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T, U RAEBYERIZ OV TIE, FRFREEA A
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T4 250THS (J Clin Invest 120(3) :744-55,
2010) .
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FECE —Fy hOOEDEEZBLND,

F. REfabR{E#R
FRlZ7z L,

G. PFRFEXK

1. A 3CHEE
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regulates ER stress signaling in rodent and human
cells. J Clin Invest.120(3):744-55, 2010

o Yoshida S, Hirai M, Suzuki S, Awata S, Oka Y.
Neuropathy is associated with depression
independently of health-related quality of life in
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Clinical Neurosciences 63(1): 65-72, 2009

o Fukuda N, Emoto M, Nakamori Y, Taguchi A,
Miyamoto S, Uraki S, Oka Y, Tanizawa Y. DOC2B: A
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insulin—regulated GLUT4 vesicle fusion in adipocytes.
Diabetes 58(2): 377-384, 2009

o Akiyama M, Hatanaka M, Ohta Y, Ueda K, Yanai A,
Uehara Y, Tanabe K, Tsuru M, Miyazaki M, Saeki S,
Saito T, Shinoda K, Oka Y, Tanizawa Y. Increased
insulin demand promotes while pioglitazone prevents
pancreatic beta cell apoptosis in Wfs1 knockout mice.
Diabetologia. 52(4):653-63, 2009 (Epub ahead 2009
Feb 4)

o Tokita A, Ishigaki Y, Okimoto H, Hasegawa H, Koiwa
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168-72, 2009 (Epub 2009 Feb 20)
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Research article

Wolfram syndrome 1 gene negatively
regulates ER stress signaling in rodent
and human cells

Sonya G. Fonseca,! Shinsuke Ishigaki,’ Christine M. Oslowski,! Simin Lu,’ Kathryn L. Lipson,?
Rajarshi Ghosh,' Emiko Hayashi,! Hisamitsu Ishihara,® Yoshitomo Oka,3
M. Alan Permutt,? and Fumihiko Urano'5

Program in Gene Function and Expression, University of Massachusetts Medical School, Worcester. 2Department of Physical and Biologicat Sciences,
Western New England College, Springfield, Massachusetts. 3Division of Molecular Metabolism and Diabetes, Tohoku University Graduate School of Medicine,
Sendai, Japan. “Division of Endocrinology, Metabolism, and Lipid Research, Washington University School of Medicine, St. Louis, Missouri.
5Program in Molecular Medicine, University of Massachusetts Medical School.

Wolfram syndrome is an autosomal-recessive disorder characterized by insulin-dependent diabetes mellitus,
caused by nonautoimmune loss of f} cells, and neurological dysfunctions. We have previously shown that
mutations in the Wolfram syndrome 1 (WFS1) gene cause Wolfram syndrome and that WFS1 has a protective
function against ER stress. However, it remained to be determined how WFS1 mitigates ER stress. Here we
have shown in rodent and human cell lines that WFS1 negatively regulates a key transcription factor involved
in ER stress signaling, activating transcription factor 6c (ATF6c), through the ubiquitin-proteasome pathway.
WFS1 suppressed expression of ATF6c target genes and repressed ATF60-mediated activation of the ER stress
response element (ERSE) promoter. Moreover, WFS1 stabilized the E3 ubiquitin ligase HRD1, brought ATF6.
to the proteasome, and enhanced its ubiquitination and proteasome-mediated degradation, leading to sup-
pression of ER stress signaling. Consistent with these data, f3 cells from WFS1-deficient mice and lymphocytes
from patients with Wolfram syndrome exhibited dysregulated ER stress signaling through upregulation of
ATF6a and downregulation of HRD1. These results reveal a role for WFS1 in the negative regulation of ER
stress signaling and in the pathogenesis of diseases involving chronic, unresolvable ER stress, such as pancre-

atic 3 cell death in diabetes.

Introduction

Productive folding of secretory proteins and degradation of misfolded
proteins are essential to ensure normal cell function. Both these pro-
cesses occur in the ER. Perturbations in ER function cause an imbal-
ance between these processes, leading to accumulation of misfolded
and unfolded proteins in the organelle, a state called ER stress. Cells
cope with ER stress by activating an ER stress signaling network, also
called the unfolded protein response (UPR). Activation of the UPR
not only results in the upregulation of gene expression for molecular
chaperones, but expands the size of the ER, decreases general protein
translation to reduce the ER workload, and degrades abnormal pro-
teins accumulated in the ER (1, 2). As long as the UPR can mitigate
ER stress, cells can produce proper amounts of proteins in response to
the need for them and perform their normal functions.

Activating transcription factor 6a (ATF6a) is 1 of the 3 mas-
ter regulators of the UPR (1). ATF6 encodes a bZIP-containing
transcription factor localized to the ER membrane (3). Under ER
stress, the N-terminal DNA binding domain of ATF6a.is cleaved
and released from the ER (3-5). The bZIP domain of ATF6a
then translocates into the nucleus and upregulates downstream
target genes, such as BiP and XBP-1, that function in protein
folding and processing (3, 4, 6). Therefore, deletion of ATF6a.
compromises the secretory pathway during ER stress (7, 8). It
has been reported that the noncleaved form of ATF60. is unsta-
ble and quickly degraded by the ubiquitin-proteasome pathway
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to prevent hyperactivation of the UPR (9). However, the mecha-
nism underlying this phenomenon has yet to be elucidated.

WES1, a transmembrane protein localized to the ER (10), has
previously been shown to be a UPR component that mitigates ER
stress response in cells (11). Mutations in the gene encoding WFS1
cause Wolfram syndrome, a genetic form of diabetes, optic atro-
phy, neurodegeneration, and psychiatric illness (12, 13). Recent
reports also indicated that WFS1 polymorphisms are associated
with type 2 diabetes (14-16). Accumulating evidence indicates that
B cell death and neuronal cell dysfunction in Wolfram syndrome
are attributed to high levels of ER stress signaling in affected cells
(11, 17-19). However, the function of WFS1 in the UPR has been
unclear. Here we showed that WES1 controls a regulatory feed-
back loop of the ER stress signaling network. Activation of the
ER stress response element (ERSE) by ATF6a was attenuated by
WFS1 expression. WES1 recruited ATF6a. to an E3 ligase, HRD1,
and the proteasome, where it enhanced ATF6a degradation, thus
suppressing the UPR. Inducible overexpression of WES1 thereby
decreased expression levels of ATF6a. target genes, such as BiP and
XBP-1. These results indicate that WFS1 has an important func-
tion in the negative regulation of a feedback loop of the ER stress
signaling network and prevents secretory cells from death caused
by dysregulation of this signaling pathway.

Results
WES1 forms an ER stress—mediated complex with ATF6a. and suppresses
its activity. In order to further define the role of WFS1 in the UPR,
we assessed whether WES1 expression affects the function of UPR
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Figure 1

WFS1 interacts with ATF6« in an ER stress—dependent manner and suppresses ATF6a transcriptional activation. (A) COS7 cells were trans-
fected with a full-length ATF6a expression plasmid or AATF60. with a WFS1 plasmid together with the following luciferase reporter genes: ATF6¢
binding site reporter gene ATFBGL3, ATF6a mutant site reporter ATF6m1GL3, and GRP78 promoter reporter gene ERSE. Relative intensity
of luciferase was then measured (n = 3). (B) Protein lysates from the luciferase assay were analyzed by IB using anti-HA (ATF6a), anti-Flag
(WFS1), and anti-actin antibodies. ATF6a. and AATF6a are denoted by single and double asterisks, respectively. (C) COS7 cells were transfect-
ed with a full-length ATF6a expression plasmid with a BiP expression plasmid, WFS1 expression plasmid, or WFS1 and BiP expression plasmid
together with the GRP78 reporter gene (n = 3). (D) An anti-WFS1 antibody was used to IP WFS1 protein from INS1 832/13 cells untreated (UT)
or treated with the ER stress inducer DTT (1 mM) for 0.5, 1.5, or 3 hours. IPs were then subject to IB analysis using anti-ATF6q, anti-WFS1, and
anti-actin antibodies (n = 3). (E) INS1 832/13 cells were treated with DTT (1 mM) for 2 hours and then chased in normal media for 0, 1, or 2 hours.
WFS1 was subjected to IP from cell lysates, and IPs were analyzed by IB using anti-ATF6¢, anti-WFS1, and anti-actin antibodies (n = 3).

components, Transcriptional activity of a transmembrane transcrip-
tion factor and master regulator of the UPR, ATF6q, is attenuated
by WES1 expression. Under ER stress, the N-terminal DNA binding
domain of ATF6a is cleaved and released from the ER to upregu-
late UPR target genes in the nucleus (3-5). As expected, when full-
length ATF60. was transfected with the ATF6c binding site reporter
gene ATF6GL3, this reporter was induced 12-fold by ATF6a (20),
an induction reduced to 3-fold by cotransfection with WES1 (Fig-
ure 1A). ATF6a has also been shown to strongly activate the BiP/
GRP78 promoter (4). To confirm that WFS1 regulates ATF60. tran-
scriptional activity on the BiP/GRP78 promoter, full-length ATF6a
or cleaved ATF6¢. (AATF6w) was cotransfected with WFS1 and a rat
GRP78 promoter reporter gene containing the ER stress response
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element (ERSE). This reporter was induced by both full-length
ATF60, and AATF6a; however, only full-length ATF60. activity was
suppressed by WES1 expression (Figure 1A). In addition, full-length
ATF6q, protein expression decreased when it was coexpressed with
WES1 (Figure 1B). BiP has previously been shown to anchor full-
length ATF60. to the ER membrane and prevent ATF6a activation
(6,21). To compare the ability of WFS1 to suppress ATF60. with that
of BiP, the GRP78 promoter reporter was cotransfected with full-
length ATF60. and BiP, with full-length ATF6a and WFS1, or with
full-length ATF60., BiP, and WFS1. Suppression of ATF6a activity
by WES1 was stronger than that by BiP (Figure 1C). Collectively,
these results indicate that WFS1 suppresses ATF60. transcriptional
activity before its translocation to the nucleus.
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