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Figure 2. Characterization of the MM1 ascites model. (A and B), Kinetics of asciies accumuludon and cell proliferation. The animals were sacriliced at various
time points after intaperitoneat inocylation of MM cells. The ascites volunte (A) and the total cell number (B) were determined as described. (C), Regression
plos of the abdominal ratio versus ascites volume. Measurement of body size was performed immediately before sacrifice, and the ascites volume was then

measured. Each dot represents an individual anhinal.
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Figure 3, Conserved protein degradation machinery under normoxia via the ODD domain in MM1 cells in vitro. EGFP fluotcscence from two ditfcrent MMI
clones stably wansfected with the pMX-NLS-ODD-EGFP vector was measured by flow cytometry. Three difTerent clones were subjected to this expedment.
EGFP represents a clone from pMXivesEGFP wansfected MMI cells, and clone-5, 8 are the clones frorn pMX-NLS-ODD-EGFP tranfected cells. Top punels are
from cells cultured under normavic (gray area) or 1% 0, conditions (black line). The battom panels are front cells culwred under normaxic conditions with (black
line) or without (gray urea) cobalt chloride. The experiments were repeated three times and the duta shown are from a represeatative experiment.

ten (60%) wreated animals showed a complete cure of ascites
and lived as long as 200 days unti! being sacrificed for
inspection of the abdominal cavity. No ascites or invasive
cancer foci were observed in any of these animals, Three out
of ten weated animals showed delayed ascites regression, and
died after about 30 days.

The kinctics of the TOP3 effects was cxamined in detail
(Fig. 5B) using the body measurement method described
above. The pattern of ascites fuid accumulation in TOP3-
treated animals was almost the sume as that in untreated
animals until day 14. However, all untreated rats died within
17 days while TOP3-treated animals survived for much
longer. The ascites fluid gradually decreased in the TOP3-
treated animals and returned to a novmal level after 30 days.

Since the ascites volume increased Lo an cqual extent until
day 14, irrespective of (he reatment, we examined the cell
components of the ascites cytologicully. As shown in Fig. 64,
a remarkable change was observed in the cell population

pattern; the number of tumor cells decreased while monocyle/
macrophage numbers increased in the TOP3-treated ascites
fluid. There was a small number of neutrophils, but the cell
population showed no change after treatment, and almost no
lymphocytes were detected. Flow cytometric analysis also
showed that ascites cells consisted of two major populations
(Fig. 6B). In the ascites taken from untreated animals on day
13, most of the cells were tumor cells, In contrast, TOP3-
treated ascites showed guite a different pattern, with less
tumor cells and increased numbers of smaller cells. To confirm
that these smaller cells were monocytes/macrophages, we
analyzed the ascites cells with the monoclonal antibody
CDI11b, which recognizes monocytes and macrophages, as
well as ncutrophils (25). The gated smaller cell population
that appeared after TOP3 weatment was indeed shown to be
CDI Ib-positive (Fig. 6C). Taken together, these resulls suggest
that TOP3 treatment decreased the number of tumor cells and
increased monocyte and macrophage levels in ascites.
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Figure 4. In vitro effects of TOP3 on MM cells, (A), Tncrease of cuspase-3
activity by TOP3 under hypoxic cunditions. MM1 cells were culiured under
normoxic topen bars) or hypoxic (filled bars) conditions for 15 h, TOP3 was
then added to achieve the indivated concentration. Relutive caspase-3 uctiviry
with various TOP3 concentrations is presented as relative OD (mean of
three independent experitnents = SD; “*p<0.001, *p<0.01) compared with
the caspase-3 activity of untreated hypoxic cells. (B), Increased cell death
with TOP3 treatment under hypoxia, MM cells incubated under normoxic
(fett punel) or hypoxic {right panel) conditions with the indicated TOP3
cancentration were subjected to DNA content analysis by flow cytometry.
The percentage of apoptotic subG! cells is shown. (C), DNA samples from
the same cells as in (B) were subjected to electophoresis for identification
of DNA ladders. The data shown are from cells enftured under hypoxic
conditions. TOP3 concentrations are 0 €a), 50 tb) and 100 (c) py/ml,
respeclively, ’
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Figure 5. The anti-tumor effect of TOP3. (A), Prolonged survival due to TOP3
treatment of malignant ascites, TOP3 (o) 1n=10) or buiTer (@) (n=9) was
injected intraperitoneally. The ruts were menitored until day 200 when all
surviving animals were sucrificed and subjected to autopsy to explore recurrent
tumors. (B), Regression of ascites due to TOP3 weatment. The same animals
as in (A) were subjected to body size measurements on day 7,9, 13, 20, 27
and 34 ta monitor ascites volurme. Buffer-treated animals were measured
unly uctil day 13 because all of them died within 17 days. A group that was
not challenged with tumor vells is shown as a control (A) (n=3). Values are
the meun = SD.

Discussion

A solid twmor is highly heterogeneous in terms of its micro-
environment, including properties such as oxygen level, pH
and concentration of nutricnts (26). In comparison with this
complexily, cultured hypoxic conditions might be too
simplified to lest hypoxia-targeling drugs appropriately. In
contrast, malignant ascites are characterized by conditions
that include hypoxia, low pH and lIow plucose concentration.
Tt should also be noted that MM cells in ascites can survive
and even divide in almost anoXic ascites fluid for several
days, whilst cultured MM cells mostly dic after 48 h under
1% oxygen conditions (data not shown). Moreover, in the
ascites mode], host response to the hypoxia-targeting therapy
can be observed, such as the massive macrophage induction
observed in this study.

Efficacy and drug delivery are the two major obstacles to
be overcome in developing a wmor hypoxia therapy for solid
tumors (27). In a hypoxic region, tumor cells are resistant to
the death signal and some of them are not dividing, hence
also making these cclls resistant to conventional tierapy. Drug
delivery to the hypoxic region is difficult due to the interstitial
pressure and/or the distunce trom blood vessels (28).
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Figure 6. A decrease in the number of cancer cells and an increase of mono-
cytes/macrophages in TOP3-reared ascites, (A), Ascites cells on day 13 were
counted by morphology. Open bar, neutrophil, gray bar, monocyte/macry-
phuge; und black bar, cuncer cetl. Three animals were examined and
represanbative duta are chown | (B, Ascites colls wers exunined by flow
cytometry. The dot plot shows the ascites cells treated with the buffer (a) or
TOP3 (b) on day 13. The percentuge of the number ol gated smaller-sized
cells gur of the total number of cells was 5.0% in untreated ascites (a) and
29.2% in TOF3-treated (b} ascites, respectively. (C), The population of
smaller-sized cells induced by TOP3 treaunent expressed the monocyte/
macrophage surface anigen (CD11b), The ascites cells were stained with
anti-CD1 1b antibody and analyzed by flow cytometry. The histogram show's
a compirison of the swined (open peak) and unstained (closed peak) cells in
the gated area frym the TOP3-treated cells in (B, b).

TOP3 was designed o surmount these obstacles. However,
evaluation of the efficacy of TOP3 in vive by monitoring the
size of a solid tumor might underestimate the effect of such
hypoxia-targeting therapy, because the area of extreme hypoxia
is just a small portion of the total tumor mass. Hence, to
evaluate the efticacy of TOP3 in vivo, we utilized a malignant
ascites model. The merits of this model are as follows. First,
it provides a large number of homogeneous hypoxic cells that
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are adapled to hypoxia. Second, a drug can be easily delivered
by intraperitoneal injection. Third, collection ol ascites fluid
is feasible and allows useful information about the mechanism
of the drug effects to be obtained.

To monitor the ascites formation without intervention,
previous studies have used body weight, circumference of the
belly (29), or grading bused only on the appearance of the
animals (30). In our model, we also measured body weight,
but found no significant correlation with asciles volume (data
not shown). Body weight is influenced by multiple factors
and any change should be defined as a net weight gain or loss
during the experimental period. Animals are expected to gain
weight due to ascites aceumulation, as well as through natural
growth, since they are in the stage of rapid growth, whereas
they should lose weight due to severe cachexia caused by
massive ascites formation (31). Based on (he results prescnted
here, we concluded that our body measurement method
provides an easy and accurate estimation of ascites volume.

In malignant ascites of both patients and some animal
models, a high level of VEGF has been repotted (32,33). As
VEGF potently induces vascular permeability, it might be
one of the factors that promote ascites accumulation, Indeed,
several reports have demonsurated that anti-VEGF treatments
are effective against the formation of experimental ascites
(30,34), Since hypoxia is one of the major inducers of VEGF
expression (19), low oxygen tension in ascites fluid might
be a causative factor in promoting VEGF expression and
consequently ascites accumulation. In our model, ascites
cells expressed higher levels of VEGF mRNA than cultured
MM]1 cells, and ascites fluid showed a high level of VEGF,
as also found by ELISA in ascites models (data not shown).
The decrease of YEGF in ascites after TOP3 treatment might
directly impair ascites accumulation, since the effect of VEGF
is quite sensitive to its level (35). To assess whether TOP3 is
beneficial to patients with malignant ascites, the oxygen level
of the malignant ascites will need to be analyzed.

We have demonstrated here that TOP3 has a dramatic
effect both in vitro and in vivo, The mechanisn through which
TOP3 completely cured ascites may be rather complex, and
two possibilitics are apparent, One is a divect effect in which
TOP3 directly induced apoptosis in ascites cancer cells, as
waus cleariy observed in the experiments in vitro, The other is
a more indirect effect of the host immune system, which may
be triggered by massive tumor cell death following TOP3
treatment. The latter mechanism muse at [east be involved to
some extent, since TOP3 treatment could not kill all the asciles
cells directly. Indeed, the ascites cells recovered in the culture
the day after the final TOP3 injection grew as fast as unweated
MM cells (data not shown). As TOP3 injection induced a
remarkable number of monocyte/macrophage in ascites, these
host defense cells might produce such a secondary effect by
presenting turnor antigen to the acquired immune system (36),
secreting cytotoxic cytokines (37) or producing nitric oxide
(38).

Our next concern, and one of paramount importance, is
the use of TOP3 in combination with other cancer therapies,
such as radiation therapy, chemotherapy and anti-angiogenesis
therapy. As any hypoxia-targeting therapy, and especially
that of TOP3, is specific to the hypoxic region, maximum
cllicacy should be expected when it is combined with other
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therapies that ave cffcctive in the well-oxygenated region. We
are now Llesting it in combination with radiotherapy, chemo-
therapy and anti-angiogenesis therapy.
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We recently reported that cAMP suppresses apoptosis
in eolen eancer cells and induces cellular inhibitor of
apoptosis protein-2 (¢-IAP2) via a cAMP-responsive ele-
ment (CRE), suggesting a mechanism for chemopreven-
tion of colon cancer by non-steroidal anti-inflammatory
drugs. In this study, we used T84 human colon cancer
cells to define the pathway by which increases in cAMP
induce ¢-[IAP2 expression. Treatment with several dif-
ferent ¢AMP agonists stimulated phosphorylation of
CRE-binding protein (CREB) and activated expression
of ¢c-IAP2 in a CREB-dependent manner. Studies with
pharmacological inhibitors revealed that cAMP-depend-
ent phosphorylation of CRER required activation of
ERK1/2 and p38 MAPK but was largely independent of
protein kinase A, Immunoblots and transeriptional re-
porter assays using specific inhibitors, as well as expres-
sion of constitutively active forms of MEK1 and MKK3,
showed that ¢-IAP2 induction by ¢cAMP is regulated pre-
dominantly through ERK1/2 and p38 MAPK and sug-
gested involvement of p90 ribosomal protein 86 kinase
and mitogen and stress response kinase-1 as well. Con-
sistent with those results, we found that cAMP-depend-
ent suppression of apoptosis was blocked by treatment
with inhibitors of ERK1/2 and p38 MAPK. We conclude
that ¢cAMP can induce ¢-IAP2 expression in colon cancer
cells through CRER phosphorylation and CRE-depend-
ent transeription in a manner that involves activation of
ERK1/2 and p38 MAPK. These results emphasize that
activation of kinases other than protein kinase A can
mediate the actions of agents that increase cAMP, par-
ticularly in the regulation of CREB-dependent events.

Suppression of normal apoptotic pathways contributes to
tumor progression and confers resistance to eytotoxic antican-
cer drugs and radiation (1). The second messenger cAMP has
antiapoptotic actions (2-4), and its primary effector enzyme,
PKA,! is a target for cancer therapy (5—7), Prostaglandin E,
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1734 solely to indicate this fact.
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! The ablweviations used are: PKA, protein kinase A; IAP, inhibitor of
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(PGE;), which is formed from arachidonic acid by cyclooxyge-
nases, binds to G,-coupled receptors and increases intracellular
cAMP concentration (8). Cyclooxygenase levels are high in hu-
man colon cancers (9), and cyclooxygenasge inhibition prevents
cell proliferation and promotes apoptosis (10, 11). Recently we
reported that increases in cAMP levels promoted by PGE, or
other agents that raise cAMP inhibit apoptosis in colon cancer
cells through the induction of ¢-JAP2, therefore suggesting a
novel mechanism of cancer chemoprevention by non-steroidal
anti-inflammatory drugs (12).

Inhibitors of apoptosis proteins (IAPs) are characterized by a
domain of about 70 amine acids, termed the baculoviral IAP
repeat (BIR), based on the original discovery of these apoptosis
suppressors in the baculoviral genome (13, 14). IAP family
proteins have potentially important roles in the regulation of
apoptosis and tumorigenesis (16, 16), The expression of sur-
vivin, one of the JAP family proteins, is significantly increased
in several human cancers (17). Although eight human I1APs
have been identified (18), ¢-TAP1/BIRC2 and ¢-IAP2Z/BIRC3 are
the only JAPs that appear to be part of a signaling complex
recruited to the cytoplasmic domain of the type 2 TNF receptor
(19). In addition, ¢-IAF2 was also suggested to be a causative
gene of mucosa-associated lymphoid tissue lymphoma and to
have a role in carcinagenesis and tumor progression (20), The
active forms of caspase-3 and -7 are directly inhibited by c- IAP2
(19), which can also prevent the proteolytic processing of pro-
caspase-3, -6, and -7 by blocking the cylochrome c-induced
activation of procaspase-9 {21},

Fwnreggion of ¢-TAP2 iz regulated through mnltinle resula.
tory elements in its promoter region, A NF-«B binding site is
essential for induction by TNFa in Jurkat T cells (22) and
radiation in human embryonic kidney 293 cells (23). Dexam-
ethasone induces c-IAP2 expression through a putative glu-
cocorticoid response element in A549 hwman lung cancer cells
(24), while a cAMP-responsive element (CRE) has an essential
rale in induction of ¢-IAP2 expression by ¢cAMP in T84 colon
cancer cells (12).

ment; CREB, CRE-binding protein; ERK, extracellular siynal-regulated
kinase; MAPK, mitogen-activated protein kinase; RSK, 1ibosomal pro-
tein 86 kinase; MEK, mitogen-activated protein kinasc/extracellula-
signal-regulated kinase kinase; MKK, MAPK kinase; MSK, mitogen
and stress response kinase; PGE,, prostaglandin E,; BIR, baculaviral
IAP repeat; TNF, tumor necrosis factor; mAb, monoclonal antibedy:
CTX, cholera toxin; 8-CPT-cAMP, 8-(4-chlorephenylthio)-cAMF; Fsk,
furskolin; (R )-cAMFS, adenosine 3',5'-cyclic monophosphothioate, R,
isomer; 8-CPT-2'-0-Me-cAMP, 8-(4-chlorephenylthio}-2'-O-methyl-
cAMP; WT, wild type; CHO, Chinese hamster ovary; ATF-2, activating
transcription factor-2.

This paper is available on line at hup://www.jbc.org
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Fic. 1. cAMP induces c-IAP2 expression primarily through PKA-independent pathways. A, T84 cellg, transfected with pGL3-c-IAP2-
WT-Luc sud pSV40-RL-Luc, were stimulated for 6 h with PGE,, Fik, or 8-CPT-cAME (CPT) or for 12 Iy with CTX at the indicated concentrations.
Cell extracts were assayed by a dual lueiferase assay. Results represent relative increases compared with untreated controls and are mean * S.E.
{n = 4; %, p < 0.05 versus conlrols, respectively). B, T84 cellg, iransfecled with pGL3-c-TAP2-WT-Luc and pSV40-RL-Luc, were Lrealed with HBY
(10 pm) or (R )-cAMI'S (Rp, 100 pm) for 1 h and stimulated for 6 h with 8-CPT-cAMP (CPT, 100 pM) or 12 h with CTX (250 ng/ml). CTX and CP’T
both significantly increased ¢ LAT*2 promoter aclivity in Lhe absence or presence of inhibitors (p < 0.05), Results shown represent relalive promoter
activity compared with CTN- or CPT-treated cclls without inhibitors as 100% and are mean *+ SE. (n = 3; ¥, p < 0.05, N.S., not significant), C,
T84 cellg were treated for 1 h with 11689 (10 pn) or (B, }cAMPS (Rp, 100 uM) and further stimulated for G h with 8-CPT-cAMP (CPT, 100 pb) or
12 h with CTX (250 ng/m)). Cells were lysed in SDS smmple buffer, and proteins were analyzed by immunoblotting with the indicated antibodies.
The bottom graphs show densitometric results of the respective blots normalized against actin levels and expressed relative to unstimulated
controls and are mean = S.E. (n = 3; *, p < 0.05, N.S., not significant). CTX and CPT both significantly increased ¢-IAP2 protein expression in
the absence or presence of inhibitors (p < 0.05), D, T84 cells, serum-starved for 12 h, were treated with H89 {10 pu) or (R, e AMPS (Rp, 100 pm)
for 1 h and stimulated with Fsk (1 pM) or 8-CPT-cAMP (CPT, 100 pv) for 3 min, Cell extructs were assayed for PKA aclivity using the PepTag
aseay. Results represent relative changes in PKA artivity compared with untreated controls and are mean = SF. (0 = 3; %, p < 0.05 versus Fsk-
or CPT-treated cells witheut inhibilors, respectively). IB, immunoblot; pAB, pulyclonal anlibody.
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Fii. 2. cAMP stimulates ¢-IAP2 promoter activity through phosphorylation of CREB. 4, T84 cells, bransfected with pCMV-HA {(Vector),
pCMV-CREB WT (WT), pCMV-KCRERE (X), or pCMV-CREB 51334 (5133A), pGL3-c-JAP2-CREII-Lue; and pSVAGRL-Luc, were stimulated for 6 h
with 8-CPT-cAMP (CPT, 100 uM). Cell extracts were assayed by a dual luciferase assay. Results vepresent relative increases compared with
vertor-transfected, untreated controls and are mean £ SE. (n = 8; ¥, p < 0.05; N.§., not significant, respectively), B, T84 cells were serum-starved
for 12h and incubated for 1 h with or without H8Y (10 pio) and (R, )-cAMDS (Rp, 100 pM} ag indicated. Afler 30 min of further incubation with Fgk
(1 M) or 8-CPT-cAMP (CPT, 100 M), cclle were Iysed in SDS sample buller, and proicins were analyzed by immunoblotling with the indicated
anlibodics. The right graph shows densitometric results of the blots for phosplio-CREB normalized Lo tolal CREB expression. Data are expressed
relative to enstimulated cells without inhibitors and arc mean = SE, (n = 3; *, p < 0.05 versus Fsk- or CPT-trecated cclls without inhibitors,
respectively), IB, immuncblot; pAb, polyclonal antibody,
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spectively. Polyclonal antibodies against CREB, phespho-CRERB, phos-
pho-MEK], phospho-p90RSK, p44/42 MADK, phospho-pdd/42 MATK,
p38 MAPK, and phospho-p38 MAPK and the MEK1/2 inhibitors
PD98059 and U126 were ohtained from (ell Signaling Technology Inec.

In this study, we unalyzed the signal transduction pathways
that mediate induction of ¢-IAP2 in response to increases in
cAMP in T84 cells. We show that cAMP-promoted phosphoryl-

ation of CREB and transcriptional activation of ¢-IA[2 appear
in large part to be mediated by activation of ERK1/2 and p38
MAPK, perhaps acting via p90RSK and MSK1.

EXPERIMENTAL PROCEDURES

Aniibodies and Reagents—Anti-c-IAP2 polyclonal antibody and anti-
aeclin monoclonal anlibody (mAb) were from Chemicon Tnternalional
(Temeruta, CA) and Santa Cruz Bivtechnology 18anta Cruz, CA), ro-

203

(San Diego, CA). mAb against Rapl waa from BD Biescience Phavmin-
gen. Cholera toxin (CTX), 8-CPT-cAMP, forskelin (Fsk), human rcrom-
binanl TNFn, phorbol 12-myrislale 13-ucetate, H8Y9, (R )}cAMPS,
§B203530, and SB202190 were from (Calbicchem. PGE, was from
Sigma. 8-CPT-2-0-Me-cAMP was purchased from BIOLOG Life Sci-
cnce Institute (Bremen, Germany).

Plasmids—pCMV-HA  (vector control), pCMV-CREB  (wild-type
CREE), pCMV-KCRER (daniuant negative form), and pCMV-CREE
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$133A (dominant negative form) were purchased from Clontech. pUSE-
MEK]1 5218D/5222D) (dominant active form) was purchased from
Upstate Biotechnology (Luke Placid, NY). pBabeHygro-MKK3A
(S189E/T193E) (dominant active form} was a gift from Dr. Peiging Sun
(25). pGL3-¢-IAP2-WT-Luc (—1931 to +27) and pGL3-c-IAP2-CREII-
Luc (—87 to +27) were described previously (12),

Cell Culture—T84 human colon epithelial cells were cultured in 50%
Dulbecce’s modified Eagle's medium, 50% Ham's F-12 medivm supple-
mented with 5% newborn calf serum and 2 mM L-glutamine. Chinese
hamster ovary (CHO) cells were cultured in Ham’s F-12 medium sup-
plemented with 10% fetal bovine serum and 2 mum L-glutamine.

Immunoblot Analysis—For detection of phospho-ERK1/2 and phos-
pho-p38 MAPK, cells were lysed in 1% Triten X-100, 10 raM Trie-HCl
(pH 7.4), 5 mM EDTA, 150 mM NaCl, 0.5 mm Na,VO,, 10 mM NaF, 1
ug/ml aprotinin, and 1 mM phenylmethylsulfonyl flusride. For detection
of other proteins, cells were lysed in 1% SDS sample buffer and soni-
cated twice for 15 s, Proteins were geparated by SDS-PAGE and ana-
lyzed by immunoblotting with the indicated antibodies. Specific binding
was visualized by Super Signal West Dura extended duration substrate
(PYierce) and quantified by using an EpiChemi II darkroom image ana-
Iyzer MTitravielet Products),

Dual Luciferase Assay—T84 cells in 24-well plates were transfected
using the FuGENE 6 transfection reagent (Roche Applied Science) with
pGL3-¢-IAP2 (—1931 ta +27) or pGL3-¢-IAP2-CREIL-Luc (—87 to +27),
pRL-8V40-Luc (Promega, Madison, WI) currying Renilla Juciferase un-
der the control of a constitutively active SV40 promoter as a transfec-
tion control, and CREB, MEK1, or MKK3 expression vectors as indi-
cated in the figure legends, The dual luciferase assay was conducted
with a dual luciferase reporter assay system (Promega).

PEA Activity Assay—Kinase activity of PKA was assayed with the
PepTag® assay (Promega). Briefly T84 cells serum-starved for 6 h were
treated for 1 h with H89 (10 ) or (R, ))-cAMPS (100 uM) and stimulated
with Fsk or 8-CPT-cAMP for 3 min, Cells were washed with phospate-
buffered saline twige and lysed in lvsis buffer (1% Nonidet P-40, 150 mM
Tris-HCl, pH 7.5, 50 mM NaCl, 10 my NaF, 1 mM phenylmethylsulfony!
fluoride). Lysates containing 8 pg of total protein were incubated with
2 up of PepTag Al peptide in reaction buffer for 8 min. Phosphorylated
peptide was separated by 0.8% agarose gel electrophoresia and quanti-
fied by using an EpiChemi IT darkroom image analyzer,

ERK1/2 and p38 MAPK Kinase Assay—Kinase activities of ERK1/2
and p38 MAPK were assayed with a p44/42 MAPK assay kit (non-
radioactive) and p38 MAPK assay kit (nan-radioactive) (Cell Signaling
Technology Inc.), respectively. Briefly T84 cells were preincubated with
inhibitors for 1 h followed by incubation with 8-CPT-cAMP for 30 min.
Cells were lysed in lysis buffer and centrifuged at 20,000 X g for 10 min,
The supernatants were incubated with immobilized anti-phospho-
p44/42 MAPK or anti-phospho-p38 MAPK mAb for 4-12 1, Precipitated
kinases were incubated with Elk or activating transcriptien factor-2
(ATF-2) fueion protein for 30 min in kinase reaction buffer containing
200 pM ATP, and phosphorylation of fusion proteins was detected by
immunoblotting with phosphaapecific antibodies.

Rapl Pull-down Assay—Cells were scrum-starved overnight and
incubated with inhilitora for 1 h followed by further stimulation as
indicated in the figure legends. Cell were lyvsed in lysis buffer (1%
Nonidet P-40, 25 mxt HEPES (pH 7.4), 150 mM NaCl, 10% glycerol, 1
my EDTA, 10 mM MgCl., 0.5 mM Na VO, 10 mum NaF, 1 pg/ml apro-
tinin, and 1 mM phenylmethylsalfonyl fluoride) and centrifuged at
20,000 X g for 1 min. The supernatants were incubated with 15 ug of an
agarose conjugate of Ral GDS-Rap binding domain (Upstate Biotech-
nology)} for 45 min, and the beads were washed with lysis butfer three
times. The precipitates were separated by SDS-PAGE and analyzed by
immunocblotting with anti-Rapl mAb.

Analysis of Apoptosis—T84 cells were incubated with inhibitors for
1 h followed by further incubation with CTX or 8-CPT-cAMP for 1 h.,
Cells were stimulated with staurosporine for 12 h and lysed in lysis
bulfer, After centrifugation of cells at 250 X g for 5 min, supernatants
were isolated and assayed with the Cell Death Detection enzyme-linked
immunosorbent assay PLUS lit (Roche Applied Science).

Cuspase-3 Assay—Caspase-3 activity was assayed with a colorimet-
ric assay kit (R&D Systems, Minneapolis, MN),

Data Presentation and Analysis—Results are shown as mean * S.E.
of at least three experiments as indicated in the figuve legends, Com-
parisons between experimental groups were by paired or unpaired ¢ test
as appropriate with p < 0.05 considered significant.
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Fic. 3. CREB phosphorylation is mediated by ERK1/2 and p38
MAPK. T84 cells were serum-starved for 12 h and incubated for 1 h
with BB202190 (SE, 20 pwm), U0126 (U, 10 p), and (R, »-cAMPS (Rp,
100 pn) alone or in combination as indicated, After 30 min of farther
incubation with 8-CPT-cAMP (CPT, 180 pM), cells were lysed in SDS
sample bufler, and proteins were analyzed by immunoblotting with the
indieated antibodies. The lower graph shows densitometrie results of
the blots for phospho-CREB normalized to total CREE expression. Data
are expressed relative to unstimulated controls without inhibitors and
are mean * S.E, (n = 3; *, p < 0.05; N.8., not significant), Inhibitors,
with the exception of (R,,)-cAMPS alone (lane b), significantly decreased
CREB phosphorylation (lanes cf, p < 0.06). JB, immunollot; pAb,
polyclonal antibedy.

RESULTS

eAMP Induces c¢-IAP2 Expression Predominantly through
PKA-independent Pathways in T84 Colon Epithelial Cells—We
have previously shown that inereases in cellular cAMP levels
can transeriptionally induce c-IAP2 expression in T84 cells
(12), To characterize the underlying mechanisms, we investi-
gated the effects of multiple agents that raise cellular cAMP
concentrations to regulate the activity of a full-length tran-
scriptional reporter of ¢-IAP2, PGE, binds to G,-coupled EP2
and EP4 receptors on colon epithelial cells and increases intra-
cellular cAMP concentration (26, 27), Fsk directly stimulates
adenylyl cyclase activity and increases ¢AMP production. We
also used CTX, which catalyzes the ADP-riboaylation of G,
leading to the activation of adenylyl cyclase, and the mem-
brane-permeant cAMP analog 8-CPT-cAMP. Stimulation of
T84 cells with all four agonists that raise intracellular cAMP
increased c-IAP2 promoter activity in a concentration-depend-
ent manner (Fig. 14).

To begin to define the downstream signaling mechanism for
the ¢cAMP-promoted increase in ¢-IAP2 promoter activity, we
first focused on the role of PKA, the major effector kinase that
mediates the action of cAMP, Surprisingly two different phar-
macological inhibitors of PKA, H89 (10 uM) and (R, )-cAMPS
(100 pm), showed only limited inhibition (<25%) of cAMP-de-
pendent increases in ¢-JAP2 promoter activity (Fig. 1B) and

204



cAMP-mediated Induction of c-IAP2

A B

= PGExr Fsk CPT TNFux -

" IB: a-phospho-padid2 pAl KA
TSR s s
Laetd geem g O

rtake e i =

Coomasswe blue stain

cPT CPT
- HE9 Rp U -~ ~— HB9 Rp
i = Phospho- ) S oy o 1 Phospho-
[ e " ] Proieh LT ATE
1B; a-phospho-Elkd KA |1B: u-phosphe-ATF-2 pAb
TER P T g 4t S,
[ RO — - Total EIk1 -L-' — _;;; ;:?Elz

Coomassie blua stain

26179

1B; c-pa4/42 MAPK pAb

itz = Phospho-

TR e TR YT pa8 MAPK
1B: s1-phospho-p38 pAb ig | 1B: a-phospho-p38 pAb
e s g = g L = = = psdiaek
1B: a-p38 MAPK pAb 1B; er-p38 pAb
D cPT Me E (% | Me F
. HBS = = 4 -+ — CPT Me PMA
> 15 30 5 15 30 min iy o [ o e vt e
- — n e ed em e . ] [T & em wm GTP-Rap!

o8pho-pasia2 MAPK pAb

TB4 | 1B aphosho-pddid2 pAb

""1B; a-p44i42 MAPK pAb

18: a-phospho-p38 MAPK pAb CHO

[ e o == o= Totaf Rop

1B: a-Rap1 mAb

! —— e s ~
IB: o-phospho-pd4/42 pAb

SRR T et e e s s

18: n-p44/42 MAPK pAD

F16. 4. cAMP activates ERK1/2 and p38 MAPK in a PKA-independent manner. A, T84 cells were serum-starved for 12 h and treated with
PGE, (1 pn), Fsk {10 um), 8-CPT-cAMP (CPT, 100 um), or TNFa (100 ng/ml) for 30 min, Cells were lysed and analyzed by immunoblotting with
the indicated antibodies. B and C, cells, serum-starved for 12 h, were treated with H89 (20 um), (R )-cAMPS (Rp, 100 pwm), or U0126 (U, 10 um)
for 1 h and incubated with 8-CPT-cAMP (CPT, 100 pN) for 30 min. Cell lysates were prepared and analyzed by non-radieactive kinase assay ({A).
Immunoprecipitated phospho-ERKL/2 or phospho-p38 MAPK were incubated with Elk or ATF-2 fusion protein for 30 min at 30 °C in the presence
of ATP (200 pn), and phosphorylated fusion proteins were analyzed by immunoblotting with the indicated antibodies (K4, top panel). The total
amount of fugjon protein present in each reaction was visualized by Coomassie Blue staining (XA, second panel). Total cell lysates were analyzed
in parallel by iiumunsblotting (IB) with the indicated antibodies (zhird and fourth panels). D and E, T84 cells (D), serum-starved for 12 h, or CHO
cells (E) were treated with HE0 (10 uM) for 1 h and incubated with 8-CPT-cAMP (CPT, 100 pM) or 8-CPT-2'-0-Me-cAMP (Me, 100 uM) for the
indicated times (D) or 15 min (E). Cells were lysed and analyzed by immunoblotting with indicated antibodies, F, T84 cells, serum-starved for 12 h,
were incubated with 8-CPT-cAMP (CPT, 100 uM), 8-CPT-2'-0-Me-cAMP (Me, 100 pM), or phorbol 12-tuyristate 13-acetate (PMA, 1 puM) for 2 min,
Cells were lysed and assayed for Rapl activation with a pull-down assay. Precipitates (fop panel) and total cell lysates (bottom panel) were analyzed

by immunoblotting with anti-Rapl mAb. pAb, polyclonal antibody.

protein expression (Fig. 1C), although increases in PKA activ-
ity after Fek and 8-CPT-cAMP stimulation were effectively
inhibited by the same concentrations of these agents (Fig. 1D).
These data suggested that cAMP-induced ¢-IAP2 expression is
predominantly regulated by PKA-independent pathways in co-
lon epithelial cells. Subsequent studies were designed to exam-
ine this possibility.

cAMPE Stimulates ¢-IAP2 Promoter Activity through Phospho-
rylation of CREB—Qur previous data indicated that a CRE in
the c-IAP2 promoter region is necessary for induction by cAMP
(12), suggesting that CREB may be a prominent factor in
contrelling cAMP-dependent ¢-1AP2 transcription. To test this
idea directly, we perfuormed co-transfections with a minimal
¢-IAP2 transcriptional reporter that contains the proximal
CRE region and is fully responsive to ¢cAMP stimulation {12)
and an expression vector encoding one of two dominant nega-
tive mutants of CREB, KCREB or CREB 5133A. KCREP forms
an inactive dimer with endogenous CREB and blocks its ability
to bind to CRE (28). CREB 8133A contains a serine to alanine
mutation at position 133 that blocks phosphorylation of the
mutant CREB and thus its ability to initiate CRE-dependent
transcription (29). Both dominant negative forms of CRER
abrogated increased c-lAP2 promoter activity induced by
8-CPT-cAMP (Fig, 2A) and CTX (data not shown), whereas
co-transfection with wild-type CREB showed a slight, albeit not
significant, increase in ¢-IAP2 promoter activily compared with
vector-transfected contirol. Furthermove, consistent with its
functional importance, endogenous CREB was phosphorylated
in response to treatment of T84 cells with Fsk or 8-CPT-cAMP,

whereas ATF-2 and CCAAT/enhancer-binding protein, other
transcriptional factors that bind to CRE, wers only minimally
phosphorylated under these conditions (Fig. 2B and data not
shown). Together these data indicate that phosphorylated
CRER plays an essential role for ¢-TAPZ gene transcription in
response to increases in cAMP.

CREB Fhosphorylation Is Mediaied by ERK1/2 and p38
MAPE—Phosphorylation of CREB is required for its transcrip-
tional activation (30). Although PKA is an important kinase for
CREB phosphorylation, we found that in T84 cells the PKA
inhibitors H89 and (R,)-cAMPS only slightly suppressed its
cAMP-dependent phosphorylation (Fig. 2B). Therefore, we hy-
pothesized that in this system other kinases, such as pS0RSK,
a kinase downstream of ERKY/2 (31}, and MSK]1, a kinase
downstream of ERK1/2 and p38 MAPK (32), both of which can
phosphorylate CREB (33), might participate in the phesphoryl-
ation of CREB in response to increases in cAMP, We found that
both p90RSK and MSK1 were phosphorylated after stimulu-
tion with 8-CPT-cAMP (Fig. 3) and Fsk {data not shown).
Phospherylation of p90RSK promoted by 8-CPT-cAMP was
inhibited by the MEK1/2 inhibitor U0126 (10 M}, while it was
slightly, but net significantly, increased by the p38 MAPK
inhibitor SB202190. 8-CPT-cAMP-promoted phosphorylation
of MSK1l was inhibited mwoderately by both U026 and
SB202190 and more strongly by the combination of these
agents (Fig. 3). The PKA inhibitors (R )-¢cAMPS (Fig. 3) and
HE9 (data not shown) did not affect Fsk- or 8-CPT-cAMP-
stimulated phosphorylation of p90RSK or MSK1, These results
suggest that cAMP activates p30RSK through ERK1/2 and
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MBK1 through ERK1/2 and p38 MAPK in T84 cells and that
activation of these kinasges occurs independently of PKA.

Importantly CREB phosphorylation promoted by 8-CPT-
cAMP (Fig. 3) or Fsk (data not shown) was significantly sup-
pressed by U0126 or SB202190 alone, and this suppression was
even more pronounced after addition of both inhibitors. Addi-
tion of (R }cAMPS, which by itself only minimally decreased
CREB phosphorylation (Fig. 2, B and 3, lane b), together with
U0126 and SB202190 caused only modest and not significant
further inhibition beyond that produced by the latter agents
(Thg. 3, lanes e and f). Siinilar results were obtained by using
other inhibitors for ERK1/2 and p38 MAPK, f.e. PD98059 and
SB203850, respectively (data not shown). These data suggest
that ERK1/2 and p38 MAPK are involved in the cAMP-depend-
ent phosphorylation of CREB.

cAMP Activates ERK1/2 and p38 MAPK in T84 Cells—
Because the results in Fig, 3 suggested the involvement of
ERK1/2 and p38 MAPK in the phosphorylation of p90RSK and
MSK]1, we directly examined the activation of ERK1/2 and p38
MAPK in responge to agents that raise cAMP levels, Treatment
of T84 cells with PGE,, Fsk, or 8-CPT-cAMP enhanced phos-
phorylation of ERK1/2 and p38 MAPK within 30 min as did
TNFa as a positive control (Fig, 44). Furthermore in vitro
kinase assays demonstrated that increased phosphorylation of
ERK1/2 and p38 MAPK after 8-CPT-cAMP stimulation was
accompanied by activation of these kinases. Thus, activated-
ERK1/2 or p38 MAPK immunoprecipitated from 8-CPT-cAMP-
stimulated cell lysates showed an increased ability, relative to
control cells, to phosphorylate their respective substrates, Elk
or ATF-2 fusion proteins (Fig. 4, B and C). Increased ERK1/2
kinase activity was completely inhibited by treatment with
U0126 but was insensitive to PKA inhibitors (Fig. 4B), docu-
menting further that ERK1/2 activation is PI{A-independent in
T84 cells, In contrast, in CHQ cells ERK1/2 activation by cAMP
is a PKA-dependent event because H89 inhibited ERK1/2 phos-
phorylation induced by 8-CPT-cAMP stimulation (Fig. 4E), a
finding consistent with prior reports (34). The PKA inhibitors
also failed to inhibit the cAMP-dependent increase in p38
MAPK activity (Fig. 4C). Taken together, these results support
the conclusion that increases in cAMP activate both ERI{1/2
and p38 MAPK in T84 cells, and these activations appear to
occur independently of PKA.

In addition to PKA, another recently recognized effector of
cAMP action is Epac, a guanine nucleotide exchange factor for
the small GTPase Rap, which is able to regulate ERK1/2 activ-
ity in some cells (35, 36). Because our results showed that
cAMP-promoted ERK1/2 activation i a PKA-independent
event, we examined the ahility of 8-CPT-2'-0-Me-cAMP, a spe-
cific activator of Epac that activates Rapl in CHO, PC12, and
human embryonic kidney 293T cells (34), to stimulate ERI1/2
activation in T84 cells. We found that 8-CPT-2"-0-Me-cAMP
failed to activate ERK1/2 and p38 MAYPK in these cells (Fig. 4,
D and E), although as a positive control, this analog was able to
activate Rapl (Fig. 4F), consistent with the conclusion that
¢AMP-promoted ERK1/2 activation in T84 cells occurs via an
Epac-independent pathway.

cAMP Induces ¢-IAP2 Expression through the Activation of
ERK1/2 and p38 MAPK—We next examined the involvement
of ERK1/2 and p38 MAPK in eAMP-dependent transcriptional
activation of the c-IAP2 gene. Stimulation of ¢-IAP2 promoter
activity by CTX and 8-CPT-cAMP (sce Fig. 1A) was signifi-
¢antly diminished by adding the MEK1/2 inhibitor U0126 and
the p38 MAPK inhibitor SB202190, and this inhibition was
even greater by combined treatment with both inhibiters (Fig.
6A4). Consistent with this, increased c-IAP2 protein expression
after stimulation with CTX and 8-CPT-cAMP was also mark-
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Fig. 5. cAMP induces ¢ IAP2 prolein expression through
ERK1/2 and p38 MAPK activation. A, T84 cells, transfected with
pGL3-¢-JAP2-Luc and pSV40-RL-Luc, weve treated for 1 h with (R)-
cAMPS (Rp, 100 unm), SB202910 (SB, 20 uM), and U0126 (U, 10 um)
alone or in combination and stimulated for 12 h with CTX (250 ng/ml)
or 8 h with B-CPT-cAMP (CPT. 100 uM). Cell extracts were assayed by
a dual luciferase assay. Results represent relative promoter activity
compared with CTX. or CPT-treated cells without inhibitors as 100%
and are mean = S.E. (n = 3; *, p < 0.05 versus CTX- or CPT-treated
cells without inhibitors; #, p < 0.05 relative to cells treated with either
of the inhibitors alone; N.S., not significant), B, T84 cells were treated
for 1 h with (R)-cAMPS (Kp, 100 un), SB202910 (SB, 20 uM), and/or
U0126 (T, 10 p) as indicated and incubated for 12 h with CTX (250
ng/ml) or 6 h with 8-CPT-cAMP (CPT, 100 pn). Cells were lysed in SDS
sample buffer, and proteins were analyzed by immuncblotting with the
indicated antibodies. The lower graphs show densitomnetric results of
the respective blot normalized against actin levels and expressed rel-
ative to unstimulated controls without inhibitors and are mean * $.E.
(n = 3; %, p < 0.05 versus untreated centrols; #, p < 0.05; N.S., not
eignificant). C, T84 cells were transfected with pUSE-MEK1 (S218D/
8222D) (MEKI-octive) and/or pBabeHypro-MKK3SA (AKK3-active),
pGL3-¢-IAP2-Luc, and pSV40-RL-Luc and incubated for 12 h, Cell
extracts were assayed by a dual haciferase assay, Results represent
relative increases compared with vector-transfected controls und ave
mean * 8.E. (n = 3; *, p < 0.05 versus vector-transfected cells; #, p <

0.05). IB, immunoblot; pAb, polyclonal antibody.

edly inhibited by the combination of inhibitors of MEK1/2 and
p38 MAPK (Fig. 5B). Addition of (R )-cAMPS yielded no signif-
icant further inhibition of c-IAP2 expression, providing addi-
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FIG. 6. cAMP regulates apoptosis through ERK1/2 and p38 MAPK. T84 cells were incubated for 1 h with H39 (10 p.M) (R)-cAMPS (Rp,
100 pn), SB202910 (SB, 20 pM), and/or U0126 (U, 10 pM) as indicated followed by further incubation for 1 h with CTX (250 ng/ml) or B-CPT-cAMP
(CPT, 100 pn). Cells were stimulated with staurosporine (200 nM) for 12 h, and oligonucleosome release into the cytoplasm was assayed by
enzyme-linked immunosurbent assay (4 and B), or for 6 h, and caspase-3 activity was assayed by enzyme-linked immunosorbent assay (C). 4 and
C, results reprezent relative increases compared with untreated cells without inhibitors, respectively, and are mean = SE. (n = 3; *, p < 0.05

versus staurosporine-treated cells without CTX or CPT stimulation; #,

p < 0.05). B, results represent relative levels of 8-CPT-cAMP-mediated

inhibition of DNA fragmentation induced by staurosporine compared with CPT- and staurosporine-treated cells without inhibitors as 100% and
are shown as mean * S.E. (n = 3; %, p < 0.05 versus CPT- and staurosporine-treated cells without inhibiters),
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Fio. 7. Model of cAMP-mediated ¢c-IAP2 induction, PGE.-, CTX-,
and Fsk-stimulated increasea in cAMP activate PKA, ERK1/2, and p38
MAPK followed by p90RSK and MSK1 activation. The actions of cAMP
on ERK1/2 and p38 MAPK activation are likely to be indirect as indi-
cated in the figure with five errows. CREB, phosphorylated in response
to activation of pJORSK and MSK1, and to a lesser degree PKA, then
induces e IAP2 expression through CRE within the proximal cIAP2
promoter region. ¢-IAP2 protein inhibits activated caspase-3 and apo-
ptosis, AC, adenylyl eyclase.

tional support for the conclusion that PKA has a limited, if any,
role in mediating cAMP-dependent ¢-IAP2 induction.

As an alternative approach to defining the role of ERK1/2
and p33 MAPK in the regulation of ¢-IAP2 expression, we
performed co-transfections with a ¢ [AP2 promoter-reporter
and expression vectors for dominant active forms of MEK1
and/or MKK3, which are potent activators of ERK1/2 and p38
MAPKE, respectively (25, 37). Forced expression of active forms
of MEK1 or MKK3 induced ¢-IAP2 promoter activity, which
was further enhanced by co-transfection with both expression
plasmids (Fig. 5C). Based on these data, we conclude that

ERK/2 and p38 MAPK play a pivotal role in the cAMP-pro-
moted induction of ¢-IAP2 via increased phosphorylation of
CREB.

cAMP Regulates Apoplosis in Colon Epithelial Cells through
ERK1/2 and p38 MAPK--To assess the biological significance
of the involvement of ERK1/2 and p38 MAPK in the ¢IAP2
induction stimulated by cAMP, we assayed T84 cells for apo-
ptosis. Treatment of T84 cells with CTX or 8-CPT-cAMP inhib-
ited apoptosis induced by staurosporine as assessed by quan-
titative analysis of DNA fragmentation. This inhibition was
abrogated by adding a combination of inhibitors of ERK1/2 and
p38 MAPK (Fig. 64). When we examined these inhibitors in-
dividually, U0126 and SB202190 as well as H89 but not (R)-
cAMPS, each significantly blunted the 8-CPT-cAMP-promoted
inhibition of staurosporine-induced apoptosia {Fig. 6B). The
difference between the responses to H89 and (R,)-cAMPS
might relate to the ability of H89 to inhibit not only PKA but
alse MSK1 (38). U0126 and SB202190 also blocked the inhibi-
tion of caspase-3 activity produced by CTX or 8-CPT-cAMP
treatment of T84 cells (Fig. 6C); this effect was not further
enhanced by addition of (R)-cAMPS. These results are consist-
ent with the action of ¢-IAP2 in binding to the active form of
caspase-3 and thereby diminishing its activity (15) and with
results of experiments shown above for the role of kinases other
than PKA in regulation of c-IAP2 expression. Fig. 7 shows a
mode] that summarizes these pathways.

DISCUSSION

Apoptosis is a complex cellular process that is regulated by a
balance of stimulatery and inhibitory pathwaya. The ability of
c¢AMP to inhibit apoptosis might result from a blockade of
proapoptotic pathways, a stimulation of antiapoptotic path-
ways, or a combination thereof. While some of the proapoptotic
members of the Bcl-2 family, such ag BAD, have been reported
to be phosphorylated and inactivated by PKA, thereby result-
ing in inhibition of apoptosis (40-43), we recently identified an
alternative mechanisin for cAMP-mediated antiapoptosis: an
inhibition of apoptosis in intestinal epithelial cells by agonists
that increase cAMP and induce ¢-IAP2 via a CRE in the ¢-JAP2
promoter (12). We showed that ¢-1AP2 induetion by increases in
¢AMP levels inhibits apoptosis that occurs in response to anti-
Fas antibody (extrinsic apoptetic pathway) or staurosporine
(intrinsic apoptotic pathway). The resulis thus suggested a
novel mechanism for the eancer-chemopreventive effect of non-
stervidal anti-inflammatory drugs, which inhibit cyclooxygen-
ases and decrease PGE, synthesis (12).

In the current studies, we have identified new aspects of the
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signal transduction pathway by which increases in cAMP in-
duce ¢-IAP2 expression in colon cancer cells (Fig. 7). The data
show that CREB phosphorylation is a key step but that the
phosphorylation appears to oceur by kinases other than the
expected involvement of PKA. Activation of p90RSK and
MSK1, which follow ERK1/2 and p38 MAPK activation, ap-
pears to be involved in both CREB phoesphorylation and c-IAP2
induction. The current data also suggest that agents that raise
intracellular cAMP and induce c-IAP2 expression in T84 cells
do not appear to act via ATF-2 and CCAAT/enhancer-binding
protein, other transcriptional factors that bind to CRE, because
we found minimal phosphorylation of ATF-2 and CCAAT/en-
hancer-binding protein after eAMP treatment,

Conventional ideas emphasize that cAMP-mediated tran-
seriptional responses involve the ability of PKA to phosphoryl-
ate CREB (30). However, the data shown here provide evidence
for an alternative mechanism whereby cAMP promotes phos-
phorylation of CREB through ERK1/2 and p38 MAPK and
perhaps other protein kinases as well. Previous data have
implicated a role for p90RSK in the phosphorylation of CREB
promoted by certain growth factors (44, 45). Several of our
results imply a limited involvement of PKA: 1) two different
PKA inhibitors (H89 and (R,)-cAMPS) used at concentrations
that block PEA activity yielded only minimal inhibition of
CREB phosphorylation, ¢c-TAP2 promoter activity, and ¢-IAP2
protein levels, and 2} addition of (R,}-cAMPS along with inhib-
itors of ERK1/2 and p38 MAPK did not cause greater inhibition
of cAMP-induced ¢-IAP2 induction or abrogation of inhibition of
apoptosis or caspase activation by cAMP deapite inhibition of
PKA activity. Thus, the current results emyphasize a role for
ERK1/2 and p38 MAPK in cAMP-nediated induction of ¢-JAP2.
However, because H89 and (R, }-cAMPS had some ability to
decrease cAMP-promoted CREB phosphorylation and ¢-IAP2
promoter activity, PKA might contribute in a limited way to
CRE-dependent transcription through CREB phosphorylation,

cAMP ig involved in multiple cellular processes that are
thought to be mediated by PKA and Epac (46). Increases in
cAMP activate ERK1/2 through PKA in CHO, PC12, and hu-
man embryonic kidney 283T cells (34) or through Epac-Rapl in
primary kidney cells (35), while ERK1/2 is inhibited by in-
creases in CAMP in NIH 3T3 cells (34) and C6 rat glioma cells
(47). Moreover an increase in cAMP Jevels promoted by thyroid-
stimulating hormone stimulation activates p38 MAPK through
PKA in thyroid-stimulating hormone receptor-overexpressing
CHO cells (48), while cAMP activates p38 MAPK in a PKA-
independent manner in ThZ effector T cells (49). Here we show
that increases in ¢cAMP induce ERK1/2 and p38 MAPK activa-
tion in colon epithelial cells through PKA- and Epac-independ-
ent pathways, suggesting involvement of alternative mecha-
nisms of MAPK activation.

MAPKs regulate cellular activities ranging from gene ex-
pression, mitesis, motility, and metabolism to apoptosis. The
ability of ERK1/2 to regulate cell proliferation hag led to the
exploration of inhibitors of ERK1/2 as possible anticancer
agents {50, 51). The potential role of p38 MAPK in cancer
chemotherapy has also been considered, although p38 MAPK
inhibitors have primarily been tested for inflammatory disor-
ders (52, 53). In fact, inhibition of p38 MAPK promotes cell
death of UV radiation-treated melanoma cells (54) and TNF«-
treated myelomonocytic cells (55). Our results emphasize the
function of ERK1/2 and p38 MAPK in inhibition of apoptosis
through ¢-TAP2 induction and suggest a mechanism that may
contribute to actions of those kinases in cell death.

CRERB has been reported to regulate a number of target
genes related to tumorigenesis and to cell survival (56, 57),
including cyclin D1 or BRCA1 (30). Our findings emphasize the

cAMP-mediated Induction of c-IAP2

biological significance of CREB phosphorylation as a key event
in the induction of c-IAP2 via multiple protein kinases in ad-
dition to PKA. The data also suggest that kinase inhibitors,
other than inhibitors of PKA, might be able to blunt eAMP-
promoted antiapoptosis. As an alternative approach, one might
consider a CRE decoy system in which a decoy oligodeoxynucle-
otide carrying a CRE can be used te inhibit CRE-directed gene
transcription and tumor growth without affecting normal cell
growth (39),
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Hypozia-inducible factox-1 (HIF-1) is a master regula-
tor of cellular adaptive responses to hypozxia, Levels of
the HIF-1a subunit increase under hypoxie conditions,
Exposure of cefls to cextain nitric oxide (NO) donors also
induces HIF-la expression under monhypoxie condi-
tions. We demonstrate that exposure of cells to the NO
donor NOCI1B or S-nitrosoglutathione induces HIF-1la
expression and transcriptional activity. In contrast to
hypoxia, NOC18 did not inhibit HIF-1a hydroxylation,
ubiquitination, and degradation, indicating an effect on
HIF-1& protein synthesis that was confirmed by pulse
labeling studies. NOC18 stimulation of HIF-1a protein
and HIF-1-dependent gene expression was blocked by
treating cells with an inhibitor of the phosphatidylinosi-
tol 3-kinase or MAPK-signaling pathway. These inhibi-
tors also blocked NOC18-induced phosphorylation of
the translational regulatory proteins 4E-EP1, p70 S6 ki-
nase, and elF-4E, thus providing a mechanism for the
modulation of HIF-1a protein synthesis. In addition, ex-
pression of a dominant-negative form of Ras signifi-
cantly suppressed HIF-1 activation by NOC18. We con-
clude that the NO donor NOCI18 induces HIF-la
synthesis under conditions of NO formation during nor-
moxia and that hydroxylation of HIF-1« is not regulated
by NOC18.

Hypoxia induces a series of adaptive physiological responses
(1). At the cellular level, the adaptation involves a switch of
energy metabolisin from oxidative phosphorylation to anasro-
bic glycolysis, increased glucose uptake, and the expression of
stress proteins related to cell survival or death (2). At the
molecular level, the adaptation involves changes in mRNA
transeription and mRNA stability (2, 3). One of the most im-
portant transcription factors that activates the expression of
oxygen-regulated genes including vascular endothelial growth
factor (VEGF)! and inducible nitric-oxide synthase is hypoxia-
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research on priority areas “Cancer” from the Ministry of Education,
Culture, Sports, Science and Technology (to K. H.). The costs of publi-
cation of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “cdvertisement”
in ageordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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! The abbreviations used are: VEGF, vascular endothelial growth
factor; HIF.1, hypozia-inducible factor 1; GLUTI, ghucose transporter 1;
MAPE, mitogen-activated protein kinase; PLIK, phosphatidylinositel
3-kinase; NO, nitric oxide; elF-4E, eukaryotic initiation factor; 4E-BP1,
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inducible factor 1 (HIF-1) (4—6). VEGT is a potent angiogenic
and vascular permeability factor that plays critical roles in
both physiologieal and patholegical angiogenesis (7). Recently,
the expression of VEGF in responase to heregulin-induced acti-
vation of the HER2Mmeu receptor tyrosine kinase in breast
cancer cells (8), IGF-1 stimulation of colon cancer cells (9), and
insulin treatment of retinal pigment epithelial cells (10) was
shewn to be mediated by HIF-1 via the phosphatidylinositol
3-kinase (PI3K) and mitogen-activated protein kinase (MAPK)
pathways. Thus, HIF-1 regulates both hypoxia- and growth
factor-induced VEGF expression,

HIF-1 iz a heterodimer composed of a constitufively ex-
pressed 8 subunit (HIF-18) and an inducibly expressed o sub-
unit (HIF-1a) (4). The regulation of HIF-1 aclivity ovcurs at
multiple levels in vivo (11). Among these, the mechanisms
regulating HIF-1« protein expression and transcriptional ac-
tivity have been most extensively analyzed. The von Hippel-
Lindau tumor suppressor protein (VHL) has been identified as
the BIF-la-binding component of a ubiguitin-protein ligase
that targets HIF-1« for proteasomal degradation in nonhypoxic
cells (12-15). Under hypoxic condifiong, the hydroxylation of
specific proline and asparagine residues in HIP-1a is inhibited
due to substrate (O,) limitation, resulting in HIF-1« protein
stabilization and transeriptional activation (14, 16, 17). The
iron chelator deferrioxamine (DFX) inhibits the prolyl and as-
paraginyl hydroxylases, which contain Fe?* at their catalytic
sites, causing HIF-1« stabilization and transactivation under
normoxic conditions (12, 13).

Signaling via ihe HERZ/neu and IGF-1 recepior tyrosine
kinases induces HIF-1 expreasion by an independent mecha-
nism. HERZ2/neu activation increases the rate of HIF-1a pro-
tein synthesis via PI3K and the downstream gerine-threonine
kinases AKT (protein kinase B} and FKBEP/rapamycin-associ-
ated protein (FRAP; also known as mammalian target of rapa-
mycin (mMTOR)) (8). IGF-1-induced HIF-1a synthesis is depend-
ent upon both the PISK and MAPK pathways (10), FRAP/
mTOR phosphorylates and activates the translational

elF-4E-hinding protein 1; FRAP, FKBRP/rapamycin-assaciated protein;
mTOR, mammalian target of rapamyein; VHL, von Hippel-Lindau;
HRE, hypoxia-responsive element; DFX, desferrioxamine; TAD, trans-
activation domain; HA, hemagglutining GST, glutathione S-transferase;
GSNO, S-nitrosoglutathione; SNP, sodiwm nitroprusside; CHX, cyclo-
heximide; RT, reverse transcriptase; PBS, phosphate-buffered saline;
X-gal, 5-bromo-4-chlore-3-indolyl-g-D-galactopyranoside; NLS, nuclear
localization signal; ERK, extracellular signal-regulated kinase; MEK,
mitogen-activated protein kinase/extracellular signal-regulated kinase
kinase; CREB, cAMP-respunse element-binding protein; E1, ubiquitin-
activating enzyme; E2, ubiguitin carrier protein.
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Fi6. 1. Effect of NO donors on IIF-1« Ievels in HEK293 cells, A,
HEK293 cella were exposed to 500 pM NORA (lunes 2 and 3), 500 pm
NORS5 (lenes 4 and §), 500 uMm NOC18 {lanes 6 and 7}, 500 pn GSNO
(lanes 8 and 9), 100 ni SNP (lanes 10 and 71), or 100 pM NFX (fanes 12
and 13) for the indicated periods, and whaole cell lysates were subject to
an immunoblot {IB) assay for HIF-1« (upper panel) or HIF-18 (lower
panel) protein expression. B, HEK293 cells were exposed to the indi-
cated doses of NOC18 or GSNO prior to immunoblot analygis of whole
cell lysates using monoelonal antibodies specific for HIF-1a top) or
HIF-1 protein (bottom). C, comparison of kinetics of HIF-1e induction
by NOC12 and NOC183. Cells were exposed to 500 uM NOC12 (top, lanes
2-5), 500 pum NOCI18 (top, lanes 6-9), 40 pm NOC12 (bottom, lunes 2-4),
or 500 pM NOC18 (bottomn, lunes 5-7) for 30 min to 8 h prior to
immuneblot analysis.

regulatory proteins eukaryotic initiation factor 4E (elF-4E)-
binding protein 1 (4E-BP1) and p70 86 kinase (p705°%), Phos-
phorylation of 4E-BP1 disrupts its inhibitory interaction with
eIF-4E, whereas activated p70%°® phosphorylates the 40 8
ribosomal protein 86. The eflect of HER2/neu signaling on
translation of HIF-1« protein is dependent upon the presence
of the 5'-untranslated region of HIF-1a mRNA (8).

Nitric oxide (NO) is known to mediate many physiological
and pathological functions including vascular dilatation, eyto-
toxicity mediated by activated macrophages, and ¢GMP forma-
tion following glutamate receptor activation in neurons (18).
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Fic. 2. Effect of NQOCI18 on expression of HIF-1 target genes,
HEEK293 cells were treated with NOC18 or DFX for 24 h, and total RNA

was isolated. Expression of VEGF, GLUT], and HIF-1a mRNA and 18
S rRNA was analyzed by RT-PCR.
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NO has also been implicated in pathological conditions such as
destruction of tumor cells by macrophages, rheumatoid arthri-
tis, and focal brain ischemia. There are several reports demon-
strating that exposure of cells to certain NO donors or gaseous
NO modulates HIF-1 activity (19-23). S-nitrosoglutathione
{GSNO) or NOC18 induces HIF-1 activity under nonhypoxic
conditions (22). In contrast, sodium nitroprusside {(SNP) inhib-
its hypoxia-induced HIF-1 activation (19-21). However, the
molecular mechanisms that regulate HIF-1a expression and
trangactivation in response to NO donors are poorly defined. In
this study, we found that NOC18 induces HIF-1 activity by
increasing HIF-1« protein synthesis via PI3K- and MAPK-de-
pendent pathways.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Hep3B cells, HEK283 cells, and HCT116
cella were maintained in minimal essential medium with Earle's salts,
Dulbecco's modified Eagle’s medium, and McCoy's 5A medium, respec-
tively, supplemented with 10% fetal bovine gerum and 100 units/m]
penicillin, and 100 pg/ml streptomycin. Human umbilical vein endothe-
lial cells were obtained from Kurabo (Osaka, Japan) and cultured with
HuMedia-EG2 (Kurabo). DFX, the thiol-dependent NO releaser GSNO,
and N-acetyl cysteine were obtained trom Sigma. The spontaneous NO
releasers NOR4 (half-life, 80 min), NORS thalf-life, 20 h), NOC12 (half-
life, 100 min), and NOC18 (half:life, 21 h) were obtained from Dojindo
(Kumamoto, Japan). Cycloheximide (CIIX), SNP, wortmannin, genis-
tein, LY294002, PDS8059, and rapamnycin were cbtained from
Calbiochem. )

Plasmid Constructs—Fxpression vectors pGATA/HIF-1a (531-826),
pGAL4MIF-1at531-575), pGAL4/HIF-1a(726~826), and pGAL4/HIF-
1x(786-B826) were described previously (24), Plasmid p2.1 containg a
68-bp hypoxia response element (HRE) from the ENOI gene inserted
upstream of an SV40 prometer in the luciferase reporter plasmid pGL2-
Promoter {Promega), and p2.4 containg a mutation in the HRE (24, 25).
Plasmid pVEGF-Kpnl contains nucleotides —2274 to +379 of the hu-
man VEGF gene inserted into the Juciferase reporter pGL2-Basic (Pro-
mega) (26). The repmrter GATAEIbLuc contuins five copies of a GAL4
binding site upstream of 4 TATA sequence and firefly luciferase coding
sequences (24), A FLAG-tagged dominant negative form of HIF-1a
PCMV-3XFLAG-HIF-1«ANBAAB was gencrated based on pCEP4-IIF-
1aANBAAB (27). The expression plasmid pCH-NLS-HIF1«(548-603)-
LacZ was described elsewhere (28), Plasmids encoding pB5A, a domi-
nant-negative form of the PI3K p85 regulatory subunit, and a kinose-
dead form of Akt were gifts from Dr. Wataru Opawa (Kobe University,
Kobe, Japan) (29, 30). Plasmid encoding a dominant negative forn of
Ras 131) was a generous pift from Dr. Kaikobad lrani (The Johns
Hopkins University, Baltimore, MD),

Hypoxic Treatment—Tissue culture dishes were transferred to a
modular incubator chamber (Billups-Rothenberg, Del Mar, CA), which
was flushed with 1% O,, 5% CO,, 94% N, sealed, and placed at 37 °C.

Immunoblot Assays—Whoele cell lysates were prepared by incubating
cells for 30 min in cold radioimmune precipitation assay buffer contain-
ing 2 m¥ dithiothreitol, I mM NaVO3, and Complete protease inhibitor
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FiG. 8. Effect of NO donors on HRE-dependent gene expression. HEK293 cells were transfected with pTK-RL eucoding Renilla Iuciferase
and one of the following plasmids encoding firefly luciferase: HRE reporter p2.1 {A-C), mutant HRE reporter p2.4 (B), or VEGF promoter reporter
pVEGF-Kpnl-Luc (D). Cells were exposed to 20 or 1% 0, with or without NO donors for 16 h and then harvested for luciferase assays. C, cells were
co-transfected with p2.1, pTK-RL, and the indicated amount of expression vectars encoding either no protein (EV) or a dominant negative form of
HIF-1« (DN}, The total amount of expression vectors was adjusted to 500 ng with empty vector. The ratio of fivefly to Renilla luciferase activity
(RLA)was determined and normalized to the value obtained from nonhypoxic cells transfected with empty vector to obtain the relative luciferase
nctivity. Results shown represent mean * S.D, of three independent transfections,

(Roche Applied Science) (32). Samples were centrifuged at 10,000 X g to
pellet cell debris. For HIF-1a and HIF-18, 100-ug aliquots were frac-
tionated by 7.5% SDS-PAGE and subjected to an immuncblot assay
using mouse monoclonal antibody against HIF-1w (BD Biosciences, San
Jose, CA) or HIF-18 (H15234; Novus Biclogicals, Littleton, CO) at
1:1400 dilution. Signal was developed using ECL reagent (Amersham
Biosciences). For phosphorylated protein, HEK293 cells or HCT118
cells were serum-starved (0.1% fetal buvine serum for 24 h) and treated
with NOC18, and 50-pug aliquots were analyzed using specific antibod-
ies (1:1000 dilution) (Cell Signaling Technology, Beverly, MA). Sigual
was developed by using ECL reagents {Amersham Biosciences).

Inhibitor Treatments—PDAI8059, LY294002, genistein, or rapamycin
was added 1 h before exposure to NOC18 or 1% O,. CHX was added to
the medium of HEK203 cells that were treated with NOC18, GSNO, or
DFX for 4 h, and whole cell extracts were prepared at 15, 30, and 60
min,

RT-PCR—The protocol of RT-PCR is described elsewhere (33).
Briefly, cells were lysed, and RNA was isolated with TRIzol reagent
(Invitrogen), 0.5 pg of total RNA were subjected to fivst strand ¢cDNA
synthesis using the SuperScript 11 RT kit {Invitrogen) with random
hexamers, ¢(DNAs were amplified with TaqGold polymerase in a ther-
mal cycler with the following primer pairs: HIFIA, GAAAGCG-
CAAGTCCTCAAA and CTATATGGTGATGATGTGGCACTA, VEGF,
CCATGAACTTTCTGCTGTCTT and ATCGCATCAGGGGCACACAG;
GLUT1, GGGCATGTGCTTCCAGTATGT and ACGAGGAGCACCGT-
GAAGAT; 18 S, ATCCTGCCAGTAGCATATGC and ACCCGGGTTG-
GTTTITGATCTG, For each primer pair, PCR was optimized for cycla

number to obtain linearity between the amount of input RT product and
output PCR product. Thermocycling conditions were 30 s at 94 °C, 60 s
at 57 °C, and 30 s at 72 °C for 25 (HIF1A), 27 (VEGF), or 14 (18 S ¥rRNA)
eycles preceded by 10 min at 94 °C. PCR products were fractionated by
3% Nusieve agarose gel electrophoresis, stained with ethidium bromide,
and visualized with UV.

Metabolie Labeling Assay—The protocol is described elsewhere (8).
Briefly, a total of HEK293 cells were plated in a 10-cm dish, and 24 h
later the cells were serum-gtarved for 20 h. The cells were pretreated
with 500 pM NOC1S8 or 100 uM DFX for 30 min in methionine-free
Dulbecco’s modified Eagle's medium. ["*SIMet-Cys was added to a final
concentration of 0.3 mCi/ml, and the cells wesre pulse-labeled for 20-40
min and then harvested. Whole cell extracts were prepared, and 1 mg of
extract was precleared with 60 ul of protein A-Sepharose for 1 h. 20 pl
of anti-HIF-1 antibody H1 67 was added to the supernatant and rotated
overnight at 4 °C. 40 p of protein A-Sepharose was added, rotated for
2 h at 4 °C, pelleted, ond washed five times with 1 ml of radipimmune
precipitation buffer, The samples were analyzed by SDS-polyacryl-
amide gel electrophoresis, The gel was dried and exposed to x-ray film.

Immunoprecipitation Assay—Cells were harvested in 200 pl of lysis
buffer (Dulbecco’s PBS (pH 7.4), 0.1% Tween 20, 1 my sodium or-
thovanadate, and Complete protease inhibitor) and drawn through a
20-gauge needle four times. The lysate was incubated on ice for 1 b,
followed by centrifugation at 14,000 ypm for 15 min. The cleared lysates
were brought to a volume of 1 ml with lysis buffer followed by a 2-h
incubation with 20 pl of anti-HA (Roche Applied Science) or anti-FLAG
{8igma) affinity matrix beads at 4 °C on a votator. The beads were then
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Fic. 4. Effect of NOC18 and GSNO on HIF-1 protein stability
and synthesis. HEK293 cells were exposed to 500 pp NOC138 (4), 250
uM GSNO (B), or 100 pm DFX (A and B) for 4 h, and then CHX was
added to a final concentration of 100 pM. The cells were incubated fur
0-60 min, and whole cell lysates were subject to immunocblot (/B) assay
using anti-HIF-1u (fop) and HIF-18 (bottom) antibodies. C, pulse label-
ing of HEK293 cells. Serum-starved cells were pretreated with no drug,
NOC18, or DFX for 30 min in Met-free medium. [**S]Met-Cys was
added, and the cells were incubated for 20 or 40 min prior to prepara-
tion of cell lysates and immunoprecipitation of HIF-1a«, D, HEK293 cells
were transfected with plasmid pCH-NLS-HIF-1:(574-603)-LacZ (b—df)
or empty vector (a) and treated with NOC18 (c) or DFX {d). The cells
were stained with X-gal to detect nuclear expression of B-galactosidase.

washed three times with lysis buffer. Protein was eluted by the addition
of Laemmli sample buffer and analyzed by SDS-PAGE and immunoblot
analysis (16).

In Vitro HIF-1-VHL Inferaction Assay—Glutathione S-transferase
{GST)-HIF-1x(429~608) fusion protein was expressed in E. coli as
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described (16, 33), Biotinylated methionine-labeled proteins were gen-
erated in reticulocyte lysates using the TNT T7 coupled transcription/
translation system using Transcend biotinylated tRNA (Promega).
25-pg aliquots of HEK293 cell lysate were preincubated with NO donoer
or DFX for 30 min at 30 °C, 2,5 pg of GST-HIF-1a(429-~608) was added,
and the mixture was incubated for 30 min at 80 °C. A 5-pl aliquot of in
vitro translated biotinylated VHL protein was mixed with 4 ug of GST
fasion protein in a final volume of 200 ul of binding buifer (Dulbecco’s
PBS (pH 7.4), 0.1% Tween 20} and incubated for 2 h at 4 °C with
rotation followed by the addition of 10 wl of glutathione-Sepharose 48
beads (Amersham Biosciences) and incubation at 4 °C for 1 h. The beads
were pelleted, washed 3 times in binding butfer, pelleted again, resus-
pended in Laemmli sample buffer, and analyzed by SDS-PAGE. Pro-
teins were transferred to polyvinylidene difluride membrane and
visualized using streptavidin-labeled horseradish peroxidase and ECL
reagent (Amersham Biosciences).

In Vitro Ubiguitination Assay—HEK293 cella were washed twice
with cold hypotonic extraction buffer (20 mu Tris {pH 7.5}, 5 mn KCl,
1.5 myM MgCl,, 1 mM dithiothreitol) and lysed in a Dounce homogenizer.
The cell extract was centrifuged at 10,000 X g for 10 min at 4 °C, and
the supernatant was stored at 70 °C. Ubiquitination assays were per-
formed as described previously (33). 2 pul of HA-HIF-1a that was in vitro
translated (TNT Quick Coupled Transcription/Translation System; Pro-
mega) in the presence of [**S|methionine was incubated at 30°C in a
volume of 40 pl containing 27 pl (50 pg) of cell extract, 4 ul of 10X
ATP-regenerating system (20 mm Tris (pH 7.5), 10 mM ATP, 10 mM
magnesium acetate, 300 mn creatine phosphate, 0.5 mg/ml creatine
phosphokinase), 4 pl of 5 mghml ubiquitin (Sigma), 1 wul of 150 uM
ubiquitin aldehyde (Sigina), and HA.-HIF-1a was recoverad using anti-
HA-agarose beads, which were then mixed with SDS sample buffer and
boiled for 5 min. The eluates were analyzed by SDS-PAGE and
autoradiography.

Reporter Gene Assuys—Reporter assays were performed in Hep3B
cells and HEK293 cells (32, 34). 5 X 10* cells were plated per well on the
day before transfection. In each transfection, the indicated dose of test
plasmids, 200 ng of reporter gene plasmid, and 50 ng of the control
plasmid pTK-RL (Promega), containing a thymidine kinase promoter
upstream of Renilla reniformis (sea pansy) luciferase coding sequences,
were premized with Fugene 6 transfection reagent (Roche Applied
Science). In each assay, the total amount of DNA was held constant by
the addition of empty vector, After treatment, the cella were harvested,
and the luciferase activity was determnined using the Dual-Luciferase
Reporter Assay System (Promega). The ratio of fireily to sea paney
luciferase activity was determined. For each experiment, at least two
independent transfections were performed in triplicate.

X.gal Staining—HEK293 cells were washed twice with PBS, fixed
wilth 1% formaldehyde, 0.2% glutaraldehyde solution, washed twice
with FBS, and then treated with an X-gal staining solution (5 mM
potassium fervocyanide, 5 mu potassium ferricyanide, 1 ma MgCl,, and
0.047% X-gal) at 37 °C (28).

RESULTS

NO Donors Activate HIF-1 under Nonhypoxie Condi-
tions—To study the effect of NO on HIF-1 activation, we tested
several NO donors. NORs and NOCs spontaneously release NO
with different kinetics (see “Experimental Procedures”),
whereas GSNO and SNP require cellular thiol for NO release.
HEK293 cells were exposed to the compounds for 1-4 h at 20%
0,, harvested, and subjected to immunoblot analysis using
anti-HIF-1« or anti-HIF-18 antibedy (Fig, 14). Neither NOR4
nor NORS induced HIF-1« protein accumulation (lanes 2-5). In
contrast, exposure of cells to NOC18 or GSNO efficiently in-
duced HIF-1« protein accumulation comparably with 100 um
DFX (lanes 6-8, 12, and 13). SNP did not induce HIF-la
accumulation (lanes 10 and 11). Expression of HIF-18 was not
affected by NO donors or DFX. NOCs induced aceumulation of
IIIF-1a with quite different kinetics as compared with GSNO.
NOC18-induced accamulation was detected as early as 30 min
and lasted no less than 8 h. The effect of GSNO peaked at 1 h
(lane 8) and was lost by 4 h after the addition (lune 9},

NOC18 induced HIF-1a accumulation in a dose-dependent
manner up to 500 pM (Fig. 1B). Induction by GSNO was satu-
rated at a concentration of 100 pu, The accumulation of HIF-1a
induced by NOC12, which releases NO by the same mechanism
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as NOC18 but has a different NO-releasing time constant, was
stronger than that induced by NOC18 at 30 min at a concen-
tration of 250 uM (Fig. 1C, fop panel). However, the induction of
HIF-1a was dose-dependent such that the effect of 40 um
NOC12 was weaker than 500 un NOC18 (Fig. 1C, botiom
panel).

We screened other cell lines for the effect of NO doners on
HIF-1a protein levels. 500 pM NOC18 induced HIF-1a accumu-
lation in Hep3B human hepatocellular carcinoma cells and
HCT116 human colorectal carcinoma cells as strongly as 100
uy DFX (data not shown). NOC18 also induced HIF-1« in
human umbilical vein endothelial cells (data not shown), These
results indicate that the effect of NOC18 on HIF-1« expression
is observed in multiple transformed and primary cell types,

We investigated by RT-PCR whether NO donors induced
gene expression downstream of HIF-1, VEGF and GLUT1
mRNA expression was induced by NOC18 treatment under
nonhypozic conditions (Fig. 2). In contrast, HIF-1a mRNA ex-
pression was not affected by NOG18 treatment, indicating that
the effect of NOC18 occurs at the level of HIF-1a protein
expression, HEK293 cells were transfected with the reporter
p2.1, containing a HIF-1-dependent HRE, or p2 4, containing a
mutated HRE, NOC18 induced HRE-dependent gene expres-
sion in a dese-dependent manner comparably with DFX or 1%
0, (Fig. 3, A and B). The mutated reporter p2.4 was not acti-
vated by NOC18 (Fig. 3B), and expression of a dominant neg-
ative form of HIF-1a reduced p2.1 reporter gene expression
(Fig. 3C), providing evidence that the gene activation was
HRE- and HIF-1-dependent. NOC18 also induced dose-depend-
ent transcription of a reporter gene containing the VEGF pro-
moter encompassing nucleotides —2274 to +379 relative to the
transeription start site (Fig. 3D).

NOC18 Does Not Prolong HIF-1a Protein Half-life—To de-
termine whether NOC18 treatment affected HIF-1¢ protein
half-life, HEK293 cells were treated with NOC18 or DFX for
4 h to induce HIF-1a expression, and then CHX was added to
block ongoing protein synthesis. In the presence of CHX, the
half-life of HIF-1a was >80 min in DFX-treated cells but <15
min in NOC18-treated cells (Fig. 44). Similarly, the half-life of
GSNO-induced HIF-1a is <15 min in the presence of CHX (Fig.
4B). These results indicate that HIF-1« expression in NOC18-
treated cells is dependent upon ongoing protein synthesis. Sim-
ilar results were observed in Hep3B cells and human umbilical
vein endothelial cells (data not shown).

To analyze the rate of HIF-1w synthesis, serum-starved
HEK283 cells were pretreated with NOC18 or DFX for 30 min
and then pulse-labeled with [*5S]Met-Cys for 20 or 40 min,
follewed by immunopreeipitation of HIF-1a (Fig. 4C). In con-
trast to control serum-starved cells (Fig. 4C, lane I), *"S-la-
beled HIF-1a was clearly increased in NOC18-treated cells
{anes 2 and &), whereas the amount of labeled HIF-1a protein
was not increased in cells treated with DFX (Junes 4). Thus,
both the cycloheximide addition and metabolic labsling exper-
iments provide evidence for increased synthesis of HIF-1x in
response to NOC18 treatment.

by their reduced mobility after PAGE. B, GST-HIF-1c(429- 608) fusion
protein was incubated with in vitro translated VHL in the presence of
PBS or lysates untreated or treated with the indicated reagents, Glu-
tathiene-Sepharose beads were used to capture GST-HIF-1a, and the
presence of associaled VHL in the samples was determined by PAGE,
One-fifth of the input VHL protein waa also analyzed. € and D, FLAG-
tagged HIF-1a and HA-tagped VIIL were expressed in HEK203 cells.
Cells wers treated or untreated with 250-500 pw NOCLS or 100 pM
DIFX for 2 h and harvested. Lysates were incubated with anti-FLAG
affinity beads, and captured protein was eluted and analyzed by SDS-
PAGE. Epitapes were detected with anti-FLAG (fop) or anti-HA (bor-
tom) antibody. IP, inmunoprecipitation; IB, immunoblot.
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Fic. 6. Effect of NO scavenger, guanylate cyclase inhibitor,
and antioxidant on HIF-1« induction by NOCL8. HEK293 cells
were treated with 250 pm NOCGI18 or 100 uM DFX with or without
carbaxyl-PTIO (4), ODQ (B), or N-acetyl eysteine (NAC) (C) for 4 h and
harvested. Then the lysates were subjected to imnmunoblot (IB) assay
with anti-HIF-1a antibady.
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We also assayed the stability of a fusivn protein, consisting of
a nuclear localization signal (NLS), p-galactosidase sequences
(encoded by the lacZ gene), and HIF-1a residues 548—603. The
NLS-LacZ-HIF1a(548—-603) expression vector was transfected
into HEK293 cells, and #-galactosidase activity was analyzed
by X-gal staining after incubation of the cells in the presence of
500 pM NOC18 or 100 pM DFX. There was eszentially no X-gal
staining in cells that were transfected with empty vector,
transfected with NLS-LacZ-HIF1a(548—603) without {reat-
ment, or transfected with NLS-LacZ-HIF-1a(548-603) with
NOC18 treatment (Fig. 4D). In contrast, significant X-gal
staining was detected in NLS-LacZ-HIF-1a{548—603)-trans-
fected cells that were treated with DFX, which inhibits O,-de-
pendent degradation mediated by the HIF-1¢ domain of the
fusion protein,

NOC18 Does Not Affect the Interuction between HIF-1a und
VHL in Vitro or in Vivo—Under hypoxic conditions, VHL-de-
pendent ubiquitination of HIF-I« ia inhibited (12-14), To de-
termine whether NOC18 treatment affects ubiquitination, an
in vitro assay was performed using lysates prepared from con-
trol and NOC18-treated cells. As shown in Fig. 54, there was
no significant difference detected between lysates from NOC18-
treated or untreated cells with respect to their ability to
ubiquitinate HIF-le.

Incubation of a GST-HIF-1a(423—-608) fusion protein with
lysate from untreated eells resulted in proly! hydroxylation of
HIF-1« and interaction with VHL (Fig, 5B, lane 2). Lysate from
cells treated with DFX did not promote interaction of GST-HIF-
1a(429-608) with VHL (lzne 6). In contrast, lysate from cells
treated with NOC18 promoted the interaction (lane 3), similar
to control lysates, again providing evidence that NOC18 treat-
ment does not induce HIF-1a expression by inhibiting VHL-
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Fic. 7. Effects of NOC18 on HIF-la transactivation demain
function, Constructs encoding the GAL4 DNA-binding domain (amine
acids 1-147) fused to the indicated amino acids of HIF-1a were ana-
lyzed for their ability to transactivate reporter gene GAL4E1bLue,
containing five GAL4-binding sites, HEK293 cells were co-transfected
with pTK-RL (50 ng}, GAL4E1bLuc (100 ng), and GAL4-HIF-1« fugion
protein expression plasmids (100 pg). Cells were treated with 100 uM
DFX or 100500 pM NOC18 for 16 h and then harvested. The ratio of
firefly to Renilla luciferase activity was determined and normalized to
the value obtained from untreated cells transfected with plasmid en-
coding GAL4(1-147) to obtain the relative luciferase activity (RLA).

mediated ubiguitination. Similar results were obtained from
experiments using rabhit reticulocyte lysates (which also have
HIF-1a prolyl hydroxylase activity) instead of HEK293 cell
lysates (data not shown), Remarkably, lysate from GSNO-
treated cells partially inhibited the interaction of GST-HIF-
1a(429-608) with VHL (lane 4), whereas lysate from SNP-
treated cells dramatically increased the interaction (Jane 5).
HEK293 cells were co-transfected with expression vectors
encoding HA-tagged VHL and FLAG-tagged HIF-1n. Aliquots
of whole cell lysates were analyzed for expression of the pro-
teing directly or following immunoprecipitation of HA-VHL or
FLAG-HIF-1&. HIF-1x waa present in anti-HA immunoprecipi-
tates from cells co-expressing HA-VHL and FLAG-IIIP-1« (Fig.
5C, lane 3). Exposure of cells to NOC18 did not alter the
interaction of HA-VHL and FLAG-HIF-1« (Tig, 5C, lanes € and
5), consistent with the inability of NOC18 to inhibit VHL and
HIF-1o interaction in vitro, In contrast, DFX treatment inhib-
ited the intevaction (lane 6). FIH-1 is the asparagine hydroxy-
lase that negatively regulates HIF-1a transactivation domain
function under nonhypoxic conditions (16, 17). The interaction
between HA-FIH-1 and FLAG-HIF-1a was not affected by ei-
ther NOC18 or DFX (Fig. 6D). Taken together, results pre-
sented in Fig. b indicate that the molecular mechaniam of
NOC18 action is distinct from the inhikition of hydroxylase
activity that occurs in cells exposed to hypoxia or DI'X.
Impuct of NO Scavenger, Guanyl Cyelase Inhibitor, und An-
tioxidant on NOC18-induced HIF-1a Accumulation—To exam-
ine signal transduction pathways mediating effects of NO
donors on HIF-la protein induction, the NO scavenger
carboxyl-PTIO was utilized (35), Carboxyl-PTIO significantly
suppressed HIF-1a accumulation induced by NOC18 but not by
DFX (Fig. 64). Carboxyl-PTIO by itself did not have any effects.
Next we examined the impact of guanylyl cyclage activity on
HIF-1« accumulation, NO stimulates the activity of guanylyl
cyclase, which catalyzes the production of ¢cGMP, an important
second messenger {or signal transduction. In HEK293 cells, the
specific guanyl cyclase inhibitor 0DQ did not affect NOC18-
induced HIF-1a accumulation (Fig. 6B), providing evidence
that the guanylyl cyclase-cGMP pathway does not contribute to
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Nitric Oxide Up-regulates HIF-1a Synthesis

HIF-1a accumulation induced by NOC18,

NO is a radical, and equimolar amounts of O3 and NO form
peroxynitrite (ONOOQT), which decomposes at physiological pH
to generate oxidant with similar reactivity to the hydroxyl
radical. To examine whether the intracellular redox state mod-
ulates NOC18-induced HIF-la accumulation, HEK293 cells
were treated with NOCI18 in the presence of 50 muM N-acetyl
cysteine (NAC) (Fig. 6C). N-acetyl cysteine treatment did not
affect HIF-1« levels, suggesting that thiol-mediated redox sta-
tus does not play a critical role in NOC18-induced HIP-1«
expression, Transient overexpression of the intracellular redox
regulator thioredoxin also did not affect induction of HIF-1«
expression by NOC18 (data not shown),

HIF-1a-mediated Transactivation in Response to NOCI8
Treatmeni—We next investigated the impact of NOC18 on
HIF-1a transcriptional activity. There are two independent
transactivation domains (TADs) present in HIF-1e, which are
designated as the amino-terminal (amino acids 531-575) and
carboxyl-terminal (amino acids 786-826) TADs (TAD-N and
TAD-C, respectively) (24). Steady-state levels of proteins con- -
sisting of the GAL4 DNA-binding domain fused to HIF-la
TADs (GAL4-HIF-1a(531-575), GAL4-HIF-1a(531-826), and
GAL4-HIP-1a(786—826)) are similar under hypoxic and non-
hypoxic conditions (24). These GAL4-HIF-1a fusion constructs
can thus be used to examine the transeriptional activity of
HIF-1« independent of its protein expression (24, 32). Trans-
activation mediated by GAL4-HIF-1a(531-826), which con-
tains both TAD-N and TAD-C, or GAL4-HIF-1«(531-575),
which contains only TAD-N, is increased in cells exposed to
hypoxia or DFX (24). In contrast, GAL4-HIF-1«(786-828),
which contains only TAD-C, is constitutively active in un-
ireated cells, NOC18 treatment increased transactivation me-
diated by GAL4-HIP-1a(531-826) or GAL4-HIF-1x(531-575}
in g dose-dependent manner, whereas transactivation medi-
ated by GATL4-HIF-14(786-826) was not increased by exposure
of cells to NOC18 or DFX (Fig. 7). These results demonstrate
that NOC18 not enly promotes accumulation of HIF-1a but also
enhances HIF-1a transcriptional activity.

Effect of Kinase Inhibitors on NOC18-induced HIF-1 Activa-
tion—HEK293 cells were pretreated with LY294002, genistein,
PD98059, or rapamycin, which are selective pharmacologic
inhibitors of PI3K, {yresine kinases, MEK, and FRAP/mTOR
kinase activity, respectively. All of the agents inhibited the
induction of HIF-1w protein expression in NOC18-treated cells
(Fig. 84). The combination of LY294002, PD%8059, and rapa-
mycin markedly inhibited NOC18-induced HIF-1a expression
(Fig. 8B). In contrast to their effects on HIF-1a protein expres-
sion induced by NOC18 treatment, 1L.Y294002 or PD98059 had
little inhibitory effect on the expression of HIF-1la in DFX-
treated HEK293 cells (Fig. 84, lanes 9-14).

LY294002 and rapamycin inhibited expression of the HIF-1-
dependent reporter gene p2.1 induced by NOC18 but not by
DFX, whereas genistein and PD98059 inhibited hoth NOC18-
and DFX-indueed reporter gene expression (Fig. 8C, top). In-
{erestingly, the stimulation of HIF-1w« transactivation domain
functien by NOC18 was also blocked by kinase inhibitors,
whereas only genistein blocked DFX-induced transactivation

(GEN), 5 un LY294002 (LY), 50 pin PD88059 (ED), 100 nM wartmannin
(WT), or 200 nM yapamycin (Rap) and harvested after 4 h for analysis of
HIF-1oe protein. HRE-dependent gene expression (€ (fop) and D) or
HIF-1« transactivation domain function (C, boizom) were analyzed
using p2.1 or Gal4-HIF-1a(531-826) and GAL4ElbLuc, respectively.
Cells were pretreated with LY294002, genistein, FD98059, or rapamy-
cin and exposed to 250 pM NOCI8 or 100 uwv DFX, D, cells were
transfected with an expression vector encoding a dominant negative
forn of p85 PI3K, Akt, or Ras. IB, immnunoblet.
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Fi;. 9. MAPK and PISK pathway signaling in NOCl18-treated
cells, HEK293 and HCT116 cells were exposed to 100 or 500 pM
NOCI18. Whole cell lysates were prepared after 15, 30, or 60 min and
subjected to immunoblot (/B) assays using antibodies apecific for phos-
phorylated (Thr-202/Tyr-204) or total p42FH53/pd4FRE MAPK (A) and
phosphorylated (Ser-473) or tatal AKT (B).

(Fig. 8C, bottom). These results provide further evidence that
NOC18 and DI'X induce HIF-1 by distinct molecular mecha-
nisms. Moreover, NOC18-induced HRE-dependent gene ex-
pression was suppressed by a dominant negative form of PI3K
p85 subunit, AKT, or Ras, indicating critical voles of these
signaling proteins in transducing the effects of NOC18 to HIF-1
(Fig. 8D).

NOC18-induced Activation of MAPK, PI3K, aend Transla-
tional Regulators—HIF-1 activity induced by the stimulation of
receptor tyrosine kinases or G protein-coupled receptors re-
quires MAPK and PI3K signaling (10, 36). To determine
whether the MAPK and PI3K pathways were activated in
NOC-18-treated cells, the phosphorylation of p42FREY/p44EREL
and AKT were analyzed in HEK293 cells and HCT116 cells.
Increased phosphorylation of p42E%%/p44FH ! (Fig, 9A4) and
AKT (Fig. 9B) was induced by NOC18 treatment in both cell
types.

The signal transduction pathway involving PI3K, AKT, and
mTOR has been shown to regulate protein translation via
phosphoerylation of p70%K, the 86 ribosomal protein, and 4E-
BP1. In both HCT116 cells (Fig. 10) and HEK283 cells (datanot
shown), the phosphorylation of p70°°K, 86, and 4E-BP1 was
induced by NOCI18 stimulation in a dose- and time-dependent
manner. The mRNA cap-binding protein eIF-4E was also phos-
phorylated by NOC18 treatment of HCT116 cells (Fig. 10). This
result is congistent with studies indicating that ERK activates
the MAPK signal-integrating kinases, MNK1 and MNK2,
which in turn phosphorylate eIF-4E (37, 33).

DISCUSSION

The studies reported above demonstrate that treatment of
several different cell types with the NO donor NOC18 induces
HIF-1a protein expression and HIF-1 transcriptional activa-
tion, resulting in VEGF and GLUT1 mRNA expression. NOC1§
treatment did not increase the half-life of HIF-1u protein, did
not inhibit the interaction between HIF-1a and VHL, and did
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Fic. 10. Phosphorylation of the translational regulators
p70°°%, §6 ribosomal protein, and eIF-4E in NOCI18-treated
HCT116 cells. Cells were serum-starved for 24 h prior to NOC18
treatment. Whole cell extracts were prepared after NOC18 stimulation
and subjected to immunoblot (/B) assays using antibodies specific for
phosphorylated (Thr-421/Ser-424) or total p70%%¥, phesphorylated (Ser-
235/236) or total 86 ribosomal protein (SGR), phosphorylated (Sexr-65) or
total 4E-BP, and phosphorylated (Ser-209) or total elF-4E,

not inhibit the ubiquitination of HIF-1«, indicating that the
mechanism of NOC18 action does not involve inhibition of
HIF-1a prolyl hydroxylation. Rather than increasing the sta-
bility of HIF-1a, the data suggest that NOC18 increases the
rate of HIF-1a protein synthesis,

Whereas exposure of cells to hypoxia or DFX decreases
HIF-1« protein degradation, exposure of cells to heregulin,
IGF-1, insulin, or prostaglandin E, increases HIF-1a protein
synthesis (8-10, 36). In previous studies of MCF-7 and
HCT116 cells, the effect on protein synthesis was documented
by cycloheximide inhibition and by pulse-chase experiments
{8). In the present study, we also confirmed that NOC18 treat-
ment stimulated the synthesis of HIF-1a but had no effect on
HIF-1a protein stability in HEK293 cells. Thus, as in the case
of growth factor-treated cells, the increased expression of
HIF-1a protein in NOC18-treated cells is due to increased
synthesis,

As previously observed in growth factor-treated cells, the
effect of NOC18 is dependent upon its activation of the PI3K
and MAPEK pathways. Dependence on MEK activity for phos-
phorylation of 4E-BP1 and p70¥°" has been demonstrated in
other cellular contexts. In the case of IGF-1-stimulated colon
cancer cells, both MEK and PISK are required for activation of
p705°K, with MEK inhibitors preventing the phosphorylation of
Thr-421/Ser-424 in the Thr-389 by mTOR (39). ERK has been
shown te phosphorylate 4E-BP1 in vitro (40). The MEK-ERK
pathway also stirnulates the phosphorylation of eIF-4E, which
is required for its mRNA cap binding activity (37). Thus, NOC
signaling both derepresses {via phosphorylation of 4E-BP1)
and activates (via phosphorylation of eIF-4E and p70°%) pro-
tein synthesis, The effects of NO denors may not be specific for
HIF-1a. The known targets for phosphorylation by mTOR are
regulators of protein synthesis. The translation of several
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