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ABSTRACT

Orphan nuclear receptor ERRy is a member of
nuclear receptor superfamily that regulates several
important cellular processes including hepatic
glucose and alcohol metabolism. However,
mechanistic understanding of transcriptional regu-
lation of the ERRy gene remains to be elucidated.
Here, we report that activating transcription
factor 6a (ATF6s), an endoplasmic reticulum
(ER)-membrane-bound basic leucine zipper (bZip)
transcription factor, directly regulates ERRy gene
expression in response to ER stress. ATF6a binds
to ATF6a responsive element in the ERRy
promoter. The transcriptional coactivator
peroxisome proliferator-activated receptor gamma
coactivator 1-a (PGC-1q) is required for this trans-
activation. Chromatin immunoprecipitation (ChlIP)
assay confirmed the binding of both ATF6a and
PGC1a on the ERRy promoter. ChIP assay
demonstrated histone H3 and H4 acetylation
occurs at the ATF6a and PGC1a binding site. Of
interest, ERRy along with PGC1a induce ATF6a
gene transcription upon ER stress. ERRy binds to
an ERRy responsive element in the ATF6a
promoter. ChIP assay confirmed that both ERRy

and PGC1a bind to a site in the ATF6a promoter
that exhibits histone H3 and H4 acetylation.
Overall, for the first time our data show a novel
pathway of cross talk between nuclear receptors
and ER-membrane-bound transcription factors
and suggest a positive feed-forward loop regulates
ERRy and ATF6a gene transcription.

INTRODUCTION

Estrogen-related receptors (ERRs) are members of the
NR3B subfamily of nuclear receptors, which include
ERRa, ERRP and ERRY. These orphan nuclear receptors
regulate transcription via estrogen response elements and
the closely related ERR response elements (ERREs) but
do not bind endogenous estrogen (1). The ERRs are
named owing to the conservation in the structure of
their DNA-binding domains with the highly homologous
Estrogen Receptor (2). Crystallographic studies indicate
that the ERRs along with ERRYy are constitutively active
without a natural ligand, while several synthetic ligands
either stimulate or repress the activity of ERRYy by
promoting or disrupting ERR-—coactivator interactions
(3). Among them, GSK5182, a 4-hydroxy tamoxifen
analog, is a selective inverse agonist of ERRY relative to
other nuclear hormone receptors (4). ERRy is primarily
expressed in heart, brain, kidney, pancreas and liver
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tissues (3). The transcriptional activity of the ERR family
is dependent on interactions with coactivators, in particu-
lar PGC-1a and PGC-1B (5). ERRa and ERRY regulate
mitochondrial programs involved in oxidative phosphor-
ylation and a nuclear-encoded mitochondrial genetic
network that coordinates the postnatal metabolic transi-
tion in the heart (5). We previously reported that hepatic
ERRYy regulates hepatic gluconeogenesis by directly
binding to the Phosphoenolpyruvate carboxykinase and
Glucose 6-phosphatase (G6Pase) promoters along with
coactivator PGC-1a (6). Previous results from our labora-
tory also demonstrated that ERRYy directly binds to the
LIPINI promoter along with coactivator PGC-la to
regulate LIPIN1 gene expression, and inhibits hepatic
insulin signaling (7), ERRy controls hepatic CBI
receptor-mediated CYP2E1 expression at the transcrip-
tional level and thus contributes to the oxidative liver
injury by alcohol (8). Finally, hypoxia induces pyruvate
dehydrogenase kinase 4 (PDK4) gene expression through
induction of ERRYy (9). Although all these reports clearly
suggest a key role of ERRy in different cellular processes,
its role in endoplasmic reticulum (ER) stress is yet to be
determined.

Recently, numerous studies demonstrate the importance
of ER stress in the pathogenesis of various liver diseases,
including chronic viral hepatitis, insulin resistance, non-
alcoholic fatty liver disease, ischemia-reperfusion injury,
genetic disorders of protein misfolding and alcoholic
liver disease (10-12). The ER stress response involves
the function of three molecular components: protein
kinase R-like ER kinase, inositol requiring enzyme-1/
X-box binding protein (XBP)-1 and activating transcrip-
tion factor 6o (ATF6a) (13). Among these, ATF6a is a
member of the ATF/cCAMP response element-binding
protein basic-leucine zipper family of DNA-binding
proteins (14). On induction of ER stress, ATF6a translo-
cates from the ER to the Golgi (15), where it is cleaved by
site 1 and 2 proteases (16). Proteolytic cleavage of ATF6a
directly induces transcriptional activation of ER chaper-
ones and other enzymes that are essential for protein
folding (15-18). In addition to posttranslational modifica-
tion of ATF6a, accumulating evidence suggests that ER
stressors, including hypoxia and tunicamycin (Tm)
upregulate ATF6ac mRNA expression, which suggests
that an increase in the expression of ATF6a is also
important for the ER stress response (16,19). ATF6a
has been reported to regulate Glucose-Regulated
Protein78 (GRP78) gene expression (20). ATF6a also
interacts with serum response factor to regulate serum-
induced expression of the c-fos gene (21). One report
also suggests that ATF6a concertedly works with
coactivator PGCla to regulate different gene expression
(22). Although all these reports clearly suggest a key
role of ATF6a in regulation of different cellular factors,
its role in regulation of nuclear receptors during ER
stress is yet to be determined.

PGC-1a, a member of a small family of coactivators, was
identified using yeast two-hybrid assays for peroxisome
proliferator-activated receptor 7y (PPARY)-interacting
proteins (23) and is implicated in mitochondrial metabol-
ism, thermogenesis, mitochondrial biogenesis, adipocyte
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differentiation, gluconeogenesis and glucose uptake
(24,25) and to interact with a number of other nuclear re-
ceptors such as glucocorticoid receptor (GR) (26), nuclear
respiratory factor-1 (NRF-1) (27), hepatocyte nuclear
factor 400 (HNF4a) (28), estrogen receptor o (ERa) (29),
peroxisome proliferator-activated receptor o (PPARw)
(30), retinoid X receptor (RXR) (31) and ERRa (32).
PGC-1la is a 798 amino acid multifunctional protein har-
boring several domains with distinct activities. The amino-
terminal domain exhibits a transcriptional activation
function (29) that is followed by an overlapping region
involved in interactions with nuclear receptors containing
two well-characterized NR boxes required for receptor rec-
ognition (24,29,31,33). For ligand-dependent interaction
with the nuclear receptors at least one of the three NR
box motifs of PGC-1a is required (29,31,33). The lysine-
rich region (residues 214-250) is thought to contain
putative nuclear localization signals. PGC-1a targets pro-
moters by interacting directly with numerous DNA-
binding transcription factors and then coordinating
several biochemical events, including recruitment of chro-
matin-modifying enzymes such as p300/CREB-binding
protein (CBP) and steroid receptor coactivator-1 (SRC-
1), interaction with the basal transcription machinery and
linking of transcription to RNA splicing (34).

Previous reports suggest different nuclear receptors
and many transcription factors cross talk to regulate mam-
malian gene expression in response to ER stress. ER stress—
induced activation of ATF6a decreases insulin gene expres-
sion via upregulation of orphan nuclear receptor small
heterodimer partner (SHP) (35). One report suggests that
nuclear receptor PPARPB/S is regulated by ATF4 (36).
XBP1 increases ERa transcriptional activity (37,38). ER-
membrane—bound cyclic AMP responsive element binding
protein-H (CREBH) is regulated by ER stress (39), fatty
acids and PPARa (40) and HNF4a (41). Several reports
also demonstrate that PPARGS activation rescues pancreatic
B-cells from palmitate-induced ER stress through enhanced
fatty acid oxidation (42). Furthermore, ER stress-induced
CHOP (C/EBP Homologous Protein) enhances nuclear
factor-xf3 (NF-xp) signaling via repression of PPARYy
(43). Therefore, all these previous reports indicate that dif-
ferent nuclear receptors and transcription factors coordin-
ate the mammalian ER stress response under different
physiological conditions.

Here, we examined the mechanism of cross talk between
a nuclear receptor, ERRy and an ER-membrane—bound
bZIP transcription factor, ATF6a. In response to ER
stress, expression of both transcription factors increases
significantly through reciprocal activation. ATF6a
directly binds to the ERRy promoter, and ERRYy
directly binds to the ATF6a promoter. Of most interest,
PGCla acts as a coactivator in both cases. The physical
interaction of PGCla with both ERRy and ATF6a in-
creases significantly upon ER stress that identifies the im-
portance of PGCla in this cross talk. We observed a
significant increase in histone H3 and H4 acetylation in
both promoters upon induction of ER stress by Tm treat-
ment. Knockdown of either factor significantly decreases
the expression of the other, suggesting their ability
to trans-activate each other. Moreover, our study
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reveals ERRY is induced earlier that ATF6a in response to
ER stress. Together, we present a novel mechanistic path-
way that would encourage further study to elucidate the
relation between nuclear receptors and ER stress.

MATERIALS AND METHODS
Chemicals and antibodies

Tm and Brefeldin A were obtained from Sigma-Aldrich;
Thapsigargin was obtained from Sigma, and GSK5182
was synthesized as described previously (6). Antibodies
used in this work were as follows: anti-ERRYy (Perseus
Proteomics), anti-ERRa (abcam), anti-tubulin
(AbgronTiER), anti-ATF6 (Imgenex), anti-PGCla (Santa
Cruz), anti-acetyl-histone H3 (Cell Signaling), anti-acetyl-
histone H4 (Cell Signaling), anti-GRP78 (abcam), anti-
PDK4 (abcam), anti-CHOP (Santa cruz), anti-XBP1
(Santa cruz) and anti-ATF4 (Santa cruz). The primary
antibodies were used at a dilution ranging from 1:200 to
1:1000 for western blot analysis, and at a dilution of 1:200
for immunoprecipitation.

Plasmids and adenovirus

The reporter plasmids mERRy-Luc (6), hPDK4-Luc,
ERRYy responsive element (ERRRE) mutant PDK4-Luc
(9), GRP78-Luc (44) were described previously.
Expression vector for FLAG-ERRy (7), PGCla (6),
ATF4 (45) and ATF6a (17) were described previously.
The coding sequences for XBP-1 and CHOP were amplified
from mouse hepatic cDNAs and inserted into pcDNA3-
flag to generate pcDNA3-flag-XBP-1 and pcDNA3-flag-
CHOP. ATF6a responsive element (ATF6aRE) mutant
GRP78 promoter was made using wild-type GRP78
promoter (—0.457kb) as template by Quick Change
Lightning Site-Directed Mutagenesis kit from Agilent
Technologies. All mouse ERRy promoters were cloned
from mouse genomic DNA and inserted into pGL3-Basic
vector using Mlul/Xhol restriction sites. Mutant ERRy
promoter was made using wild-type ERRy promoter
(—1.5kb) as template by Quick Change Lightning Site-
Directed Mutagenesis kit from Agilent Technologies. All
mouse ATF6a promoters were cloned from mouse genomic
DNA and inserted into pGL3-Basic vector using Mlul/
Xhol restriction sites. Mutant ATF6oa promoter was
made using wild-type ATF6a promoter (—2.6kb) as
template by Quick Change Lightning Site-Directed
Mutagenesis kit from Agilent Technologies. All primer
sequences are listed in supplemental table. All plasmids
were confirmed via DNA sequence analysis. For ectopic
expression of the genes, adenoviral delivery was used.
Adenoviruses (Ad) encoding GFP only (Ad—-GFP), Ad-
ERRYy, Ad-shERRy, Ad-ATF6a, Ad-PGCla and Ad—
shPGCla  were described elsewhere (6,7,46,47).
Adenovirus-encoding shATF6a was prepared as follows.
Briefly, the shATF6o (AGAGAAGCCTGTCACTGGTC
CTGGAAA) constructs were made with a 27-mer
double-stranded oligonucleotide spanning +411 to
+437 of the ATF6a cDNA sequence in the pBS/U6
vector. The cDNA-encoding shATF6a was cloned into
the pAdTrack-CMV vector. The recombination of the

pAdTrack-CMV-shATF6a with adenoviral gene carrier
vector was performed by transformation using adEasy-
BJ21-competent cells. The primers used for shATF6a con-
struction are as follows: h/mATF6a forward 5- AGAGAA
GCCTGTCACTGGTCCTGGAAAaagcttTTTCCAGG
ACCAGTGACAGGCTTCTCTetttttge-3" and reverse 5'-
geccgcaaaaagAGAGAAGCCTGTCACTGGTCCTGG
AAAaagcttTTTCCAGGACCAGTGACAGGCTTCT
CT-3.

Cell culture, transient transfection and luciferase assay

AMLI12, 293T and HeLa cells were obtained from the
American Type Culture Collection. Maintenance of cell
lines and transient transfection assays were performed
using Lipofectamine2000 transfection reagent (Invitrogen)
according the manufacturer’s instructions as described
elsewhere (48). Briefly, cells were transfected with
indicated reporter plasmids together with expression
vectors encoding various transcription factors or treated
with various chemicals. Total cDNA used for each trans-
fection was adjusted to 1pg/well by adding appropriate
amount of empty vector and pCMV—f-gal plasmid was
used as an internal control. The luciferase activity was
normalized to B-galactosidase activity and expressed as
relative luciferase units. The generation of ATF6a-null
hepatocyte cell lines from ATF6a-null mice was previ-
ously described (18,49).

Coimmunoprecipitation assay and western blot analysis

Coimmunoprecipitation (Co-IP) and western blot
analyses were performed as described previously (48).
For Co-IP from tissue extracts, C57BL/6J mice (n = 5)
were maintained ad libitum for desired experimental
period and sacrificed. Liver tissue samples were used for
Co-IP assay. For western blot analysis, cell lysates were
prepared and analyzed as previously described (50).

Confocal microscopy

Confocal microscopy was performed as described
elsewhere (48). In brief, the HelLa cells grown on
gelatin-coated  coverslips  were  transfected  using
Lipofectamine2000 transfection reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. At 24 h after
transfection, the cells were fixed with 2% formaldehyde,
immunostained and subjected to observation by confocal
microscopy.

RNA interference

Knockdown of PGCla was performed using the pSuper
vector system (50,51). AMLI12 cells were transfected with
siRNA constructs using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. siRNA-
treated cells were analyzed using reverse transcription
polymerase chain reaction (RT-PCR) to measure the
extent of knockdown.



Reverse transcriptase PCR and quantitative real-time
PCR analysis

Total RNA was isolated using the TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions.
The mRNAs of ATF6a and PGCla were analyzed by
RT-PCR or quantitative real-time RT-PCR (qPCR) as
indicated. DNA samples from total RNA reverse tran-
scription or from chromatin immunoprecipitation (ChIP)
assays served as the templates for qPCR, which were per-
formed with TOPreal SYBR Green PCR Kit
(Enzynomics) and the Step One Plus real-time PCR
system (Applied Bioscience) in triplicate. mRNA expres-
sion levels were normalized to those of B-actin (ACTB).
The RT-PCR and gPCR primer sequences are available
on request.

ChIP assay

Formaldehyde cross-linking of cells, ChIPs and real-time
PCR analyses were performed as described elsewhere (5).
After sonication, soluble chromatin was subjected to
immunoprecipitation using anti-ATF6a, anti-PGCla,
anti-Acetyl Histone 3, anti-Acetyl Histone 4 and anti-
ERRYy antibody. DNA was recovered by phenol/chloro-
form extraction and analyzed by PCR and/or qPCR using
primers against relevant promoters.

Animal experiments

Male 7-12-week-old C57BL/6J mice (Charles River
Laboratories) were maintained on a 12-h/12-h light/dark
cycle and fed ad libitum. Tm (1 mg/kg, i.p., in 1% DMSO/
DW) was administered by Intraperitoneal injection into
C57BL/6J mice (n =5 per group) for 0-12h for time-
course study, or Ad-GFP or Ad-ERRYy were injected via
tail vein into male C57BL/6J mice (n =5 per group).
Where indicated, GSK5182 was administered first
(40 mg/kg, p.o., in 30% PEG400/DW) by intraperitoneal
injection, and after 30 min, Tm (1mg/kg, i.p., in 1%
DMSO/DW) was administered by intraperitoneal injec-
tion into C57BL/6J mice (n = 5 per group). All experi-
ments were conducted as previously described (7) under
the guidelines of the Korea Research Institute of
Bioscience and Biotechnology Animal Care and Use
Committee.

Statistical analysis

Data are expressed as means + SEM. Statistical analysis
was performed using the two-tailed Student ¢ test.
Differences were considered statistically significant at
P <0.05.

RESULTS
ER stress induces ERRYy gene expression

ER stress promotes LIPIN2-dependent hepatic insulin
resistance (45) and ERRy is a novel transcriptional regu-
lator of LIPINT1, and inhibits hepatic insulin signaling (7).
To investigate whether there was any connection between
ER stress and ERRy, AMLI2 (Mouse hepatoma cell line)
cells were treated with known ER stress inducers, Tm,
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Thapsigargin (45) and Brefeldin A (52). A significant
increase in the ERRy mRNA level was observed by
gqRT-PCR, though there was no significant increase in
ERRa and ERRP mRNA Ilevel (Figure 1A). Similar
results were obtained when western blot analysis was per-
formed after treating AMLI12 cells with Tm in a time-
dependent manner (Figure 1B). To test the effect of Tm
in vivo, mice were injected with Tm. A significant increase
in ERRy mRNA (Supplementary Figure S1A) and protein
(Figure 1C) was observed in a time-dependent manner
reconfirming our in vitro findings. To evaluate the poten-
tial role of ER stress on ERRy promoter activity, a tran-
sient transfection assay was performed with an ERRy
promoter containing reporter. Tm treatment significantly
increased ERRYy promoter activity (Figure 1D).
Taken together, these initial results indicate that ER
stress specifically increases ERRy gene expression in
hepatocytes.

ER stress induces ERRYy gene expression via ATF6a

The response to ER stress is a coordination of signaling
pathways that activates several transcription factors
including ATF6a, CREBH, ATF4, XBP1, and CHOP
(53). These transcription factors induce different genes
involved in numerous biological processes (6,7,44,54,55).
To assess whether any of these transcription factors was
involved in ER stress mediated induction of ERRY gene
expression, XBP1, ATF4, ATF6a, CHOP or CREBH
cDNAs were overexpressed in AMLI12 cells. Interestingly,
only ATF6a overexpression significantly increased ERRYy
mRNA level (Figure 2A). To further elucidate the role of
these factors, transient transfection assays were performed
with the ERRy promoter containing reporter along with
XBP1, ATF4, ATF6a, CHOP or CREBH expression
vectors. Only ATF6a significantly (>10 fold) activated
the ERRy promoter, consistent with our previous
observation (Figure 2B). Though the promoter activity
was also increased in the presence of XBPI, the increase
was negligible compared to ATF6a. To confirm the role of
ATF6a, next we checked the effect of adenovirus mediated
overexpression of ATF6a (Ad-ATF6a) in AMLI12 cells.
More than 4 fold increase in ERRy protein level was
observed in presence of Ad-ATF6a compared to control
(Figure 2C). Similar results were obtained when ATF6a
was overexpressed in HepG2 cells (human hepatoma cell
line) (Supplementary Figure S1B and S1C). All these
results indicated that ER stress induced ERRy gene
expression was mediated through ATF6a. To test this
hypothesis, endogenous ATF6a was knocked down by
Ad-shATF6a in presence of Tm in AMLI2 cells. As
expected, the Tm mediated increase in ERRYy protein
level was significantly decreased in response to ATF6a
knock down (Figure 2D). To further verify the role of
ATF6a, wild-type and Atf6a-deleted immortalized
hepatocyte cell lines were treated with Tm. The ERRy
protein level (Figure 2E) was significantly reduced in
Atf6a-deleted cells compared to wild-type cells under
basal conditions, as well as after Tm treatment.
Collectively these results demonstrate that ATF6a
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Figure 1. ER stress induces ERRYy gene expression. (A) AMLI12 cells were treated with Tm (5 pg/ml), Thapsigargin (0.5 pmol/L) and Brefeldin A
(30ng/ml) for 12 h. Total RNA was isolated from cells to perform qRT-PCR to quantify ERRa, ERRf and ERRy mRNA level using ERRa, ERRf
and ERRy primers. Data are representative of three independently performed experiments and shown as mean + SD; *P < 0.05 using Student’s -test.
(B) AMLI12 cells were treated with Tm (5pg/ml) for increasing periods of time up to 12h. Western blot analysis shows ERRy expression.
Quantification of immunoblot is also shown. *P < 0.05 using Student’s 7-test. Data are representative of three independently performed experiments.
(C) Tm (1 mg/kg, i.p., in 1% DMSO/DW) was administered into C57BL/6J mice (n = 5 per group) for up to 12h. Following completion of the
experiments, mice were sacrificed, and liver tissues were obtained for western blot analyses of ERRy. Quantification of immunoblot is also shown.
*P < 0.05 using Student’s z-test. (D) Tm-dependent activation of the ERRy promoter. 293T cells were transfected with ERRy-Luc (200 ng). At 24h
after transfection, cells were serum starved for 24h, followed by DMSO or Tm treatment (5pg/ml) for 12h. Data are representative of three
independently performed experiments and shown as mean = SD; *P < 0.05 using Student’s 7-test.

mediates the induction of ERRYy gene expression by ER
stress.

ATF6a induces ERRY gene transcription via an
ATF6aRE

Next, we attempted to ascertain the molecular mechan-
ism of ATF6a-mediated ERRy gene induction. It was pre-
viously reported that PGCla acts as a coactivator of
ATF6a (22). To test whether PGCla along with ATF6a
has any role in the induction of ERRY, transient transfec-
tion assays were performed with mouse ERRYy promoter
containing reporter and ATF6a and PGCla expression
vectors. ATF6a significantly increased ERRy promoter
activity, and this activity was further increased in the
presence of PGCla (>15-fold) (Figure 3A). Similar
results were obtained for the human ERRY promoter
(Supplementary Figure S1D). To identify the DNA
sequence conferring ATF6a-mediated ER stress effect on
the ERRy promoter, a series of deletion constructs was
analyzed. Deletion of the ERRy promoter sequence from
1.5 to 1.253 kb drastically decreased the promoter activity
conferred by ATF6a, suggesting that the region from 1.5
to 1.253 bp conferred the activation of ERRy promoter

(Figure 3B). It was previously reported that ATFo6a
binds to a consensus sequence (G)(G)TGACGTG(G/A)
(17). We aligned this sequence with ERRYy promoter
sequence, and although we could not find a perfect
match to the consensus sequence, TTTGACTGAG
spanning region 1.5-1.253 kb was found. To test whether
TGAC may be the core sequence critical for ATF6a
binding, transient transfection assays were performed
using wild-type and TGAC-mutant reporters with Tm
and ATF6a. This mutant reporter did not show any sig-
nificant response to either Tm treatment or ATFo6a
cotransfection (Figure 3C). Next, ChIP assay was per-
formed to monitor the effect of Tm on ATF6a and
PGCla recruitment to the endogenous ERRy gene
promoter. Under basal conditions, both ATF6a and
PGCla occupied the ERRy promoter. However, Tm
treatment significantly augmented ATF6a and PGCla oc-
cupancy on the ERRy promoter (Figure 3D). To further
confirm the binding site, ChIP assay was performed with
the wild-type and TGAC-mutant ERRy promoter. The
results demonstrated that ATF6a and PGCla were
present in ERRy promoter and Tm further induced
ATF6a and PGCla binding to ERRy chromatin. As
expected, no binding was observed in the TGAC mutant




Nucleic Acids Research, 2013, Vol. 41, No. 14 6965

A 20+ > B ERRy-Luc C &
« 3 &
151 & o
> 154 | 1 <4
c_ ¥ ¥
i o
© 8104 o 10 s | ERRY
2 < g
52 § .
&a £ 5 % 5 S = | o-tubulin
[ ’_-L‘ *
o-
2.5-
CHOP -+ - - - - 01 . |l|
sXBP1 - - &+ - - - CHoP - + - - - - 2.0+ [ Ad-GFP
£ Il Ad-ATF60.
ATF4 - - - + - - sXBP1 - - + - = - 31.5-
ATF60. - = -~ =+ - ATF4 - - - & - - -31_0_
CREBH - - - - - + ATF6 - - = - + - -
i} . 0.5
CREBH - - - + .
Yo.0-
D ‘{oé E wt ko wt ko wt ko wt ko wt ko wt ko
N
o : ¥ LAt B Al Bd AT ENCCT
D NN
» (& g
Q A A4 .
- o wme oo [ o-tUBUITN
~« s | ERRy
Tm (hr.) 0 1 3 6 12 24
— s o-tubulin .
10+ i
25 — 8- 3 wild type
£ I ATF60. KO
c CDMSO S 64
3 s - Tm E
2 C3Tm+ S 44
Su Ad-shATFé6a. =
> o _
] il Alm (N in
00 0 .-
Tm (hr.) 0 1 3 6 12 24

Figure 2. ER stress induces ERRYy gene expression via ATF6a. (A) AMLI2 cells were transfected with CHOP, XBP1, ATF4, ATF6o. and CREBH
plasmid DNAs. Total RNA was isolated for qRT-PCR analysis to quantify ERRy mRNA level using ERRy primers. Data are representative of
three independently performed experiments and shown as mean + SD; **P <0.005 using Student’s z-test. (B) ATF6a-dependent activation of the
ERRYy promoter. Transient transfection was performed in 293T cells with the indicated plasmid DNAs. Data are representative of three independ-
ently performed experiments and shown as mean £+ SD; *P < 0.05 using Student’s ¢-test. (C) AMLI2 cells were infected with Ad-GFP or Ad-ATF6a
for 24 h. Western blot analysis shows expression of ERRy. Quantification of immunoblot is also shown. *P <0.05 using Student’s #-test. Data are
representative of three independently performed experiments. (D) AMLI12 cells were treated with DMSO or Tm or first infected with Ad-shATF6a,
and at 48 h after infection, treated with Tm (5 pg/ml) for 12h. Western blot analysis shows ERRY expression. Quantification of immunoblot is also
shown. *P < 0.05 using Student’s z-test. Data are representative of three independently performed experiments. (E) Atf6éo-null hepatocyte cell lines
were treated with Tm for increasing times up to 24 h. Western blot analysis shows ERRy expression. Quantification of immunoblot is also shown.
*P <0.05 using Student’s t-test. Data are representative of three independently performed experiments.

ERRY promoter (Figure 3E), therefore suggesting that Tm of H3 (Ac-H3) and H4 (Ac-H4) on the ATF6a-responsive

treatment activates the ERRy gene transcription via region of ERRy promoter, whereas knockdown of
enhancing ATF6a and PGCla binding to the promoter. endogenous ATF6a or endogenous PGCla significantly
The ChIP assay results provide critical in vivo evidence reduced the histone (H3 and/or H4) acetylation. Overall

that the Tm/ATF60-PGCla signaling pathway increases these results demonstrate that ER stress augments the
ERRY gene transcription. Because gene activation is often binding of ATF6a and PGCla to the ERRYy promoter
associated with increased histone acetylation (57), to and increases template-associated histone (H3 and H4)
determine whether Tm treatment results in increased acetylation to facilitate ERRy gene transcription.

template-associated histone (H3 and/or H4) acetylation
of the ERRYy gene promoter, ChIP assay was performed
(Figure 3F). Tm treatment as well as adenoviral Previous reports suggest different nuclear receptors and
overexpression of ATF6a or PGCla increased acetylation transcription factors regulating mammalian ER stress

ER stress induces ATF6a gene expression via ERRy
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Figure 3. ATF6a regulates ERRy via ATF6oRE. (A) PGCla-dependent activation of the ERRy promoter by ATF6a. Transient transfection was
performed in 293T cells with the indicated plasmid DNAs. Data are representative of three independently performed experiments and shown as
mean + SD; *P <0.05 and **P <0.005 using Student’s z-test. (B) Deletion constructs of the ERRy promoter show the ATF6a binding site in 293T
cells. Transient transfection was performed in 293T cells with the indicated plasmid DNAs. Data are representative of three independently performed
experiments and shown as mean £+ SD; *P <0.05 using Student’s 7-test. (C) ATF6aRE-dependent activation of the ERRy promoter in 293T cells.
293T cells were transfected with wild-type or ATF6aRE-mutant ERRy promoter along with ATF6a plasmid DNAs or treated with Tm (5 pg/ml).
Data are representative of three independently performed experiments and shown as mean £ SD; *P <0.05 and **P <0.005 using Student’s r-test.
(D) ChIP assay to detect the binding of ATF6a and PGCla to the endogenous ERRy promoter by semiquantitative PCR. AMLI12 cells were treated
with DMSO or Tm for 12 h. After completion of the treatment, Chromatin fragments were prepared and immunoprecipitated with ATF6a, PGCla
or IgG control antibodies. DNA fragments covering —1460 to —1325 and —428 to —264 elements on the ERRy promoter were PCR-amplified. Ten
percent of the soluble chromatin was used as input. Data are representative of three individually performed experiments. (E) AMLI2 cells were
transfected with wild-type or TGAC-mutant ERRy promoter. Following transfection, cells were treated with DMSO or Tm (5pg/ml) for 12h.
Soluble chromatin was prepared and immunoprecipitated with antibody against ATF6a, PGCla or IgG only as indicated. Ten percent of the soluble
chromatin was used as input. Semiquantitative PCR (left panel) and qPCR (right panel) was performed to determine and quantify the binding of
ATF6a and PGCla to transfected ERRYy promoter. Data are representative of three individually performed experiments. *P < (0.05 and **P < 0.005
using Student’s z-test. ND, not detectable. (F) ChIP assay for detection of histone acetylation at the ATF60/PGCla binding site in the endogenous
ERRY promoter under the indicated conditions in AMLI12 cells. Chromatin fragments were prepared and immunoprecipitated with Acetyl-Histone 3
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**P <0.005 using Student’s r-test.

response cross talk with each other under conditions took almost 3h. Thus, ERRy is apparently induced
of ER (38,40,43,56). In addition, the nuclear receptor before ATF6a in response to ER stress (Figure 4B).
HNF4a regulates transcription of CREBH (38). Furthermore, overexpression of ERRy in AMLI12 cells
To investigate whether ERRYy regulates any transcription (Figure 4C) and in mouse liver tissue (Figure 4D)
factors regulating mammalian ER stress response, ERRy resulted in almost 4- and 4.5-fold increase in ATF6a
was overexpressed by adenovirus (Ad-ERRy) in AMLI12 active form (ATF6a-N), respectively. Similar results
cells. Surprisingly, a >10-fold increase in ATF6oc mRNA were obtained when ERRy was overexpressed in HepG2
level was observed, and although XBP1, ATF4 and cells (Supplementary Figure S3B). As we noticed an early
CREBH mRNA levels also increased to some extent, the gene induction of ERRy compared with ATF6o upon ER
increase was insignificant compared with ATF6a stress (Figure 4B) and overexpression of ERRY increased
(Figure 4A). Similar results were obtained when ERRYy ATF6a expression both in vivo and in vitro (Figure 4A, C
was overexpressed in HepG2 cells (Supplementary and D), we speculated that ERRy could be responsible for
Figure S3A). Because Tm induces transcription of the Tm-mediated increase in ATF6a gene expression. To
ATF6a (16) and ERRy (Figure 1), we examined the verify this, we knocked down endogenous ERRYy by Ad-
time-course of ERRy and ATF6a induction in response shERRy in AMLI2 cells. As expected, the Tm-mediated
to ER stress in AML12 cells. Tm induced expression of increase in ATF6a-N protein level was significantly
ERRy within 1h, whereas ATF6a optimal expression reduced after ERRy knockdown (Figure 4E). Similar
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Figure 4. ATF6a and ERRY cross talk in gene regulation. (A) AMLI12 cells were infected with Ad-GFP or Ad-ERRY for 24h. Total RNA was
isolated for qRT-PCR analysis to quantify CHOP, XBP1, ATF4, ATF6a. and CREBH mRNA levels using CHOP, XBP1, ATF4, ATF6a and
CREBH primers. Data are representative of three independently performed experiments and shown as mean + SD; *P < 0.05 using Student’s z-test.
(B) AMLI12 cells were treated with Tm (5 pg/ml) for increasing periods of time up to 12 h. Total RNA was isolated for qRT-PCR analysis to quantify
ERRYy and ATF6 mRNA levels using ERRy and ATF6a primers. Data are representative of three independently performed experiments and shown
as mean + SD; *P <0.05, and **P <0.005 using Student’s z-test. (C) AMLI12 cells were infected with Ad-GFP or Ad-ERRY for 24 h. Western blot
analysis shows expression of ATF6a-N. Quantification of immunoblot is also shown. *P < 0.05 using Student’s 7-test. Data are representative of three
independently performed experiments. (D) Ad-GFP or Ad-ERRY were injected via tail vein into male C57BL/6J mice (n = 5 per group). Following
completion of the experiments, mice were sacrificed, and liver tissues were obtained for western blot analyses of ATF6a-N. Quantification of
immunoblot is also shown. *P <0.05 using Student’s z-test. (E) AMLI12 cells were infected with Ad-shUS or Ad-shERRy. At 48h after infection,
cells were treated with DMSO or Tm (5 pg/ml) for 12 h. Western blot analysis (left panel) shows ATF6a-N expression and (right panel) shows ERRy
expression. Quantification of immunoblot is also shown. **P < 0.005 using Student’s ¢-test. Data are representative of three independently performed
experiments. (F) GSK5182 (40 mg/kg, p.o., in 30% PEG400/DW) was administered before and at 30 min after Tm injection (1 mg/kg, i.p., in 1%
DMSO/DW) was administered into C57BL/6J mice (n =5 per group). Following completion of the experiments, mice were sacrificed, and liver
tissues were obtained for western blot analyses of ATF6a-N and ERRYy. Quantification of immunoblot is also shown. *P <0.05, and **P <0.005
using Student’s 7-test.

ERR lates ATF6a t ipti i ERRE
results were observed for ATF6a mRNA level ¥ regutates % {ranscription via an

(Supplementary Figure S3C). To further confirm this, Next, we focused on the molecular mechanism of how
GSK5182, an inverse agonist of ERRY (6), which specif- ~ ERRy overexpression led to the increase in ATF6a
ically binds to ERRy and inhibits transcriptional activity =~ protein. A transient transfection assay was performed
of ERRy, was used. In agreement with the previous  with the ATF6oa promoter along with ERRy and

results, we noticed that GSK5182 treatment substantially PGCla expression vectors, as PGCla acts as a coactivator
reduced the protein level of ATF6a-N in mouse liver of ERRy (6). ERRy significantly increased ATFo6a
(Figure 4F). Overall we demonstrate that during ER promoter activity, and this was further augmented in
stress, ATF6a mediates the increase in ERRY gene expres- presence of PGCla (Figure 5A). Similar results were
sion, ERRY in turn mediates the increase in ATF6a gene obtained for the human  ATF6a  promoter

expression. (Supplementary Figure S3D). To identify the DNA
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sequence conferring ERRy-mediated ER stress effect on
the ATF6a promoter, we used a series of deletion con-
structs of ATF6a promoter for transient transfection
assay. Deletion of the ATF6a promoter sequence from
2.6 to 2.3kb drastically decreased the promoter activity
conferred by ERRY, suggesting that the region from 2.6
to 2.3 kb conferred the activation of the ATF6a promoter
(Figure 5B). It was previously reported that ERRy binds
to a sequence AGGTCA (7). A close investigation of the
ATF6a promoter revealed a close sequence, AGGTCC, in
between region 2.6kb and 2.3kb. To check whether the
sequence AGGTCC mediates Tm- or ERRy-induced acti-
vation of ATF6a, transient transfection assays were per-
formed using wild-type and AGGTCC-mutant reporters
with Tm treatment or ERRYy expression vector. This
mutant reporter did not respond significantly to either
Tm treatment or ERRy coexpression (Figure 5C). Next

we performed ChIP assay to detect whether endogenous
ERRY or PGCla binds to the ATF6a promoter upon Tm
treatment. Tm treatment significantly increased ERRYy
and PGCla occupancy to the ATF6a promoter
compared with control cells (Figure 5D). To further
confirm the binding site, ChIP assay was performed with
the wild-type and mutant ATF6a promoter. ChIP assay
results demonstrated that ERRy and PGCla were present
in ATF6a promoter, and Tm treatment further induced
ERRY and PGCla binding to the ATF6a promoter. We
could not detect any binding for AGGTCC mutant
ATF6a promoters (Figure 5E), indicating that Tm acti-
vates the ATF6a gene transcription via enhancing ERRYy
and PGCla binding to the promoter. We also observed a
significant increase in acetylation of H3 (Ac—H3) and H4
(Ac-H4) on ATF6a promoter in response to Tm treat-
ment as well as adenoviral overexpression of ERRy or



PGCla, whereas knockdown of endogenous ERRy or
PGCla resulted in significant decrease in acetylation of
histone even after Tm treatment (Figure 5F). As a
whole, these results describe that ERRy mediates induc-
tion of the ATF6a gene on ER stress.

PGCla regulates transcriptional cross talk of
ATF6a and ERRy

Next, to elucidate the role of PGCla in this ATF6a-ERRYy
cross talk in more detail, a transient transfection assay
was performed with ERRy and the ATF6a promoter
(Figure 6A left and right panel, respectively). Tm treat-
ment significantly increased both ERRy and ATF6a
promoter activity but this activation was severely
compromised when endogenous PGCla was knocked
down. Next, Ad-ATF6a along with Ad-PGCla signifi-
cantly increased the ERRY protein level but this protein
level was significantly reduced on knockdown of endogen-
ous PGCla in AMLI12 cells (Figure 6B). Similar results
were observed on overexpression of ERRy and PGCla in
AMLI2 cells. Ad-ERRy along with Ad-PGCla signifi-
cantly increased the ATF6a-N protein level but this
protein level was significantly reduced on knockdown of
endogenous PGCla (Figure 6C). Next, we tested whether
PGCla physically interacts with ERRy and ATF6a. In
absence of ER stress, PGCla interacted with both
ERRYy and ATF6a, but this interaction was significantly
enhanced for both ERRy and ATF6a in presence of ER
stress (Figure 6D left and right panel, respectively). To
investigate whether PGCla-ERRYy and PGCla-ATF6a
were co-localized in the same subcellular compartment,
confocal microscopy was performed in HeLa cells
(Figure 6E wupper and lower panel). Our results
demonstrated that both ERRy and ATF6a co-localized
with PGCla in the nucleus as can be evidenced from the
merged image. Overall we demonstrate that PGCla is the
key element in the cross talk between ERRy and ATF6a.

Dependence of both ERRy and ATF6a on each other

Finally, we examined the regulation of target genes of
both ERRy and ATF6a, as our results (Figures 2-5)
demonstrated that ATF6a regulates ERRy gene expres-
sion on ER stress and vice versa. As PDK4 is an ERRYy
target gene (9), we examined whether ectopic expression of
ATF6a had any role in PDK4 gene expression.
Overexpression of ATF6a significantly increased PDK4
expression, and this increase was significantly attenuated
on endogenous ERRy knockdown in AMLI12 cells
(Figure 7A). To provide insight into the mechanism, we
mutated the ERRRE in the PDK4 gene promoter. Where
both Tm and ATF6a activated the wild-type PDK4
promoter, on mutation of the ERRRE, neither Tm nor
ATF6a could activate the PDK4 promoter (Figure 7B).
Likewise, as GRP78 is a target gene of ATF6a (58),
we analyzed whether ectopic expression of ERRy had
any regulatory role in GRP78 gene expression.
Overexpression of Ad-ERRy significantly increased
GRP78 protein, but this increase was significantly
compromised on knockdown of endogenous ATF6a by
Ad-shATF6a in AMLI12 cells (Figure 7C). Mutation of
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the ATF6aRE on the GRP78 promoter destroyed
activation by either Tm or ERRy (Figure 7D). Taken
together, we demonstrate that Tm/ATF6a can induce
ERRYy target genes by regulating ERRYy itself and Tm/
ERRYy can induce ATF6a target genes by regulating
ATF6a gene expression.

DISCUSSION

ER stress activates the unfolded protein response to
generate multiple transcription factors that function in
different cellular phenomena, including chromatin re-
modeling (35,45,10,11,59). In relation to coactivation of
both ERRy and ATF6a by ER stress, the present study
provides direct evidence for ER stress in induction of
ERRy via ATF6a, but also for a newly recognized
function of ERRy in transcriptional regulation of
ATF6a in response to ER stress. Moreover, physical
and functional interactions of both ERRYy and ATF6a
with coactivator provide a mechanistic basis for the ER
stress—mediated induction of ERRy and ATF6a gene
expression and suggest the importance of chromatin
remodeling during subsequent transcriptional events.
Our investigation of transcriptional cross talk between
the nuclear receptor ERRy and the ER-membrane—bound
bZIP transcription factor ATF6a was motivated by
findings that demonstrate many nuclear receptors either
regulate specific transcription factors during ER stress or
are regulated by them (41,35). Here, we investigated the
role of ER stress in ERRy gene expression and subse-
quently how ERRY regulates ER stress—induced transcrip-
tion factors. We observed a significant enhancement in
ERRY gene expression in response to the ER stressor
Tm (Figure 1) that further establishes the interconnection
between nuclear receptors and ER stress. Several previous
studies show that X box binding protein 1 (XBP-1), which
is similar to ATF6a, regulates ERa transcriptional activity
through large-scale chromatin unfolding (37,38). Our
findings suggest that ATF6a mediates the effect of ER
stress on ERRy (Figure 2A-D). These findings were
further supported by a significantly low ERRYy protein
level in ATF6a-null cells under basal conditions, as well
as on Tm treatment. Previously, it was reported that
ATF6a activates target genes through direct binding to
an ATF6aRE in the promoters of target genes (17). This
led us identify one ATF6a binding site in the ERRy
promoter. ChIP assay further confirmed ATF6a binding
to the ERRy promoter in response to ER stress. It has
been reported that PGCla is closely associated with the
transcriptional activity of ATF6a (22). We also found that
PGCla plays an important role in ATF6a-mediated regu-
lation of ERRY gene expression. Using an in vivo ChIP
assay we demonstrated significant recruitment of PGCla
to ATF6aREs in the ERRy promoter during ER stress.
Gene repression is often associated with decreased histone
acetylation (56). Chromatin remodeling also occurs during
coactivator gene transcription (60). In agreement with
previous reports, we observed a significant increase in
template-associated histone H3 and H4 acetylation at
the ATF6oRE in the ERRy promoter (Figure 3F).
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Figure 6. PGCla regulates ATF60—ERRY cross talk. (A) Activation of the ERRy promoter (left panel) and the ATF6a promoter (right panel) by
Tm is mediated through PGCla. Transient transfection was performed in AMLI12 cells with the indicated plasmid DNAs followed by Tm (5 pg/ml)
treatment for 12 h. Data are representative of three independently performed experiments and shown as mean + SD; *P < 0.05 using Student’s z-test.
(B) AMLI2 cells were infected with Ad-GFP, Ad-ATF60. or Ad-ATF6a along with Ad-PGCla for 24 h, or first infected with Ad-shPGClao and at
48 h after infection, infected with Ad-ATF6a for 24 h. Western blot analysis show expression of ERRy. Quantification of immunoblot is also shown.
*P <0.05, and **P <0.005 using Student’s r-test. Data are representative of three independently performed experiments. (C) AMLI2 cells were
infected with Ad-GFP, Ad-ERRy or Ad-ERRy along with Ad-PGCla for 24h, or first infected with Ad-shPGCla and at 48 h after infection,
infected with Ad-ERRYy for 24 h. Western blot analysis shows expression of ATF60-N. Quantification of immunoblot is also shown. *P < 0.05 using
Student’s #-test. Data are representative of three independently performed experiments. (D) AMLI12 cells were treated with DMSO or Tm (5 pg/ml)
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panel) and ATF6a (lower panel) in Hela cells. Data are representative of three independently performed experiments.

PDK4 is a member of the pyruvate dehydrogenase kinase and insulin suppresses PDK4 expression (63). Therefore,
superfamily (PDK1, —2, —3, —4) that regulates glucose during ER stress, defective insulin signaling might induce
metabolism. ERRy induces PDK4 expression (61). PDK4 expression. In accordance with these previous
Hypoxia and/or nutrient deprivation cause ER stress to findings, we observed that Tm increased activity of the
induce PDK4 transcription through induction of ERRy PDK4 promoter (Figure 7B). Moreover, overexpression
(9). ER stress potentiates hepatic insulin resistance (62), of ATF6a significantly induced PDK4 expression, which
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mediated induction of ATF6a and ERRYy depend on each other.

was significantly attenuated by knockdown of endogenous
ERRYy. The findings show that ATF6a induces ERRYy to
activate ERRYy target genes (Figure 7A). Our results that
link transactivation of ATF6a to ERRYy gene expression,
along previous evidence supporting an interconnection
between ER stress and nuclear receptor signaling
(35,40), raise the possibility (discussed further below)
that ATF6a may serve as a key mediator in ER stress—
induced ERRYy gene expression.

CREBH, an ER-membrane-bound transcription factor
that is similar to ATF6a in structure and mode of activa-
tion, is regulated by nuclear receptor PPARa (40), HNF4a
(41) and GR (64). These findings along with a previous
report (35) suggest a probable bidirectional regulatory
pathway between transcription factors that regulate the
mammalian ER stress response and nuclear receptors.
To our surprise, overexpression of ERRY significantly
increased ATF6a gene expression. This result demon-
strates a cross talk between ERRy and ATF6a. In

accordance with our observations (Figure 4A—C), the
Tm-mediated increase in ATF6a protein was significantly
decreased on either GSK 5182 treatment or knockdown of
endogenous ERRY, supporting an apparent regulatory
role of ERRYy for ATF6a expression during ER stress. It
was previously reported that ERRy binds to the sequence
motif AGGTCA (17). A closer investigation of the ATF6a
promoter revealed the existence of a probable ERRRE.
Mutation of this site blocked promoter activation by
Tm, demonstrating the importance of the ERRRE in
ATF6a promoter function. Chip assay further confirmed
evidence for ERRY binding to the ATF6a promoter upon
ER stress. PGClua is closely associated with the transcrip-
tional activity of ERRy (3). Several lines of evidence
indicate that transcriptional regulation of PDK4 expres-
sion by PGCla is mediated by ERRa or ERRYy (61). In
accordance with these previous reports, ER stress induced
occupancy of PGCla at the ERRRE in the ATF6a
promoter, indicating PGCla is a coactivator for ERRYy.
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Chromatin remodeling was also identified as a significant
increase in the acetylation of histone H3 and H4 at the
ATF6a promoter on Tm treatment or on ERRYy
overexpression. The findings demonstrate chromatin re-
modeling during gene transcription as reported previously
(57,60). BiP/GRP78 is a Ca®"-dependent ER chaperone
that is induced by ER stress (21). Proteolytic cleavage
and activation of ATF6a in response to ER stress
upregulates GRP78 transcription (58). GRP78 participates
in protein folding, transport and degradation upon ER
stresses (65). A significant increase in GRP78 expression
was observed upon ERRYy overexpression, and this
increase was significantly attenuated by knockdown of en-
dogenous ATF6q, suggesting that ERRy induces ATF6a to
activate transcription of the ATF6a target gene GRP78
(Figure 7C). Overall, our current findings reveal a novel
molecular mechanism of reciprocal transcriptional activa-
tion used by ERRy and ATF6a and provide evidence for a
new role of both ERRy and ATF6a in working in concert
with PGCla to affect chromatin remodeling in target
genes.

Both ATF6a and ERRy are implicated in numerous
biological events. Previously, induction of liver steatosis
and lipid droplet formation in ATF6a-knockout mice was
reported (66,67). ATF6a is required for adipogenesis (68).
ATF6a-null mice were reported to be glucose intolerant
owing to pancreatic f-cell failure on a high-fat diet (69).
The unfolded protein response mediates adaptation to
exercise in skeletal muscle through a PGC-1a/ATF6a
complex (22). ERRy also plays critical role in cellular
physiology. ERRy modulates energy metabolism target
genes in human trophoblasts (70). Previously our la-
boratory reported that ERRy regulates hepatic
gluconeogenesis (6) and LIPINI, a gene involved in lipid
metabolism (7). Glucosamine-induced ER stress causes
insulin resistance in both human and rat skeletal muscle
and impairs GLUT4 production and insulin-induced
glucose uptake via an ATF6a-dependent decrease of the
GLUT4 regulators MEF2A and PGCla. Inhibition of
ATF6a is sufficient to completely prevent glucosamine-
induced inhibition of GLUT4, MEF2A and PGCla in
skeletal muscle cells (71). Moreover, viral infection
induces ER stress, and hence induces both GRP78/BiP
and ATF6a to facilitate protein folding during viral mat-
uration (72). For example, the final assembly of rotavirus
particles that cause severe diarrhea among infants and
young children takes place in the ER. Protein disulfide
isomerase, GRP7S, calnexin and calreticulin are protein
chaperones of the ER that are involved in the quality
control of rotavirus morphogenesis. Cells with reduced
expression of these chaperones exhibit defective matur-
ation of rotavirus (73). All these chaperones are positively
regulated at the transcriptional level by ATF6a (74,75).
Therefore, inhibition of ATF6o might be an effective
therapeutic target against rotavirus infection.

Here, we provide a previously unknown mechanism
of regulatory pathway for ERRy and ATF6a. We hy-
pothesize that there are two parts of this regulatory loop
(Figure 7E). In response to ER stress, the expression of
both ERRy and ATF6a increases, although ERRYy tran-
scription is induced earlier than ATF6a (Figure 4B). On

one hand, ATF6a along with coactivator mediates the
increase in ERRy transcription; on the other hand,
ERRy in association with coactivator mediates the
increase in ATFo6a transcription. Overall, our current
findings provide insight into a novel chromatin remodel-
ing strategy used by ERRy and ATF6a. From a broader
perspective, it may be relevant for different important bio-
logical processes in which both ERRy and ATF6a play
well-documented key regulatory roles.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Table 1, Supplementary Figures 1-3 and
Supplementary References [76-79].

FUNDING

National Creative Research Initiatives Grant [2011-
0018305] from the Korean Ministry of Education,
Science, and Technology and the Future-based
Technology Development Program (BIO Fields) through
the National Research Foundation of Korea funded by
the Ministry of Education, Science, and Technology
Grant [20100019512 to H.S.C.], [2012M3A9C3048686
and 2011-0011433 to S.H.B] and the Korea Research
Institute of Bioscience and Biotechnology (KRIBB)
Research Initiative Program (to C.H.L.). Portions of this
work were supported by National Institutes of Health
(NIH) grants [DKO042394, DKO088227, HL057346R01,
HLO052173 and DKO093074 to R.J.K.]. Funding for open
access charge: National Creative Research Initiatives
Grants from the Korean Ministry of Education, Science,
and Technology and the Future-based Technology
Development Program (BIO Fields) through the National
Research Foundation of Korea funded by the Ministry of
Education, Science, and Technology Grants, KRIBB
Research Initiative Program grants, and NIH grants.

Conflict of interest statement. None declared.

REFERENCES

. Ariazi,E.A., Ariazi,J.L., Cordera,F. and Jordan,V.C. (2006)
Estrogen receptors as therapeutic targets in breast cancer.

Curr. Top. Med. Chem., 6, 181-202.

2. Lui,K., Huang,Y., Choi,H.L., Yu,S., Wong,K.B., Chen,S. and
Chan,F.L. (2006) Molecular cloning and functional study of rat
estrogen receptor-related receptor gin rat prostatic cells. Prostate.,
66, 1600-1619.

. Giguere,V. (2008) Transcriptional control of energy homeostasis
by the estrogen-related receptors. Endocr. Rev., 29, 677-696.

4. Riggins,R.B., Lan,J.P., Zhu,Y., Klimach,U., Zwart,A.,
Cavalli,L.R., Haddad,B.R., Chen,L., Gong,T., Xuan,J. et al.
(2008) ERRYy mediates tamoxifen resistance in novel models of
invasive lobular breast cancer. Cancer Res., 68, 8908-8917.

. Dufour,C.R., Wilson,B.J., Huss,J.M., Kelly,D.P., Alaynick, W.A.,
Downes,M., Evans,R.M., Blanchette,M. and Giguére,V. (2007)
Genome-wide orchestration of cardiac functions by the orphan
nuclear receptors ERRalpha and y. Cell Metab., 5, 345-356.

6. Kim,D.K., Ryu,D., Koh,M., Lee, M.W., Lim,D., Kim,M.J.,

Kim,Y.H., Cho,W.J., Lee,C.H., Park,S.B. et al. (2012) Orphan

nuclear receptor estrogen-related receptor y (ERRY) is key regulator

of hepatic gluconeogenesis. J. Biol. Chem., 287, 21628-21639.

—

(98]

i



20.

21.

22.

23.

24.

25.

26.

217.

. Kim,D.K., Kim,J.R., Koh,M., Kim,Y.D., Lee, J.M., Chanda,D.,

Park,S.B., Min,J.J., Lee,C.H., Park,T.S. er al. (2011) Estrogen-
related receptor y (ERRY) is a novel transcriptional regulator of
phosphatidic acid phosphatase, LIPINI1, and inhibits hepatic
insulin signaling. J. Biol. Chem., 286, 38035-38042.

.Kim,D.K., Kim,Y.H., Jang,H.H., Park,J., Kim,J.R., Koh,M.,

Jeong,W.1., Koo,S.H., Park,T.S., Yun,C.H. et al. (2012)
Estrogen-related receptor y controls hepatic CBI receptor-
mediated CYP2E1 expression and oxidative liver injury by
alcohol. Gut., 62, 1044-1054.

. Lee, J.H., Kim,E.J., Kim,D.K., Lee, J.M., Park,S.B., Lee,l.K.,

Harris,R.A., Lee,M.O. and Choi,H.S. (2012) Hypoxia induces
PDK4 gene expression through induction of the orphan nuclear
receptor ERRY. PLoS One, 7, ¢46324.

. Kaplowitz,N., Than,T.A., Shinohara,M. and Ji,C. (2007)

Endoplasmic reticulum stress and liver injury. Semin Liver Dis.,
27, 367-377.

.Ji,C. and Kaplowitz,N. (2006) ER stress: can the liver cope?

J. Hepatol., 45, 321-333.

. Malhi,H. and Kaufman,R.J. (2011) Endoplasmic reticulum stress

in liver disease. J. Hepatol., 54, 795-809.

. Harding,H.P. and Ron,D. (2002) Endoplasmic reticulum stress

and the development of diabetes. Diabetes, 51, S455-S461.

. Hai, T.W., Liu,F., Coukos,W.J. and Green,M.R. (1989)

Transcription factor ATF ¢cDNA clones: an extensive family of
leucine zipper proteins able to selectively form DNA-binding
heterodimers. Genes Dev., 3, 2083-2090.

. Haze,K., Yoshida,H., Yanagi,H., Yura,T. and Mori,K. (1999)

Mammalian transcription factor ATF6 is synthesized as a
transmembrane protein and activated by proteolysis in response
to endoplasmic reticulum stress. Mol. Biol. Cell, 10, 3787-3799.

. Ye,J., Rawson,R.B., Komuro,R., Chen,X., Davé,U.P., Prywes,R.,

Brown,M.S. and Goldstein,J.L. (2000) ER stress induces cleavage
of membrane-bound ATF6 by the same proteases that process
SREBPs. Mol. Cell, 6, 1355-1364.

. Wang,Y., Shen,J., Arenzana,N., Tirasophon,W., Kaufman,R.J.

and Prywes,R. (2000) Activation of ATF6 and an ATF6 DNA
binding site by the endoplasmic reticulum stress response. J. Biol.
Chem., 275, 27013-27020.

. Wu,J., Rutkowski,D.T., Dubois,M., Swathirajan,J., Saunders,T.,

Wang,J., Song,B., Yau,G.D. and Kaufman,R.J. (2007) ATF6a
optimizes long-term endoplasmic reticulum function to protect
cells from chronic stress. Dev. Cell, 13, 351-364.

. Terai,K., Hiramoto,Y., Masaki,M., Sugiyama,S., Kuroda,T.,

Hori,M., Kawase,l. and Hirota,H. (2005) AMP-activated protein
kinase protects cardiomyocytes against hypoxic injury through
attenuation of endoplasmic reticulum stress. Mol. Cell. Biol., 25,
9554-9575.

Shuda,M., Kondoh,N., Imazeki,N., Tanaka,K., Okada,T.,
Mori,K., Hada,A., Arai,M., Wakatsuki,T., Matsubara,O. et al.
(2003) Activation of the ATF6, XBP1 and grp78 genes in human
hepatocellular carcinoma: a possible involvement of the ER stress
pathway in hepatocarcinogenesis. J. Hepatol., 38, 605-614.
Zhu,C., Johansen,F.E. and Prywes,R. (1997) Interaction of ATF6
and serum response factor. Mol. Cell. Biol., 17, 4957-4966.
Wu,J., Ruas,J.L., Estall,J.L., Rasbach,K.A., Choi,J.H., Ye,L.,
Bostréom,P., Tyra,H.M., Crawford,R.W., Campbell, K.P. et al.
(2011) The unfolded protein response mediates adaptation to
exercise in skeletal muscle through a PGC-1a/ATF6a complex.
Cell Metab., 13, 160-169.

Puigserver,P., Wu,Z., Park,C.W., Graves,R., Wright,M. and
Spiegelman,B.M. (1998) A cold-inducible coactivator of nuclear
receptors linked to adaptive thermogenesis. Cell, 92, 829-839.
Puigserver,P. and Spiegelman,B.M. (2003) Peroxisome
proliferator-activated receptor-y coactivator 1 alpha

(PGC-1 alpha): transcriptional coactivator and metabolic
regulator. Endocr. Rev., 24, 78-90.

Knutti,D. and Kralli,A. (2001) PGC-1, a versatile coactivator.
Trends Endocrinol. Metab., 12, 360-365.

Knutti,D., KaulLA. and Kralli,A. (2000) A tissue-specific
coactivator of steroid receptors, identified in a functional genetic
screen. Mol. Cell. Biol., 20, 2411-2422.

Wu,Z., Puigserver,P., Andersson,U., Zhang,C., Adelmant,G.,
Mootha,V., Troy,A., Cinti,S., Lowell,B., Scarpulla,R.C. et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

Nucleic Acids Research, 2013, Vol. 41, No. 14 6973

(1999) Mechanisms controlling mitochondrial biogenesis and
respiration through the thermogenic coactivator PGC-1. Cell, 98,
115-124.

Yoon,J.C., Puigserver,P., Chen,G., Donovan,J., Wu,Z., Rhee,J.,
Adelmant,G., Stafford,J., Kahn,C.R., Granner,D.K. et al. (2001)
Control of hepatic gluconeogenesis through the transcriptional
coactivator PGC-1. Nature, 413, 131-138.

Tcherepanova,l., Puigserver,P., Norris,J.D., Spiegelman,B.M. and
McDonnell,D.P. (2000) Modulation of estrogen receptor-alpha
transcriptional activity by the coactivator PGC-1. J. Biol. Chem.,
275, 16302-16308.

Vega,R.B., Huss,J.M. and Kelly,D.P. (2000) The coactivator
PGC-1 cooperates with peroxisome proliferator-activated receptor
alpha in transcriptional control of nuclear genes encoding
mitochondrial fatty acid oxidation enzymes. Mol. Cell. Biol., 20,
1868—1876.

Delerive,P., Wu,Y., Burris,T.P., Chin,W.W. and Suen,C.S. (2002)
PGC-1 functions as a transcriptional coactivator for the retinoid
X receptors. J. Biol. Chem., 277, 3913-3917.

Schreiber,S.N., Knutti,D., Brogli,K., Uhlmann,T. and Kralli,A.
(2003) The transcriptional coactivator PGC-1 regulates the
expression and activity of the orphan nuclear receptor estrogen-
related receptor alpha (ERRalpha). J. Biol. Chem., 278,
9013-9018.

Knutti,D., Kressler,D. and Kralli,A. (2001) Regulation of the
transcriptional coactivator PGC-1 via MAPK-sensitive interaction
with a repressor. Proc. Natl. Acad. Sci. USA, 98, 9713-9718.
Arany,Z., He,H., Lin,J., Hoyer,K., Handschin,C., Toka,O.,
Ahmad,F., Matsui,T., Chin,S., Wu,P.H. et al. (2005)
Transcriptional coactivator PGC-1 alpha controls the energy state
and contractile function of cardiac muscle. Cell Metab., 1,
259-271.

Seo,H.Y., Kim,Y.D., Lee,K.M., Min,A.K., Kim,M.K., Kim,H.S.,
Won,K.C., Park,J.Y., Lee,K.U., Choi,H.S. et al. (2008)
Endoplasmic reticulum stress-induced activation of activating
transcription factor 6 decreases insulin gene expression via up-
regulation of orphan nuclear receptor small heterodimer partner.
Endocrinology, 149, 3832-3841.

Khozoie,C., Borland,M.G., Zhu,B., Baek,S., John,S., Hager,G.L.,
Shah,Y.M., Gonzalez,F.J. and Peters,J.M. (2012) Analysis of the
peroxisome proliferator-activated receptor-beta/delta (PPARDbeta/
delta) cistrome reveals novel co-regulatory role of ATF4. BMC
Genomics, 13, 665.

Fang,Y., Yan,J., Ding,L., Liu,Y., Zhu,J., Huang,C., Zhao,H.,
Lu,Q., Zhang,X., Yang,X. et al. (2004) XBP-1 increases ERalpha
transcriptional activity through regulation of large-scale chromatin
unfolding. Biochem. Biophys. Res. Commun., 323, 269-274.
Ding.,L., Yan,J., Zhu,J., Zhong,H., Lu,Q., Wang,Z., Huang,C.
and Ye,Q. (2003) Ligand-independent activation of estrogen
receptor alpha by XBP-1. Nucleic Acids Res., 31, 5266-5274.

. Zhang,K., Shen,X., Wu,J., Sakaki,K., Saunders,T.,

Rutkowski,D.T., Back,S.H. and Kaufman,R.J. (2006)
Endoplasmic reticulum stress activates cleavage of CREBH to
induce a systemic inflammatory response. Cell, 124, 587-599.
Danno,H., Ishii,K.A., Nakagawa,Y., Mikami,M., Yamamoto,T.,
Yabe,S., Furusawa,M., Kumadaki,S., Watanabe,K., Shimizu,H.
et al. (2010) The liver-enriched transcription factor CREBH is
nutritionally regulated and activated by fatty acids and
PPARalpha. Biochem. Biophys. Res. Commun., 391, 1222-1227.
Luebke-Wheeler,J., Zhang,K., Battle,M., Si-Tayeb,K.,
Garrison,W., Chhinder,S., Li,J., Kaufman,R.J. and Duncan,S.A.
(2008) Hepatocyte nuclear factor 4alpha is implicated in
endoplasmic reticulum stress-induced acute phase response by
regulating expression of cyclic adenosine monophosphate
responsive element binding protein H. Hepatology, 48, 1242-1250.
Cao,M., Tong,Y., Lv,Q., Chen,X., Long,Y., Jiang,L., Wan,J.,
Zhang,Y., Zhang,F. and Tong,N. (2012) PPARS activation
rescues pancreatic fB-cell line INS-1E from palmitate-induced
endoplasmic reticulum stress through enhanced fatty acid
oxidation. PPAR Res., 2012, 680684.

Park,S.H., Choi,H.J., Yang,H., Do,K.H., Kim,J., Lee,D.W. and
Moon,Y. (2010) Endoplasmic reticulum stress-activated C/EBP
homologous protein enhances nuclear factor-kappaB signals via



6974

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

Nucleic Acids Research, 2013, Vol. 41, No. 14

repression of peroxisome proliferator-activated receptor y. J. Biol.
Chem., 285, 35330-35339.

Tirasophon,W., Welihinda,A.A. and Kaufman,R.J. (1998) A
stress response pathway from the endoplasmic reticulum to the
nucleus requires a novel bifunctional protein kinase/
endoribonuclease (Irelp) in mammalian cells. Genes Dev., 12,
1812-1824.

Ryu,D., Seo,W.Y., Yoon,Y.S., Kim,Y.N., Kim,S.S., Kim,H.J.,
Park,T.S., Choi,C.S. and Koo,S.H. (2011) Endoplasmic reticulum
stress promotes LIPIN2-dependent hepatic insulin resistance.
Diabetes, 60, 1072-1081.

Misra,J., Chanda,D., Kim,D.K., Li,T., Koo,S.H., Back,S.H.,
Chiang,J.Y. and Choi,H.S. (2011) Curcumin differentially
regulates endoplasmic reticulum stress through transcriptional
corepressor SMILE (small heterodimer partner-interacting leucine
zipper protein)-mediated inhibition of CREBH (cAMP responsive
element-binding protein H). J. Biol. Chem., 286, 41972-41984.
Koo,S.H., Satoh,H., Herzig,S., Lee,C.H., Hedrick,S., Kulkarni,R.,
Evans,R.M., Olefsky,J. and Montminy,M. (2004) PGC-1
promotes insulin resistance in liver through PPAR-alpha-
dependent induction of TRB-3. Nat. Med., 10, 530-534.
Xie,Y.B., Nedumaran,B. and Choi,H.S. (2009) Molecular
characterization of SMILE as a novel corepressor of nuclear
receptors. Nucleic Acids Res., 37, 4100-4115.

Sakaki,K., Wu,J. and Kaufman,R.J. (2008) Protein kinase C0 is
required for autophagy in response to stress in the endoplasmic
reticulum. J. Biol. Chem., 283, 15370-15380.

Chanda,D., Li,T., Song,K.H., Kim,Y.H., Sim,J., Lee,C.H.,
Chiang,J.Y. and Choi,H.S. (2009) Hepatocyte growth factor
family negatively regulates hepatic gluconeogenesis via induction
of orphan nuclear receptor small heterodimer partner in primary
hepatocytes. J. Biol. Chem., 284, 28510-25821.

Xie,Y.B., Park,J.H., Kim,D.K., Hwang,J.H., Oh,S., Park,S.B.,
Shong,M., Lee,l.K. and Choi,H.S. (2009) Transcriptional
corepressor SMILE recruits SIRT1 to inhibit nuclear receptor
estrogen receptor-related receptor y transactivation. J. Biol.
Chem., 284, 28762-28774.

Gu,Y., Sun,X.X., Ye,J.M., He,L., Yan,S.S., Zhang,H.H.,
Hu,L.H., Yuan,J.Y. and Yu,Q. (2012) Arctigenin alleviates ER
stress via activating AMPK. Acta Pharmacol. Sin., 33, 941-952.
Wang,S. and Kaufman,R.J. (2012) The impact of the unfolded
protein response on human disease. J. Cell Biol., 197, 857-867.
Kanemoto,S., Kondo,S., Ogata,M., Murakami,T., Urano,F. and
Imaizumi,K. (2005) XBP1 activates the transcription of its target
genes via an ACGT core sequence under ER stress. Biochem.
Biophys. Res. Commun., 331, 1146-1153.

Marciniak,S.J., Yun,C.Y., Oyadomari,S., Novoa,l., Zhang,Y.,
Jungreis,R., Nagata,K., Harding,H.P. and Ron,D. (2004) CHOP
induces death by promoting protein synthesis and oxidation in
the stressed endoplasmic reticulum. Genes Dev., 18, 3066-3077.
Yemelyanov,A., Bhalla,P., Yang,X., Ugolkov,A., Iwadate,K.,
Karseladze,A. and Budunova,l. (2012) Differential targeting of
androgen and glucocorticoid receptors induces ER stress and
apoptosis in prostate cancer cells: a novel therapeutic modality.
Cell Cycle, 11, 395-406.

Verdin,E., Dequiedt,F. and Kasler,H.G. (2003) Class II histone
deacetylases: Versatile regulators. Trends Genet., 19, 286-293.
Benjamin,I.J. (2006) Viewing a stressful episode of ER: is ATF6
the triage nurse? Circ. Res., 98, 1120-1122.

Nagamori,l., Yomogida,K., Ikawa,M., Okabe,M., Yabuta,N. and
Nojima,H. (2006) The testes-specific bZip type transcription factor
Tisp40 plays a role in ER stress responses and chromatin
packaging during spermiogenesis. Genes Cells, 11, 1161-1171.
Wallberg,A.E., Yamamura,S., Malik.S., Spiegelman,B.M. and
Roeder,R.G. (2003) Coordination of p300-mediated chromatin
remodeling and TRAP/mediator function through coactivator
PGC-lalpha. Mol. Cell, 12, 1137-1149.

Zhang,Y., Ma,K., Sadana,P., Chowdhury,F., Gaillard,S.,
Wang,F., McDonnell,D.P., Unterman,T.G., Elam,M.B. and
Park,E.A. (2006) Estrogen-related receptors stimulate pyruvate
dehydrogenase kinase isoform 4 gene expression. J. Biol. Chem.,
281, 39897-39906.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78

79.

Longato,L., Ripp,K., Setshedi,M., Dostalek,M., Akhlaghi,F.,
Branda,M., Wands,J.R. and de la Monte,S.M. (2012) Insulin
resistance, ceramide accumulation, and endoplasmic reticulum
stress in human chronic alcohol-related liver disease. Oxid. Med.
Cell Longev., 2012, 479348.

Connaughton,S., Chowdhury,F., Attia,R.R., Song,S., Zhang,Y .,
Elam,M.B., Cook,G.A. and Park,E.A. (2010) Regulation of
pyruvate dehydrogenase kinase isoform 4 (PDK4) gene expression
by glucocorticoids and insulin. Mol. Cell Endocrinol., 315,
159-167.

Lee,M.W., Chanda,D., Yang,J., Oh,H., Kim,S.S., Yoon,Y.S.,
Hong,S., Park,K.G., Lee,l.LK., Choi,C.S. ef al. (2010) Regulation
of Hepatic Gluconeogenesis by an ER-Bound Transcription
Factor, CREBH. Cell Metab., 11, 331-339.

Zhang,L . H. and Zhang,X. (2010) Roles of GRP78 in physiology
and cancer. J. Cell Biochem., 110, 1299-1305.

Rutkowski,D.T., Wu,J., Back,S.H., Callaghan,M.U., Ferris,S.P.,
Igbal.J., Clark,R., Miao,H., Hassler,J.R., Fornek,J. ez al. (2008)
UPR pathways combine to prevent hepatic steatosis caused by
ER stress-mediated suppression of transcriptional master
regulators. Dev Cell., 15, 829-840.

Yamamoto,K., Takahara,K., Oyadomari,S., Okada,T., Sato,T.,
Harada,A. and Mori,K. (2010) Induction of liver steatosis and
lipid droplet formation in ATF6alpha-knockout mice burdened
with pharmacological endoplasmic reticulum stress. Mol. Biol.
Cell, 21, 2975-2986.

Lowe,C.E., Dennis,R.J., Obi,U., O’Rahilly,S. and Rochford,J.J.
(2012) Investigating the involvement of the ATF6a pathway of
the unfolded protein response in adipogenesis. Int. J. Obes.
(Lond), 36, 1248-1251.

Usui,M., Yamaguchi,S., Tanji,Y., Tominaga,R., Ishigaki,Y.,
Fukumoto,M., Katagiri,H., Mori,K., Oka,Y. and Ishihara,H.
(2012) Atf6a-null mice are glucose intolerant due to pancreatic
B-cell failure on a high-fat diet but partially resistant to
diet-induced insulin resistance. Metabolism, 61, 1118-1128.
Poidatz,D., Dos Santos,E., Brulé,A., De, Mazancourt,P. and
Dieudonné,M.N. (2012) Estrogen-related receptor y modulates
energy metabolism target genes in human trophoblast. Placenta,
33, 688-695.

Raciti,G.A., Tadicicco,C., Ulianich,L., Vind,B.F., Gaster,M.,
Andreozzi,F., Longo,M., Teperino,R., Ungaro,P., Di Jeso,B.

et al. (2010) Glucosamine- induced endoplasmic reticulum stress
affects GLUT4 expression via activating transcription factor 6in
rat and human skeletal muscle cells. Diabetologia, 53, 955-965.
He,B. (2006) Viruses, endoplasmic reticulum stress, and interferon
responses. Cell Death Differ., 13, 393-403.

Avidal,L.M., Lopez,S. and Arias,C.F. (2008) Endoplasmic
reticulum chaperones are involved in the morphogenesis of
rotavirus infectious particles. J. Virol., 82, 5368-5380.
Alhusaini,S., McGee,K., Schisano,B., Harte,A., McTernan,P.,
Kumar,S. and Tripathi,G. (2010) Lipopolysaccharide, high
glucose and saturated fatty acids induce endoplasmic

reticulum stress in cultured primary human adipocytes: salicylate
alleviates this stress. Biochem. Biophys. Res. Commun., 397,
472-478.

Belmont,P.J., Chen,W.J., Thuerauf,D.J. and Glembotski,C.C.
(2012) Regulation of microRNA expression in the heart by the
ATF6 branch of the ER stress response. J. Mol. Cell Cardiol., 52,
1176-1182.

Voleti,B., Hammond,D.J. Jr, Thirumalai,A. and Agrawal,A.
(2012) Oct-1 acts as a transcriptional repressor on the C-reactive
protein promoter. Mol. Immunol., 52, 242-248.

Ron,D. and Habener,J.F. (1992) CHOP, a novel developmentally
regulated nuclear protein that dimerizes with transcription factors
C/EBP and LAP and functions as a dominant-negative inhibitor
of gene transcription. Genes Dev., 6, 439-453.

. Luo,S., Baumeister,P., Yang,S., Abcouwer,S.F. and Lee,A.S.

(2003) Induction of Grp78/BiP by translational block: activation
of the Grp78 promoter by ATF4 through and upstream ATF/
CRE site independent of the endoplasmic reticulum stress
elements. J. Biol. Chem., 278, 37375-37385.

Shen,J. and Prywes,R. (2005) ER stress signaling by regulated
proteolysis of ATF6. Methods, 35, 382-389.



