FFA-INDUCED COX-2 EXPRESSION IN C,C;> MYOTUBES

to oleate (18:1) and linoleate (18:2), has relatively fewer
beneficial effects in terms of suppressing COX-2 expression
as wcll as having little impact on the intraccllular signals
evoked by palmitate treatment (Fig. 6). These observations
are quite novel and raise an important question concerning
the significance of palmitoleate serving as a lipokine, at
least in terms of exerting protective effects against the
COX-2 expression triggered by palmitate treatment in skel-
etal muscle cells. Given that the serum palmitoleate concen-
tration is usually quite low, and oleate and linoleate are the
most prevalent unsaturated FFAs in the circulation (7), our
resulls suggest oleate and/or linoleate, but not palmitoleate,
to potentially be major contributors to the protective effects
against palmitate-induced COX-2 expression in vivo via
dampening ol a wide array ol the palmitate-inducible intra-
cellular signaling cascades (Fig. 6).

It is well established that unsaturated FFAs function as
ligands for PPARs, including PPAR/8, a predominant skeletal
muscle PPAR isoform, with different binding affinities (16).
For example, oleate (18:1) has recently been shown to provide
protection from palmitate-induced detrimental responses by
promoting mitochondrial B-oxidation as well as by shunting
excess palmitate to triacylglycerol instead of diacylglycerol
accumulation through a mechanism involving a PPARa-de-
pendent upregulation of the related metabolic genes, which in
turn results in the prevention of inappropriate activation of the
PKCOH-NF-kB cascades in skeletal muscle cells (9). We also
observed the palmitate-induced phosphorylation of PKC6 to be
inhibited by cach unsaturated FFA examined (Fig. 6). How-
ever, in contrast to this notion, we could not reproduce the
protective action against palmitate-induced events using a
sclective PPARB/S activator, GW-50156, or a PPAR« activa-
tor, Wy-140143 (Fig. 7), suggesting that PPARs may not be
a major contributor to the protective actions. Consistent
with this, neither Wy-14643 nor GW-50156 had any sup-
pressive effect on palmitate-induced phosphorylation of
PKCO (Fig. 7). Since arachidonate (20:4), a polyunsaturated
fatty acid serving as a major substrate for COXs, has also
been shown to potently activate both PPAR« and PPARB/S
(16), we utilized arachidonate as an endogenous pan-PPAR
agonist. Unexpectedly, arachidonate strongly suppressed
palmitate-induced events (Fig. 7), raising the possibility that
arachidonate and its metabolite(s) play an important role in
exerling the protective actions. In line with this, linoleate,
which is preferentially metabolized to arachidonate, exhib-
ited a stronger suppressive effect on palmitate-induced
events than oleate or palmitoleate (Fig. 6). Together, these
observations suggest a potential role for the arachidonate
cascade, including synthesis of bioactive lipids in the pro-
lective actions ol unsaturated FFAs.

p38 Phosphorylation induced by palmitate in combination
with unsaturated FFAs shows a bell-shaped dose-response
relationship. Our data demonstrated that p38 MAPK is re-
quired for COX-2 expression and that unsaturated FFAs po-
tently abolished this palmitate-induced COX-2 expression.
Intriguingly, however, we found that all three unsaturated
FFAs similarly induced slight enhancement of palmitate-in-
duced p38 phosphorylation (Thr'3%/Tyr'%2) showing a bell-
shaped dose-response relationship (Fig. 6C), whereas they all
diminished the phosphorylations of INKs (Fig. 6, F and G) and
ATF-2 (Fig. 6E), a common substrate for p38 and JNK
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MAPKs (21). This discrepancy between the phosphorylation
status of p38 MAPK (Thr'®/Tyr'#2) and its substrate ATF-2
(Thr%"71y (Fig. 6D) apparently reflects the complex regulatory
mechanism of p38 by multiple phosphorylation events and by
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Fig. 8. Effects of NS-398 on palmitate-induced insulin resistance. A: C2Cja
myotubes were treated with 1 mM palmitate (C16:0) alone or in combination
with 30 WM NS-398 for 16 h. The cells were serum-starved and then treated
with the indicated concentration of insulin for 5 min. The cell lysates were then
subjected to Western blot analysis using anti-phospho Akt (Ser*’3) or anti-Akt
antibodics. B: differentiated C2Ci2 myotubes expressing myc-glucose trans-
porter 4 (GLUT4)-enhanced cyan fluorescent protein (ECFP) were treated with
100 nM insulin for 30 min in the presence of 4 j.g/ml anti-myc antibody. The
cells were then washed 5 times with PBS and analyzed by Western blotting
with the use of anti-mouse TgG horseradish peroxidase-conjugated antibody.
C: the results from B, uptake of anti-myc antibody in response to insulin, were
subjected to densitometric analysis for quantification. Three independent
experiments were performed, and representative results were obtained.
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binding of unsaturated FFAs or their metabolites (e.g., arachid-
onate) to the lipid-binding site of this enzyme (14, 44, 48).
Thus, an interesting aspect of unsaturated FFA actions on p38
regulation might be further involvement in the beneficial ef-
fects of suppressing inflammatory responses.

Potential role of COX-2 and subsequent PG production in
skeletal muscle. Although palmitate treatment clearly induced
PGE; production in C,C;, myotubes (Figs. 2F and 6J), NS-
398, a COX-2-sclective inhibitor, failed to reverse the palmitate-
induced impairments in both insulin-induced Akt phosphorylation
and insulin-responsive GLUT4 translocation (Fig. 8). These data
indicate that palmitate-induced COX-2 and its metabolites may
make little, if any, direct contribution to the development of
insulin resistance in C,C;> myotubes. However, it is highly
likely that COX-2 melabolites are involved in inflammatory
responses in a paracrine fashion by inducing migration of
immune cells (13, 27, 38, 47), which may contribute indirectly
to the generation of insulin resistance as well as to complex
inflammatory responses in skeletal muscles in vivo. In this
regard, a recent study demonstrated that administration of a
COX-2 inhibitor improved whole body and muscle insulin
resistance in sucrose-fed rats (28). In addition, recent studies
utilizing COX-2-deficient mice have also demonstrated that
COX-2 plays a crucial role in the regeneration of injured
muscle (2) and growth of atrophied muscle (3), indicating that
inflammation, induced at least in part by COX-2-mediated PG
production, is an important process of skeletal muscle healing.
Analogous to this, our results indicate that inducible expression
of COX-2 and subsequent PGE, production may contribute to
muscle healing/regeneration after cell damage caused by treat-
ment with pathophysiologically high FFA concentrations.
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To define the role of the unfolded protein response (UPR) in leukemogenesis, we investigated UPR acti-
vation in the cells expressing the representative oncogene Bcr-Abl (B-A). The expression of UPR-related
proteins and mRNAs, namely, X-box-binding protein (XBP1) and glucose-regulated protein 78 (GRP78)
was increased in B-A. UPR inhibition using inositol-requiring enzyme 1a (IRE1et) or activating transcrip-

tion factor 6 (ATF6) dominant-negative mutants diminished the ability of Bcr-Abl to protect the cells from

Keywords:
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Apoptosis

etoposide- and imatinib-induced apoptosis. We also noted that the expression of UPR-related genes in
primary leukemia cells from Philadelphia chromosome (Ph)-positive cells was higher than that in the
control by quantitative RT-PCR assay. Thus, our results suggested that UPR is a downstream target of
Bcr-Abl and plays an anti-apoptotic role in Ph-positive leukemia cells.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The Ber-Abl fusion protein plays a central role in chronic myeloid
leukemia (CML) and Philadelphia chromosome (Ph)-positive acute
leukemia. The molecular mechanism of leukemogenesis by Bci-
Abl has been the focus of intensive research over several decades.
The transformation of hematopoietic cells by Bcr-Abl involves
the assembly of multiprotein complexes and phosphorylation
of several substrates, leading to the activation of signal trans-
duction pathways that generate proliferative and anti-apoptotic
signals.

The accumulation of unfolded proteins in the lumen of the endo-
plasmic reticulum (ER) induces a coordinated adaptive program
termed as the unfolded protein response (UPR). The UPR alleviates
stress by upregulating protein folding in the ER and inhibiting pro-
tein synthesis. In mammalian cells, the UPR is initiated by diverse
signaling pathways whenever protein folding in the ER is com-
promised. Physiological conditions that induce the UPR by causing
protein misfolding include the differentiation and development of
professional secretory cells such as plasma cells or pancreatic 3
cells; altered metabolic conditions such as glucose deprivation and
ischemia; mutations in the genes encoding secretory or transmem-
brane proteins, which are normally folded in the ER, such as insulin;
and infection by certain pathogens, such as hepatitis C.

* Corresponding author. Tel.: +81 836 222251; fax: +81 836 222342,
E-mail address: yujirit@yamaguchi-u.ac.jp (T. Yujiri).

0145-2126/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.leukres.2009.01.027

Although a number of studies have reported UPR activation in a
variety of solid tumors, the UPR in cancers remains poorly charac-
terized. It is not known whether UPR activation in cancers is solely
due to microenvironmental stress or other mechanisms [1]. More-
over, the influence of the UPR on leukemogenesis remains largely
uninvestigated. Here, we showed the constitutive activation of UPR
in Ber-Abl-expressing cells and demonstrated that the UPR plays a
role in the anti-apoptotic effect of Bcr-Abl.

2. Materials and methods
2.1. Cell culture

32Dcl3 mouse myeloid cells (RIKEN Cell Bank, Saitama, Japan) were cultured
in RPMI 1640 medium supplemented with 10% FBS and 1ng/ml recombinant
murine IL-3. The vectors pZeo-p210 Bcr-Abl (B-A), pZeo-c-Abl (Abl), and pZeoSV2
(Mock) (Invitrogen, Carlsbad, CA, USA) were stably transfected into the 32Dcl3 cells
using Nucleofector (Amaxa, Inc., Gaithersburg, MD, USA). The complementary DNAs
encoding p210 Bcr-Abl and c-Abl were of human origin. Bcr-Abl-expressing cells
were selected and cultured following IL-3 withdrawal. Abl and Mock were selected
using 600 p.g/ml Zeocin and maintained with 350 p.g/ml Zeocin (Invitrogen). The
expression plasmid for IRE1a lacking the sequence of kinase and ribonuclease
domain (IRE1 DN)[2] or for ATF6« lacking the sequence of activation domain (amino
acids 171-373) (ATF6 DN) [3] was stably transfected into B-A and Mock. Stable B-A
or Mock transformants were selected using 300 pg/ml or 1.2 mg/ml geneticin (Invit-
rogen), respectively. The stably transfected cells we re used as uncloned pools for the
experiments in order to avoid the effects of clonal selection.

2.2. Patients

This study was approved by the Institutional Review Board, and informed con-
sent was obtained from all the patients and healthy controls. Samples obtained
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from 8 Ph-positive acute lymphoblastic leukemia patients (4, bone marrow (BM);
4, peripheral blood (PB)) and 12 healthy controls (7, BM; 5, PB) were analyzed.
Mononuclear cells were collected using Lymphoprep (Axis-Shield, Oslo, Norway).

2.3. Immunoblot analysis

The following antibodies were used forimmunoblot analysis; anti-Crk-L (sc-319)
and anti-XBP1 (sc-7160) (Santa Cruz Biotechnology. Santa Cruz, CA, USA), anti-
phospho-elF2a (Ser51) and anti-elF2a (Cell Signaling Technology, Inc., Beverly, MA,
USA), anti-KDEL (SPA-827) (Stressgen, Ann Arbor, MI, USA), anti-c-Abl (OP20) (Cal-
biochem, San Diego, CA, USA), anti-GAPDH (MAB374) (Chemicon International, Inc.,
Temecula, CA, USA), and anti-Nucleoporin p62 (BD Biosciences, San Jose, CA, USA).

2.4. Luciferase assay

HEK293T cells with the ER stress response element (ERSE) or unfolded pro-
tein response element (UPRE) reporter [4] were transiently cotransfected with
pZeo-p210 Ber-Abl, pZeo-c-Abl, or an empty vector alone and the B-galactosidase
expression plasmid pZeoSV2/lacZ using FUGENEG6 (Roche Diagnostics, Indianapo-
lis, IN, USA). After 48 h of incubation, luciferase activity was measured using the
PicaGene reagent kit (Toyo Inki, Tokyo, Japan) according to the manufacturer's
instructions and normalized to the corresponding B-galactosidase activity levels.
32Dcl3 cells stably expressing Bcr-Abl (B-A) or the empty vector (Mock) were ana-
lyzed by a luciferase assay using the ERSE or UPRE reporter with the pGL4.74 vector
(Promega, Madison, WI, USA) as a normalized control.

2.5. Quantitative reverse transcription-polymerase chain reaction assay (RT-PCR)
assay

Total RNA from the mononuclear cells was extracted using [SOGEN (Nippon
Gene Co. Ltd., Tokyo, Japan) according to the manufacturer's instructions. Total
RNA was subjected to reverse transcription with Superscript [ Reverse Tran-
scriptase (Invitrogen) according to the manufacturers' instructions. Quantitative
RT-PCR assay of the indicated genes was performed using a QuantiTect SYBR Green
PCR kit (Qiagen, Hilden, Germany) with a LightCycler system (Roche Diagnostics).
The primer sequences for each of the murine UPR-related genes are as follows:
spliced form of XBP1, 5'-gctgagtccgcageaggtge-3' and 5'-catgacagggtccaacttgtecag-
3. GRP78, 5'-gacatttgccccagaagaaa-3' and 5'-ctcatgacattcagtccagea-3';CHOP, 5'-
cctagettggetgacagagg-3' and 5'-ctgetccttctecttcatge-3'; PS8IPK, 5'-ccttatcggacagtcc-
ttcg-3' and 5'-tcagagtcctgatttcatcttca-3'; ERdjd, 5'-cttaggtgtgccaaagtctgee-3' and
5'-ccgagagtgtttcatacgcettctg-3'; and GAPDH, 5'-ggcattgctctcaatgacaa-3' and 5'-atg-
taggccatgaggtccac-3'. The primer sequences for each of the human UPR-
related genes are as follows: spliced form of XBP1, 5'-tgagtccgcagcaggtgc-3'
and 5'-tggcaggctetggggaag-3'; GRP78, 5'-gagttcttcaatggeaagg-3' and 5'-ggggaca-
tacatcaageag-3'; EDEM, 5'-tctcctctaccaggeaacc-3' and 5'-cggtcttetgtggacttgte-3';
CHOP, 5'-cctatgtttcacctectgg-3" and 5'-tgacctetgetggteetg-3'; and B-actin, 5'-caag-
agatggccacggetget-3' and 5'-tecttetgeatectgteggea-3'.

The calculated concentration was normalized to the expression level of 3-actin
or GAPDH mRNA.

2.6. Apoptosis assay

The cells were treated with 20 LM etoposide or 1.5 .M imatinib and incubated
for 14 or 16 h, respectively. To measure the extent of apoptosis, the cells were stained
using an Annexin-V-FLUOS staining kit (Roche Diagnostics). Cytomics FC500 (Beck-
man Coulter Inc., Fullerton, CA, USA) was used for flow cytometric analysis.

3. Results and discussion

To determine whether the Bcr-Abl oncoprotein altered the UPR,
we evaluated the expression of UPR-related proteins. Ber-Abl, c-
Abl, or an empty vector was stably transfected into 32Dcl3 cells.
Bcr-Abl-expressing cells (B-A) showed an upward shift in CrkL,
a tyrosine-phosphorylated substrate by Bcr-Abl tyrosine kinase
(Fig. 1a). The expression of the UPR-related proteins, namely,
glucose-regulated protein 78 (GRP78) and the phosphorylated a-
subunit of eukaryotic translation initiation factor 2« (elF2a), was
elevated in B-A as compared to that in c-Abl-transfected (Abl)
or empty vector-transfected (Mock) cells under basal conditions
(Fig. 1a). To confirm UPR upregulation, the cells were treated with
an ER stress activator, thapsigargin. All the cells showed elevated
levels of GRP78 and phosphorylated elF2a after treatment with
thapsigargin. The upregulated expression of UPR-related proteins
was consistently observed in B-A as compared to Mock and Abl
(Fig. 1a). Treatment of the cells with another ER stress activator,
tunicamycin produced the same result (data not shown). GRP78
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Fig. 1. The expression of UPR-related proteins is upregulated in Bcr-Abl-expressing
cells. (a) B-A, Abl, and Mock were produced by transfecting 32Dcl3 cells with
the vectors pZeo-p210 Bcr-Abl, pZeo-c-Abl, and pZeoSV2, respectively. The cells
were treated with 600 nM thapsigargin for the indicated time periods. Immunaoblot
analysis was performed with the following antibodies; anti-CrkL, anti-elF2«, anti-
phospho-elF2c (Ser51), anti-KDEL, anti-c-Abl, and anti-GAPDH. (b) XBP1 expression
in nuclear lysates was analyzed using anti-XBP1 antibody. The cells were treated
with either 600 nM thapsigargin (Tg) or 2 g/m1 tunicamycin (Tm) for 4 h. Nucleo-
porin p62 was used as the loading control. All the cells were cultured in the presence
of IL-3. (c) XBP1 expression in nuclear lysates was examined. The cells were treated
with 600 nM thapsigargin for the indicated time periods.

is a key regulator of the UPR. As a Ca?*-binding molecular chap-
erone in the ER, GRP78 maintains ER homeostasis, suppresses
stress-induced apoptosis, and controls UPR signaling. The phos-
phorylation of elF2a at Ser51 is an early event associated with
the downregulation of protein synthesis at the level of transla-
tion and initiation of a transcriptional program. This constitutes
a potent mechanism to overcome various stress conditions includ-
ing ER stress. Furthermore, B-A in the presence or absence of [L-3
showed higher levels of the X-box-binding protein 1 (XBP1) in the
nuclear extract than Abl or Mock did (Fig. 1b and c). The treatment
with thapsigargin or tunicamycin clarified that nuclear XBP1 was
increased by drug-induced ER stress and was consistently elevated
in B-A as compared to that in Mock or Abl either in the pres-
ence or absence of [L-3 (Fig. 1b and ¢). XBP1 pre-messenger RNA is
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Fig. 2. Bcr-Abl enhances the expression of UPR-related mRNAs. (a) HEK293T cells with the ERSE or UPRE reporter were transiently cotransfected with the vectors pZeo-p210
Ber-AbI (B-A), pZeo-c-Abl (Abl), or an empty vector alone (Mock) and the B-galactosidase expression plasmid pZeoSV2[lacZ. The data were statistically analyzed by one-factor
ANOVA, followed by Fisher's PLSD test. The means +S.D. of 3 independent experiments are shown. (b) 32Dcl3 cells stably expressing Bcr-Abl (B-A), c-Abl (Abl) or an empty
vector (Mock) were analyzed by a luciferase assay using the ERSE or UPRE reporter. Statistical analyses were performed using one-factor ANOVA followed by Fisher's PLSD
test. The means +S.D. of 3 independent experiments are shown. (c) 32Dcl3 cells stably expressing Bcr-Abl (B-A), c-Abl (Abl), and an empty vector (Mock) were analyzed
by a quantitative RT-PCR assay of the indicated genes. Statistical analyses were performed using one-factor ANOVA followed by Fisher's PLSD test. The means +S.D. of 4
independent experiments are shown. *P<0.05, **P<0.005, ***P<0.0005, compared to Mock. #P<0.05, **P <0.005, **#P<0.0005, compared to Abl.

converted to mature mRNA by unconventional splicing that is medi-
ated by the endonuclease inositol-requiring enzyme 1 (IRE1). The
transcription factor protein XBP1 spliced, which is translated from
mature XBP1 mRNAs, contains a nuclear localization signal and a
transcriptional activation domain and activates the transcription of
target genes in the nucleus.

To examine whether Bcr-Abl induces the UPR-related transcrip-
tional activity, we performed the luciferase reporter assay. Bcr-Abl,
c-Abl, or an empty vector was transiently transfected into HEK293T
cells with the ERSE or UPRE reporter construct [4]. ERSE-mediated
transcriptional activity did not considerably differ between Mock,
Abl, and B-A. In addition, the nuclear levels of activating tran-
scription factor 6 (ATF6), an ERSE-binding transcription factor, also
did not significantly differ between Mock, Abl, and B-A (data not
shown). On the other hand, UPRE-mediated transactivation in B-
A was significantly increased as compared to that in Mock or Abl
(Fig. 2a). Similar results were obtained in the 32Dcl3 cells stably

expressing Bcr-Abl in the presence or absence of IL-3 (Fig. 2b).
These data suggested that Bcr-Abl-induced UPR was regulated,
at least, through UPRE-mediated transcriptional activation. Next,
we investigated the expression of UPR-related genes in Bcr-Abl-
expressing 32Dcl3 cells. The mRNA expression of the spliced form
of XBP1; GRP78; C/EBP-homologous protein-10 (CHOP); ERdj4, a
mammalian chaperone that belongs to the HSP40 protein fam-
ily; and the cochaperone protein p58IPK was analyzed using a
quantitative RT-PCR assay. GAPDH mRNA expression was used as
a normalized control. The mRNA expression of the spliced form
of XBP1, GRP78, and ERdj4 was significantly increased in B-A.
Meanwhile, the mRNA expression of CHOP and p58IPK showed
no significant increase in B-A (Fig. 2c). Taken together, our data
suggested that Ber-Abl constitutively ind uced the UPR, which sub-
sequently increased the expression of several UPR-related mRNAs.

We intended to understand the contribution of the UPR to
Ber-Abl-induced leukemogenesis. To define the role of the UPR in
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Fig. 3. Dominant-negative mutants of IRE1a and ATF6 reduce the anti-apoptotic effects of Ber-Abl. The expression plasmid for IRE1« lacking the sequence of the kinase
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Bcr-Abl-expressing cells, the dominant-negative mutants of ATF6
[3] or IRETa [2] were stably transfected into Mock and B-A. The
expression of the dominant-negative ATF6 (ATF6 DN) or IREla
(IRE1ae DN) did not affect the proliferation rate of either Mock or
B-A in the presence or absence of IL-3 (data not shown). Thus,
the ATF6- or IREla-mediated UPR did not exert any effect on
Bcr-Abl-induced proliferation or IL-3 dependency. On the other
hand, the number of apoptotic cells induced by the genotoxin

etoposide was significantly increased in both ATF6 DN- and IRE1a
DN-transfected B-A than in empty vector-transfected B-A. Inter-
estingly, treatment with imatinib, a specific Abl tyrosine kinase
inhibitor, also resulted in a greater number of apoptotic cells in
mutant-transfected B-A than in the control (Fig. 3). Thus, these data
suggested that the ATF6- or IRE1a-UPR signaling pathways were
associated with the anti-apoptotic effect of the Bcr-Abl oncopro-
tein. The data obtained from the ATF6 mutant suggested that ATF6
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Fig. 4. The levels of UPR-related mRNAs are increased in Ph-positive primary acute leukemia cells. The data were statistically analyzed by Mann-Whitney U-test. *P<0.05;

“*P<0.01.
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was a transcription factor that contributed to the Ber-Abl-induced
cell survival of cells following anticancer drug administration, even
though the levels of the nuclear ATF6 protein and ERSE-mediated
transactivation were not increased by Bcr-Abl. Recently, ATF6c was
reported to heterodimerize with XBP1 for the induction of ER-
associated degradation components, a part of the UPR [5]. ATFG
mutant might inhibit the ATF6-XBP1 heterodimerization and even-
tually decrease UPRE-mediated transactivation. IRE1« mutants
lacking the cytosolic effector domain inhibit the activation of XBP1
by inhibiting the ribonuclease activity. Further, they inhibit the
autophosphorylation of IRE1a, which in turn induces the forma-
tion of the complex of tumor necrosis factor receptor associated
factor 2 (TRAF2), apoptosis signal-regulating kinase 1 (ASK1) [6],
and Bax/Bak, proapoptotic Bcl-2 family proteins [7]. IRE1a might
regulate the Ber-Abl-induced survival pathway via XBP1 activation,
modification of IRE1a-TRAF2-ASK1 signaling, and the IRE1«-Bax-
Bak complex formation. Further studies are required to elucidate
the mechanisms of Ber-Abl-IRE 1« signaling. Our data also showed
that the phosphorylation of elF2a was constitutively elevated in B-
A (Fig. 1). However, the mechanism of elF2a activation by Bcr-Abl
remains to be elucidated. Since the UPR has both protective and
destructive roles, it is essential to fully characterize the branches
and downstream components of the UPR that are activated in Ber-
Abl-expressing cells.

Finally, we investigated whether primary Ph-positive acute
leukemia cells showed UPR activation. We analyzed the mRNA
expression of UPR-related genes, namely, GRP78, ER-degradation
enhancing a-mannosidase-like protein (EDEM), CHOP, and the
spliced form of XBP1, in Ph-positive acute lymphoblastic leukemia
cells by real-time RT-PCR analysis. Most of the PB or BM mononu-
clear cells analyzed were Ph-positive leukemia cells. The mRNA
expression of GRP78, CHOP, and the spliced form of XBP1 was sig-
nificantly increased in the PB leukemia cells and that of EDEM
was significantly increased in the BM leukemia cells (Fig. 4). The
MRNA expression levels of CHOP and the spliced form of XBP1 in
the BM of patients tended to be higher than those in the control
BM mononuclear cells. These data suggested that the UPR is acti-
vated in primary Ph-positive acute leukemia cells. Although these
leukemia cells may express p190 Bcr-Abl in contrast to p210 Ber-Abl
in the transformed 32Dcl3 cells, these Bcr-Abl subtypes appear to
function in a similar manner in the induction of UPR.

[n this study, we showed that Bcr-Abl-expressing cells exhibit
an increased UPR. This increased response plays a significant anti-
apoptoticrole. Thereisincreasing evidence that the UPR is activated
in a variety of solid tumors, from patients and in animal models
such as breast cell tumors, hepatocellular carcinomas, and gastric
tumors [1]. The mechanism underlying the balance between cell-
survival and cell-death signalsinitiated by UPR activation in cancers
isunclear. The UPR serves to protect the cells from normal variations
occurring in the cellular environment, which arise from changes in
the blood nutrient levels and increase in toxic substances. A range
of pathological conditions can also activate the UPR. Tumor cells
encounter deficiency of oxygen and nutrients. Under such circum-
stances, the UPR can be induced in these cells. Furthermore, tumor
cells produce several survival factors such as autocrine or paracrine
stimulators, invasion and metastatic regulators such as matrix met-

alloproteinases, and transmembrane proteins such as adhesion
molecules to initiate survival formation around the microenviron-
ments. Several studies have indicated that UPR activation probably
plays a crucial role in tumor growth. It has been demonstrated
using XBP1-deficient cells and XBP1-knockdown cells that XBP1 is
required for tumor growth in vivo [8]. The XBP1-induced UPR has
also been shown to play a key role in the pathogenesis of plasma cell
myeloma [9]. Our preliminary observation indicated that UPR was
also upregulated in some primary Ph-negative leukemia cells (data
not shown). Therefore, the activation of the UPR might be acommon
mechanismin both solid tumor and leukemia cells. We showed that
the suppression of the UPR enhanced the anti-leukemic effects of
imatinib and etoposide in Bcr-Abl-expressing cells. In Ph-positive
leukemia cells, the apoptosis-inducing mechanism of imatinib was
considerably different from that of etoposide. Therefore, targeting
the UPR may provide useful alternative approaches for the treat-
ment of Ph-positive leukemia such as an imatinib resistant-CML
clone or Ph-positive acute leukemia.
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Insulin secretion is precisely regulated by blood glucose with unique biphasic pattern. The regulatory
mechanism of the second-phase insulin release is unclear. [n this study, we report that DOC2b (double
C2 domain protein isoform b), a SNARE related protein, was associated with insulin vesicles and translo-

cated to plasma membrane within several minutes upon high-glucose stimulation followed by an inter-
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action with syntaxin4, but not syntaxinl. This binding specificity and the time course of DOC2b
translocation were suitable for the regulation of second-phase insulin release. Increased DOC2b expres-
sion enhanced glucose-stimulated insulin secretion. In contrast, silencing DOC2b inhibited delayed
release of insulin, without affecting rapid (~7 min) phase secretion. Interestingly, DOC2b had no effects
on KCl-triggered insulin release. These data suggest that DOC2b may be a regulator for delayed (second-
phase) insulin secretion in MING6 cells.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Appropriate secretion of insulin from pancreatic p-cells is criti-
cally important to the energy homeostasis. The secretion of this
hormone is precisely regulated by blood glucose with unique bi-
phasic pattern [1,2]. The first-phase occurs just after exposure to
glucose, followed by prolonged second-phase release. Fundamen-
tal mechanisms of glucose-stimulated first-phase release have
been vigorously studied for a few decades. It involves the following
sequential steps: rise in the ATP/ADP ratio by oxidative glycolysis,
closure of ATP-sensitive potassium (Karp) channels, depolarization
of the plasma membrane, opening of voltage-dependent calcium
channels, increase in intracellular calcium concentration ([Ca%*];),
and activation of membrane fusion machinery [3-5]. Whereas,
the second-phase of glucose-induced insulin secretion is regulated
mainly by Karp channel-independent pathway [6,7]. Despite inten-
sive investigations, however, the mechanisms of second-phase re-
lease are still largely unknown.

In the view of insulin granule dynamics in p-cells, insulin secre-
tion is primarily achieved by membrane fusion processes of insulin
granules to plasma membrane. These processes are mediated by a
set of highly conserved membrane proteins known as SNARE
machinery (i.e. syntaxins, VAMPs, SNAPs), and its regulatory pro-
teins [8-16]. However, little is known about the precise mecha-
nisms how glucose regulates SNARE machinery. Notably, no
SNARE regulator has been identified for the second-phase of insu-

* Corresponding author. Fax: +81 836 22 2342.
E-mail address: emotom@yamaguchi-u.ac.jp (M. Emoto).

0006-291X/S - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.04.133

lin exocytosis. In neurons, calcium sensor proteins such as synapt-
otagmins have critical roles in vesicle fusion process through the
binding to SNARE proteins [17,18]. Although some isoforms of syn-
aptotagmins have been identified in pancreatic p-cell [19-21],
there are no definite evidences that synaptotagmins regulate insu-
lin secretion to date.

The universal role of Ca®* as a trigger for regulated exocytosis
predicts the existence of conserved proteins capable of activating
the fusion machinery upon binding Ca?" in pancreatic p-cells.
Although many proteins have been suggested to play such a role
in many type of cells, tandem C2 domain proteins have attracted
the most attentions as the putative calcium sensors. DOC2 (double
C2 domain) protein family have identified as a novel protein hav-
ing tandem C2 domains that targeted to membrane phospholipids
in [Ca*"]; dependent manner [22,23]. Many proteins have been
identified to be involved in the insulin-vesicle fusion in pancreatic
B-cells [19,20,24,25]; however, there are no candidates of Ca®* sen-
sor proteins suitable for relatively slow second-phase release. Fur-
thermore, the connection between glucose and calcium signals in
the second-phase insulin secretion is also obscure.

Previously, we have investigated the functional role of DOC2b
(one of the isoforms of DOC2 family proteins) on exocytosis in adi-
pocytes and found that it regulates the relatively slow-time scale
(several minutes order) step of vesicle fusion [26,27]. Herein, we
showed that DOC2b was translocated from intracellular compart-
ment to the plasma membrane upon glucose stimulation, and
bound syntaxin4, but not syntaxinl, in pancreatic f-cells. This
binding was [Ca®']; dependent. DOC2b expression enhanced and
its silencing inhibited delayed insulin secretion. Our data
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suggested that DOC2b may be a positive regulator of membrane fu-
sion and have a role on second-phase secretion of insulin.

Materials and methods

Reagents and antibodies. Mouse DOC2 cDNA constructs (DOC2a,
DOC2b) were kindly provided by Dr. Rory Duncan (University of
Edinburgh, UK). The polyclonal antibody against to DOC2a and
DOC2b were generated against the peptide sequence CYL-
KELEQAEQGPGL and CGARDDDEDVDQL, respectively. Monoclonal
anti-myc antibody (Clone 9E10) was from Covance (NJ, USA). The
other antibodies to DOC2b, syntaxin4, syntaxin1A were products
of Synaptic Systems GmbH (Goettingen, Germany). The siRNA du-
plex and control oligonucleotides were synthesized by Invitrogen
(CA, USA).

Cell culture. MING cells (a gift from Dr. Jun-ichi Miyazaki, Osaka
University [28]) were grown in Dulbecco’s modified Eagle's med-
ium (DMEM) containing 25 mM glucose supplemented with 15%
fetal bovine serum, 100 U/ml penicillin, 100 pg/ml streptomycin
and 5 pl/L B-mercaptoethanol at 37 °C in a humidified atmosphere
(5% COy). Cells were passaged every 4-5 days at 70-80% conflu-
ence. For retrovirus packaging, Plat-E cells were maintained in
DMEM containing 10% fetal bovine serum, 1 pg/ml puromycin
(Sigma, MO, USA), and 10 pg/ml blasticidin S (Funakoshi, Tokyo,
Japan).

RT-PCR. Total RNA was extracted from MING cells using ISOGEN
(NIPPON GENE, Tokyo, Japan). Purified RNA was converted to cDNA
by SuperScriptll reverse transcriptase (Invitrogen). RT-PCR was
performed using the following primers: DOC2a forward; 5-TC
GCATGACCATCAACATCC-3’, DOC2a reverse; 5'-CTTCAGGTAACAGG
ATATGC-3’, DOC2b forward; 5'-AAAGGATCCAAGGCAGAGGACAAG
TCTCTGG-3', DOC2b reverse; 5'-AAACTCGAGTCAGTCGCTCACTACA
GCCC-3'.

Preparation of adenoviruses and transfection. Adenovirus produc-
ing myc-tagged DOC2b and eGFP were prepared by AdEasy Aden-
oviral Vector System (Stratagene, CA, USA) according to the
manufacturer's instructions. All amplified viruses were purified
by the cesium chloride centrifugation method and stored at
—80 °C. MING cells were infected by these adenoviruses with the
m.o.i. of ~30.

Immunoprecipitation and immunoblotting. Cells were lysed in ly-
sis buffer [20 mM Hepes (pH 7.2), 100 mM NacCl, 1 mM EDTA,
25 mM NaF, T mM sodium vanadate, 1 mM benzamidine, 5 jig/ml
leupeptin, 5 pg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride,
1 mM DTT] and the protein concentration was measured with BCA
protein assay reagent (Pierce, IL, USA). For immunoprecipitation,
the cell lysate was preincubated with protein-G Sepharose at 4 °C
for 1 h to remove nonspecific bindings. Then, samples were incu-
bated with primary antibody at 4 °C for 8-12 h followed by incuba-
tion with protein-G Sepharose. Lysates and immunoprecipitates
were resolved by SDS-PAGE and transferred to polyvinylidene
difluoride membranes (GE Healthcare, UK). The membranes were
incubated with primary antibodies for 8-12 h. Protein signals were
visualized using horseradish peroxidase-conjugated secondary
antibodies and enhanced chemiluminescence substrate kit (GE
Healthcare, UK).

DOC2b-shRNA construct, retrovirus preparation and generation of
stable cell line. Short hairpin-RNA was designed to have a 5'-AAGC-
CAGATGTAGACAAGAAATC-3' sequence. Synthetic complementary
single-stranded DNA of the target sequence was annealed, and
the double-stranded DNA was inserted into RNAi-Ready pSIREN-
RetroQ vector (Clontech, CA, USA). This plasmid vector was trans-
fected into Plat-E to obtain the viruses using Lipofectamine 2000
transfection reagent (Invitrogen). Forty-eight hours after the trans-
fection, supernatants containing retroviruses were harvested and
purified by centrifugation and filtration. MING6 cells were infected

with these retroviruses and kept in culture containing 1 pig/ml
puromycin for at least 1 week to obtain stable cell-lines lacking
DOC2b.

Measurement of insulin secretion. MING6 cells were seeded and
grown in 24-well plates for 3-4 days. The cells were preincubated
in KRH buffer containing 3 mM glucose for 30 min at 37 °C. Then
the cells were treated with 0, 3, 12 or 25 mM glucose with or with-
out 30 mM KCl for 60 or 7 min. At the end of incubation, KRH buf-
fer (supernatant) were stored for insulin determination. The cell
was lysed in 0.5% NP-40 and used for the determination of protein
concentration. Insulin concentrations were measured using Rat
insulin ELISA kit (Morinaga, Yokohama, Japan). The results were
normalized by cellular protein content.

Immunofluorescence and immunoelectron microscopy. Immuno-
staining and sample preparation for fluorescence and electron
microscopy were performed by the methods described previously
[27.29]. See detailed in Supplementary methods.

Results
Expression profile of DOC2 proteins in MING6 cells and mouse islets

DOC2 family protein was identified as a group of type C tandem
(2 domain proteins in neuron and was reported to regulate dock-
ing and fusion of synaptic vesicles in [Ca®']; dependent manner
[22,23]. This protein family consists of three isoforms, DOC2a, -b
and -y. DOC2a have been reported to be expressed in neuronal
cells, whereas DOC2b is more widely expressed. DOC2y is localized
to the nucleus and has no Ca?*-binding activity because of amino
acid substitutions at the Ca®" binding site [30]. Therefore, to clarify
the involvement of DOC2 proteins in insulin secretion, we first
investigated the presence of DOC2a and -b mRNA in the insulin-
secreting cells MIN6. As shown in Fig. 1A, both DOC2 mRNAs were
expressed in MING cells. We next determined the protein expres-
sion of DOC2a and b in insulin-secreting cells by Western blotting.
As shown in Fig. 1B, DOC2b isoform is predominantly expressed in
pancreatic p-cells. Therefore, we focused on DOC2b protein as a
candidate of Ca?* sensor for insulin secretion.

DOC2b translocates to plasma membrane in response to glucose

Since DOC2b was reported to localized in the cytosol under the
basal condition and translocated to plasrna membrane upon stim-
ulation in neuronal cells [31,32], we determine the subcellular
localization of DOC2b in MING cells. We performed immunofluo-
rescent microscopy using polyclonal anti-DOC2b antibody or the
cells expressing myc-tagged DOC2b. The confocal images showed
that endogenous DOC2b, as well as expressed myc-DOC2b, was
distributed throughout the cells in the basal state of 3 mM glucose.
In contrast, when the cells were treated with high glucose (12 or
25 mM), DOC2b was translocated to the plasma membrane as
shown in Fig. 2A. Interestingly, cell-permeable calcium chelating
agent BAPTA-AM inhibited DOC2b translocation. Moreover, we

A 3T3L1
MIN6 adipo. PC12

DOC2a
DOC2b

B MIN6 Islet Brain

"W anti-DOC2a
S - wm¥ anti-DOC2b

-

actin e waa anti-GAPDH

Fig. 1. Expression profiles and distributions of DOC2 proteins. (A) The expression of
DOC2a and DOC2b in MING cells, 3T3-L1 adipocytes, and PC12 were analyzed by
RT-PCR. (B) Endogenous DOC2 proteins in MING6 cells, mouse islet and mouse brain
were determined by Western blot using anti-DOC2b and DOC2a antibodies.

— 568 —



M. Miyazaki et al./Biochemical and Biophysical Research Communications 384 (2009) 461-465 463

A Pre-immune
rabbit IgG

anti- ; .
DOC2b Ji %
anti-myc

Glucose 3 12 25 12
BAPTA-AM - = -

B
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Fig. 2. Intracellular localization of DOC2b in MING cells. (A,.B) MING cells were
expressed or left untreated with adenovirus containing myc-tagged DOC2b 48 h
prior to experiments. After the preincubation in KRH buffer for 0.5 h, cells were
treated with 3, 12 or 25 mM glucose for 10 min (A) or the time indicated (B) and
fixed followed by immunostaining with anti-DOC2b (for determination of endog-
enous expression) or anti-myc antibody followed by FITC-labeled secondary
antibody. Stained cells were observed by confocal microscopy. In order to
determine the role of [Ca®'], some cells were pre-treated with 30 mM BAPTA-AM
for 30 min. The cells staining with normal rabbit 1gG were used for negative control.
C: Ultrathin-section of MING cells were immunolabeled with anti-DOC2b antibody
using avidin-biotin complex method and observed under a Hitachi H-7500 electron
microscope without uranyl acetate or lead staining. Allow heads show the staining
detected by anti-DOC2b antibody. Panel b and d are enlarged images of a and c,
respectively. SG, secretary granule; N, nucleus; PM, plasma membrane.

determined the time scale of DOC2b translocation in MING cells. As
shown in Fig. 2B, DOC2b was accumulated at plasma membrane
about 5-10min after the glucose stimulation. This relatively
slow-time scale of DOC2b translocation is not suitable for the
first-phase secretion of insulin.

DOC2b is localized at insulin vesicles

Since DOC2b has double C2 domains, it can be targeted to the
membrane phosphatidyl inositoles [33]. To confirm the precise
membrane localization of endogenous DOC2b in pancreatic p-cells,
we examined ultrathin-sections of MING cells by immunoelectron
microscopy using anti-DOC2b antibody. Interestingly, DOC2b-
immunoreactive density was mostly found on the periphery of
large dense core granules (insulin vesicles) near the plasma mem-
brane (Fig. 2C).

DOC2b binds to syntaxind upon glucose stimulation

Recently we found a novel mechanism that DOC2b regulates
membrane fusion through binding to syntaxin4 in adipocytes
[27]. To investigate the role of DOC2b on insulin secretion, we first
determined the DOC2b-binding partner in MIN6 cells. As shown in
Fig. 3A and B, DOC2b-syntaxin4 binding was increased upon glu-
cose stimulation and pre-treatment with BAPTA-AM decreased this
interaction, suggesting that high glucose triggers DOC2b-syn-
taxin4 interaction in the presence of calcium ions. Since recent
studies suggest that syntaxin1 was a t-SNARE for first-phase insu-
lin secretion in pancreatic -cells [12], we next assessed the inter-
action between DOC2b and syntaxinl by immunoprecipitation
experiments. As shown in Fig. 3A and C, DOC2b-syntaxin1 interac-
tion was under the detectable level. These results, taken together
with the data shown in Fig. 2, suggest the possibility that DOC2b
regulates the second-phase insulin secretion through binding with
syntaxind4.

DOC2b positively regulates glucose-stimulated insulin secretion

We next focused on the role of DOC2b in glucose-stimulated
insulin secretion in MING6 cells. As shown in Fig. 4A, adenoviral
overexpression of myc-DOC2b in MING cells caused significant in-
crease in insulin secretion compared with control cells (p < 0.05,
n=3) at high glucose concentration. Next, we introduced short
hairpin-RNA (shRNApqcsp) into MING cells by retroviral system to
induce specific degradation of the DOC2b mRNA. Under these con-
ditions, DOC2b protein expression was decreased to 10-20% of the
control level (Fig. 4B). Using this stable cell-line lacking DOC2b, we
measured rapid and prolonged (delayed) insulin secretion in re-
sponse to glucose. As shown in Fig. 4C, insulin secretion for the first
60 min period was decreased by 20-54% in DOC2b silenced cells,
compared with the control cells. However, during the first 7 min
after glucose stimulation, we could not find any differences be-
tween the cells. These results raise the possibility that DOC2b
may regulate second-phase secretion of insulin in MIN6 cells. In or-
der to better assess this phase-dependency of DOC2b on insulin
secretion, we conducted additional experiment using depolariza-
tion dependent, first-phase specific secretagogue KCI. As expected,
KCl-stimulated insulin secretion did not differ both in DOC2b over-
expressing and silencing cells compared to the respective control
cells. These results support the aforementioned hypothesis that
DOC2b may involve in the second-phase secretion of insulin.

Discussion

Insulin secretion is fundamentally important for glucose homeo-
stasis and strictly regulated by blood glucose. However, its precise
regulatory mechanism is not fully understood. In general, vesicular
exocytosis occurs when appropriate stimulus (i.e. an increase in
[Ca**];) arrives to trigger the fusion of secretory vesicles with the
plasma membrane. These membrane fusion processes are initiated
with the formation of core complex consisting of SNARE proteins
[18]. However, a number of additional factors are required to bring
membrane fusion in vivo. These factors are called SNARE regulators.
In pancreatic p-cells, a lot of SNARE regulators such as synaptotag-
mins [ I, I1I, V, and VII, were initially re ported to be involved in insu-
lin-granule exocytosis [ 19-21], but there remains uncertainty about
their specificity [5]. Since we recently identified DOC2b as a positive
SNARE regulator for the fusion step of vesicles containing glucose
transporter 4 (GLUT4) in adipocytes [27], we speculatively investi-
gated the role of DOC2b on insulin secretion in MING cells.

In this report, we first confirmed the expression of DOC2b in is-
lets and MING cells (Fig. 1). Then, we revealed that DOC2b was
localized around the insulin vesicles at cell periphery (Fig. 2C),
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Fig. 3. DOC2b interacts with syntaxin4 in glucose and Ca?* dependent manner. Myc-tagged DOC2b and eGFP control (Mock) were expressed in MING cells by adenovirus
vectors. After the preincubation for 30 min in KRH buffer containing 5 mM glucose, the cells were treated with 5 or 25 mM glucose for 15 min in the presence or absence of
30 mM BAPTA-AM. Immunoprecipitation was performed by monoclonal anti-myc (A), polyclonal anti-syntaxin4 (B), or monoclonal anti-syntaxin1A (C) antibodies.
Precipitates were separated by SDS-PAGE and blotted with anti-myc, anti-syntaxin4, and anti-syntaxin1A antibodies.
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Fig. 4. Role of DOC2b on glucose-stimulated insulin secretion in MING cells. MING cells expressing DOC2b (A) or shRNApocap (B.C) were treated with 3, 12, 25 mM glucose or
30 mM KCl for 60 min (A) or the time indicated (C). At the end of glucose stimulation, secreted insulin concentrations were measured by ELISA and normalized by cellular
protein content. Knock-down efficacy was determined by Western blot using anti-DOC2b antibody (B). Values are mean + SD from three independent experiments.

and translocated to the plasma membrane in response to high glu-
cose (Fig. 2A and B). Interestingly, this translocation was intracel-
lular calcium dependent manner. Glucose induced interaction
between DOC2b and syntaxin4, but not syntaxin1 (Fig. 3). Finally,
we showed that overexpression of DOC2b increased and silencing
of DOC2b decreased glucose-induced insulin secretion (Fig. 4), sug-
gesting the regulatory role of DOC2b on insulin secretion. These
data were consistent with the aforementioned hypothesis that
DOC2b positively regulates insulin secretion in p-cells.

One of the key findings of this study is the time scale of the reg-
ulation by DOC2b. As shown in Fig. 4C, DOC2b silencing did not af-
fect the insulin secretion during the first 7 min after exposure to
glucose. In contrast, DOC2b silencing apparently decreased the de-
layed (~60 min) insulin secretion. These data were consistent with
the slow time course of DOC2b translocation to plasma membrane,
suggesting the role of second-phase specific insulin secretion. To
date, there are no reports on SNARE regulators for the second-

phase insulin secretion. These results were supported by the obser-
vation that DOC2b has no effects on KCl-stimulated insulin secre-
tion (Fig. 4A and C), the first-phase specific secretagogue.
Furthermore, in agreement with the report that syntaxin1 medi-
ates first-phase specific insulin secretion [12], our observation that
DOC2b specifically binds to syntaxin4, but not syntaxinl (Fig. 3A
and C), is consistent with its role on the second-phase release of
insulin.

Another interesting observation in this study is the essential
role of [Ca*']; in glucose induced DOC2b translocation (Fig. 2A).
DOC2b binding to syntaxin4 is also [Ca®']; dependent (also in
[27]). Ke et al. reported that DOC2b did not interact with syntaxin4
in pancreatic B-cells [34]. This apparent discrepancy must be
attributable to the different experiment conditions. They per-
formed their experiments using a buffer without Ca?*. DOC2b has
tandem C2 domains and several Ca%* binding sites, and is structur-
ally similar to the well-known calcium sensor synaptotagmins,
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suggesting that [Ca®"]; might be necessary for proper function of
DOC2b.

In conclusion, our results allow us to draw the following two
conclusions. First, DOC2b was translocated to plasma membrane
and interacted with syntaxin4 upon high-glucose stimulation in
[Ca®*]; dependent manner. Second, DOC2b regulates glucose in-
duced delayed insulin secretion in MING cells. In summary, our
data suggest that DOC2b may be a SNARE regulator for the sec-
ond-phase secretion of insulin.
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Macrophage-derived foam cells play important roles in the
progression of atherosclerosis. We reported previously that
ERK1/2-dependent granulocyte/macrophage colony-stimu-
lating factor (GM-CSF) expression, leading to p38 MAPK/
Akt signaling, is important for oxidized low density lipopro-
tein (Ox-LDL)-induced macrophage proliferation. Here, we
investigated whether activation of AMP-activated protein
kinase (AMPK) could suppress macrophage proliferation.
Ox-LDL-induced proliferation of mouse peritoneal macro-
phages was assessed by [*H]thymidine incorporation and cell
counting assays. The proliferation was significantly inhibited
by the AMPK activator 5-aminoimidazole-4-tarboxamide
ribonucleoside (AICAR) and restored by dominant-negative
AMPKal, suggesting that AMPK activation suppressed mac-
rophage proliferation. AICAR partially suppressed Ox-LDL-
induced ERK1/2 phosphorylation and GM-CSF expression,
suggesting that another mechanism is also involved in the
AICAR-mediated suppression of macrophage proliferation.
AICAR suppressed GM-CSF-induced macrophage prolifera-
tion without suppressing p38 MAPK/Akt signaling. GM-CSF
suppressed p53 phosphorylation and expression and induced
Rb phosphorylation. Overexpression of p53 or p27*7” sup-
pressed GM-CSF-induced macrophage proliferation. AICAR
induced cell cycle arrest, increased p53 phosphorylation and
expression, and suppressed GM-CSF-induced Rb phosphoryla-
tion via AMPK activation. Moreover, AICAR induced p‘Zl”" and
p27% expression via AMPK activation, and small interfering
RNA (siRNA) of p21“? and p27*? restored AICAR-mediated
suppression of macrophage proliferation. In conclusion, AMPK
activation suppressed Ox-LDL-induced macrophage prolifera-
tion by suppressing GM-CSF expression and inducing cell cycle
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arrest. These effects of AMPK activation may represent thera-
peutic targets for atherosclerosis.

Macrophages are well known to be present in all stages of
atherosclerosis and are considered to be fundamental to
atherogenesis and the behavior of established plaques (1).
Macrophages take up oxidized low density lipoprotein (Ox-
LDL)? through scavenger receptor pathways and transform
into foam cells in vitro (2). Foam cells produce various bioactive
molecules, such as cytokines and growth factors, which are
believed to play important roles in the development and pro-
gression of atherosclerosis (1).

One of the characteristic events in atherosclerotic lesions is
the proliferation of cells, including vascular smooth muscle
cellsand macrophages, within arterial walls. Indeed, previous in
vivo studies have reported that macrophages and macrophage-
derived foam cells proliferate in atherosclerotic lesions (3—5).
We (6 —8) and others (9, 10) have shown that Ox-LDL enhances
macrophage proliferation and survival in vitro. Therefore, it is
possible that macrophage proliferation may promote the pro-
gression of atherosclerosis.

We previously reported that Ox-LDL-induced production of
granulocyte/macrophage colony-stimulating factors (GM-
CSFs) plays an important role in the growth signaling pathway
for Ox-LDL-induced macrophage proliferation (11, 12). More-
over, we recently reported that the p38 MAPK/phosphatidyl-
inositol 3-kinase/Akt signaling pathway is involved, at least in
part, in the downstream signaling pathways after GM-CSF
expression (8, 13).

AMP-activated protein kinase (AMPK) belongs to a protein
kinase family that has been highly conserved throughout evo-
lution in animals, plants, and yeast and plays major roles in cell
responses to metabolic stress (14—16). AMPK is a heterotri-
meric protein consisting of a catalytic @ subunit and regulatory
B and 7y subunits (17). Each a and B subunit is encoded by two

* The abbreviations used are: Ox-LDL, oxidized low density lipoprotein; ACC,
acetyl-CoA carboxylase; Ad, adenovirus; AICAR, 5-aminoimidazole-4-car-
boxamide ribonucleoside; AMPK, AMP-activated protein kinase; DN, dom-
inant-negative; CDKIs, cyclin-dependent kinase inhibitors; ERK1/2, extra-
cellular signal-regulated kinase 1/2; ELISA, enzyme-linked immunosorbent
assay; MAPK, mitogen-activated protein kinase; SMC, smooth muscle cell;
siRNA, small interfering RNA; WT, wild-type.
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genes (al and a2 or B1 and B2), whereas the <y subunit is
encoded by three genes (yl, ¥2, and y3). The protein is acti-
vated in response to increased ratios of AMP to ATP within the
cell and therefore acts as an efficient sensor for the cellular
energy state. AMP activates AMPK by direct allosteric activa-
tion and by protecting dephosphorylation of threonine residue
(Thr-172) within the activation domain of the « subunit by
inhibiting protein phosphatase 2Ca (17, 18). One of the down-
stream targets of AMPK is the regulation of lipid metabolism. It
is well known that AMPK directly phosphorylates and inacti-
vates acetyl-CoA carboxylase (ACC), thereby suppressing mal-
onyl-CoA production. The reduction in malonyl-CoA acceler-
ates the entry of long-chain acyl-CoA into mitochondria for
B-oxidation to restore the energy balance (17). 5-Aminoimida-
zole-4-carboxamide ribonucleoside (AICAR) is a well known
activator of AMPK. AICAR is transported into cells through
adenosine transporters and phosphorylated by adenosine
kinase (19) to form 5-aminoimidazole-4-carboxamide-1-p-
ribofuranosyl-5'-monophosphate, which mimics the stimula-
tory action of AMP on AMPK (20). Recently, we (21) and others
(22) reported that the proliferation of vascular smooth muscle
cells (SMCs) is suppressed by activation of AMPK. On the other
hand, Jhun et al. (23) reported that AICAR suppresses lipopo-
lysaccharide-induced tumor necrosis factor-« expression in
RAW?264.7 murine macrophages. Therefore, AMPK activation
may protect against the acceleration of atherosclerosis by sup-
pressing SMC proliferation and inactivating macrophages.
However, there is no further evidence regarding the issue of
whether AMPK activation can suppress atherosclerotic events
in macrophages, such as their proliferation.

In the present study, we investigated the effects of AMPK
activation on Ox-LDL-induced macrophage proliferation. We
found that AICAR-mediated AMPK activation suppressed Ox-
LDL-induced macrophage proliferation by suppressing GM-
CSF expression and inducing cell cycle arrest.

EXPERIMENTAL PROCEDURES

Materials—AICAR was purchased from Toronto Research
Chemicals (North York, Ontario, Canada). Antibodies against
the total proteins of AMPKa, Rb, p53, and p21‘“ and phos-
phospecific antibodies against ACC (Ser-79), AMPKal (Thr-
172), p53 (Ser-15), Rb (Ser-807/811), ERK1/2, p38 MAPK, and
Akt were obtained from Cell Signaling Technology (Beverly,
MA). Antibodies against the total proteins of ERK1/2, p38
MAPK, Akt, p27*”, and B-actin were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). All other chemicals were
of the best grade available from commercial sources.

Lipoprotein Preparation—Human LDL (4 = 1.019-1.063
g/ml) was isolated by ultracentrifugation from plasma samples
obtained from consenting normolipidemic subjects after an
overnight fast (7). LDL was dialyzed against 0.15 M NaCl and 1
mi EDTA (pH 7.4). Ox-LDL was prepared by incubation of
LDL with 5 um CuSO, for 20 h at 37 °C, followed by the addition
of 1 mm EDTA and cooling (7). The protein concentrations
were determined using the BCA protein assay reagent (Pierce).
The endotoxin level in the prepared Ox-LDL was <1 pg/ug
protein, as measured using a Toxicolor System (Seikagaku
Corp., Tokyo, Japan) (7).
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Cell Cultures—The experimental protocol was approved by
the Ethics Review Committee for Animal Experimentation of
Kumamoto University. Peritoneal macrophages were collected
from anesthetized male C3H/He mice (25-30 g) by peritoneal
lavage with 8 ml of phosphate-buffered saline, centrifuged at
200 X g for 5 min, resuspended in medium A (RPMI 1640
medium (Nissui Seiyaku Co., Tokyo, Japan)) supplemented
with 10% fetal calf serum (Invitrogen), 0.1 mg/ml streptomycin,
and 100 units/ml penicillin) and incubated in appropriate tissue
culture plates for 90 min (7). More than 98% of the adherent
cells were considered to be macrophages based on four criteria,
as described previously (24, 25).

Infection with Adenoviral Vectors—Adenoviruses expressing
wild-type (WT)-AMPKal (Ad-AMPKal) and dominant-neg-
ative (DN)-AMPKal (Ad-DN-AMPKal), which serves as a
nonphosphorylatable T172A mutant of the AMPKa1-subunit
(26) and contains a c-imyc tag at the NH, terminus, were used
as described previously (27). An adenovirus vector that
expresses WT p53 (Ad-p53) was kindly gifted from Dr. Shinji
Ishikawa (Department of Gatroenterological Surgery, Grad-
uate School of Medical Sciences, Kumamoto University,
Kumamoto, Japan). Mouse peritoneal macrophages were
infected with the indicated adenoviral vectors at a multiplic-
ity of infection of ~100, as described previously (28) and
allowed to recover in medium A for 2 h. These conditions
conferred expression of LacZ using adenoviruses expressing
LacZ (Ad-LacZ) as a marker gene in nearly 100% of the trans-
fected cells.

Transfection of Plasmid—An expression plasmid of human
p27"" (pcDNA3FLAG-hp27) was kindly gifted from Dr.
Masaki Matsumoto (Department of Molecular and Cellular
Biology, Medical Institute of Bioregulation, Kyushu University,
Fukuoka, Japan). Mouse peritoneal macrophages (2 X 10° cells/
well) were transfected with pcDNA3FLAG-hp27 using Lipo-
fectamine 2000 (Invitrogen, Japan, K.K. Tokyo, Japan) and
incubated for 4 h. Then, the medium was removed, and cells
were resuspended with medium A (29). After a 24-h incubation,
cells were treated with recombinant GM-CSF, and Western
blot assay and tritiated thymidine incorporation assay were
performed as described below.

Transfection of siRNA—The siRNAs against p21“7 and p27%"”
and an irrelevant 21-nucleotide siRNA duplex as a control were
purchased from Santa Cruz Biotechnology. Mouse peritoneal
macrophages (2 X 10° cells/well) were transfected with the
SiRNA of p21°*, p27*, or control using Lipofectamine 2000
(Invitrogen) as described above.

Tritiated Thymidine Incorporation and Cell Counting Assays—
Macrophage monolayers (2 X 10° cells/well) were cultured in
24-well tissue culture plates (15.5 mm in diameter; Corning
Glass Works, Corning, NY) in the presence of various effectors
for 6 days. For thymidine incorporation assays, the cells were
incubated with 1 uCi/ml [*H]thymidine for 18 h before the
termination of the experiments. Tritiated thymidine incorpo-
ration assays were performed as described previously (7). For
cell counting assays, cultured cells were lysed in 1% (w/v) Triton
X-100, and naphthol blue-black-stained nuclei were counted in
a hemocytometer as described previously (11, 13).
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FIGURE 1. Ox-LDL-induced macrophage proliferation is suppressed by AICAR. A, B, and C, mouse peri-
toneal macrophages were incubated with the indicated concentrations of AICAR for 1 h (A) or incubated
with 100 M AICAR for the indicated periods of time (8 and C). Protein samples were immunoblotted with
anti-phospho-AMPKa1 (p-AMPK« 1), anti-AMPKa 1, anti-phospho-ACC (p-ACC), or anti-B-actin antibodies.
The data are representative of four separate experiments. D and E, macrophages were pretreated with the
indicated concentrations of AICAR for 1 h and then cultured with 20 rg/ml Ox-LDL for 6 days. [*H]Thymi-
dine incorporation assays (D) and cell counting assays (E) were performed. Data represent the means =
S.E. of four separate experiments. *, p < 0.01, compared with untreated cells. **,p < 0.01, compared with
cells incubated with Ox-LDL alone.

Cell number (x10%well)
w

Western Blot Analysis—Macrophages (2 X 10° cells/well)
were incubated with various effectors, and whole cell lysates
were purified as described previously (8). The protein concen-
trations were determined using the Micro BCA protein assay
reagent (Pierce). Samples were separated by electrophoresis in
10% polyacrylamide gels and transferred to nitrocellulose
membranes (Bio-Rad). The membranes were incubated with
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appropriate primary antibodies at a
dilution of 1:1,000 for 2 h. After
washing, the membranes were
stained with a horseradish peroxi-
dase-conjugated goat anti-rabbit
secondary antibody (Santa Cruz
Biotechnology) (8). Immunoreac-
tive bands were quantified using
National Institutes of Health Image
analysis software (8).

Enzyme-linked Immunosorbent
Assay (ELISA) for GM-CSF—Macro-
phages (5 X 10° cells/plate) were
cultured with various effectors, fol-
lowed by the addition of 20 pg/ml
Ox-LDL. After 4 h ofincubation, the
media were collected, and the GM-
CSF protein concentrations were
determined as described previously
(10).

Cell Cycle Analysis by Flow
Cytometry—Macrophages (1 X 10°
cells/well) were incubated with var-
ious effectors for 48 h (apoptosis
assays) or 96 h (cell cycle analyses).
The cells were then fixed with 70%
ethanol, treated with RNase A (0.25
mg/ml), and stained with pro-
pidium iodide (0.02 mg/ml). The
fractions of cells present in the dif-
ferent cell cycle phases (G,/G,, S,
and G,/M) were determined by flow
cytometry using a FACStar flow
cytometer (BD Biosciences) and the
ModiFit software (Verity House,
Topsham, ME) (21).

Apoptosis  Assay—Macrophages
(1 X 10” cells/well) were incubated
with various effectors for 48 h and
then subjected to quantification
of cytoplasmic histone-associated
DNA fragments using a cell death
detection ELISA kit (Roche Applied
Science). In addition, the percent-
ages of sub-G,/G, cells were ana-
lyzed by flow cytometry as
described above.

Statistical  Analysis—All  data
were expressed as the mean * S.E.
Differences between groups were
examined for statistical significance

by one-factor analysis of variance. Values of p < 0.01 were con-
sidered to indicate a statistically significant difference.

AICAR Inhibits Ox-LDL-induced Macrophage Proliferation—
It has been reported that mouse peritoneal macrophages
express high levels of AMPKal but express low levels of
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FIGURE 2. AICAR suppresses Ox-LDL-induced macrophage proliferation
by AMPK activation. A-D, macrophages were infected with adenoviral vec-
tors containing LacZ (Ad-LacZ), wild-type AMPKa1 (Ad-WT-AMPKa1) (A and
B) or dominant-negative AMPKa1 (Ad-DN-AMPKa1) (C and D), cultured for
48 h, and incubated with or without 100 um AICAR for 1 h. A and C, protein
samples were immunoblotted with anti-phospho-AMPKa1 (p-AMPK«a 1), anti-
AMPKa, anti-phospho-ACC (p-ACC), or anti-B-actin antibodies. The data are
representative of four experiments. B and D, cells were cultured with 20
pg/ml Ox-LDL for 6 days and subjected to [*H]thymidine incorporation
assays. Data represent the means + S.E. of four separate experiments. *, p <
0.01, compared with untreated cells infected with Ad-LacZ. **, p < 0.01, com-
pared with Ad-LacZ-infected cells incubated with Ox-LDL alone. #, p < 0.01,
compared with untreated cells infected with Ad-DN-AMPK« 1.

AMPKa?2 (23). Therefore, we focused on AMPKal and inves-
tigated whether AICAR could induce AMPKa1 activation in
mouse peritoneal macrophages. AICAR phosphorylated
AMPKal and ACC, one of the target molecules of AMPK, in
dose-dependent manners (Fig. 14). Moreover, our time course
experiments revealed that AICAR-induced phosphorylation of
AMPKal and ACC was observed as early as 1 h, which sus-
tained until 7 days (Fig. 1, B and C). These results confirmed
that AICAR activated AMPKal and its downstream signals in
macrophages.

Next, we examined the effects of AICAR on OX-LDL-in-
duced macrophage proliferation. Ox-LDL (20 ug/ml) signif-
icantly increased [*H]thymidine incorporation into macro-
phages (Fig. 1D), as previously reported (6-8, 12).
Pretreatment with AICAR at concentrations of 50 UM or
higher suppressed the Ox-LDL-induced increase in [*H]thy-
midine incorporation in a dose-dependent manner (Fig. 1D).
Cell counting assays confirmed that the Ox-LDL-induced
increase in cell number was suppressed by AICAR (Fig. 1E).

To clarify the involvement of AMPK activation in AICAR-
mediated suppression of macrophage proliferation, we exam-
ined the effects of WT-AMPKa1 and DN-AMPKal on macro-
phage proliferation. Expression of WT-AMPKal by an
adenovirus vector caused ~2-fold increases in total AMPK
expression and AMPKal phosphorylation (Fig. 24) and sup-
pressed Ox-LDL-induced macrophage proliferation (Fig. 2B).
Moreover, overexpression of DN-AMPKal suppressed the
phosphorylation of AMPK«1 and ACC (Fig. 2C) and restored
AICAR-mediated suppression of macrophage proliferation
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FIGURE 3. Effects of AICAR on apoptosis of macrophages. A-C, macro-
phages were incubated with the indicated concentrations of AICAR for 48 h
(Aand B) or 7 days (C). Apoptosis was quantified by measuring the amounts of
cellular DNA fragmentation using a cell death detection ELISA kit (A) or the
percentages of sub-G,/G, cells using flow cytometry (8 and C). %, p < 0.01,
compared with untreated cells.

(Fig. 2D), suggesting that AICAR-mediated suppression of
macrophage proliferation was caused by activation of AMPK.
AICAR-induced Macrophage Apoptosis Is Not the Main
Mechanism for the Suppression of Macrophage Proliferation—It
has been reported that activation of AMPK induces apoptosis
in human B-cell chronic lymphocytic leukemia cells (30) and
human neuroblastoma cells (31). Therefore, we examined the
effects of AICAR on macrophage apoptosis. At 1,000 M,
AICAR induced macrophage apoptosis (Fig. 34). However,
AICAR at concentrations of 500 unm or lower, which can sup-
press macrophage proliferation, did not induce macrophage
apoptosis (Fig. 34). To obtain further evidence, the percentages
of sub-G,/G, cells were quantified by fluorescence-activated
cell sorter analysis using propidium iodide staining (Fig. 3, B
and C). Neither 10 um nor 100 um AICAR increased the per-
centage of sub-G,/G, cells in both 48 h and 7 days incubation,
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FIGURE 4. Effects of AICAR on Ox-LDL-induced GM-CSF production and
ERK1/2 phosphorylation. A and B, macrophages were pretreated with 100
M AICAR for 1 hand then cultured with 20 1g/ml Ox-LDL for4 h (A) or 1 h (B).
A, the levels of GM-CSF in the culture media were determined by ELISA. B, the
mRNA expression levels of GM-CSF and B-actin were evaluated by real-time
reverse transcription-PCR. Data represent the means = S.E. of four separate
experiments. ¥, p < 0.01, compared with untreated cells. **, p < 0.01, com-
pared with cells incubated with Ox-LDL alone. C, macrophages were pre-
treated with 100 um AICAR for 1 h and then cultured with 20 .g/ml Ox-LDL for
30 min. Protein samples were immunoblotted with anti-phospho-ERK1/2
(p-ERK1/2) and anti-ERK1/2 (ERK1/2) antibodies. Data represent the means +
S.E. of four separate experiments. *, p < 0.01, compared with untreated cells.
**,p < 0.01, compared with cells incubated with Ox-LDL alone.

whereas 1,000 um AICAR markedly increased the percentage of
sub-G,/G, cells (Fig. 3, Band C). Therefore, mechanisms other
than apoptosis are involved in the suppression of macrophage
proliferation by low concentrations of AICAR.

AICAR Partially Suppresses Ox-LDL-induced GM-CSF
Expression—We previously reported that ERK1/2-dependent
GM-CSF expression is mainly involved in Ox-LDL-induced
macrophage proliferation (8, 11). Therefore, we examined the
effects of AICAR on Ox-LDL-induced GM-CSF expression and
ERK1/2 phosphorylation. AICAR at 100 um, which can sup-
press macrophage proliferation by 85% based on the cell count-
ing assay, slightly but significantly suppressed Ox-LDL-in-
duced GM-CSF protein (Fig. 4A) and mRNA (Fig. 4B)
expressions by 29 and 25%, respectively. Moreover, 100 pai
AICAR also suppressed Ox-LDL-induced ERK1/2 phosphory-
lation by 22% (Fig. 4C). These results suggested that suppres-
sion of ERK1/2-dependent GM-CSF expression was partially,
but not mainly, involved in the AICAR-mediated suppression
of macrophage proliferation.

AICAR  Suppresses GM-CSF-induced Macrophage Pro-
liferation—To clarify possible mechanisms other than
GM-CSF production for the AICAR-mediated suppression of
macrophage proliferation, we examined the effects of AICAR
on GM-CSF-induced macrophage proliferation. At 10 pm, GM-
CSF significantly increased [*H]thymidine incorporation into
macrophages (Fig. 54), as previously reported (8). Pretreatment
with AICAR at concentrations of 50 i or higher dose-depend-
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ently suppressed the GM-CSF-induced increase in [*H]thymi-
dine incorporation (Fig. 54). Cell counting assays confirmed
that the GM-CSF-induced increase in cell number was sup-
pressed by AICAR (Fig. 5B). Overexpression of WT-AMPK«1
suppressed GM-CSF-induced macrophage proliferation (Fig.
5C). Moreover, overexpression of DN-AMPKal restored
AICAR-mediated suppression of macrophage proliferation
(Fig. 5D). These results suggested that AICAR-mediated
AMPK activation suppressed GM-CSF-induced macrophage
proliferation.

AICAR Induces Cell Cycle Arrest without Suppression of

P3SMAPK/Akt Signal—We previously reported that GM-CSF
expression is involved in Ox-LDL-induced macrophage prolif-
eration (8, 11). Moreover, among the downstream signals of
GM-CSF release, p38 MAPK and its subsequent signaling mol-
ecules phosphatidylinositol 3-kinase and Akt are mainly
involved in Ox-LDL-induced macrophage proliferation. There-
fore, we investigated the effects of AICAR on GM-CSF-induced
activation of p38 MAPK and Akt. GM-CSF increased the phos-
phorylation of p38 MAPK and Akt (Fig. 6A), as reported previ-
ously (8). Surprisingly, treatment with AICAR alone also
induced phosphorylation of p38 MAPK and Akt, and AICAR
enhanced the GM-CSF-induced phosphorylation of p38
MAPK and Akt (Fig. 64), suggesting that p38 MAPK/AKkt sig-
naling was not the main target for AICAR-mediated suppres-
sion of macrophage proliferation.

Next, we investigated the effects of AICAR on GM-CSF-in-
duced cell cycle progression by flow cytometry. Compared with
control cells treated with GM-CSF, AICAR significantly
increased the percentage of cells in G,/G, phase (from 80.3 *
1.5% to 93.4 = 1.8%) and decreased the percentages in S phase
(from 13.2 + 0.9% to 6.1 + 0.5%) and G, /M phase (from 7.2 *
0.7% to 2.5 = 0.3%) (Fig. 6B), suggesting that ACAR induced G,
arrest in the proliferating macrophages.

AICAR Increases the Expression of p21°" and p27°", Thereby
Suppressing Macrophage Proliferation—Based on the above
findings, we investigated the effects of AICAR on the phosphor-
ylation and expression of p53, which is a suppressor of cell cycle
progression. Treatment with GM-CSF suppressed the phos-
phorylation and expression of p53 (Fig. 6, C and D). Pretreat-
ment with AICAR restored the GM-CSF-induced suppression
of phosphorylation and expression of p53, and these effects by
AICAR were abrogated by the treatment with DN-AMPKal
(Fig. 6, C and D). Interestingly, treatment with AICAR alone
increased the phosphorylation and expression of p53 (Fig. 6, C
and D). Moreover, treatment with GM-CSF increased the phos-
phorylation of Rb (Fig. 6, C and E), which is a regulator of cell
cycle progression, and pretreatment with AICAR suppressed
this effect (C and E).

We further investigated the effects of AICAR on the expres-
sion of the cyclin-dependent kinase inhibitors (CDKls) p21¢#
and p27*7. Treatment with GM-CSF decreased p21¢” expres-
sion (Fig. 6, C and D). Pretreatment with AICAR rescued the
GM-CSF-mediated suppression of p21“” expression, and these
effects by AICAR was abrogated by the treatment with DN-
AMPKal (Fig. 6, Cand D). On the other hand, treatment with
GM-CSF did not affect p27*” expression (Fig. 6, C and E),
whereas pretreatment with AICAR increased p27*” expression
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FIGURE 5. AICAR suppresses GM-CSF-induced macrophage proliferation by AMPK activation. A-D, mac-
rophages were left untreated (4 and B) or infected with adenoviral vectors containing LacZ (Ad-LacZ) and
wild-type AMPKa1 (Ad-WT-AMPK«a1) (O) or Ad-LacZ and dominant-negative AMPKa1 (Ad-DN-AMPKa1) (D)
and then cultured for 48 h. After treatment with the indicated concentrations of AICAR for 1 h, the cells were
cultured with 10 pm GM-CSF for 5 days. [*H]Thymidine incorporation assays (Aand () and cell counting assays
(B) were performed. Data represent the means * S.E. of four separate experiments. *, p < 0.01, compared with
untreated cells. **, p < 0.01, compared with cells incubated with GM-CSF alone. 1, p < 0.01, compared
with untreated cells infected with Ad-LacZ. t1, p < 0.01, compared with Ad-LacZ-infected cells incubated
with GM-CSF alone. #, p < 0.01, compared with untreated cells infected with Ad-DN-AMPKa 1.

(Cand E). Moreover, treatment with DN-AMPK«1 attenuated
these effects by AICAR (Fig. 6, C and E). Interestingly, treat-
ment with AICAR alone increased the expression of p21¢” and
p27% (Fig. 6, C-E).

We next investigated the effects of overexpression of p21<”
and p27*” on GM-CSF-induced macrophage proliferation.
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Introduction of Ad-p53 increased
the expression and phosphorylation
of p53, increased the expression of
p21¢?, and suppressed GM-CSF-in-
duced increase in [*H]thymidine
incorporation into macrophages
(Fig. 7, A and B). Moreover, intro-
duction of pcDNA3FLAG-hp27
increased the expression of p27*”
and suppressed GM-CSF-induced
increase in [*H]thymidine incorpo-
ration (Fig. 7, C and D). Finally, we
investigated the effects of siRNA for
p21¢? and/or p27*” on GM-CSF-
induced macrophage proliferation.
In comparison with the control
siRNA, siRNA for p21°” and p27*”
suppressed the AICAR-induced
expression of p21 and p27°7,
respectively (Fig. 7, E and F). More-
over, treatment with p21” siRNA
and p27*"” siRNA restored AICAR-
mediated suppression of macro-
phage proliferation, and additive
effect of the siRNAs was observed
(Fig. 7G), suggesting that AICAR-
mediated increase in the expression
of p21°” and p27*" is involved in
AICAR-mediated suppression of
macrophage proliferation.

DISCUSSION

AMPK is a serine/threonine pro-
tein kinase that serves as an energy
sensor in all eukaryotic cells (14).
Several studies have indicated that
AMPK  activation by AICAR
strongly suppresses cell prolifera-
tion in hepatoma HepG2 cells (32)
and mouse embryonic fibroblasts
(33). Moreover, we recently re-
ported that AMPK activation sup-
presses proliferation in human aor-
tic SMCs and rabbit aortic strips
(21). In the present study, we have
demonstrated that AICAR-medi-
ated AMPK activation also sup-
presses Ox-LDL-induced macro-
phage proliferation. .

Activation of AMPK induces
apoptosis in human B-cell chronic
lymphocytic leukemia cells (30) and

human neuroblastoma cells (31). Consequently, we speculated
that the inhibitory effects of AMPK activation would be medi-
ated by macrophage apoptosis. In fact, we found for the first
time that 1 myt AICAR induced macrophage apoptosis. How-
ever, suppression of macrophage proliferation was still
observed at low concentrations of AICAR (<1 mat). Therefore,
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SMCs (22). On the other hand,
AMPK activation does not suppress
lipopolysaccharide-induced ERK1/2
activation in RAW?264.7 cells (23).
Therefore, the effects of AMPK
activation on ERK1/2 activation
may depend on the cell types
involved or its inducers. In the pres-
ent study, we found that AMPK
activation suppressed Ox-LDL-in-
duced ERK1/2 activation by 22%
and GM-CSF protein and mRNA
expressions by 29 and 25%, respec-
tively, in mouse peritoneal macro-
phages. These results suggest that

S G2IM

Ad-Laez Aﬁip?(L suppression of the GM-CSF expres-

sion pathway is only partially

D 4 E 20 involved and that other mecha-
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3} 16 Eparvr downstream signaling pathway of

14 GM-CSF release, are involved in

P = 12 AMPK-mediated suppression of
o 27 o 10 macrophage proliferation.

g = 8 As expected, we found that

| S 3 AMPK activation suppressed the

macrophage proliferation induced

0 g by GM-CSF, suggesting that AMPK

GM-CSF  (-) *) =) ) o) GM-CSF (- +) ) *) *) activation  inhibits  Ox-LDL-in-

AICAR (=) =) +) (+) +) AICAR () - W +) (+) duced macrophage proliferation by

Ad-WT. WT.  suppressing the subsequent signal-

AdLacz AMPKal AdLacz A%lpvfg1 ingl,)[())f GM—gCSF releaseq. We fu:ther

FIGURE 6. AICAR induces cell cycle arrest. A-C, macrophages were left untreated (4 and B) or infected with
adenoviral vectors containing LacZ (Ad-LacZ) and dominant-negative AMPKa1 (Ad-DN-AMPKa1) (C) and then
cultured for 48 h. After treatment with 100 um AICAR for 1 h, the cells were cultured with 10 pm GM-CSF for 30
min (A), 24 h (0), or4 days (B). A, C, D, and E, protein samples were immunoblotted with anti-phospho-p38 MAPK
(p-p38), anti-p38 MAPK (p-p38), anti-phospho-Akt (p-Akt), anti-Akt, anti-phospho-p53 (p-p53), anti-p53, anti-
phospho-Rb (p-Rb), anti-p217, anti-p27*”, or anti-B-actin antibodies. Data represent the means = S.E. of four
separate experiments. Quantitative results for phosphorylated p53, total p53, and p21<? (D), and phosphoryl-
ated Rb and p27*” (E) were normalized by the levels of B-actin. B, the cell cycle distribution was determined by
flow cytometry. Data represent the means =+ S.E. of five separate experiments. *, p < 0.01, compared with
untreated cells infected with Ad-LacZ. **, p < 0.01, compared with Ad-LacZ-infected cells incubated with
GM-CSF alone. #, p < 0.01, compared with Ad-LacZ-infected cells incubated with GM-CSF and AICAR.

mechanisms other than apoptosis are involved in the suppres-
sion of macrophage proliferation.

Our previous studies indicated that Ox-LDL-induced
GM-CSF production is mainly involved in macrophage pro-
liferation (8, 11). Therefore, the mechanisms of Ox-LDL-
induced macrophage proliferation can be divided into two
parts: (i) intracellular signaling pathway before GM-CSF
release, and (ii) proliferation signaling pathway through
GM-CSF receptors. We demonstrated previously that Ox-LDL
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found that AMPK activation did not
suppress p38 MAPI(/Akt signaling,
which is involved in GM-CSF-in-
duced macrophage proliferation.
Therefore, we speculated that the
suppressive effects of AMPK on Ox-
LDL-induced macrophage prolifer-
ation depended on cell cycle arrest,
and subsequently found that
AICAR significantly increased the percentage of cells in G,/G,
phase and decreased the percentages in S phase and G,/M
phase. Therefore, AMPK-induced cell cycle arrest should be
the main cause of the AMPK-mediated suppression of macro-
phage proliferation.

Mammalian cell proliferation is controlled by the cell cycle
machinery. Cell cycle progression is managed positively by
CDKs and their cyclin-regulatory subunits (34) and managed
negatively by CDKIs and tumor suppressor genes (35). Mito-
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