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Inositol-requiring enzyme 1 (IRE1) is an evolutionarily
conserved sensor of endoplasmic reticulum (ER) stress and
mediates a key branch of the unfolded protein response in
eukaryotic cells. It is an ER-resident transmembrane protein
that possesses Ser/Thr protein kinase and endoribonuclease
(RNase) activities in its cytoplasmic region. IRE1 is activated
through dimerization/oligomerization and autophosphor-
ylation at multiple sites, acting through its RNase activity to
restore the functional capacity of the ER. However, it remains
poorly defined in vivo how the autophosphorylation events of
endogenous IRE1 govern its dynamic activation and functional
output. Here, we generated a mouse model harboring a S724A
knock-in mutation (ErnIS7?*A/$7244) and investigated the
importance of phosphorylation at Ser’**
activation loop of murine IREla. We found that in mouse
embryonic fibroblast cells and in primary hepatocytes, S724A

within the kinase

mutation resulted in markedly reduced IREla autophosphor-
ylation in parallel with blunted activation of its RNase activity
to catalyze X-box binding protein 1 (Xbpl) mRNA splicing.
Furthermore, ablation of IREla phosphorylation at Ser’**
exacerbated ER stress—induced hepatic steatosis in tunicamy-
cin-treated Ern157***/S72*A mice. This was accompanied by
significantly decreased hepatic production of spliced XBP1
protein but increased CCAAT-enhancer-binding protein ho-
mologous protein (CHOP) level, along with suppressed
expression of key metabolic regulators of fatty acid -oxidation
and lipid secretion. These results demonstrate a critical role of
phosphorylation at Ser’** of IREla in dynamically controlling
its kinase activity, and thus its autophosphorylation state,
which is coupled to activation of its RNase activity in coun-
teracting hepatic steatosis under ER stress conditions.
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Present address for Jianli Dai: Abcam Biotech Co Ltd, Hangzhou 310015,
China.
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In eukaryotic cells, the endoplasmic reticulum (ER) is a
continuous membrane network that performs a variety of
crucial functions, including the synthesis, folding, and pro-
cessing of nearly one-third of the cellular proteome. Excess
accumulation of unfolded or misfolded proteins within the ER
lumen results in ER stress, triggering the activation of the
adaptive cellular response referred to as the unfolded protein
response (UPR) (1-3). Three ER-resident transmembrane
signal transducers, PKR-like endoplasmic reticulum kinase
(PERK), activating transcription factor 6, and inositol-
requiring enzyme 1 (IRE1), constitute the three canonical
UPR signaling branches to manage ER stress and restore
cellular homeostasis (1, 2). A great number of studies have
demonstrated the pivotal roles of the UPR pathways in cell fate
decisions (4) as well as their implications in many pathological
conditions including cancer and metabolic disorders (5-8).

IRE1 is an ancient UPR sensor that is highly conserved from
yeast to mammals, including humans (9—11). It possesses the ER
lumenal domain sensing unfolded/misfolded proteins and the
cytoplasmic region with dual Ser/Thr protein kinase and endor-
ibonuclease (RNase) activities mediating its functional outputs
(12-14). Upon ER stress, IRE1 RNase is activated through
dimerization/oligomerization and transautophosphorylation
(15-18), catalyzing the unconventional splicing of the mRNA
encoding X-box binding protein 1 (XBP1) to generate a spliced
transcriptionally active transcription factor XBP1s (19-21). The
IRE1-XBP1 pathway initiates a key UPR gene expression program
that enhances the protein folding capacity of the ER and the
ER-associated degradation of unfolded/misfolded proteins (4, 14,
22-25). Another effector output of the RNase activity of IRE1 is
the degradation of select sets of mRNAs or pre-miRNAs in a
process termed “regulated IRE1-dependent decay” (RIDD)
(26—30). Emerging lines of evidence have also demonstrated that
in mammals, IREla not only has a critical prosurvival role in
coping with ER stress but also acts as a multifunctional regulator in
response to nutrient stress and metabolic cues (3, 31, 32). A
multitude of hormonal, metabolic, and immune signals have been
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Phosphorylation regulation of IRE1a activation

shown to instigate the activation of IREla signaling in various
metabolic tissues (32), but the precise intracellular mechanisms as
well as the molecular signatures with regard to its activation mode
and functional output have yet to be fully understood.
Autophosphorylation is a key feature of IRE1 activation in
response to ER stress, and its RNase activity is thought to
depend upon its kinase activity (33—35). Biophysical structure
studies of the cytoplasmic kinase/RNase portion of yeast IRE1
have shown that dimerization (16) or oligomerization assembly
(17) may position the kinase domain for trans-
autophosphorylation at multiple sites, for example, up to 17
residues based on a mass spectrometry assessment (17).
Transautophosphorylation is proposed to promote the nucle-
otide binding and further facilitate its dimerization or oligomer
assembly, leading to intrinsic conformational changes for
activating its C-terminal RNase domain for RNA substrate
processing (16, 17). Structural characterization of the cyto-
plasmic domain of dephosphorylated human IREla bound to
ADP has revealed a phosphoryl-transfer—competent dimeric
face-to-face complex, with the tip of its kinase activation
segment between residues 720 and 730 found to be poorly
ordered (18). Moreover, phosphorylation of three residues,
Ser’*, Ser’?, and Ser’*’, within this conserved kinase activa-
tion segment in mammalian IRE1a, has been directly identified
from overexpressed cytoplasmic portion of human IREla
protein (36), and phosphorylation of these sites can affect its
RNase activity for Xbpl mRNA splicing as well as RIDD of
certain mRNA substrates (36, 37). However, mutational
analyses using overexpressed IREla proteins also suggested
that phosphorylation of the activation loop is not required for
Xbpl mRNA splicing/cleavage, and phosphorylation at Ser”**
and Ser’?®, but not Ser’??, can exert an enhancing effect upon
its RNase activity (36). Interestingly, a recent study showed
that phosphorylation at Ser’* of endogenous IREla in B cells
or mouse multiple myeloma cells can be robustly and selec-
tively stimulated by lipopolysaccharides and the bacterial
subtilase cytotoxin but not by typical ER stressors such as
tunicamycin (Tm) (38). In addition, Ser’? phosphorylation
was shown to be dispensable for XbpI mRNA splicing activity
of IREla in lipopolysaccharide-stimulated B cells, and it might
exert a prominent enhancing effect upon its RIDD activity
in vivo. However, it is unclear whether S729A knock-in
mutation can alter the kinase activity of IRE1a for phosphor-
ylating other sites in response to stress stimuli in B cells (38).
Therefore, phosphorylation of individual sites, particularly the
three residues within the kinase activation loop of IREla, can
respond to distinct stress signals, suggesting that the phos-
phorylation events serve to govern the activation mode of its
RNase for exerting context-specific effector functions.
Despite the recent progress in our understanding of the
molecular details in vitro with regard to the phosphorylation—
activation features of IREla, it remains largely obscure
whether phosphorylation within its kinase activation loop is
critically implicated in the dynamic regulation of endogenous
IREla activation during ER stress in vivo. Importantly, phos-
phorylation at Ser’** has long been widely utilized for moni-
toring IREla activation in response to a variety of stress signals
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under physiological or pathological conditions. Hence, we
generated a mouse model (ErnI®"**/572*4) possessing the
S724A knock-in mutation to abolish phosphorylation at this
site and investigated the importance of  Ser’**
phosphorylation—dependent control of the dynamic activation
of IREla protein during typical ER stress and determined its
functional impact in vivo in the context of ER stress—induced
hepatic steatosis.

Results
Generation of the Ern13724A/5724A knock-in mouse model

To determine the functional impact of phosphorylation at
Ser’** upon the activation of endogenous IREla in vivo, we
created a knock-in mutant mouse model, denoted Erni®"***/
57244 in which the Ser’** residue (AGT) was replaced by
Ala”* (GCT) within the Ernl locus (Fig. 1A). After back-
crossing into the genetic background of C57BL/6] mice,
ErnIS7**AS72%4 animals were grossly normal, born at normal
Mendelian ratios with no overt phenotypic changes in com-
parison to their ErnI™ ™7 littermates such as their body
weight (Fig. 1B). Using the commercial antibody directed
against phospho-IREla at Ser’**, we detected robust IREla
phosphorylation at this site from primary hepatocytes isolated
from WT ErnI™ YT control animals but observed no
detectable signals from their ErnI®"?**/572*A counterparts
upon ER stress induced by Tm or thapsigargin (Tg), the two
chemical ER stressors (Fig. 1C). This indicates the successful
abrogation of IRE1a phosphorylation at Ser’** within its kinase
activation loop in ErnI®"**/572*A knock-in mice.

5$724A mutation results in lower autophosphorylation of
IRE1a with decreased RNase activation

We then generated immortalized mouse embryonic fibro-
blast (MEF) cell lines from ErnIS"***5724A mice and their
ErnI™T™T littermates to evaluate the effect of phosphoryla-
tion at Ser’** upon the kinase activity of IREla for auto-
phosphorylation at other sites and consequently upon the
activation of its RNase activity as well. Utilizing Phos-tag gel-
based immunoblot analyses (39, 40), we measured the overall
phosphorylation states of IREla protein in MEF cells in
response to chemical ER stress. In Ernl> "Y' control MEF
cells treated with 10 pg/ml Tm or 1 pM Tg, we observed
apparently slow-migrating IREla protein from the Phos-tag
gel because of its robust autophosphorylation (Fig. 2A),
which was in parallel with phosphorylation at Ser’** as
detected by the phospho-IREla antibody and could be
efficiently blocked by KIRA6, an IREla kinase inhibitor (41)
(Fig. 24). By contrast, abrogation of Ser’** phosphorylation
markedly reduced autophosphorylation, conceivably at other
sites, of IRE1a—S724A protein in Ern1572*A/S724A MEF cells
upon ER stress (Fig. 2A4). Corresponding to its lower auto-
phosphorylation states, S724A mutation of IREl« resulted in
significant decreases in Xbpl mRNA splicing and mRNA
abundance of Erdj4, an XBP1s target gene, along with signif-
icantly increased mRNA abundance of Blosi, a typical RIDD
target that affects the cellular behavior and function of

SASBMB



Exon17
WT Ern1 allele ———|:|———
AGT(Ser)
FRT FRT

Targeting vector

Recombinant allele

GCT(Ala)

Flipper recombinase

GCT(Ala)

-

Ern157*A allele

B é\“b‘v
S
& & - Erpn1WTwT
& ¢ .

- Ern 1S724A/S724A

i

Body weight (g)
N
o

0'_|_|_|

0 4 8 12
Age (weeks)

C
Hepatocytes
E m 1WT/WT E m 1S724A/S724A
Con Tm Tg Con Tm Tg (KD)

Figure 1. Creation of Ern75’?** knock-in mutant mouse model.
A, schematic illustration of the gene targeting strategy for creating Ern1%72*A
knock-in mutant line. The targeting vector contains exon 17 in which the
Ser (S, AGT) residue at 724 was substituted with Ala (A, GCT) in the mouse
Ern1 gene, and the FRT-flanked Neomycin (Neo) cassette was subsequently
removed by Flipper recombinase. B, photograph of Ern1°72**5724A mice and
Ern1W™™T littermates and their body weight when maintained on a normal
chow diet at the indicated ages (n = 4 per group). C, immunoblot analysis of
IRE1a phosphorylation at Ser’?* in primary hepatocytes from Erni"/™WT
control and Ern1572*A372%A mice. Hepatocytes were treated with the
chemical ER stressors tunicamycin (Tm, 10 pg/ml) for 4 h or thapsigargin
(Tg, 1 uM) for 2 h. The asterisk indicates a nonspecific band detected by
anti-phospho-IRETa antibody. Tubulin was used as the loading control. ER,
endoplasmic reticulum; IRE1q, inositol-requiring enzyme 1a.

lysosomes (42), in ErnI57*4AST248 NEF cells relative to WT
Ern1Y™YT control cells (Fig. 2, B and C). To further affirm the
effect of S724A mutation upon the RNase activation of IRE1a,
we overexpressed by adenovirus infection IRE1a—S724A pro-
tein in primary hepatocytes isolated from liver-specific IRE1a
knockout (LKO) mice (43) (Fig. 2D). Whereas overexpression
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of the WT IREla protein led to robust Xbpl mRNA splicing
and detectable XBPls production that could be further
increased upon treatment with 1 uM Tg, S724A mutation
significantly reduced them under both conditions (Fig. 2E).
However, IRE1a—S724A protein possessed significant Xbpl
mRNA splicing activity in comparison to its kinase-dead
IRE1a—-K599A or RNase-dead K907A mutant protein (44)
(Fig. 2E). These results indicate that loss of Ser’** phosphor-
ylation reduces the kinase activity of IREla for autophos-
phorylation at other sites, leading to blunted RNase activity
and Xbpl mRNA splicing during ER stress.

Phosphorylation at Ser’** affects the dynamic activation of
IRET1a

To test whether inactivation of Ser’*® phosphorylation in-
fluences the dynamic features of IREla autophosphorylation in
association with its functional outputs of RNase activity, we
first measured the dose-responsive activation of IREla RNase
activity in MEF cells treated for 24 h with Tm at a range of 0.05
to 0.25 pg/ml. Quantitative RT-PCR analysis revealed rapid
elevations in Xbpl mRNA splicing and Erdj4 mRNA levels, as
well as a swift decrease in BlosI mRNA abundance, upon
treatment with 0.05 pg/ml Tm, reaching a maximum at
0.15 pg/ml Tm for Xbpl mRNA splicing and at 0.1 pg/ml Tm
for RIDD of Blos] mRNA in Ernl™™™T control MEF cells
(Fig. 3A). By contrast, regardless of the Tm doses tested,
abrogation of Ser’>* phosphorylation resulted in a steady
~40% reduction in the activity of IREla for Xbpl mRNA
splicing, and a complete loss of its activity for RIDD of Blosl
mRNA, in ErnlS724AS7248 MEF cells (Fig. 3A). Next, we
examined by Phos-tag gel analysis, the phosphorylation states
of IREla at different time intervals during relatively mild ER
stress induced by 0.1 pg/ml Tm, and we detected a majority of
robustly phosphorylated IREla protein that increased in a
time-dependent fashion after Tm treatment in Erml™ /YT
cells (Fig. 3B). Interestingly, we also observed some very minor
super-shifted species, likely representing IREla protein mol-
ecules that possessed more residues undergoing autophos-
phorylation. In comparison, S724A mutation resulted in
dramatic decreases in the amount of autophosphorylated
IRE1a—S724A protein in Ern15"**"S7244 cells even after 24 h
of Tm treatment, which also exhibited an appreciably lower
shift relative to its WT counterpart in ErnI™ /YT cells
(Fig. 3B). In parallel with the phosphorylation levels of IREla
protein, production of XBP1s protein (Fig. 3B) as well as its
mRNA splicing (Fig. 3, C and D) reached to their highest levels
at 12 and 16 h, respectively, after Tm treatment in Ern1™ /™ T
MEEF cells; whereas significant reductions in XBP1s protein
production (Fig. 3B) and its mRNA splicing (Fig. 3, C and D)
were observed in ErmI®7**MS72*A cells. Consistently, no
decrease in BlosI mRNA abundance was detected in
Ern]S72AST2A8 MEF cells (Fig. 3D). Then, we treated MEF
cells with higher concentration of Tm at 10 pg/ml and asked if
S724A mutation could impact the kinase/RNase activity of
IREla under a more severe ER stress condition. Phos-tag gel
analysis showed marked phosphorylation of IREla protein at

724
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Figure 2. S724A mutation results in lower IRE1a autophosphorylation with reduced RNase activity upon ER stress. A, MEF cells derived from
Emn1WT™T and Ern1572*"572%A mice were treated with DMSO (=), 10 ug/ml Tm, for 4 h or 1 uM Tg for 2 h after preincubation for 30 min with DMSO (-) or
10 uM KIRA6, the IRE1a kinase inhibitor. Immunoblot analysis of IRE1a autophosphorylation by Phos-tag gel and its phosphorylation at Ser’** using anti-
phospho-IRETa antibody. HSP90 was used as the loading control. B and C, MEF cells of the indicated genotypes were likewise treated with DMSO (Con), Tm,
or Tg. B, agarose gel analysis of Xbp7 mRNA splicing by RT-PCR. Shown are PCR products corresponding to the unspliced Xbp1u and spliced Xbp1s mRNA.
G, quantitative RT-PCR analysis of Xbp7 mRNA splicing, shown as the ratio of spliced (Xbp1s) to total (XbpTt) XbpT mRNA, along with the abundance of Erdj4
and BlosT mRNA. D and E, primary hepatocytes from male liver-specific IRE1a knockout (LKO) mice were infected for 48 h with adenoviruses expressing
GFP, WT, or the indicated mutant human IRETa proteins and subsequently treated for 2 h with DMSO (Con) or 1 uM Tg. D, immunoblot analysis of IRE1a
protein and its phosphorylation at Ser’**, along with the production of XBP1s protein. Tubulin was used as the loading control. E, quantitative RT-PCR
analysis of XbpT mRNA splicing. All data are presented as the mean * SD (n = 2 or 3 independent experiments). *p < 0.05, **p < 0.01, ***p < 0.001 by
two-tailed unpaired Student’s t test. DMSO, dimethyl sulfoxide; ER, endoplasmic reticulum; HSP90, heat shock protein 90; IRE1q, inositol-requiring enzyme

1a; MEF, mouse embryonic fibroblast; RNase, ribonuclease; Tg, thapsigargin; Tm, tunicamycin; Xbp1, X-box binding protein 1.

6 h following high Tm treatment, which was sustained at
similar levels thereafter in Ern1™ "7 cells (Fig. 3E). This was
accompanied by highly robust Xbpl mRNA splicing main-
tained at similar levels throughout the period of high Tm
treatment from 6 to 24 h (Fig. 3, F and G), along with rapid and
gradual decreases in Blos] mRNA abundance (Fig. 3G). In
Ern572*S7248 MEF cells, by contrast, stimulation with high
Tm resulted in similarly rapid occurrence of phosphorylated
IRE1a—S724A protein that was obviously less abundant and
shifted lower in comparison to their WT counterparts and did
not increase in a time-dependent manner (Fig. 3E). In corre-
spondence to the altered phosphorylation states of IREla—
S724A protein, ~40 to 60% reductions were observed in its
activities for Xbpl mRNA splicing and Blos] mRNA degra-
dation (Fig. 3, F and G). Unlike that under mild ER stress state,
IRE1a—S724A protein exhibited a considerable RIDD activity
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for BlosI mRNA upon severe ER stress induced by high Tm
(Fig. 3G). Interestingly, we observed a high amount of XBP1s
protein induced at 6 h that decreased in ErnI™ ™7 cells at
24 h following high Tm treatment, while detecting an appar-
ently lower amount of XBP1s protein that similarly decreased
in ErnIS7*MS72%A cells after 24 h of high Tm treatment
(Fig. 3E). This may indicate similar turnover rate of XBP1s
protein in these two types of MEF cells during severe ER stress.

Given the critical role of the IREla branch in cell fate
control (4), we wondered if this dynamic impairment of IRE1«
RNase activation is coupled to cell survival during ER stress.
Curiously, at 6 h but not at 24 h following treatment with high
Tm at 10 pug/ml, we observed decreased PERK phosphoryla-
tion along with lower protein level of the transcription factor
CCAAT-enhancer binding protein homologous protein
(CHOP) in Ern157**A/S724A MEF cells (Fig. 4A), which was in
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Figure 3. Effects of S724A mutation upon the dynamic activation of IRE1a in MEF cells. A, MEF cells of the indicated genotypes were treated with Tm at
the indicated concentrations for 24 h. Quantitative RT-PCR analysis of Xbp7 mRNA splicing and the mRNA abundance of the indicated genes. B-G, MEF cells

were treated with 100 ng/ml or 10 pg/ml Tm for the indicated time intervals.

B and E, immunoblot analysis of IRE1a phosphorylation and XBP1s protein.

Upper Phos-tag gels with long or short exposure time are shown for the band-shift analysis of IRETa protein phosphorylation. Tubulin was used as the
loading control. C and F, agarose gel analysis of XbpT mRNA splicing by RT-PCR. D and G, quantitative RT-PCR analysis of Xbp7 mRNA splicing and the RIDD
target Blos7 mRNA. All data are presented as the mean + SD (n = 3 independent experiments). *p < 0.05, **p < 0.01, ***p < 0.001 by two-tailed unpaired
Student’s t test or two-way ANOVA. IRE1q, inositol-requiring enzyme 10; MEF, mouse embryonic fibroblast; RIDD, regulated IRE1-dependent decay; Tm,

tunicamycin; Xbp1, X-box binding protein 1; XBP1s, spliced XBP1.

accordance with lower accumulation of CHOP protein
detected in the nucleus at this particular stage of ER stress
(Fig. 4B). Consistently, a significant, though not dramatic,
improvement in cell viability, as well as a lower level of the
cleaved form of caspase-3, was observed in stressed Ern1%**A/
7248 MEF cells at 6 h after Tm treatment (Fig. 4, C and D).
This indicates that loss of Ser’** phosphorylation of IREla
may promote MEF cell survival even in the face of impaired
production of XBP1s at early stages of ER stress, likely through
attenuating the PERK-CHOP pathway.

Next, we considered if inactivation of Ser“* phosphoryla-
tion could impact the dynamic activation of IREla in a cell
type—dependent fashion. Using isolated primary hepatocytes
from Ernl™ YT and Ern1®"**"572*A mice, Phos-tag gel ana-

lyses revealed obvious decreases in Tm- or Tg-induced

724
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autophosphorylation of IREla—S724A protein with less
shifting relative to its WT counterpart (Fig. 5A), which is
analogous to our observations in MEF cells (Fig. 2A4). Under
mild ER stress induced by 0.1 pg/ml Tm, we observed overt
reductions in autophosphorylation of IRE1a—S724A protein in
Ern157*A/S7244 hepatocytes relative to its WT counterpart in
ErnI™¥T™T hepatocytes (Fig. 5B). Interestingly, Tm treatment
induced a time-dependent increase in IREla protein level in
both hepatocytes (Fig. 5B), which was not observed in MEF
cells; and Tm-induced phosphorylation of IREla—-S724A
protein appeared to be higher in Ern1%"***/572*A hepatocytes
than that in Ern1%"**/S72*A MEF cells, particularly at 24 h
after Tm treatment (Figs. 3B and 5B). Whereas Xbpl mRNA
splicing was maintained at similar levels in ErnI™ """ control
hepatocytes after 8 h of Tm treatment, it was decreased to a
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Phosphorylation regulation of IRE1a activation

A

10 pg/ml Ern 1wt
Tm(h) 0 612122424 0 612122424 (KD)
p-PERK _—130

PERK SRR S s 5,

CHOP =—eweseses - eceeesee

E’—n 15724A/S724A

Tubulin 55
C - Ern1WiwWT
1 50 - Ern 15724A/S724A
S
> 100 & e
=
T 50
=
3
0
(&)
0 12 24
Tm (h)
D 10 pg/ml  Ern1WTWT Erp 15724AS724A
Tm(h) 0624 0624 (KD)
Pro-CASP3 b-35
{-25
Cleaved-CASP3 [ -15
Tubulin | # |- 55

B E,-n 1WT/WT E,-n 15724AIS724A
| ..

=

£

()

£

g |6

£

[
24

CHOP DAPI

Figure 4. Effects of S724A mutation upon cell survival under ER stress in MEF cells. MEF cells of the indicated genotypes were treated with 10 pg/ml
Tm for the indicated time intervals. A, immunoblot analysis of PERK phosphorylation and CHOP protein levels. Tubulin was used as the loading control. B,
immunofluorescence staining of CHOP protein along with DAPI staining in MEF cells following Tm treatment. The scale bar represents 50 pm. C, cell viability
of Tm-treated MEF cells was determined by CCK8 assay. Shown is the percentage of viability after normalization to their untreated controls. D, immunoblot
analysis of cleavage of caspase-3 protein. Tubulin was used as the loading control. Data are presented as the mean + SD (n = 3 independent experiments).
**¥p < 0.001 by two-tailed unpaired Student’s t test. CCK8, Cell Counting Kit-8; CHOP, CCAAT-enhancer binding protein homologous protein; DAPI, 4',6-
diamidino-2-phenylindole; ER, endoplasmic reticulum; MEF, mouse embryonic fibroblast; PERK, PKR-like endoplasmic reticulum kinase; Tm, tunicamycin.

similar extent (by ~25%) in ErnI"***/572*A hepatocytes
(Fig. 5C). Unlike our observations in MEF cells (Fig. 3D),
S724A mutation resulted in significant reductions in, but not a
complete loss of, its RIDD activity for BlosI mRNA (Fig. 5C).
Under severe ER stress induced by 10 pg/ml Tm, we observed
similar effects of S724A mutation upon IREla autophos-
phorylation states and XBP1s protein production (Fig. 5D) in
association with its RNase activities (Fig. 5E) in Ernl ST2AAIST2A
hepatocytes. Notably, at 24 h after Tm treatment, CHOP
protein levels appeared to be elevated in Ern1S7**A/5724A he.
patocytes (Fig. 5, B and D). However, relative to Ernl™ /7T
hepatocytes, no changes in cell viability were detected in
Ern157*S7244 hepatocytes (Fig. 5F), despite that appreciably
higher nuclear accumulation of CHOP protein was found in
ErnIS7**AS7248 hepatocytes at 24 h following high Tm treat-
ment (Fig. 5G). This may reflect a unique ability of hepatocytes
to counteract ER stress—associated cell death without
involving the CHOP pathway, which has been frequently
shown to mediate apoptosis in other cell types (4).

Taken together, these results from MEF cells and hepato-
cytes demonstrate an important role of phosphorylation at
Ser’** in governing the kinase activity of IREla for its further
autophosphorylation, which is closely coupled to the activation
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mode of its RNase activity. Abrogation of phosphorylation at
this particular site of the kinase activation loop is likely to
cause intrinsic defect in the ability of IREla to autophos-
phorylate sufficiently at additional sites, which are supposed to
be needed for its activation to the fullest capacity. Unlike the
documented phosphorylation at Ser’® that preferably
responds to TLR agonists and primarily regulates its RIDD
activity (38), phosphorylation at Ser’** of IRE1a may represent
a universal event during its activation upon ER stress, which
controls its functional RNase output for both Xbpl mRNA
splicing and RIDD of select RNA substrates. It is currently
unclear whether the cell type—selective feature of IREla-
S724A mutant’s RIDD activity reflects its distinct phosphory-
lation states exerting an impact upon possible auxiliary factors
in the RIDD machinery in different types of cells. In addition,
phosphorylation at Ser’** of IRE1a may also exert differing cell
type—dependent effects upon cell survival under ER stress.

Abrogation of IRE1a phosphorylation at Ser’** exacerbates ER
stress—induced hepatic steatosis

ER stress is a key feature in hepatic steatosis and nonalco-
holic fatty liver disease (45—-47), and the IRE1a—XBP1 pathway
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Figure 5. Disruption of Ser’>* phosphorylation attenuates the RNase activation of IRE1a in hepatocytes. A, primary hepatocytes from mice of the
indicated genotypes were treated with DMSO control (Con), 10 pg/ml Tm for 4 h, or 1 uM Tg for 2 h. Immunoblot analysis of IRE1a protein, with upper Phos-
tag gel analysis of IRE1a phosphorylation. Actin was used as the loading control. B-£, hepatocytes of the indicated genotypes were treated with 100 ng/ml
or 10 pg/ml Tm for the indicated time intervals. B and D, immunoblot analysis of IRE1a phosphorylation along with XBP1s and CHOP protein levels. Upper
Phos-tag gels are shown for the band-shift analysis of IRETa protein phosphorylation with long or short exposure time. Tubulin was used as the loading
control. C and E, quantitative RT-PCR analysis of Xbp7 mRNA splicing and the RIDD target Blos7 mRNA. F and G, hepatocytes were treated with 10 ug/ml Tm.
F, cell viability analysis by CCK8 assay. G, immunoblot analysis of nuclear CHOP protein after 24 h of 10 pg/ml Tm treatment. Lamin A/C was used as the
nuclear protein control. All data are presented as the mean + SD (n = 2 or 3 independent experiments). *p < 0.05, **p < 0.01, and ***p < 0.001 by two-tailed
unpaired Student’s t test or two-way ANOVA. CCK8, Cell Counting Kit-8; CHOP, CCAAT-enhancer binding protein homologous protein; DMSO, dimethyl
sulfoxide; IRE1q, inositol-requiring enzyme 1a; RIDD, regulated IRE1-dependent decay; RNase, ribonuclease; Tg, thapsigargin; Tm, tunicamycin; XBP1s,

spliced X-box binding protein 1.

has been implicated in the control of many aspects of hepatic
lipid homeostasis, including de novo lipogenesis, fatty acid
[-oxidation, and lipid secretion (43, 48—50). Given that IREla
was documented to have a protective role in ER stress—
induced liver steatosis (51, 52), we sought to determine the
physiological importance of phosphorylation at Ser’** of
IREla during its activation in the liver in response to chemical
ER stress in Tm-treated mice. Abrogation of Ser’** phos-
phorylation of IRElax resulted in more severe hepatic steatosis,
that is, higher accumulation of liver lipids as determined by
Oil-Red O staining, in Ernl ST2AAIST2A mice than their Ernl ™/
WT control group following 6 or 24 h of Tm treatment (Fig. 6,
A and B). Consistently, imaging analysis by hyperspectral
stimulated Raman scattering (hsSRS) of liver sections (53) also
revealed significant elevations in hepatic lipid content
(Fig. 5C), but no alterations in the unsaturated ratio of lipids
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(Fig. 6D) in Tm-treated ErnIS7HASTA8  mice relative to
ErnI™¥™™T mice were revealed. Furthermore, more progres-
sive increases in triacylglycerides (TG) levels were detected in
the livers of ErmIS"**A/572*A mice than their ErnI™™™T
counterparts following 6 and 24 h of Tm treatment, which was
accompanied by higher decreases in their serum TG levels
(Fig. 6E). These results indicate that inactivation of Ser’**
phosphorylation of IREla functionally impairs its ability to
regulate hepatic lipid metabolism, leading to higher liver
accumulation with lower secretion of neutral lipids, that is,
exacerbation of ER stress—induced liver steatosis.

Because hepatic lipid accumulation dynamically involves
metabolic pathways including de novo lipogenesis, fatty acid
oxidation, as well as lipid secretion and uptake, we next
examined whether impairment of IREla phosphorylation
affected the related gene expression programs in the livers of
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Figure 6. S724A mutation of IRE1a results in aggravated hepatic steatosis with reduced plasma lipids under ER stress. Male Erm1°72**/572%A mice and
their Ern1Y"WT littermates at 2 months of age were injected i.p. with Tm (1 mg/kg body weight) and sacrificed at 6 or 24 h after Tm treatment (n = 6-9 per
group). Mice treated with 150 uM dextrose was used as the vehicle control group. A, representative liver images. B, representative images of Oil-Red O
staining of livers (n = 3 per group). The scale bar represents 100 pm. C, representative hsSRS images of liver sections from mice at 6 and 24 h after Tm
injection. Imaging analysis by the Multivariate Curve Resolution (MCR) algorithm showing chemical distributions of lipid (green), lipofuscin (blue), and
protein (magenta) in a field of 200 x 200 um? (300 x 300 pixels with dwell time of 10 ps/pixel for imaging). Lipid contents were quantified as areas of lipid
signals per field using ImageJ (n = 3 per group). The scale bar represents 20 um. D, the average hsSRS spectra of hepatic lipids. The Raman peak at
3007 cm™' represents the vibration from unsaturated =CH stretch. The degree of lipid unsaturation was evaluated by the ratio of Raman intensity at 3007
and 2853 cm ™. E, liver and serum levels of triglycerides. Data represent the mean =+ SD. *p < 0.05, ***p < 0.001 by two-tailed unpaired Student’s t test.
ER, endoplasmic reticulum; hsSRS, hyperspectral stimulated Raman scattering; IRE1q, inositol-requiring enzyme 1a; Tm, tunicamycin.

ErnI57*AS7248 mice. Quantitative RT-PCR profiling revealed

significantly blunted induction of Xbpl mRNA splicing and
Erdj4 mRNA expression in Ern1®"***/572*A Jivers at 6 and 24 h
after Tm treatment (Fig. 7A), suggesting a lower RNase activity
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of the IRE1a—S724A protein in vivo. Surprisingly, while no
significant changes were detected in Tm stimulation of binding
immunoglobulin protein (Bip) mRNA expression, significantly
higher upregulation of Chop mRNA was observed in
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Figure 7. Effects of S724A mutation of IRE1a upon hepatic gene expression
15724A/ 724,

PCR analysis of the mRNA abundance of the indicated genes in livers of Ern

rograms related to ER stress and lipid metabolism. Quantitative RT-
mice and their Ern 1™ littermates following treatment with Tm or

vehicle (n = 3-6 per group). A, the UPR genes. B, lipogenesis. C, fatty acid 3-oxidation. D, TG secretion. Data are presented as the mean + SD. *p < 0.05, **p <
0.01, and ***p < 0.001 by two-tailed unpaired Student’s t test. ER, endoplasmic reticulum; IRE1q, inositol-requiring enzyme 1a; TG, triacylglyceride; Tm,

tunicamycin; UPR, unfolded protein response.

ErnIS7**A/S72% Jivers (Fig. 7A). In parallel, whereas Tm
treatment exerted a suppressive effect upon the expression of
key transcriptional regulators and metabolic enzymes in both
lipogenesis and fatty acid oxidation (Fig. 7, B and C), we
detected significant increases in the expression of lipogenic
genes, including peroxisome proliferator—activated receptor
gamma (Ppary), sterol regulatory element-binding transcrip-
tion factor 1 (SrebpIc), and Scdl (Fig. 7B), along with signifi-
cant decreases in that of genes related to fatty acid oxidation
such as Ppara and Cptla (Fig. 7C), in Ern157**A/572%A Jivers at
6 or 24 h after Tm treatment. These data suggest that the
lowered RNase activity of IRE1a—S724A protein resulted in
decreased Xbpl mRNA splicing, along with enhanced
expression of Chop, which also has been shown to be a key
mediator in ER stress—induced suppression of genes related to
lipid metabolism in hepatic steatosis (54). Moreover, in the
livers of Ern1™ ™™ control mice, we observed marked Tm-
induced upregulation of PDI (encoding protein disulfide
isomerase [PDI]) but not MTTP (encoding microsomal
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triglyceride—transfer protein [MTTP]) (Fig. 7D), and a signif-
icant attenuation of Tm-induced upregulation of PDI was seen
in Ern157?*/5724A Jivers (Fig. 7D). This blunted expression of
PDI, a crucial regulator of TG secretion from the liver, could
also be ascribable to the weakened activation of Xbpl mRNA
splicing in ErnI37**S7%*A livers, which is in line with the
reported findings (50).

IRE1a regulates hepatic expression of CHOP and PDI through
XBP1s under ER stress

Next, we asked if the dampened production of XBP1s could
mechanistically link the insufficient activation of IREla to the
altered expression of CHOP and PDI in the liver. Consistently,
immunoblot analysis showed that abrogation of Ser”** phos-
phorylation of IREl« resulted in marked reductions in hepatic
XBP1s protein production in Ernl>"**»S72*A mice at 6 or 24 h
after Tm treatment (Fig. 8, A-D). Interestingly, decreased
Tm-induced phosphorylation of PERK but unaltered BiP
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protein expression was detected, indicating a likely connection
between Ser’** phosphorylation of IRE1a and PERK activation.
However, robust elevations in CHOP protein levels were seen
in Ern1572*AS72%A Jivers (Fig. 8, A-D), somewhat similar to our
observations in primary hepatocytes (Fig. 5, B and D). Thus,
such increased CHOP expression was unrelated to the PERK
pathway in ER-stressed Ern17>*A/572*A livers, Moreover, we
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Figure 8. S724A mutation of IRE1a results in blunted XBP1s production with decreased PDI but increased CHOP exg{ession in ER-stressed livers.

A-D, immunoblot analysis of the phosphorylation and expression levels of the indicated proteins in livers of Ern1°7244/572

mice and their Ern1V™WT it

termates following treatment with Tm or vehicle for 6 h (A and B) or 24 h (C and D). Shown are representative immunoblots for three individual mice per
group (A and (), and quantification of XBP1s, PDI, and CHOP protein levels after normalization to tubulin (B and D). E and F, primary hepatocytes from male

Ern15723A/5724A mice and their Ern 1™

T Jittermates were infected for 30 h with adenoviruses expressing GFP control or XBP1s protein. Cells were then

treated with Tm (100 ng/ml) for 24 h. E, immunoblot analysis of XBP1s protein, IRE1a phosphorylation, as well as PDI and CHOP proteins. Shown also is the
quantification of PDI and CHOP protein levels after normalization to tubulin as the loading control. F, quantitative RT-PCR analysis of the mRNA abundance
of the indicated genes. Results in (E) and (F) represent three independent experiments. All data are presented as the mean + SD. *p < 0.05, **p < 0.01, and
***p < 0.001 by two-tailed unpaired Student’s t test or two-way ANOVA. CHOP, CCAAT-enhancer binding protein homologous protein; ER, endoplasmic
reticulum; IRE1q, inositol-requiring enzyme 1a; PDI, protein disulfide isomerase; Tm, tunicamycin; XBP1s, spliced X-box binding protein 1.
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treatment (Fig. 8, A-D). These data indicate that in accordance
with their mRNA expression levels, deficient production of
XBP1s protein was indeed coupled with persistently higher
CHOP protein and lower PDI protein expression levels
without apparently increasing the ER stress state in the livers
of Tm-treated ErnI5"***/57*A mijce.

To test whether XBP1ls mediates the effects of IREla—
S724A upon the expression levels of CHOP and PDI, we used
adenovirus to overexpress XBP1s protein in primary hepato-
cytes isolated from Erm157***/S72*A mice, Similar to our ob-
servations in the liver, significant increases in Tm induction of
CHOP protein as well as its mRNA expression were detected,
and restored expression of XBP1s significantly blunted both in
ErnI57**A/S724 hepatocytes (Fig. 8, E and F). In addition,
S724A mutation of IREla also suppressed Tm-induced ele-
vations in PDI protein as well as its mRNA expression levels,
and overexpression of XBP1s reversed both in Ern]5724A/57244
hepatocytes (Fig. 8, E and F). Thus, deficient production of
XBP1s, at least in large part, mediated the persistent upregu-
lation of CHOP as well as the downregulation of PDI in he-
patocytes, thereby promoting the aggravation of ER stress—
induced hepatic steatosis.

Finally, we went on to examine whether increased hepatic
CHOP protein levels were associated with cell death in livers
of Tm-treated Ern1?*A/S724A nmijce. Consistently, immuno-
staining of liver sections revealed apparently higher intensity of
CHOP protein signals (Fig. 94), and immunoblot analysis

Phosphorylation regulation of IRE1a activation

showed increased nuclear accumulation of CHOP protein
(Fig. 9B), in livers of Ernl ST2AIST2AA mice after 6 or 24 h of Tm
treatment. However, we neither observed detectable levels of
the cleaved form of caspase-3 (Fig. 9C) nor found appreciable
apoptosis signals by TUNEL analysis, in ErnlS">*4/S7244 o
ErnI™¥™™T livers at 24 h following Tm treatment (Fig. 9D).
These results further support the notion that CHOP protein
may mainly contribute to the dysregulation of hepatic lipid
metabolism, rather than mediating cellular apoptosis, during
ER stress—induced hepatosteatosis (54).

Discussion

Autophosphorylation of IREla has been established as a key
step in its functional activation, but it has yet to be fully un-
derstood how its phosphorylation states are endogenously
regulated and coupled to its RNase outputs in response to
various stress states. In the current study, we investigated the
role in vivo of phosphorylation at Ser’>*, one of the three
serine residues (Ser724, Ser’?°, and Ser729) within the kinase
activation loop of IREla that are known to undergo phos-
phorylation during its activation upon ER stress (36, 37). Our
results revealed that phosphorylation at Ser’** critically gov-
erns IREla kinase activity for its autophosphorylation at other
sites, which presumably enables the full activation of its RNase
activity for both Xbpl mRNA splicing and RIDD of Blosl
mRNA substrate. Furthermore, using Ern15"***/572*A knock-in
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Figure 9. S724A mutation of IRE1a has no effect upon apoptosis in ER-stressed livers. A, immunohistochemical staining of CHOP protein in liver

sections of Ern1°72*"5724A mice and their Em 1™

littermates following Tm treatment. The scale bar represents 100 um. B, immunoblot analysis of CHOP

protein in liver nuclear extracts. Lamin A/C was used as the nuclear protein control. C, immunoblot analysis of caspase-3 in livers of mice following Tm
treatment for 24 h. Tubulin was used as the loading control. D, representative images of TUNEL staining of liver sections after 24 h of Tm treatment. The
scale bar represents 50 pum. CHOP, CCAAT-enhancer binding protein homologous protein; ER, endoplasmic reticulum; IRE1q, inositol-requiring enzyme 1a;

Tm, tunicamycin.
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mice, we demonstrated in vivo that the activation control by
phosphorylation at Ser’** of IREla can restrict the severity of
ER stress—induced liver steatosis, largely through its RNase-
dependent production of XBP1s. Our findings highlight the
importance of precisely dissecting the functional consequences
in vivo of each individual phosphorylation sites or in combi-
nations, which most likely underlies distinct activation modes
of IREla under a diversity of stress and pathological
conditions.

Phosphorylation at Ser’** has been widely employed for
monitoring IREla activation during experimental or physio-
logical ER stress conditions. In contrast to the reported
phosphorylation at Ser’* of IREla (38), whose effect upon its
kinase activity remains to be characterized, we found that
abrogation of Ser’** phosphorylation resulted in decreased or
defective autophosphorylation of IREla at certain sites that
have yet to be identified. Moreover, these alterations in the
phosphorylation state of IRE1a were subsequently connected
to its RNase activities, exhibiting possible cell type—specific
features with respect to its RIDD outputs. It is also worth
noting that Ser”** of IRE1a is not only autophosphorylated but
also subjected to phosphorylation by PKA kinase in hepato-
cytes upon glucagon stimulation (55). Thus, it is conceivable
that IREla phosphorylation at Ser”?* has a key role in gov-
erning its activation mode and functional output upon typical
ER stress as well as under physiological/pathological stress
conditions such as obesity-associated metabolic stress. As
IREla is known to be complexed with many other protein
partners that either regulate its phosphorylation states or
perform downstream signaling functions (32, 56), phosphor-
ylation at Ser’** may represent a key step in controlling the
overall phosphorylation states of IRE1«, which can in turn not
only intrinsically regulate its dimerization/oligomerization for
activating its RNase activity toward different substrate RNA
targets (57) but also modulate its interactions with other
proteins for distinct signaling actions. In this context, it war-
rants further in-depth investigations with regard to potential
stress signal—specific mechanisms in eliciting distinct activa-
tion modes of IREla through individual or combined phos-
phorylation events, including those within its kinase activation
loop.

Using ER stress—induced hepatic steatosis mouse model, we
found that defective activation of IREla as a result of S724A
mutation caused deficient production of XBP1s, leading to an
exacerbation of lipid accumulation in the liver of Tm-treated
ErnI37**/S7248 mjce. This demonstrates the importance
in vivo of phosphorylation at Ser’** of IREla for its full acti-
vation in counteracting hepatic ER stress, which is consistent
with the documented phenotypes in mice with hepatocyte-
specific deletion of IREla that abolished Xbpl mRNA
splicing (51). Mechanistically, a fully functional IRE1a—XBP1
pathway has been shown to regulate crucial components or
regulators of hepatic lipid metabolism, including PDI, PPARq,
and CHOP (43, 50, 54). Particularly, given the reported
important role of CHOP in mediating ER stress—induced liver
steatosis (54) as well as in transcriptionally suppressing the
expression of certain master regulators, for example, Ppara, in
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hepatic lipid metabolism (58), it is likely that CHOP could act
as a key contributor in linking the impaired production of
XBP1s in Ern1®"**A/572*A livers to dysregulated hepatic lipid
homeostasis. This is also in line with the reported findings that
XBP1s not only downregulates the expression of CHOP (59)
but also promotes hepatic lipid secretion through PDI while
exerting beneficial metabolic effects upon obesity-associated
liver steatosis through suppressing the expression of lipo-
genic genes (49, 50).

In summary, our study uncovers the functional importance
of the phosphorylation at one single serine residue within the
kinase activation loop of IREla for its dynamic and endoge-
nous activation in response to ER stress. Because IREla is a
multifunctional protein possessing multiple phosphorylation
sites, it requires further detailed molecular dissection of the
mechanisms that dictate the activation modes of IRE1a under
physiologically and pathologically relevant ER stress condi-
tions such as dietary obesity. This will offer new insights into
how dysregulated activation of IRElx can link ER stress to the
pathogenic development of metabolic disorders such as
nonalcoholic fatty liver disease.

Experimental procedures
Animals

All animal studies were conducted in strict accordance with
the Institutional Guidelines for the humane treatment of ani-
mals, with experimental protocols approved by the Committee
on Ethics in the Care and Use of Laboratory Animals, College
of Life Sciences, Wuhan University. ErnI®"***/572*A knock-in
mice were generated by Shanghai Laboratory Animal Co Ltd.
For creation of ErmI®"**/S72* Knock-in mouse model, a
pBR322-based targeting vector was generated to contain the
segment from 92,210 to 98,830 of the mouse Ernl gene
(ENSMUSG00000020715) in which the AGT codon for Ser”**
residue within exon 17 was substituted with the GCT codon
for Ala. Neo cassette flanked by the flippase (FLP) recognition
target sequence was then introduced into the targeting
sequence between 95,912 and 95,913 of the mouse Ernl gene.
Targeting vector DNA was used to transfect 129SV/EV
(SCR012) embryonic stem (ES) cells by electroporation. After
selection with the antibiotic G418, 96 clones were screened by
PCR analysis to identify recombinant ES clones, using two sets
of primer pairs corresponding to the 5-homology arm (for-
ward: 5'-CTTCGAGCTACTAGATGGCACTCC-3'), the Neo
cassette (reverse: 5'-CCGTGCCTTCCTTGACCCTGG-3;
forward: 5'-GGCCTACCCGCTTCCATTGCTC-3'), and the
3’-homology arm (reverse: 5-GAAGAACTCACAGCAAA-
CATCAG-3'). Two positive clones were identified and then
selected for expansion, followed by verification via PCR-based
DNA sequencing analysis for the presence of the desired AGT
to GCT mutation. Targeted ES cells were subsequently
microinjected into 194 C57BL/6] blastocysts for 14 recipients,
and three male chimeras were obtained and intercrossed with
C57BL/6] females to produce F1 heterozygous mice (n = 8).
The Neo selection cassette was then removed by breeding to
the FLP mice (129S4/SvJaeSor-Gt [ROSA] 26Sortm1 [FLP1]
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Dym/J; Jackson Lab), followed by backcrossing of the germline
Neo-deleted Ern1®"***"™T mice into the genetic background
of C57BL/6] for over nine generations. Ernl®**/¥T
mice were then intercrossed to generate homozygous
Ern157*AS7248 mice and Ern1™ ™7 littermates. Animals
were maintained under a standard humidity- and temperature-
controlled environment on a 12 h light/dark cycle, with free
access to food and water. For ER stress—induced liver steatosis
model, 2-month-old male Ern157**5724A mice and their
ErnI™™™T littermates were injected i.p. with 1 mg/kg body
weight of Tm or 150 uM dextrose (vehicle).

Preparation of MEFs

Primary MEFs were isolated from Ern and
ErnIS7**A/S72% embryos at embryonic day 13.5. Briefly, em-
bryos were minced, trypsinized, and washed with PBS. Primary
MEFs were plated in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum and 1% penicillin—streptomycin. MEFs
were then transfected with lentivirus expressing SV40 large T-
antigen (kindly provided by Prof Anning Lin at the Shanghai
Institutes for Biological Sciences) for immortalization.

IWT/ WwWT

Isolation of primary hepatocytes

Primary mouse hepatocytes were isolated from male mice at
8 to 12 weeks of age as previously described (60) with minor
modifications. Briefly, collagenase perfusion was performed
through the portal vein of anesthetized mice with 50 ml of
perfusion buffer (Krebs Ringer buffer containing 3.6 mg/ml
glucose, 1 M CaCl,, and 5000 U of collagenase I [Wor-
thington]) at 37 °C. Cells were dispersed, and hepatocytes were
collected and plated in collagen-coated plates with Dulbecco’s
modified Eagle’s medium plus 10% fetal bovine serum. Cells
were cultured for 8 h before further analysis.

Serum and liver measurements

Hepatic TGs were measured as previously described (61).
Briefly, 20 to 30 mg of liver tissues were homogenized in PBS
and mixed with CHCl;—CH3OH (2:1, v/v). The organic phase
was transferred, air-dried overnight, and resuspended in 1%
Triton X-100 in absolute ethanol. Serum and liver TG levels
were determined by the Total Triglyceride Kit according to the
manufacturer’s instructions (Kehua Bioengineering), and liver
TG levels were normalized to the total liver protein.

hsSRS imaging

Liver tissue was fixed in 10% formalin and then embedded
in Tissue-Tek optimal cutting temperature compound. Frozen
liver tissues sectioned to 30 pum thick using Cryostat (Leica CM
3000) were subjected to hsSRS imaging analysis as previously
described (53, 62, 63). Briefly, the spectral focusing—based
hsSRS system was used, with a dual-output femtosecond
laser (InSight DeepSee; Spectra-Physics) providing pump
(800 nm) and Stokes (1040 nm) pulses at an 80 MHz repetition
rate. An electro-optical modulator (EO-AM-R-C2; Thorlabs)
was used to modulate the Stokes laser at a resonant frequency
of 10.5 MHz. The time delay line controlled by a motorized
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stage was employed, and the microscope (BX51; Olympus)
equipped with a water objective (UPLSAPO 60XW; Olympus)
was used for laser scanning and imaging. The pump beam was
detected by a photodiode (S3994-01; Hamamatsu) with two
installed short-pass filters (ET980SP; Chroma), and the SRS
signals were acquired by a lock-in amplifier (HF2 LI; Zurich
Instruments). The laser power of pump and Stokes beams
were set to 50 and 70 mW (measured before galvanometer),
respectively.

Oil-Red O staining

Frozen liver sections (10 um thick) were fixed in formalin
and then embedded in Tissue-Tek OCT (Servicebio). Liver
sections were stained with freshly prepared Oil-Red O solution
(Servicebio) for 10 to 30 min, followed by rinsing with 60%
isopropanol. Nuclei were lightly stained with alum hematox-
ylin (Servicebio).

Immunohistochemistry analysis

For immunohistochemical analysis, MEF cells seeded in 96-
well PhenoPlates (PerkinElmer; catalog no.. 6055300) at
20,000 cells/well were treated with Tm and fixed with 4%
polyformaldehyde for 15 min at room temperature. Cells were
then washed twice with PBS and permeabilized with 0.2%
Triton X-100 for 7 min at room temperature. After washing
with PBS, cells were incubated with blocking buffer (10% fetal
bovine serum) for 1 h. After incubation with CHOP antibody
(1:100 dilution; Santa Cruz Biotechnology, Inc; catalog no.:
sc-7351) overnight at 4 °C, cells were washed three times with
PBS, followed by incubation with Alexa Fluor 488—conjugated
secondary antibody (1:500 dilution; Invitrogen, catalog no.:
A21202) for 1 h at room temperature. Mounting medium was
then added before imaging analysis by the Operetta CLS high-
content analysis system (PerkinElmer). For liver tissue sec-
tions, samples were blocked with 3% bovine serum albumin for
1 h after antigen retrieval and incubation in 3% H,O,, followed
by incubation with CHOP antibody (1:100 dilution; Santa Cruz
Biotechnology, Inc; catalog no.: sc-7351) overnight at 4 °C.
After washing with PBS, samples were incubated with horse-
radish peroxidase—conjugated secondary antibody (1:1000
dilution; Servicebio; catalog no.: GB23303) for 1 h at 37 °C
prior to incubation with diaminobenzidine tetrahydrochloride.
Images were captured by microscopy.

TUNEL and cell viability analyses

Liver sections were analyzed for cell death using the Dead
End Fluorometric TUNEL System (Promega; catalog no.:
G3250) according to the manufacturer’s instructions. TUNEL
signals were visualized by fluorescence microscopy. Cell
viability of MEFs and primary hepatocytes was assessed by
Enhanced Cell Counting Kit-8 according to the manufacturer’s
instructions (Beyotime Biotechnology; catalog no.: C0041).

Adenovirus infection

Recombinant adenoviruses for the overexpression of human
IREla and its mutant forms, as well as mouse XBP1s, were
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prepared and used as described previously (44). Primary
hepatocytes were infected with adenoviruses at a multiplicity
of infection of 20 to 40.

Chemical reagents, antibodies, and immunoblot analysis

Tm (catalog no.. 654380) was purchased from Sigma-
Aldrich, and KIRA6 (catalog no.: HY-19708) was from MCE.
Antibodies against IREla (catalog no.: 3294), p-PERK (catalog
no.: 3179), PERK (catalog no.: 3192), BiP (catalog no.: 3177),
ACCI1 (catalog no.: 3676), PDI (catalog no.: 3501), and caspase
3 (catalog n0.:9662) were all purchased from Cell Signaling
Technology. Antibodies against phosphorylated IREla at
Ser”** (p-IREla) (catalog no.: AP1146), ADRP (catalog no.:
A6276), and CHOP (catalog no.: A0221) were from Abclonal.
XBP1s (catalog no.: ab220783) antibody was from Abcam, fatty
acid synthase (catalog no.: 610962) antibody was from BD
Biosciences, and a-tubulin antibody (T6199) was from Sigma.

For immunoblotting analysis, lysates of liver tissue or cells
were prepared by radioimmunoprecipitation assay buffer
(150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM Tris—HCl, pH 7.4) containing cOmplete
protease-inhibitor cocktail (Sigma). Protein concentrations
were measured by Bradford Protein Assay Kit (Thermo Fisher
Scientific). Western immunoblotting was performed as previ-
ously described (43), and quantification was done using the
Image] (National Institutes of Health) software.

Phos-tag gel analysis was performed as described (40).
Briefly, a 6% SDS-PAGE gel containing 25 mM Phos-tag was
prepared according to the manufacturer’s instructions (Phos-
tag acrylamide AAL-107; Wako Pure Chemical Industries).
IREla antibody (catalog no.: 3294; Cell Signaling Technology)
was used to detect the phosphorylated and nonphosphorylated
forms of IRElx protein.

For preparation of liver nuclear extracts, frozen livers were
homogenized using a Dounce homogenizer in ice-cold ho-
mogenization buffer I (pH = 8.0) containing 1% NP-40, 10 mM
Hepes, 1.5 mM MgCl,, 10 mM KCl, 25 mM NaF, 1 mM
NazVO,, 1 mM EDTA, and cOmplete protease-inhibitor
cocktail. The homogenates were briefly centrifuged at
450 rpm at 4 °C to remove tissue debris, and the suspension
was transferred to a new tube and centrifuged at 12,000 rpm
for 10 min at 4 °C. The nuclear pellets were resuspended in
buffer II (pH = 8.0) containing 20 mM Hepes, 1.5 mM MgCl,,
420 mM NaCl, 0.2 mM EDTA, 25% glycerol, 25 mM NaF, and
cOmplete protease-inhibitor cocktail prior to immunoblot
analysis using the desired antibodies.

Quantitative RT-PCR analysis

Total RNA was extracted from liver tissue or cells by TRIzol
reagent (catalog no.: T9424; Invitrogen), and complementary
DNA was synthesized using the RevertAid Synthesis Kit
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. Real-time quantitative PCR was then performed
using the ABI Step-one Plus System (Applied Biosystems) with
SYBR Green PCR reagents (Applied Biosystems). Gapdh was
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utilized as the internal control for normalization. The oligo-
nucleotide primers used are as follows:

Mouse Erdj4: forward 5'-ATAAAAGCCCTGATGCT-
GAAGC-3’ and reverse 5-GCCATTGGTAAAAG-
CACTGTGT-3;

Mouse Xbplt: forward 5-TGGCCGGGTCTGCTGAGT
CCG-3' and reverse 5-GTCCATGGGAAGATGTTCTGG-3';

Mouse Xbpls, forward 5-CTGAGTCCGAATCAGGTG-
CAG-3’ and reverse 5-GTCCATGGGAAGATGTTCTGG-3;

Mouse CHOP: forward 5'-CTGGAAGCCTGGTATGAG-
GAT-3' and reverse 5'-CAGGGTCAAGAGTAGTGAAGGT-
3';

Mouse PDI: forward 5'-ACCTGCTGGTGGAGTTCTATG-
3’ and reverse 5'-CGGCAGCTTTGGCATACT-3';

Mouse Bip: forward 5'-ACTTGGGGACCACCTATTCCT-
3’ and reverse 5'-ATCGCCAATCAGACGCTCC-3';

Mouse Gapdh: forward 5'-GGATTTGGCCGTATTGGG-3’
and reverse 5-GTTGAGGTCAATGAAGGGG-3';

Mouse Bloclsl: forward 5'-TCCCGCCTGCTCAAAGAAC-
3’ and reverse 5'-GAGGTGATCCACCAACGCTT-3;

Mouse Ppara: forward 5'-AGAGCCCCATCTGTCCTCTC-
3’ and reverse 5'-ACTGGTAGTCTGCAAAACCAAA-3;

Mouse Cptla: forward 5'-CTCCGCCTGAGCCATGAAG-
3" and reverse 5'-CACCAGTGATGATGCCATTCT-3';

Mouse Hmgcs2: forward 5-ATATGTGGACCAAACT-
GACCTGG-3' and reverse 5-ACTGTTTTGA-
CAGCCTTGGAC-3;

Mouse Ppary: forward 5'-CTCCAAGAATACCAAAGTGC
GA-3' and reverse 5'-GCCTGATGCTTTATCCCCACA-3';

Mouse Srebplc: forward 5-CAGCTCAGAGCCGTGGT
GA-3' and reverse 5'-TTGATAGAAGACCGGTAGCGC-3/;

Mouse Fasn: forward 5-GGAGGTGGTGATAGCCGGT
AT-3' and reverse 5-TGGGTAATCCATAGAGCCCAG-3';

Mouse Accl: forward 5'-GATGAACCATCTCCGTTGGC-
3" and reverse 5'-CCCAATTATGAATCGGGAGTGC-3';

Mouse Scdl: forward 5'-AGATCTCCAGTTCTTACACG
ACCAC-3' and reverse 5-GACGGATGTCTTCTTCCA
GGTG-3'.

Mouse Srebp2: forward 5-CCGCTCTCGAATCCTCT-
TAT-3' and reverse 5'-CAGCACCTGACTCCAGTGAC-3'.

Statistical analysis

All data are presented as the mean + SD. Statistical analysis
was conducted using unpaired two-tailed Student’s ¢ test or
two-way ANOVA using GraphPad Prism 7.0 (GraphPad
Software, Inc). p < 0.05 was considered statistically significant.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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