Pl 3-kinase inhibitors LY294002 (12.5 um) and
wortmannin (100 nm) on the phosphorylation of IKKa S176/180, IKKaT23, and AKTS473 following IL-1 stimu-
lation at 15 and 30 min. Molar phosphorylation of IKKa on Ser'”¢/Ser'® and Thr?* is presented (lower panel).

and this was unaffected by PI 3-kinase inhibition by either
LY294002 or wortmannin (see Fig. 7B). This was followed by a
3-fold increase in the binding of p50 by 1 h and a 4-fold induc-
tion in the binding of p65. Binding of p65 decreased thereafter,
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whereas p50 binding was sustained
for up to 4 h (Fig. 3B). Taken
together with Fig. 24 degradation of
IkBa occurs immediately following
initial AKT activation at 5 min.
There is also a correlation between
the initial and sustained p50 subunit
of NF«B binding to DNA and the
pattern of AKT activation.

In Fig. 3C, a cell permeable ami-
noacetamide compound and potent
inhibitor of IKK complex activity
and NFkB activation was used. At
dose levels between 5 and 25 uM this
inhibitor lowered IL-6 secretion
into the media by 50% in response to
IL-1, suggesting that the NFkB
pathway contributes to IL-6 pro-
duction in response to IL-1.

To further explore the possibility
that AKT might be involved in the
activation of the NF«kB pathway in
response to IL-1 we examined the
time course of activation of IKK« in
the presence and absence of the PI
3-kinase inhibitors. Phosphoryla-
tion of Ser'”®/Ser®® (NIK phospho-
rylation sites) and Thr** (AKT
phosphorylation site) have been
shown previously to indicate IKK«a
activation that precedes IkBa deg-
radation and NFkB activation (25,
29-31). Phosphorylation of IKKa
on Ser'”®/Ser'® and Thr*® in
response to IL-1 as detected by
Western analysis using phospho-
specific antibodies was maximal by
15-30 min and decreased thereafter
to baseline levels (Fig. 3D). Phos-
phorylation of IKK«a at 15-30 min
correlates with the degradation of
IkBa at the same time point in Fig.
3A. A comparison of molar phos-
phorylation ratios of AKT activa-
tion on Ser*”® and IKKa on Ser'”®/
Ser'®® and Thr** (Fig. 3D, lower)
demonstrates that increases in AKT
phosphorylation at 15 min coin-
cides with maximal IKKa phospho-
rylation and that although AKT
molar phosphorylation is maximal
at 30 min, thereafter there is a simi-
lar decline in the molar phosphoryl-
ation of the 2 kinases.

We next demonstrate in Fig. 3E that neither wortmannin nor
LY294002, two potent PI 3-kinase inhibitors, at concentrations
that inhibit PI 3-kinase in cell based assays (57), affect the phos-
phorylation of IKKaS176/180, while significantly inhibiting the
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FIGURE 4. Interleukin 1 induction of IL-6 promoter activation is depend-
ent on AKT and on the Thr?® AKT phosphorylation site on IKKa. A, paren-
tal IL-6 promoter construct, plL-6-luc651 containing 651 bases from the tran-
scription start site. Relevant transcription factor binding sites are shown,
including NF«B, AP-1, and C/EBPp. B, cells were transfected with the IL-6 pro-
moter luciferase construct p/L-6-luc651 (0.25 ug) in the presence or absence
of a constitutively active AKT (caAKT) (0.125 wg), dominant-negative AKT
(dnAKT) (0.125 ug), IKKaeWT (0.125 ug) or IKKaT23A (0.125 ug). B-Galactosid-
ase (0.25 ug) was co-transfected for transfection efficiency. Eighteen hours
after transfection cells were starved for 3 h and then either untreated (—) or
treated with IL-1 (0.5 ng/ml) overnight. Cells were harvested and lysates were
assayed for luciferase and B-galactosidase. Results are expressed as the ratio
of luciferase over B-galactosidase. Mean = S.E. (n = 3). ###, p < 0.001
untreated plL-6-luc651 alone transfected compared with IL-1 treated.
Comparison of IL-1-treated transfectants; **, p < 0.01, pIL-6-luc651 alone
transfected compared with co-transfection with dnAKT; ***, p < 0.001
plL-6-luc651 alone transfected compared with co-transfection with
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phosphorylation of IKKaT23 and, as expected, the phosphoryl-
ation of AKT Ser*”?. Taken together, this suggests that PI 3-ki-
nase/AKT is upstream of IKKaT23 (and not IKKaS176/180)
and, as is the case with TNFq, is involved in a parallel pathway
with NIK to activate IKK« in response to IL-1.

AKT and IKKa Are Necessary for IL-6 Promoter Induction in
Response to IL-1—Expression of IL-6 is tightly regulated at the
level of transcription. To further explore the role of AKT in the
induction of IL-6 by IL-1, the wild type IL-6 promoter reporter
construct (pIL-6-luc651), containing a 651-base pair fragment
of the IL-6 promoter, in front of the luciferase gene was used
(Fig. 4A). This contains all the elements necessary for its induc-
tion by a variety of stimuli. There is a multiple response element
consisting of a CRE followed by a consensus binding site for
C/EBPB/NF-IL-6 at —173 to — 145, which is involved in tissue-
specific transcription of the IL-6 gene (87). There is an NF«B
binding site from —73 to —63, and an AP-1 site from —283 to
—277 (48).

NF«kB is a well known downstream target of AKT, and one of
its activating kinases, IKKq, is the predominant form of the IKK
complex activated in response to IL-1 (27). IKK« contains a
functional AKT phosphorylation site on Thr*® (29) and this is a
necessary step for the degradation of IkBa and NFkB activation
in response to TNFa. We therefore investigated if co-transfec-
tion of either dnAKT or IKKaT23A would affect IL-6 promoter
induction by IL-1. Caco-2 cells were transfected with the /L-6
promoter together with, caAKT, dnAKT (mutated in the 3
phosphorylation sites, Thr'”®, Thr*°®, and Ser*”?), IKKaW T, or
IKKaT23A (containing the AKT site mutation at Thr??).

The pIL-6-luc651 construct was activated 2-fold by IL-1 (Fig.
4B). Co-transfection of caAKT only slightly enhanced baseline
and IL-1 induction of the /L-6 promoter, whereas dnAKT com-
pletely abrogated its induction by IL-1 (compare the seventh to
ninth bars). Although IKKaWT did not, by itself, activate the
IL-6 promoter (fourth bar) nor did it enhance its induction by
IL-1 (compare the seventh to 10th bars), IKKaT23A, inhibited
the induction by IL-1 similar to that observed by dnAKT (com-
pare the seventh bar to the ninth and 11th bars). In Fig. 4C,
overexpression of IKKaWT was sufficient to reverse the inhib-
itory effects of dnAKT on [L-6 promoter activation (compare
the sixth bar to the seventh and eighth bars). Taken together,

IKKaT23A or IKKaT23A + dnAKT. C, cells were transfected with the IL-6 pro-
moter luciferase construct plL-6-luc651 (0.50 ng) in the presence or absence
of dnAKT (0.125 ug) or IKKa WT (0-0.50 ng) together with B-galactosidase
(0.25 pg) for transfection efficiency. Results are expressed as the ratio of lucif-
erase over B-galactosidase. Mean = S.E. (n = 3). ###, p < 0.001 pIL-6-luc651
alone transfected, untreated compared with IL-1 treated. IL-1-treated trans-
fectants, ***, p < 0.001, plL-6-luc651 alone transfected compared with co-
transfection with dnAKT. D, Western blot of lysates from Caco-2 cells trans-
fected with empty vector (—) or plasmids expressing IKKa WT or IKKaT23A
(0.25 ug), using polyclonal IKKa antibody and a B-actin antibody for loading
control. E, Western blot of lysates from Caco-2 cells transfected with empty
vector (—) or plasmids expressing caAKT or dnAKT (0.25 and 0.5 ng) using an
antibody against total AKT and B-actin for loading control. F, AKT association
with IKKa in response to IL-1. Caco-2 cells were either untreated or treated
with IL-1 (0.5 ng/ml) at the indicated time points. Lysates were immunopre-
cipitated (IP) overnight with anti-IKKa antibody, AKT antibody, or rabbit IgG
(C, control). Washed immunoprecipitates were run on 10% SDS-PAGE and the
AKT immunoprecipitates (left panel) and IKKa immunoprecipitates (right
panel) were blotted for the presence of both IKKa and AKT.
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this demonstrates that AKT and IKKa are part of a common
pathway to IL-6 gene transcription in response to IL-1.

To control for transfection efficiency and to ensure equal
expression of plasmids in transfected cells, Western blots were
performed to compare levels of expression. Western blotting
confirmed similar levels of expression of IKKaWT and
IKKaT23A in the transfected cells (Fig. 4D). Elevated and com-
parable levels of expression in transfected cells of both caAKT
and dnAKT with an increasing dose of plasmid were also
observed (Fig. 4E).

To determine whether AKT and IKKa associate in vivo in
response to IL-1 we performed cross-coimmunoprecipitation
experiments in the presence or absence of IL-1. These demon-
strated that AKT and IKKg, as is the case in response to TNF«
(29), associated in vivo in the cell in response to IL-1 with max-
imal association at 30 min (Fig. 4F). Significant decreases in
association of AKT and IKKa were observed by 1 h in both
pull-downs correlating with the decrease in phosphorylation of
IKKa observed in Fig. 3D. No detectable AKT or IKKa was
detectable in immunoprecipitates using control rabbit IgG (see
Fig. 4F).

Mutation of the NFkB Site Affects Baseline IL-6 Promoter
Activation While Its Induction by IL-1 Is Dependent on an
Intact AP-1 Site—To distinguish which of the promoter ele-
ments contained within the p/L-6-luc651 was most impor-
tant in baseline or IL-1 activation of the gene, we compared
baseline and IL-1 activation of three mutant /L-6 promoter
constructs to the WT pIL-6-luc651. The mutated promoters,
pIL-6-luc651mNFkB, pIL-6-luc651mC/EBP, and pIL-6-
luc651mAP-1, contained mutations in their respective tran-
scription factor binding sites that have been shown previ-
ously to abrogate their binding (43) (Fig. 4A). In one
representative of at least three experiments (Fig. 54), muta-
tion of the NF«B site significantly reduced baseline IL-6 pro-
moter activation with no significant baseline effect when the
C/EBP site was mutated (Fig. 54). Together with WT pIL-
6-luc651, both the mNF«B and mC/EBP IL-6 promoter
constructs were significantly activated by IL-1 in marked
contrast to the near absence of activation of the pIL-6-
luc651mAP-1 (AP-1 mutant) IL-6 promoter reporter.

In an average of three separate experiments shown in Fig. 5B
and expressed as -fold activation by IL-1, the AP-1 site mutant
was consistently less responsive to IL-1 compared with the WT,
pIL-6-luc651mNFkB (NF«B mutant), or pIL-6-luc651mC/EBP
(C/EBP mutant) plasmids (Fig. 5B). These experiments demon-
strate that AP-1 is the primary target site for activation of the
IL-6 gene in response to IL-1. Mutation of the consensus C/EBP
site had no effect on either baseline or IL-1 induction of the
pIL-6-luc651 construct. As the /L-6 promoter mutated in the
NFE«B site does not bind NFkB, the 2-fold IL-1 induction is due
to other factors that bind to the remaining intact sites on this
mutated promoter of which AP-1 is the most likely, as the AP-1
site is the only transcription factor binding site (of the three
transcription factor sites investigated (NF«B, C/EBP, and AP-1
sites) (Fig. 5B) that is necessary for full IL-1 induction. Taken
together, these experiments demonstrated that baseline activa-
tion depends on intact NFkB and AP-1 sites and that maximal
IL-1 induction depends only on an intact AP-1 site.
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FIGURE 5. Mutation of the consensus NFkB site affects baseline IL-6 pro-
moter activity, whereas mutation of the AP-1 site significantly impairs its
induction by IL-1. Caco-2 cells were transfected with the IL-6 promoter lucif-
erase constructs (0.25 ug), pIL-6-luc651WT (WT), pIL-6-luc651 mutated in the
NFkB binding site, plL-6-luc651 (mNFkB), plL-6-luc651 mutated in the con-
sensus binding site for C/EBP3, pIL-6-luc651 (mC/EBP), or plL6-651 mutated
in the AP-1 site, plL-6-luc651 (mAP-T). A B-galactosidase reporter (0.25 ug) was
included for transfection efficiency. Eighteen hours after transfection, cells were
starved for 3 h and were either untreated or IL-1 treated (0.5 ng/ml) overnight.
Lysates were assayed for luciferase and B-galactosidase. A, baseline and IL-1
stimulation of each construct with promoter activation expressed as the ratio
of luciferase/B-galactosidase. Mean = SE. (n = 3). *** p < 0.001, piL-6-
luc651WT and mutants, mMNFkB, mC/EBP, untreated compared with IL-1
treated. B, -fold induction by IL-1 with untreated, control values set at 1,
mean * S.E. (n = 3). ***, p < 0.001, IL-6-651TmMAP-1 transfectants compared
with plIL-6-65TWT transfectants treated with IL-1.

An Intact AP-1 Site and Not an Intact NFkB Site Is Necessary
for Inhibition by dnAKT and IKKaT23A—To further explore
the downstream target of the AKT/IKK« pathway on IL-6 gene
transcription we next investigated the effect of overexpression
of dnAKT and IKKaT23A on two of the IL-6 promoter con-
structs employed above, the pIL-6-luc651mNF«B (NF«B
mutant) and p/L-6-luc651mAP-1 (AP-1 mutant). Similar to the
WT promoter (Fig. 4B) the pIL-6-luc651mNFkB, containing
the NFkB site mutation (Fig. 6A4), demonstrated a 2-fold induc-
tion by IL-1 as well as almost complete inhibition of the IL-1
response by either dnAKT or IKKaT23A (compare the seventh
bar to the ninth and 11th bars). This suggests that an intact
NEkB site on the /L-6 promoter is not necessary for inhibition
by either dnAKT or IKKaT23A.

The IL-6 promoter containing the AP-1 site mutation, pIL-
6-luc651mAP-1 (Fig. 6B), demonstrated near complete loss of
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FIGURE 6. Mutation of the IL-6 promoter NF«B site neither abrogates IL-1
induction nor the inhibitory effect of transfected dominant-negative
AKT or IKKaT23A. Caco-2 cells were transfected with the IL-6 promoter lucif-
erase reporter plasmids (0.25 ng) containing either a mutated NF«B site, plL-
6-651TmNFkB (A), or a mutated AP-1 site, pIL-6-651mAP-1 (B), in the pres-
ence or absence of one of the following expression plasmids (0.125 wg),
caAKT, dnAKT, IKKaWT, or IKKaT23A. B-Galactosidase (0.25 pg) was co-trans-
fected for transfection efficiency. Eighteen hours after transfection, cells were
starved for 3 h and treated overnight with IL-183 (0.5 ng/ml). Cells were har-
vested and lysates were assayed for luciferase and B-galactosidase. Promoter
activation is expressed as the ratio of luciferase/B-galactosidase. Mean =+ S.E.
(n = 3). ###, p < 0.001; ##, p < 0.01, pIL-6-luc651 control, untreated transfec-
tants compared with IL-1 treated; ***, p < 0.001, plIL-6-luc651, IL-1 treated
compared with co-transfected dnAKT or IKKaT23A (n = 3).

promoter induction by IL-1. There was no significant inhibition
of baseline activity (Fig. 6B) either by dnAKT or IKKaT23A
(compare the first bar to the third and fifth bars). Furthermore,
IL-1 induction of pIL-6-luc651mAP-1 activation was not inhib-
ited by dnAKT but was inhibited by IKKaT23A suggesting that
an intact AP-1 site was necessary for inhibition by dnAKT but
not IKKaT23A. Taken together, this suggests that an intact
AP-1 site is necessary for inhibition by at least dnAKT and
IKKaT23A may, in addition to AP-1, be targeting another tran-
scription factor necessary for IL-1 induction of the IL-6
promoter.

Interestingly, we observe a significant 2-fold baseline activa-
tion of the pIL-6luc651mAP-1 promoter by IKKaWT but not
by IKKaT23A, demonstrating that IKKa overexpression can
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compensate for the loss of an IL-1 effect from AP-1 site muta-
tion. This suggests involvement of the AKT/IKK« pathway in
the activation of another transcription factor that may be neg-
atively regulated by AP-1 binding. These results suggest that
AP-1is alikely downstream target of AKT/IKKe in response to
IL-1 on the intact IL-6 promoter and that NFkB may yet be the
target of AKT/IKKa on promoters not carrying an AP-1 site.

Requirement for AKT but Not the IKKaT23 AKT Phosphoryl-
ation Site for NFkB Activation in Response to IL-1—In Fig. 7A
we investigated the effect of either pharmacological inhibition
of PI 3-kinase/AKT, by LY294002 or IKKaT23A overexpres-
sion on canonical NF«B activation by Western blotting for the
presence of IkBa. Neither IKKaT23A overexpression nor
exposure to LY294002 prevented significant loss of IkBa, sug-
gesting that AKT/IKKa« is not upstream of IkBa degradation in
the NF«B activation pathway. This is further confirmed in Fig.
7B (in the absence of cycloheximide) where again no significant
inhibition of the degradation of IkBa was observed in the pres-
ence of either LY294002 or wortmannin.

To further define the role of NFkB and determine whether
AKT and/or IKKa'T23 are necessary for NFkB activation down-
stream of IkBa degradation we performed luciferase reporter
assays employing two separate reporter plasmids, each contain-
ing three NF«B binding sites. The first reporter plasmid con-
tains a 3X NF«kB binding site from the IgkB gene (Fig. 7C), the
second reporter plasmid contained a 3X NFkB site from the
IL-6 gene itself (Fig. 7D). A representative experiment from
three separate experiments is presented, each with consistent
results. As expected, IL-1 strongly activated the NF«kB report-
ers. A 15-fold induction of the IgkB NF«B reporter, and a 7-fold
induction of the IL-6-specific NFkB reporter was observed in
response to IL-1 (Fig. 7, C and D). Although caAKT did not, by
itself, activate the NF«B reporter, dnAKT significantly reduced
baseline (compare the first bar to the third bar) and its induc-
tion by IL-1 (compare the sixth bar to the eighth bar). This
suggests that AKT is necessary for NFkB activation in response
to IL-1. This is also reflected in Fig. 7D employing the IL-6
promoter-specific NFkB site (compare the sixth bar to the
eighth bar).

This experiment also demonstrated that IKKaWT overex-
pression alone is capable of activating the NF«B luciferase
reporters up to 3-fold (compare the first bar to the fourth bar,
Fig. 7, C and D) and this is independent of the Thr** phospho-
rylation site as IKKaT23A is also capable of activation. Simi-
larly, and contrary to its inhibitory effect on IL-1 induction of
PIL-6-luc651WT, IKKaT23A overexpression had no signifi-
cant effect on IL-1 induction of the NF«B reporter plasmids
(compare the sixth bars to the ninth and 10th bars, Fig. 7, C and
D). Taken together, this suggests that although IKK« is capable
of activating NF«B by itself, AKT is necessary for NFkB activa-
tion in response to IL-1 independent of IKKc.

PI 3-Kinase AKT/IKKo Thr*® Is Upstream of AP-1—To
determine whether AP-1 is the downstream target of AKT/
IKKaT23 on the IL-6 promoter, we employed an AP-1 lucifer-
ase reporter plasmid containing 5 copies of the IL-6 AP-1 site
(Fig. 8). We observed a significant dose-dependent activation of
this AP-1 reporter in response to IL-1 with increasing activa-
tion up to 5 ng/ml (Fig. 8A4). In the HT29 colon carcinoma cell
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FIGURE 7. AKT is required for NFkB activation in response to IL-1, independent of IKKaT23 and IkB«
degradation. A, cells were transfected with empty vector, pcDNA3, or IKKaT23A. Eighteen hours after trans-
fection cells were serum starved. Cycloheximide (50 wg/ml) was added to prevent protein resynthesis; 1 h
thereafter cells were treated with IL-18. Cells were either untreated or pretreated with the Pl 3-kinase inhibitor
LY294002 (25 um) prior to IL-1 (0.5 ng/ml) treatment. Lysates harvested at the indicated time points were
blotted for the presence of IkBa. B-Actin is included as a loading control and the ratio of IkBa to B-actin (NIH
Image analysis) is plotted below for the three treatment groups. B, cells were treated with IL-13 in the presence
orabsence of LY294002 (12.5 um) or wortmannin (100 nwm) pretreated 10 min prior to IL-1 treatment. Cell lysates
were harvested at the indicated time points and blotted for IkBa. Blots were stripped and reprobed for B-actin
as aloading control. The ratio of IkBa to B-actin (NIH Image analysis) is plotted below for the treatment groups.
C, Caco-2 cells were transfected with luciferase reporter plasmids containing a 3X NFkB consensus site from
the IgkB gene (0.25 pug); or D, the IL-6 promoter NF«B site (0.25 g), in the presence or absence of one of the
following expression plasmids (0.125 w.g), caAKT, dnAKT, IKKaWT, or IKKaT23A. B-Galactosidase (0.25 pg) was
included for transfection efficiency. Eighteen hours after transfection, cells were starved for 3 h and treated
overnight with IL-18 (0.5 ng/ml). Cells were harvested and lysates were assayed for luciferase and 3-galacto-
sidase. Reporter activation is expressed as the ratio of luciferase/B-galactosidase. Mean = S.E. (n = 3). ***, p <

DISCUSSION

We demonstrate for the first time
the requirement for PI 3-kinase/
AKT in the induction of the IL-6
gene in response to IL-1. This path-
way has 2 components. The first
pathway targets IKKe, one of the
kinases involved in the activation of
NF«B and is upstream, not of NF«B,
but of AP-1. The second pathway

0.001 IL-1-treated NFkB reporter transfectants compared with the co-transfected dnAKT.

line the AP-1 reporter could be activated by PI 3-kinase cata-
lytic domain p110 overexpression (Fig. 8B8). The AP-1 reporter
displayed elevated constitutive activation in Caco-2 cells, which
was inhibited by the PI 3-kinase inhibitor LY294002 (Fig. 8C).
In Fig. 8D in the presence of IL-1 (0.5 ng/ml), the dose used to
induce maximal IL-6 secretion in Caco-2 cells, dnAKT overex-
pression abrogated the induction by IL-1, and lowered consti-
tutive activation by over 50% (compare the first bar to the third
bar). Similar effects were observed with IKKaT23A overex-
pression (compare the first bar to the fifth bar). Overexpression
of either caAKT or IKKa WT alone had no significant effect on
AP-1 luciferase activation, whereas both together significantly
enhanced constitutive activation (data not shown) suggesting a
common pathway. This is further supported by the demonstra-
tion that overexpression of IKKa WT reversed the inhibitory
effect of dnAKT as also observed on the intact /L-6 promoter
(Figs. 4C and 8D). This supports a functional role for AKT/
IKKe in the regulation of constitutive and IL-1-stimulated
AP-1. The pattern of inhibition of the AP-1 reporter gene both
by dnAKT and IKKaT23A reflects the pattern observed on the
WT IL-6 promoter as well as that observed on the IL-6 pro-

25908 JOURNAL OF BIOLOGICAL CHEMISTRY

directly targets NFkB, which is
likely binding to and activating not
the consensus NF«B site on the IL-6 promoter but the promot-
ers of other genes involved directly or indirectly in the induc-
tion of IL-6 by IL-1.

This is the first demonstration that AP-1 is a downstream
target of IKKa mediated by AKT and defines a new IL-1 respon-
sive pathway. This novel pathway is important not only in terms
of the regulation of the IL-6 gene by IL-1, but also in terms of
further evidence of cross-talk between two transcription fac-
tors known to be involved in growth and tumor development. It
also lends support to recent findings showing evidence for a
wider role for IKKa in gene regulation other than in the activa-
tion of non-canonical NF«B (49 —52).

Future investigations will determine which components of
the AP-1 complex are activated by IL-1 to bind to the AP-1 site
in the IL-6 promoter in the Caco-2 cell line, and whether IKK«
targets one of these directly. The role of the MAP kinase path-
way in IL-6 induction has been extensively investigated in the
Caco-2 cell line (53). With the use of specific pharmacological
inhibitors it has been shown that all three MAP kinases (ERK,
JNK, and p38) are activated in response to IL-1 and are involved
in the induction of IL-6 (54). Interestingly, however, the JNK
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FIGURE 8. AP-1 is the target transcription factor of Pl 3-kinase/AKT/IKKc.
In A, Caco-2 cells were transfected with the IL-6 promoter-specific AP-1 site
luciferase reporter (0.25 pg) together with B-galactosidase (0.25 w.g). Eight-
een hours after transfection, cells were treated with IL-1 (0, 0.5, 1,and 5 ng/ml)
overnight. B, IL-6 promoter-specific AP-1 site reporter (0.25 g) was trans-
fected alone or co-transfected with p110 subunit of Pl 3-kinase (0.125 ug)
together with B-galactosidase (0.25 ug) in HT29 cells. C, Caco-2 cells were
transfected with the IL-6 promoter-specific AP-1 site reporter (0.25 ng). Eight-
een hours after transfection cells were either untreated or treated overnight
with the PI 3-kinase inhibitor LY294002 (25 um). D, Caco-2 cells were trans-
fected with the IL-6 promoter-specific AP-1 reporter (0.25 ng), alone or co-
transfected with caAKT, dnAKT, IKKaWT, or IKK T23A (0.125 ng) and combi-
nations of either, dnAKT + IKKaT23A or dnAKT + IKKaWT together with
B-galactosidase. Eighteen hours after transfection, cells were starved for 3 h
and treated overnight with IL-1 (0.5 ng/ml). Cells were harvested 18 h follow-
ing treatments and lysates were assayed for luciferase and B-galactosidase.
Reporter activation for A-D is expressed as the ratio of luciferase/p-galacto-
sidase. Mean = S.E, n = 3. **, p < 0.01 AP-1 luciferase alone transfected
compared with co-transfection with dnAKT, IKKaT23A, or both.

inhibitor SP 600125 was reported to be significantly less potent
than the other MAP kinase inhibitors in the inhibition of IL-6
secretion in the Caco-2 cell (53).

As JNK is one of the major kinases that phosphorylates c-Jun
leading to the activation of AP-1, there are likely physiological
circumstances where its activation is compromised. For exam-
ple, binding of vaccinia-related kinase 2 to the JIP scaffolding
protein prevented the recruitment of JNK and caused down-
regulated IL-1 responsive AP-1 transcription (55). Addition-
ally it has been reported that AKT phosphorylates kinases
upstream of JNK activation, i.e. SEK1 (MKK4) and ASK1
leading to inactivation of JNK (85, 86). Therefore if PI 3-ki-
nase/AKT can lead to the loss of JNK activation an alterna-
tive pathway to the activation of AP-1 might be via IKKa.
Other studies have demonstrated that although JNK is the
most important MAPK involved in IL-6 production by renal
epithelial cells, the regulation of IL-6 gene transcription by
JNK is independent of the AP-1 binding site but rather
involves interference with other signaling pathways such as
NFkB and ERK (56).
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Inhibition of IL-6 mRNA and protein production by
LY294002 suggested the involvement of PI 3-kinase in the
induction of IL-6 in response to IL-1. To confirm the involve-
ment of PI 3-kinase the more specific inhibitor wortmannin
was also shown to inhibit IL-6 production at concentrations
previously shown to inhibit PI 3-kinase in cell based assays (57).
Maximal activation of AKT by 1 h was followed by elevations in
IL-6 mRNA and increasing /L-6 secretion into the media from 2
to 4 h (Fig. 1B). The IL-6 promoter contains, among others,
binding sites for several AKT responsive transcription factors
including NFkB, CREB, and AP-1 (43, 48, 58). Consistent with
previous investigators, a highly consistent and statistically sig-
nificant 2—3-fold activation of the WT IL-6 promoter by IL-1
was observed in Caco-2 cells (44, 59). Although caAKT overex-
pression, by itself, was not sufficient to activate the IL-6 pro-
moter, dnAKT completely abrogated the promoter response to
IL-1 demonstrating for the first time that AKT is necessary for
IL-1 activation of the gene.

A well characterized and commercially available IKK com-
plex inhibitor that inhibits the classical NFkB pathway signifi-
cantly reduced IL-6 secretion in response to IL-1 implying a
role for NFkB. We explored the possibility that NFkB might be
the downstream target of PI 3-kinase/AKT. In this regard, the
PI 3-kinase/AKT-mediated transactivation of the p65 and p50
subunits of NF«B in response to IL-1 has previously been dem-
onstrated (24, 36, 60, 61). IKKe, previously shown to be the
predominant form of the IKK complex activated in response to
IL-1, contains 2 serine residues previously shown to be phos-
phorylated by NIK, Ser'”¢/Ser'®® (25), as well as a functional
AKT phosphorylation site at Thr*®* shown to be necessary for
NE«kB activation in response to TNFa (29). This phosphoryla-
tion site had not previously been tested on any signaling path-
way downstream of IL-1. Maximal phosphorylation of these
sites in response to IL-1 followed the initial activation of AKT in
response to IL-1 but only the Thr?® site and not the Ser'”®/
Ser'®® site was inhibited by LY294002 and wortmannin sug-
gesting that AKT was likely upstream of IKKaT23 activation
with parallel activation by NIK.

Unexpectedly, mutation of the consensus NF«B site did not
abrogate induction of the /L-6 promoter in response to IL-1 nor
did it abrogate the inhibitory effects of either dnAKT or
IKKaT23A (Fig. 6A4), however, baseline promoter activation
was significantly impaired (Fig. 5A4). Inhibition of the NF«kB
reporter plasmids (Fig. 7, C and D) by dnAKT, but not
IKKaT23A, suggested that AKT was necessary for NF«B acti-
vation but that it was not upstream of IKKa'T23. The lack of an
effect of LY294002 or wortmannin on the degradation of IkBa
or on the phosphorylation of IKKa Ser'”®/Ser'*° together with
the sustained pattern of AKT phosphorylation correlating with
the pattern of p50 binding to the NF«B response element sug-
gested that AKT might have an effect on p50 binding, this
awaits further investigation.

IKKa overexpression by itself, either WT or IKKaT23A, was
sufficient to activate the NF«B reporters 2—3-fold suggesting
that activation of the kinase by autophosphorylation was suffi-
cient to activate NFkB without any requirement for AKT. IKK«
has been detected both in the nucleus and cytoplasm of cells
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FIGURE 9. PI 3-kinase/AKT-dependent pathways involved in IL-1 induction of IL-6. The current model for
the binding of IL-1 to its receptor, IL-1R1, and co-receptor, IL-1 receptor accessory protein IL1-RAcP (16).
Formation of the signaling module containing MyD88, phosphorylated interleukin-1 receptor-associated
kinase (IRAK), and TRAF6 (TNF receptor associated factor), is essential for Pl 3-kinase recruitment and AKT
activation (21,73, 74, 81). The kinase TAK1 (TGF B-activated kinase) activates the NIK-1kB-NF kB pathway and the
MAP kinase cascade (MKK4/7 to JNK/AP-1 activation as well as the MKK3/6 to p38 activation (not shown) (55,
75, 82-84). Possible negative regulation in the Caco-2 cell line between AKT and JNK pathways is shown as a
broken line (85, 86). We have identified 2 separate PI-3 kinase-dependent pathways from the IL1-R1 complex to
the activation of IL-6 gene transcription. 7, a novel pathway leading to AP-1-dependent induction of IL-6 via
IKKaT23. 2, an NFkB-dependent pathway, which indirectly induces IL-6, likely by inducing factors such as AP-1
family members, which are necessary for IL-6 gene transcription in response to IL-1.

consistent with roles for IKKa in gene expression other than in
the liberation of IkBa and activation of NFkB (51).

Taken together, this suggested that there was likely another
transcription factor target of the AKT/IKKa pathway on the
IL-6 promoter. Our data supports the model that the role of
NFkB in the induction of the IL-6 gene in response to IL-1 is
likely indirect, perhaps involving activation of NF«B responsive
AP-1 family members. AKT is also likely involved in this path-
way. Thus a positive feedback loop of canonical NFkB activa-
tion on AP-1 family members to increase IL-1 responsive IL-6
gene transcription might occur. At least one AP-1 family mem-
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IkBa degradation

@@

NFkB responsive
fos /jun family members

ber, JunB has an NFkB responsive
promoter. Furthermore Elk-1, a
TCF family member and an impor-
tant regulator of c-fos transcription
has an NFkB site on its promoter. In
fact through NF«kB-dependent AP-1
activation, NF«kB could indirectly
control the expression of an AP-1
target gene such as IL-6, as it does
vascular endothelial growth factor,
by increasing the levels of family
members, AP-1 making them more
available for up-regulation by MAP
kinase (see model in Fig. 9).

Mutation of the IL-6 promoter
AP-1 site significantly reduced
induction of the IL-6 promoter by
IL-1. Consistent with this, other
investigators have found that the
IL-6 promoter AP-1 site is necessary
for promoter activation in response
to several stimuli including TGFS
and the Kaposi sarcoma herpes
virus (43, 62). In our study, muta-
tion of the IL-6 promoter AP-1 site
unmasks additional regulation of
NFE«kB not observed in the WT IL-6
promoter (Fig. 6B). In this regard a
2-fold activation of this mutant IL-6
promoter by IKKaWT, not seen in
the intact promoter, is also seen on
the NFkB reporters (Fig. 7, Band C)
and suggests negative cross-talk
between IKKa/AP-1 and IKKea/
NEkB pathways. In addition, the
IL-6 promoter AP-1 site demon-
strated high constitutive activation
in Caco-2 cells, suggesting that the
AP-1 site placed in the context of
the IL-6 promoter may be subject to
negative regulation (63). Negative
cross-talk has also been described in
liver tumor cells in response to
TGFB where transient NFkB activa-
tion inhibits AP-1 DNA binding and
signaling with important conse-
quences for tumor progression (64).
There is evidence in the literature of both positive and negative
cross-talk between the NFkB and AP-1 pathways and many
genes require the simultaneous activation of both transcription
factors working cooperatively (64 —66).

Although p110 PI 3-kinase overexpression as well as IL-1
treatment activated the IL-6-specific AP-1 site reporter plas-
mid (Fig. 8A4), the elevated constitutive activation likely masked
a more robust IL-1 response. Nevertheless, inhibition of PI
3-kinase by LY294002 as well as overexpression of either
dnAKT or IKKaT23A significantly lowered constitutive AP-1
activation. Furthermore, overexpression of IKKaWT reversed

v
AP-1 activation l

P
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the inhibitory effect of dnAKT. Taken together, this is direct
evidence that AP-1 is a major downstream target of AKT/IKK
and is likely part of a novel IL-1 responsive signaling pathway to
the induction of IL-6 gene transcription. Although other inves-
tigators have found evidence for the requirement of the IKK
complex, as a whole, including IkBa in AP-1 function, in
response to lipopolysaccharide (66), this is the first report of a
direct role for AKT/IKK« in AP-1 function. Interestingly in
IKKa knock-out mouse embryonic fibroblasts there was evi-
dence of decreased induction by serum stimulation of both
JunB and JunD (59). A link between IKKa and ¢-fos activation in
response to epidermal growth factor has been demonstrated to
involve the phosphorylation of histone H3 on the c-fos pro-
moter (67). Future work will address if IKK« directly phospho-
rylates AP-1 family members or is upstream of another kinase
in AP-1 activation.

In our study there was 20-fold more IL-6 mRNA produced
than was translated into protein, suggesting a translational
block on IL-6 mRNA in Caco-2 cells. However, previous studies
have shown that the 3'-untranslated region of the /L-6 mRNA is
rich in AU sequences involved in mRNA stability by IL-1,
lipopolysaccharide, and TNFa in osteoblasts (68). These
sequences may not be functional in the Caco-2 cell line where at
4 h post-IL-1 treatment most of the /L-6 mRNA was down-
regulated suggesting rapid degradation. A role for the AKT/
IKKa pathway in regulation of Tor kinase has recently been
established with resulting increases in protein synthesis rates
(52). It will be of interest to determine whether AKT/IKKa
might also be involved in IL-6 translational regulation in
response to IL-1.

IKKea has been shown recently to phosphorylate the CREB
co-activator CBP and mediates cytokine-induced phosphoryl-
ation and subsequent acetylation of specific residues in histone
H3 on NF«kB responsive promoters (69). IKKa phosphorylation
of CBP, which increases its histone acetyltransferase activity
can switch its binding preference from one transcription factor
to another with consequences for cell growth (51). Enhanced
IL-6 promoter activation is associated with CBP/p300 binding
to p65/NFkB as well as to CREB with associated increases in
histone acetylation (70). One might speculate that IL-1 signal-
ing via AKT/IKKa could switch the binding preference of p300
from NF«B to AP-1. Future investigations will address this as
well as the role of AKT/IKK« and CREB in IL-1 induction of
1L-6.

There have been several studies describing a causative role
for IL-6 in colon tumor development and progression (71-74).
One of these involves an IL-6 gene variant with high sensitivity
to IL-1pB (75, 76). In colon cancer cells harboring this variant
IL-6 may be particularly effective in advancing the adenoma/
carcinoma sequence. Interestingly, a dominant-negative
mutant of c-Jun exhibited a significant antitumor effect in colon
cancer demonstrating the possibility of AP-1-based gene ther-
apy as a novel treatment of colorectal cancer (77-80). Under-
standing the regulation of NFkB and AP-1 and their cross-talk
in the regulation of their target genes such as IL-6 may lead to
the development of novel therapeutics for the control of inflam-
matory diseases of the mucosa.
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