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Abstract Electrical stimulation of -the vagal efferent nerve im-
proves the survival of myocardlal infarcted rats. However, the
mechanism for this beneficial effect is’ unclear. We investigated
the effect of acetyicholine (ACh) on. hypoxia-inducible factor
(HIF)-lu using rat cardiomyocytes under normoxia and hypox-
ia. ACh posttranslatmnnII}r regulated HIF-1a and increased its
protein level under normoxia. ACh increased Akt phosphorylation,
and wortmannin or atropine blocked this effect. Hypoxia-induced
caspase-3 activation and mitochondrial membrane potential col-
lapse were prevented by ACh, Dommnnt-negatwe HIF-1e inhib-

Cited the cell protective effect of ACh. -In acute myocardial

ischemiz, vagal nerve stimulation increased HIF-1a expression
and reduced the infarct size. These results suggest that ACh
and vagal stimulation protect cardiomyocytes through the
Pl3KJAktIl-ﬂF 1o pathway.

© 2005 Federation of European Biochemieal Sacieties. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

- —-The prognosis o_f_-pati_‘cfgg;s_-_\gigl} chronic heart failure remains

poor, due to progressive remodeling of the heart and lethal
arrhythmia. Acute ischemia or hypoxia causes loss of cardio-
myocytes, followed by. rcmodelmg in the chronic phase.
Although various therapeutic approaches have been intro-
duced, including implantable defibrillators [{], a more effective
modality of therapy has been anticipated for several years. A
recent animal study by Li et al. [2] demonstrated that vagal
nerve stimulation prevented ventricular remodeling after myo-
cardial infarction, sugpesting a novel therapeutic strategy

against heart failure. Furthermore, Krieg et al. [3] reported -

that acetylcholine (ACh) has a cardioprotective effect.

fect of vagal nerve stimulation on cardiomyocytes remains to
be clarified. To investigate this mechanism, we hypothesized
that vagal stimulation or ACh directly triggers a cell survival
signal that is subsequently amplified and leads to protection
of the cardiomyocytes from acute ischemic conditions, and

"Corresponding author, Fux: +81 88 880 2310,
E-mail address: kakinumagimed. kochi-w.acjp (Y. Kakinuma).

that this effect of ACh, if continued, could be responsible for
chronic cardioprotection.

In the present study, we focused on demonstratlng the cellu-
lar action of ACh through hypoma-mduclble factor (HIF)-1a.
HIF-1o is a transcription factor, that is iImportant for cell sur:
vival under hypoxia. HIF-1a activates the expression of many
genes indispensable for cell survival [4,5): Under normoxia, the
HIF-1a protein level is very low, due to proteasomal degrada-
tion through with von Hippel-Lindau tumor suppressor pro-
tein (VHL). However, HIF-1u escapes from. this degradation
under hypoxia, and this is recogmzed as the hypoxic pathway
(6, 7] Recently, it was rcvealed ‘that HIF-1d can be also in-
duced via a non-hypomc pathway by anglotensm 11 (8, 9] Ta-
ken together, it is conceivable that HIF-la induction is one
of the adaptation processes to hypoxia and ischemia, and that -
additional induction of HIF-1a during ischemia via a-non-hyp-
oxic pathway could provnde further, cardloprotcctlon

Therefore, we mvestlgated the. “direct effects of ACh on sur-
vival signaling in cardiomyocytes -and, of vagal stimulation
on hearts. The results suggest that ACh'and vagal stimulation
protect cardiomyccytes from aciite hypoxia and ischemia via

-.additional HIF-I& protem mductlon through a non-hypoxic

pathway.

2. Materials and methods

2.1, Cell culture

To examine the effect of ACh on c1rd10my0cy1es, H9¢2 cells as well
as primary cardiomyocytes isolated from neonatal rats were used.
H9c?2 cells, which are frequently used to investigate signal transduction
and channels in rat cardioniyocytes, are derived from rat embryenic
ventricular cardiomyocytes. H9¢2 cells were incubated in Dulbecco’s

~ modified Eagle's medium (DMEM’) containing 10% fetal bovine serum
. (FBS) and antibiotics. Prlmary cardiomyocytes were isolated from 2-
A 7 3-day-old neonatal WKY. rats and incubated in DMEM/Ham F-12
Although nitric oxide (NO} is supposed to be a major signaling .
molecule induced by ACh, a mechanism for the beneficial ef-

containing 10% FBS. HEK293 cells and Hela cells cultured in
DMEM containing 10% FBS were also used.

2.2. Western Blot analysis’

H9c2 cells and primary cardiomyocytes were treated with 1| mM
ACh 1o evaluate expression of HIF-1a protein under normoxin or with
1 mM S-nitreso-N-acetylpenicillamine (SNAP) to study the signal
transduction. To investigate the signal transduction, H%2 cells were
pretreated with a PI3K inhibitor, (wortmannin; 300 nM), a muscarinic
receptor, (atropine; | mM) i tr.uucnptlo:ml inhibitor, (uctinomycin
D: 0.5 pw/ml) or a protein synthesis inhibitor; {cycloheximide; 10 pgf
mi), followed by ACh treatment. Cell lysates were mixed with a sample

0014-5793/$30.00 © 2005 Federation of European Biochemical Socicties. Published by Elsevier B.V. Al rights reserved.
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buffer, [ractionaled by 10% SDS-PAGE and transferced onto mem-
branes. The membranes were incubated with primary antibodies
against HIF-la (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
Akt and phospho-Akt (Cell Signaling Technology, -Beverly, MA,
USA), and «-tubulin {Lab Vision, Fremont, CA, USA), and then re-
acted with an HRP-conjugated secondary antibody {(BD Transduction
Laborateries, San Diego, CA, USA), Positive signals were detected
with an enhanced chemiluminescence system (Amersham, Piscataway,
NJ, USA). In each study, the experiments were performed in'duplicate
and repeated 3-5 times (n = 3-5). Representative data are shown.

2.3. MTT activity assay
To evaluate the effects of hypoxia and ACh on the mitochondrial
function of cardiomyocytes, we measured 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) reduction activity in
H9¢2 or HEK293 cells under hypoxia (1% oxygen concentration), in
the presence or absence of ACh, The cells were pretreated with
I mM ACh for 12h, and then subjected to hypoxia for 12h, At 4h
before sampling, the. MTT reagents were added to the culture and

incubated,

2.4. Caspase-3 activity assay
Caspase-3 activity was measured using a CPPSJCaspase—3 Fluoro-
metric Protease Assay Knt,,(Chemlcon Intemational, Temecula, CA,

USA). Hypoxia-treated H9c2 ceIIs with or without [ mM ACh pre- .

treatment were lysed and the dyfosolic extract was added to the cas-
pase-3 substrate. A fluorometer equipped with a 400-nm excitation
filter and 303-nm emission filter was -used to measure the samples.

2.5, DePsrpher assay

To examine the effects of hypoxia and. ACh on the muochondnal
electmchemlcal gradient, we analyzed cardiomyocytes using a DePsi-
pher Mitochondrial Potential Assay Kil (Trevigen, Gaithersburg,
Maryland USA). Ap0ptot1c cells, wluch undergo mltochondnal mem-
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brane potential collapse cannot accumulate the DePsipher reagent in
their mitochondria. As a result, apoptotic cells show decreased red
fluorescence in their mitochondria, and the reagent remains in the
cytoplasm as-a green fluorecent monomer. Therefore, apoptotic cells
were easily dnﬂ’erenualcd from healthy cells, which showed moré red
fluorescence.

)

2.6. Evaluation af NO production .

NO production was measured using the 4,5-diamifiofluoresceindiac-
etate (DAF-2DA; Alexis, Lausen, Switzertand) fluorometric NO detec-
tion system as previously reported {10]. The intensity of the DAF-2DA
green fluorescence in ACh-treated cells was measured and compared
with that in non-treated cells (1g, 492 nm; Ag,, 515 um).

2.7. Transfection

To investigate the direct contribution of Akt phosphorylation to
HIF-lo stabilization or that of HIF-la to the ACh effect, HEK293
cells were transfected with an expression vector for wild-type Akt
(wt Akt), dominant-negative Akt (dn Akt) [l1], wild-type HIF-la
(wt HIF-lo) [12] or dominant-negative HIF-la (dn HIF-le), using
Effectene (Qiagen, Valencia, CA, USA) accordmg to the manufacture’s
protocol. After transfectlon, HEK293 cel]s were prelrealed with 1’ mM

ACh for 12'h, followed BY evaluatmg ‘the'HIF- 1o protem leviel or by:

hypoxia for 17 b and MTT activity'in ‘edich group was-evaludted. As
a control, cells wers trinsfectzd With a vector for green ﬂuorescent
prolem (GFP)

i i

2.8 RTPCR

to obtain a ﬁrst-straud cDNA: This ﬁrst-strand cDNA was amphﬁed
by specific primersifor HIF-:1o,>andthe' PCR products: were fraction-
ated. by electmphores:s R S V0T S L KO PR TS | R TP BN

.0 Pty RERF AT TR ST [T EN

Cobe e eergnnnid a SN I T IR I

.Em‘n-#'ﬁ aitniy N 0 o
% of control

cantral, |, -

1 mM ACh : Co

Fig, 1. FIIF-1et is indueed by AChinrat cdrdmmyouyleh even under normoxiu, (A) After treatment of H9e2 ceils with | mM ACh'for 8 I, the HIF-1a
protein level is incrensed (*# < 0.05 vs. control, n = 4). (8) ACh (I mM) increnses the intensity of DAF-2DA fluorescence (*£.< 0, o vs., control,

n=3).
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2.9, Vagal nerve stimulation in myocardial ischemia

Left ventricular myocardial ischemia (MI} was performed by 3 h of
left coronary artery {LCA) ligation in anesthetized 9-week-cld male
Wistar rats under artificial ventilation previously described [2],
Sham-operated (control) rats did not undergo LCA ligation. For vagal
nerve stimaulation {VS), the right vagal nerve in the neck was isolated
and cut, Only the distal end of the vagal nerve was stimulated in order
lo exclude the effects of the vagal afferent, The electrode was connected
to an isolated constant voltage stimulator. VS was performed from
1 min before the LCA ligation untit 3 h afterwards, using 0.1 ms pulses
at 10 Hz (MI-VS). The electrical voltage of the pulses was adjusted to
obtain a 10% reduction in the heart rate before LCA ligation, but VS
(MI-VS) was not associated with any blood pressure reduction during
the experiments, compared with ML At the end of the experiments, the
rats were either injected with 2 ml of 2% Evans blue dye via the femoral
vein to measure the risk area followed by determination of the infarct
size with 2% tripheny! tetrazolium chloride (TTC) staining or the heart
was excised for protein isolation and subsequent Western Blotting to
detect HIF-lu protein. The percentage of the infarcted area of the left
ventricle was calculated as the ratio of the infarcted area to the risk
area. !

1 mM ACh

actinemycin D {-)
{0.5 pglmt)

| |

T - STl
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ey
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IEW—— T T
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2.10. Densitometry ‘ .
The Western Blotting data were analyzed using Kodak 1D Image
Analysis Software (Eastman_Kodak Co., Rochester, NY, USA).

211, Statistics

The data were presented as means £ S.E. Thé mean values between
two groups were compared by the unpaired Student’s « test. Differences
among data were assessed by ANOVA for multiple comparisons of re-
sults. Differences were considered significant at £ < 0.035.

3. Results

3.1. Posttranslational regulation of HIF-1a by ACh through a
non-hypoxic pathway =
ACh {1 mM) increased HIF-1a protein expression in H9¢2
cells under normoxia (Fig. [A). ACh increased NO produc-
tion, as evaluated by DAF-2DA (Fig. 1B), suggesting that

TN,
% of control l_—-]

100 e -

50

Foldkincrease in HIF-1¢ level
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' PR .
D N Ve d naar B E S
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“actinomiyéin D =~ () TOZIEE . eyeloheximide (- (+)
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- B-acticmRNA P

[ — [ S — U —

(10 pgimi)

.

B

Fig. 2. HIF-la induction l-)_y.XCh;; p—(n—éltransf;iti611aii} regulated in rat cardiomyocytes under nommoxia. (A) The HIF-l4& proteiu level in H9¢2 cells

in the presence of 0.5 pg/ml of actinomycin D is increased by 1 mM ACh to a comparable level to that in the absence of actinomyein D (N.5., not
significant, # = 3). (B) Actinomycin D does not decrease the HIF-lu mRNA level, as evaluated by RT-PCR. (C) Cycloheximide (10 pg/ml) does not

affect (he HIF-1a protein level (n=3).

1 mM ACh

control

HIF1

a-tubulin
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Fig. 3. Rat primary cultured cardiomyocytes show compurable HIF-1a induction by 1 mM ACH to thut in H9¢2 cells (*P < 0.05 vs. control, n = 3).
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NO is involved in the signal transduction of HIF-1e induction.
Actinomycin D (0.5 ug/ml; Figs. 2A and B) and cycloheximide
(10 pg/ml; Fig. 2C) did not decrease the HIF-la level under nor-
moxia, suggesting that HIF-lodegradation is regulated by ACh.
Furthermore, ACh increased HIF-1 o level in primary cardio-
myocytes without reducing their beating rate (Fig. 3). Since
H9¢2 cells did not beat, these results suggest that HIF-1 induc-
tion is independent of the heart rate-decreasing effect of ACh.

Y, Kakinwma et ol. | FEBS Letters 579.(2005 ) 2111-2118

3.2. Akt phosphorylation by ACh

ACh had no effect on the total Akt protein level, but in-

creased Akt phosphorylation (Fig. 4A) as effectively as SNAP
(data not shown). The ACh-induced Akt phosphorylation was
inhibited by atropine in a dose-dependent manner (Fig. 4B).
ACh-induced Akt phosphorylation and its. inhibition by
atropine were also observed in rat primary card:omyocytes
(Fig. 4C).
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Fig. 4 (continued)

3.3, PI3KIAkt Pathway for HIF-1a induction by ACH

Wortmannin completely inhibited the ACh-induced Akt
phosphorylation (Fig. 4D), in clear contrast to the data in
Fig. 4A. Furthermore, it also attenuated the HIF-la induction
by ACh (Fig. 4E). To elucidate the contribution of Akt phos-
phorylation to HIF-1a protein level in normoxia, dn Akt was
introduced into HEK793 cells, and found to partially 1n111b1t
thé HIF- 1o induction by ACh (Fig. 4F). . . .;
3.4, Effect of ACh on apoptosis during hypoxia

The DePsipher assay clearly showed that hypoxia (1% oxy-
gen concentration) for 12 h caused mitochondrial membrane
potential collapse leading to cell death, and that’ TmM ACh
inhibited this collapse in H9c2 cells (Fig. SA). ACH <Lttenuatcd
the decrease in MTT activity caused by 12h of hypoxna in
H9¢2 cells (Fig. 5B; 103.4£0.8% in ACh + hypoxia vs.
56.6 £ 0.7% in hypoxia, P<0.0l, n=8§) and HEK293 cells
(P <0.01 vs. hypoxia). The caspase-3 activity was increased
by hypoxia in H9¢2 cells, and pretreatment with 1 mM ACh
inhibited this increase (Fig. 5C; 128 +2% in hypoxia vs.

90 £ 2% in ACh + hypoxia, P < 0.01, n = 4). To elucidate the

dependency of the ACh-induced protective effect on HIF-la,

dn HIF-la was transfected into HEK293 cells, followed by -
ACh pretreatment and then hypoxia. Jt was found that dn °

HIF-1u inhibited the protective effect of ACh from. hypo‘m
(Fig. 3D; 115.1 £ 1.2% in wt HIF-la and 1.8+ 1.8% in
GFP vs. 59.0 £ 3.4% in dn HIF-le, £ <0.05, n = 10), suggest-
ing that HIF-1o induction by ACh is partially responsible for
the protective effect.

3.5. Effect of vagal stimulation on HIF-lo i nipocardial -
ischemia
To evaluate Lhe significance of ACh {or cardioprotection in
vivo, the vagal nerve was stimulated prior to the M1, Histolog-
ical analysis demonstrated z tendency for the infurcted area

_ areas ‘(non- perfused areas) were comparable (Fig.

i from the vagal nerve-stimulated (M1-VS) hearts to be smaller
than that from non-stimulated (MI) hearts (31.5 £4.6% in
MI-VS vs. 40.9 £ 2.5% in M, n = 3),-even though the risk
6A;
59.2 £ 1.0% in MI-VS vs. 53.7 % 1.0% in MI, #=3). In the
MI-VS hearts, the HIF-lo protein level was further elevated
compared to that in the MI hearts (Fig. 6B; 244+ 24% in
MI-VS vs. 112 + [% in MI, n=3). These results suggest that
vagal nerve stimulation i in’ the’ ischemic heart activates both
the hypoxic and; non-hypoxlc pathways of HIF-la induction, -
Lesultma in mcreased mduct:on of HIF-1c. '
RN Pt
"Non-hypmrc induction’ of HIF-Iu in other cells
The observed ACh-medlated HIF-1 induction-was not lim-
itedto H9¢2 or primary gultured cardiomyocytes, but also
l‘ound in several other types of cell lines, including HEK293,
and Hela cells (Fig. 7). Since these cells did not beat sponta-
neously, the results suggest that the system of ACh-mediated
HIF-1« induction is not only independent of the beating rate
of. cardlomyocytes but also a generally consewcd system in
cells.

4. Discussion

Y
4.1, Carc[iaprotecf!ée action by ACh and vagal stinmlution via
the muscarinic receptor ™ '

Using animal madels, several studies have shown that accen-
tuated 'mmgomsm dgdmst the sympathetic nervous system is a
major mechanism fo the beneficial effect of vapal tone on the
ischemic heart [13]. Although ACh was involved in triggering
preconditioning mechanisms in an ischemia-reperfusion model
[3), it remained unclear whether vagal nerve stimulation in
acute ischemia or hypoxia followed  these mechanisms. In
the present study, we have disclosed that ACh possesses 2
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protective effect on cardiomyocytes. In rat cardiomyocytes,
ACh triggered a sequence of survival signals through Akt that
eventually induced HIF-le, inhibited the collapse of the mito-
chondrial membrane potential and decreased caspase-3 activ-
ity, thereby leading to the sucvival of cardiomyocytes under
hypoxia. Furthermore, our results suggest ACh exerts this ac-
tion through Akt in other cells. The current study therefore
provides another insight into the cellular mechanism for the
cardioprotective effects of ACh and vagal stimulation.
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4.2. Signaling pathway of ACH via PI3KIALt and antiapopiotic
effects of ACh -

Since previous studies demonstrated that a PI3K inhibitor
greatly reduced HIF-le induction in heart and renal cells
[14,15] and a few studies have reported that MAP kinase is
activated through ACh, we focused on the PI3K/Akt pathway,
one of the important cell survival signaling pathways [16], and
found that” ACh directly activated Akt phosphorylation via
PI3K. PI3K/Akt signaling- has been reported to have an
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Fig. 6. Vagal nerve s[:mulanon decreases infarcted area w1th increased
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non-perfsed areas in both. vagaf-stimulated (MI-VS)' and non-
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-induction:in the ischemic heéart is increased by vagal stimulation (MI-
V5) compared with that in ischemia alone (M) (“P <. 01 vs, MI)
(n= 3) :

=~ ~ -antiapoptotic activity through_vatious features, such as inhibi-
-- — -tion of Bad-binding to Bcl-2, caspase 9, Fas and glycogen syn-
. thetase kinase-3 [17.18] These facts imply a definite
"} involvement of Akt activation in cell survival. As shown using
dn HIF-1e, ACh inhibited hypoxia-induced cell death through
HIF-1g induction via Akt phosphorylation. These results indi-
cate that ACh actually protects cardiomyocytes from hypoxia

at the cellular level.

controil 1 mM ACh
HEK293 HIF-1a
Hela HIF-1at
a-tubulin

Fig. 7. HIF-lat is induced by ACh under normoxia in other cells. ACh
(1 mM) increases HIF-1a prolcm leva] in HEK293 und HelLa cells
{1 = 3 each) under normoxia,

2117

4.3. Additional induction of HIF-l1u by ACh and vagal
stimulation

HIF-1u regulates the “transcriptional, activities of very di-
verse genes involved in cell survival and is itself regulated
at the posttranslational level by VHL [4,6,7). Recent studies
have shown that HIF-lu is also regulated through a non-
hypoxic pathway involving angiotensin I, TNF-u and NO
8,9,19,20]. Therefore, . it .is- speculated that: cardiomyocytes
possess a similar system for regulating HIF-la through
ACh, ‘indepcndent of the oxygen concentration. Induction
of HIF-la is a powerful cellular response’ against hypoxia,
and further increases in its expression by other pathways
may be beneficial. The present results indicate that the sig-
nificance of ACh or vagal nerve stimulation in -hypoxic
stress can be attributed to additional HIF-le' induction
through dual induction pathways, i.e., 11ypokic,'and non-hyp-
oxic pathways.

The present study has revealed that ACh- med:ated HIF-1a
induiction is widely conserved in other cells:-Consistent with .
a previous repdrt [10], the current re'éults‘silgg'esi: that' NO is
preduced by ACh.- Agcording to a report that NO attenu-
ates, the- interaction, between - :pVHL. and HIF-lcc through
inhibiting PHD activity [21];it |s=p0581ble that ACh may in-
crease the HIF-la protein level through ‘NO. Recent’ studies
conducted by Krieg et al, [3] and Xiet a] [22], have pro-

.vided.supportive data. compatlble with our resu]ts ‘while an-

other study by Hirota et al.. [23].also revealed a non-hypoxlc
pathway for HIF- ledinduction by ACh'm a" human kldney-
derived ‘cell [ing, " " e

‘The signaling pathway of the muscarinic receptor has been
studied. extensively, and miany, pathways are. mvolved in its spe-
cific biological effects. Therefore, possible involvement of other
pathways in' the mon-hy oxic induction of HIF-1o cannot be
éxcludéd. However, it ¥ '

‘HIF-la decreased the eﬂ'ec of ACh Conststent w1th a recent

study [24], we have revealed i that AChW 0L, vagal stimulation
pictects cardiomyocytés in'the acute' phase:This-observation
suggests that the protective effect in the acute phase may result
in inhibition of cardiac remodeling in the chronic phase, since
vagal stimulation produces additional HiF-lo induction
through a non-hypoxic pathway, which increases cell survival.
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Because survival and growth of human hepatoma
cells are maintained by nuirient, especially glucose, glu-
cose starvation induces acute cell death. The cell death
is. markedly suppressed by hypoxia,” and we have re-
ported involvement of AMP-activated protein kinase-a
{AMPK-o), Akt, and ARKS in hypoxia-induced tolerance.
In'the current study we investigated the mechanism of
hypoxia-induced tolerance in human hepatoma cell line
HepG2. ARK5 expression was induced in HepG2 cells
when they were subjected to glizcose starvation, and we
found that glucose starvation transiently induced Akt
and AMPK-o phosphorylation and that hypoxia pro-
longed phosphorylation of both protein kinases. We also
found that hypoxia-induced tolerance was partially ab-
rogated.by blocking the Akt/ARKS5 system or by.sup-
pressing AMPK-« expression -and that suppression of
both completely abolished.:the tolerance, suggesting
that AMPK-« activation signaling and the Akt/ARKS sys-
tem play mdependent essential roles in hypox1a in-
duced tolerance. By using ¢ chemxcal compounds that spe-
cifically inhibit kinase act1v1ty of type I-transformmg
growth factor B (TGF—B) receptor, we showed an in-
volvement of TGF-B in hypoxxa-mduced tolerance.
TGF-B1 mRNA expression was induced by hypoxia in an
hypoxia-inducible faetor-la-lndependent manner, and
addition of recombinant TGF-§ suppressed céll death
during glucose statvation' even ‘uinder normoxic condi-
tion. AMPK-&, Akt, and ARKS5 were activated by TGF-81,
and Akt and AMPK-« phosphorylation, which was pro-
longed by hypoxia, wai suppressed by an inhibitor of
type I TGF-B receptor. Based on these findings, we pro-
pose that hypoxia-induced tumor cell tolerance to glu-
cose starvation is caused by hypoxia-induced TGF-S1
through AMPK-« activation and the Akt/ARKS system.

Because tumor cell survival and growth are maintained by
nutrients, especially glucose, and oxygen supplied by blood
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vessels, angiogenesis has been concluded to be essential for
tumor malignancy (1, 2}. Human hepatoma cell lines exhibited
acute cell death when cells were subjected to glucose starvation
{3, 4), but we have shown that Hypoxic: conditions allow tumor
cells to survive under glucose stawatlon (B). Although an in-
volvement of hy'poxxa-mdumble factor—l (HIF 1* in hypoxia
response has been known well (6, 7), we showed that hypoxia-
induced tolerance to glucose starvation. in tumor. cells seemed
to be caused by an- HIF-l 1ndependent mechanism because
deferoxamine did rot suppress cell death’by glucose starvation
(5). It has recently been found that most ‘tumors have insuffi-
cient supplies of nutrients and oxygen because of 'an imbalance
between demand, caused by both uncontrolled cell prolifera-
tion, and deformed vascularity. (8),-and it has been proposed
that lLiypoxia is essential for:tumor progression: (7; 9-11). Our
investigation of hypoxxa-mduced tumor ¢ell tolerance'to glucose
starvation has demonstrated that both ‘Akt"and the AMPK
family, espeeially AMPK-a1, ave: needed for s:gnal transduction
(4, 5); however, the precnse molecular mechamsm remains to
be clarified.

AMPKs are a class of sermefthxeonme protem kmases and
their activation has' been' well documented in cells exposed to
metabohc stress (12—14—) Th1 ee subumts cz, 8, and v, have been
identified in AMPKs, and the a-subumt has been'demonsh ated
to bear their catalytxc activity, {12--14). At pr esent two isoforms

have been identified as the AMPI .catalytic subunit family
(AMPK-al and AMPK-a2 (15,-16)), and ‘some related kinases,

including MELEK. (n, "SNARK (18, 19), and ‘ARKS: :(20), have

also been identified as novel members of the AMPK catalytic

subunit family. ARKS5 is unique in that it'is duectly activated
by Akt, and activated ARKS suppresses cell death 'induced by
glucose starvation and death receptor activation.(20-22). We
have also reported that ARKS' is: clasely involved in hypoxia-
induced tolerance to glucose starvatlon in human “hepatoma
HepG2 cells (20)..

. Regulation of tissue development and homeostasm by TGF-
is well.known (23). Recently, an. mduced explessmn of TGF-8
under hypoxm condition in-osteoblast was reported, and the
induction was HIF-l-independent (24)/ The intrdcellular sig-
naling induced by TGF-8 is lmtlated byllgatlon to receptm (25)
and is mediated by a uniqie’ pithway,’ Sinad ‘phthway (25).
Smad mediated signaling from TGF-8 receptor directly toward
nuclei via phosphorylatmn (25 In adchtlon to the Smad path-

LThe abbreviations used are: HIF-1: hypoxin-inducible factor-I;
AMPK, AMP.activated protein kinase; PI; propidium iodide; TGF,
translorming growth factor; RT, reverse transcription; PBS, phosphate-
buffered suline; RNAL, RNA-mediated interference; DN, dogminant neg-
ative; wt, wild type; ARI\5 AMPK:related kinase 5; MDLK maternal
[eucine zipper kinase; SNARK SNFIIAMPK'relnted kinase.
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way, phosphatidylinositol-3 kinase stimulation via Ras/mite-
gen-activated kinase has been found to be an intracellular
signaling pathway induced by TGF-B receptor (26). Recent
investigations have revealed that TGF-§ is closely involved in
tumor malignancy via induction of cell survival, invasion, and
metastasis (27-29).

In the present study we investigated the mechanism of hy-
poxia-induced toleramnce to glucose starvation by human hepa-
toma HepG2 cells, and results showed that TGF-8 expression is
stimulated by hypoxia and that TGF-B is closely involved in
hypoxia-induced tumor cell tolerance to glucose starvation
through activation of Akt/ARKS system.

EXPERIMENTAL PROCEDURES

Cell Lines and Transfection—Human hepatoma cell line HepG2 was
maintained in Dulbecco’s modified Eagle's medium supplemented with
10% fetal calf serum (Sigma).

"For transfection cells were seeded into a 6-well plates at 2.5 X 105/well,
and transfection was performed with TransFast Transfection reagent {5
ug of DNA/well: Promega Corp.). Cells were exposed to transfection rea-
gent for 4 h, Transfection yield was measured with green fluorescent
protein-inserted expressmn plasmid and was 70-80%;

Recombinant Protein, Antibody, Chemicel Inhibitor, and Plasmid—
Recombinant humian TGF-81 was purchased from R&D Systems Ltd,
Polyclonal antibodies against.Akt (total and phospharylated Ser-473),

AMPK-« (total and phoesphorylated Thr-172), and Smad2 (phosphoril-.

ated Ser-465/467) were purchased from Cell Slgnahng Technology Inc.
The antibody for total Smad? was purchased from Upstate Bigtechnol-
ogy, Int. 5B431542 was purchased from TOCRIS. Dominant negative
Aktl was purchased from Upstate Biotechnology. The same antisense
RNA expréssion vector of ARKS and dominant negative ARKS were
used as in our previous studies {(20). DE mutant of Smad3 was a
generous gift from Drs. Miyazono and Imamura of The Cancer Institute
of the Japanese Foundation for Cancer Research,

RNA Extroction and RT- PCR—Tatal RNA extraction was pert'ormed
with Isogen pu1chased from Nippon Genéa Co., Ltd; The toncentration of
extracted RNA was measured at Aggp, and 0 5 ug of total RNA was
reverse-transcribed - with ' avian myeloblastosis virus- transcriptase
(TaKaRa Bio Co., Ltd.). After reverse transcription, PCR was performed
with an LA PCR kit (Takara) using primer pairs for human TGF-81 and
type VILTII TGF-B receptor. PCR was performed for 25 cycles

Western Blot Procedure—Prateins were prepared for Western blot
analysis by lysing cells for 30 i min with PBS contammg 1% Nonidet P-40
and centrifugation’ at 15,000 irpm for 15 min, All procadures were

carried out at 4 °C, Concentratmns were de_t_e_r_m,u_led..‘i‘.’l,thua_BgA‘gro- )

tein assay kit (Pierce) with bovine serum albumin as-a standard. -

Sample proteins separated by SDS-PAGE. were. transferved _onto
nitrocellulose - membranes by a semidry b[ottmg systeni. Mambranes —
were blocked at room temperature for 1 h with PBS containing 5% {w/v)
slim milk (BD Bmsclences) washed with a mixture of PBS and 0.05%
Tween 20 (Sigma; Tween PBS), and then incubated overnight at room--
témperature’ with -antibody ‘diluted with PBS. After washing with
Tween PBS; membranes were incubated at voom temperature for 60,
min with a 2000-fold diluted horseradish peroxidase-conjugated anti-
rabbit IgG antibedy (Santa Cruz Biotechnology Inc.). Membranes were
then washed with Tween PBS and developed with ECL system (Amer-
sham B:losmences )

Ceétl | Survivil Acsay-—CelI viability was assessed by - Hoechst
33349/P1 staining procedure,-Hoechst 33342 aind PI were purchased
from Molecular Probes, Inc: -After incubation; cells were collected. and
stained with Hoechst 33342 and Pl and. then examined by fluorescence
microscopy. Cell survival was measured as the ratio of cells carrying
Pl-unstained m.u:le1 to alt cells counted (——1000 cells)

*' - RESULTS AND DISCUSSION -

Involuement of ARHARKS System. in Hypoxia-induced Toler-
ance to Glucose Starvation—We have teported that glucose
starvation induces cell death in HepG2 eells (3, 5, 21). In the
current study we showed that cell survival of HepG2 cells was
dependent on glucose coneentration and that hypoxia delayed
cell death induced by glucose starvation (Fig. 1A). In addition,
hypoxia-induced tolerance to glucose starvation was also ex-
hibited in non-tumor cells, fibroblast cell lines Ratl and
KMSTG (Fig. 1B). Because we had previously shown that

TGE-B1 Activates AMPK-o and ARKS during Hypoxia

AMPEK-a, especially the AMPK-«1 subunit, Akt, and ARKS are
required for hypoxia-induced tolerance to glucose starvation (5,
203, we first investigated ARKS protein e*cplesston by HepG2
cells by Western blotting. As shown in Fig’ 1C, no’ protein
expression of ARKS was detected in HepG2 cells in the pres-
ence of glucose under normoxia, but ARKS expression was
induced when cells were exposed to 12 h of glucose starvation

(Fig. 1C). Brief glucose starvation (<12 h) did not induce ARKS

expression (data not shown). Cells exposed to glucose starva-
tion under hypoxic conditions, but not cells exposed to hypoxia
alone, also expressed ARKS (Flg 1C), suggesting that ARKS
expression is regulated by glucose status, not by oxygen reduc-
tion, As stated above, we previgusly demonstrated that over-
expression of ARKS in HepG2 dells suppressed cell death dur-
ing glucose starvation; however, results of the present study
showed that HepG2 cells underwent cell death during glucose
starvation even though ARKS expréssion wag markedly in-
creased at 12 h. Because ARKS act1v1ty is reg'ulated by Akt (20,
21), we examined the effects of glucose starvatwn and/or hy-
poxia on Akt status in HepG2 cells to mvestlgate why the
newly expressed ARKS dld not suppress cell death during
glucose starvation. -We also mvestlgated the phosphorylatwn
status of AMPK-a, whlch is also requu‘ed for hy'poma-lnduced
and AMPK—a phosphmylatmn mcreaeed whenhcells wete ex—
posed to glucose starvation, whereas there was no increase, in
phosphorylation of Aktand AMPK-« when cells.were. expos_ed
to glucose-containing medium or hypoxia alone (Fig..1D). Clear
glucose starvation-induced - phosphorylation ; of : Akt . and
AMPE-a was observed after 3 h'of glucose starvation; but their
phosphorylation had decreased-after 12 h and hdd disappeared
by 24 h*(Fig. lD) -Becauise - I-IepG2 ‘dells: exposed to glucose
starvatlon for 24 k' undergo’ chspase- dependent cell death (21)
and “§onte protein’ kmases, including? Akt fre: caspase sub-
strates (30), wé suspect tha decreased expl:essmns of: A.kt and

AMPK-a is ‘caused by transductmn of cell death gnalmcr No

glucose starvatlon mduced phosphorylatwn of gither! mloléeuile’
e T HOIEE
ueg

cpndmons (Fig.. lD) ‘In the present study we observed tran—
51ent phosphmyletmn of Akt, imcells exposed to glucose stawa—

tion;-but hypoxia Plolonged phosphorylatlomof both Akt and -~

AMPK-a :during glucose. starvation, ARKS . wag newlyw ex-
pr essed after 12 h of glucose starvation, but glucose starvation-

“iniduced phosphorylation of Akt was significantly, decreased at

12 h. We, therefore, hypothesized that.the newly expressed
ARKS in Hep(G2 cells exposed to-glucose starvation under nox-
moxic condition is inactive because of the absence of sufficient
active Akt and that hypoxia is required for ARKS activation
through prolonged activation’ of Akt to allow cells to'survive
during glucose staryation.-In additich; we found‘that even the
first 3 h exposure to hypoxia suppressed cell death by glucose
starvation,  and- some protein-kinase phosphorylation and de
1nove protem synthesns oceurred within ‘these:.3" h? A more
detailed mechamsm that ¢an’ e‘:plam ari impoitance of this first

3-h reaction for hypoxm mduced tolerance to glucose starvation
should be clarified. Our results showed that prolonged phos-
phorylation of Akt is‘reqiired for' ARKS activation that is
essential for hypoxia-induced tolerance to glucose starvation,
T addition to these findings, the fate to survival or death after
glucose starvation might be-decided within a very early term.

To determine whether blocking of the Akt/ARI(S system

*A. Suzuki, G-. Kusakai, Y. Shimeje, J. Chen, T. Ogura, M,
Kobaynshi, and EH, Esumi, unpublished data,
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1P} Al‘i;t'_,.:?h'd ARKS in hypoxia-induced tolerance to ‘glucose staryation in HepG2
were exposed for 1 or 2 days to mediin'éantaining 0-5 mu glvcose under normaxic-(apén) or hypoxic (closed):donditi

Glc {-) Glc (+)G '
AR & R

3] mmm e

i

_cells, A, HepG2 cells
,.and cell survival was

ing procedure. Cell survival is reported as the mean of data from thre'ia'experi.uients:;:"ahd bars.represent S.E.

values. B, rat fibroblast Ratl or human fibroblast KMSTS cell lines were exposed for 24 h to medium containing (++) or not containing (—) glucose

{Glc) under normoxic (open) orhypoxic (closed) ‘é‘o'nditio'hs, and cell survival was-measured by a Hoechst 33342/P1 staining procedure. Cell survival
is reported ag the mean of data fram three experiments, ‘and bars represent S.E, values. C, HepG2 cells were.exposed foy 12'h to-medium containing
or not containing glucase (+Gle) undér narmoxic (Oxy, 21%) or hypoxie {Oxy, 1%) conditions, and cell-extracts. weré: collected for" Western blotting

with antibodias against ARKS and B:actin (Actin); D, HepG2 cells were cultured in serum-fres medium for+16 hrand exposed to:mediiin’containing
or nof; con’tainipg'gldqus_e (£Glc) under normoxic {(Oxy, 21%) ot hypokic (Oxy; 1%) conditions for each period indicated; and:céll extracts were
collected for Western blotting with antibodies against phosphorylated (pAks and pAMPK) and total (tAk¢ and tAMPEK) Akt and AMPK-u. E, HepG2

T

cells were transfected (-+) or not transfected (=) with RNAi for AMPK-1 {ee2/i), /AMPK-a2 (a2/]), or ARKS (A5/); and BN A-was extracted 48 h later

for RT-PCR(AMPE-2'1 and AMPK:a2, 30 cycles; ARKS, 35 cycles; glyceraldehyde-3-phosphate dehydrogenasé (GAPDH), 28 cycles). F, HepG2 cells
were transiently transfected or nigt transfected (Parentof) with RNAI for AMPK-al (al/i), AMPK.o®. {2/}, or, ARKS (A5/) or expression vector

containing or not containing (Empty) the dominant-negative form of Aktl (DN-Aktl). Aftér 48 hcells were incubated for 24 h under hypoxic
condition in medium without glucose, and cell survival was measured by a Hoechst 33242/P1 staining procedure. Cell survival is reported as the

mean from three experiments, and bars represent S.E. values.
N . b ' .

and/or AMPI-¢ activation influences hypoxia-induced toler-:

ance to glucose starvation in the present study, we prepared
RNAi for AMPK-o}; AMPK-a2; and ARKS. When each RNAi
was introduced intd cells, it specifically suppressed mRNA

expression of its target factor (Fig. 1E). As shown in Fig: 1F,.

introduction of RNAi for AMPK-al or ARKS or DN-Akt1 par:
tially suppressed hypoxia-induced ¢ell.survival, but RNAi for
AMPI-o2 had no effect on hypoxia-induced eell survival. The
combined introduction of RNAifor AMPK-al and ARKS or of
RNAi for AMPK:el and DN-Aktl completely- suppressed hy-
poxia-induced cell survival (Fig. 1F), suggesting that two dis-
tinet signaling pathiways are required for hypoxia-induced cell
survival against glucose starvation, one mediated by Alt/ARKS
and the other by AMPK-al.

Involuement of TGF-B1 in Hypoxia-induced Tolerance to Glu-
cose Starvation—TGF-1 has been reported to be closely in-
volved in tumer progression, characterized by induction of tumor
cell survival, invasion, and metastasis (27-29}, and TGF-81 gene
has heen reported to be a hypoxia-responsible gene (24). In the
present study we observed increased expression of TGF-BL

. PN e

K1

mRNA in HepG2 cells ‘exjiosed t0°12 b of hypoxia (Fig. 24), and
HepG2 cells exposed fo glucose starvation under hypoxic condi-
tions expressed TGF-B1 mBNA slightly more weakly than cells
exposed to hypoxia alone!(Fig.24): However, under normaxic
conditions, HépG2 célls ‘expased to medium toiitdining or not
containing gliicose did not show any in¢tease in, expression of
TGF-B1 mRNA (Fig..24): By contrast with TGF-f1; neither glu-
cose nior oxygen status-affécted expréssiofis of TGF-S recaptor I,
IT, and III mRNAs (Fig.'24); ‘4hd tolerance to glucose starvation
was induced by recombinaiit TGF:F1 proteid even inder nor-
moxic conditions (Fig. 2B). These findings suggest that TGF-51
mtRINA expression is vesponsible for oxygen status.in HepG2 cells
and hypothesize an irvolvement of TGF-f1'in the-tolerance to
glucose starvation, I A -

To confirm the above hypothesis, we investigated an effect of
specific inhibitor for TGF-8.receptor 1 .kinase activity
SB431542 (31-33) on hypoxia-induced tolerance to, glucose
starvation. As shown in Figs. 2; € and D, tolerance of HepG2
cells to glucose starvation that was induced by hypoxia (Tig.
90) or recombinant TGPF-B1 (Fig. 2D) was . suppressed by
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FiG. 2 Involvement ofTGF—ﬁl in hypoxla mduced tolerance fo-

glucose starvation in HepG2 cells. A, expression of TGF-81, type L
TGF-B receptor {TGF-RI), and -glyceraldehyde-3-phosphate , dehydro-
genase (GAPDH) mRNAs wds investigated by RT-PCR using total RNA
extracted- from ‘HepG2 cells exposed for 12 h to medium centaining

{Gict) or not containing (Glc=) glucose under normexic (Oxy, 21%) or -

hypoxic (Oxy, 1%) conditions, B; HepG2 cells were exposed for 24 or 48 h

to medium without glucose in the presence {¢losed) ov absence (open) of .

human recombinant TGF-1 (20 ng/ml) for 24 or 48 h. Cell survival'is
reported as'the medn of data from three experiments, and bers repre-
sent 5.E. values. C, HepG2 ceils were incubated for.24 h in medium
without glucose under hypoxic conditions in the presence or absence
(Control) of SB431542 (0 mM Me,50 (DMSQ); 1-100 pn SB431542),
and cell survival was measured by a Hoechst 33342/PI staining proce-
dure. Cell survival is reported as thie mean of data from three experi-
ments, and bars vepresent S.E. values. D, HepG2 cells exposed to
glucose starvation were incubated -for 24 h in the presence or absence

(Controf) of 3B431542 (0 my Me,S0; 1-100 am SB431542), and cell .

survival was measured by a Hoechst 33342/F1 staining procedure. Cell
survival is repmted as the mean of data from three expeiiments, and
bars represent S.E,' vaIues E, HepG2 cells subjected to Seriim-free
niedium for 16 'h were exposed medium_doritaining or not containing
human recombinant TGF-8 (T) and/or glucose; (@), and cell extracts
were collected at each period for Western blotting using antibodies for
phosphmylated or total form af Akt AMPEK, and Smad2.

SB431542 in‘a dose-dependent manner, suggesting that hy-
poxia-promotes TGF-B1 production, which in turn plays a cen-
tral role in hypoxia- mduced tolerance to glucose starvation in
HepG2 cells. :

In addition, we investigated whether TGF-8 induces phos-
phorylation of Akt, AMPK-a, and Smad2.in HepG2 cells under
the presence or abserice of glucose using Western blotling.
Although glucose ‘starvation did not alfect Smad2 status in
HepG?2 cells (data not shown), the phosphorylation status of
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Fio. 3. Hypoxm-l.nduced tolerance and TGF-$1 mBNA. expres-
sion are caused independently of; HIF-le A, l:ranscnptlanal activity

_ of wiHIF or DN-HIF forms of HIF-1a was 1nvest=gated using the 5xHRE-

containing luciferase vector (39).'Luciferase activity was measured with
cell extracts from HepG2- cells tra.nstenﬂy transfected with expression

-vector containing oy not contalmng {Empty) the dominant-negative form

or wild-type HIF-1o under normexic (gpen) or hypoxic {closed) conditions
for 24 h. 'I‘Lansfer:tmn yiald was~normallzed to 5-bromo-4-chloro-3-indelyl-
f-p-galactopyrarioside (X- gal) c1ferase acthty is shown as the mean of
periments,: and:bars 1epresent S.E, values, GAPDH,
glyceraldehyrle- .phosphate, dehyd_ ggenage. B, expression vector with or
without (Empty) DN- or wtHIF-1& was introduced into HepG2 cells. At

.. 48 h after transfection, cells weredncubated for 24 h under nurmoxlc (Oxy,
.2 91%) or hypoxlc (Oxy, I%). Par 3

tal HepG cells (Parental) were also
incubatéd under normaxic or hypo:uc chdltanS a.nd ex]:nessmn of vas-
_cu[ar endothehal g'rowr.h factor (VEGF) or GAE:DI-; mRN ) was investi-

ining’ pre
survival is 1eported as mean uf data ﬁ'om three expenments am:l bars
représent S.E, vilites. D, HepG2, cel!s t1ans:ently transf'ected w:th vector
containing or not containing (Empty) the DN HIF) or thIF HIF-lewere’
ineubated for 12 K under hy-pax:c cunchtwn, and then wtal RNAs were

dmgenase was performecl C e v
v LR S A

v L LRI PRI T

Akt and AMPK—cx exh:brted drastic changes by glucose starva-
tion and/or TGF-8 treatment. As shown, in' Fig; 2E, TGF-8
induced phosphorylation of Akt, AMPK-«, and Smad2 in the
presence of glucose, Glucose starvation transiently induced
phosphorylation of Akt and AMPK-«,.and TGF-S sustained the.

" phosphorylation (Fig.. 2E). Thus; we showed that TGF-8 in-

duces:sustaingd phosphorylationof protein kinases those are
needed for hypoma-mduced tolerance to glucose starvation in
HepG2 cells. i1 o ibaon A v ooy

Hypoxid- u:duced Tolemnce.‘to Glucose Stm vation Is Inde—
pendent of HIF-1—Results of :this study strongly suggested a
critical .role of TGF- in hypoxia-induced tolerance.to glucose
starvation in HepG2 cells, and TGF-3 mRNA. expression has
been reported to be stimulated by hypoxia (24, 34, 35). Because
HIF-le is well known to be a mediator of hypoxia-response
gene expression {6, 36, 37), we investigated whether HIF-1 is
involved in hypoxia-induced tolerance to glucose starvation by
using a dominant-negative HIF-1x (ON-HIF and Ref. 38). A
luciferase reporter gene assay using a five-repeat HIF-respon-
sive element-containing luciferase reporter plasmid (5xHRE/
lue and ref. 39) was used to confirm the dominant-negative

‘[rr\

O
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activity of DN-HIF. As shown in Fig. 34, an ~2-fold increase in
luciferase activity was observed in HepG2 cells during hypoxia,

and when both 5xHRE/uc and wild-type HIF-la (wtHIF) ex- .

pression vector were introduced into HepG2 cells, hypoxia in-
duced a dramatic increase in activity (>10-fold) (Fig. 3A}. DN-
HIF transfection, on the other hand, completely suppressed an
increase induced by hypoxia (Fig. 3A). We also investigated
whether hypoxia-induced vascular endothelial growth factor
(VEGF)} expression is suppressed by DN-HIF by means of RT-
PCR. As shown in Fig. 3B, no vascular endothelial growth
factor mRNA expression was observed under normoxic condi-
tion, except in cells overexpressing wtHIF. A dramatic increase
in expression was detected when subjected to hypoxia, but
DN-HIF transfection markedly suppressed it. These findings
indicate that DN-HIF used in this study functions well as a
dominant-negative factor.

In our previous study hypoxia-induced tolerance to glucese
starvation seemed not to be associated with HIF-1 action (5), and
the above-mentioned-DN-HIF was used in the cmrent study to
divectly address the question of whether HIF-1 activation is
involved in tolerance to glucose starvation. As shown in Fig. 3C,
transient expression of DN-HIF did not affect survival of HepG2
cells exposed to glucose-starvation for 24 h under hypoxic condi-
tions. Wild-type HIF-1x did not afféct it either (Fig. 3C), confirm-
ing that hypoxia-induced tolerance to glucose starvation in
HepG2 cells is promoted by HIF-l-independent signaling. We
also investigated whether HIF-1x is involved in hypoxia-induced
TGF-f1 mRNA expression by RT-PCR. As shown in Fig. 3D,
transient expression of wiHIF-1 or DN-HIF had no effect on
hypoxia-induced TGF-8 mRNA expression. '

Hypozxia-induced Tolerance to Glucose Starvation Is Inde-
pendent of the Smad Pathway—The Smad pathway is well
known as the most important intracellular signal transduction
system that mediates the effects of TGF-B (27, 40, 41).'Because
the results of the present study revealed that TGF-Bis reqmred
for hypoxia-induced tolerance to glucose starvation, we inves-
tigated whether the Smad pathway is a necessary part of the
mechanism by using DE-mutated Sm#d3 (Smad3/DE), which
has a dominant-negative -effect (42), As shown in Fig..44,:
Smad/DE was expressed by HepG2 cel]s and suppréssed phos-
phoryla(uon of Smad? in response to stimulation with human
recombinant TGF-1, indicating a dominant-negative effect
(Fig. 4B). Although Smad3/DE suppressed Smad2 phosphoryl-
ation by TGF-£1, it had no effect on' phosphorylation of Akt and
AMPXK-a by TGF-B1 (Fig. 4C). Hypoxia-induced tolerance to
glucose starvation was also unaffected by Smad3/DE (Fig. 4D).
Based on these findings, we concluded that tolerance o glucose
starvation by TGF-8 is Smad-independent and that the
AMPK-x1 and Akt/ARKS pathway downstream of TGF-§ re-
ceptor may be essential for hypexia-induced tolerance to glu-
cose starvation to develop. We also recently confirmed that
hypox:a—mduced tolerance in human colon cancer cell lines is
independent of the Smad pathway.?

Hypoxia-induced Tolerance:to Glucose Stm vation Is Medi-
ated by Sustained Activation of the Akt!ARKS System Stimu-
lated by TGF-S—When HepG2 cells were exposed to human
recombinant TGF-B1, phosphorylation of Akt (Ser-473), ARKS5
{Ser-600), and AMPK-e (Thr-172) was observed in both the
presence and absence of glucose (Figs. 4C and 54). In addition
to that shown in Fig. 5B, Akt and AMPK-« phosphorylation’
observed in HepG2 cells exposed to glucose starvation under
hypoxie condition was suppressed by 10 v SB431642, suggest-
ing that TGPF-g is closely involved in sustained activation of

T A. Suzuki, G-i. Kusakai, Y. Shimoje, J. Chen, T. Ogurz, M.
Kobayashi, nnd B Esumi, submitted for publication.
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Fi¢. 4. Smad pathway is not. requu ed -for hypoxia-induced
tolerance to glucose Stal’..‘_\_r_a_tl_o_l}.‘__zﬂ. V‘HepG') cells were transfected or
not transfected with (P) expressmn vectof'containing or-not containing
(E) FLAG-tagged Smad3/DE (8), and’ céll esttracts’collected 48 h after
transfection were used for Westsrn' blottifig"with antibody against
FLAG (Smad3) or actin. B, HepG2 fells were transfected or not trans-
fected with (P) expressmn,vectur conl:amlng or not containing (£)
FLAG-tagged Smad3/DE (S), and after the subjection to serum-free
medium for 16 h cells were exposed to 20 ng/ml TGF-pY for 2 h. After
exposure to TGF-81, cell extracts were collected for Western blotting .
with antibody against phosphorylated (pSmad2)..or. Jfotal (1Smad?2)
Smad2. €, HepG2' cells | were hansfected thh expression vector con-
taining or not contammg EV) FLAG-tagged SmadeDE (§3/DE), and
after'the subjectlon to, semm—ﬁee niedium for 18K cells were exposed to
(+) or not exposed to (=) 20’ nglml TGF .Gl for 2 H. After exposure to
TGF-B1, cell extracts were cnIlected for Western ttmg with antibedy
against phosphorylated (pAkt and pAﬂJPK) or, tota f(tAkt and pAkt) Akt

_or AMPK-a, D, HepG2 cells transfected ur “not transfected with {open)

e\pxesswn vectm containing or nol: contammg ‘(elosed) FLAG-
Smad3/DE (shaded) were e:.puse'd for 24 h to médium tontaining or not
containing glucose (£Gle) under1 normaxic {0xy, 2 1%) or hypoxic (Oxy,
1%}.conditions, and cell survwal was measured by a Huechst 33342/P1
sf:ammg procedure. Cell 5uw1\;a1 is. repurted s the mean of data ﬁum
three etpenment.s and bars represent 8. E va!ues

Akt and AMPK—az in HepG2 cells expoaed to crlucose starvation
under hypoxic conditions. .

“Thus, TGF-B is:essential: for hypoxia-indiced toleran;g to
glucose starvation through induction of Akt and: AMPK family
member phosphorylations:<Because DN-Smad3- did:not sup--
press hypoxia-induced-tolerance to glucose:starvation; the, sig-
nal transduction seems to he Smad signaling-independent.
Recently it has been reported that an inhibition of adipocyto-
genesis by hypoxia is caused:by TGF-8, and the.intracellular
signaling was mediated- by; Smad3 (43} Cells: exhibit*several
responses to hypoxia through TGF-B (6). Although the differ-
entiation seems to be regulated by Srmad-dependent signaling,
we.suggest that cell survival-against glucose starvation is reg-
ulated by an Smad-iidépéndent-system at leastyi:

-Based on the results of:this study, we hypothesize that the
molecular mechanisim of hypoxia-induced tolerance. to glucose
starvation is as follows: (Fig. 5C).. When: glucose -and ‘oxygen
supply decreases, cell /survival system.isiractivated.: Glucose
veduction triggers AMPK-aand Akt phosphorylation, but phos-
phorylation is transient. Transiént phosphorylation of Akt in
cells exposed to glucose starvation has recently been reported,
and possible involvement of. ceramide’ in' down-regulation of
phasphorylated Akt has also been reported (44).Oxygen reduc-
tion stimulates TGF-8 mRNA expression, and TGF-f sustained
phosphorylation of AMPK-« and Alt. Although our and other
vesearch groups reported Akt phosphorylation caused by glu-
cose reduction (3, 4, 44), the present observation is obviously
contradictory to previous reports (45—49). Precise mechanisms
are not known yet, but many cell lines, in which Akt is endo-
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Fic. 5. Akt/ARKS system activation induced by TGF-£1. A,
HepG?2 cells were subjected to serum-free medium for 16 h and then
exposed (T'GF+) or not éxposed (TGF— ) to 20 ng/ml TGF-B1 in the

presence (Glo+) or absence (Gle—).of glucose for 12 h. Cell extracts ot -

1mmunoprec1p1tates ‘with anti-FLAG antibody were collected and blot-

ted with antibody against phosphorylated (P) Akt (Ak¢ P}, total Akt (Aht -

T), Akt substrate (ARKS P), FLAG (ARK5 T, phosphorylated AMPK-c
(AMPK P, or total AMPK-:: (AMPK T). B, HepG2 cells exposed
(SB431542 +) or not'exposed (SB431542 —) to 10 2 SB431542 after
16 h of serum-free culture were incubated for 24 h in medium - contain-
ing (Gle+) or not containing (Gle—) glucose under normoxic (Oxy, 21%)
oz hypoxic (Oxy, 1%) conditions for 24 h, and cell extracts were collected
and blotted with antibody against phnsphory]ated (pdkt and PAMPE)
or total {¢tAket and tAMPH) Akt or AMPK-o C, schematic’ maodel of
hypoxm—mduced tolerance to glucose starvatwn on HepG2 cells

RIS oy fi

geno‘usly and highly activated to play -important roles, show
tolerance to glucose starvation (Refs..3 and 4 ,and colorectal
cancer cell lines®). The difference might be caused by the dif-
ference in cellular background: Another possibility is the role of
AMPKs, which exert anti-cell death function during metabolic
stresses (4, 21). Phosphorylated Akt, induced by glucose star-
vation and sustained by hypoxia-induced TGF-8, activates
ARKS.- We recently demonstrated that necrotic cell death in-
duced by glucose starvation is mediated by caspase-8 (21) and
that ARKS promotes cell survival through suppression of
caspase-B-induced flice-like inhibitory protein (FLIP) cleavage
(22), suggesting that Alct-activated ARICS protects cells. from
glucose ‘starvation under hypoxic;condition through caspase

inactivation. Results of the present stidy showed an important

role of AMPK-e-in ‘hypoxia-induced tolerance to glucose star-
vation! Upon the stimulation of TGF-8, AMPK-« was also phos-
phorylated. Tumor suppressor LIXB1 was recently identified as
the upstream kinase of AMPK-e (50-52); however, the role of
LKB1'as AMPKK was limited in cells under low glucose, and
we reported that AMPE-e« phosphorylation in cells.stimulated
by growth factor, including TGF-3, is promoted by ataxia tel-
angiectasia-mutated rather than LEKB1 (53). Based on these
results, we concluded that ‘TGF-8, whose expression is stimu-
lated by oxygen deprivation, is. essential for hypoxia-induced
tolerance to glucose starvation through prometion of AMPK-«
and Alt/ARILS pathway activation, It is well lkknown that block-
age of TGI-3 signaling is closely involved in colorectal cancer

TGF-B1 Activates AMPK-a and ARKS during Hypoxia

progression {54-59). Sporadic colorectal cancer cells Jack func-
tional Smad4, and the absence of functional type II TGF-g8
receptor has been reported in hereditary nonpalyposis eolorec-
tal eancer cells (60—-64).; Moreover, it is also well known that
the malignant potential of hereditary nonpolyposis colorectal
cancer is weaker than,that.of colorectal cancer and that hy-
poxia is essential for tumor progression, including the progres-
sion of colorvectal cancer (7, 9). All of these findings taken
together suggest that hypoxia-induced cell survival by TGF-8
observed in this study may be related to the mahgnant poten-
tial of colorectal cancer and hereditary nonpolypoms colorectal
cancer cells. .

Achnowledgments—We 'thank’ Drs. Kohei M1yazo'irio \and Takeshi
Imamura for their kind gﬂ't of the FLAG Smad3 (DE mutant) expres-
sion vector. v :
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As most solid tumors aré-hypoxic, dendriti€c&ll§-(DC)i $olid tuniors are-also exposed. e Recewe‘i : 4/4/05
to hypoxia. While many adaptation responses of tumor cells to hypoxia are known, itis~ . ACCEpted 6/10/05
yet to be determined how hypoxia affects the functions of DC. To explore the effects of - (BOt 10_1002/(2)1.200526262]
hypoxia ‘on’ the-functions of DC, we - cornpared the ‘expression: of: surface markers, . ' P
cytokmes chemokine receptors and.matrix metalloproteinases. (MMP). of, human
monocyte -derived DC (hmDC) differentiated under hypoxia to those differentiated -

O under normoxia. Both groups of hmDC expressed similar levels of surface markers and

) cytokines. However, expression of MMP-9 and membrane type-1-MMP, as. well as

migrating activity, was significantly suppressed in hmDC differentiated under hypoxia.
compared with their normoxia counterparts. We also demonstrated that trichostatin A . : .
restored the production of MMP-9 in hmDC, under hypoxia. Collectively, our findings i Key words:

show that a hypoxic microenvironment suppresses the production of MMP in hmDC, Dendritic cell

most probably through the deacetylation of promoter regions of MMP, thus.suppressing . - Hypoxia - Matrix

the migrating actmty of hmDC. Our results suggest that the hypoxic microenvironment metalloproteinase

in solid tumor tlssues may suppress the function of DC. - Migration
Introduction
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and also activated under hypoxia, has been reported in
common human cancers in vivo [5], suggesting that
tumor tissues are generally hypoxic. A number of reports
have recently demonstrated that hypoxic conditions
induce a variety of adaptation responses in tumor cells
[6-9]. We have also demonstrated that the expression of

HIF-1q, as well as HIF-1-induced glycolysis is essential

for in vivo tumorigeniciey of pancreatic cancer cells {10].

However, tumor tissues are compased of both normal
as well as tumor cells. In tumor tissues, various tvpes of
normal cells, such as endothelial cells and leukocytes are
present. It is now widely recognized that macrophages
represent a prominent component of the ‘leukocyte

_population in tumor tissues. These cells, often called
tumor-associated macrophages (TAM]), are thought to be
derived from peripheral blood monocytes, and recruited
into the tumor tissues [11]. Importantly, there is
accumulating evidence showing that hypoxia modulates
the expression of various genes in the accumulated TAM,
in tumor tissues [11-13].

Precursers of dendritic cells (DC) are also IOthzed in
peripheral rissues;
antigen uptake and processing [14, 15]. Mature DC
migrate from the peripheral tissues to draining lymph
nodes, where they present antigens to antigen-specific T

cells [14, 15]. Thus, migrating capacity of DC is crucial.

for their professional function as antigen-presenting
cells (APC) [16~18]. A recent report asserted that DC
generated in vitro, and injected into tumor tissues, did
not migrate co regional lymph nodes [19]. This suggests
that DC lose'their migrating activity in tumor tissues. In

plm(:lple on their way from peripheral -tissues: .to’"
regional -lymph nodes, _DC have ito cross basement ©°

membranes and move through connective: tissue.

Previous reports demonstrated that matrix metallopro- .,

teinase (MMP)-9 and MMP-2 " are -necessary: for the -
migration of DC [20-22], whereas .it is yet to be
determined how the expression of MMP-9 and MMP-Z in
DC is regulated under hypoxic conditions.

In this study, we compare the expression of MMP and
migrating activities of human monocyre-derived DC
{(hmDQC) differentiated under normoxia (hmDC-N) to
those differentiated under hypoxia (hmDG-H). -

Results

‘ o
Expression of DC-associated markers and
cytokmes .

We first examined the expression of DC-associated
markers (Fig. 1a}. CD14 was not expressed. CD83 was
expressed on both the cells stimulated by LPS under
normoxia [mature (m)-hmDC-N], and those stimulated
under hypoxia (m-hmDC-H}. CD80, CD86, HLA-DR,

© 2005 WILEY-VCH Verlag Gmbll & Co. KGaA, Weinheim

. tiated under, normoxia. (Fig.

they undergo maturation upon’

Cellular immune response

HLA-ABC and CDla were also expressed on both cell
counterpares (Fig. 1a). Both of them showed more than
90% viabilicy (Fig. 1b); and expressed similar levels of
IL-10 and IL-12 (Fig. lc—e). Collectively, these results
suggest thar hypoxia does not affect differentiation or
matuaanon of hmDC ,
y .
Expresszon of MMP-9 in hmDC -
MMP-2 was- not- explessed in, hmbC. The immature
hmbC (1m hmDC) and m-hmDC dlffmentmted under
normoxia expressed MMP-9 mRNA at two- to fivefold
higher levels than those differendared undér hypoxia
{Fig. 2a). The.hinDC-N also produced MMP-9; (Fig. 2b),
and secreted MMP-9. at, higher, levels, than :hmDC-H
(Fig. 2c). However, the ac_tn'e Form of MMP9 was
detected only in the supernatants Sf hmbC differen-

showed that hmDC- N secreted pro-MMP -9 at higher
levels than hmDC-H, and th'lt onl_\, hmDC—N secreted rhe
active form of MMP-9 (F1 2d), The dlffetenc_e_: in MMP-
9 expression between hmDC I-I and hmDC-N appedred
in the early phase of dlffetentlauon (Flg 2e). We then
* examined MMP-9 mRNA expréssion in the ‘hmDC that
had differentiated under normoxia and then been
incubated under hypoua for 3 days to Jinvestigate
whether hmDC inoculated. irito peripheral | b]ood in an
. adoptive Immunotherapy could maintain the1r func:nons

~ after migrating to. hypomc tumor tlssues A.s a result

these n-hmDC expressed 1aif as much MMP- 9 m[-‘\NA as
those that were mcubated contmuously undernormoxia
(Flg 2ﬂ - A

.l.m i sy

s hanimgs
Expressmn of membrane type ~1-MMP.in hmDC

[ ..,.._' [ 45 T

: o .«lr)r vatl e
Smc,e we dld not . de:l:ect MMP—z in, our, hmDC we

- examined the eXpression of membrane t}pe 1 (IV[TI)

MMP, which has been 1eported to, acuvate MMP—
- produced-by-other cells, cmd Lo play an important role in

. the migration.of, Lells that do,not express MMP-2 [23,

24]. The un-hmDC and Jm- hmDC dlfferennated under
normoxia expressed MT1- MMP mRNA '1bour. five-fold
~higher than those differentiated under hypoua (Flg 3a).
- We then,. emmmed MTl-MMP mRNA .expression in
himDC-N, whxch had be(_n mcubared for a further 3 days
under hypoxia, to investigate whether DC inoculated in
an adoptive inmunotherapy might also have decreased
prodiiction of MT1-MMP ‘after migrating into tumor
tissues. These m-hmDC expressed half as much MT1-
MMP mRNA. as those that were incubated continuously

under normoxia (Fig. 3b). "
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Figure 1. Generation of im- hmDC and m- hmDC {a) Surface marker
expressmn on im-hmDC and m-hmDC differentiated under norm-
oxia (blue line} and hypoxia® {pink line), The green lines represent
staining with a control isotype-matched antibody. (b} Viability of the
im-hmDC and m-hmDC differentiated under normoxia and hypoxla
{c) IL-10 mRNA expression in hmDC. (d) IL-12 p40 mRNA expressionin
hmDC. (e} IL-12 p35 mRNA expression in hmDC.
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normoxia. Mononuclear cells were obtained from three different donors, (b) MMP-3 protein in cell lysates derivéd from im-hmbDC
and m-hmDC generated under normoxia and hypoxia. (¢} Secreted MMP-9 protein in conditioned media obtained from im-hmDC
and m-hmDC generated under normoxia and hypoxia. (d) Gelatin zymography showing MMP-9 activity in conditioned media
obtained from im-hmDC and m-hmDC generated under normoxia and hypoxia. (€) Sequentially examined expression of MMP-9
during the differentiation of human menocytes into DC. {f) mRNA expression of MMP-9 in m-hmDC-N, cultured for é further
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1

e

r

Expression of tissue inhibitors of MMP in hmDC  expression: of MT1-MMP and MMP~9
‘ ments, {s a spec1f1(. éffect of h} poxm

As specific tissue inhibitors of MMP (TIMP} are thoughe - .
to regulate proteolytic activities of MMP [25], we then ~ Migratillg activities, o
examined the expression of three TIMP in the hmDC. ' CEMRL o

TIMP-1 was expressed at higher levels in bmDC-H than  As MMP-9 is necessary for the migration and infiltration
in hmDC-N (Fig. 4). TIMP-2 and TIMP-3 were expressed  of DC through: the basement membrane, we then
at similar levels in both hypoxic and normoxic groups. As  compared the migrating activities of hmDC-N 1o
TIMP-1 is a specific inhibicor of MMP-9, these results  hmDC-I1. Both im-hmDCN and m-hmDC-N had sig-
further indicate that hmDC-H have lower proteolytic  nificantly higher migrating activities than their counter-
activities than himDC-N, and suggest that the decreased  parts, differentiated under hypoxia (Fig. 5a). As the

in. our, experi-
! o '

o
S
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representative result of three different experiments is shown.

migrating activities of the hmDC differentiated under
normoxia were suppressed by recombinant TIMP-1
protein, we attributed this result to their higher
secretion of MMP-9, when compared to that of their
counterparts, under hypoxia (Fig. 5b). We next
examined the expression of chemokine receptors in’
hmbD¢ differentiated under hypoxia and under normox-
ia, respectively, because the chemokine/chemokine
receptor interaction is also essential for the migration
of DC [26]. The im-hmDC differentiated under normox-
ia expressed CCR1 and CCR6 at four-times higher levels

i

‘than those=differéntiatéd “undet “hypdkia: (Fig. :S¢)7”

However, m-hmDC-H expressed CCR7 at a slightly
higher level than m-hmDC-N. CCR7 is reported to play
imporrant roles in the homing of marure.DC to regional
lymph nodes [26]. This resulr strongly suggests that
MMP-9 might be one of the essential proteins needed for
the homing of DC from peripheral tissues to regional

% pethil, * * p<B05

TIMP-3

TIMP-1 TIMP-2

1.(-%

0.8 7
04!

-

Relative Copy Number to 8 -actin
&
12 e -
T

NH MU NH

im-hinDCs  g-hmPDCs Inn-lm\l_):(:s m=hDICs  im-hDCs m-hmDCs

Figure 4. Expression of TIMP. Relative copy numbers of TIMP-1,
TIMP-2 and TIMP-3 are shown. TIMP-1 expression was
enhanced by hypoxia, whereas expression of TIMP-2 and
TIMP-3 was not affected.
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since not withstanding the higher
expression of CCR7 in m-hmDC-H, the migiation
potendal of these cells is swmflcantlv lower than their
NOrmoxic counterparts.

Restoration of expression of MMP-9

Incubation of the m-hmDC-H, for a further 72 h under
normoxia, did not restore the production of MMP-9 or
MT1-MMP (data not shown). Furthermore, neither IFN-
u, nor IFN-y or IL-12 showed any effect on the

. production of MMP-9 or MT1-MMP in the hmDC (data

not shown).” Hence, we “hypothesized that either
methylation or deanetylatlon of the MMP-9 promoter

_ region might be implicated in its suppression, ‘caused by

hypoxia. Five-azacytidine (5-AZ), a demethylating
agent, enhanced the production of MMP-% in both m-
hmDC groups, notwithstanding their culture condition
(Fig. 6a). We did not detect any differences in the
methylation sites of the promoter region of MMP-9
(Fig. 6b). In contrast, trichostatin A (TSA), a specific
inhibitor of histone deacetylase, restored the production
of MMP-9, under hypomc conditions (Fig. 6¢c). These
results suggest that dedcetyldtmn but not, methylation,
of the MMP-9 promoter region. might be 1mp1u_<1ted in
the suppression of MMP-9, mu:-ed by hypo:m

Discussion

Most solid tumors develop regions of low oxygen tension
because of an imbalance i oxygen supply and
consumption. As a tumor expands, vigorous growth of
cancer cells creates a hypoxic microenvirenment, which,
if not alleviated, may restrict tumor growth or even
cause cell death-[27). Angiogenesis and increased
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Figure 5. Migrating activities of hmDC differen-
tiated under normoxia and hypoxia (a) Migrating
activities through matrigel- coated transwell
membranes of im-hmDC (chemoattractant
RANTES) | and . ;m-hmbC (chemoattractant
6Ckine), (b) Mlgratmg dctivities of KhmDC differ-
entiated under normoxia were specifically inhib-
_ ited by recombinant, TIMP-1 (100 ng/mL). (c)
Bxpressmns of CCR1 CCRG {im- hmDC) and
CCR7 (m- hmDC} in DC" dlfferentlated under
hypoxia and under noermoxia! A representative
result of three different experiments is shown.
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320 130
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glycolysis, two universal characteristics of solid tumors,
represent an adaptation response to the hypoxic
microenvironment [28]. DC, which undergo differentia-
tion and maturation in tumor tissues, are also in the
[iypoxic microenvironment.

DC are the most efficient type of migrating APC,
playing an essential role in the initiation of immune
responses. To fulfill their effector function, DC migrate
through endothelial barriers .and tissues [14, 15].
Although recent reports have shown that some of the
mechanisms underlying DC migration are controlled by
MMP and TIMP [25], little is known about how hypoxia
regulates MMP expression and migratory capacity of DC.

This is the first study showing the hypoxia-induced
suppression of MMP-9 and MT1-MMP production, and
migrating activity of hmDC. Here we clearly demon-
strate that hmDC-H express significantly lower levels of
MMP-9 and MT1-MMP, as well as higher levels of TIMP-
1, when compared to hmDC-N, In accordance with these
results, we demonstrate that hmDC cultured under
hypoxia have a reduced capability for migration than
those cultured under normoxia. Furthermore, hmbDC
differentiated and matured under normoxia, and then
cultured under hypoxia for another 3 days, also show a
decreased expression of MMP-9 and MT1-MMP, suggest-
ing that the hypoxic microenvironment in tumor tissues

- can potentially suppress the migrating activities of

inoculated DC in an adoptive immunotherapy.
Interestingly, in accordance with recent data show-
ing that CXCR4 is induced by hypoxia in several cell

" types, siich as monocytes, endothelial cells, TAM and

also cancer cells [29], levels of CCR7 were up-regulated
in m-hmDC-H in our study. These findings suggest that
hypoxia stlmuIates chemotactic potential to constitu-
tively “secrered —cliemokifies; through the enhanced
- expression of chemokine-receptors. I—Iowever in view
of the fact that in.vitre invasion of our DG, under
hypoxia, was still lower than that under normoxia, we
postulate that MMP-9 might play a pivotal role in DC
migration in vive, and restoration of MMP-9 production
might be critical for the mlfnatlon of DC fram tumeors to
regional lymph nodes.
From our observation,

that TSA, an inhibitor of

histone deacetylase, restores the production of MMP-9

and MT1-MMP in hmDC, we postulate that deacetyla-
tion of promoter regions of MMP-9 and MTI-MMP
might be the cause of suppression of MMP-9 and MT1-
MMP by hypoxia. To date, two reports have described
the association of histone deacetylase with MMP
production. TSA was reported to stimulate MMP-9
promoter activity in HT1080 fibrosarcoma cells [30].
Also, Pender et al. [31] confirmed that a histone
deacetylase inhibitor, buryrate, up-tegulated the pro-
duetion of MMP-7.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaa, Weinheim
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In our findings, the hypoxic microenvironment
suppresses the expression of MMP-9 and MT1-MMP in
hmDC. However, several issues remain yet to be
resolved, namely, whether the suppression of MMP
production caused by hypoxia is also observed in other
DC subtypes, such as CD1lc* Langerhans cells and
interstitial DC, derived from CD34™ myeloid progenitor
cells. Most importantly, it is yet to be. determined
whether this phenomenon is also observed in other
species, like mouse and rat, so as to coriduct proper in
vivo studies. A number of reports have already
demonsrrated that hypoxia enhances the expression of
MMP-9 in various types of cells [32, 33]. On the other
hand, several othier réports state that this hypoxia-
mediated increase of MMP-9 is not consistently observed
[34]. Saed et al. [35] reported that hypoxia decreases
the expression of MMP-9, and that TGE-1 increases this
expression under normnxm but decreases it under
hypoxia. In our experunents adherent cells wu:hout any
stimulation, express only & low level of MMP-9 mR.NA
with a gradual increase of MMP-9 mRNA -expression
during the culture of celis;in the presence of GM-CSFand
IL-4. This suggests that a: hvpoxicr.condition may
suppress MMP-9 mRNA: expression -induced by GM-
CSF ' and " IL-4 by dlsturbmg ‘the  balance’ of - the
deacetylation: acer}Iatlon Teaction. Imtlally, we had
hypothesized that the ewpresswn "of MMP9 Would be
suppressed by hypoxm on[y in hemdtopmem cells.
However, surprisingly, the expressioni of MMP-9 in U-
937 leukemia cells, derived from hematopoietic “cells,

‘was stimulated by hypoma (data not shown). Qur

results, ' as well as: the . current :literature,.. clearly
emphasize the .need for . further elucidation  of the
relationship- between hypoxia-and MMP.: We ‘believe ic
possible that this hy pdxia indiiced decrease of MMP
production may be SpElel(‘ to" hmDC oul}' of DC in
general, and is thus of empmcal imporrance to DC-based-
tumor immunotherapy. Moreover, the examination of
MMP production in other immune cells, such as T cells
and B cells, under hypoxla as compared 10 NOrmoxia,

might reveal challengmg results regarding the overall
immune system scenario,,

Collectively, our flndmcrs mdx(.ate that a. hypo*{lc
microenvironment suppresses migrating activities of
hmDC, by stifling their production of MMP-% and MT1-
MMP, strongly implying that productivn of MMP is
reduced in hinDC within tumor tissues, thus hindering
the stimulation of an adequate immune reqponSL
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Materials and methods

Reagents

IL-4, ”C\] CSF and reguiated upon activation, normal T
explessed and secreted (RANTES) were purchased from
R&D Systems (Minneapolis, MN). Human IFN-a and IFN-y
were purchased from JCR Pharmaceuticals Co. Lid. (Tokyo,
Japan) and PBL Biomedical Laboratories (Piscataway, NJ),
respectively.

LPS, Ficoll-Paque, human 6Ckine, TSA, and gelatin were
purchased from Sigma Chemical Co. (St. Louis, MO). Fetal
bovine seram (FBS) was purchased from HyClone (HyClone,
UT). FITC-conjugated mAb against human CD83, CD80, CD14,
HLA-ABC, HLA-DR, un-conjugared mAb against human CD1a
and CD86, and isotype control antibodies were purchased from
Immunotech (Marseille, France). FITC-conjugated anti-mouse
IgG-+IgM (H+L) was.purchased from Jackson ImmunoRe-
search Laboratories, Inc. (West Grove, PA). TRIzol reagent,
QuantiTect™ SYER® Green PCR Master Mix, ABI PRISM*
7900HT sequence Detection System and TaqMan*Reverse
Transcription Reagents were purc_hased from Life Technologies
{Frederick, MD), Qiagen (Germany) and Applied Biosystems
(Foster City, CA), respectively. Anti-human MMP-9 and TIMP-1
antibodies were purchased from, Daiichi Pure Chemical Co.
Led. {Tokvo, Japan). Mouse anti-human p-actin antibody,
sheep anti-mouse Ig anribodies, Western blotting detection
reagent and BD BioCoat Matrigel Invasion Chamber were
purchased from Chemicon International, Inc, (Temecula, CA},
Amersham Life Science, Inc. {Atlington Heights, IL), and BD
Biosciences (Mississauga, Ontario, Canada), respectively.

Generation of hmDC

hmDC were prepared as previously reported [36, 37]. Briefly,
adherent cells were cultured in the presence of 1000 U/mL
GM-CSF and 1L-4 for 6 days under hypoxia or normoxia,
According to the previous definition of tumor hypoxia (median
pQ2 <10 mmHg, approximately 1.25%) [38], the cells in the
hypoxic group were incubated at 1% Oz in a hypomc chamber
gassed with 949% N, and 5% CO, (Wakenyaku Co. Led., Tokyo,
.Iapalnj. Cn day 6, the cells were separated into two groups,
respectively. Cells of group 1 were cultured in the same
condition for 1 day and used as im-hmDC. Cells of group 2
were freated with LPS {1 pg/mL) for 1 day and then used ag m-
hmDC. in some experiments, 5-AZ, or TSA, was added to the
monoecyte cultures 3 days after incubation, during DC
differentiation, at 5 uM or 12.5 uM.

" Phenotypic analysis by FACS

The cells in the respective groups were incubated with FITC-
conjugated specific mAb against CH83, CO14, CD8O, HLA-ABC
and HLA-DR. They were then incubared with un-corjugated
mouse Ab against CD86 and GBla and FITC-conjugated anti-
mouse IgG+IgM (H4L). Alter incubation, the cells were
analyzed using a FACScan (Becton Dickinson).
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Real-titne PCR

Each ¢DNA {10 ng) was amplified in triplicate using a SYBR-
Green PCR assay kit and then detected on an ABI PRISM?*
7900HT sequence detection system. The B-actin RNA was used
to standardize the rotal amoune of cDNA, The primers used
were as follows:

MMP-9: CCTTTTGAGGGCGACCTCCAAG and CTGGATGAC-
GATGTCTGCGT;, MT1-MMP: CCGATGTGGTGTTCCAGACA
and TGGCCTCGTATGTGGCATACT; TIMPLl: ACAGACGGCC-
TTCTGCAATTC and GGTGTAGACGAACCGGATG’I’.CA; TIMP2:
GTTCAAAGGGCCTGAGAAGGA and CCAGGGCACGATGAAG-
TCA; TIMP3: GCCTTCTYTGCAACTCCGACAT. and TCTCG-
GAAGCTTCCGTATGG; CCRI: CGAAAGCCTACGAGAGTGGAA
and CGGACAGCTI'T(-GAT‘ITC‘I'I‘CT CCRG: TCGCCATTGTA-
CAGGCGACTA and CG(..TGCCT’I‘GGGTGTTGTAT CCR7:
GGTGGCTCTCC'I'TGTCATI'[TC and GGGAGGAACCAGGCTT-
TAAAGT; p-actin: GCTCCTCCT GAGCGCAAG"I" and TCGTCA-
TACTCCTGCTTIGCTGAT, Relative mRNA levels were deter-
mined by LUinparir)g the PCR cyile thrésholds between the
(.DNA of rhe gc_ne of interést and ithat of B -actin.

PGR amphﬂcatlon of blsulfite treated DNA and
sequencing, - s T

8ix fragments of the human MMP-9 promoter region contain-
ing CpG dinucleotides were amplified according to the
previously descubed method (391, The PCR producrs were
cloned into the pCR4—TOPO vector ([11\'1Lr0fren) anr.l then
sequenced

Western blot analyms TR S

~Cell- fxee supernatdnts were (.Oll(‘f.tec[ from DC cultu1ed for

24 h in serum-free RPMI, 1640 medmm A supernatant of the
human fibrosarcoma cell line HT1080 was used as a positive

control. After SDS- PAGE, proteins were blotted onto nitro-
cellulose membranes (Blo Rad, Herc ules CA) .md stained with

anti-MMP- 9 annbody Each cell lymte was also analyzed by
“Western blot analysis to defect intraceliular MMP-9 ‘protein.

The membranes were developed with the use of an EGL

detection kit (Amersham, Tokye, Japan).

Gelatin zymography

Enzymatic activicy V\le.;: analyzed by electrophoresis in poly-
acrylamide gels containing sodium dodecyl sulfate (SDS) and
gelatin as described previously [40].

Matrigel invasion assay

' The Marrige! invasion assay was performed in Matrigel-coated

Transwell chambers (BD Biostience) according to the manu-
facturer's instructions. - Recombinant human RANTES and
6Ckine were added in the culture media, in the lower
chambers, at a concenrration of 100 ng/mL. After 6-8 h
incubation, the mumber of hmDC that had migrated to the
lower surtace of the membrane was counted.
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Statistical analysis

Statistical differences among the groups were determined by a
two-tailed Student's t-test as for independent samples. Mean
values were considered significantly different when p values
were less than 0.05.
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