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FIGURE 3. Intraperitoneal glucose tolerance test
(GTT), insulin tolerance test (ITT), and pyruvate RiCH
tolerance test (PTT) in age-matched RELMB
transgenic (B, n = 8 for line 1 and n = 7 for line
2) and control mice (O, n = 5forline1andn=7

forline 2).aandd, GTT forline 1 {age 16 weeks, fed 6 18 30 60
a high fat diet for 4 weeks) and 2 (age 20 weeks, fed mg/dl
a high fat diet for 4 weeks) in comparison with the 208
control mice fed a high fat diet for 4 weeks, respec-
tively. b and e, ITT for line 1 (age 17 weeks, fed a
high fat diet for 5 weeks) and 2 (age 21 weeks, fed 16
a high fat diet for 5 weeks) in comparison with the
control mice fed a high fat diet for 4 weeks, respec-

tively. c and f, PTT for line 1 (age 18 weeks, fed a
high fat diet for 6 weeks and 2 (age 22 weeks, fed a
high fat diet for 6 weeks) in comparison with the
control mice fed a high fat diet for 6 weeks, respec-
tively, Values are presented as means = S.E. Statis-
tical significance is indicated by an asterisk: ¥, p <
0.05 for RELMB transgenic mice versus control age-
matched mice.
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FIGURE 4. Liver and pancreatic islet histologies
in 16-week-old line 7 RELMB transgenic and
control mice that had been fed a high fat diet
for 4 weeks. Liver and pancreatic sections from
adult, high fat diet fed mice were stained with
hematoxylin and eosin. The mean islet area is pre-
sented in TABLE TWO.

the levels of serum free fatty acid and adiponectin were not altered (1 =
8-10).

Histological Analysis of Liver and Pancreas—Histology showed fatty
liver and islet hyperplasia in transgenic mice as compared with control
mice (n = 3, age 16 weeks, after 4 weeks on a high fat diet, Fig. 4).
Quantitatively, the mean islet area in RELMf-overexpressing mice was
sighificantly increased, as compared with that in control mice, by
approximately 2.5-fold (TABLE TWO). In contrast, no significant dif-
ference in adipocyte size or mass was seen in epididymal or subcutane-
ous fat at the time of sacrifice (data not shown).

Glucose Clamp Study and Glucose Uptake in Vivo and in Vitro—Six-
month-old mice fed a high fat diet for 4 weeks were used for the glucose
clamp study. In the basal state, glucose levels were 113.3 = 2.0 versus
158 + 9.5 mg/dl (control versus transgenic), and insulin levels were
5.0 X 1.2 versus 12.1 = 5.4 ng/ml. There was no significant difference in
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either glucose utilization or hepatic glucose output (Fig. 5, b and ¢). In
the hyperinsulinemic euglycemic clamp study, glucose levels were
96.0 x 5.3 versus 100.8 + 5.3 mg/d], and insulin levels were 20.3 + 5.2
versus 22.4 * 2.8 ng/ml. RELMp transgenic mice showed a 35% lower
glucose infusion rate (Fig. 52) due to markedly insufficient suppression
of hepatic glucose output, (about one-fifth of the expected suppression,
Fig. 5¢), whereas hyperinsulinemia had no effect on the glucose disap-
pearance rate (Fig. 55).

We found no significant difference in glucose uptake in vivo during
the clamp by either muscles or fat (Fig. 5d), nor in insulin stimulated
glucose uptake in vitro by isolated soleus muscle between RELM-over-
expressing mice and their littermates, at 3 months of age after 4 weeks
on a high fat diet, i.e. immediately before the experiment (Fig. 5e).

Insulin Signaling in RELM Transgenic Mice—To reveal the mecha-
nism of glucose intolerance in the RELM transgenic mice, we investi-
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FIGURE 5. a-d, glucose clamp study of RELMB L

overexpressing line 1 at 6 months of age, following 3
4 weeks of being fed a high fat diet. Blood samples
were collected every 30 min to determine the glu-
cose specific activity and blood glucose and
plasma insulin concentration during 90-min basal
period and 150-min clamp period. At the end of
the study, tissues were sampled for determination
of tissue glucose uptake rates during the clamp
period. g, glucose infusion rate in the hyperinsu-
linemic euglycemic state. b, glucose disposa rates
in basal and hyperinsulinemic states. ¢, glucose
production rate in basal and hyperinsulinemic
states. d, glucose uptake by soleus muscle, gastro-
¢nemius muscle, and epididymal fatin vivo. e, glu-
cose uptake by isolated soleus muscle in vitro, —,
without insulin stimulation; +, with insulin stimu-
lation. Values are presented as means * SE. In
b-e, statistical analysis was performed using two-
way analysis of variance. Statistical significance is
indicated by an asterisk: *, p < 0.05 for RELMB
transgenic mice versus control age-matched mice.
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lations of IRS-1/2 in liver (a- d) and muscle (e-h)
from 3-month-old RELMpB-overexpressing line
1 mice, which had been fed a high fat diet for 4
weebls. Values are presented as means * S.E. —,
without insulin stimulation; +, with insulin stimu-
lation, The scale represents the percentage of con-
trol (with insulin stimulation, if performed). Statis-
tical significance is indicated by an asterisk: *, p <
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gated protein contents, phosphorylations, and insulin signaling cas-
cade activity using the highly RELM-overexpressing (line 1, Fig. 1b)
line 1 3-month old mice, which had been fed a high fat diet for 4
weeks. We found that IRS-1 and IRS-2 protein contents were signif-
icantly decreased in the livers and muscles of transgenic mice (IRS-1:
34% decrease in liver, 40% in muscle, p < 0.05; IRS-2: 64% in liver and
36% in muscle, p < 0.05) (Fig. 6, 4, ¢, ¢, and g). The insulin-induced
tyrosine phosphorylations of IRS-1 and IRS-2 were also decreased in
the livers and muscles of transgenic mice (Fig. 6, b, 4, f, and ). In the
liver, the decrease in IRS-2 phosphorylation (p < 0.05) was more
evident than that of IRS-1, whereas the IRS-1 decrease was more
evident in muscle. Similarly, the PI 3-kinase activities associated with
IRS-1 and IRS-2 in response to insulin stimulation were significantly
suppressed, by ~40%, in transgenic mice (Fig. 7, a—¢). Finally, Akt
kinase activity in the presence of insulin stimulation was also
decreased in both liver (40%) and muscle (35%) in transgenic mice
(Fig. 8, a~e), whereas Akt protein contents were not significantly
altered.
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RELMP Activates ERK, p38, and JNK while Suppressing Insulin Sig-
naling in Primary Cultured Hepatocytes—To investigate the effects of
RELM§ on insulin signaling in the liver, primary cultured hepatocytes
were prepared. The treatment of hepatocytes with 1 p.g/mi of recombi-
nant RELM for 24 h induced apparent decreases in both IRS-1 (70%
p < 0.005) and IRS-2 (49%, p < 0.005) protein contents (Fig. 9, a and b).
Similarly, insulin-stimulated phosphorylations of IRS-1 and IRS-2 were
also suppressed by treatment with RELMPB (Fig. 9, ¢ and d). Subse-
quently, mRNA levels of gluconeogenetic enzymes, glucose-6-phospha-
tase, and phosphoenolpyruvate carboxylase kinase were elevated (Fig. 9,
e and f). This suggested RELM to directly produce insulin resistance in
the liver.

Next, to reveal the molecular mechanism underlying the sup-
pressed expression and phosphorylation of IRS-1 and IRS-2, we stud-
ied the effects of RELMB on the three MAPKs, ERK, p38, and SAPK/
JNK, all of which can reportedly induce insulin resistance.
Hepatocytes were treated with 1 pug/ml RELMS or 10 ng/ml tumor
necrosis factor a for 10 or 30 min, and the phosphorylations of ERK,
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p38, and JNK were assessed by immunoblotting with the antibodies
to detect phosphorylation of p44/p42 (ERK1/2), p38 MAPK, and
p54/p46 (SAPK/JNK). RELM was revealed to markedly phospho-
rylate ERK and p38, but JNK only weakly (left side of Fig. 10, 2 and ¢).
The phosphorylations induced by RELMB were more intense 30 min
after the initiation of stimulation than at 10 min, whereas tumor
necrosis factor a-induced phosphorylations of MAPKs were shown
to peak at ~10 min (right side of Fig. 10a). The effect of RELMB was
concentration-dependent, and as little as 10 ng/ml RELM stimu-
lated all three MAPKs (Fig. 10, b and d). In addition, increased phos-
phorylation of p38 was observed in both the liver and muscle of
RELM@ transgenic mice (Fig 11) in the basal, ie fasted, state,
although there were no significant changes in the phosphorylations
of ERK and JNK.

Key Enzymes for Lipid Metabolism Showed Modestly Altered Tran-
seriptional Levels in RELMf Transgenic Mice—To investigate the
mechanisms of hyperlipidemia in RELM transgenic mice, mRNA lev-
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els of key lipid metabolic enzymes were evaluated using a RELM-
overexpressing line (/ine 1) i.e. 3-month-old mice that had been fed a
high fat diet for 4 weeks. A lipogenic enzyme (fatty acid synthase, 60%)
was increased and lipolytic enzymes (carnitine palmitoyltransferase-1,
32%, PPARa: peroxisome proliferator activated receptor-c, 33%) were
decreased (TABLE THREE). These changes probably contribute to the
mechanisms underlying the moderate hyperlipidemia in RELMg-over-
expressing mice.

DISCUSSION

Although the gut is the site of nutrient absorption, the gastrointesti-
nal tract secretes several hormones such as glucagon-like peptide-1,
gastric inhibitory polypeptide, and ghrelin. These hormones reportedly
influence metabolic conditions by regulating insulin secretion and
appetite {28—31). Recently, two RELMs were also identified as hor-
mones secreted from the mouse small intestine and colon (9, 10}, and we
previously reported that these gut-derived RELMs are apparently up-
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regulated in insulin-resistant rodent models. Thus, we speculated that
the gastrointestinal tract might regulate insulin sensitivity by secreting
these RELMs into the circulation in response to intestinal circum-
stances, i.e. inflammation, the food intake amount, and/or the nutri-
tional contents of the food. Based on this hypothesis, this study was
designed to answer questions as to whether or not the increased expres-
sion of gut-derived RELM actually induces insulin resistance, and if so,
what molecular mechanisms underlie this regulation. To answer these
questions, we generated transgenic mice with hepatic RELMf overex-
pression, because overexpression in the liver is a commonly used
method of investigating the chronic functions of several hormones,
including leptin, growth hormone, and so on.

We speculate that RELM might possess dual roles; one in the circu-
lation and the other in the gut. RELMp functioning in the gut would be
excreted into the stool. We consider hepatic RELMB-overexpressing
mice to be useful for investigating the role of RELMB in the circulation,
because overexpressing RELM in the liver, assuming a high focal con-
centration, would mimic the physiological pattern of RELMf concen-
trations, because RELMf probably initially flows into the liver via the
portal vein.

DECEMBER 23, 2005 *VOLUME 280+ NUMBER 51 FL51 VT

We first demonstrated both line 1 and line 2 RELMf transgenic mice,
on a high fat diet, to phenotypically show hyperglycemia, hyperlipi-
demia, and hyperinsulinemia. Taking the data for line 2 into consider-
ation, it seems that a relatively small increase in RELMf expression can
induce significant insulin resistance, which suggests that the increased
serum RELMf concentrations observed in the insulin resistant rodent
models are physiologically significant. The consequent islet hyperplasia
was considered to be due to prolonged insulin resistance. However, on
the other hand, it should be noted that, when the mice were fed a normal
diet, these metabolic abnormalities did not become overt even in the
highly RELMB-overexpressing line (line 1). This finding suggests that
RELMB itself induces a limited degree of insulin resistance that is not
sufficient to cause overt diabetes or hyperlipidemia. Some additional
factor(s) causing insulin resistance (in the case of our experiments, the
high fat diet feeding) in addition to the increased serum RELMP con-
centration would be necessary to induce diabetes or hyperlipidemia. It is
also reasonable to regard increased RELMp expression as just one of
several independent molecular mechanisms underlying high fat diet
insulin resistance.

Next, we demonstrated the presence of hepatic insulin resistance in
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mRNA levels of key Iipld metabolic enzymes in the Iiver, measured using
ribonuclease protection assay (RPA) using RELM B overexpressing line 1
mice, at the age of 3 months, which had been fed a high fat dietfor 4
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Values are corrected by actin mRNA levels and by mean values of control mice
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Control RELMS trangenic

LDLR 1.00 = 0.09 1.02 * 0.06

PPARa 1.00 = 0.13 0.72 = 0.03

CPT1 1.00 + 0.07 0.77 = 0.07¢

SREBP-1a 1.00 = 0.08 0.98 £ 0.08

SREBP-1c 1.60 £ 0.17 0.92 % 0.08

ACC 1.00 = 0.04 1.09 *+ 0.01°

FAS 1.00 £ 0.09 1.60 * 0.34°

SCD1 1.00 £ 0.20 1.03 = 0.15

7 p < 0.05.

RELMB transgenic mice, maintained on a high fat diet, by hyperinsu-
linemic glucose clamp test, which showed markedly increased hepatic
glucose output while glucose utilization was intact. The pyruvate toler-
ance test, which reflects hepatic gluconeogenesis, yvielded complemen-
tary results, because pyruvate is a substrate for gluconeogenesis (17). In
contrast, we did not find changes in insulin-induced glucose transport
activity in either peripheral tissues in vivo, or in isolated skeletal muscles
invitro from RELMB transgenic as compared with control mice, Indeed,
histochemical analysis revealed fatty livers in the RELM@ transgenic
mice, although there was no obvious obesity at the time of sacrifice.
Thus, it seems that glucose intolerance and hyperlipidemia in RELMB
transgenic mice are attributable mainly to hepatic insulin resistance.
There is a curious discrepancy between the apparent insulin resistance
in the insulin signaling pathway (e.g. insulin-induced PI 3-kinase activ-
ity) and unchanged insulin-induced glucose uptake by muscle, suggest-
ing one or more compensatory mechanisms involving insulin-induced
glucose transport, although this remains entirely speculative. In view of
organ cross-talk, primary hepatic insulin resistance might affect glucose
uptake in other peripheral tissues.

Subsequently, to elucidate whether or not the contribution of
RELMS to hepatic insulin resistance is direct, and what changes in
signal transduction are induced by RELM, we performed experiments
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using primary cultured hepatocytes. Importantly, the expressions of
IRS-1 and IRS-2 were demonstrated to be down-regulated in RELMB-
treated hepatocytes as well as liver and muscle tissues from RELMB
transgenic mice. In good agreement with the decreased IRS-1 and IRS-2
contents, PI 3-kinase activities associated with IRS-1 and IRS-2 and Akt
activation, which are reportedly essential for insulin-induced metabolic
actions, were also attenuated. These findings suggest that RELMp func-
tions directly in insulin-sensitive cells such as hepatocytes to suppress
insulin signaling rather than as a consequence of hepatic lipid accumu-
lation or of altered functions of other tissues such as adipose. The pat-
tern of change in IRS protein contents is similar to that of 0b/ob mice
(32). Given the elevated serum concentration of RELMf in the ob/ob
mice, it may be reasonable to consider the elevated serum RELMg con-
centration to at least contribute to the decreased IRS-1 and IRS-2
contents.

The next question concerns which type of signal transduction
induced by RELMB is involved in suppressing insulin signaling. Several
previous studies have confirmed that the activation of ERK-1/2 or p38
MAPK leads to down-regulation of IRS-1 and IRS-2 (26). The activated
JNK reportedly phosphorylates the serine residue in IRS-1 and sup-
presses insulin-induced PI 3-kinase activation. Thus, we investigated
the effect of RELMf3 on MAPK signaling using primary cultured hepa-
tocytes. We found that ERK1/2, p38, and SAPK/JNK are phosphoryl-
ated in response to RELMB. It was also recently reported that resistin
phosphorylates and activates ERK-1/2 and p38 in smooth muscle cells
(33). Thus, resistin and RELMp are likely to have the same function. In
addition, a significant increase in p38, but not ERK or JNK, phosphoryl-
ation was observed in both liver and muscle tissues of RELMB trans-
genic mice. Because stimulation with RELMB is constitutive in trans-
genic mice, we speculated that the effect of RELMf might be difficult to
detect but our results were consistent with those obtained using pri-
mary cultured hepatocytes.

Lipid metabolism remains an important issue. Some hepatic lipolytic
and lipogenic enzymes were altered to promote lipid accumulation in
the liver. These modest changes apparently reflect the moderate hyper-
lipidemia and liver steatosis of RELM transgenic mice. However, it is
noteworthy that the key transcriptional factor, SREBP-1c, regulating
lipid synthesis was not altered. The activation of p38 and other MAPKs
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by RELMB may be involved in regulating lipid metabolism as previously
reported (34 -36).

Our results suggest that chronic stimulation by RELMP causes glu-
cose intolerance and hyperlipidemia associated with impaired insulin
signaling, and the activations of three MAPKs are probably involved in
this insulin signaling suppression. Although our findings suggest the
importance of increased RELM expression in the pathogenesis of dia-
betes and hyperlipidemia, there are still limitations in interpreting the
physiological role of RELMP in the pathogenesis of insulin resistance,
because glucose homeostasis is modestly impaired in RELMf trans-
genic mice relative to control mice, on a high fat diet only. Thus, further
studies are necessary to elucidate how much RELMf actually contrib-
utes to insulin resistance caused by various factors. For example, the
percentages of RELMB present in circulating blood as monomers,
dimers, and hexamers and the biological activities of each form, should
be determined. Identification of the specific RELMf receptor as well as
the relationship between serum RELMP and insulin sensitivity in
humans are important. Further studies may reveal that RELMB is a
potentially useful marker for assessing insulin resistance associated with
obesity and may serve as a target for novel anti-diabetic agents,
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In Wolfram syndrome, a rare form of juvenile diabetes, pancre-
atic §-cell death is not accompanied by an antoimmune response.
Although it has been reported that mutations in the WFS1 gene are
responsible for the development of this syndrome, the precise
molecular mechanisms underlying 3-cell death caused by the WFS1
mutations remain unknown. Here we report that WFS1 is a novel
component of the unfolded protein response and has an important
function in maintaining homeostasis of the endoplasmic reticulum
(ER) in pancreatic S-cells. WFS1 encodes a transmembrane glyco-
protein in the ER. WFS1 mRNA and protein are induced by ER
stress. The expression of WFS1 is regulated by inositol requiring 1
and PKR-like ER kinase, central regulators of the unfolded protein
response. WFS1 is normally up-regulated during insulin secretion,
whereas inactivation of WFS1 in -cells causes ER stress and 3-cell
dysfunction. These results indicate that the pathogenesis of Wol-
fram syndrome invelves chromic ER stress in pancreatic $-cells
caused by the loss of function of WFS1.

In 1938, Wolfram and Wagener (1) analyzed four siblings with the
combination of juvenile diabetes and optic atrophy, thus providing the
first report of Wolfram syndrome. Because a significant portion of
patients with Wolfram syndrome develop diabetes insipidus and audi-
tory nerve deafness, this syndrome is also referred to as the diabetes
insipidus, diabetes mellitus, optic atrophy, and deafness syndrome (2, 3).
Its pathogenesis is still unknown.

Although patients with Wolfram syndrome are not generally obese
and do not have insulitis, the B-cells in their pancreatic islets are selec-
tively destroyed (4). Families that exhibit Wolfram syndrome share
mutations in a gene encoding the WFS1 protein, a transmembrane pro-
tein in the endoplasmic reticulum (ER)? (5, 6). WFES1 serves as an ER
calcium channel (7), suggesting that this molecule may have a function
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in ER homeostasis. Therefore, inactivation of WFS1 may cause imbal-
ances in ER homeostasis.

The ER is an important cellular compartment for the folding of
newly synthesized secretory proteins such as proinsulin. Imbalance
in ER homeostasis elicits stress in this organelle. ER stress is defined
as an imbalance between the actual folding capacity of the ER and the
demand placed on this organelle. The unfolded protein response
(UPR), an adaptive response that counteracts ER stress, has three
components as follows: gene expression, translational attenuation,
and ER-associated protein degradation system (8 ~10). Accumulat-
ing evidence suggests that a high level of ER stress or defective ER
stress signaling (i.e. the UPR) causes B-cell death during the devel-
opment of diabetes (9, 11-13).

Inositol requiring 1 (IRE1), a sensor for unfolded and misfolded pro-
teins in the ER, is a central regulator of the UPR. IREla, which is
expressed ubiquitously, has a high level of expression in the pancreas
and placenta (14, 15); IRE18 is expressed only in epithelial cells of the
gastrointestinal tract (16, 17). The presence of unfolded proteins in the
ER causes dimerization, trans-autophosphorylation, and consequent
activation of IRE1. Activated IRE1 splices XBP-1 (X-box binding pro-
tein-1) mRNA, leading to synthesis of the active transcription factor
XBP-1 and up-regulation of UPR genes (18, 19). In contrast, prolonged
ER stress activates the cell-death pathway through IREL. Under chronic
ER stress, IRE1 recruits tumor necrosis factor receptor-associated factor
2 (20), which activates apoptosis-signaling kinase 1 (ASK1) (21, 22).
Activated ASK1 leads to the activation of c-Jun N-terminal protein
kinase and, in the presence of extreme ER stress, induces apoptosis (23).
It has been suggested that this pathway is important for insulin resist-
ance in patients with type 2 diabetes (24). Obesity causes ER stress in the
liver and leads to hyperactivation of c-Jun N-terminal protein kinase
signaling. This causes serine phosphorylation of insulin receptor sub-
strate-1 and inhibits insulin action in liver cells. In addition, tumor
necrosis factor receptor-associated factor 2 recruitment by IRE1 causes
clustering and activation of caspase-12 at the ER membrane (25). Acti-
vated caspase-12 induces apoptosis under pathological ER stress condi-
tions (26).

Two more upstream components in the UPR, PKR-like ER kinase
(PERK) and activating transcription factor 6 (ATF6) (27-29), are also
sensors of unfolded or misfolded proteins and are activated by the accu-
mulation of such proteins in the ER. PERK is highly expressed in pan-
creatic islets (29, 30). Activated PERK phosphorylates the « subunit of
eukaryotic translation initiation factor 2 (elF2«), which leads to the
attenuation of general protein translation. This reduces the ER work-
load and protects cells from apoptosis resulting from ER stress (31). In
Wolcott-Rallison syndrome, a rare form of juvenile diabetes, mutations
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FIGURE 1. Expression of WFS1, a component of the UPR, is regulated by Irela. 4, quantitative real time PCR of WFS1 using reverse-transcribed RNA from wild-type, Irela
knock-out {Ire1a~/7), and Perk knock-out (Perk™/~) mouse embryonic fibroblasts. Celis were untreated (UT) or treated with thapsigargin (Tg) or tunicamycin (TM) for 3 h. The amount
of mouse WFS1 mRNA was normalized to the amount of actin mRNA in each sample (n = 3; values are mean = S.E). B, immunoblot analysis of WFS1 protein using lysates from
wild-type, Ire1a knock-out (ire1e /™), and Perk knock-out (Perk ™/ ) mouse embryonic fibroblasts. Cells were untreated or treated with thapsigargin (7g) or tunicamycin {TM) for 3 h.

The amount of actin is shown in the lower panel.

in the EIF2AK3 gene encoding PERK have been reported (32). PERK
knock-out mice also develop diabetes because of the high level of ER
stress in the pancreas (33, 34), strongly suggesting that -cell death in
patients with Wolcott-Rallison syndrome is caused by ER stress. ATF6
is a bZIP-containing transcription factor in the ER. Under ER stress,
ATF®6 is cleaved and released from the ER. The bZIP domain of ATF6
then translocates into the nucleus and up-regulates the UPR-specific
downstream genes. The physiological role of ATF6 in pancreatic B-cells
is not yet known.

Increasing evidence suggests that a high level of ER stress and defec-
tive ER stress signaling are important in the pathogenesis of diabetes. It
is highly likely that downstream components of ER stress signaling
maintain ER homeostasis in pancreatic B-cells. Therefore, defective ER
stress signaling could cause a high level of ER stress in pancreatic B-cells
and lead to B-cell dysfunction and diabetes. Pancreatic 8-cells are spe-
cialized in proinsulin folding and insulin secretion. It is possible that
{B-cells have a unique downstream component of ER stress signaling. In
this study we investigated whether Wolfram syndrome gene 1 (WFSI) is
acomponent of ER stress signaling and has a function in maintaining ER
homeostasis in B-cells.

EXPERIMENTAL PROCEDURES

Plasmids, Cell Culture, and Transfection—INS-1 832/13 cells were a
gift from Dr. Christopher Newgard (Duke University Medical Center).
INS-1 832/13 cells were maintained in RPMI with 10% fetal bovine
serum and transfected with siRNA for WFS1 using the Cell Line
Nucleofector™ T kit and the Nucleofector device (Amaxa Biosystems,
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Gaithersburg, MD). siRNAs were designed and synthesized at Qiagen
(Valencia, CA) as follows: for rat WFS1-1, AAGGCATGAAGGTCTA-
CAATT; for rat WFS1-2, AAGGCCATCAGCTGCCTCAAT. COS7
cells were maintained in Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum and then transfected with WFS1 expression vectors
using FuGENE (Roche Applied Science). Full-length human WFSI
cDNA, as well as P724L and G695V mutant WFSI cDNA, were tagged
with a FLAG epitope and subcloned to a pcDNA3 plasmid under the
control of the cytomegalovirus promoter. The P724L and G695V muta-
tions were introduced using the GeneTailor site-directed mutagenesis
system (Invitrogen). Mouse embryonic fibroblasts were maintained in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum.
Human fibroblasts of a patient with Wolfram syndrome and a control
individual were obtained, respectively, from Coriell Institute (Camden,
NJ) and from Dr. Alan Permutt (Washington University School of Med-
icine). Human fibroblasts were maintained in Eagle’s modified essential
medium with 10% fetal bovine serum.

Immunostaining—COS7 cells and frozen sections of mouse pancre-
ata were fixed in 2% paraformaldehyde for 30 min at room temperature
and then permeabilized with 0.1% Triton X-100 for 2 min. The fixed
cells were washed with phosphate-buffered saline, blocked with 10%
bovine serum albumin for 30 min, and incubated in primary antibody
overnight at 4 °C. The cells were washed three times in phosphate-
buffered saline/Tween 0.1% and incubated with secondary antibody for
1 h at room temperature. Images were obtained with a Leica TCS SP2
AOBS confocal microscope with LCS software. FLAG M2 antibody was
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FIGURE 2. Loss of function of WFS1 on ER mem-
brane causes Wolfram syndrome. Immunocyto-
chemical staining of COS7 cells expressing FLAG-
tagged human wild-type (A-C) or P724L WFS1 (D--
F). Staining with anti-FLAG monoclonal antibody
shows the distribution of wild-type or P724L WFS1
protein (A and D). Staining of the same celis with
anti-ribophorin 1 antibody shows the structure of
the ER {Band E). Merged images show the co-local-
ization of WFS1 and ribophorin | (Cand F). Bars, 10
um. G, high molecular weight complexes of
WFS1772% in detergent-insoiuble fractions, COS7
cells were transfected with FLAG-tagged wild-
type or P724L WFS1 expression vector and sep-
arated into detergent-soluble (upper panel) and
detergent-insoluble {lower panel) fractions and
immunoblotted (/B) with anti-FLAG antibody. H,
immunoblot analysis of WFSt1 protein using
lysates from fibroblasts of a control individual
(control) and a patient with Wolfram syndrome
carrying G95V/W64BX mutations (GE95V/W648X).
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purchased from Sigma. Anti-WFS1 antibody was generated as
described previously (35).

Immunoblotting—Fibroblasts and INS-1 832/13 cells were lysed with
M-PER (Pierce) containing protease inhibitors. COS7 cells were lysed
for 15 min in ice-cold buffer (20 mm Hepes, pH 7.5, 1% Triton X-100,
150 mm NaCl, 10% glycerol, 1 mm EDTA) containing protease inhibi-
tors. Insoluble material was recovered by centrifugation at 13,000 X g
for 15 min and solubilized in 10 mm Tris-HCl and 1% SDS for 10 min at
room temperature. After the addition of 4 volumes of lysis buffer, sam-
ples were sonicated for 10 s. Lysates were separated and normalized for
total protein (20 pug per lane) using 4—20% linear gradient SDS-PAGE
(Bio-Rad) and then electroblotted. FLAG M2 antibody was purchased
from Sigma. Anti-WFS1 antibody was generated as described previ-
ously (35).

Isolating Islets from Mouse Pancreas—Mice were anesthetized, and
their pancreatic islets were then isolated by pancreatic duct injection of
5 ml (0.85 mg/ml) of collagenase solution followed by digestion at 37 °C
for 25 min with mild shaking. Digestion was stopped by adding ice-cold
RPMI with 1% horse serum. Islets were washed several times with
RPMY, separated from acinar cells on a Histopaque gradient, and hand-
picked using a dissecting microscope.

Real Time PCR—Total RNA was isolated from the cells by RNeasy
(Qiagen, Valencia, CA). 1 pg of total RNA from cells was reverse-tran-
scribed with oligo(dT) primer. For the thermal cycle reaction, the ABI
prism 7000 sequencer detection system (Applied Biosystems, Foster

iy fe T3
Hirs
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City, CA) was used at 50 °C for 2 min, 95 °C for 10 min, then 40 cycles at
95°C of 15 s each, and at 60°C for 1 min. By using mouse actin for
mouse embryonic fibroblasts, human glyceraldehyde-3-phosphate
dehydrogenase for human fibroblasts, mouse actin for mouse islets, and
rat actin for INS-1 832/13 cells as a control, the PCR was performed in
triplicate for each sample and then repeated twice for all experiments.
Cyber Green (Bio-Rad) and the following sets of primers were used for
real time PCR: for mouse actin, GCAAGTGCTTCTAGGCGGAC and
AAGAAAGGGTGTAAAACGCAGC; for mouse WFS1, CCATCAA-
CATGCTCCCGTTC and GGGTAGGCCTCGCCATACA; for rat
actin, GCAAATGCTTCTAGGCGGAC and AAGAAAGGGTGTA-
AAACGCAGCG; and for rat WFS1, CATCACCAAGGACATCGTCCT
and AGCACGTCCTTGAACTCGCT.

RESULTS

WFS1 Is a Component of the IRE1 Signaling Pathway—The patho-
genesis of Wolfram syndrome has been attributed to mutations in the
WFS1 gene (35, 36). The WFS1 gene encodes a 100-kDa glycoprotein
containing 9 —10 transmembrane domains that localizes to the ER (5, 6).
Membrane proteins in the ER are often involved in the UPR (8, 37).

Measuring the expression levels of WES1 by real time PCR, we found
that WFS1 mRNA is induced by ER stress and is under the control of
IREla and PERK. In wild-type mouse fibroblasts, induction of WFS1
mRNA was increased 3-~5-fold by two ER stress inducers, tunicamycin
and thapsigargin (Fig. 14).

JOURNAL OF BIOLOGICAL CHEMISTRY 39611



WFS1 in ER Stress Signaling

In Irela~'~ and Perk™" cells, WES1 induction was attenuated (Fig.
1A). By measuring WFS1 protein expression levels by immunoblot
using anti-WFS51 antibody, we found that WFS1 protein expression was
decreased in Irela™’~ and Perk ™~ cells as compared with wild-type
cells (Fig. 1B). Although there was a marked induction of WFS1 mRNA
in wild-type cells by both inducers of ER stress (Fig. 14), induction of
WEFS1 at the protein level in tunicamycin-treated cells in which N-gly-
cosylation was inhibited was modest (Fig. 1LB), suggesting that the WFS1
protein is unstable when N-glycosylation is inhibited. Also, there was no
significant difference in WFS1 mRNA content between wild-type cells
and both knock-out cells, although at the protein level, both Trela ™/~
and Perk™'™ cells exhibited a profound decrease in WES1 protein
expression. This suggests further that WES1 protein becomes unstable
by chronic high levels of ER stress because there exists a higher base-line
ER stress level in Irela”™’™ and Perk™/~ cells, which are deficient in ER
stress signaling. These results indicate that WFS1 is a component of the
UPR and that its mRNA expression is regulated by the IRE1 and PERK
signaling pathways.

Mutant WFS1 Does Not Accumulate on the ER Membrane—It has
been reported that WFSI gene mutations lead to loss of function of
WES] protein. Nonsense or frameshift mutations of the WFSI gene
lead to a complete absence of WFS1 protein because of instability of
the mutant protein (36). To extend this observation, we examined
the cellular localization of mutant WFS1 protein. Most of the WFS1
gene mutations in patients with Wolfram syndrome occur in exon 8,
which encodes the transmembrane of the protein and in C-terminal
luminal domains (5, 6). We cloned the full-length human WFSI gene
by using human EST clones and then introduced into it the P724L
and G695V mutations, which occur in Wolfram syndrome, by means
of PCR-based mutagenesis. Like most WFSI mutations in Wolfram
syndrome patients, the P724L and G695V mutations occurred in
exon 8.

We then determined the cellular localization of wild-type and mutant
WESL by immunostaining cells transfected with an expression vector
for wild-type, P724L, or G695V WFS1 tagged at its C terminus with a
FLAG epitope. Immunostaining of cells expressing wild-type WFS1
showed a diffuse reticular pattern that co-localized with the ER marker
ribophorin 1 (Fig. 2, A—C). However, immunostaining with anti-FLAG
antibody of cells expressing mutant WES1 showed a punctate staining
pattern in the ER, suggesting that WFS1 tends to aggregate there (Fig. 2,
D-F). Part of WFS1¥**" showed a diffuse reticular pattern and was
co-localized with ribophorin I, suggesting that this part of WES1772*-is
localized to the ER membrane (Fig. 2, D~F). These staining patterns
suggest that, in contrast to wild-type WES1, most of the newly synthe-
sized WES177%4" protein aggregates and thus is not expressed on the ER
membrane. We obtained similar results by expressing WFS19°%V (data
not shown).

When we assessed the aggregation of WES1"**" by SDS-PAGE
immunoblot analysis of detergent-soluble and detergent-insoluble
lysates from COS?7 cells transiently expressing these proteins, we found
that the formation of insoluble and high molecular weight complexes
was much more prominent in cells expressing WFS1*72*" than in cells
expressing wild-type WES1 (Fig. 2G, lower panel).

We also measured WFS1 protein expression levels in fibroblasts from
a patient with Wolfram syndrome and a control individual. We found
that WFS1 protein could not be detected in the patient sample (Fig. 2H),
suggesting that mutant WES1 protein in patients with Wolfram syn-
drome does not accamulate in cells or can no longer be detected by the
antibody because of a conformational change. Our results indicate that
most of the newly synthesized mutant WES) protein tends to aggregate

39612 JOURNAL OF BIOLOGICAL CHEMISTRY

A Wis1 insulin Mergad

Wist Glucagon Mearged

Wist mRNA expression

o4

Relative gene expression

]

Glucose (mM) 2.5 16.7 2.5
KCI (mM) 0 ] 30

Glucose (mM) 2.5

iB: Wis1

1B: Actin

FIGURE 3. WFS1 maintains ER homeostasis in pancreatic B-cells. A, distribution of
WFS1 in mouse pancreata analyzed by immunohistochemistry using anti-WFS1, anti-
insulin, and anti-glucagon antibodies. Merged image shows the co-localization of WFS1
and insulin {upper panel) or WFS1 and glucagon (fower panel). Scale bars, 50 pm. B, WFS1
mRNA is up-regulated by insulin secretagogues. Mouse islets were pretreated with 2.5
mmglucose for 1 h and stimulated with 16.7 mm glucose and 30 mm KCl for 1 h. Expression
levels of WFS1 and actin were then measured by real time PCR (n = 3; values are mean %
S.E). C, WFS1 protein is up-regufated by high glucose. Mouse islets were pretreated with
2.5 mm glucose for 2 h and stimulated with 16,7 mum glucose. The expression levels of
WFS1 and actin were measured by immunoblot (/8).

and does not fold into a proper three-dimensional structure. Therefore,
it is likely that Wolfram syndrome is caused by a loss of function of
WESL.

WFS1 Is Important in Sustaining ER Homeostasis in Pancreatic
B-Cells—In immunohistochemistry experiments on mouse pancre-
ata using anti-WFS1, anti-insulin, and anti-glucagon antibodies, we
detected WFS1 mainly in the islets, where it co-localized with insulin
(Fig. 34). However, WFS1 did not co-localize with glucagon, indi-
cating that WFS1 is especially important in the function of B-cells.

1t has been shown that WFS1 has an important function in stimulus-
secretion coupling in insulin secretion (38). To determine WFSI gene
expression levels during insulin secretion, we pretreated mouse islets
for 1 h with 2.5 mM glucose and then stimulated these cells for insulin
secretion with 16.7 mm glucose and 30 mm KCl. WFSI gene expression
increased after treatment with both 16.7 mM glucose and 30 mm KCl but
not after treatment with 2.5 mM glucose (Fig. 3B), suggesting that WFS1
up-regulation is important for insulin secretion. By measuring WES1

VOLUME 280+NUMBER 47 -NOVEMBER 25, 2005




WFS1 in ER Stress Signaling

A
BiP mRNA expression
[y
g 35
@
@ 25
[=%
5 2
©
S 154
(%)}
& 08
o
0
Control Wis1
SiRNA siRNA
c
Splliced Xbp-1 mRNA expression
o
S 4
é 35
g 3
$ 25
é) 2
o 15
R
2 o5
0 .
Control Wis1
siRNA siRNA
E
Chop mRNA expression
& 25
(73
w3
o ol
o
3
o 18
[
(9]
[%)] 14
[e3]
2
@ 05
[
o
0 Y -
Control Wis1
siRNA siRNA

B .
Eroto mRNA expression
5 s
G
G 25
[=5
52
@
€15
S 15
(3]
A
ﬁ 5
> 05
o
0
Control Wis1
SiRNA siRNA

Total Xbp-1 mRNA expression

Relative gene expression
al

05
0
Control Wis1
siRNA siRNA
F
Wis1 mRNA expression
£ 1
Q
&
Dog
o
=
g 06
=t
Q -
904
[)
Z
© 02
k)
o
0
Control Wis1
siRNA sSiRNA

FIGURE 4. Inhibition of WFS1 expression causes a high level of ER stress in pancreatic g-cells. INS-1 832/13 cells were pretreated with 5 mm glucose and transfected with siRNA
for WFS1 or scramble siRNA. Expression levels of the ER stress markers BiP (4), ERO1a (B), spliced XBP-1 (C), total XBP-1 (D), Chop (E), and WFS1 (F) were measured by real time PCR (n =

3; values are mean * S,E).

protein expression levels by immunoblot using anti-WFS1 antibody, we
confirmed this WFS1 induction by 16.7 mM glucose in mouse islets
(Fig. 3C).

ER homeostasis is important for insulin secretion because proinsulin,
the insulin precursor, must be folded into its proper three-dimensional
structure in the ER in order to become mature insulin. Asa direct means
of examining the relationship between the loss of function of WES1 and
ER homeostasis, we knocked down WFS1 expression in a B-cell line,
INS-1 832/13, using siRNA for WFS1. The suppression of WFS1 caused
an increase in the expression of BiP (Fig. 44), Erola (Fig. 4B), spliced
XBP-1 (Fig. 4C), and total XBP-1 (Fig. 4D), markers for ER stress in
INS-1 832/13 cells. This suppression also increased the expression of
another ER stress marker, Chop (Fig. 4E). However, the induction of
Chop mRNA was modest as compared with its usual up-regulation
under ER stress. Because Chop is a downstream component of Perk
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signaling (39), this suggests that elF2a phosphorylation by Perk in
response to WES1 suppression is modest. Indeed, we could not detect
elF2a phosphorylation by suppressing WFS1 expression in INS-1
832/13 cells (data not shown). These results indicate that WFS1 has an
important function in mitigating high levels of ER stress and in main-
taining ER homeostasis in pancreatic B-cells. Therefore, suppression of
WES1 in 3-cells could cause chronic ER stress in these cells.

To analyze the WFS1 expression level under pathological conditions,
we measured WFS1 mRNA induction in islets from the ob/ob diabetes
mouse model. We isolated islets from diabetic ob/ob mice and control
C57Bl6 mice and measured WEFS1 mRNA induction by treating the cells
with 16.7 mM glucose. We found that induction of WFS1 mRNA was
significantly more attenuated in ob/ob mice than in control mice (Fig.
5). This suggests that B-cells in ob/ob mice are in a state of chronic ER
stress and that WFS1 induction is saturated.
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FIGURE 6. Schematic model of the role of WFS1 in mitigating ER stress. WFS1 is a
component of IRE1 and PERK signaling (i.e. the UPR) and is important in the maintenance
of ER homeostasis, specifically in pancreatic g-cells.

DISCUSSION

Our study has shown that WFS1 is a component of IRE1 and PERK
signaling (i.e. the UPR) and is important in the maintenance of ER
homeostasis, specifically in pancreatic 8-cells (Fig. 6). WFSI mutations
in patients with Wolfram syndrome lead to loss of function of WFSL. In
addition, by using siRNA, we have shown that the suppression of WFS1
leads to a high level of ER stress in pancreatic 8-cells. These findings
suggest that WEFS1 protects $-cells against ER stress and, conversely,
that chronic ER stress is caused by loss of function of WFS51. Previous
studies have shown that WFS1 protein serves as a regulator of the ER ion
channel, most likely acting as a calcium channel (7, 36). It has also been
reported that the increase in production of cytosolic Ca®* in response to
glucose islower in the islets of WFS1 knock-out mice than it is in control
mice (38). These findings suggest that loss of function of WES1 causes
abnormal calcium homeostasis in the ER and elicits ER stress, leading to
the death of pancreatic B-cells.

Our findings suggest that the pathogenesis of Wolfram syndrome can
be attributed to a very high level of chronic ER stress because of the lack
of functional WFS1 protein in pancreatic S-cells (Fig. 4, A-F). WES1
protein is expressed mainly in B-cells of the islets, but not in a-cells or
exocrine acinar cells. Although a-cells and acinar cells are also active in
protein secretion, WFS1 expression levels in these cells are much lower
than those in B-cells that are specialized in insulin biosynthesis and
secretion. Therefore, our findings of WFS1 expression only in f3-cells
and of WFS1 up-regulation during insulin secretion suggest that WFS1
is an important component of proinsulin folding and processing in the
ER of B-cells.

Our results also show that pathogenic WES1 mutants do not accu-
mulate in the soluble fraction of cells and make insoluble aggregates. It
is possible that the accumulation of pathogenic WFS1 mutants is toxic
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to pancreatic B-cells, causing them to malfunction in patients with Wol-
fram syndrome. Indeed, we found that transient expression of patho-
genic WFS1 mutants caused ER stress in a pancreatic $-cell line, MIN6
(data not shown). However, stable expression of pathogenic WFS1 in
MING cells did not cause ER stress and did not change the viability of
these cells.* These observations suggest that the expression of mutant
WES] causes ER stress in pancreatic B-cells under specific conditions. It
is also possible that ER stress response caused by transient and incom-
plete suppression of WFS1 with siRNA might differ from that caused by
chronic and complete WFS1 deficiency. We plan to undertake addi-
tional studies to explore these possibilities.

The high levels of ER stress and pancreatic -cell death in patients
with Wolfram syndrome may be related to the B-cell dysfunction in
patients with type 2 diabetes. The pathogenesis of type 2 diabetes is a
result of peripheral resistance to the action of insulin, which may lead to
a prolonged increase in insulin biosynthesis. Because the folding capac-
ity of the ER is then overwhelmed, this peripheral resistance to insulin
may activate the ER stress signaling pathways. For this reason, chronic
ER stress in B-cells may lead to B-cell death in patients with type 2
diabetes who are genetically susceptible to ER stress, Further investiga-
tions of ER stress in the pathogenesis of diabetes are needed to obtainan
understanding of the relationship between ER stress and type 2 as well as
type 1B diabetes.
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Abstract Aims/hypothesis: Resistin and the resistin-like
molecules (RELMs) comprise a novel class of cysteine-
rich proteins. Among the RELMs, RELMf and RELMy
are produced in non-adipocyte tissues, but the regulation
of their expression and their physiological roles are largely
unknown. We investigated in mice the tissue distribution
and dimer formation of RELM{ and RELMvy and then ex-
amined whether their serum concentrations and tissue ex-
pression levels are related to insulin resistance. Methods:
Specific antibodies against RELM{3 and RELMy were gen-
erated. Dimer formation was examined using COS cells and
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the colon. RELM B and RELMY tissue localisation and ex-
pression levels were analysed by an RNase protection assay,
immunoblotting and immunohistochemical study. Serum
concentrations in high-fat-fed and db/db mice were also
measured using the specific antibodies. Results: The in-
testinal tract produces RELMf} and RELMv, and colon-
ic epithelial cells in particular express both RELMf and
RELMYy. In addition, RELM[3 and RELMy were shown to
form a homodimer and a heterodimer with each other, in an
overexpression system using cultured cells, and in mouse
colon and serum. Serum RELMP and RELMy levels in
high-fat-fed mice were markedly higher than those in mice
fed normal chow. Serum RELMf and RELMYy concentra-
tions were also clearly higher in db/db mice thaun in lean
littermates. Tissue expression levels revealed that elevated
serum concentrations of RELM{3 and RELMy are attiib-
utable to increased production in the colon and bone mar-
row. Conclusions/interprefation: RELM[ and RELMy
form homo/heterodimers, which are secreted into the cir-
culation. Serum concentrations of RELMf3 and RELMy
may be a novel intestinal-tract-mediating regulator of in-
sulin sensitivity, possibly involved in insulin resistance in-
duced by obesity and a high-fat diet.

Keywords Bone marrow - db/db mice - Heterodimer -
High-fat diet - Homodimer - Insulin resistance - Intestinal -
Resistin-like molecule 3 - Resistin-like molecule y -
Serum concentration

Abbreviations FIZZ: found in inflammatory zone - GST:
glutathione S-transferase - PPARYy: peroxisome
proliferator-activated receptor v - RELM: resistin-like
molecules - XCP: ten-cysteine protein

Introduction

Type 2 diabetes is characterised by insulin resistance of
peripheral tissues such as the liver and muscle and adipose
tissue [1—4]. Recent studies have indicated that adipose



tissue is, in addition to being a lipid storage site, an en-
docrine organ producing hormones, cytokines and other
substances [5-7]. Recently, resistin was newly identified as
an adipocyte-secreted protein [R]. Serum resistin levels are
reportedly elevated in genetically obese mice and are down-
regulated by administration of thiazolidinediones [%, 10],
peroxisome proliferator-activated receptor y (PPARY) ago-
nists, although contradictory data also exist [11]. Resistin
has been demonstrated to antagonise insulin action in cul-
tured cells such as 3T3-L1 adipocytes, as well as in rodents
[8]. Resistin knock-out mice exhibited lower blood glucose
with reduced hepatic glucose production [12]. Thus resistin
could be one of the important adipokines causing insulin
resistance.

The presence of resistin-like molecules (RELMSs) indi-
cates that resistin belongs to a novel family of cysteine-
rich secreted proteins (RELM/found in inflammatory zone
[FIZZ]/ten-cysteine protein [XCP]). RELM«/FIZZ1 [13]
and RELM(/FIZZ2 [14] are homologous with resistin/
FIZZ3 and expressed mainly in white adipose tissue and
the colon respectively {14, 15]. The administration of
RELMf3 to rats resulted in acute impairment of hepatic
insulin sensitivity and glucose metabolism [ 1), which sug-
gested RELM is a link between the intestine and hepatic
insulin action. Finally, RELM~/FIZZ4/XCP]I , a fourth mem-
ber of the RELM/FIZZ/XCP family, was identified as a
gene with decreased expression in rat nasal respiratory
epithelium exposed to cigarette smoke [17]. RELMy was
expressed in the bone marrow, spleen, pancreas and colon,
and was revealed to play a role as a cytokine in haemat-
opoiesis [18, 4]

The consensus structure of the RELMs is composed of
two domains; one half'is the N-tenminal, including an N-
terminal signal sequence and a variable middle portion,
and the other half is the C-terminal domain, which has a
highly conserved C-terminal signature sequence contain-
ing a unique spacing of the cysteine residues. The N-ter-
minal domains of RELM«&, RELMf and RELMYy are 15,
35 and 17% identical to resistin, whereas the C-terminal
domains are 47, 54 and 52% identical to resistin. The C-
terminus of RELMy is highly homologous (84%) with
RELMf. Recently, the crystal structures of resistin and
RELMJ were revealed to have a unique multimeric struc-
ture [20]. Each protomer is comprised of a ‘head’ and ‘tail’
segment and circulates as an assembly of hexamers and
trimers, which reflect activation of resistin.

We previously identified RELMy ¢DNA independently
by PCR using degenerated oligonucleotide primers, and
investigated its tissue distribution. Since we succeeded in
preparing highly specific antibodies against RELM{ and
RELMy, we were able to detect the endogenous proteins
and measure serum concentrations as well as tissue con-
tents of RELMf3 and RELMy in the mouse. In this study,
we show for the first time that RELMJ3 and RELMy form
not only a homodimer but also a heterodimer with each
other in both tissue and serum. Interestingly, we also found
that the serum concentrations of RELMf and RELM are
significantly elevated in high-fat-diet-induced and obese
diabetic mice. These observations are probably attribut-
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able to increased production in the colon and bone marrow.
Thus, this report is the first to raise the possibility of anovel
intestinal-tract-mediating regulatory mechanism of insulin
sensitivity, which may be ivolved in insulin resistance
induced by obesity and a high-[at diet.

Materials and methods

c¢DNA cloning of a novel RELM/FIZZ isoform Two degen-
erate oligonucleotide primers were synthesised for PCR.
These primers were 5'-ATGAAGA/CCTACAA/CC/TT/
GTGTTC/TC-3" and 5'-TTAG/AGA/CCAG/TTT/CGGC
GCAGCG-3', corresponding to amino acid residues 1-8
and 104-111 of RELMo/f3, which are highly conserved
among RELM/FIZZ isoforms. PCR was performed using
mouse embryonic ¢cDNA. A DNA fragment of approxi-
mately 330 bp was then separated by electrophoresis,
cloned into TA vector pCRII (Invitrogen, San Diego, CA,
USA), and sequenced using a DNA sequencer, We ob-
tained two independent sequences: one, Fl1, tumed out to
be completely homologous to mouse RELMo/FIZZ1; the
other, F2, encoded a protein to mouse RELMvV/FIZZ4.
Then, a mouse embryonic ¢cDNA library produced by a
standard method (Stratagene, La Jolla, CA, USA) was
screened under standard hybridisation conditions using a
??P.jabelled F2 cDNA fragment as a probe to obtain a full-
length ¢cDNA encoding RELMY/FIZZ4. Positive clones
were excised into pBluescript and sequenced.

RNase protection assay of various tissues Mice were killed
by cervical dislocation, and various tissues (cerebrum, cer-
ebellum, brainstem, heart, lung, liver, oesophagus, stom-
ach, jejunum, ileum, colon, kidney, testis, spleen, pancreas,
abdominal fat, epididymal fat, muscle, aorta, femoral bone
marrow) were removed. Total RNA was isolated with
Isogen (Nippon Gene, Japan). [oc-nP]UTP—labeHed RNA
probes were prepared using nucleotides 1-200 of mouse
RELM3, and 83-315 of mouse RELMYy as templates. An
RNase protection assay was performed using an RPA 111
kit (Ambion, Austin, TX, USA) according to the manu-
facturer’s instructions.

Preparation of the antibodies An antibody against the
whole mouse resistin molecule was prepared by immu-
nising rabbits with the recombinant mouse resistin protein,
obtained as described previously {21]. Sequences corre-
sponding to nucleotides 11-173 of RELMB/FIZZ2 and
47-227 of RELMY/FIZZ4 were amplified by PCR and
cloned into the pGEX-3T expression vector (Pharmacia,
Piscataway, NJ, USA). Glutathione S-transferase (GST)
fusion proteins (GST-RELMp and GST-RELMvy) were
prepared according to the manufacturer’s instructions
(Pharmacia). The antisera were raised by immunising rab-
bits with GST-RELMf and GST-RELMy. From these an-
tisera, an antibody against GST protein was removed by
filtering through Affigel-10 covalently coupled to GST
proteins. Then, specific antibodies against RELMf and
RELMy were affinity purified with Affigel-10 covalently
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Fig. 1 Imnmnoblotting of
RELMSs secreted by COS7 cells.
The four cDNAs coding
RELMax, RELMj, RELMY and
resistin, with the Flag tag at their
C-termini, were expressed into
COS7 cells and the medium
from each cell type was sub-
jected to SDS-PAGE under
reducing (a, ¢ and d) and non-

1B; anti-Flag Ab
Raducing

18; antl-Flag ab

Naon-redacing KDa

reducing (b) conditions and
immumoblotted (IB) with anti-
Flag (a, b), anti-RELMp (¢) and
anti-RELMy (d) antibody (Ab)

Adenovirus:

coupled to GST-RELMf3 and GST-RELMy respectively.
Antibodies against Flag tag were purchased from Upstate
Biotech, Inc. (Lake Placid, NY, USA).

Immunohistochemistry Intestinal tissues removed from the
mice were fixed in 10% phosphate-buffered formalin (pH
7.4) and embedded in paraffin. After sectioning, the tis-
sues were dewaxed in ethanol, rehydrated in 10 mmoVl
citric acid buffer, and microwaved for 13 min. The tissue
sections were blocked with serial incubation in 30% H.0-,
avidin p-blocking reagent, biotin-blocking reagent and pro-
tein-blocking reagent. The sections were then incubated
with an affinity-purified polyclonal antibody for murine
RELMf and RELMY or control serum at a 1:100 dilution
overnight at 4°C. After washing with PBS, the slides were
incubated with a biotinylated goat anti-rabbit secondary
antibody followed by detection of horseradish peroxidase.

Animal studies Nine-week-old male mice (CS7BL/6J)
were purchased from Jackson Laboratories (Bar Harbor,
ME, USA). They were divided into two groups. One group
(7=9) was maintained on standard rodent chow, the other
(n=9) was fed a high-fat diet (60% fat, 25% carbohydrate
and 15% protein). Genetically obese db/db mice (n=6) and
lean littermates (n=6) were purchased from Jackson Labo-
ratories. They were maintained on standard rodent chow.
Tissues from the mice were homogenised in ice-cold lysis
buffer. Insoluble materials were removed and the cell ly-
sates were incubated for 2 h at 4°C with the indicated anti-
body. Blood samples were centrifuged at 3,000 rev/min for
20 min and sera containing equal amounts of protein were
used for immunoprecipitation. Immunoblotting against these
immunoprecipitates was perforimed as previously described
[21]. Animal care and procedures of the experiments were
approved by the Animal Care Committee of the University
of Tokyo.

Statistical analysis Data are expressed as means+SE. Com-
parisons were made using unpaired #-tests. Serum RELM
levels were compared with body weight, serum glucose and
imsulin levels by Pearson’s correlation. Values of p<0.05
were considered significant.
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Fig. 2 RELMP and RELMy expression in various tissues. a 10 uig

of RNA from various mouse tissues were prepared and hybridised
with [-*"PJUTP-labelled RNA probes for RELMP or RELMy. The
RNase protection assay was performed using an RPA T kit (Ambion)
according to the manufacturer’s instructions. b Cell lysates from
various mouse tissues were prepared and then immumnoprecipitated
and immmumoblotted with anti-RELMP antibody. Cell lysates from
tissues were prepared and then immumoprecipitated and immuno-
blotted with anti-RELMy antibody



Fig. 3 Imnwmmnohistochemical S
study of RELMf and RELMy.
Immunohistochemical study of
the colon with control antibody
(a) confirmed the specificities of’
specific antibodies (x200). The
avidin-biotin-peroxidase com-
plex method with antibodics
against RELMf (b) and
RELMY (¢) was used to detect
cells expressing these RELMs.
RELM$ and RELMy staining is
brown, that of the control blue

Results

Cloning of RELM~y ¢DNA To obtain a ¢DNA fragment
corresponding to a novel isoform of RELM/FIZZ, PCR
was performed using degenerate oligonucleotides as prim-
ers and mouse embryonic cDNA as a substrate. PCR prod-
ucts, with a length of approximately 300-350 bp, were
separated, subcloned and sequenced. Isolated PCR products
were shown to consist of two different cDNAs. One cor-
responded to RELMa ¢cDNA {147, the other to RELMy.
The full-length cDNAs encoding resistin, RELMo and
RELMp were prepared by PCRs based on the reported
sequences. The full-length ¢cDNA encoding RELMy was
obtained by screening a cDNA library.

Overexpression of RELMs in COS7 cells and preparation
of specific antibodies against RELMf and RELM~y Four
c¢DNAs encoding RELMa, RELMf3, RELMy and resistin,
with the Flag tag at their C-termini, were ligated into ade-
novirus expression vectors. COS7 cells were infected with
these adenoviruses to achieve similar protein expression
levels, as assessed by immunoblotting using anti-Flag anti-
body. The media from cells transfected with these adeno-
viruses were subjected to SDS-PAGE and immunoblotted
with anti-Flag antibody (Fig. 1a). The expression of these
proteins was observed as very similar band densities of
7-12 kDa. Thus, it was clear that RELMy was secreted into
the media, like other members of the RELM family, when
expressed in COS7 cells.

Next, we investigated the electrophoretic mobilities of
these RELMs under non-reducing conditions. As shown
in Fig. 1b, RELMf3, RELMYy and resistin migrated with
apparent molecular masses twice those of the respective
monomers, whereas RELM«o behaved as a monomer. Tak-
ing previous [22, 23] and current results into account, it
was confirmed that resistin, RELMf3 and RELMy form a

Control
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Fig. 4 Heterodimer formations of RELMB/RELMY (a, b) in COS7
cells and endogenous RELMB/RELMY in colon (¢, d). a Secreted
RELMy, co-expressed with (right lane) or without (left lane)
RELMR, was imnmmnoprecipitated (/P) with anti-RELMp antibody
(4b) and then immunoblotted with anti-RELMy Ab. b RELMB, co-
expressed with (right lane) or without (lefi lune) RELMy was
immunoprecipitated with anti-RELMy Ab and imnmmoblotted with
anti-RELMf3 Ab. ¢ Colon cell lysates were immunoprecipitated with
control 1gG (lane 1) and anti-RELMf Ab (lane 2) and then immm-
noblotted with anti-RELMf Ab (upper panel) and anti-RELMy Ab
(lower panel). d The colon cell lysates were immunoprecipitated
with control IgG (lune 1) and anti-RELMy Ab (lane 2) and
immunoblotted with anti-RELMY Ab {(upper panel) or anti-RELMp
Ab (lower panel)
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Table 1 Serum RELMf and RELMy in high-fat-fed mice

4 weeks 8 weeks 12 weeks

Control High-fat Control High-fat Control High-fat
RELMf 120.05 1.08+0.06 1+0.05 1.7420.08" 1£0.06 2.16+0.09°
RELMY 1+0.05 1.05+0.05 1+0.06 2.00+0.10" 1+0.05 2.70£0.12°
RELMpB/y 1+0.05 0.97+0.06 1+0.05 1.65+0.09* 1+0.05 2.54+0.11°
Body weight (g 18.341.18 19.3£1.29 26.6+1.32 38.8+2.00" 30.1£2.07 44 441 .95°
Glucose (mmol/1) 5.0320.10 5.11£0.20 5.2440.16 6.77£0.30 5.13£0.08 7.93+£0.27°
Insulin (pmol/1) 22.4+1.67 22.742.64 26.0£5.00 48.742.7° 33.1£1.67 62942 .45°

Male 12-week-old C57BL/6] mice were fed normal chow (7=9) or a high-fat diet (#=9) from 4 to 12 weeks of age. Sera were
imnumoprecipitated and then immunoblotted with RELMB and RELMy antibody. The data are shown as ratios to the control diet

values and expressed as means+SE
"p<0.01 relative to control-diet-fed mice

disulphide-linked dimer, while RELMa exists mainly as a
monomer.

Immunoblotting with anti-RELM{ and anti-RELMy an-
tibodies (Fig. lc, d) revealed that these antibodies do not
recognise other members of the RELM/FIZZ family, sug-
gesting anti-RELM[3 and anti-RELMy antibodies to be
highly specific for the corresponding isoforms.

Tissue distribution of RELMB and RELM~ We next eval-
uated RELM mRNA expression with an RNase protection
assay (Fig. 2a) and protein expression using Westein blot-
ting (Fig. 2b) in various mouse tissues. RELMf mRNA
and protein were abundant in the colon, and to a lesser
extent in the ileum. On the other hand, RELMy mRNA

was abundant in the colon, ileum, bone marrow, spleen,
pancreas and fat, consistent with previous reports [18-28]
(Fig. 2a, lower panel). RELMy protein expression is also
detectable in the colon, ileum, bone marrow, spleen and
pancreas (Fig. 2b, lower panel). Thus, we found that the
colon and ileum express both RELMf3 and RELMy, and
the localisations of RELM[> and RELMy were investiga-
ted by immunohistochemical staining of the colon (Fig. 3).
It was demonstrated that epithelial cells throughout the
crypt and surface of the colon express both RELMf3 and
RELMYy, while no significant staining was observed with
the control antibody. The highest level of RELMp ex-
pression was observed in goblet cells of the colon, con-
sistent with previous reports [15, 24], and RELMYy protein

Fig. 5 Relationships between a b
serum RELMf and RELMy 300 o . 350
concentration and body weight, S5 20 =3 0
ghicose and insulin in high-fat- o £ 200 ¢ 250
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chow (#=9) or a high-fat diet § = 50 g 100
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Table 2 Expression and regulation of mRNA and protein of RELMB and RELMy in high-fat-fed mice

Colon Bone marrow Spleen Lung Pancreas
Control  High-fat Contro}!  High-fat Control  High-fat Control High-fat ~ Control High-fat
RELMP mRNA 12004 1.97+0.04* - - - - - - - -
Protein  1+0.03  1.96£0.05" - - - - - - - -
RELMy mRNA 1+0.04 1.84+0.03" 1+0.04 1.89+0.05" 1+0.04 1.03£0.05 1+0.04 1.05£0.05 1£0.04 0.9740.05
Protein  1£0.04  2.04+0.03" 1x0.04 1.78+0.05" 1£0.03 1.02£0.04 1x0.04 1.0320.04 1£0.04 0.984£0.05

Male 12-week-old C57BL/6] mice were fed normal chow or a high-fat diet from 4 to 12 weeks of age. RNase protection assay and
immunoblotting show RELMf3 and RELMy expression in the colon, bone mamrow, spleen, lung and pancreas. The data are shown as ratios

to the control diet values and expressed as means+SE
p<0.01 relative to control-diet-fed mice

was also shown to be localised in goblet cells. In the bone
marrow, about 30% of haematopoietic cells were stained
with the anti-RELM7 antibody and these cells were mye-
locytes and metamyelocytes or neutrophils (data not shown),
consistent with previous reports [19, 2¢].

Heterodimer formation between RELME and RELM~ in
COS7 cells and tissues Since colonic cells express both
RELMf and RELMy, we subsequently investigated wheth-
er these RELMs form a heterodimer. The RELMf and
RELMy antibodies were highly specific and did not immu-
noprecipitate the respective isoforms of RELM (data not
shown). As shown in Fig. 4a, b, when RELMf3 and RELMy
were co-expressed, RELMy or RELM3 was detected in the
RELMB or RELMy immunoprecipitates respectively. These
results suggest that RELM 3 and RELMY associate with each
other and form a heterodimer.

Subsequently, we investigated whether or not endoge-
nous RELMP and RELMy form a heterodimer using the
proximal colon. RELMf} was detected in RELMy immu-
noprecipitates but not in those of control antibodies (Fig. <c).
RELMvy was also detected in RELMf immunoprecipitates
but not in those of control antibodies (Fig. 4d). These re-
sults indicate that the heterodimerisation between RELMf3
and RELMy is physiological.

Increased expression of RELMB and RELM in high-fat-

Jfed mice Male 12-week-old C57BL/6J mice were fed nor-
mal chow or a high-fat diet from 4 to 12 weeks of age. A

Table 3 Serum RELMf and RELMYy in db/db mice

high-fat diet resulted in body weight, serum glucose and
insulin increasing time-dependently (30.146.21 vs 44.44
5.84 g, 5.13:40.24 vs 7.93+0.81 mmol/, and 33.1:5.02 vs
62.9+7.35 pmol/l respectively) after 12 weeks of feeding
(Table 1). Serum RELMJ and RELMy levels were in-
creased by 116 and 170% respectively at the end of the 12-
week feeding period. We detected the RELMB3/RELMYy
heterodimer in serum by immunoblotting of the anti-RELMf3
immunoprecipitate with anti-RELMy antibody, and this
heterodimer was also increased.

Serum RELMf3 and RELMY and other parameters were
measured at 4, 8 and 12 weeks after initiation of the high-
fat diet. Close examination of these three sets of time-
dependent data revealed serum RELMf and RELMy to
correlate positively with body weight (Fig. 5a, r=0.68, p<
0.0001; Fig. 3b, r=0.82, p<0.0005), serum glucose con-
centration (Fig. 3¢, =0.78, p<0.0005; Fig. 3d, =0.82, p<
0.0005) and serum insulin (Fig. Se, »=0.67, p<0.001; Fig. 5f,
r=0.79, p<0.0005).

Subsequently, we investigated the expression levels of
RELMPp and RELMY in tissues at the end of the 12-week
feeding period. RELMf mRNA and protein levels in the
distal colon of the high-fat-fed mice were elevated by 97
and 96% respectively (Table 2). Similarly, RELMy mRNA
and protein levels in the distal colon were elevated by 84
and 104% respectively. RELMy mRNA and protein levels
in the bone marrow were also elevated by 89 and 78%
respectively. However, no significant alterations were ob-
served in the spleen, lung or pancreas.

4 weeks 5 weeks 6 weeks

Control dbldb Control dbldb Control dbldb
RELM§ 110.05 1.34+0.06 1:£0.06 1.57+0.09* 1:£0.07 1.82+0.11°
RELMYy 1+0.06 1.68+0.04 1£0.04 1.7040.08% 1£0.04 2.27+0.09*
RELMpB/y 1£0.04 1.48+0.05 1:£0.05 1.58+0.08" 1£0.05 1.7940.06*
Body weight (g) 19.8+0.90 25.340.92 21.0£1.00 27.541.13 23.2+0.92 30.1£1.24"
Glucose (mmol/l) 4.7140.12 5.65+0.20 4.9440.12 5.91+0.22 4.62+0.07 6.13+0.18°
Insulin (pmol/) 21.4+1.64 44,442 .99 22.0+1.74 48.242 .63 26.3£1.68 51.94£2.57%

Male lean littermates (n=6) and db/db mice (n=6) were fed a standard diet. Sera were immunoprecipitated and then immunoblotted with
RELMSf and RELMy antibody. The data are shown as ratios to the contro] lean littermate values and expressed as means+SE

?p<0.01 relative to lean littermates
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Fig. 6 Relationships between a b
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Increased expression of RELMB and RELMr~y in db/db
mice Serum RELM{ and RELMy and other parameters in
male db/db mice and their littermates were measured at 4, 5
and 6 weeks of age. Male 6-week-old db/dh mice weighed
more (30.1:+3.03 vs 23.242.26 g), and had higher serum
glucose (4.6240.16 vs 6.13+0.45 mmol/1) and insulin (51.9+
6.29 v$ 26.344.11 pmol/l), than their lean littermates. Serum
RELMPB and RELMY levels of db/db mice were higher and
were increased by 82 and 127% respectively at the age of
6 weeks, as compared with the controls (Table 3). The
RELMB/RELMY heterodimer in serum was also increased.
Serum RELM{3 and RELMYy correlated positively with body
weight (Fig. 6a, »=0.53, p<0.05; Fig. 6b, r=0.65, p<0.01),
but not with the serum glucose concentration (Fig. 6c, d).
Serum insulin correlated positively with RELM( (Fig. ée,
r=0.63, p<0.01) but not with RELMy (Fig. &f).

Insulin (pmol/l)

RELMP mRNA and protein levels in the distal colons
of dbldb mice at the age of 6 weeks were elevated by
94 and 87% respectively (Table 4). Similarly, RELMy
mRNA and protein levels in the distal colon were elevated
by 77 and 98% respectively (Table 4). RELMy mRNA and
protein levels in the bone marrow were elevated by 68 and
53% respectively. There were no significant changes in
RELMY levels in the spleen, lung or pancreas.

Discussion

Resistin and the three RELMs comprise a novel class of
cysteine-rich proteins. Resistin is expressed exclusively in
adipose tissues and reportedly causes insulin resistance
[8]. RELMwx was originally identified in broncho-alveolar

Table 4 Expression and regulation of mRNA and protein of RELMP and RELMYy in db/db mice

Colon Bone marrow Spleen Lung Pancreas
Control  dbldb Control  db/db Control  dbldb Control  db/db Control  dbldb
RELMB mRNA  1+0.04 197£0.07° - - - - - - - -
Protein  1£0.05 1.87x0.07% - - - - - - - -
RELMy mRNA  1+0.06 177£0.07 1x0.07 1.63£0.07" 1£0.04 0.98+0.05 1+0.05 0.96+0.07 1£0.06 1.10+0.07
Protein  120.05 1.98+0.07° 1£0.05 1.53+£0.07® 1£0.06 1.02+£0.07 1+0.05 1.05£0.07 1£0.06 1.02+0.07

Male lean littermates and db/db mice were fed a standard diet. RNase protection assay and imnmmoblotting show RELMf3 and RELMy
expression in the colon, bone matrow, spleen, lung and pancreas. The data are shown as ratios to the control lean littermate values and

expressed as meanstSE
“p<0.01 relative to control-diet-fed mice



