I

MOLECULAR
METABOLISM

—
G) CrossMark

PGC-10 functions as a co-suppressor of XBP1s
to regulate glucose metaholism
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ABSTRACT

Objective: Peroxisome proliferator-activated receptor y (PPARYy) coactivator-1a. (PGC-1ct) promotes hepatic gluconeogenesis by activating
HNF4o. and FoxO1. PGC-1a. expression in the liver is highly elevated in obese and diabetic conditions, leading to increased hepatic glucose
production. We previously showed that the spliced form of X-box binding protein 1 (XBP1s) suppresses Fox01 activity and hepatic gluconeo-
genesis. The shared role of PGC-1o. and XBP1s in regulating FoxO1 activity and gluconeogenesis led us to investigate the probable interaction
between PGC-1a and XBP1s and its role in glucose metabolism.

Methods: We investigated the biochemical interaction between PGC-1¢. and XBP1s and examined the role of their interaction in glucose ho-
meostasis using animal models.

Results: We show that PGC-1a. interacts with XBP1s, which plays an anti-gluconeogenic role in the liver by suppressing Fox01 activity. The
physical interaction between PGC-1a. and XBP1s leads to suppression of XBP1s activity rather than its activation. Upregulating PGC-1a
expression in the liver of lean mice lessens XBP1s protein levels, and reducing PGC-1¢:. levels in obese and diabetic mouse liver restores XBP1s
protein induction.

Conclusions: Our findings reveal a novel function of PGC-1a. as a suppressor of XBP1s function, suggesting that hepatic PGC-1¢. promotes
gluconeogenesis through multiple pathways as a co-activator for HNF4o and FoxO1 and also as a suppressor for anti-gluconeogenic transcription

factor XBP1s.

© 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Obesity is one of the most serious health problems around the globe. In
the United States, 69% of the adult population is overweight and 36%
is obese [1]. Globally, over 600 million adults, approximately 13% of
world adult population, are obese [2]. Being overweight and obese
leads to many debilitating pathologies such as hypertension, cardio-
vascular diseases, cancer, and, most notably, insulin resistance and
subsequent development of type 2 diabetes [3,4]. However, underlying
mechanisms for the development of type 2 diabetes in obesity is still
poorly understood.

The endoplasmic reticulum (ER), a membrane-bound organelle in
eukaryotic cells, is the major site of synthesis of secretory and
membrane proteins. Newly synthesized proteins are folded into their
three-dimensional native structure within the lumen of the ER, and a
variety of ER resident proteins monitor and help proper folding of newly
synthesized proteins. An increased amount of unfolded proteins, which
exceeds the handling capacity of the ER, creates perturbations in ER

system and leads to development of a condition termed “ER stress”. In
response to ER stress, cells employ an adaptive mechanism, the
unfolded protein response (UPR), which re-establishes ER homeostasis
[5—7]. In metazoans, three signaling branches of the UPR have been
characterized. These branches are initiated by following three ER-
transmembrane proteins: PERK (protein kinase RNA-like ER kinase),
IRE1« (inositol requiring protein-1at), and ATF6 (activating transcription
factor-6) [5—7]. PERK suppresses general protein translation, thereby
reducing protein load into the ER [8]. IRE1¢ splices pro-mRNA of XBP1
(X-box binding protein 1), which leads to production of functioning
transcription factor, XBP1s (spliced XBP1) [9,10]. Together with
another UPR transcription factor ATF6, XBP1s increases the folding
capacity of the ER by increasing the transcription of various ER resident
proteins [10,11].

We and others have previously documented that i) as obesity and
diabetes progress, metabolically crucial organs such as the hypo-
thalamus, liver, and adipose tissues experience elevated ER stress
leading to leptin and insulin resistance [12—14]; ii) increased ER stress
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in the liver is partly due to impaired XBP1s function [15,16]; iii)
restoring XBP1s action in the liver of obese and diabetic mice improves
systematic glucose homeostasis by also suppressing hepatic gluco-
neogenic gene expression through XBP1s-mediated FoxO1 protein
degradation [16—18].

Peroxisome proliferator-activated receptor 'y (PPARY) coactivator-1a.
(PGC-1at), a crucial regulatory molecule in various metabolic pro-
cesses, plays key roles in the development of obesity, insulin resis-
tance, and type 2 diabetes [19—21] and is a co-activator of a variety of
transcription factors including PPARs, HNF4a, ERRs, and Fox01 [22—
28]. In particular, PGC-1a. promotes gluconeogenesis by activating
HNF4o and FoxO1. Its expression in the liver is highly elevated in obese
and diabetic conditions, resulting in increased hepatic glucose pro-
duction and contributing to the development of type 2 diabetes
[23,24,27]. Since its discovery, PGC-1a. has been considered to be a
co-activator for many different transcription factors, but, thus far, no
reports show that PGC-1a. can also function as a repressor or a
suppressor for a transcription factor.

2. MATERIALS AND METHODS

2.1. Animals

Leptin deficient (ob/ob) and wild type mice (C57BL7/J) were obtained
from Jackson Laboratory. Mice were fed normal chow and given free
access to water. Eight-week old male mice were used in the experi-
ments. All animal procedures used in this study were approved by the
Animal Care and Use Committee at Boston Children’s Hospital.

2.2. Glucose tolerance test (GTT)

Mice were fasted overnight (15 h) and received dextrose (0.5 g/kg for
ob/ob mice) intraperitoneally. Blood glucose levels were measured
from the tail before and 15, 30, 60, 90, and 120 min after dextrose
administration.

2.3. Primary hepatocyte isolation

Culture plates for mouse primary hepatocytes were prepared by
coating with rat tail collagen | (Thermo Fisher Scientific) in 0.02 mg/ml
in H,0 with 20 mM acetic acid for 3—16 h before hepatocyte isolation.
For primary hepatocyte isolation, 7—8 week-old male mice (C57BL7/J)
were anesthetized with Ketamine/Xylazine (100/20 mg per kg), and
blood was drained out by perfusion of Perfusion Solution 1 (1 x HBSS,
0.5 mM EGTA, 5.5 mM glucose, 100 U/ml of penicillin, and 100 pg/ml
of streptomycin) via vena cava. Connective tissue within the liver was
digested by perfusion of Perfusion Solution 2 (1x HBSS, 1.5 mM
CaCl,, 5.5 mM glucose, 46.9 U/ml of type 1 collagenase, 125 U/ml of
penicillin, and 125 pg/ml of streptomycin). Dissociated hepatocytes
were filtered through 70 pum cell strainer and collected by centrifu-
gation at 1,500 rpm at 4 °C for 3 min. Hepatocytes were further
isolated from other cells by Percoll gradient centrifugation. Isolated
hepatocytes were seeded on collagen-coated plates in Williams’ media
E with 10% FBS, 2 mM sodium pyruvate, 100 U/ml of penicillin and
100 pg/ml of streptomycin, 1 uM dexamethasone and 100 nM insulin
for 3 h. Hepatocytes were infected with adenoviruses in Williams’
media E with 0.2% BSA, 2 mM sodium pyruvate, 100 U/ml of penicillin
and 100 pg/ml of streptomycin, 0.1 pM dexamethasone, and 1 nM
insulin for overnight.

2.4. Total protein extraction from cells and tissues

Cells were lysed in lysis buffer (25 mM Tris—HCI, pH 7.4; 100 mM NaF;
50 mM Nay4P,07; 10 mM Na3gVQy4; 10 mM EGTA; 10 mM EDTA; 1% NP-
40) with use of protease and phosphatase inhibitors (Roche). After

120

rotation at 4 °C for 20 min at a speed of 13,000 rpm, cell debris was
removed by centrifugation at 4 °C for another 20 min. Supernatants
were collected, and protein concentration was quantified with use of
the Protein Assay Kit (Bio-Rad). Liver tissues were homogenized with a
bench-top homogenizer (Polytron, PT2100) or TissuLyserll (Qiagen) in
ice-cold tissue lysis buffer (25 mM Tris—HCI, pH 7.4; 100 mM NaF;
50 mM Nay4P,07; 10 mM Na3VQq4; 10 mM EGTA; 10 mM EDTA; 1% NP-
40), containing protease and phosphatase inhibitors. After homoge-
nization, lysates were rotated at 4 °C for 1 h, then clear protein lysates
were separated by centrifugation at 4 °C for 20 min at a speed of
13,000 rpm. Protein concentration was quantified with use of the
Protein Assay Kit. Each sample, with an equivalent protein concen-
tration, was prepared in Laemmli buffer. Protein concentrations were
normalized with lysis buffer, such that each sample had equivalent
amounts of protein and volume. Protein was denatured by boiling at
100 °C for 5 min in Laemmli buffer, and lysates were cooled to room
temperature before loading for western blot analysis.

2.5. Nuclear protein extraction from liver tissues

The nuclear extraction kit from Thermo Fisher Scientific (Waltham, MA)
was used to isolate nuclear and cytoplasmic fractions from liver tis-
sues, according to the manufacturer’s instructions. Tissues were cut
into small pieces, washed with PBS, and separated from the PBS by
centrifugation at 500 x g for 5 min. Collected tissues were resus-
pended by company-supplied CER | buffer, homogenized with a
Dounce homogenizer, vortexed, and incubated on ice for 10 min. CER Il
buffer was added, tissues were vortexed for 5 s, incubated for 1 min on
ice, vortexed again, and then centrifuged for 5 min at maximum speed
in a microcentrifuge. The supernatant (cytoplasmic fraction) was saved
for later analysis, while pellets were resuspended with the supplied
NER buffer, and underwent multiple cycles of vortexing (15 s) and
incubation on ice (10 min), for a total of 40 min. After a 10-min
centrifugation, the supernatant (containing the nuclear fraction) was
collected. Protein concentrations from cytoplasmic and nuclear lysates
were quantified with a Protein Assay Kit, and protein samples were
prepared in Laemmli buffer and analyzed with immunoblotting.

2.6. Co-immunoprecipitation/immunoprecipitation

For co-immunoprecipitation, cells or tissues were lysed in co-
immunoprecipitation lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl,
10 mM NaF, 0.5% NP-40), containing protease and phosphatase in-
hibitors. Equal amounts of protein from the lysates were mixed with
specific antibodies to immunoprecipitate the target protein together
with protein A-agarose or anti-flag M2 affinity gel and then incubated
for 3 h. Immunoprecipitates were washed three times with the same
co-immunoprecipitation buffer and eluted with sample buffer without
reducing agent. Eluted samples were mixed with 2-mercaptoethanol
and analyzed by western blotting. For immunoprecipitation, cells
were lysed with radioimmuno-precipitation assay (RIPA) buffer (50 mM
Tris HCI pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS), plus protease and phosphatase inhibitors. Equal amounts
of proteins from the lysates were incubated overnight at 4 °C with
antibodies specific for each target protein; samples were then further
incubated with protein A-agarose beads (for rabbit antibody) or protein
G-agarose beads (for mouse antibody) for an additional 2 h. Immu-
noprecipitates were washed three times with RIPA buffer and eluted
with sample buffer with reducing agent.

2.7. Cycloheximide chase assay
MEF cells were infected with Ad-Xbp1s plus Ad-LacZ or Ad-PGC-1c.
HEK293 cells were transfected with plasmids expressing Xbpis
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constructs, with or without plasmid encoding PGC-1c.. After overnight
infection or transfection (16—24 h), cells were treated for various times
with cycloheximide (50 pg/ml, Sigma), a translation initiation inhibitor.
Samples were prepared as described for western blot analysis, and
target protein levels were determined via immunoblotting. ImageJ was
used to quantify three different western blots of the same experiment
for Figures 2B and 4H.

2.8. Statistical analysis

Data are presented as means =+ s.e.m. Statistical significance was
calculated by Student’s t test (two-tailed) or by analysis of variance
(ANOVA), using Prism (GraphPad). Significance was accepted at
*P < 0.05, **P < 0.01 or **P < 0.001. Numbers of cohorts and n
values for each experiment were indicated in figure legends. Statistical
outliers (judged by Grubb’s outlier test) or samples not responding for
known stimuli were excluded in the final analysis. No blinding or
randomization was used. No statistical method was used to prede-
termine sample size and sample size was determined based on pre-
vious experiments and literatures. The variance was similar in the
groups being compared.

3. RESULTS

3.1. PGC-1a. down-regulates XBP1s protein levels and activity
Given that PGC-1¢. is a co-activator of FoxO1 and promotes hepatic
gluconeogenesis [23], we asked whether XBP1s also inhibits PGC-1a,
as a mechanism for lowering hepatic glucose production, and whether
it suppresses FoxO1 activity also through this alternative pathway. We
infected mouse embryonic fibroblast (MEF) cells with a constant
amount of adenovirus that expresses PGC-1a. (Ad-PGC-1¢), together
with increasing doses of an adenovirus that encodes murine XBP1s
(Ad-XBP1s) (Figure 1A); as a comparison, we also infected the MEF
cells (in lane 6) with the same amount of Ad-XBP1s (as in lane 5), but
without co-expressing PGC-1a. (Figure 1A). Increased expression of
XBP1s did not change the level of PGC-1a protein (Figure 1A); how-
ever, the total level of XBP1s protein was substantially decreased in the
presence of PGC-1a. (Figure 1A).

The above result led us to hypothesize that PGC-1a negatively affects
XBP1s protein expression levels and subsequently suppresses XBP1s
activity. To test whether PGC-1a reduces the levels of XBP1s protein,
MEFs were infected with Ad-XBP1s, along with Ad-LacZ or increasing
amounts of Ad-PGC-1oa. Elevated expression of PGC-1a. indeed
reduced the amount of XBP1s protein (Figure 1B), without lowering
XBP1s mRNA levels (Figure 1C). PGC-1a. protein also lessened both
murine and human XBP1s protein in other cell lines, including rat
hepatoma Fao cells (Supplementary Figure 1A—D). Endogenous XBP1s
mRNA is generated from IRE1c.-mediated splicing of full-length XBP1
mRNA in ER stress conditions [9,10]. We thus investigated whether
PGC-1o. modulates XBP1 mRNA splicing. For this, we first infected
MEFs with increasing doses of Ad-PGC-1a, and, after 16 h, we treated
the cells with tunicamycin (3 11g/ml) for 90 min; PGC-10 expression did
not alter the tunicamycin-induced splicing of XBP1 mRNA (Figure 1D).
We next explored whether PGC-1c also reduces the endogenous
XBP1s protein amount. To express detectable levels of endogenous
XBP1s, we treated Ad-PGC-1c- or Ad-LacZ-infected MEFs with
increasing doses of tunicamycin for 5 h; this greatly increased XBP1s
mRNA levels, despite the overexpression of PGC-1a (Figure 1E).
Control cells infected with Ad-LacZ showed robust production of
endogenous XBP1s protein as a result of tunicamycin treatment;
however, this response was strongly diminished in PGC-1a-expressing
MEFs, relative to that in LacZ-expressing MEFs. Together, these results
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indicate that PGC-1a specifically reduces the amount of XBP1s protein
without affecting the XBP1s mRNA levels or the IRE1o. endor-
ibonuclease activity.

PGC-1a. is considered to be a co-activator for various transcription
factors [19—21], and the amount of transcription factor protein may
not necessarily correlate with its activity. We thus asked whether the
PGC-1a-mediated reduction in XBP1s protein also reduces the activity
of XBP1s, that is, whether PGC-1a. suppresses the transcriptional
activity of XBP1s. To address this issue, we used an ER stress
response element (ERSE)-driven luciferase system to record XBP1s
transcriptional activity in the presence or absence of PGC-1a. MEFs
expressing ERSE-driven luciferase and Renilla-luciferase were infected
with Ad-XBP1s alone, or with Ad-XBP1s plus increasing doses of Ad-
PGC-1a.. XBP1s expression significantly upregulated the ERSE
promoter-driven luciferase production (Figure 1F), but XBP1s activity
was strongly ameliorated when PGC-1o. was co-expressed with the
XBP1s (Figure 1F).

Next, we tested whether PGC-1a expression suppresses XBP1s ac-
tivity in mouse hepatocytes. Isolated mouse hepatocytes were infected
with Ad-XBP1s alone or together with Ad-PGC-1c.. XBP1s expression
in hepatocytes increased its target gene expression. However, co-
expression of PGC-1o. markedly suppressed the increase of XBP1s
target gene expression (Supplementary Figure 1E—H)

We have previously documented that XBP1s has a strong effect to-
wards Fox01 [17]. In the absence of XBP1s, PGC-1a. expression itself
was not able to alter endogenous FoxO1 protein levels in Fao cells
(Figure 1G). We thus infected Fao cells with Ad-XBP1s along with Ad-
LacZ or Ad-PGC-1a.. XBP1s expression decreased the levels of
endogenous Fox01 protein, whereas co-expression of PGC-1a. less-
ened the amount of XBP1s protein, and in turn restored levels of FoxO1
protein (Figure 1H). Collectively, our data suggest that PGC-1a nega-
tively regulates the levels of XBP1s protein as well as its function.

3.2. PGC-1a physically interacts with XBP1s and promotes its
degradation

To unravel the mechanistic underpinnings of the interaction between
PGC-1a and XBP1s, we next inquired whether PGC-1a. reduces levels
of XBP1s protein by decreasing its stability. For this purpose, we
treated cells expressing XBP1s with or without PGC-1a, with the
translational inhibitor cycloheximide (50 pg/ml) for the indicated time
periods. Western blotting was used to determine XBP1s protein levels
before and after the addition of cycloheximide (Figure 2A). We also
compared the rate of degradation of XBP1s protein in the presence or
absence of PGC-1a. (Figure 2B). Blots derived from cells co-expressing
XBP1s plus PGC-1a were exposed for a longer time, and blots pre-
pared from cells expressing XBP1s alone (and no PGC-1a) were
exposed for a shorter time, in order to achieve the same level of XBP1s
signal at the zero-time point for both groups (Figure 2A). As shown in
Figure 2A, B, XBP1s protein was degraded faster in the presence of
PGC-1a..

It has been suggested that XBP1s protein is down-regulated by
ubiquitin-mediated proteasomal degradation [10,29]. To test whether
PGC-1a facilitates XBP1s ubiquitination as a means of degradation,
ubiquitin-expressing HEK293 cells were transfected with XBP1s
plasmid alone or together with a plasmid expressing PGC-1a.; after
16 h, the HEK293 cells were treated with DMSO or MG-132 (10 uM) for
1 h, and lysates were immunoprecipitated with an antibody specific for
XBP1 protein. Ubiquitination of immunoprecipitated XBP1s was
analyzed by immunoblotting with an antibody against ubiquitin. The
presence of PGC-1¢ diminished XBP1s protein amounts. However, this
reduction was blocked by inhibition of 26S proteasome-mediated
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Figure 1: PGC-1a. decreases XBP1s protein levels and suppresses XBP1s activity. (A) XBP1s, PGC-1c., and tubulin protein levels in MEFs infected with equal doses of Ad-PGC-1a.
plus increasing doses of Ad-XBP1s. The same dose of Ad-XBP1s was used in lanes 5 and 6, except that Ad-LacZ was used in lane 6 instead of Ad-PGC-1a. for co-expression. (B, C)
MEFs were infected with the same amount of Ad-XBP1s, plus increasing amount of Ad-PGC-1a. (B) XBP1s, PGC-1a. and actin protein levels in MEFs. (C) XBP1s mRNA levels
measured by real time PCR (qPCR) (n = 5 for each group). (D) Levels of unspliced and spliced XBP1 mRNAs analyzed by reverse transcription PCR. MEFs were infected with
increasing doses of Ad-PGC-1¢, and treated with tunicamycin (Tm; 3 png/ml, 90 min). (E) Levels of endogenous Xbp7s mRNA and protein in MEFs that were infected overnight with
Ad-LacZ or Ad-PGC-1a then treated with increasing doses (0, 0.125, 0.25, 0.5, 1, 2 uM) of tunicamycin for 5 h. (F) ERSE-luciferase assay in MEFs infected with a fixed amount of
Ad-XBP1s, plus increasing doses of Ad-PGC-1a., as in B and C. Renilla luciferase activity was used for normalization (n = 3 for each group). (G) Levels of endogenous Fox01
protein in Fao cells infected with increasing doses of Ad-PGC-1a.. (H) Levels of endogenous Fox01 protein in Fao cells infected with equal amounts of Ad-XBP1s and Ad-LacZ or Ad-
PGC-1a.. We infected cells with the equal amount of virus by co-infecting with Ad-LacZ, and each experiment was repeated at least two times. Values are means + s.e.m.
Significance was determined by two-way analysis of variance (ANOVA), with Bonferroni multiple-comparison analysis (E) or Student’s £ test (C,F). AU, arbitrary units. **P < 0.01,
***p < 0.001.

protein in the absence of XBP1s (Figure 2D), documenting that the anti-
XBP1 antibody did not cross-react with the PGC-1a. protein. When

protein degradation with MG-132 treatment. The XBP1s was highly
ubiquitinated in the presence of PGC-1a. (Figure 2C), suggesting that

PGC-1o. promotes the degradation of the XBP1s protein via
ubiquitination.

To examine whether PGC-1a. and XBP1s interact physically to mediate
the degradation of XBP1s protein, we transfected HEK293 cells with
PGC-1a plasmid alone, or together with a plasmid for XBP1s. The cells
were then lysed and co-immunoprecipitated with an anti-XBP1 anti-
body, and the immunoprecipitates were analyzed with western blot-
ting. The anti-XBP1 antibody did not immunoprecipitate the PGC-1o

PGC-1o. and XBP1s were co-expressed and cell lysates immunopre-
cipitated with anti-XBP1, PGC-1a was detected in immunoprecipitates
alongside XBP1s (Figure 2D); conversely, when PGC-1a. was immu-
noprecipitated, XBP1s was detected in the immunoprecipitates
(Supplementary Figure 2A).

To further investigate whether endogenous PGC-1a. and endogenous
XBP1s also bind to each other in the liver in vivo, total hepatic protein
lysates were collected from mice, which had been refed for 90 min
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Figure 2: PGC-1a physically interacts with XBP1s and promotes ubiquitin-mediated XBP1s protein degradation. (A, B) HEK293 cells, transfected with a plasmid expressing XBP1s
plus empty vector or a plasmid expressing PGC-1a., were treated with cycloheximide (CHX, 50 pg/ml) for the indicated time. (A) Levels of XBP1s, PGC-1a., and Hsp90 protein
levels. # indicates longer exposed film. (B) The quantified ratio of XBP1s to Hsp90 protein in A before and after treatment with CHX. (C) XBP1s, PGC-1c., tubulin, and ubiquitinated
XBP1s protein levels. HEK293 cells expressing ubiquitin and XBP1s with or without PGC-1a. were treated with DMSO or MG132 (10 M) for 1 h. Ubiquitinated XBP1s was analyzed
from immunoprecipitates pulled down with antibody specific to XBP1 (anti-XBP1), by immunoblotting with anti-ubiquitin. (D) Co-immunoprecipitation of XBP1s and PGC-1a..
HEK293 cells were transfected with plasmid expressing PGC-1a, with or without the plasmid that encodes XBP1s. Cells were lysed and immunoprecipitated with anti-XBP1. (E) Co-
immunoprecipitation of endogenous XBP1s and PGC-1a. Eight week-old male mice were fasted for 24 h, then refed for 90 min. Liver protein lysates were immunoprecipitated with
either rabbit IgG or anti-XBP1, and co-immunoprecipitates were analyzed by western blotting. Each experiment was independently reproduced at least three times. Values are

means =+ s.e.m. Significance was determined by two-way analysis of variance (ANOVA), with Bonferroni multiple-comparison analysis (B). ***P < 0.001.

after 24 h fasting, to induce endogenous XBP1s expression. We
detected PGC-10. in immunoprecipitates pulled down with anti-XBP1s
from mouse liver (Figure 2E), while control IgG was not able to pull-
down XBP1s and PGC-1q; this shows that endogenous XBP1s also
interacts physically with PGC-1¢ in vivo. In sum, PGC-1at interacts with
XBP1s in vitro and in vivo and it facilitates XBP1s protein degradation
via ubiquitin-proteasome pathway instead of activating XBP1s activity.

3.3. The molecular interaction between the activation domain of
PGC-1a. and XBP1s promotes its degradation

PGC-1a consists of an N-terminal region that contains activation and
repression domains, a C-terminal region with a Ser/Arg-rich domain
(SR domain), and an RNA binding domain (Figure 3A) [19—22]. The C-
terminal region interacts with MEF-2 and Fox01, while the N-terminal
region — including the activation domain and repression domains —
binds to various nuclear receptors and NRF-1 [19—21,28,30,31]. The
activation domain of PGC-1a. is necessary for promoting transcriptional
activity of target transcription factors [32]. To understand which area
(within PGC-1¢) is involved in the physical interaction with XBP1s and
how it functions as an XBP1s suppressor, we first expressed XBP1s in
HEK293 cells — along with increasing doses of full-length PGC-1¢t, or
of only the N-terminal half of PGC-1¢ (1-400), including the activation
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and repression domains, or of only the C-terminal half of PGC-1a. (407-
769). N-terminal PGC-1c (1-400) facilitated degradation of XBP1s
protein, in a manner comparable to full length PGC-1¢. (Figure 3B),
while the C-terminal of PGC-1¢. (407-769) was unable to reduce levels
of XBP1s protein (Figure 3B).

We next expressed XBP1s in HEK293 cells along with increasing doses
of full-length PGC-1a, with the activation domains of PGC-1a (1-180,
or 1-184) or with the repression domain of PGC-1a (185-406). XBP1s
was robustly down-regulated by the activation domains (PGC-1at 1-
180 and 1-184) as well as by full-length PGC-1a (Figure 3C); however,
the repression domain (185-406) failed to promote XBP1s degradation
(Figure 3C). Co-immunoprecipitation (to establish whether the activa-
tion domain of PGC-1o. mediates XBP1s degradation through physical
interaction with XBP1s) revealed that full-length PGC-1¢, and also its
activation domain (1-184), interact physically with XBP1s, but the
repression domain (185-406) of PGC-1a does not (Figure 3D). By using
PGC-1a. that was further truncated within the activation domain, we
found that residues 1-105 of PGC-1a., or the activation domain (1-
184), were both able to diminish XBP1s protein levels, while amino
acids 106-406 of PGC-1¢ failed to reduce the amount of XBP1s protein
(Figure 3E). Moreover, residues 34-184 and 67-184 of PGC-1a also
retained their ability to down-regulate XBP1s protein (Figure 3F). Co-
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Figure 3: Molecular interaction between XBP1s and the activation domain of PGC-1a.. (A) The protein domains of mouse PGC-10. and XBP1s. (B) XBP1s, PGC-1a., PGC-1at (1-400),
PGC-10. (406-769), and actin protein levels. Plasmid expressing XBP1s was transfected to HEK293 cells, along with increasing doses of plasmid producing full-length PGC-1a,
PGC-10. (1-400) or (406-769). (C) Protein amounts of XBP1s, PGC-1a, PGC-1a (1-180), (1-184), (185-406), and actin. XBP1s plasmid was transfected into HEK293 cells, along
with increasing amounts of plasmid expressing full-length PGC-1a., PGC-1a (1-180), (1-184), or (185-406). (D) Co-immunoprecipitation of XBP1s and different regions of PGC-1a..
HEK293 cells were transfected with plasmids expressing XBP1s, together with flag-tagged full-length PGC-1a,, PGC-1a. (1-184), or (185-406). Co-immunoprecipitation was
performed using anti-XBP1, and immunoprecipitates were analyzed with indicated antibodies and flag antibody (anti-flag) for PGC-1c. (1-184) and (185-406) in immunoblot. (E)
Levels of XBP1s, PGC-1a. (1-184), (1-105), (106-406), and actin proteins in HEK293 cells transfected to express XBP1s plus increasing doses of indicated PGC-1a. truncates. (F)
XBP1s, PGC-10. (106-406), (34-184), (67-184), and Hsp90 protein levels. (G) Co-immunoprecipitation of XBP1s and different PGC-10 truncates. HEK293 cells expressing XBP1s,
along with indicated flag-tagged PGC-1¢ constructs, were lysed and used for immunoprecipitation with anti-XBP1. (H) Immunoblot of XBP1s, of PGC-1¢. (1-184) constructs with
indicated amino acids mutated to alanine, and of Hsp90 protein. HEK293 cells were transfected with XBP1s plasmid plus increasing doses of indicated PGC-1a. (1-184) constructs.
() Protein levels of XBP1s, wild-type (WT) and mutant PGC-1a. (76-85A), and Hsp90. HEK293 cells were transfected with XBP1s plasmid plus increasing doses of plasmids
encoding wild-type PGC-1o. or mutated PGC-1c (76-85A). Each experiment was repeated at least two times.

immunoprecipitation also revealed a physical interaction between
residues 34-184 or 67-184 of PGC-10. and XBP1s, while not from
residues 106-406 of PGC-1a., (Figure 3G), suggesting that the area
within 67—105 of PGC-1¢. is responsible for the degradation of XBP1s
protein.

We then made a series of mutations within the PGC-1a activation
domain (1-184) by changing each set of ten amino acids (within 67—
105) to alanine, thereby generating constructs with amino acid resi-
dues between 66 and 75 (66-75A), 76 and 85 (76-85A), 86 and 95
(86-95A), or 96 to 105 (96-105A) changed to alanine. When these
mutated activation domains of PGC-1a. were co-expressed with
XBP1s, only the activation domain of PGC-1a with residues 76 to 85
mutated (76-85A) lost its ability to reduce XBP1s protein, while the

other mutations still retained their ability to degrade XBP1s (Figure 3H);
and the activation domain of PGC-1a. (76-85A) also had no ability to
bind to XBP1s (Supplementary Figure 2B). Next, we introduced the 76-
85A mutation into full-length PGC-1a. and co-expressed the mutated
protein with XBP1s. While wild-type PGC-1¢. promotes XBP1s protein
degradation, PGC-1a (76-85A) could not facilitate such degradation
(Figure 3lI), reinforcing the conclusion that the amino acids 76-85
within the activation of domain of PGC-1¢ are critical for the down-
regulation of XBP1s protein.

3.4. The activation domain of XBP1s interacts with PGC-1a.
We also sought to uncover the parts of XBP1s that are involved in
interacting with PGC-1al, starting with N-terminal XBP1s (1-126),
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which includes a basic leucine-zipper (bZIP) DNA binding domain, and
with the C-terminal activation domain (127-371) (Figure 3A). When we
expressed either the N-terminal (1-126) or the C-terminal (127-371) of
XBP1s along with increasing doses of full-length PGC-1¢. in HEK293
cells, the levels of N-terminal XBP1s (1-126) protein remained stable,
whereas those of C-terminal XBP1s (127-371) protein were strongly
diminished in the presence of PGC-1¢ (Figure 4A). Additionally, we
tested whether the binding of PGC-1a to the C-terminal activation
domain (127-371) could mediate the protein degradation of XBP1s.
When flag-tagged XBP1s 1-126 or 127-371 was co-expressed with
PGC-1o. and then immunoprecipitated with a flag antibody, we
observed that N-terminal XBP1s exhibited no interaction with PGC-1a,
while the C-terminal activation domain of XBP1s could bind to PGC-1¢.
even when the amount of the activation domain protein was robustly
reduced due to the co-expression of PGC-1a (Figure 4B).

We further examined the protein interaction of XBP1s and PGC-1a.
within the activation domain of XBP1s. First, we created various
truncated forms of XBP1s, by adding a stop codon at different locations
in the activation domain; we then tested the function of these truncated
forms in vitro, by co-expressing them with PGC-1¢.. When XBP1s (1-
226), (1-252), or (1-276) was co-expressed with increasing doses of
PGC-1o. in HEK 293 cells, the levels of XBP1s (1-226) and (1-252)
were unchanged; however, the amount of XBP1s (1-276) protein was
robustly diminished by the co-expression of PGC-1a (Figure 4C). Next,
we examined the protein interaction between PGC-1a and the
following flag-tagged XBP1s truncates: full-length XBP1s, XBP1s (1-
226), (1-252) or (1-276); this was achieved by co-expressing the
truncated forms of XBP1s with PGC-1¢.. As shown in Figure 4D, XBP1s
(1-276), as well as full-length XBP1s, interacted physically with PGC-
1o, while XBP1s (1-226) failed to show such binding. These obser-
vations again suggest that a physical interaction between the two
proteins is required for PGC-1a-mediated down-regulation of XBP1s.
Interestingly, XBP1s (1-252) displayed levels of protein interaction with
PGC-1a that were comparable with those of other XBP1s constructs —
such as XBP1s (1-276) - even though PGC-1¢. was not able to reduce
the levels of XBP1s (1-252) protein (Figure 4C, D).

The above results suggest that amino acid residues between 227 and
252 within the activation domain of XBP1s also participate in physical
interaction with PGC-10, whereas residues 253—276 of XBP1s are still
required for subsequent processes — possibly for ubiquitin ligase
recruitment and/or ubiquitination — that, in turn, lead to XBP1s down-
regulation.

Therefore, we next explored sites within the activation domain of
XBP1s, where ubiquitination may be stimulated by PGC-1a. Ubiquitins
are covalently conjugated to lysine residues of substrate proteins by
ubiquitin ligases [33]. Interestingly, there are several lysine residues
located within the activation domain of XBP1s such as K241, K257,
K276, and K297, which are highly conserved among various
mammalian XBP1s (Figure 4E). We thus mutated each of single lysine
to arginine at the 241, 257, 276, or 297 positions of XBP1s, expressed
these mutated XBP1s along with PGC-1a. and found that XBP1s with
K257R was more stable compared to the other mutated XBP1s, when
co-expressed with PGC-1a. (Supplementary Figure 2C). However,
subsequent co-expression of XBP1s K257R with higher levels of PGC-
1o, compared to the levels in Supplementary Figure 2C, still led to
degradation of XBP1s K257R (Supplementary Figure 2D). When we
made double mutant XBP1s, in which two lysine residues were
changed to alanine, and expressed these in the presence of PGC-1a,
we found that XBP1s with K241R and K257R were much more
resistant to PGC-1a-mediated degradation, relative to other double-
mutated XBP1s (Figure 4F).
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Next, we determined whether the half-life of XBP1s is increased when
ubiquitination at K241 and K257 is prevented in the presence of PGC-
1a. To achieve this, we expressed either wild-type or XBP1s with
K241R and K257R along with PGC-1a., blocked further protein syn-
thesis by adding cycloheximide, and then followed the half-life of
XBP1s (Figure 4G,H). The stability and half-life of XBP1s K241R and
K257R were significantly increased compared to those of wild-type
XBP1s when PGC-1a. was co-expressed (Figure 4G, H); however, in
the absence of PGC-1a., the half-lives of wild-type XBP1s and of XBP1s
K241R/K257R were not significantly different (Supplementary
Figure 2E).

Furthermore, when either wild-type XBP1s or XBP1s with a double
mutation at K241R and K257R was co-expressed with PGC-1a, we
noted that PGC-1a-induced ubiquitination was strongly diminished in
the double-mutated XBP1s (K241R and K257R), suggesting that each
of these lysine residues is a primary ubiquitination site, which is
stimulated by the interaction with PGC-1¢ (Figure 4l). Previous pro-
teomic analysis has also identified K262 of human XBP1s (equivalent
to K257 of murine XBP1s) as a possible ubiquitination site [34].

The above observations in vitro led us to conclude that (i) the activation
domains of PGC-1a. and XBP1s interact physically; (ii) the interaction
between these two proteins curbs the activity of XBP1s as an UPR
transcription factor and as a FoxO1 suppressor, rather than promoting
the transcriptional activity of XBP1s; and (iii) such suppression medi-
ated by PGC-1a. occurs via increased ubiquitination and protein
degradation of XBP1s. Thus, when the physical interaction between
two proteins is prevented by deletion studies or mutations, PGC-1¢
loses its ability to suppress XBP1s activity.

3.5. Increased hepatic PGC-1¢. expression down-regulates XBP1s
protein levels

Next we investigated whether the interaction between PGC-1a. and
XBP1s also leads to a reduction in XBP1s protein levels in vivo. Given
that PGC-1a. expression is highly elevated and XBP1s function is
impaired in the livers of obese and diabetic mice [15,16,24,35], we
examined whether levels of XBP1s protein are diminished in the livers
of lean mice when PGC-1a. expression is increased. The only known
physiological way to induce endogenous XBP1s in the liver in vivo is
feeding [15]; thus, we analyzed XBP1s protein amount during
refeeding after fasting with or without PGC-10. overexpression.

We overexpressed PGC-1a. in the liver of 8-week-old lean male mice
by tail vein injection of adenovirus expressing PGC-1¢. (Ad-PGC-10) or
control adenovirus (Ad-LacZ); five days post injection, mice were
fasted for 24 h, then refed for 1 h. Ad-PGC-1a injection successfully
increased hepatic PGC-1o. expression, both at the transcript and
protein levels (Figure 5A,C and Supplementary Figure 3A). Control mice
exhibited increased hepatic XBP1s expression (in both transcript and
protein levels) and nuclear translocation upon refeeding (Figure 5B—E).
Refeeding generated a comparable amount of spliced XBP1 mRNA
(Xbp1s) in the livers of mice injected with Ad-PGC-10. compared to
those of Ad-LacZ controls (Figure 5B). However, total XBP1s protein
amount and, accordingly, nuclear translocation of XBP1s during
refeeding were significantly diminished in the livers of mice with
increased expression of PGC-1a. (Figure 5C—E).

Next, we expressed XBP1s in the liver of lean mice via injection of Ad-
XBP1s through the tail vein and then induced endogenous PGC-1a
expression by administering glucagon (500 pg/kg, intraperitoneal in-
jection). Ad-XBP1s injection increased both transcript and protein
levels of XBP1s (Figure 5F—H). Glucagon treatment successfully
increased endogenous PGC-1o. expression in the liver (Figure 5G)
without altering mRNA level of XBP1s (Figure 5F). However, glucagon
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Figure 5: Increasing PGC-1a. expression in the liver down-regulates endogenous hepatic XBP1s activity. (A—E) Eight week-old lean male mice were infected with Ad-LacZ (n = 4)
or Ad-PGC-1a (1.2 x 108 PFU/g, n = 4) via tail-vein injection; 5 days later, the mice were fasted for 24 h, then re-fed for 1 h. (A) PGC-1a. mRNA (Ppargc1a) levels and (B) Xbp1s
mRNA levels in the liver determined by qPCR. (C) Levels of endogenous XBP1s and tubulin protein in total liver extracts, and levels of nuclear XBP1s, flag-PGC-1¢, and lamin A/C
protein levels in nuclear extracts from the liver. (D, E) Quantitation of XBP1s protein levels in C. (D) XBP1s protein amounts in total liver lysates normalized with tubulin and
(E) XBP1s protein amounts in the nuclear fraction normalized with Lamin A/C. (F—H) Eight week-old lean male mice were infected with Ad-LacZ or Ad-XBP1s (4 x 107 PFU/g) via
tail-vein injection. 5 days later, 4 h-fasted mice received either saline or glucagon (500 pg/kg) by intraperitoneal injection. The liver was collected 2 h after the treatment. (F) Xbp1s
mRNA levels in the liver (n = 5 for each). (G) Levels of XBP1s, PGC-1c, and actin proteins in the liver. (H) Quantified XBP1s protein levels in G. Each experiment was independently
repeated in three independent cohorts (A—H). Values are means =+ s.e.m. Significance was determined by Student’s £ test or one-way ANOVA with Bonferroni post hoc test (F, H).
*P < 0.05, **P < 0.01, **P < 0.001. N/S — not significant.

Figure 4: Molecular interaction between the activation domain of XBP1s and PGC-1a. (A) Levels of flag-tagged XBP1s (1-126) and (127-371), in the presence of increasing
amounts of PGC-1¢a.. (B) Co-immunoprecipitation of flag-tagged XBP1s (1-126) or (127-371), and PGC-1¢.. Different XBP1s constructs were immunoprecipitated with anti-flag
antibody conjugated with agarose beads. Immunoprecipitates were analyzed with indicated antibodies and anti-flag in western blot. (C) Levels of XBP1s (1-226), (1-252), and
(1-276) protein, when co-expressed with increasing amounts of PGC-1¢. (D) Co-immunoprecipitation of flag-tagged full-length XBP1s, XBP1s (1-226), (1-252), or (1-276), and
PGC-1a.. (E) Protein sequence alignment of the XBP1s activation domains from various mammalian species. The sequence location of lysines are based on mouse Xbp1s. (F) WT
XBP1s, XBP1s with K204R/K257R, K241R/K257R, or K257R/K276R, PGC-1a. and Hsp90 protein amounts, visualized by western blotting. Indicated XBP1s constructs were co-
expressed with increasing doses of PGC-1c. (G,H) XBP1s (WT or K246R/K257R) was co-expressed with PGC-1c., and then treated with CHX (50 pg/ml) for the indicated
time. (G) XBP1s (WT or K241R/K257R), PGC-1a. and Hsp90 protein levels. (H) Quantitation of the ratio between levels of XBP1s and Hsp90 protein, before and after treatment with
CHX. (I) Levels of XBP1s (WT or K241R/K257R), PGC-1¢., Hsp90, and ubiquitinated Xbp1s proteins. HEK293 cells were transfected overnight with plasmids expressing ubiquitin and
XBP1s (WT or K241R/K257R), with or without PGC-1a, then treated with DMSO or MG132 (10 M) for 1 h. Ubiquitinated XBP1s was analyzed from immunoprecipitates with anti-
XBP1 by immunoblotting with anti-ubiquitin. Each experiment was independently reproduced at least two times. Values are means =+ s.e.m. Significance was determined by two-
way ANOVA with Bonferroni multiple-comparison analysis (H). **P < 0.01, **P < 0.001.
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treatment significantly down-regulated XBP1s protein levels
(Figure 5G,H). Collectively, our data suggest that PGC-1a. protein also
reduces XBP1s protein levels in vivo.

3.6. Reducing hepatic PGC-1a. expression increases XBP1s activity
in obese mice

We have previously shown that one of the pathologies leading to
development of glucose intolerance in obesity is reduced XBP1s ac-
tivity [15,16]. Considering the fact that PGC1a. leads to degradation of
XBP1s, and that PGC1a. expression and activity are increased in the
livers of obese mice [24], we sought to investigate whether reducing
PGC-1a. expression in the liver of obese mice will increase XBP1s
protein levels and subsequently contribute to improvement of glucose
homeostasis. Eight-week-old ob/ob male mice were injected via the
tail vein with adenovirus expressing shRNA against PGC-1o. while
control ob/ob mice were injected with shLacZ-producing adenovirus.
Glucose tolerance test (GTT) demonstrated a marked improvement of
glucose clearance in obese mice expressing shPGC-1a. compared to
control ob/ob mice (Supplementary Figure 3B, C). Both fed and fast
blood glucose were significantly reduced in Ad-shPGC-1a.-infected ob/
obmice (Supplementary Figure 3D, E). ShPGC-1a significantly lowered
PGC-1a. gene expression (Ppargcia) in the liver (Supplementary
Figure 3F) and also down-regulated other gluconeogenic gene
expression including G6pc and Pck1 (Supplementary Figure 3F).
Reduced PGC-1a expression in obese mouse liver did not lead to any
significant change in Xbp7s mRNA levels (Supplementary Figure 3G);
however, nuclear XBP1s levels were significantly increased in mouse
liver expressing shPGC-1a (1.1 & 0.2 vs. 12.0 + 3.9, shLacZ vs.
shPGC-1a,, p = 0.03) (Supplementary Figure 3H, ). In line with
elevated XBP1s protein levels in the nucleus, total FoxO1 protein levels
were reduced (Supplementary Figure 3J, K), and the expression of
XBP1s target genes was increased in the liver (Supplementary
Figure 3L), suggesting that decreased PGC-1a activity up-regulates
XBP1s function.

We further investigated whether reducing PGC-1a. protein levels re-
stores XBP1s protein induction and activity during refeeding in obese
mouse liver. Ob/ob mice were injected with adenovirus expressing
shPGC-1a. or shLacZ as control, and, six days after virus injection,
mice were fasted for 24 h and refed for 1 h (Figure 6A—E) or 3 h
(Figure 6F—I). ShRNA against PGC-1a effectively reduced the PGC-1a
mRNA levels in livers of ob/ob mice (Figure 6A). Reduction of PGC-1a
expression again did not alter levels of Xbp7s mRNA generated during
refeeding, which were comparable to those in control mouse liver
(Figure 6B). ShLacZ-expressing ob/ob mice exhibited that low amount
of XBP1s proteins were generated and translocated into the nucleus in
the liver during refeeding (Figure 6C—E), however ob/ob mice with
shPGC-1a. demonstrated a significant increase in total protein induc-
tion and nuclear translocation of XBP1s during refeeding (Figure 6C—
E). Accordingly, when we measured XBP1s target gene expression
during refeeding, we found that refeeding failed to induce Protein
Disulfide Isomerase Family A, Member 2 (Pdia2), DnaJ (Hsp40) Ho-
molog, Subfamily B, Member 9 (Dnajb9), ER Degradation Enhancer,
Mannosidase Alpha-Like 1 (Edem7) and Homocysteine-Inducible,
Endoplasmic Reticulum Stress-Inducible, Ubiquitin-Like Domain
Member 1 (Herpud1) gene expression in control obese mouse liver as
we documented previously [15] (Figure 6F—I); however, depletion of
PGC-1a. restored feeding-induced XBP1s target gene expression in the
liver (Figure 6F—I).

Next, we investigated whether the interaction between PGC-1a and
XBP1s contributes to glucose homeostasis in vivo. We injected ob/ob
mice with adenoviruses expressing shControl, shPGC-1a (shPGC-

128

1o + shControl), or shPGC-1a with shXBP1 (shPGC-1a. + shXBP1) via
tail vein injection. In order to deliver both shPGC-1o and shXBP1 to
mice without creating toxicity, we used a lower dose of adenovirus for
shPGC-1a. (see Supplementary Experimental Procedures for the detail)
compared to other experiments in Figure 6A—I and Supplementary
Figure 3. The reduced dose we used for shPGC-1o. (shPGC-
1a. + shControl and shPGC-1a. + shXBP1) still significantly down-
regulated endogenous PGC-1a levels in the liver compared with
shControl (Figure 6J). ShXBP1 (shPGC-1a + shXBP1) also produced
marked down-regulation of hepatic XBP1s levels (Figure 6J). There
was no difference in food intake and body weight among groups
(Supplementary Figure 4). Ob/ob mice expressing shPGC-1o. alone
(ShPGC-1ac  + shControl) showed improved glucose tolerance
compared to shControl group (Figure 6K). However, simultaneous
down-regulation of XBP1s along with PGC-1a in the liver (ShPGC-
1o + shXBP1) reversed such an improvement in glucose tolerance
created in shPGC-1a. + shControl group (Figure 6K). There was no
difference in glucose tolerance between shControl and shPGC-
1o + shXBP1 groups (Figure 6K).

Collectively, our data in vivo demonstrated the existence of molecular
interaction between endogenous PGC-1a and endogenous XBP1s in
the liver and documented that increased PGC-1a. contributes to
reduced XBP1s activity in obesity, and reducing PGC-1a in obese
mouse liver significantly improves XBP1s action that contributes to the
reduction of hepatic gluconeogenesis.

4. DISCUSSION

As obesity surges to an epidemic level globally, obesity-associated
pathologies such as type 2 diabetes and cardiovascular diseases
have become serious health, economic, and social concerns; but while
the development of therapeutics to address these disorders remains a
central goal in the field, success has been elusive. A more detailed
understanding of the mechanisms underlying diabetes and other
obesity-related diseases may lead to new clinical treatment options.
Recent efforts including ours have demonstrated that ER stress plays a
crucial role in the development of obesity-linked metabolic disorders
and can be promising therapeutic target to treat them [5,6]. Increased
ER stress was documented in the hypothalamus, liver, and adipose
tissues both from obese animal models and human subjects [12—
14,36]. Furthermore, reducing ER stress by administrating chemical
chaperones such as 4-phenylbutyrate (4-PBA), tauroursodeoxycholic
acid (TUDCA), Celastrol, and Withaferin A has shown to improve leptin
sensitivity and systematic glucose homeostasis not just in animal
models but also in obese and insulin resistant human patients [13,37—
41].

In recent years, we have identified several mechanistic pathologies
that lead to development of ER stress in obesity conditions [15,16,42].
One of the most important mechanisms that we identified was that the
activity of XBP1s, the master regulator of ER homeostasis, was
reduced in obesity conditions [15,16] and that this reduction not only
plays a crucial role for development of ER stress in obesity but also
directly leads to up-regulation of hepatic glucose production [17].
Under normal conditions, XBP1s interacts with FoxO1 leading to FoxO1
degradation in post-prandial conditions, which ultimately reduces the
hepatic gluconeogenic gene expression [17], whereas reduced
effectiveness of this mechanism in obesity increases hepatic glucose
output and hyperglycemia [17].

PGC-1a is a central regulator of cellular pathways involved in meta-
bolic homeostasis in various organs such as the brain, muscle, brown
and white adipose tissues, pancreatic [ cells, and liver [22,43—46]
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and is recognized as a co-activator of a variety of transcription factors.
PGC-1a. is a powerful inducer of hepatic glucose production by its
ability to increase the activity of gluconeogenic transcription factors
such as FoxO1 and HNF4a during fasting conditions. As detailed
above, XBP1s in the liver plays an important role in down-regulation of
hepatic gluconeogenesis during post-prandial state in healthy condi-
tions [15—17,47].

Our current work shows that PGC-1a. interacts with XBP1s both
in vitro and in vivo, but, unexpectedly, their physical interaction leads
to the suppression — rather than the promotion — of XBP1s activity
by facilitating ubiquitination and protein degradation of XBP1s via the
26S proteasome. Our findings are the first to report a negative role for
PGC-1¢ on activation of a transcription factor through the physical
interaction. This unexpected negative input from PGC-1a to XBP1s
activity probably evolved to ensure proper functioning of PGC-1a-
Fox01 axis when the organism is shifting to fasting from a fed state.
Hepatic glucose production is one of the most crucial processes that
is necessary to keep the blood glucose level within a very narrow
range. Hepatic XBP1s protein amount is high in fed states and this
has a powerful effect on blockade of FoxO1 activity. However, when
an organism starts to shift to a fasting state, hepatic glucose pro-
duction has to be increased to prevent hypoglycemia. In this state,
PGC-1a levels and activity start to increase to activate the tran-
scription factors such as HNF4o and FoxO1 that are involved in up-
regulating the hepatic glucose production. Our results indicate that
PGC-1a, while activating the gluconeogenic transcription factors,
also inhibits XBP1s to prevent XBP1s’s effect towards Fox01, to in-
crease the efficiency of Fox01 (Supplementary Figure 5). Indeed, our
results document that PGC-1o has dominance over XBP1s-Fox01
axis; in the presence of PGC-1a, XBP1s loses its ability to inhibit
Fox01.

While in healthy conditions this mechanism is beneficial for regula-
tion of blood glucose levels, in obesity, hepatic PGC-1a expression is
highly increased, and this up-regulation has previously shown to
contribute to the increased hepatic glucose production and conse-
quently to the hyperglycemia [24,27,35]. Probably, one of the most
challenging times for keeping blood glucose levels of type 2 diabetic
patients under control is the post-prandial state. Our results indicate
that increased hepatic PGC-1a in obesity and a consequent decrease
in XBP1s activity lead to a higher level of hepatic glucose production
through up-regulation of FoxO1 activity. Indeed, elevated hepatic
PGC-1a. expression in otherwise healthy lean mice is associated with
reduced amount and nuclear translocation of XBP1s protein during
post-prandial state; however, attenuation of PGC-10. expression in
obese mouse liver leads to up-regulation of XBP1s protein during
refeeding.

5. CONCLUSIONS

In summary, our results both in vitro and in vivo collectively point to a
new function of PGC-1a in obesity and document that PGC-1c,
through interacting with XBP1s and subsequently directing it to 26S
proteasome-mediated degradation, leads to suppression of XBP1s
activity. These results indicate that PGC-1a. not only is a co-activator
but also leads to suppression of the activity of its binding transcrip-
tion factors. Moreover, PGC-1a/s function as a co-suppressor of
XBP1s, in addition to as a co-activator of FoxO1 and HNF4a., leads to
impaired glucose homeostasis in obese and diabetic mice. Thus,
disruption of the interaction between PGC-1o and XBP1s might provide
a potential therapeutic avenue for restoring glucose metabolism in
obese and diabetic patients.
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