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50 kDa isoform contains only a six amino acid sequence in
its N-terminal portion, which is apparently too short to
interact with other molecules [10].

In this study, we overexpressed these recombinant pro-
teins tagged with green fluorescent proteins (GFP) in
CHO-IR cells and investigated intracellular localizations
in the presence and absence of insulin stimulation. Only
p85a and p85P redistributed to discrete foci in CHO-IR
cells, while other isoforms did not. A recent study also
demonstrated that GFP-p85a translocates to similar foci
in CHO-K1 cells in response to insulin-like growth fac-
tor-1 (IGF-1) stimulation [11]. We have demonstrated
these isolated foci to be composed of p85 and IRS-1 by
immunohistochemistry and western blotting using an
immunoprecipitation method, and found the SH3 domain
located in the N-terminal portion of p85 to be responsible
for the formation of foci with IRS-1. As monomeric p85
was previously demonstrated to down-regulate insulin sig-
naling by competing with the p85-pl10 dimer for IRS-1
binding {12], the formation of p85-IRS-1 foci is likely to
be involved in the mechanism of negative regulation of
insulin signaling,

Materials and methods

¢DNA constructs of each PI 3-kinase regulatory subunit isoform. Rat
cDNAs encoding the full-length amino acid sequences of p85a, p85p,

p55a, p55y, and pS0u [13), as well as the GFP ¢DNA (CLONTECH, .

Laboratories, Inc.) at each N-terminus, were ligated into the EcoRI sites
of pSRa vectors. cDNA of the SH3 domain deletion mutant (SH3D) of
p85a was prepared as previously described by PCR methods [14] and
similarly inserted into pSRa vectors. Fragments prepared by PCR were
fully sequenced and observed to have no unexpected mutations.

Cell culture and transfections. CHO-IR cells were maintained in
DMEM with 4500 mg/L glucose, containing 10% fetal calf serum (Life
Technologies, Inc.) at 37°C in 5% CO,. Lipofectamine reagent, Opti-
MEM I, was purchased from Gibco-BRL Life Technologies (Eggenstein,
Germany). One day before transfection, CHO-IR cells were trypsinized
and seeded onto a 60-mm plastic culture dish at 6 x 10° cells/dish. The
following day, the transfection procedures were performed using 30 pl of
lipofectamine diluted in 300 pl of Opti-MEM 1 and 6 pg of plasmid DNA
diluted in 300 pl of supplemental Opti-MEM-I per 60-mm dish. Cells were
incubated in the presence of the lipofectamine-DNA mix for 5 h at 37 °C,
in 5% CO,, and then incubated overnight in DMEM-10% FCS. Forty-
eight hours after transfection, each transfected 60-mm dish was used for
experiments.

Antibodies and Western blotting. Western blotting was performed as
previously described {15): Commercial antibodies against murine GFP
(Chemicon International, CA), phospho-Akt (Ser 473) (Cell Signaling
Technology, CA), phophotyrosine, 4G10 (Upstate Biotechnology, NY),
and IRS-1 (Cell Signaling Technology, CA) were purchased. After blot-
ting with the indicated secondary antibody, detection was performed using
an ECL chemiluminescent kit (Amersham Pharmacia Biotech, UK).
Quantitations were performed using a Molecular Imager (Bio-Rad Lab,
CA). Immunoprecipitation was performed as previously described [16),
using anti-IRS-1 and GFP antibodies. Immunoprecipitates were then
boiled in Laemmli sample buffer, subjected to SDS-PAGE, and finally to
Western blotting using the anti-phosphotyrosine (4G10) or GFP
antibodies.

Immunofluorescence analysis. Immunofluorescence studies were per-
formed as previously described [15]. Cells were plated at near-confluent
density on glass coverslips and fixed in 4% paraformaldehyde-PBS for
20 min at room temperature. Coverslips were washed three times in PBS,

then quenched for 15 min in 0.2% Triton X-100. After a further three
washes in PBS, coverslips were blocked for 30 min in 2% horse serum-PBS
and then washed twice in PBS. Commercial primary antibodies against
IRS-1 (Cell Signaling Technology, CA), insulin receptor (Santa Cruz
Biotechnology, Germany}, Caveolin (BD Biosciences, CA), and p110x {17
were used. These antibodies were diluted in 0.1% horse serum-PBS, and
incubations were carried out at 4 °C overnight. Tetramethyl rhodamine
isothiocyanate (TRITC)-conjugated anti-mouse immunoglobulin second-
ary antibody (Zymed Lab., CA) diluted in 0.1% horse serum-PBS wus
applied after three 5 min washes in PBS. After 1 h of incubation, at RT.
coverslips were washed three times in PBS for S min each and then
mounted in 1% propyl gallate-50% glycerol-PBS and finally observed
under a microscope.

Method of deliverying peptides into CHO-IR cells. We delivered pep-
tides into CHO cells using Chariot Transfection Reagent (Active Motif.
CA). Briefly, 6 ul of Chariot were diluted in 60% DMSO up to 100 and
100 ul of PBS were added to 50 pg of synthesized proline-rich peptides
(PRM1, PPTPKPRPPRPLPVAP). The 100 pl proline dilution was added
to the 100 pt Chariot dilution, followed by incubation at RT for 60 min (o
allow the Chariot-proline complex to form. The cells to be transfected in a
six-well tissue culture plate were overlaid with the 200 ul Chariot-proline
complex, followed by addition of 400 pl of serum-free medium and incu-
bation for Ihr. Then, we added 1 ml of complete growth medium to the
cells and continued the incubation for | h. Next, we aspirated the complete
growth medium, washed twice with 2 ml of PBS, added serum free med-
ium containing 0.2% BSA and incubated the cells at 37 °C in 5% CO2 for
5h. After incubation with or without 100 nM insulin for 10 min and
washing once with PBS, the cells were fixed with 4% paraformaldehyde for
10 min. After washing with PBS, the cells were observed by fluorescence
microscopy. Positive control peptides, 2 pg of B-galactosidase, were
transfected into the cells using the same techniques, except for B-galic-
tosidase staining, achieved using a B-galactosidase staining kit (Active
Motif, CA).

Results

The schematic structures of five wild-type and one SH3
deletion mutant regulatory subunit isoform of PI 3-kinase
are shown in Supplementary Fig. 1. First, we overexpressed
wild-type recombinant proteins tagged with GFP in CHO-
IR cells and investigated intracellular localizations in both
the presence and the absence of insulin stimulation (Fig. 1).
Control GFP were found to exhibit intracellular localiza-
tions with a greater preference for the nucleus. Interest-
ingly, in contrast to control GFP, p85a, and p85B
redistributed to discrete foci in the cells in response to insu-
lin, while they were seen throughout the cytoplasm in qui-
escent cells. Other isoforms showed no changes in
localization with insulin stimulation. The pS55a and pSSy
exhibited concentrated accumulations around the perinu-
clear region. In particular, p55y was restricted to the peri-
nuclear region, while p55a was also distributed throughout
the cytoplasm. On the other hand, the distribution of p50a
was very similar to that of control GFP.

To investigate the properties of these isolated foci, we
searched for proteins co-localized with overexpressed
p85-GFP proteins. First, we performed immunofluores-
cence analyses using antibodies against the insulin receptor,
caveolin and the catalytic subunit of PI 3-kinase, pl10a, as
primary antibodies. However, the signals obtained from
these studies were not associated with the foci observed
in the cytoplasm when p85a-GFP proteins were overex-
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Fig. 1. The localizations of each PI 3-kinase regulatory subunit-GFP protein in CHO-IR cells in the absence and presence of insulin. CHO-IR cells were
seeded onto a 60-mm plastic culture dish at 6 x 10° cells/dish. The following day, transfection procedures were performed using 30 ul of lipofectamine
diluted in 300 pl of Opti-MEM 1 and 6 pg of pSRa vector DNA containing cDNA of GFP (a,b), p85a-GFP (c,d), p85B-GFP (e,f}, p550-GFP (g.h). p55y-
GFP (i,j), and p50a-GFP (k,l). Cells were incubated in the presence of the lipofectamine-DNA mix for 5 h, and then incubated overnight in DMEM
containing 10% FCS. Forty-eight hours after transfection, each of the transfected 60-mm dishes was used for experiments. Before the experiments, CIHO-
IR cells were serum starved and stimulated with insulin for 10 min (b, d, f, h, j, and 1). The results shown are representative of three experiments.

pressed (data not shown). Interestingly, only the signals  suggesting that IRS-1 co-localized with these p85 foci in
observed in an immunofluorescence study using antibodies response to insulin. Though we cannot rule out the possi-
against IRS-1 corresponded to with these foci (Fig. 2h), bility that the p85-IRS-1 complex contains other unex-

FITC FITC

GFP GFP
ins(—) ins(+)
p8sa p85a
ins(—) ins(+)
SH3D SH3D
ins(—=) ins(+)
p50a pS0a
Ins(~) ins(+)

IRS-1 merge

Fig. 2. Immunofluorescence analyses of P1 3-kinase regulatory subunit-GFP proteins. CHO-IR cells were plated at near-confluent density and were
transfected with GFP (a~d), p85a-GFP (e-h), SH3D-GFP (i-I) or p50a-GFP(m-p). Cells were serum starved and stimulated with insulin for 10 min. Cells
were fixed in 4% paraformaldehyde-PBS for 20 min, then quenched for 15 min in 0.2% Triton X-100. Commercial primary antibodies against IRS-1 were
diluted in 0.1% horse serum-PBS, and incubations were carried out at 4 °C overnight. TRITC-conjugated anti-mouse immunoglobulin secondary
antibody diluted in 0.1% horse serum-PBS was applied after three 5 min washes in PBS. After a 1 h incubation, coverslips were mounted in 1% propyl
gallate-50% glycerol-PBS and were observed under a microscope. Results shown are representative of three experiments.
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pected proteins, both the insulin receptor and pl10a cata-
lytic subunits are absent from these foci according to
immunofluorescence results, suggesting that only p85 and
the IRS-1 dimer form a sequestration complex in response
to insulin. As p55s and p50a did not form foci, we expected
that the domain responsible for IRS-1 complex formation
would be either the SH3 domain or the bcr homology
(BH) domain. Thus, we prepared and overexpressed the
SH3 domain deletion mutant (SH3D) of p85x-GFP in
CHO-IR cells. This mutant failed to form foci (Fig. 2j),
Le., the SH3 domain of regulatory subunits is likely to be
responsible for formation of the p85-IRS-1 sequestration
complex. Based on a previous report that SH3 domain-pro-
line rich motif inertactions mediate dimerization of PI-3
kinase regulatory subunits {18], we examined whether these
interactions are involved in formation of the sequestration
complex with IRS-1. After confirming that B-galactosidase,
as a positive control peptide, was properly transfected in
our experiments (Supplementary Fig. 2a), proline-rich
motif peptides were similarly transfected into CHO-IR
cells. As shown in Supplementary Fig. 2e, proline-rich pep-
tides did not affect p85-IRS-1 complex formation, indicat-
ing that SH3-domain-proline-rich motif interactions are
unlikely to be involved in this complex formation.
Though p85a-IRS-1 complexes formed in response to
insulin stimulation, as demonstrated by immunofluores-
cence analysis, we attempted to further demonstrate these
direct associations by immmunoprecipitation. After con-
firming that almost equal amounts of p85«, SH3D, and
p30a-GHP proteins had been expressed in CHO-IR cells
(Fig. 3, upper panel), we performed immunoprecipitation
experiments using either anti-IRS-1 or anti-GFP antibody

control

p85a-GFP
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and blotted the transferred sheets with anti-GFP or anti-
phopho-tyrosine antibody (4G10), respectively. As
expected, an insulin-dependent IRS-1 association with
p85a-GFP was detected (Fig. 3, middle and lower panels).
Despite the lack of IRS-1 complex formation, IRS-1 asso-
ciations with both the SH3D mutant and p50a-GFP were
also observed. Moreover, only IRS-1-SH3D mutant bind-
ing was present in the absence of insulin stimulation. Thus,
even though the overexpressed regulatory subunits fail to
form discrete foci, these subunits do actually bind to
IRS-1 in the presence of insulin.

Next, we investigated downward signaling by analyzing
Ser473-Akt phosphorylation in the presence of insulin with
overexpression of each isoform. As shown in Fig. 4, p85u«
and SH3D mutant-GFP overexpressions markedly dimin-
ished insulin dependent Akt phosphorylations, while
p50a-GFP overexpression did not affect Akt phosphoryla-
tion as compared with control cells. Based on a previous
report demonstrating monomeric p85 to down-regulate
insulin signaling by competing with the p85-p!10 dimer
for IRS-1 binding {12), p85a-GFP and the SH3D mutant
also negatively suppressed insulin signaling by removing
IRS-1 from p85-p110-IRS trimers.

Discussion

In this study, we overexpressed five class 1A Pl 3-kinase
regulatory subunit isoforms tagged with GFP in CHO-IR
cells and investigated intracellular localizations in response
to insulin stimulation. p85a and p85p redistributed to dis-
crete foci in CHO-IR cells, while other isoforms did not.
p55a and p55y preferentially remained in the perinuclear

SH3D-GFP  p50a-GFP
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Immunoprecipitation;anti-IRS-1Ab
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Fig. 3. Direct associations between IRS-1 proteins and each PI 3-kinase regulatory subunit isoform. CHO-IR cells were transfected with only the pSRa
vector, pSRa DNA containing cDNA of p854-GFP, SH3D-GFP, or p50a-GFP. After serum starvation, cells were stimulated with insulin for 10 min.
Supernatants including tissue protein extracts were resolved on 10% SDS-polyacrylamide gel, followed by electrophoretic transfer to a nitrocellulose
membrane. Membranes were incubated for 1 h at RT with anti-GFP antibody. After blotting with anti-GFP antibody, detection was performed using an
ECL chemiluminescence kit (upper panel). Immunoprecipitation was performed using anti-IRS-1 (middle panel) and GFP antibodies (lower panel).
Immunoprecipitates were then boiled in Laemmli sample buffer, subjected to SDS-PAGE, and finally to Western blotting using anti-GFP (middle panel)
and anti-phosphotyrosine antibodies (lower panel). Three independent experiments were performed and similar results were obtained.
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Fig. 4. Effects of overexpressing each isoform of the PI 3-kinase regulatory
subunit on Ser473-Akt phosphorylation in CHO-IR cells. CHO-IR cells
were transfected with only pSRa vector, pPSRa DNA containing cDNA of
p85a-GFP, SH3D-GFP or p50a-GFP. After serum starvation, cells were
stimulated with insulin for 10 min. Supernatants including tissue protein
extracts were resolved on 10% SDS-polyacrylamide gel, followed by
electrophoretic transfer to a nitrocellulose membrane. Membranes were
incubated for 1 h at RT with anti-phospho-Akt (Serd473) antibody. After
blotting with the indicated secondary antibody, detection was performed
using an ECL chemiluminescent kit. Quantitations were performed using a
Molecular Imager. Three independent experiments were performed and
similar results were obtained.

region, while p5S0a exhibited localizations very similar to
that of the control GFP. The signal sequence of p55s is
located in the N-terminal domain, which is composed of
a unique 34 amino-acid sequence. It was previously
reported that this 34 amino-acid sequence has a high affin-
ity for o/p tubulin [19] or the retinoblastoma tumor sup-
pressor protein (Rb), a key regulator of cell cycle
progression [20]. Further study is needed to investigate
whether perinuclear localizations are related to the associ-
ations with these proteins.

Though PI 3-kinase plays a key role in mediating insulin
signals downstream from IRS-1, mice lacking the p85a or
p85P subunits of PI 3-kinase, paradoxically, show high
insulin sensitivity [21,22), There are two possible explana-
tions for this discrepancy. First, p50a subunits were previ-
ously demonstrated to exhibit a markedly higher capacity
for activation of associated PI 3-kinase via insulin stimula-
tion and to have a higher affinity for tyrosine-phosphory-
lated IRS-1 than other isoforms [10]. In mice lacking
p85s, there are more p50a subunits and they substitute
for the missing p85s subunits [21,22), thereby producing
enhanced insulin sensitivity. In fact, the overexpression of
pS500-GFP also resulted in high insulin sensitivity being
maintained in this study. Second, p85s regulatory subunits
have two SH2 domains separated by an inter-SH2 domain,
through which they bind p110 catalytic subunits, and in
addition, monomeric p85s and p85s-p110s mutually com-
pete for IRS-1 binding [12]. Thus, the molecular balance
between p85s and p110s might have a major effect on insu-
lin signaling downstream from PI 3-kinase. We can specu-
late that fewer p85s subunits means greater insulin

sensitivity. Inversely, if an excess of monomeric p83s is
present, insulin signaling might be inhibited by p85s-IRS-
1 dimers, which have no ability to transmit insulin signals,
and thus serve as a dominant negative form.

Subsequently, it was clearly demonstrated that p85u-
IRS-1 dimers form a sequestration complex in response
to IGF-1 stimulation [11]. We observed similar p85-1RS-!
complexes in the case of insulin stimulation in p85s-GFP
transfected CHO-IR cells and showed the p85a-SH3
domain to be responsible for complex formation. Based
on a previous report describing the isolated p85a-SH3
domain as binding only one of its endogenous proline-rich
motifs, PRMI1 (Fig. 1) [18], we examined whether SH3-
PRMI interactions are involved in forming the sequestra-
tion complex with IRS-1. However, PRM1 peptides were
incapable of disrupting the p85a-IRS-1 complex, suggest-
ing that other interactions with the SH3 domain, such as
the SH3-BH domain [23], might be involved in this com-
plex formation.

In conclusion, when five PI 3-kinase regulatory subunit
isoforms tagged in their C-terminal tails with GFP were
overexpressed in CHO-IR cells, only p85a and p85p redis-
tributed to discrete foci in response to insulin. We immuno-
histochemically demonstrated that these isolated foci arc
composed of p85 and IRS-1 and found the SH3 domain
located in the N-terminal portion of p85 to be responsible
for the formation of foci with IRS-1. These p85-IRS-!
complex formations represent negative regulation of insu-
lin signaling due to a molecular imbalance between p85s
and p110s.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bbrc.
2007.10.187.
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Resistin was initially identified as a protein, secreted by adipocytes, which inhibits insulin
action and adipose differentiation. The three proteins homologous to resistin were identi-
fied and given the names resistin-like molecules (RELM) a, # and v. Resistin and RELM« are
abundantly expressed in adipose, but RELMB and RELMy are secreted mainly from the gut.
Since nutrient composition greatly affects insulin sensitivity, we investigated the regulatory
effects of various nutritional factors in food on the expressions of resistin family proteins.
First, mice were given diets with different nutritional compositions (high-carbohydrate,
high-protein and high-fat) for 2 weeks. RELMB mRNA expression in the intestines was
markedly suppressed by the high-protein and high-carbohydrate diets, while slightly but
not significantly upregulated by the high-fat diet. In the epididymal fat, resistin expression
was unchanged, while RELMa expression was markedly decreased by the high-carbohy-
drate diet. Taking into consideration that humans have neither RELMa nor RELMy, our
subsequent studies focused on RELMB expression. We used the human colon cancer cell line
LS174T. Treatments with insulin and TNFa as well as stearic acid, a saturated free fatty acid,
upregulated RELMB expression, while p-glucose downregulated RELMB. These results sug-
gest RELMB expression to be regulated directly by nutrients such as glucose and saturated
free fatty acids including stearic acid, as well as by hormones including insulin and TNFa.
These regulations may play an important role in the nutrient-associated induction of insulin

resistance.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Resistin and its related proteins, ie. resistin-like molecules
(RELMs) a, 8 and v, are a family of recently identified proteins
[1.2]. They share an N-terminal signal sequence and a C-
terminal region with a unique structure that contains 10
cysteine residues [3]. Resistin was identified as an adipocyte
secreted factor, expression of which is increased in genetically
obese (ob/ob and db/db) mice [4]. Furthermore, administration
of resistin reportedly impairs glucose tolerance and reduces
insulin action in normal mice, both of which are reversed by
immunoneutralization with anti-resistin antibody [4]. Resistin
knock-out mice were also described as having lower fasting
blood glucose [5). However, there are conflicting observations
regarding its function as a factor responsible for insulin
resistance [6-9].

RELMe is a secreted protein of 111 amino acids that has
been identified in rats and mice and is expressed in the lungs,
white adipose tissue and the intestines. There is a difference
between the two species in that RELMa expression in white
adipose tissue is much lower in rats than in mice [2,3]. This
protein has been shown to inhibit the differentiation of
adipocytes in vitro [10]. RELMa is induced by Th2 type cytokines
in rodent pulmonary epithelial cells, and thus is likely to be
involved in the inflammatory response [11]. RELMy was also
initially identified in the nasal respiratory epithelium of rats
[2), and was revealed to be expressed in bone marrow,
peripheral blood granulocytes, the spleen, lungs and pancreas
as well as the large and small intestines of mice [2,12,13).

RELMB is highly expressed in goblet cells of the murine
colon and secreted in response to bacterial colonization [14],
and thus was suggested to play an important role in defense
against nematode parasitization in mice [15]. On the other
hand, we previously reported that RELMB and RELMy are
present in blood, and that their serum concentrations and
expressions in the colon were elevated in insulin resistant
models such as obese db/db mice and high-fat-fed mice [16). In
addition, transgenic mice which overexpressed RELMS in the
liver, exhibited hyperglycemia, hyperlipidemia and fatty liver
[17]. Thus, we consider intestine-derived RELMB to be involved
" in insulin resistance,

The first objective of this study was to investigate the
regulatory effects of nutritional factors in different diets on the
expressions of resistin and RELMs. Interestingly, the expres-
sion of RELMB, but not resistin, was found to be strongly
influenced by different dietary compositions. Although there
are four genes encoding this protein family in the mouse, only
resistin and RELMB have been identified in the human genome
sequence [2]. Thus, we focused on the regulation of RELMB

expression, and performed additional experiments using
cultured cells to examine whether nutritional factors, as well
as hormones such as insulin and TNFa, are direct regulators of
RELMB expression. Herein, we show the regulation of gut-
derived RELMB to be regulated by both nutrients and
hormones, and that its upregulation may be involved in the
pathogenesis of diet-derived insulin resistance.

2. Materials and methods
2.1.  Reagents and antibodies

All reagents were of analytical grade and anti-RELMB antibody
was purified as previously described [17].

2.2. Animal studies

Six-week-old mice (C57BL/6]) were purchased from CLEA Inc
and housed under conventional conditions. All animal
studies were performed after 2-3 days acclimation period
and mice were anesthetized with pentobarbital. To deter-
mine RELMB expression levels in fed and fasted states, the
colon was excised from both mice fed ad libitum and those
fasted for 18 h (n = 3 per group). In the fasted state, both the
colon and the ileum were collected to assess the correlation
between RELMB mRNA levels in these tissues (n = 22). In the
dietary studies, animals were divided into four groups
receiving different diets, i.e. high-carbohydrate (CA), high-
protein (P), high-fat (HF) and control (C) diets, and were fed ad
libitum for 2 weeks (n = 4-5 per group) or fed once (n=6 per
group), to assess both acute and chronic effects of these diets.
The compositions of the diets are shown in Table 1. With 2
week feeding, at the end of the 2-week period, the animals
were fasted for 18 h. Then, blood, colon and epididymal fat, as
a representative white adipose tissue, samples were col-
lected. Tissue samples were homogenized in an adequate
amount of ice-cold Isogen (Nippon Gene) directly for mRNA
extraction or ice-cold Lysis Buffer (10 mM HEPES pH 7.4,
150 mM NaCl, 2 mM EDTA, 1% Triton-X 100, 2 mM PMSF, 2 wg/
ml aprotinin, 5 pg/ml leupeptin) after careful removal of
stool, for Western blotting. Serum was separated, after a
sufficient time at room temperature to allow coagulation, by
centrifugation at 3000 rpm for 20 min followed by 1 min at
15000 rpm. Lipid and other parameters were measured in the
sera obtained.

Animal care and procedures for the experiments were
performed according to the Japanese guidelines for the care
and use of experimental animals.

Table 1 - Dietary compositions
' Control diet

High carbohydrate

High protein diet High fat diet

(3.58 Kcal/g) (3.55 kcal/g) (3.47 kcal/g) (6.66 kcal/g)
%weight ~ %kcal %weight %kcal %weight %kcal %weight %kcal
Protein 233 2 I 14 70 798 24.2 146
Fat 53 133 1 44 1 5.7 60 81
Carbohydrate 53.8 60.1 80 81.6 10 125 7.3 44

— 165 —



4 DIABETES RESEARCH AND CLINICAL PRACTICE 79 (2008) 2-10

2.3. Intraperitoneal glucose tolerance tests

Glucose tolerance tests were performed after the 2-week
feeding period. After an overnight fast, 2 g/kg p-glucose was
injected intraperitoneally after the initial glucose measure-
ment. Glucose levels were again determined at 15, 30, 60, 90
and 120 min after the injection. Glucose was measured by tail
snipping. Three or four mice from each group were subjected
to this test.

2.4. Cell culture

LS174T cells were obtained from the Cell Resource Center for
Biomedical Research (Sendai, Japan), and cultured in RPMI
1640 (Sigma) medium supplemented with 10% FCS (Invitro-
gen), Penicillin 100 U/ml and Streptomycin 100 p.g/ml (GIBCO
Invitrogen) at 37 °C in 5% CO,. Cells were cultured on 24 well
plates (IWAKI) for the extraction of mRNA for stimulation
tests. At 80% confluence, each well was washed twice with PBS
and subsequently incubated under various conditions
described below for 24 h, and the cells were then subjected
to the mRNA extraction.

For insulin and TNFa stimulation, insulin and TNFa were
added to RPMI 1640 to give final concentrations of 100 nM and
100 ng/ml, respectively. For glucose stimulation, RPMI 1640
supplemented with p-glucose to achieve final concentrations
of 5, 11 or 25 mM was used and RPMI 1640 containing L-glucose
at the same concentrations was used for the controls.
Furthermore, linoleic acid (LA), oleic acid (OA) and stearic
acid (SA) resolved in ethanol and conjugated with 20% bovine
serum albumin (BSA) were added to RPMI 1640 to give two final
concentrations, 0.5 and 2.0 mM, for each FFA. For control
samples, medium adjusted only with ethanol and BSA was
used.

2.5. RNA isolation and quantification by real time
quantitative polymerase chain reaction

Total RNA was extracted from murine tissue samples, or
cultured LS174T cells, using Isogen (Nippon Gene) accordingto
the manufacturer’s instructions. The cDNA was synthesized
from total RNA using a First Strand ¢cDNA Synthesis Kit for RT-
PCR (Roche Diagnostics) according to the manufacturer's
instructions. The oligonucleotide primers were designed using
program Primer 3 (http://frodo.wi.mit.edu/cgi-bin/primer3/)
and produced by Japan Bio Service, (Saitama, Japan). mRNA
expressions for RELMs and resistin were quantified on a Light
Cycler Instrument (Roche) using Light Cycler DNA Master

SYBR Green I. The results were standardized against internal
controls, m36B4 or h36B4 for the mouse tissue and LS174T cell-
derived mRNA, respectively. The primer sequences used for
human RELMB (hRELMB), mouse resistin (mResistin), mouse
RELMB (mRELMB), mouse RELMy (mRELMy), m36B4 and h36B4
are shown in Table 2. The primers for hRELMPB and h36B4 were
used as described previously [14,18].

2.6.  Histological analysis

Colonic tissues were routinely embedded in paraffin; approxi-
mately 5 pm-thick slices were obtained from these samples.
Slices were stained with hematoxylin and eosin (HE) to
compare the number of goblet cells. Immunostaining was
performed according to the microwave antigen-retrieval
technique, using purified anti-mRELMB antibody (1:500) and
a VECSTATIN ABC kit (Vector labs), following the manufac-
turer’s instructions.

2.7.  Western blotting

Twenty micrograms of protein extracted from homogenized
colonic tissue or 4 pl of serum was boiled in Laemmli sample
buffer containing 100 mmol/1 dithiothreitol. Samples were
subjected to SDS-PAGE, transferred to Hybond-P membranes
(GE Healthcare, Bioscience Inc.), and immunoblotted using
purified anti-mRELMB antibody (1:1000). Proteins were visua-
lized with enhanced chemiluminescence (ECL) and exposed to
ECL film (GE Healthcare, Bioscience Inc.). The band intensity
was analyzed as described previously [16).

2.8.  Statistical analysis

Stat View-J 5.0 software for windows (SAS Institute Inc.) was
used for statistical analysis. Results are expressed as mean
+ S.E. In the multiple comparisons, ANOVA followed by the
post hoc Fisher's PLSD test was used to compare means
between pairs of groups. The unpaired t-test was also used to
compare means between pairs of groups.

3. Results

3.1.  Characterizations of feeding groups, energy intake
and changes in serum lipid, glucose and insulin levels

The body weights, epididymal fat weights, glucose levels,
insulin levels and serum lipid levels at the start and after 2

Table 2 - Primers used for real-time PCR

Sense Antisense
m-Resistin TCATTTCCCCTCCTTTTCCT AAGCGACCTGCAGCTTACA
m-RELMa TCCAGCTAACTATCCCTCCACTGT CAGTAGCAGTCATCCCAGCA
m-RELMB CAAAAAGCTAGAACTGAGCTCCAG TAGTAATATGAAGACAATGAGTCAGG
m-RELMy CTTGCCAATCGAGATGACTG TTTCCAAGTTGGGATTGTGC
m-36B4 GCTCCAAGCAGATGCAGCA CCGGATGTGAGGCAGCAG
h RELMB CACCCAGGAGCTCAGAGATCTAA ACGGCCCCATCCTGTACA
h-36B4 CCACGCTGCTGAACATGCT TCGAACACCTGCTGGATGAC
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Table 3a - Characteristics of the dietary groups of the study

Control High carbohydrate High protein High fat
Body weight (g) 19.2+0.32 19.2 £ 0.15 19.4 +0.33 19.2 £ 0.22
Blood glucose {mg/dl) 66.4 +3.24 67.8 +£6.34 64.7 £4.21 57.9+3.03
Insulin (ng/ml) 2.91 +£0.09 3.20 + 0.31 2.80 + 0.50 372017
Triglyceride (mg/dl) 73.8 £5.32 69.6 + 4.47 76.3 £ 6.56 65.9 + 3.40
Cholesterol {mg/di) 82.6 +£3.07 61.8 £ 6.51 84.6 £4.79 80.5 +7.27
NEFA (nEq/1) 1.33+0.06 1.28+0.18 1.14 + 0.07 1.00 + 0.05

Values are indicated as mean + S.E. (n = 4-6).
No statistically significant differences between the feeding groups were observed.

Table 3b - Characteristics of the dietary groups at the end of the 2-week feeding period

Control High carbohydrate High protein High fat

Body weight (g) 211406 204+ 0.6 197 £1.0 230403
Blood glucose (mg/dl) 84.6 £ 6.0 90.0 + 8.4 120.6 + 21.7 125.4+17.0
Insulin {ng/ml) 5.82 % 1.16 447 £ 0.66 4.64 £2.70 14.50 + 3.43°
Triglyceride (mg/dl) 60.7 £ 4.8 49.5+ 46 452+98 61.2£4.1
Cholesterol (mg/dl) 874160 108.1+ 5.0° 46.2+64 98.3+5.3
NEFA (nEq/) 0.92 +0.09 0.86 + 0.01 0.94 £0.10 0.92 +0.04
Epididymal fat (mg) 115.8 + 16.1 496+ 2.6 129.1 + 29.9 404.6 £ 17.0°
n=4-6,
" p<0.05.

weeks of feeding are shown in Tables 3a and 3b, respectively. 3.3.  Expression levels of RELMS and RELMy in the colon,

Body weights, glucose levels and lipid profiles at the beginning
of the feeding period did not differ significantly among the
groups (Table 3a). Body weights of the three different dietary
groups did not differ significantly from that of the control

and of resistin and RELMe in white adipose tissue

RELMB expression profiles in fasted and fed states, and the
correlations between levels in the colon and ileum are

group at the end of the 2-week feeding period, though the
high-fat group tended to be heavier (Table 3b). Furthermore,
the epididymal fat mass of the high-fat group was significantly
larger than that of the control group at the end of the 2-week
feeding period (C 115.8 + 16.1 mg, HF 404.6 + 17.0 mg; p < 0.01)
(Table 3b). The high-carbohydrate group had a significantly
reduced adipose tissue mass as compared to the control group
(C 115.8 £ 16.1 mg, CA 49.6 + 2.6 mg; p < 0.05) (Table 3b).

In contrast to the adipose depot mass, serum total
cholesterol was slightly elevated in the high-carbohydrate
group by the second week (C 87.4+6.0mg/dl, CA
108.1 £ 5.0 mg/dl; p=0.02). The high-protein group, how-
ever, had significantly lower levels at the end of the second
week (C 87.4+60mg/dl, P 46.2+6.4mg/dl; p<0.01)
(Table 3b). Serum non-esterified fatty acids (NEFA) and
triglyceride levels did not differ significantly among the

groups.
3.2.  Impaired glucose tolerance in the high-fat diet group

To assess whether these diets impair glucose tolerance,
intraperitoneal glucose tolerance tests were performed at
the end of the 2-week feeding period, as described in
Section 2 (Fig. 1). The high-fat group showed a significantly
greater glucose rise than the control group, and showed this
serum glucose elevation was sustained beyond the 120 min
of the test. No such obvious glucose intolerance was
detected in either the high-carbohydrate or the high-protein

group.

presented in Fig. 2. In the fasted state, the RELMB protein
level was downregulated 43.3 + 17.2% as compared with that
in the fed state {ad libitum), which suggests that the diet itself
affects RELMB expression (Fig. 2A and B). There was a positive
correlation between RELMB mRNA levels in the ileum and the
colon (r? = 0.604, p = 0.0002), although the RELMB mRNA level

e CONEFON
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— - —protein
—w—-high fat
700
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-
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£
300
200}
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Fig. 1 - Impaired glucose tolerance in the high-fat diet
group. The results of intra-peritoneal glucose tolerance
tests done at the end of the second week are shown.
Asterisks (") denote glucose values significantly different
from those of the control group. Bars indicate standard
errors (n = 3-4).
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Fig. 2 - Altered expressions of RELM in fed and fasted states and comparison of RELMp expressions in the ileum and colon.
The protein level is shown as band (A), quantification as band (B), using NIH image. Asterisks (*) denote values in the state,
which are significantly different from those in the fed state. Bars indicate standard errors (n = 3). The RELM mRNA level is
shown in a scatter plot. The X-axis represents RELMp from the ileum, the Y-axis that from the colon. Scales of the two are

arbitrary but the values correspond to each other.

in the colon was more variable than thatin the ileum, being up
to 10 times higher (Fig. 2C). A positive correlation between
RELMB levels in serum and the colon was demonstrated
previously [16].

As shown in Fig. 3A, interestingly, it was revealed that the
high-carbohydrate and high-protein diets had markedly
decreased RELMB mRNA expression by the end of the 2-week
feeding period (C 1.0+0.34, CA 0.002 +0.001; p=0.02, P
0.09+0.06; p<0.01) in the colon, while RELMB mRNA
expression in the high-fat group was slightly higher than that
of the control group, but this difference was not statistically
significant (Fig. 3A). In the ileum and serum, the same
tendency was observed, as shown in Fig. 3B and C, although
only serum RELMB in the high protein group changed

significantly (C 1.00+0.15, CA 0.67 £0.33, P 0.46 +0.02,
p <0.02, F1.31+0.16 in serum, C 1.00 + 0.24, CA 0.73 £ 0.10,
P0.68 + 0.06,F 0.95 + 0.23in the ileum). These results suggesta
strong influence of nutritional components on RELMB expres-
sion in the colon. Furthermore, a single feeding produced no
significant change in RELMB mRNA (1.00 £ 0.13, CA 1.06 + 0.23,
P 0.84 £ 0.04 or F 0.82 + 0.07) in the colon. The RELMB mRNA
level was changed by the diet itself, although repetitive and
chronic stimulation was needed for those dietary components
to change the RELMB mRNA level,

The resistin mRNA analysis of white adipose tissue
conducted during the second week of the feeding period,
showed no significant differences among the groups (Fig. 4A).
The RELMa mRNA expression levels in white adipose tissue

(B) 50 RELM$ in serum protein

hf

(A) 300 RELMf mRNA in colon
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Fig. 3 - Altered expressions of RELMB in the colon, ileum and serum in response to various dietary compositions. The mice
were given a control, high-carbohydrate, high-protein or high-fat diet for 2 weeks. RELMp expressions in the colon (A),
serum (B) and ileum (C) were investigated and the data are presented as percentages of the control group values. Asterisks
(') denote values significantly different from those of the control group. Bars indicate standard errors (n = 4-6).
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Fig. 4 - Expressions of resistin and RELMa mRNAs in adipose tissue and RELMy in the colon in response to various dietary
compositions. The mice were given a control, high-carbohydrate, high-protein or high-fat diet for 2 weeks. The expressions
of resistin (A} and RELMa (B) mRNAs in adipose tissue and RELMy (C) in the colon were investigated and the data are
presented as percentages of the control group values. Asterisks (*) denote values significantly different from those of the
control group. Bars indicate standard errors (n = 4-6).

are presented in Fig. 4B. RELMy mRNA expressions in the colon 3.4.  Histological analysis

did not differ among the dietary groups (Fig. 4C). Two-week

feeding of a high-carbohydrate diet significantly suppressed Representative RELMB immunchistochemistry of the colon,
RELMa expression as compared to the control group, while the the major RELMB production site, for each dietary group, is
high-protein and high-fat diets had no marked effects. presented in Fig. 5. The high-carbohydrate and high-protein

(0) BT
4

o e
High-protein dist High-fat diet

Fig. 5 - Colonic Immunohistochemistry of RELMB. Colonic immunohistochemistry of RELMp (magnification 100x) for each
dietary group is shown. RELMB is identifiable by its brown appearance. (A) Control diet, (B) high-carbohydrate diet, (C) high-
protein diet, (D) high-fat diet.
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Fig. 6 - hRELMB mRNA expression in LS174T cells with different stimuli. The hRELM mRNA expressions in LS174T cells
after 24 h stimulation, with the agents shown at the indicated concentrations, are presented. () The cells were incubated
with p-glucose or L-glucose at concentrations of S mM, 11 mM and 25 mM. The data are presented as the fold increase
compared to the L-glucose group. (B) The cells were incubated with or without linoleic acid, oleic acid or stearic acid at
concentrations of 0.5 and 2 mM. The data are shown as fold increases compared to the group without stimulation. (C) The
cells were incubated with or without 100 nM insulin. (D) The cells were incubated with or without 100 ng/ml TNFa. Data
from four separate experiments are presented and the bars indicate standard errors. The asterisks (*) denote values

significantly different from those of the control group.

diet groups showed significantly less RELMp expression than
the control and high-fat diet groups. HE-stained preparations
from all dietary groups were compared for the number of
goblet cells. The absence of significant differences in numbers
of intestinal goblet cells, among the 'groups, was also
confirmed.

3.5.  Changes in hRELMB mRNA expression in a human
colon cancer cell line with various stimulations

Expressions of hRELMB mRNA in the human colon cancer cell
line LS174T, were compared after stimulation with o-glucose
or L-glucose, insulin, TNFa and three types of FFA, as described
in Section 2. The results are presented in Fig. 6. Stimulation
with p-glucose at 5, 11 and 25 mM significantly reduced the
RELMB mRNA expression in a concentration dependent
manner (Fig. 6A). The three FFA exerted different effects on
mRNA expression. Stearic acid stimulation resulted in marked
upregulation of the RELMB mRNA level (0.5 mM stearic acid,
10.7 + 3.3 fold; p < 0.01, 2.0 mM stearic acid, 3.4 = 0.38 fold;
p < 0.01), while linoleic and oleic acids had no significant
effects (Fig. 6B).

Stimulation with 100 nM insulininduced a 6.7-fold increase
in mRNA expression (p < 0.01) (Fig. 6C). TNFe stimulation
markedly increased RELMB mRNA expression, by approxi-
mately 20 fold (p < 0.01) (Fig. 6D).

4. Discussion

One major factor contributing to Type 2 diabetes mellitus is
insulin resistance, and obesity is known to be the most

common factor inducing insulin resistance. Pathophysiologi-
cal states (i.e. insulin resistance, obesity, and low-grade
inflammation) are major and synergistic components of the
metabolic syndrome. It was recently demonstrated that
adipocytes are not only a lipid depot site, but also actively
produce and secrete hormones and cytokines [19]. Resistin is
one of these adipocyte-derived proteins and was suggested to
play a role in the development of insulin resistance [4].

In addition, it was revealed that resistin and three
structurally related RELMs constitute a resistin family
[2,3,14]. Only RELMB among these three RELMs is present in
humans. Intestinal RELMB secretion is reportedly increased in
response to bacterial colonization [14] and has been suggested
to be involved in the defense mechanism against nematode
infestation in mice {15]. On the other hand, administration of
RELMB via the bloodstream induces acute hepatic insulin
resistance [20}, and transgenic mice over-expressing RELMB in
the liver were shown to exhibit hyperglycemia, hyperlipide-
mia and fatty liver [17]. These findings suggest that RELMS is
involved in both inflammatory responses intrinsic to the
intestine and insulin resistance, particularly in the liver, and
therefore may be an important link between these two
pathophysiological states. Taking the aforementioned back-
ground factors into consideration, we carried out this study to
investigate the regulatory effects of various nutritional factors
in food on the expressions of RELMB and other isoforms.

The effects of different nutritional components of diets are
now receiving attention, especially in relation to obesity. With
the intention of preventing and treating obesity and related
diseases, intervention trials have been undertaken [21,22].
Diets rich in carbohydrate and low in fat have been employed,
and have been found to reduce the incidence of diabetes by up

— 170 —



DIABETES RESEARCH AND CLINICAL PRACTICE 79 (2008) 2-10 9

to 60%. Diets of similar composition are also recommended by
medical societies for the treatment of diabetes [23,24]. Another
study revealed that a high-protein diet resulted in substantial
and sustained improvements in waist circumference, trigly-
cerides and insulin, whereas with a high carbohydrate diet
these changes were more modest [25]. In patients with Type 2
diabetes, a high protein diet reportedly improved glucose
metabolism, due to the stimulatory effect of protein on insulin
secretion [26].

In the present study, neither the high-carbohydrate nor the
high-protein diet for 2 weeks induced either hyperinsulinemia
or hyperglycemia in the fasting condition, nor was there any
obvious glucose tolerance impairment in mice. Furthermore,
epididymal fat tissue masses in both groups were reduced or
were similar to those of the control group. These results are in
a good accordance with the reported observations in a clinical
trial [25]). In this study, we first demonstrated RELMB
expression in mice to be strongly influenced by whether the
animals were fasted or fed, and differences in dietary
nutritional composition, while resistin expression in adipose
tissues did not differ significantly among the dietary groups.
Resistin levels in white adipose tissue are reportedly higher in
insulin resistant rodent models [4], though others have
described contrasting observations [6-8]. Post-transcriptional
and/or post-translational modifications, that consequently
affect the secretion rate of the protein, have been suggested as
possible explanations for this discrepancy.

Since RELMB is the only RELM in humans, we focused on
the regulation of colonic RELMB expression, which was
significantly suppressed in both the high-protein and the
high-carbohydrate group. The histological investigations
ruled out suppressed RELMB expression due to a reduced
number of goblet cells, and indicated that RELMB secretion is
markedly influenced by nutrients. Therefore, we speculate
that protein and carbohydrate exert suppressive effects, or
alternatively that an as yet unknown lipid, induces RELMp
expression. We also considered the possible involvement of
insulin and TNFa, serum concentrations of which are
increased in high-fat diet-induced insulin resistance. To
examine these possibilities, a human colon cancer cell line,
LS174T, which has been shown to express human RELMp
(RELMB) under basal conditions [14], was subjected to various
culture conditions. The initial incubation of these cells with o-
glucose induced significantly lower RELMB expression, in a b-
glucose concentration dependent manner, than the same L-
glucose concentrations. Subsequently, it was revealed that
only the saturated FFA, ie. stearic acid, had significant
inducing effects on RELMB mRNA expression, while the other
two free fatty acids had little impact.

We also demonstrated insulin and TNFa to markedly
increase RELMB expression. Induction of RELMB expression
by TNFa is an observation in good accordance with previous
study results showing induction of RELMB expression by Th2
cytokines such as I1-4 and IL-13 {15]. Furthermore, the presence
of several STAT6 and NF«B elements in the promoter region of
human RELMB was disclosed by sequence analysis [14).

Taking these results together, we can suggest possible
mechanisms underlying diet-induced RELMB regulation. First,
repetitive and chronic stimulation by certain free fatty acids,
such as stearic acid, or glucose, per se, increased and decreased

RELMB expression, respectively. Second, although no support-
ing data were obtained in this study, it is reasonable to
speculate that the different nutritional compositions of foods
would affect bacterial colonization in the colon, and that
differences in bacterial colonization might affect RELMB
expression either directly or indirectly (i.e. systemic hormonal
changes) through local Th2 cytokine production. Finally, a
high-fat diet enlarges adipocytes, which in turn induces the
secretion of various proteins such as TNFa while high-
carbohydrate and high-protein diets reduce adipocyte size.
In addition, FFA also reportedly induces the release of TNF«
from macrophages [27]. TNFa secreted by adipocytes and
macrophages would then induce the expression of RELMB. We
speculate that some or all of these mechanisms are involved in
the nutrient-induced regulation of RELMB. The high concen-
trations of RELMp secreted by the intestines would reach the
liver via the blood stream and thus contribute to the
development of insulin resistance.

In conclusion, this study has clearly shown intestinal RELMp
expression to be strongly influenced by the nutritional
compositions of foods. Up-regulation by inflammatory media-
tors, together with the previous demonstration of the RELMj
association with insulin resistance, suggests a role for this
protein asa cytokine contributing to the pathogenesis of insulin
resistance and thereby to that of the metabolic syndrome.
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SUMMARY

Endoplasmic reticulum (ER) stress-mediated apo-
ptosis may play a crucial role in loss of pancreatic
B cell mass, contributing to the development of
diabetes. Here we show that induction of 4E-BP1,
the suppressor of the mRNA 5’ cap-binding protein
eukaryotic initiation factor 4E (elF4E), is involved in
B cell survival under ER stress. 4E-BP1 expression
was increased in islets under ER stress in several
mouse models of diabetes. The Eifdebp1 gene en-
coding 4E-BP1 was revealed to be a direct target
of the transcription factor ATF4. Deletion of the
Eif4ebp1 gene increased susceptibility to ER stress-
mediated apoptosis in MIN6 B cells and mouse islets,
which was accompanied by deregulated translational
control. Furthermore, Eifdebp1 deletion accelerated
B cell loss and exacerbated hyperglycemia in mouse
models of diabetes. Thus, 4E-BP1 induction contrib-
utes to the maintenance of B cell homeostasis during
ER stress and is a potential therapeutic target for
diabetes.

INTRODUCTION

Recent studies have shown decreased pancreatic B cell mass to
be a common feature of subjects with type 2 diabetes mellitus
(Butler et al., 2003). Susceptibility to stress-induced apoptosis
may underlie B cell loss. Translational regulation is an essential
strategy by which cells cope with stress conditions (Clemens,
2001). Transiation of eukaryotic mRNA is regulated primarily at
the level of initiation. Translational initiation begins with formation
of a ternary complex composed of the methionine-charged initi-
ator tRNA, eukaryotic initiation factor 2 (elF2), and GTP (Holcik

and Sonenberg, 2005). The ternary complex then binds to
the 40S ribosomal subunit and several other initiation factors,
generating the 43S preinitiation complex. The mRNA 5' cap-
binding protein elF4E associates with elF4A and elF4G to form
the elF4F complex and interacts with the 5' cap structure of
the mRNA. The elF4F complex then recruits the 43S preinitiation
complex to the mRNA, allowing the complex to scan toward the
initiator AUG codon. The two best characterized regulatory steps
in this translational control are formation of the ternary complex
and assembly of the elF4F complex. Phosphorylation of the
a subunit of elF2 (elF2a) prevents ternary complex formation
and thereby suppresses global translation. In addition, elF4E-
binding proteins (4E-BPs) inhibit elF4F assembly by competi-
tively displacing elF4G from elF4E. Global translational suppres-
sion through elF2x phosphorylation is a mechanism shared
among different stress-response pathways. Depending on the
nature of the stress stimulus, elF2« can be phosphorylated by
four different kinases (Holcik and Sonenberg, 2005). Global
attenuation of protein biosynthesis then paradoxically increases
expression of several proteins, including the transcription factor
ATF4 (Harding et al., 2000).

Because of their high insulin secretory activity, B cells are
vulnerable to endoplasmic reticulum (ER) stress, a condition of
disrupted ER homeostasis due to accumulation of misfolded
proteins (Schroder and Kaufman, 2005). Cells respond to ER
stress by activating an adaptive cellular response known as
the unfolded protein response (UPR). Under ER stress condi-
tions, global translation is suppressed through elF2a phosphor-
ylation by an ER-resident kinase, PERK. The importance of
PERK-mediated translational suppression has been demon-
strated in infancy-onset diabetes and skeletal defects caused
by loss of PERK in humans (Delepine et al., 2000) and mice (Har-
ding et al., 2001; Zhang et al., 2002). However, the roles of
translational control through inhibition of elF4F assembly by
4E-BPs under stress conditions, including ER stress, have yet
to be fully clarified. Herein, we have studied roles of 4E-BP1,
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(A) Expression of 4E-BP1 protein in isolated islets treated with vehicle (0.05% DMSO) control (Con) or 0.5 pM thapsigargin (Tg) for 12 hr. 4E-BP1 expression was

also examined in the livers and kidneys of mice that had received intraperitoneal

(B) Expression of 4E-BP1 protein in islets from wild-type (WT), Ins2WT/C%Y [ epr /
mice using anti-insulin and anti-4£-BP1 antibodies. Scale bars = 50 pm.

(C) Immunostaining of pancreatic sections from WT and /ns2"7/%6Y

injections of tunicamycin (Tm) 96 hr previously.
,and Wis1 /' mice.

(D and E) Time courses of 4E-BP1, 4E-BP2, ATF4, and CHOP expression (D) and 4ebp 7 mRNA expression (E) in MING cells treated with thapsigargin (left panel) or

tunicamycin {right).

(F) Inhibition of 4E-BP1 induction by actinomycin D (1 pg/mi) in MING cells treated with thapsigargin for 12 hr.

one of three isoforms of the 4E-BP family, in B cells under ER
stress.

RESULTS

ER Stress Induces 4E-BP1
4E-BP1 proteinis present in three forms with different phosphor-
ylation states. The hypophosphorylated o and § forms are active
and the hyperphosphorylated y form is inactive in terms of elF4E
binding. Expression of 4E-BP1 protein, especially the hypophos-
phorylated forms, was markedly induced, with an increase in
CHOP, a stress marker protein, in isolated islets treated with
thapsigargin (an ER Ca®* pump inhibitor causing ER stress)
(Figure 1A). 4E-BP1 induction was also observed in liver and kid-
neys of mice administered tunicamycin {a protein glycosylation
inhibitor), another ER stress inducer (Figure 1A).

Furthermore, 4E-BP1 protein expression was markedly in-
creased in Ins2"7/C%6Y islets (Figures 1B and 1C), in which mis-

270 Cell Metabolism 7, 269-276, March 2008 ©2008 Elsevier Inc.

folded insulin molecules with a C96Y mutation cause ER stress
(Wang et al., 1999). Islets from leptin receptor null (Lepr~-)
mice, which have been shown to suffer from ER stress (Laybutt
et al, 2007), also exhibited increased 4E-BP1 expression
(Figure 1B). The Wfs1~/~ mouse (Ishihara et al., 2004) is a model
of Wolfram syndrome, which is characterized by juvenile-onset
diabetes mellitus and optic atrophy and is caused by WFS7
mutations (Inoue et al., 1998; Strom et al., 1998). WFS1-deficient
islets are affected by chronic ER stress (Ishihara et al., 2004;
Riggs et al., 2005). Again, 4E-BP1 protein was increased in
Wrs1~/~ islets (Figure 1B).

Induction of 4E-BP1 by ER stress was also observed in insuli-
noma MING cells (Miyazaki et al., 1990) (Figure 1D). Expression
of 4E-BP2, another member of the 4E-BP family, remained
unchanged. While expression of ATF4 and CHOP peaked at
12 hr after treatment with thapsigargin or tunicamycin, 4E-BP1
protein was further increased at 24 hr posttreatment (Figure 1D).
4E-BP1 protein induction appeared to result from transcriptional
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Figure 2. Eif4ebp1 Is a Direct Target of ATF4

(A) Suppression of thapsigargin (Tg, 0.5 uM)-induced 4E-BP1 expression by dominant-negative ATF4 (DN-ATF4). MING cells were infected with an adenovirus
expressing either lacZ or DN-ATF4. Two days later, the cells were treated with vehicle (0.05% DMSO) control {Con) or Tg for 12 hr.
(B) 4E-BP1 expression in MING cells infected with an adenovirus expressing wild-type ATF4 at the indicated multiplicity of infection {moi).

(C) 4ebp1 mRNA levels in wild-type and Atf4 / MEFs treated with thapsigargin.

(D) C/EBP:ATF composite sites in intron 1 of the Eifdebp1 gene. Mouse, rat, and human Eifdebp1 gene segments are aligned with ATF4 binding sequences in
several genes. Numbers are positions relative to A of the initial ATG codon. Asns, asparagine synthetase; Herp, homocysteine-induced ER protein; ARunx2, runt-

related transcription factor 2.

(E} Chromatin immunoprecipitation assay of MING cells treated with thapsigargin. DNAs precipitated with nonspecific or anti-ATF4 IgG were amplified using

primers for the Eifdebp1 intron 1 region.

(F) ATF4 induction of luciferase reporters with the SV40 promoter and an Eifdebp1 gene segment with C/EBP:ATF composite sites or their mutants shown in (D).
“MING cells were transfected with luciferase reporters together with either pCMV-empty or pCMV-ATF4. Error bars represent SEM. n = 4; *p < 0.05, **p < 0.01.

activation since 4ebp7 mRNA levels were also increased by
these ER stress inducers (Figure 1E) and the transcriptional
inhibitor actinomycin D completely blocked 4E-BP1 induction
by thapsigargin (Figure 1F).

ATF4 Directly Activates the Eif4ebp1 Gene

MING cells were infected with recombinant adenoviruses ex-
pressing dominant-negative (DN) forms of transcription factors
involved in the UPR. Expression of DN-ATF4 (He et al., 2001)
(Figure 2A), but not DN-ATF6 or DN-XBP1 (see Figure S1
available oniine), suppressed 4E-BP1 induction by thapsigargin.
Conversely, expression of wild-type ATF4 dramatically in-
duced 4E-BP1 expression (Figure 2B). Furthermore, 4ebp?
mRNA levels were not increased by thapsigargin in Atf4~/~

murine embryonic fibroblasts (MEFs) (Harding et al., 2003)
(Figure 2C).

A survey of the mouse Eif4ebp1 gene using a luciferase assay
identified a segment in intron 1 that conferred thapsigargin
sensitivity to a luciferase reporter (Figure S2). Indeed, we found
two potential ATF4 binding sequences (C/EBP:ATF composite
sites) in this segment (Figure 2D). Chromatin immunoprecipita-
tion (ChIP) assays revealed that ATF4 binds this segment (Fig-
ure 2E). Furthermore, cotransfection of a luciferase reporter con-
taining the C/EBP:ATF sites with an ATF4-expressing plasmid
increased luciferase activity by 4.3-fold (Figure 2F). Disruption
of the upstream C/EBP:ATF site (mutant 1) or the downstream
site (mutant 2) decreased the ATF4-mediated increase in lucifer-
ase activity by 83% or 47%, respectively, and disruption of both
(mutant 3) completely abolished the increase (Figure 2F).

Cell Metabolism 7, 269-276, March 2008 ©2008 Elsevier Inc. 271
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Figure 3. 4E-BP1-Deficient Cells Exhibit Increased Apoptosis Susceptibility with Deregulated Transiational Control

(A) Viability of MINBWT and MIN6Eif4ebp! / cells treated with 0.5 uM thapsigargin (Tg) or 1.0 ug/ml tunicamycin (Tm) for 36 hr, normalized to MIN6WT cells
treated with vehicle (0.05% DMSO). n = 3-4.

(B) Immunoblot of cleaved caspase-3 in MINBWT and MINBEifdebp? / cells treated with vehicle control (Con) or thapsigargin for 24 hr.

(C) Immuncblot analysis of 4E-BP1, 4E-BP2, elF4E, and elF4G in whole-cell lysates (left) or in a complex associated with ’'mGTP-Sepharose (right) in cells treated
with thapsigargin for 24 hr.

(D) [35SImethionine/cysteine incorporation during a 15 min pulse labeling in MINBWT and MINGEifdebp1 ~/~ cells pretreated with thapsigargin for the indicated
periods. Ten percent of the lysates were also probed with an anti-actin antibody. A representative autoradiogram is shown in the upper panel; data from three
experiments are summarized in the lower panel.

(E) Increased CHOP induction in MINBEifdebp1 / cells treated with thapsigargin. Representative blots are shown in the upper panel; data from four experiments
are summarized in the lower panel.

(F) Chop mRNA levels in MINBWT and MINGEifdebp? ’ cells treated with thapsigargin.

(G) Greater Chop translation in MIN6Eif4ebp1 ~/  cells treated with thapsigargin. MIN6WT and MINGEifdebp1 / cells treated with vehicle (C) or thapsigargin (Tg)
for 12 hr were labeled with [33S)methionine/cysteine. Lysates were either directly subjected to SDS-PAGE or immunoprecipitated with anti-CHOP antibody. Rep-
resentative autoradiograms are shown in the left panel; data from four experiments are summarized in the right panel.

Error bars represent SEM. *p < 0.05, **p < 0.01.
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4E-BP1-Deficient g Cells Are More Vulnerable

to ER Stress

A 4E-BP1-deficient B cell line, MIN6Eif4ebp? / , was estab-
lished by crossing Eifdebp1~/~ mice (T: sukiyama-Kohara et al.,
2001) with IT6 mice expressing SV40 large T antigen in B
cells (Miyazaki et al., 1990). MIN6 cells with wild-type Eifdebp1
alleles, established in parallel, were designated MINBWT cells.
MIN6Eifdebp1 ’/ cells were more vulnerable to ER stress in-
ducers than MINBWT cells (Figure 3A). 4E-BP1 re-expression
restored this diminished viability of MINGEifdebp1~'~ cells to
control levels (Figure S3A). The increased susceptibility to ER
stress-induced cell death was accompanied by enhanced cas-
pase-3 cleavage (Figure 3B), indicating that the reduced viability
of MIN6Eifdebp1~/~ cells was due at least in part to increased
apoptosis. In addition, DNA fragmentation under ER stress was
greater in Eif4ebp1~'~ islets than in wild-type islets (Figure S3B).
These results suggest that 4E-BP1 induction contributes to g cell
survival under ER stress.

We then examined the impact of 4E-BP1 deficiency on the
integrity of the elF4F translational initiation complex. Pull-down
assays of elFAE and its binding partners with a cap analog,
7-methyl-GTP, revealed that thapsigargin-induced 4E-BP1 ex-
pression resulted in marked increases in the amounts of hypo-
phosphorylated 4E-BP1 « and B forms bound to elF4E, displac-
ing elF4G from elF4E in MIN6WT cells (Figure 3C, compare lane
5 with lane 6). The amount of elF4G bound to elF4E was reduced
t0 63% + 3% (n = 4, p < 0.05) of that in vehicle-treated MIN6WT
cells. In contrast, levels of elF4G bound to elF4E were not de-
creased by thapsigargin in MIN6Eif4ebp1~/~ cells (Figure 3C,
compare lane 7 with lane 8). Thus, elF4E availability for transla-
tional initiation was greater in MINGEif4ebp1~'~ cells than in
MINBWT cells under ER stress. Measurement of the global trans-
lation rate revealed that recovery from translational suppression
by thapsigargin was more rapid in 4E-BP1-deficient cells (Fig-
ure 3D).

Translation of newly synthesized mRNA molecules is report-
edly much more dependent on elF4E availability than that of
preexisting mRNAs (Novoa and Carrasco, 1999). Expression of
CHOP, a mediator of ER stress-induced apoptosis, was thus
studied in MINBEif4ebp? / cells since Chop mRNA is one of
the transcripts most abundantly synthesized during ER stress
(Pirot et al., 2007). Eif4ebp1 deletion caused greater CHOP
protein induction by thapsigargin in MING cells (Figure 3E), with
unaltered Chop mRNA accumulation (Figure 3F). Pulse-labeling
experiments demonstrated enhanced CHOP translation (Fig-
ure 3G). Thus, CHOP expression during ER stress was aug-
mented via increased translation in 4E-BP1 deficiency.

Eif4ebp1 Deletion Accelerates 8 Cell Loss

in Mouse Diabetes Models

To examine the roles of 4E-BP1 under ER stress in vivo,
Eif4ebp1~'~ mice on the 12956 background were fed a high-
fat diet (HFD), which is thought to produce ER stress in B cells
through peripheral insulin resistance (Scheuner et al., 2005).
Eit4ebp1~'~ mice developed glucose intolerance (Figures S4A
and S4B), which was associated with blunted insulin secretion
(Figure S4C) and reduced pancreatic insulin content (Figure S4D)
as compared to HFD-fed wild-type mice. These data suggest
that Eifdebp1~'~ mice have a B cell defect. However, HFD-fed

Eif4ebp1~'~ mice gained more weight and were more insulin
resistant than HFD-fed wild-type mice (Figures S4E and S4F).
Therefore, the possibility remains that B cell failure in HFD-fed
Eif4ebp1~/~ mice resulted from greater ER stress rather than
from a defect in B cells lacking 4E-BP1.

We next crossed Eifdebp1~/~ mice with two genetic models of
diabetes in which B cells are under ER stress, Ins2W7/C9%Y and
Wfs1 /' mice on the 12956 background. 4E-BP1 deficiency
did not alter body weight (Figures S5A and S5B) or insulin sensi-
tivity (Figures S5C and S5D) but worsened hyperglycemia
in Ins2"7/°%Y (Figure 4A) and Wfs1 / (Figure 4B) mice. In
Eifdebp1~'~ Ins2"7'C%Y mice, pancreatic insulin content was
less than half of that in Ins2""°%Y mice at 5 weeks of age (Fig-
ure 4C), and the majority of islets in Eifdebp 1~/ Ins2¥7C9%Y mice
were smaller as compared to those in Ins2"W7/°%Y mice (Fig-
ure 4D). We also observed a 38% decrease in pancreatic insulin
content in Eifdebp1~'~ Wfs1~/~ mice as compared to Wis7~/~
mice (Figure 4E). Importantly, the insulin-positive area was
smaller in pancreatic sections from Eifdebp?~'~ Wfs1~'~ mice
than in pancreatic sections from Wfs1~/~ mice at 27-30 weeks
of age (Figure 4F), indicating that ER stress-mediated B cell
loss is exacerbated by 4E-BP1 deficiency in vivo.

Global protein synthesis was studied in these mouse islets.
A tendency toward decreased protein synthesis was observed
in both Ins2"T'°%Y (Figure 4G, hatched bar; p = 0.074) and
Wfs1-/~ islets {Figure 4H, hatched bar; p = 0.079) as compared
to wild-type islets. Eif4ebp1 deletion ablated this regulation and
resulted in significantly increased protein synthesis in Eifdebp 1=/~
Ins2"WTC%Y (5 = 0.013) and Eitdebp1~'~ Wfs1~/~ (p = 0.045)
islets as compared to that in corresponding single mutants (com-
pared hatched with filled bars in Figures 4G and 4H). These data
suggest that accelerated B cell loss under ER stress is due to
deregulated translational control.

DISCUSSION

Our results implicate 4E-BP1, identified as a component of the
UPR, in B cell survival under ER stress. Important roles of 4E-
BPs under various stress conditions have been recently demon-
strated in yeast (Ibrahimo et al., 2006) and Drosophila (Teleman
et al., 2005; Tettweiler et al., 2005). These data suggest that
translational suppression by 4E-BPs is an evolutionarily con-
served strategy against stress conditions. Although we focused
on B cells, ER stress-mediated induction of 4E-BP1 was also
observed in the liver and kidneys, suggesting the general impor-
tance of the present findings. :

Our results suggest that, in addition to transiational regulation
by elF2a phosphorylation due to PERK activation, another mode
of translational control mediated by 4E-BP1 plays a role in the
maintenance of B cell homeostasis under ER stress. Since trans-
lational suppression by elF2a phosphorylation is transient owing
to feedback dephosphorylation by GADD34 (Novoa et al., 2001),
prolonged translational suppression by 4E-BP1 might be needed
in the later stages of the UPR. However, in contrast to PERK, 4E-
BP1 deficiency alone does not cause diabetes in mice under nor-
mal conditions, suggesting that 4E-BP1 protein is not a key reg-
ulator but rather functions with other molecules to maintain B cell
homeostasis under ER stress. The preferential role of 4E-BP1 in
the later stages of the UPR might be puzzling since expression of
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Figure 4. B Cell Loss Is Exacerbated by 4E-BP1 Deficiency in Mouse Diabetes Models

(A) Fed blood glucose levels of wild-type (n = 6), Eifdebp ="~ (n = 5), Ins2"7"°%¢Y (n = 9), and Eifdebp1~'~ Ins2"7'°%" (n = 11) mice. Data from three cohorts are
combined. *p < 0.05, **p < 0.01 versus Ins2"7/C%°Y mice.
(B) Fed blood glucose levels of wild-type (n = 12), Eifdebp1~'~ (n = 8), Wis1~'~ (n = 15), and Eifdebp1~/~ Wfs1~/~ (n = 10) mice. Data from three cohorts are com-
bined. *p < 0.05, "*p < 0.01 versus wild-type mice; ##p < 0.01 versus Wfs1 ’~ mice.

(C) Pancreatic insulin content of mice of the indicated genotypes at 5 weeks of age. n = 3 for each genotype. *p < 0.05.

(D) Hematoxylin and eosin staining of sections showing representative islets from mice of the indicated genotypes at 5 weeks of age. Scale bars = 50 um.

(E) Pancreatic insulin content of wild-type (n = 8), Eifdebp1 / (n=4), Wfs1 ’ {n=15),and Eif4ebp1 ! wis1 /" (n = 12) mice at 27-30 weeks of age. **p < 0.01.
(F) Insulin-positive area in pancreatic sections of wild-type (n = 3), Eifdebp? ' (n=3), Wfs1™/" (n =4}, and Eifdebp? / Wis1 ' (n = 5) mice at 27-30 weeks of
age. 'p < 0.05. ' ) :

(G) [*°S]methionine/cysteine incorporation in islets of the indicated genotypes at 5-6 weeks of age. Ten percent of the lysates were also probed with an anti-actin
antibody. A representative autoradiogram is shown in the left panel. Lane 1, wild-type; lane 2, Eifdebp1 /*; lane 3, Ins2"7'°®"; lane 4, Eifdebp! ' Ins2"7°%¢Y,
Data from four experiments are summarized in the right panel. *p < 0.05.
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