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Adipocyte Spliced Form of
X-Box-Binding Protein 1

Promotes Adiponectin

Multimerization and Systemic

Glucose Homeostasis

The physiological role of the spliced form of X-box-
binding protein 1 (XBP1s), a key transcription factor
of the endoplasmic reticulum (ER) stress response,
in adipose tissue remains largely unknown. In this
study, we show that overexpression of XBP1s
promotes adiponectin multimerization in adipocytes,
thereby regulating systemic glucose homeostasis.
Ectopic expression of XBP1s in adipocytes improves
glucose tolerance and insulin sensitivity in both lean
and obese (ob/ob) mice. The beneficial effect of
adipocyte XBP1s on glucose homeostasis is
associated with elevated serum levels of high-
molecular-weight adiponectin and, indeed, is
adiponectin-dependent. Mechanistically, XBP1s
promotes adiponectin multimerization rather than
activating its transcription, likely through a direct
regulation of the expression of several ER
chaperones involved in adiponectin maturation,
including glucose-regulated protein 78 kDa, protein
disulfide isomerase family A, member 6, ER protein
44, and disulfide bond oxidoreductase A-like
protein. Thus, we conclude that XBP1s is an

important regulator of adiponectin multimerization,
which may lead to a new therapeutic approach for
the treatment of type 2 diabetes and
hypoadiponectinemia.
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Accumulation of misfolded proteins in the endoplasmic
reticulum (ER) causes ER stress and leads to the activa-
tion of unfolded protein response (UPR). ER stress has
been shown to play an important role in obesity-induced
insulin resistance (1). Of the three branches of mam-
malian UPR, inositol-requiring enzyme-la (IRE1a) and
its downstream target X-box-binding protein 1 (XBP1) are
most highly conserved from yeast to humans (2,3). Upon
ER stress, IREla undergoes trans-autophosphorylation
and activation and subsequently splices 26 nucleotides
from Xbpl mRNA, leading to a frame shift and the
generation of an active b-ZIP transcription factor,
spliced form of XBP1 (XBP1s), which translocates to
the nucleus and activates gene transcription. As de-
ficiency in either IRE1a or XBP1 are embryonic-lethal,
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several recent studies have used various tissue-specific
gain- and loss-of-function animal models to demonstrate
that the IRE1o-XBP1s pathway plays an important role
in metabolic regulation, particularly in the liver (4-9). Its
role in adipose tissue remains poorly characterized.

In vitro, we and others have shown that XBP1s is
required (10-12), but not sufficient (13) for adipocyte
differentiation (i.e., adipogenesis). In vivo, Xbpl” ~ mice
exhibit increased IREla activation in adipose tissue upon
obesity, which subsequently attenuates insulin signaling
by modulating the Jun NH,-terminal kinase-insulin re-
ceptor substrate-1 signaling axis (4). However, using
adipocyte-specific XBP1 knockout mice, a recent study
showed that loss of XBP1s in adipocytes has no profound
effect on inflammation and metabolic homeostasis, sug-
gesting a possible compensatory mechanism for the loss
of XBP1s in adipocytes (11). To further characterize
the role of XBP1s in adipose tissue, we generated an
adipocyte-specific XBP1s gain-of-function mouse model
in which we found a surprising link between XBP1s and
adiponectin folding and maturation.

Adiponectin is a key insulin-sensitizing hormone, and
its serum level is negatively correlated with obesity and
insulin resistance (14). It circulates at extraordinarily
high concentrations primarily in three forms: trimer,
hexamer, and a high-molecular-weight (HMW) complex
(15-17). HMW adiponectin is thought to possess the
most potent insulin-sensitizing activity among the three
forms (18,19). Defects in adiponectin multimerization
are associated with hypoadiponectinemia and hypergly-
cemia (15). In humans, the causal link between
adiponectin and insulin sensitization is less clear (20),
but correlation studies have shown that the ratio of
HMW to low-molecular-weight adiponectin is correlated
with insulin sensitivity, and HMW adiponectin may
mediate the insulin-sensitizing effects of thiazolidine-
dione in vivo (19,21-23). Interestingly, ~50% of the
newly synthesized adiponectin protein is retained in the
ER and degraded by the proteasome (24,25), suggesting
a critical role of ER homeostasis in its maturation. In-
deed, the formation of HMW adiponectin requires com-
plex posttranslational modifications as well as extensive
chaperone activities in the ER (26), such as ER protein 44
(ERp44) (25), endoplasmic oxidoreductin-1-like
(ERO1-La) (27), and disulfide bond oxidoreductase
A-like protein (DsbA-L) (28).

In this study, we demonstrate that overexpression of
XBP1s in adipocytes improves systemic glucose homeo-
stasis in vivo, which is associated with elevated levels of
HMW adiponectin in both the circulation and white
adipose tissue (WAT). Indeed, XBP1s directly regulates
the expression of a subset of ER chaperones including
glucose-regulated protein 78 kDa (GRP78), protein
disulfide isomerase family A, member 6 (PDIA6), ERp44,
and DsbA-L in adipocytes, all of which are known to be
involved in adiponectin multimerization. Thus, although
undoubtedly XBP1s regulates other signaling pathways in
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vivo, XBP1s may act as an important regulator of
adiponectin maturation in adipocytes.

RESEARCH DESIGN AND METHODS

Mice

The XBP1s cDNA fragment with N-terminal 3X hemag-
glutinin (HA)-tag was ligated into the pWhere-aP2p
vector, which contains a 5.4-kb aP2 promoter flanked by
two H19 chromatin insulators to block position effect at
the integration sites on the chromosome (29). Linearized
construct by Pacl was used to generate transgenic (TG)
mice on the C57BL/6J background by the Transgenic
Animal Facility at Cornell University. Adiponectin
(Adipoq)f/ " mice (stock 0028195) and ob/+ mice (stock
000632) on the C57BL/6J background were purchased
from The Jackson Laboratory. XBP1s-TG ob/ob (hereafter
TG-ob) mice and wild-type ob/ob (hereafter WT-ob) lit-
termates were generated by initially breeding ob/+ with
TG mice and then TG;ob/+ to WT:ob/+. TG—Adipoqf/ -
mice were generated by three generational crosses: ini-
tially Adipoq~’~ with TG, then TG;Adipog™~ with WT;
Adipog™’~, and finally TG;Adipoq "~ with WT;Adipog™ "~ .
The low-fat diet (LFD) consisting of 13% fat, 67% car-
bohydrate, and 20% protein (Teklad 2914; Harlan
Teklad) was used throughout this study. All animal pro-
cedures were approved by the Cornell International An-
imal Care and Use Committee (#2007-0051).

RNA Extraction, RT-PCR, Quantitative PCR, and
Microarray

RNA extraction from WAT, RT-PCR, and quantitative
PCR (qPCR) were carried out as described (10). Primer
sequences are listed in Supplementary Table 2. Micro-
array and data analysis were performed as described (30).
The microarray data set has been submitted to the Na-

tional Center for Biotechnology Information’s Gene
Expression Omnibus (GSE36031).

Primary Adipocytes, Stromal Vascular Cells, and
Macrophage Separation

Primary adipocytes and stromal vascular cells (SVCs)
were isolated from WAT as previously described (30).
Adipose-resident primary macrophages were purified
from SVCs after incubating with anti-CD11b-biotin and
streptavidin magnetic beads using the EasySep Magnet
(Stem Cell Technologies). Isolated cells were resuspended
in appropriate buffer for RNA or protein analysis, and
the purity was confirmed by flow cytometry.

Protein Lysates, Immunoprecipitation, and Western
Blot

Protein lysate, cytosol and nuclear protein extraction,
immunoprecipitation, and Western blots were carried
out as described (10,30). A total of 600 g of total
protein, 540 g of cytosol protein, and 120 g of nuclear
protein from WAT of TG and TG-ob mice were subjected
to immunoprecipitation with HA agarose. Eluted protein
samples were analyzed by Western blot for HA-XBP1s
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using anti-XBP1 antibody (Santa Cruz Biotechnology).
IREla phosphorylation was measured by the Phos-tag
method as we recently described (10,31,32). Antibodies used
in this study were listed in Supplementary Table 1. Quan-
titation of Western blots was performed using the ImageLab
software on the ChemiDOC XRS" system (Bio-Rad).

Transmission Electron Microscopy

Epididymal fat was fixed with 4% formaldehyde, 2.5%
glutaraldehyde, and 0.02% picric acid in 100 mmol/L
sodium cacodylate buffer for 3 h at room temperature.
After washing with 100 mmol/L sodium cacodylate
buffer, tissues were treated for 1 h with 1% osmium
tetroxide and 1.5% potassium ferrocyanide and then for
1 h with 1.5% aqueous uranyl acetate. The rest steps
were performed by Cornell Electron Microscopy and
Histology and Optical Microscopy Core Facilities at Weill
Cornell Medical College. Briefly, after dehydration in
ethanol, tissues were treated through acetonitrile and
then embedded in EMbed-812 resin (Electron Micros-
copy Sciences). Ultrathin sections were collected on EM
grids, contrasted with lead citrate, and observed by using
a JEOL 100 CX-II transmission electron microscope at an
operating voltage of 80 kV (Jeol). Digital images were
captured using a Veleta cooled CCD (SIS-Olympus).

Adipose Tissue Histology

Epididymal fat was fixed in 10% formaldehyde, embed-
ded in paraffin, and sectioned by the Cornell Histology
Core Facility. Hematoxylin and eosin—stained pictures
were taken using the Axiovert 200M microscope (Zeiss).
The cross-sectional area of each adipocyte in each field
was measured using image analysis software NIS-
Elements D (Nikon).

Metabolic Phenotyping

For glucose tolerance test (GTT), mice were injected in-
traperitoneally with 1 to 2 g glucose/kg body weight
(BW) following an overnight fast; for insulin tolerance
test (ITT), mice were injected intraperitoneally with 1-4
U insulin/kg BW following a 4-h fast. Blood glucose levels
were measured using the One-Touch glucometer (Life-
Scan, Inc.) before injection and at 15, 30, 60, 90, and 120
min postinjection. Serum hormone levels were measured
using the Bio-Plex Pro Diabetes 10-Plex Assay and Bio-
Plex MAGPIX Multiplex Reader (Bio-Rad) per the man-
ufacturer’s protocol. Serum adiponectin and leptin levels
were measured using ELISA kits from Millipore and
Crystal Chem, respectively, per the supplier’s protocol.
Daily food intake was measured continuously for 6 days
with mice individually housed and rested for 1 day.

Assays of Adiponectin Complexes

Sucrose sedimentation was carried out as described in
(15). A total of 10 pl of serum or 400 wl of culture
medium was loaded on 5-20% sucrose gradient in a total
of 2 mL, which was spun at 55,000 rpm for 4 h at 4°C in
a TLS55 rotor (Beckman Coulter). Fourteen gradient
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fractions were sequentially retrieved from the top of the
gradient and analyzed by Western blot. Gel-filtration
separation of adiponectin complexes in serum was car-
ried out using a Superdex 200 10/30 column (GE
Healthcare Biosciences) as previously described (28).
Fractions (200 pl each) were collected and analyzed by
Western blot for adiponectin.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation assay was conducted as
previously described with some modifications (10).
Briefly, minced epididymal fat was cross-linked by 1%
formaldehyde and stopped by the addition of glycine to
a final concentration of 0.125 mol/L. Fat tissue was ho-
mogenized in buffer containing 25 mmol/L HEPES, 1.5
mmol/L MgCl,, 10 mmol/L KCl, 0.5% Nonidet P-40,

1 mmol/L dithiothreitol, and protease inhibitors (Sigma-
Aldrich). Nuclei collected by centrifugation was resus-
pended in 50 mmol/L HEPES, 140 mmol/L NaCl,

1 mmol/L EDTA, 1% Triton X-100, 0.1% sodium deoxy-
cholate, 0.1% SDS, and protease inhibitors. Samples were
sonicated, precleared with protein A agarose (Invitrogen),
and incubated with 2 g of immunoglobulin G (IgG;
Santa Cruz Biotechnology) or XBP1 antibody

(sc-7160X; Santa Cruz Biotechnology). A total of 50 pl of
30% salmon sperm DNA-saturated protein A agarose
(Invitrogen) was added to recover immune complexes for
2 h. Immunoprecipitates were washed and eluted. Cross-
links were reversed, and samples were incubated in 0.5
mmol/L EDTA, 1 mmol/L Tris (pH 6.5), and 10 pwg/mL
proteinase K (Invitrogen) at 45°C for 1 h. Samples were
purified using a PCR Purification Kit (Qiagen) and assayed
by qPCR. Primer sequences are in Supplementary Table 2.

In Vitro 3T3-L1 Adipocyte Assays

3T3-L1 preadipocytes were maintained in DMEM sup-
plemented with 10% FBS (HyClone) and 1% penicillin/
streptomycin and differentiated as previously described
(10). Plasmids encoding XBP1s (10) or small interfering
RNA sequences for XBP1 (10) and DsbA-L (28) were in-
troduced into fully differentiated 3T3-L1 adipocytes (day
7) by electroporation based on a standard protocol (33).
Briefly, mature adipocytes were trypsinized and resus-
pended in Dulbecco’s phosphate-buffered saline. A total
of 5 X 10° cells were transfected with 100-200 pg
plasmid expressing enhanced green fluorescent protein
or XBP1s via electroporation. Cells were plated into col-
lagen I-coated six-well plates (Fisher Scientific) and in-
cubated at 37°C in complete media for 16 h. After two
washes with PBS, fresh DMEM with 0.5% BSA was added
to the cell. Two hours later, medium was harvested for
adiponectin complex analysis using sucrose gradient
sedimentation, and cells were snap-frozen for qPCR or
Western blot.

Luciferase Reporter Assay

Luciferase assays were performed as previously described
(10). Promoters were cloned into the pGL3 vector
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(Promega) from mouse genomic DNA using Pfu poly-
merase (Clontech). The length of the promoter was de-
cided based on the position of putative XBP1s binding
site ACGT: pGL3-DsbA-Lp-luc (—300 to +1); pGL3-
Erdj4p-luc (—200 to +35); and pGL3-Pdia6p-luc (—122 to
+35). +1 is the transcription start site.

Statistical Analysis

Comparisons between groups were made using the Stu-
dent ¢ test. P < 0.05 was considered statistically signif-
icant. Regression analysis was performed using GraphPad
Prism software (GraphPad).
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RESULTS

Generation of Fat-Specific XBP1s TG Mice

Both total Xbpl and Xbpls transcripts were significantly
reduced in WAT of ob/ob mice compared with those in
lean controls (Fig. 14); this reduction was specific to
adipocytes and not observed in adipose-derived SVCs
(Fig. 1B). As a positive control, a key inflammatory gene
Tnfa encoding tumor necrosis factor-a was increased in
both adipocytes and SVCs of WAT with obesity (Fig. 1A
and B). Similar data were obtained in the diet-induced
obese model (Fig. 1C). Multiple attempts to detect
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Figure 1—Generation of adipocyte-specific XBP1s TG mice. A: gPCR analysis in WAT of 20-week-old lean (+/+) and obese (ob/ob)
female mice (n = 6). B: qPCR analysis in primary adipocytes (Adipo) and SVCs isolated from WAT of 18-week-old lean (+/+) and obese
(ob/ob) male mice (representative of three independent experiments). C: gPCR analysis in Adipo and SVCs isolated from WAT of 25-
week-old females fed LFD or high-fat diet (HFD) (n = 3 mice). D: The diagram of the transgene construct in which HA-XBP1s is driven by
adipocyte-specific aP2 promoter flanked by the H19 chromatin insulators. E: RT-PCR analysis of Xbp1 transcripts in WAT. F: gPCR
analysis in WAT of WT (n = 6), TGm (n = 3), and TG (n = 6) females. G: RT-PCR analysis of WAT and liver using transgene-specific
primers to demonstrate tissue specificity. H: Western blot analysis of HA-XBP1s protein in WAT following immunoprecipitation (IP)
with HA-agarose. I: gPCR analysis of XBP1s target genes Erdj4, P58ipk, and Edem and nontarget gene Chop in WAT of WT and TG
mice (n = 6). J: Western blot analysis of phospho-IRE1a (p-IRE1a) using Phos-tag gel in WAT of 17-week-old males (n = 6) with
quantitation shown at top. 0, nonphosphorylated IRE1a. K: Transmission electron microscopy images of WAT of WT and TG mice.
Arrows point to the ER. Gene expression levels in gPCR analysis were normalized to ribosomal gene L32, which is also used as

a loading control in the RT-PCR assay. Data are shown as mean + SEM. *P < 0.05; **P < 0.01; **P < 0.001 by Student ¢ test. a.u.,
arbitrary unit; L, lipid droplet.
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protein levels of XBP1s in adipose tissues of lean or
obese animals have failed, even with nuclear fraction-
ation, in line with the notion that XBP1s is highly
unstable (34).

To further understand the role of XBP1s in adipose
tissue, we generated adipocyte-specific XBP1s-TG mice by
placing the XBP1s coding sequence under the control of
an adipose-specific aP2/FABP4 promoter and flanked by
the H19 chromatin insulators (Fig. 1D). We showed
earlier that this targeting system with aP2 promoter ef-
fectively targets transgene expression in adipocytes with
very little, if any, expression in macrophages (29) (Fig.
4B). Two TG lines were established with nine- and
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threefold more Xbpls mRNA in WAT than WT litter-
mates (Fig. 1E and F), termed TG and TGm (moderate
expression), respectively. The tissue-specific expression
was confirmed using RT-PCR with primers specific for
the transgene (Fig. 1G). XBP1s protein level remained
very low in WAT of TG mice, requiring immunoprecipi-
tation to detect the protein (Fig. 1H). Pointing to the
specificity of the transgene, known XBP1s target genes
including ER-localized DnaJ homolog 4 (Erdj4), P58ipk,
and Edem were upregulated in WAT of TG mice, but not
Chop, a target of another UPR branch protein kinase
RNA-like ER kinase (PERK) (Fig. 1I). Overexpression of
XBP1s had no effect on IREla phosphorylation (Fig. 1J),

A B C wT TG 0 30 Owr
30 0.8 o 7 2 i =
— Y gt T \ 5
B \ # L [ ,\{/ { | ,.“\ | 3 2 . TG
—~ 20 = 06 A \ x2\r N\ A ©
= il \ P ,'{f ) 2
q_) -
= g 0.4 ¥ % 2 /L\ R {. 2 )’ } y = 10
. y ) \ S}
m 10 = + . N / L SNE o
< 0.2 1 / | ik \ \ S
= & N }“ ) 0
0 0.0 100 pm | | \ /"_ - SO
WT TG WT TG e ; 4 NP R 0T
Adipocyte area (um?2)
3 £ 5 = £ 2 100 3000 -
g’ 24 o | d~ °
£ B s hS —~ 2 75 =
3 3 g 8= € 2000 =R
8 =3 8 @ 50 ~ s
3] b ° k) S 8 S °°
S 2 3 = 52 =2 1000
o X X o X 25 <
3 O O 8 -
2 9 2o 2 ) 0 o
m < <
0 30 60 90 120 WT TG 0 4 8 12 16 0 15 30 WT TG
Time post i.p. (min) Xbp1s mRNA (a.u.) Time post i.p. (min)
G Liver + Insulin H WAT ) + Insulin
wT TG - wWT TG ~ 15 w
] S
- + - + Insulin L - + - + Insulin °
- _ — 1.0
kDa — el _,__.-l p-AKT é kDa l — _—% p-AKT 5(
50- g 50 " E os
50_|—-—..-_,_.-;- _.—-—"l AKT < 50N g e s 7—‘ AKT <
1007 5 HSP90 - 1007 5 ———— HSP20 00
e | : - WT TG
I Skeletal Muscle + Insulin Insulin Glucagon Ghrelin GIP GLP-1
WT TG 15 P=0.10 ’—E‘ 8 0.4 15 0.4 0.15
-+ - +  Insulin 3 N 0.3 0.3
kDa - = 1.0 e 10 0.10
50_| S St P-AKT é g 4 0.2 0.2
7 E 05 = 5 0.05
SOJ---M AKT ECF E 2 0.1 0.1
100 : a 5]
= e e == = |{SPO() 0.0 ol 0.04— ol 0.0 0.004H—
| - —1 WT TG @ WT TG WT TG WT TG WT TG WT TG

Figure 2—Improved glucose homeostasis in TG mice on LFD. BW (A) and epididymal WAT weight (B) of 16-week-old WT and TG male
mice (n = 6). C: Representative hematoxylin and eosin images of WAT sections. Right: Quantitation of adipocyte cell size (n = 300 cells
each). D: GTT in 16-week-old males (n = 6) with 1.5 g glucose/kg BW. Right: Area under the curve (AUC) analysis. E: Linear regression
analysis of AUC in GTT (D) plotted to Xbp1s expression levels in WAT determined by gPCR (n = 6 each). F: ITT in 15-week-old WT and
TG males (n = 6) with 1.5 U insulin/kg BW. Right: AUC analysis. Western blot analysis of phospho-AKT (p-AKT) (S473) in the liver (G),
WAT (H), and skeletal muscle (/) of mice with or without intraperitoneal (i.p.) insulin (1 units/kg BW) for 30 min. HSP90 is a loading control.
G-, right: Quantitation of p-AKT/AKT with insulin injection (n = 4). J: Serum levels of pancreatic hormones (insulin and glucagon) and gut
hormones (ghrelin, gastric inhibitory polypeptide [GIP], and glucagon-like peptide 1 [GLP-1]) determined by the multiplex assay (n = 4-5).
Data are mean + SEM. *P < 0.05; **P < 0.01 by Student t test. a.u., arbitrary unit.
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suggesting that XBP1s overexpression does not affect ER
stress in adipocytes. This was further confirmed by
transmission electron microscopy analysis of epididymal
adipocytes in which ER morphology seemed comparable
between TG and WT mice (Fig. 1K).

Improved Systemic Glucose Homeostasis in TG Mice
Mice fed an LFD grew normally, and at the age of 16
weeks, two male cohorts exhibited no differences in body
and epididymal WAT weights (Fig. 2A and B) with com-
parable adipocyte cell size (Fig. 2C). TG mice
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demonstrated improved systemic glucose tolerance and
insulin sensitivity (Fig. 2D and F), while TGm mice with
much lower XBP1s expression did not exhibit elevated
expression of known XBP1s target genes nor significant
improvement of glucose tolerance (Supplementary Fig.
1). Indeed, linear regression analysis suggested signifi-
cant positive correlation of Xbpls expression levels with
glucose tolerance (Fig. 2E). This was further confirmed by
analysis of insulin-stimulated AKT phosphorylation at
serine 473, which was significantly enhanced in both the
liver and WAT of TG mice, and to a lesser extent in
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Figure 3—Elevated adiponectin multimerization in TG lean mice. A: Serum levels of adipokines leptin, resistin, and PAI-1. Leptin was
measured in 12-week-old mice (n = 11-12), while resistin and PAI-1 levels were measured in 20-week-old mice (n = 4-5 mice). B: Serum
adiponectin levels of 17-week-old males (n = 12 each). C: Adipog mRNA levels in WAT of 17-week-old WT and TG males determined by
gPCR (n = 11-12). D: Western blot analysis of XBP1s in 3T3-L1 adipocytes acutely overexpressing green fluorescent protein (CON) or
XBP1s. To visualize XBP1s, cells were treated with thapsigargin (Tg) for 6 h. Right: gPCR analysis of Adipog mRNA levels in 3T3-L1
adipocytes (without Tg treatment). E: Nonreducing Western blot analysis (left) and quantitation (right) of adiponectin (ADPN) complexes in
the serum. Serum IgG levels were used as loading controls for normalization. F: Western blot analysis of adiponectin complexes in the
serum following gel-filtration chromatography. Relative abundance of different forms of adiponectin shown at bottom.

G: Nonreducing Western blots of adiponectin complexes in the serum following velocity-based sucrose-gradient fractionation (n = 5).
Quantitation shown on the right. H: Representative nonreducing Western blots of adiponectin complexes in the WAT following velocity-
based sucrose-gradient fractionation (n = 2). Data are shown as mean = SEM. Gene expression levels in gqPCR analysis were normalized
to L32. *P < 0.05; *P < 0.01 by Student t test. a.u., arbitrary unit; CREB, cAMP-responsive element-binding protein.
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skeletal muscle (Fig. 2G-I). These metabolic changes were
uncoupled from pancreatic and gut hormones as serum
levels of insulin, glucagon, ghrelin, gastric inhibitory
polypeptide, and glucagon-like peptide 1 were compara-
ble between the WT and TG littermates (Fig. 2J). Taken
together, we conclude that adipocyte-specific XBP1s
overexpression improves systemic glucose homeostasis
and insulin sensitivity.
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Increased Circulating HMW Adiponectin in TG Mice
We reasoned that the systemic beneficial effect of adi-
pocyte XBP1s is likely due to altered endocrine function
of adipocytes. While leptin, resistin, and plasminogen
activator inhibitor-1 (PAI-1) showed no significant
changes (Fig. 3A), circulating adiponectin levels was sig-
nificantly increased by ~50% in TG mice (Fig. 3B). This
increase was not due to the transcriptional upregulation
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of Adipog mRNA (Fig. 3C). In line with this observation,
overexpression of XBP1s in fully differentiated 3T3-L1
adipocytes did not increase Adipog mRNA level (Fig. 3D),
suggesting that Adipog is not a direct transcriptional
target of XBP1s.

In serum, adiponectin exists in different forms, with
the HMW form being the most potent in insulin sensi-
tization (14). We next determined the effect of XBP1s on
the adiponectin complex using several complementary
approaches, including nonreducing SDS-PAGE, gel-
filtration chromatography, and sucrose-gradient-based
velocity sedimentation followed by nonreducing SDS-
PAGE. Indeed, all three methods consistently revealed
that the HMW form of adiponectin was significantly el-
evated by ~100% in the serum of TG mice (Fig. 3E-G).
The increase in the serum HMW adiponectin form was
correlated with the elevation in the HMW form of in-
tracellular adiponectin in WAT of TG mice (Fig. 3H).

To further test the relationship between XBP1s and
adiponectin, we analyzed adiponectin complex in XBP1s-
expressing 3T3-L1 adipocytes. In line with the in vivo
observations, acute expression of XBP1s increased HMW
complex in the culture medium by >50% (Supplemen-
tary Fig. 2A). XBP1s had no effect on adipocyte differ-
entiation as judged by Oil Red O staining (not shown)
and measured by the mRNA level of adipocyte marker
aP2 (Supplementary Fig. 2B). Taken together, these
results suggest that ectopic expression XBP1s in adipo-
cytes increases the formation of HMW adiponectin in
lean mice.

Improved Glucose Homeostasis and Increased
Circulating HMW Adiponectin in TG Obese Mice

To further study the role of adipocyte XBP1s in an obese
model, we crossed TG mice onto the leptin-deficient
background to generate adipocyte-specific TG-ob mice
and their WT-ob littermates. Intriguingly, despite similar
total protein levels, the amount of HA-XBP1s in the
nuclear fraction was greatly reduced in the WAT of TG-ob
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mice compared with that of lean TG mice, indicating an
impairment of nuclear translocation of XBP1s in WAT of
obese mice (Fig. 4A). This observation is reminiscent

of a previous report showing that nuclear translocation
of XBP1s is reduced in the liver of obese mice (35).

Overexpression of XBP1s in TG-ob mice significantly
increased the expression of its target genes (Erdj4,
P58ipk, and Edem) specifically in adipocytes, but not in
SVCs or purified adipose-resident CD11b* macrophages
(Fig. 4B), further confirming that the transgene expres-
sion is largely limited to adipocytes in WAT. At the age of
9-12 weeks, TG-ob mice had a similar BW to the WT-ob
littermates, but exhibited improved glucose tolerance
and insulin sensitivity (Fig. 4C-F). Adipoq mRNA level
was increased in WAT of TG-ob compared with WT-ob
mice, but remained 50% lower than that in WT lean mice
(Fig. 4G). Serum levels of HMW adiponectin were in-
creased by ~50% in the serum of TG-ob compared with
WT-ob mice, reaching a level similar to that of WT lean
animals (Fig. 4H).

An earlier study showed that adiponectin-TG ob/ob
mice gain more weight than ob/ob littermates (36).
Consistently, both male and female TG-ob mice became
more obese than WT-ob littermates starting at 20 weeks
of age, gaining an average of 15% more BW (Fig. 4I and
J). Some even reached 90-100 g in BW. This difference in
BW was not due to food intake (Fig. 4K). Taken together,
we conclude that adipocyte-specific XBP1s increases cir-
culating HMW adiponectin in ob/ob mice.

Adipocyte XBP1s Promotes Glucose Homeostasis via
Adiponectin

To provide direct evidence for the role of adiponectin
in XBP1s effect in vivo, we crossed TG mice with
adiponectin-deficient (Adipog™”~) mice to generate
TG-Adipoq’~ and WT-Adipoq™ ™ littermates (Fig. 5A).
The BWs of WT-Adipog /™ and TG-Adipog” /™ mice on
LFDs were comparable at the age of 14 weeks (Fig. 5B).
Strikingly, loss of adiponectin abolished the insulin-
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sensitizing effect of adipocyte XBP1s (Fig. 5C). Thus, the
effect of adipocyte XBP1s on systemic glucose homeo-
stasis is mediated by adiponectin.

Global Transcriptional Profiling of XBP1s Targets in
Adipocytes

We next performed nonbiased Affymetrix analyses of
global gene expression in WAT. Out of >21,000 genes,
~125 genes were significantly upregulated >1.5-fold

(P < 0.01) in WAT of TG versus WT littermates. The
Ingenuity Pathway Analysis revealed that two major
categories of pathways were significantly upregulated:
“response to unfolded protein” and “lipid metabolism”
(Fig. 6A). Several genes involved in the ER folding pro-
cess were modestly but significantly increased, including
well-known ER chaperones and folding enzymes Erdj4,
Pdia6, P58ipk/DnaJ homolog subfamily C, member 3, and
Grp78/Hspab (Fig. 6B). In contrast, genes associated with
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the PERK pathway (Chop and Eroll) were not altered.
Thus, these data demonstrate that XBP1s regulates the
expression of a subset of ER chaperones in adipocytes.

XBP1s-Mediated Regulation of the Expression of ER
Chaperones Involved in Adiponectin Maturation
Intriguingly, among the top genes identified by micro-
array analysis included a list of genes known to be in-
volved in adiponectin maturation in the ER (26), such as
Grp78, Pdia6, ERp44, and DsbA-L. Although XBP1s is
known to control the transcription of Grp78 and Pdia6 in
cultured cell lines (37), it was unknown whether these
genes are bona fide targets of XBP1s in adipocytes. In-
deed, qPCR and Western blot analyses confirmed that
these chaperones were upregulated both at mRNA and
protein levels in WAT of TG mice (Fig. 7A and B). A
similar observation was made in TG-ob mice (Fig. 7C).
The upregulation of these chaperones were limited in the
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adipocytes but not in SVCs or adipose-resident CD11b*  adipocytes (Supplementary Fig. 3), suggesting that
macrophages of TG-ob mice (Fig. 7D). Linear regression = XBP1s’ effect on HMW adiponectin is mediated in part
analyses showed the positive association of Xbpls level through the chaperone. Taken together, our data dem-
with the expression levels of Grp78, Pdia6, ERp44, and onstrate that XBP1s directly regulates the expression of
DsbA-L in WAT (Fig. 7E). In vitro, acute expression of Grp78, Pdia6, ERp44, and DsbA-L, which are involved in
XBP1s in 3T3-L1 adipocytes also increased the expres- adiponectin maturation in the ER.

sion of these chaperones (Supplementary Fig. 2C and D).

Moreover, XBP1s was detected at the proximal pro- DISCUSSION

moters of Grp78, Pdia6, and ERp44 genes in WAT of TG Defects in the folding and secretion of HMW adiponectin
mice (Fig. 7F) and activated reporter luciferase driven by  are associated with hypoadiponectinemia and insulin

the proximal promoters of Pdia6, ERp44, and DsbA-L resistance in humans (14). Extensive efforts are currently
genes in human embryonic kidney 293T cells (Fig. 7G). being made to elevate adiponectin levels to treat various
Lastly, as a proof-of-principle, reduction of DsbA-L using  human diseases (14,38). Our data demonstrate that
small interfering RNA attenuated the proportion of XBP1s may act as an important regulator of adiponectin
HMW adiponectin in XBP1s-expressing 3T3-L1 maturation into HMW complexes. This is the first
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study linking XBP1s to adiponectin maturation (Fig. 7H).
Our conclusions are further supported by the phenotypes
of adiponectin gain-of-function mouse models, in which
hypoglycemia and insulin-sensitizing effects have been

reported in several lean and obese models (24,36,39-42).

XBP1s, a potent transcription factor, is involved in
diverse cellular functions and processes. It has been im-
plicated in the ER expansion in differentiating plasma
cells (43,44) and the pancreas and salivary glands (45),
gluconeogenesis and lipogenesis in hepatocytes (5-7,46),
adipogenesis (10-12), inflammation in macrophages (47)
and Paneth cells (48), and control of autophagy in the
nervous system (49). Our data further highlight an im-
portant role of XBP1s in adiponectin complex formation
in adipocytes. In addition, as shown in Fig. 64, XBP1s in
adipocytes may have additional roles in energy metabo-
lism, such as lipid metabolism and brown fat cell differ-
entiation, all of which are interesting future directions
and require further investigations.

It is important to note that in WAT of our TG animals,
ER stress is not affected as judged by IREla phosphor-
ylation and ER morphology. Additionally, the PERK
pathway as measured by downstream target genes in-
cluding Chop and Ero1l is not activated in TG mice. Thus,
the conclusions from this study cannot be extrapolated
to interpret situations under ER stress condition. Indeed,
drug-induced ER stress activation reduces the secretion
of all forms of adiponectin (50), largely due to the
translational suppression by the PERK pathway.

A recent study showed that adipocyte-specific XBP1-
deficient mice exhibit no obvious metabolic phenotypes
under either LED or high-fat diets (11). Total adiponectin
levels in the serum are not changed but whether HMW
adiponectin is altered in vivo remains unclear (11).

The lack of dramatic phenotype in adipocyte-specific
XBP1 knockout mice is surprising, given the dramatic
phenotypes of XBP1 heterozygotic mice (4) as well as
XBP1-deficient mice in other tissues or cell types such as
B cells, hepatocytes, macrophages, and neurons (45-
47,49,51). This points to a cell-type-specific requirement
of XBP1s. Nonetheless, this does not mean that XBP1s or
the IREla-XBP1s pathway of the UPR plays no meta-
bolic function in adipocyte or adiponectin biology, rather
we would argue that the loss of XBP1 in adipocytes may
be well-tolerated in vivo likely due to the activation of
other UPR branches or autophagy (49). Indeed, knock-
down of XBP1 by 90% had no effect on chaperone gene
expression, and the proportion of secreted HMW adi-
ponectin in differentiated 3T3-L1 adipocytes (Supple-
mentary Fig. 4). In contrast to the adipocyte-specific
XBP1 knockout mice or cells, our gain-of-function mouse
and cell models show that XBP1s is sufficient to promote
adiponectin multimerization, leading to improved sys-
temic glucose and insulin homeostasis in both lean and
genetically obese animals. Our gain-of-function models
are not contrived as XBP1 levels, both mRNA and pro-
tein, are highly responsive to hormones, cytokines, and
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ER stress (3,9,34,43,51-53). Hence, similar to several
recent gain-of-function studies of XBP1s (5,8,35), our
data may provide key insights into the pathophysiologi-
cal role of XBP1 in mature adipocytes and as a drug
target of small molecules in metabolic syndromes.
Speculatively, we propose that the effect of adipocyte
XBP1s on adiponectin may be mediated collectively by
changing the overall ER homeostasis and folding capac-
ity. ER proteostasis in adipocytes may be important for
adiponectin folding and thereby systemic insulin sensi-
tivity. Targeting ER capacity in adipocytes as a whole,
also known as proteostasis (54), in adipocytes may be
a viable means to increase circulating adiponectin in
human patients with hypoadiponectinemia and type 2
diabetes. Indeed, collapse of proteostasis is considered as
a major pathophysiological paradigm that has recently
emerged in cystic fibrosis, neurodegeneration, and aging
(54). As several compounds that can enhance proteo-
stasis (i.e., proteostasis regulators) have entered pre-
clinical trials (54), understanding the physiological and
pathological role of proteostasis in adipocytes will likely
broaden our knowledge on the pathologies of metabolic
syndrome and shed light on drug design for disease
intervention.
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