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SUMMARY

Adaptation to endoplasmic reticulum (ER) stress
depends on the activation of an integrated signal
transduction pathway known as the unfolded protein
response (UPR). Bax inhibitor-1 (BI-1) is an evolution-
arily conserved ER-resident protein that suppresses
cell death. Here we have investigated the role of
Bl-1 in the UPR. BI-1 expression suppressed IRE1«
activity in fly and mouse models of ER stress. Bl-1-
deficient cells displayed hyperactivation of the ER
stress sensor IRE1a, leading to increased levels of
its downstream target X-box-binding protein-1
(XBP-1) and upregulation of UPR target genes. This
phenotype was associated with the formation of
a stable protein complex between BIl-1 and IRE1«,
decreasing its ribonuclease activity. Finally, BI-1 defi-
ciency increased the secretory activity of primary
B cells, a phenomenon regulated by XBP-1. Our
results suggest a role for Bl-1 in early adaptive
responses against ER stress that contrasts with its
known downstream function in apoptosis.

INTRODUCTION

A number of conditions interfere with oxidative protein-folding
processes in the endoplasmic reticulum (ER) lumen (Ron and
Walter, 2007), leading to a cellular condition referred to as “ER
stress.” Adaptation to ER stress is mediated by engagement of
the unfolded protein response (UPR), an integrated signal trans-
duction pathway that transmits information about protein-folding
status in the ER lumen to the cytosol and nucleus to increase
protein-folding capacity. Conversely, cells undergo apoptosis if
these mechanisms of adaptation and survival are insufficient to
handle the unfolded protein load.

Expression of the UPR transcription factor X-box-binding
protein-1 (XBP-1) is essential for the proper function of plasma
B cells (Reimold et al., 2001; lwakoshi et al., 2003), exocrine cells
of pancreas, and salivary glands (Lee et al., 2005) and for liver
lipogenesis (Lee et al., 2008). Active XBP-1 is generated by the
direct processing of its mRNA by the ER stress sensor IRE1a,
an ER resident Ser/Thr protein kinase and endoribonuclease
(Calfon et al., 2002; Lee et al., 2002). This unconventional splicing
event leads to a shift in the codon reading frame, resulting in the
expression of an active transcription factor termed XBP-1s that
controls genes related to protein quality control, ER transloca-
tion, glycosylation, and ER/Golgi biogenesis (Shaffer et al.,
2004; Lee et al., 2003a; Acosta-Alvear et al., 2007). In addition,
IRE1a operates by the formation of a complex signaling platform
at the ER membrane through the binding of adaptor proteins,
controlling the activation the c-Jun N-terminal kinase (JNK),
ERK, and NF-kB pathways (reviewed in Hetz and Glimcher,
2008b).

IRE1a activity is specifically regulated by different factors
including the phosphatase PTP-1B (Gu et al., 2004), ASK1-inter-
acting protein 1 (AIP1) (Luo et al., 2008), and some members of
the BCL-2 protein family (Hetz et al., 2006). The BCL-2 family
is a group of evolutionarily conserved regulators of cell death
composed of both anti- and proapoptotic members that operate
at the mitochondrial membrane to control caspase activation
(Danial and Korsmeyer, 2004). We recently described a function
for the proapoptotic BCL-2 family members BAX and BAK at the
ER where they regulate the amplitude of IRE1a signaling by
modulating its activation possibly by a physical interaction
(Hetz et al., 2006). These findings suggested a role for BCL-2
family members as accessory factors for the instigation of
certain UPR signaling events. It is unknown whether or not other
apoptosis-related components regulate the UPR.

A recent study suggested that the IRE1a pathway may be
modulated by additional proteins such as BAX inhibitor-1 (BI-1)
(Bailly-Maitre et al., 2006). Under ischemic conditions, Bl-1-defi-
cient mice displayed increased expression of XBP-1 s in the liver
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Figure 1. BI-1 Negatively Regulates IRE1a
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(A) BI-1 KO and control MEFs were treated with
indicated concentrations of Tm for 2.5 hr, and
levels of XBP-1 mRNA splicing were determined
in total cDNA by RT-PCR. Spliced and unspliced
PCR fragments are indicated. In addition, total
levels of XBP-1, spliced XBP-1, and actin mRNA
were determined by using RT-PCR.
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(B) BI-1 KO and control MEFs were treated with
indicated concentrations of Tm for 2.5 hr and
levels of XBP-1 mRNA splicing determined. Data
presented are representative of at least ten inde-
pendent experiments.

(C) BAX and BAK DKO MEFs were reconstituted
with a BAK retroviral expression vector or empty
vector (mock). After 48 hr, the levels of XBP-1
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SP1 were determined in nuclear extracts. In addi-
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determined by western blot in total cell extracts.

(F) BI-1 KO MEFs were reconstituted with a retro-
viral expression vector encoding a BI-1VT-EGFP
fusion protein (BI-1) and then XBP-1 mRNA
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with different doses of Tm for 2.5 hr. C, control
BI-1 KO cells. (Left panel) BI-1-EGFP and HSP90
expression were determined by western blot.

(G) WT MEFs were transduced with lentiviral vectors
expressing shRNA against the bi-1 (shBI-1) or
luciferase (shLuc) mRNA and levels of XBP-1
mRNA splicing determined by RT-PCR in cells

Bl-1 Luc Bl

treated with 100 ng/ml Tm for 2.5 hr. As control, total Bl-1 mRNA levels were determined by real-time PCR. Mean and standard deviation are presented. P value

was calculated by using Student’s t test.

(H) In parallel, BAX and BAK DKO cells were transduced with shRNA against BI-1 mRNA or luciferase (Luc) and analyzed as described in (G).

and kidney (Bailly-Maitre et al., 2006). However, the mechanism
underlying this phenotype was not investigated. BI-1 is a six
transmembrane-containing protein functionally related to the
BCL-2 family of proteins and is primarily located in the ER
membrane (Xu and Reed, 1998). Bl-1 has no obvious homology
with BCL-2-related proteins, yet it physically interacts with
different members of this family, such as BCL-2 and BCL-X_
(Xu and Reed, 1998; Chae et al., 2004). In mammalian cells,
BI-1 is an antiapoptotic protein that protect cells against many
different intrinsic death stimuli (Xu and Reed, 1998), including
ER stress, among others (Chae et al., 2004). Further studies re-
vealed that BI-1 is well conserved in yeast, plants, viruses, and
many other organisms (Chae et al., 2003; Huckelhoven, 2004)
in which its function remains poorly explored. Here we investi-
gated the possible role of BI-1 in the UPR. Overall, our results
reveal a function for Bl-1 by which it negatively modulates the
IRE1a/XBP-1 pathway. Our findings suggest a model wherein
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the expression of anti- and proapoptotic proteins at the ER
membrane determines the amplitude of UPR responses.

RESULTS

Bl-1 Deficiency Increases XBP-1 mRNA Splicing

Although IRE1a is the most evolutionarily conserved pathway of
the UPR, little is known about its regulation. To define the
possible regulation of IRE1a by BI-1, we determined the levels
of xbp-1 MRNA splicing using two different methods in BI-1
knockout (BI-1 KO) murine embryonic fibroblasts (MEFs). We
titrated down the dose of the experimental ER stressor tunica-
mycin (Tm) to a point at which wild-type (WT) MEFs displayed
only minimal processing of XBP1 mRNA (Figure 1A). Notably,
under these conditions, Bl-1 KO MEFs displayed pronounced
splicing of the XBP1 mRNA. The inhibitory effects of BI-1 on
XBP-1 mRNA splicing were minor at very high concentrations
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Figure 2. Increased UPR Responses in
Bl-1-Deficient Cells

(A) BI-1 WT and KO MEFs were treated with indi-
cated concentrations of Tm for 8 hr, and the
mRNA levels of the XBP-1 target genes Sec61
and EDEM were determined by real-time PCR.
(B) A panel of UPR target genes was analyzed by
real-time PCR in BI-1 WT and KO cells treated
with 100 ng/ml of Tm for 8 hr. P values were calcu-
lated with Student’s t test comparing BI-1 WT and
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of Tm (>1.6 pg/ml, Figure 1B), indicating that BI-1 is a modulator
of IRE1a activity. Consistent with our previous findings (Hetz
et al., 2006), low doses of Tm treatment revealed positive modu-
lation of IRE1a activity by the proapoptotic molecule BAK
(Figure 1C). In addition, we were able to validate these results
by using other ER-stress-inducing agents, such as brefeldin A
(inhibits ER to Golgi trafficking) and thapsigargin (blocks the
ER-calcium pump SERCA) (see Figure S1 available online).

Inagreement with the increased XBP-1 mRNA splicing observed
above, enhanced expression of XBP-1s protein was observed in
BI-1 cells undergoing ER stress when compared with control
BI-1 WT cells (Figures 1D and 1E). BI-1 deficiency did not signifi-
cantly affect the expression of IRE1-independent events such as
ATF4 expression and elF2q. phosphorylation (Figure 1E), suggest-
ing that BI-1 specifically affects UPR events initiated by IRE1a. and
not by the stress sensor PERK. We confirmed our results by recon-
stituting BI-1 KO cells with a human BI-1, which drastically
decreased the levels of XBP-1 mRNA splicing (Figure 1F).

In order to rule out possible compensatory effects associated
with BI-1 deficiency, we targeted Bl-1 mRNA with small hairpin
RNA (shRNA) and lentiviral vectors. This strategy led to an
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(C) As control, the mRNA levels of EDEM were
determined in BI-1 KO cells expressing shRNA
against XBP-1 or control shRNA (luciferase).

(D) The mRNA levels of EDEM, Sec61, and HERP
were determined at indicated time points in cells
treated with 100 ng/ml Tm. In (A) and (B), p values
were calculated by two-way ANOVA to compare
the effects of BI-1 ablation on UPR target gene up-
regulation. In experiments (A)-(D), data represent
average and standard deviation representative of
three experiments.
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~75% decrease in BlI-1 mRNA levels
(Figure 1G). BI-1 knockdown cells dis-
played increased levels of XBP-1 mRNA
splicing when compared with control
cells (Figure 1G). Interestingly, knock-
down of BI-1 in BAX/BAK DKO cells did
not restore the normal levels of XBP-1
mRNA splicing, suggesting that BI-1 op-
erates upstream of BAX and BAK in the
control of the IRE1a/XBP-1 pathway
(Figure 1H). To complement these exper-
iments, we analyzed the expression
levels of BI-1 mRNA, the stability of
ectopically expressed BI-1, and its
subcellular distribution under ER stress conditions. No alteration
in the levels of BI-1 expression or its distribution pattern was
observed under these conditions (Figure S2).
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Increased Upregulation of XBP-1s Target Genes

in BI-1 KO Cells

Previous work has demonstrated that XBP-1s regulates the
expression of ER-stress-induced genes that promote folding,
degradation of misfolded ER proteins through the ER-associated
degradation (ERAD) pathway and genes involved in the translo-
cation of proteins into the ER. XBP-1s target genes were previ-
ously defined in MEFs by our laboratory using cDNA microarray
analysis (Lee et al., 2003a) and include chaperones (i.e., ERdj4),
ERAD-related genes (i.e., edem and herp), genes involved in
protein translocation into the ER (i.e., Sec67), and many others
(Lee et al., 2003a; Shaffer et al., 2004). To define the impact of
BI-1 on UPR adaptive responses, we determined the levels of
XBP-1s target genes in Bl-1-deficient cells by real-time PCR.
Dose-response experiments demonstrated an increased upre-
gulation of the mRNAs encoding Sec61 and EDEM in BI-1
KO cells when compared with control cells (Figure 2A). Analysis
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of a broad panel of XBP-1s target genes in cells treated with
100 ng/ml Tm revealed a marked activation of the UPR in BI-1
KO MEFs (Figure 2B and Figure S1C). As control, we knocked
down XBP-1 with shRNA in BI-1 KO cells and then assessed
the mRNA levels of edem in cells undergoing ER stress,
observing a decreased upregulation when compared with
control cells (Figures 2C and 4A), similar to the phenotype of
XBP-1 KO MEFs (Figure S3A). Detailed time course experiments
indicated a more rapid and more pronounced upregulation of
XBP-1s target genes in BI-1 KO cells (Figure 2D).

Bl-1 Expression Regulates the Inactivation
of IRE1a/XBP-1 Signaling
We have recently reported that XBP-1 mRNA splicing levels
decline after prolonged ER stress (Lin et al.,, 2007). Here we
corroborated these observations in Bl-1 WT cells, observing
a decrease in the levels of splicing around 18 hr of Tm treatment
(Figure 3A). Surprisingly, we observed a sustained maintenance
of XBP-1 mRNA splicing in BI-1-deficient cells, even after 24 hr of
treatment, suggesting that BI-1 may be involved in the inactiva-
tion of IRE1a signaling (Figure 3A). These effects correlated well
with the prolonged upregulation of EDEM and Sec61 mRNA up
to 24 hr after Tm treatment in BI-1-deficient cells (Figure 3B).
To further evaluate the possible participation of Bl-1 in the
inactivation of IRE1a, we treated BI-1 WT and KO cells for only
2 hr with high doses of Tm to trigger almost full XBP-1 mRNA
splicing in both cell types. Tm-containing media was then
washed out and XBP-1 mRNA splicing monitored during the
recovery period. Under these experimental conditions, XBP-1
mRNA levels decreased by half in Bl-1 WT cells by 24 hr
posttreatment, whereas complete retention of XBP-1 splicing

0
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Figure 3. Delayed Inactivation of XBP-1
mRNA Splicing in Bl-1-Deficient Cells

(A) (Lower panel) XBP-1 mRNA splicing was moni-
tored over time in BlI-1 WT and KO cells treated
with 100 ng/ml Tm. (Upper panel) Quantification
of the percentage of XBP-1 mRNA splicing was
calculated after the densitometric analysis.

(B) XBP-1 target genes edem and sec61 were
evaluated in BI-1 WT and KO MEFs after 18 and
24 hr of treatment with 100 ng/ml Tm by using
real-time PCR. P values were calculated by two-
way ANOVA to compare the effects of Bl-1 abla-
tion on UPR target gene upregulation.

(C) BI-1 WT and KO cells were treated for 2 hr with
1 pg/ml of Tm and washed three times with PBS.
Then mRNA splicing was evaluated by RT-PCR
during the recovery period at indicated time
points.

(D) BI-1 WT and KO cells were treated with 10 pg/ml
of Tm for 3 hr to trigger complete XBP-1 mRNA
splicing. Then cells were treated with 3 ng/ml acti-
nomycin D to block transcription, and the decay of
XBP-1 mRNA was followed over time by real-time
PCR of total cDNA and normalized with the XBP-1
mRNA levels of control cultures not treated with
actinomycin D.
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was still observed in BI-1 KO cells (Figure 3C). Taken together,
these results suggest that Bl-1 regulates the amplitude of
IRE1a signaling possibly by downregulating its activity. In control
experiments, we monitored XBP-1 mRNA stability in BI-1 WT
and KO cells undergoing ER stress. No significant differences
in the decay of XBP-1 mRNA were observed in either cell type
(Figure 3D).

Dual Role of Bl-1 in the Regulation of UPR Signaling

and Downstream Apoptosis

Activation of the IRE1a/XBP-1 pathway confers cellular protec-
tion in adaptation to ER stress (Lin et al., 2007). To determine
the consequences of Bl-1-regulated XBP-1 mRNA splicing on
survival and adaptation to ER stress, we introduced IRE1a and
XBP-1 shRNAs into Bl-1 KO and control cells (Figure 4A) and
then assessed the effects on cell survival. As shown in
Figure 4B, inhibition of XBP-1s expression in Bl-1 KO cells
further enhanced their susceptibility to ER stress, as evidenced
by increased cell death. Interestingly, when experiments were
performed with 100 ng/ml of Tm, the effects of knocking down
XBP-1 on cell viability were only evident in Bl-1-deficient cells
and not control cells (Figure 4B), consistent with the dramatic
differences observed in the levels of XBP-1 mRNA splicing under
these conditions (Figure 1A). At high doses of Tm, the protective
effects of XBP-1 expression were also observed in BlI-1 WT cells
(Figure 4B). Similar results were obtained when the levels of
IRE1a were reduced with shRNA in BI-1 KO cells (Figure 4C).
Thus, the previously described increased susceptibility of BI-1-
deficient cells to ER-stress-induced apoptosis (Figures S3B
and S3C) is a combination of the balance between its
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(A) BI-1 KO MEFs were stably transduced with len-
tiviral vectors expressing shRNA against the
xbp-1, irea (shXBP-1 and shiRE1a), or luciferase
(shLuc) mRNA, and levels of XBP-1 s were deter-
mined by western blot in total nuclear extracts.
As controls, ATF4 and SP-1 levels were deter-
mined.

(B) BI-1 WT and KO MEFs were stably transduced
with lentiviral vectors expressing shRNA against
the xbp-1 (shXBP-1) or luciferase (shLuc) mRNA
and then treated with 0.1 or 1 pg/ml of Tm for
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(C) BI-1 KO shIRE1, shXBP-1, and shLuc cells
were treated with indicated concentrations of Tm
for 24 hr, and cell death was determined by PI
staining and FACS analysis.

(D) BI-1 KO cells transduced with indicated shRNA
constructs were exposed to 0.1 pg/ml Tm, 40 uM
etoposide, and 50 ng/ml TNF-o together with
1 pg/ml actinomycin D or 10 uM taxol for 24 hr,
and cell viability was analyzed by the MTS assay.
(Inset) The levels of XBP-1 splicing were assessed
in WT MEFS after similar treatments for 3 hr.
Average and standard deviations represent three
determinations. *p < 0.001 using Student’s t test.
(E) The levels of XBP-1 splicing (right panels) and
cell death (left panels) were assessed in BCL-2
WT and KO MEFs, or MCL-1 WT and KO MEFs
treated with indicated concentrations of Tm for
2.5 hr (splicing) or 24 hr (cell viability, Pl staining,
and FACS analysis).
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downstream control of the apoptosis machinery and the early
regulation of prosurvival signals mediated by IRE10/XBP-1 acti-
vation.

No effects were observed on the viability of XBP-1 or IRE1a
knockdown cells when they were exposed to non-ER-stress-
related challenges, including TNFa (death receptors), paclitaxel
(Taxol, destabilize cytoskeleton), or etoposide (DNA damage)
(Figure 4D). Consistent with this observation, these drugs did
not induce XBP-1 splicing (Figure 4D, inset). As additional
controls, we analyzed levels of XBP-1 mRNA splicing in MEFs
deficient in the antiapoptotic genes MCL-1 or BCL-2. We did
not observe any significant increase in XBP-1 splicing in these
cells, despite a clear increase in susceptibility to ER-stress-
dependent cell death (Figure 4E). Hence an augmented suscep-
tibility to cell death does not by itself increase XBP-1 mRNA
splicing activity.

MCL-1: WT KO WT KO WT KO WT KO

o =

ization, which then triggers its autophos-
phorylation and RNase activity. We pre-
dicted that the immunoprecipitation (IP)
of IRE1a would promote its dimerization
and activation in the absence of an ER
stressor. We developed an assay to
monitor the RNase activity of IRE1a in vitro purified from MEFs
by the IP of an N-terminal HA-tagged form of IRE1a (IRE1a-HA)
followed by the incubation of the extracted protein complexes
with a total mRNA mixture in the presence of ATP to trigger
XBP-1 mRNA splicing. IRE1a-containing IP protein complexes
from BI-1 KO cells were more active than IRE1a extracted
from control cells (Figure 5A). These data suggest that the
expression of Bl-1 negatively modulates the RNase activity of
IRE1a in our cell-free assay. We also analyzed the rate of
IRE1a phosphorylation in Bl-1 KO cells undergoing ER stress.
BI-1 KO cells stimulated with 100 ng/ml of Tm for 30 min showed
a characteristic phosphorylation shift of IRE1a. that was absent in
control cells (Figure S4A).

Based on the results of our in vitro splicing assay, we searched
for a physical interaction between BI-1 and IRE1a. Coimmuno-
precipitation (colP) experiments using lysates from cells
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BI-1-MYC: PB4 > L pkm of VSV-tagged IRE1a lacking its ER luminal
WB: IRFle domain (IRE1AN-VSV) and then IP and western
::!BM\}’gV |- 95kDa blot analysis performed as in (B).
(D) HEK cells were transiently transfected with a
20 40n 1P: MYC &iiEs BI-1-MYC expression vector or empty pCDNA.3
:r\PIBM;gC WB: MYC » IP:BI1 vector. After 48 hr, BI-1-MYC was immunoprecip-
. WB: BI-1 itated, and its association with endogenous IRE1a
was assessed by western blot.
:::?;m -— ‘[I‘;é:‘lzextracl BB ey ey 10k0a  (E) Endogenous BI—‘! was ir.nrr.1unop.>recipitated
VSV l l IRE1a from MEFs cells, and its association with endoge-
EE— & nous IRE1a was determined by western blot anal-
ysis. As a control experiment, IP was performed
F from BI-1 KO cells.

Rec. IREAN-His: - LI * Rec. IREAN-His: + -+ (F) The endoribonuclease activity of recombinant
pCDNA3 VTT: - - + . BAXP'S] IWTT:  + + (rec.) IRETAN-HIS was monitored in vitro using
BLAMYCIVTT: - . - + BI-1-MYC IVTT: + the conditions described in the Supplemental

Mbp /Meépticed 1P: His Experimental Procedures. IVTT BI-1-MYC or

— Nspliced AR:BAX | T k0 control IVTT from empty vector (DCDNA.3) was

1P: His preincubated with IRE1AN-HIS for 1 hr at 30°C,

_ Total XBP-1 AR: BI-1 Ijl_ 25kDa and then total mMRNA was added to the reaction

100bp . and incubated for 1 hr. Then the ribonuclease

e i BB - activity of IRE1e. was analyzed by RT-PCR by

1000 el using regular XBP-1 mRNA splicing primers, evi-

A 0@\9;_1 denced as decreased PCR product of the non-

BIAWT.MYC: .  + Rec. IRE14N-His: -+ il spliced fragment. Total XBP-1 mRNA and actin
VTT : - WB: His ﬁ'ﬁ_r - Eabi were monit.ored as control. (Lower panel) Wester‘n
WB: MYC ; T2kDa blot analysis of IVTT BI-1-MYC and IRE1AN-HIS is

shown.
(G) IVTT BI-1 was incubated with recombinant

IRE1AN-HIS in the presence or absence of IVTT BAX Met-*S labeled (upper panel). Then IRE1AN-HIS was pulled down, and its association with radiolabel
BAX was determined by electrophoresis and autoradiograph (AR). As control, IRE1AN-HIS levels were determined by western blot. To address the binding of
BI-1 to IRE1, IVTT BI-1 Met-3°S labeled was used with nonlabeled BAX in the same experimental conditions. (Bottom panel) Met->°S-labeled BI-1, BAX, and

mock (pCDNA.3) were analyzed by electrophoresis and autoradiograph.

cotransfected with IRE1az-HA and MYC-tagged BI-1 showed an
association between both proteins (Figure 5B). BI-1 interaction
required the cytosolic C-terminal region of IRE1a, which
encodes the kinase and endoribonuclease domains (Figures
5C and 6B). Finally, the interaction of Bl-1 with IRE1a was not
altered in cells undergoing ER stress triggered by Tm or brefeldin
A treatments (Figure 5B), indicating constitutive binding of BI-1
and IRE1a under resting conditions. In agreement with this
result, BI-1 associated equally well in colP experiments with an
inactive IRE1a. mutant (K907A) and WT IRE1a (Figure 5C).
More importantly, we were able to confirm our experiments by
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monitoring the interaction between ectopically expressed Bl-1-
MYC and endogenous IRE1a in human cells (Figure 5D). We
were also successful in detecting a physical association
between endogenous BI-1 and endogenous IRE1a (Figure 5E).

We next tested the possible effects of Bl-1 on the activity of
IRE1a. We established an in vitro assay to monitor the endoribo-
nuclase activity of purified IRE1a. The cytosolic His-tag version
of human IRE1a (IRE1ANa-HIS) was expressed and purified
from insect cells, since they express a BAX and Bl-1 homolog
and because this mutant of IRE1a adopts an active dimeric state
(data not shown). Then, purified IRE1AN«-HIS was incubated
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Figure 6. Bl-1 Regulates IRE1a through Its
Cytosolic C-Terminal Region

(A) Amino acid sequence comparison of the
C-terminal region of BI-1 from different species
including BI-1 from human (hBI-1), mouse
(mBI-1), Arabidopsis thaliana (aBl-1), Drosophila
melanogaster (dBI-1), and the putative yeast
homolog YN1305c. Predicted C-terminal cytosolic
domain is highlighted with a gray square.

(B) 293T cells were cotransfected with expression
vectors for BI-1WT-MYC or BI-1®®A-MYC with
IRE1a-HA (WT) or IRE1a deletion mutant of the
cytosolic (AC), ER luminal domain (AN), or empty
vector (m). After 48 hr, cell extracts were prepared,
and IRE1a-HA was immunoprecipitated and inter-
actions with BI-1 determined by western blot.

(C) BI-1 KO MEFs were reconstituted with expres-
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(D) IVTT BI-1"WT-MYC and BI-1°°A-MYC labeled
with Met-3°S were incubated for 3 hr with recombi-
nant IRE1AN-HIS. Then IRE1AN-HIS was pulled
down and its association with radiolabeled BI-1
determined by electrophoresis and autoradio-
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(E) 293T cells were cotransfected with expression
vectors for BI-1-MYC and the VSV-cytosolic
domain of IRE1a, and after 48 hr, BI-1-MYC was
immunoprecipitated. Isolated protein complexes
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(F) BI-1 WT and KO cells were treated with 10 pM
BI-1¢*" peptide or control scrambled peptide for
2 hr, cells treated with 100 ng/ml Tm for indicated

time points, and levels of XBP-1 mRNA splicing
determined in total cDNA by RT-PCR.

(G) WT MEFs were pretreated with 10 uM BI-1¢®" peptide or scrambled peptide for 2 hr and then treated with 200 ng/ml Tm or 0.2 uM brefeldin A for 2 hr or with
1 ng/ml Tm as positive control. Then the phosphorylation shift (P-IRE1) of endogenous IRE1a was monitored by western blot. HSP90 levels were analyzed as

loading control.

with a mixture of total mMRNA in the presence or absence of
in vitro-transcribed/translated (IVTT) BI-1. After 1 hr of incuba-
tion, mRNA was re-extracted, and the cleavage of XBP-1
mRNA in the splicing site was monitored by RT-PCR. As shown
in Figure 5F, the activity of IRE1AN-HIS was almost completely
blocked by the presence of BI-1 in the reaction. These results
indicate that the effects of BI-1 on IRE1a activity can be recon-
stituted in vitro, suggesting a direct regulation.

We tested for possible effects of BI-1 on the binding of BAK to
IRE1a. We first performed transient transfection of different
combinations of IRE1a-HA, BAK, and BI-1-MYC. Coexpression
of BAK and BI-1 reduced the interaction of BAK with IRE1a as
compared with control (Figure S4B). Similar results were
observed when the binding of BAX to the complex was tested
in the same experimental system (data not shown). We have

previously described that the physical association between
IRE1a and BAX is recapitulated with recombinant proteins, indi-
cating a direct interaction (Hetz et al., 2006). To monitor the
binding of BI-1 to IRE1a, we first performed pull-down assays
with recombinant IRE1AN-HIS and IVTT BI-1YT. We were able
to detect the formation of a protein complex between IRE1a
and BI-1"T in vitro (Figures 6D and 5G). Interestingly, in the
same experimental system, the presence of Bl-1 drastically
reduced the binding of IVTT BAX to IRE1AN-HIS (Figure 5G),
suggesting that BAX and BI-1 regulate IRE1a through related
mechanisms and may compete for a common binding site.
Taken together with the results shown in Figure 1H, these find-
ings suggest that Bl-1 operates upstream of BAX and BAK in
the control of IRE1a inactivation. In agreement with previous
findings (Xu and Reed, 1998), we did not observe a significant
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interaction between Bl-1 and BAX or BAK, but it associated with
BCL-2 or BCL-X, (Figures S4C-S4E).

Bl-1 Regulates IRE1« through Its C-Terminal Region
Bioinformatic analysis of the BI-1 sequence failed to identify
known possible protein-protein interaction or catalytic domains
present in other proteins. The cytosolic C terminus of mamma-
lian BI-1 is composed of only ten amino acids, and it is conserved
in multicellular organisms (Figure 6A) and has been shown to be
essential for the regulation of apoptosis (Chae et al., 2003). We
expressed a Bl-1 mutant in which the last nine amino acids of
the protein were replaced by alanines (BI-1°®%) and tested its
interaction with IRE1a. As shown in Figure 6B, BI-1°°* did not
significantly interact with IRE1a, but it still located at the ER
(Figure S5). Hence, the lack of physical association between
BI-1%* and IRE1« is not due to a change in the subcellular local-
ization of the mutant protein.

To test the role of the C-terminal region of BI-1 on IRE1a
signaling, we performed reconstitution experiments in Bl-1 KO
cells. Ectopic expression of human BI-1 (hBI-1) reduced the
levels of XBP-1 mRNA splicing in Bl-1 KO cells (Figure 6C), an
effect that was not observed in cells expressing mutant BI-1
where full XBP-1 mRNA splicing was still observed. To monitor
the effects of the C-terminal region of BI-1 on the interaction
with IRE1a, we performed pull-down assays with recombinant
IRE1AN-HIS and IVTT BI-1"T or BI-1°°. Mutation on the
C-terminal region of BI-1 completely abrogated its association
with IRE1AN-HIS (Figure 6D).

We characterized in more detail the function of the C terminus of
BI-1 on the UPR. A synthetic peptide containing the last 13 amino
acids of Bl-1 was fused with a polyarginine tag to enhance cell
permeability (BI-1°®"). To test the effects of the peptide on the
interaction between Bl-1 and IRE1a., we firstimmunoprecipitated
the BI-1/IRE1a. complex and then incubated it with different
concentrations of BI-1°" for 30 min. At 150 pM, the peptide
completely displaced IRE1a from BI-1WT, confirming the require-
ment of the C terminus for its interaction with IRE1a. (Figure 6E).
We then assessed the activity of BI-1°7®" in cells treated with
Tm. Treatment of cells with the C-terminal BI-1 peptide increased
XBP-1-spliced mRNA (Figure 6F) and augmented the levels of
herp mRNA when compared with a control scrambled peptide
(Figure S4G). This effect was not observed in Bl-1 KO MEFs
(Figure S4F), indicating that the activity of the BI-1°*" peptide
is specific and depends on the expression of endogenous BI-1.
In addition, the BI-1°7" peptide did not increase XBP-1 mRNA
splicing in BAX and BAK DKO cells (Figure S4H). To complement
these experiments, we monitored the effects of the BI-1°7"
peptide on the phosphorylation of IRE1a, an event associated
with its activation. BI-1°" peptide drastically increased the
rate of IRE1a phosphorylation in cells treated with low doses of
Tm or brefeldin A (Figure 6G). Taken together, these results rein-
force the observation that BI-1 is a negative regulator of IRE1a
and that this regulation occurs through the formation of a protein
complex between the two proteins.

Bl-1 Regulates IRE1« In Vivo in Multicellular Organisms
Homologs of hBI-1 have been identified in different species
including plants such as Arabidopsis thaliana, invertebrate
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animals such as Drosophila melanogaster (dBI-1), the budding
yeast Saccharomyces cerevisiae (Ynl305c), and other species
(Chae et al., 2003). However, when we analyzed the C-terminal
sequence of BI-1 from different species, we noticed that the
amino acids critical for interaction with IRE1a were not
conserved in YnI305c¢ but were present in other species analyzed
(Figure 6A). To assess the function of Bl-1 in regulating the UPR
in different species in vivo, we first tested the susceptibility of
BI-1 KO mice to a stress response. Bl-1 mice were treated
once with Tm for 6 hr and levels of XBP-1s and ATF4 then
analyzed in liver nuclear extracts (Figure 7A). We observed
a marked increase of XBP-1s levels in BI-1 KO mice treated
with Tm when compared with control animals. However, no
differences in the induction of PERK-dependent transcription
factor ATF4 were observed. Similar results were observed
when XBP-1s levels were monitored in the kidney (Figure 7B).
The IRE1a/XBP-1 branch is highly conserved in D. mela-
nogaster (Souid et al., 2007; Plongthongkum et al., 2007). We
analyzed the levels of XBP-1 mRNA splicing in flies overexpress-
ing dBI-1. As an experimental model, we grew fly larvae in media
containing 50 pg/ml Tm for 20 hr and then measured the levels of
XBP-1 mRNA splicing in total tissue extracts, as previously
described (Plongthongkum et al., 2007). As shown in
Figure 7C, overexpression of dBI-1 significantly decreased the
levels of XBP-1 splicing in larvae treated with Tm, indicating
that BI-1 also regulates IRE1a in invertebrates. Similar results
were observed when dBI-1-overexpressing flies were exposed
to thapsigargin or DTT (Figure 7C). Finally, we tested the activity
of the putative yeast BI-1 homolog by generating an Yn1305¢
mutant. Consistent with the lack of conservation of the
C-terminal IRE1a-interacting motif, mutant Yn1305c yeast cells
did not show any significant increase in levels of the XBP-1 func-
tional homolog HAC1p when compared with control yeast grown
in DTT-containing culture media (data not shown), suggesting
that while showing some limited amino-acid sequence
homology, this yeast protein may not be a close ortholog of
BI-1 (S. Bernales, J. Weissman, and P.W., unpublished data).

BI-1 Deficiency Increases ER/Golgi Expansion

and Immunoglobulin Secretion in Primary B Cells
Secretory cells require a developed ER for proper function. The
first insights about the function of XBP-1 in vivo came from
studies in the immune system, where the high demand for immu-
noglobulin synthesis in B cells constitutes an endogenous
source of ER stress (Reimold et al., 2001). XBP-1-deficient
B cells are markedly defective in antibody secretion in vivo in
response to antigenic challenge (lwakoshi et al., 2003; Zhang
et al., 2005). To evaluate the role of BI-1 in the control of
XBP-1-dependent processes in a physiologically relevant sys-
tem, we determined the rate of IgM secretion in BI-1 KO primary
B cells. Increased levels of IgM were observed in the cell-culture
media of BI-1-deficient B cells after stimulation with LPS
(Figure 7D). This phenomenon was associated with a marked
increased staining with Brefeldin A-BODIPY in BI-1 KO cells,
which is indicative of an expanded ER and Golgi in these cells
compared with controls (Figure 7E), a process previously
described to be XBP-1 dependent (Sriburi et al., 2004; Shaffer
et al., 2004). Freshly isolated splenic B cells from BI-1 KO mice
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showed no differences in surface IgM and IgD expression when
compared with control mice (Figure 7F). Taken together, these
data indicate that BI-1 regulates two distinct known processes
mediated by XBP-1 in primary B cells, ER/Golgi expansion,
and immunoglobulin secretion.

DISCUSSION

BI-1 is a specialized and evolutionarily conserved regulator of
cell death and is present in species even for which no BCL-2
family homologs have been described including other eukary-
otes, plants, bacteria, and even viruses (Chae et al., 2003; Huck-
elhoven, 2004). Recent studies indicate that several BCL-2
family members reside in other organelles, where they perform
novel functions (reviewed in Hetz, 2007). In support of this
concept, we recently described that BAX and BAK modulate
the stress sensor IRE1a at the ER membrane (Hetz et al,,
2006). Here we present evidence indicating that Bl-1 negatively
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Figure 7. Bl-1 Regulates XBP-1 mRNA
Splicing In Vivo and Modulates IgM Secre-
tion in Primary B Cells

(A) BI-1 WT and BI-1-deficient mice were injected
intraperitoneally with 0.2 ug Tm/g weight, and after
6 hr of treatment, animals were sacrificed and the
expression levels of XBP-1 s, ATF4, and SP1
(control) determined by western blot of nuclear
extracts from liver.

(B) In parallel, expression of XBP-1 s and HSP90
was determined in kidney total protein extracts
from animals presented in (B).

(C) WT or dBI-1 overexpressing D. melanogaster
larva was grown in the presence or absence of
50 pg/ml Tm, 50 mM DTT, or 10 uM thapsigargin
for 20 hr, and levels of XBP-1 splicing were deter-
mined by RT-PCR. As control, overexpression
levels of dBI-1 mRNA and actin were measured
by RT-PCR. Data are representative of three inde-
pendent experiments.

(D) Shown is a physiological model of ER stress.
Primary B cells were purified from spleens of
BI-1 WT and KO mice and then stimulated with
the indicated concentration of LPS. After 2 days
of culture, the levels of IgM were measured in the
cell-culture supernatant by ELISA. The values
represent the results of the analysis of four
different animals. *p < 0.05 using Student’s t test.
(E) Splenic B cells from BI-1 WT and KO mice were
cultured for 2 days in the presence of 0.1 pg/ml
LPS, stained with brefeldin A-BODIPY, and then
analyzed by FACS to determine relative content
of ER and Golgi.

(F) Cell-surface levels of IgM and IgD were
measured by FACS analysis of freshly isolated
splenocytes from BI-1 WT and KO mice. Average
percentages of IgD- and IgM-positive cells are
w__ BI1KO indicated.
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regulates the IRE1a/XBP-1 pathway. Bl-
1-deficient cells showed hyperactivation
of IRE1a associated with increased
XBP-1 mRNA splicing and upregulation
of XBP-1s-dependent responses. Notably, inactivation of
IRE1a signaling over time was markedly delayed in Bl-1 KO
MEFs, indicating an important inhibitory activity of BI-1 on
XBP-1 mRNA splicing. This regulation was mediated by the
formation of a protein complex between IRE1a and BI-1 and
was reconstituted in vitro with purified components. The inhibi-
tion of IRE1a by BI-1 was recapitulated in vivo in BI-1-deficient
mice and flies overexpressing dBI-1, indicating that this regula-
tion is conserved across species.

Engagement of the IRE1a/XBP-1 pathway confers protection
against ER stress (Lin et al., 2007). Our results indicate that
BI-1 negatively controls XBP-1s expression, which contrasts
with its known general downstream antiapoptotic activity against
intrinsic death stimuli (i.e., growth factor deprivation, oxidative
stress, and DNA damage) (Xu and Reed, 1998). Interestingly,
Bl-1’s regulatory effects on the UPR are more evident when
moderate to low doses of ER stressors are employed, which
resembles in vivo conditions in which cells are equipped to
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cope with injury (adaptive conditions). In agreement with these
findings, we observed an increased rate of IgM secretion in
LPS-stimulated BI-1-deficient primary B cells. Consistent with
this idea, it has been reported that mild ER stress conditions
evoke distinct signaling processes, in which apoptosis-related
events are not observed under moderate ER stress (Rutkowski
et al., 2006). Our results suggest that the changes in apoptosis
observed in Bl-1 KO cells may reflect a balance between the inhi-
bition of survival signaling mediated by IRE1a and the general
downstream antiapoptotic activity of the intrinsic death
machinery (model in Figure S7). Recently, it was reported that
BI-1 overexpression may negatively affect ER stress responses
through the control of the heme oxygenase-1 gene (Lee et al.,
2007). However, we did not observe any effects on the transcrip-
tion of Heme Oxygenase-1 in Bl-1-deficient MEFs (Figure S6).
The regulation of IRE1a by Bl-1 may be related to the effects
of BAX and BAK on the UPR, where BAX and BAK may compete
for a similar binding site on IRE1a. Because BAX and BAK are not
present in yeast, the acquisition of UPR modulatory activities
may have evolved in higher eukaryotes. In fact, we did not
observe a significant effect on the activation of the UPR in
YnI305c-deficient yeast.

Several bifunctional activities for apoptosis-related proteins
have been described over the last few years (reviewed in Hetz
and Glimcher, 2008a). For example, the proapoptotic protein
BAD controls glucose metabolism (Danial et al., 2003) and insulin
secretion by B cells (Danial et al., 2008). Similarly, expression of
the proapoptotic protein BID is important for engagement of
survival DNA repair responses (Zinkel et al., 2005; Kamer et al.,
2005). BCL-2-related proteins have inhibitory activities on
autophagy, a survival pathway against nutrient starvation (Maiuri
et al.,, 2007; Pattingre et al., 2005). BCL-2 and BCL-X__ also have
alternative roles in proinflammatory processes through NALP1
regulation (Bruey et al., 2007). Finally, BAX and BAK were shown
to control mitochondrial morphogenesis (Karbowski et al., 2006).
Thus, mounting evidence indicates that apoptosis-related
proteins have alternative functions and vital roles in normal
cellular physiology.

Although PERK and IRE1a share functionally similar luminal
sensing domains and are both activated in cells treated with
ER stress inducers in vitro, they are selectively activated
in vivo by the physiological stress of unfolded proteins. For
example, XBP-1 deficiency drastically affects the ability of
B lymphocytes to secrete immunoglobulins (Reimold et al.,
2001; lwakoshi et al., 2003; Lee et al., 2005), a defect that is
not present in PERK-deficient mice (Gass et al., 2007). The differ-
ences in terms of tissue-specific regulation of the UPR in vivo
may be explained by the formation of distinct regulatory protein
complexes through specific binding of adaptor and modulator
proteins. Since several proteins selectively modulate IRE1a
signaling (reviewed in Hetz and Glimcher, 2008b), we envision
amodel in which IRE1a signaling emerges as a more highly regu-
lated process than previously appreciated, and may be controlled
by the formation of a complex protein scaffold unto which many
other regulatory components assemble (previously referred to
as the UPRosome [Hetz and Glimcher, 2008b]). Taken together
with the current study, increasing evidence suggests a rheostat
model in which a balance between anti- and proapoptotic
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proteins at the ER membrane modulates the amplitude of IRE1a
signaling, and hence cellular sensitivity to ER stress conditions.

EXPERIMENTAL PROCEDURES

Materials

Tunicamycin (Tm), brefeldin A, thapsigargin, and zVAD-fmk were purchased
from Calbiochem EMB Bioscience Inc. Cell culture media, fetal calf serum,
and antibiotics were obtained from Life Technologies (Maryland, USA).
Hoechst, LysoTraker, Brefeldin A-BODIPY, and ALEXA secondary antibodies
were purchased from Molecular Probes. Anti-lgD and anti-IgM fluorescent
antibodies were purchased from BD Biosciences. Peptides were prepared
at the Tufts Medical School facility (Boston, MA).

Cell Culture and Constructs

SV40-transformed MEFs were generated and cultured as described (Cheng
etal.,, 2001; Xu and Reed, 1998). HA-tagged IRE1a constructs were previously
described (Hetz et al., 2006). In brief, PCR-amplified human IRE1a. cDNA was
ligated with a linker containing the HA-tag sequences and then inserted into
a pMSCV-hygro (Clontech) plasmid between Bglll and Xho | sites to generate
IRE1a-HA. In addition, IRE1a-(N)-HA containing the amino acid sequences
1-500 or 467-977 of human Ire1a were generated using the same vector. Alter-
natively, the cytosolic portion of human IRE1a was VSV-tagged using the
pCR3 vector. RNase inactive mutant K907A was also generated by site-
directed mutagenesis.

Human BI-1 was cloned into pCDNA.3 and MYC tagged as previously
described (Xu and Reed, 1998; Chae et al., 2003). Mutants of h-BI-1 were
generated by exchanging C-terminal-charged residues for alanine (C9A) using
PCR-based methods. The cDNA of hBI-1WT and delta-C mutant were previ-
ously cloned (Chae et al., 2003), and we generated EGFP fusion proteins using
the pEGFP-N1 vector (Clontech). Then, EGFP fusion proteins were subcloned
into pMSCV-puro retroviral vector (Clontech).

Western Blot Analysis

Cells were collected and homogenized in RIPA buffer (20 mM Tris [pH 8.0],
150 mM NaCl, 0.1% SDS, 0.5% DOC, and 0.5% Triton X-100) containing
a protease inhibitor cocktail (Roche, Basel, Switzerland) by sonication. To
address phosphorylation events, an additional set of phosphatase inhibitors
were added to the RIPA buffer (Cocktail | and II, Sigma). Protein concentration
was determined by micro-BCA assay (Pierce, Rockford, IL) (Hetz et al., 2003).
The equivalent of 30-50 ng of total protein was loaded onto 4%-12%, 7.5%,
12%, or 15% SDS-PAGE minigels (Cambrex) depending on the analysis as
described before (Hetz et al., 2005). The following antibodies and dilutions
were used: anti-XBP-1 1:1000 (Ilwakoshi et al., 2003), anti-GFP 1:1000, anti-
HIS-HRP 1:1000, anti-HSP90 1:5000, anti-ATF4 1:2000, anti-elF2« 1:500,
anti-CHOP 1:2000, anti-SP-1 1:1000, anti-BI-1 1:1000 (Santa Cruz, CA),
anti-IRE1a 1:1000, anti-BAX 1:2000, anti-BAK 1:2000 (Upstate Technology),
and anti-P-elF20 1:2000 (Cell Signaling Technology).

RNA Extraction and RT-PCR

Total RNA was prepared from cells placed in cold PBS cells using Trizol (Invitro-
gen, Carlsbad, CA), and cDNA was synthesized with SuperScript Ill (Invitrogen,
Carlsbad, CA) using random primers p(dN)s (Roche, Basel, Switzerland). Quan-
titative real-time PCR reactions employing SYBR green fluorescent reagent were
performed in an ABI PRISM 7700 system (Applied Biosystems, Foster City, CA).
The relative amounts of mRNAs were calculated from the values of comparative
threshold cycle by using B-actin as control. Primer sequences were designed by
Primer Express software (Applied Biosystems, Foster City, CA) or obtained from
the Primer Data bank (http://pga.mgh.harvard.edu/primerbank/index.html).
Real-time PCR was performed as previously described (Lee et al., 2005) using
the following primers: erdi4 5-CCCCAGTGTCAAACTGTACCAG-3'
and 5- AGCGTTTCCAATTTTCCATAAATT-3'; edem 5'- AAGCCCTCTGGAA
CTTGCG-3' and 5-AACCCAATGGCCTGTCTGG-3'; sec6la 5-CTATTTC
CAGGGCTTCCGAGT-3 and 5-AGGTGTTGTACTGGCCTCGGT-3'; herp
5'- CATGTACCTGCACCACGTCG-3' and 5'-GAGGACCACCATCATCCGG-3';
actin  5'- TACCACCATGTACCCAGGCA-3' and 5-CTCAGGAGGAGCAA
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TGATCTTGAT-3; wfs-1 5-CCATCAACATGCTCC CGTTC-3' and 5'-GGGT
AGGCCTCGCCAT-3'; xbp-1 5'-CCTGAGCCCGGAGGAGAA-3" and 5'-CTCGA
GCAGTCTGCGCTG-3'; HO?1 5-CACAGCACTATGTAAAGCGTCT-3' and
5'-TGTGCAATCTTCTTCAGGACC-3'; ero1 TCAGTGGACCAAGCATGATGA-3
and 5'-TCCACATACTCAGCATCGGG-3' ; bi-1 5'-GACCGAGCAAAAGAGAC
TGG-3' and 5'-AAGGCCAGGATCAACATGAG-3'; and xbp-1 s 5'-GAGTCCG
CAGCAGGTG-3 and 5'-GTGTCAGAGTCCATGGGA-3'.

XBP-1 mRNA Splicing Assay

XBP-1 mRNA splicing assay was performed as previously described (Lee
et al., 2003b; lwakoshi et al., 2003). In brief, PCR primers 5-ACACGCTTGG
GAATGGACAC-3 and 5'-CCATGGGAAGA TGTTCTGGG-3' encompassing
the spliced sequences in xbp-1 MRNA were used for the PCR amplification
with AmpliTag Gold polymerase (Applied Biosystem, Foster City, CA). We
separated the PCR products by electrophoresis on a 2.5% agarose gel
(Agarose-1000 Invitrogen, Carlsbad, CA) and visualized them by ethidium
bromide staining. XBP-1’s mRNA stability was monitored using the conditions
described in (Hollien and Weissman, 2006) and quantification by real-time
PCR.

Knockdown of BI-1, IRE1a, and XBP-1

We generated stable MEFs with reduced levels of BI-1 using methods previ-
ously described (Hetz et al., 2007) by targeting BI-1 mRNA with shRNA using
the lentiviral expression vector pLKO.1 and puromycin selection. As control,
ashRNA against the luciferase gene was employed. Constructs were generated
by The Broad Institute (Boston, MA) based on different criteria for shRNA design
(see http://www.broad.mit.edu/genome_bio/trc/rnai.html). We screened for
each gene a total of five different constructs and selected the most efficient
construct for the analysis. Targeting sequences identified for mouse BI-1,
XBP-1 and IRE1a were 5-CCTCTTTGATACTCAGCTCAT-3', 5-CCATTAAT
GAACTCATTCGTT-3, and 5-GCTCGTGAATTGATAGAGAAA-3', respec-
tively.

Immunoprecipitations and Pull-Down Assay

Immunoprecipitations (IP) were conducted in CHAPS buffer (1% CHAPS,
100 mM KCI, 50 mM Tris [pH 7.5], 50 mM NaF, 1 mM Na3V04, 250 mM
PMSF, and protease inhibitors). For the preparation of cell extracts, cells
were collected in PBS, resuspended in CHAPS buffer, and incubated at 4°C
for 30 min in a wheel rotor. IP was performed in 500 ul of postnuclear extracts
containing 750 pg protein. Cleared extracts were incubated with the antibody-
protein A/G complex (Santa Cruz), anti-HA antibody-agarose complexes
(Roche), or anti-MYC antibody-agarose complexes (Upstate Technology) for
4 hr at 4°C, and then washed twice in 1 ml of CHAPS buffer and then one
time in CHAPS buffer with 500 mM NaCl. Protein complexes were eluted by
boiling in SDS sample buffer or by competing with 1.4 mg/ml HA peptide
(Roche) or MYC peptide (Upstate Technology) for 30 min at 4°C and then
10 min at 37°C.

For the BI-1 peptide competition assay, Bl-1-MYC and IRE1-VSV were
coexpressed in HEK cells and BI-1 was immunoprecipitated with anti-MYC
agarose. Immunoprecipitated protein complexes were incubated in CHAPS
buffer with BI-1°" or control peptides for 30 min at room temperature and
then washed twice with CHAPS buffer. Then, BI-1-MYC/IRE1-VSV complexes
were eluted from the anti-MYC-agarose with a synthetic MYC peptide as
described above and analyzed by western blot. The BI-1 peptide sequence
was RRRRRRRRLAMNEKDKKKEKK (BI-1C"e') or control peptide
RRRRRRRRKEKMKLKANKEDK (scrambled).

Production of recombinant IRE1AN-HIS insect cells was previously
described (Hetz et al., 2006). IVTT proteins were prepared according to the
recommendations of the manufacturer (Promega) and labeled with 10 u curie
of Met-2S per reaction during synthesis (Easy Tag Methionine-[>°S], Perkin
Elmer). Pull-down assays with recombinant proteins were performed in
CHAPS buffer. Ten micrograms of IRE1AN-HIS was incubated with 20 ul of
IVTT BI-1-MYC (cloned in pCDNA.3 vector) in a total volume of 250 pl of
CHAPS buffer containing 0.1% BSA for 3 hr at 4°C, and then, protein
complexes were captured with 20 pl anti-HIS agarose for 2 hr at 4°C (Santa
Cruz). After four washes in CHAPS buffer, bound proteins were eluted by
incubating the proteins at 37°C for 10 min in SDS sample buffer prepared

with RIPA buffer and 1 mM urea and then analyzed by western blot or autora-
diography. Alternatively, to test the effects of Bl-1 on the binding of BAX to
IRE1a, 40 ul of radiolabeled IVTT BAX (cloned into pCDNA.3) was introduced
in the same experiment using unlabeled BI-1 and then analyzed by pull-down
assays as described above.

In Vitro IRE1a Activity Assays

The activity of recombinant human IRE1AN-HIS was monitored in vitro
because this deletion mutant adopts a dimeric active structure as measured
by nondenaturing electrophoresis and silver staining (data not shown).
IRE1AN-HIS was incubated with 20 ul of IVTT BI-1-MYC in a total volume of
100 pl for 1 hr at 30°C. As control, an IVTT reaction was prepared with
PCDNA.3 empty vector. Then, the protein mix was incubated for 1 hr at
30°C with 10 pg of total MRNA as substrate (obtained from mouse brain cortex
because of minimal basal XBP-1 mRNA splicing levels) in a buffer containing
20 mM HEPES (pH 7.3), 1 mM DTT, 10 mM magnesium acetate, 50 mM potas-
sium acetate, and 2 mM ATP. Then, mRNA was re-extracted with 500 pl of Tri-
zol, and the endoribonuclease activity of IRE1a was monitored by RT-PCR
using the XBP-1 mRNA splicing assay that employs a set of primers that
closely surround the processing site. Using this method, we observed
a decrease in the amount of nonspliced XBP-1 mRNA due to its cleavage by
IRE1AN-HIS as previously described by with an alternative in vitro splicing
assay (Calfon et al., 2002). As control, total XBP-1 mRNA (a fragment not
affected by the processing) and actin levels were monitored.

Alternatively, IRE1a-HA was immunoprecipitated from Bl-1 WT and KO
MEFs from a 10 cm plate as described above. Then, protein complexes
were incubated for 1 hr at 30°C with 10 pg of total mRNA in the endoribonu-
clease reaction described above. Using this method, we obtained sponta-
neous splicing activity possible due to artificial dimerization by antibody cross-
linking. Of note, in addition to detect the ribonuclease activity of IRE1a, we
observed a ligation process associated with the appearance of XBP-1’s
PCR fragment. We speculate that since our immunoprecipitations are done
under nondenaturing conditions, the IRE1-containing protein complexes
may contain the ligase activity.

Fluorescent Labeling

Lysosomes, mitochondria, or ER/Golgi were visualized using specific fluores-
cent probes. Living cells were stained with 200 nM LysoTraker or MitoTracker
for 45 min at 37°C and 5% CO2. ER/Golgi was visualized by 0.2 ung/ml of Bre-
feldin A-BODIPY for 45 min by adding it directly to the medium. Cells were
washed two times with cold PBS and then fixed for 30 min with 4% formalde-
hyde on ice. Then cells were maintained in PBS containing 0.4% formaldehyde
for visualization on a confocal microscope.

MYC-tagged proteins were visualized by immunofluorescence. Cells were
fixed for 30 min in PBS containing 4% paraformaldehyde and permeabilized
with cold methanol at 20°C for 10 min. After blocking for 1 hr with 5% gelatin,
cells were subsequently incubated with anti-calnexin or anti-MYC antibodies
for 1 hr at 37°C, washed three times in PBS, and incubated with Alexa-conju-
gated secondary antibodies (Molecular Probes) for analysis on a confocal
microscope. Nuclei were stained with Hoechst dye.

In Vivo Mouse Experiments

Animals were given a single 0.2 ng/gram body weight intraperitoneal injection
of a0.05 mg/ml suspension of Tmin 150 mM dextrose as previously described
(Hetz et al., 2006). After 6 hr, mice were killed by CO2 narcosis. Livers and
kidneys were removed, and protein extracts were prepared for western blot
analysis. For analysis of XBP-1 in liver samples, cell extracts were fractionated
into nuclear fractions as previously described with minor modifications (Hetz
et al., 2006). Kidney extracts were prepared by sonication in RIPA buffer.

B Cell Experiments

Single-cell suspensions of splenocytes were prepared from BIl-1 WT or KO
mice, and red blood cells were removed by ammonium chloride lysis. A frac-
tion of splenocytes were stained with fluorochrome-conjugated anti-IgM and
anti-IgD antibodies for FACS analysis. Remaining splenocytes were used for
the isolation of B cells by B220" magnetic bead selection (Miltenyi Biotec,
Auburn, CA). Purified B cells were cultured in complete medium containing
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RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM glutamine,
50 units/ml penicillin, 50 ug/ml streptomycin, 100 mM HEPES, 1 X nonessen-
tial amino acids, 1 mM sodium pyruvate, 50 uM B-mercaptoethanol, and stim-
ulated with 0.1, 1.0, or 10 pg/ml LPS (Sigma, St. Louis, MO). Cells and super-
natants were harvested at day 2 of culture. Cells were stained with Brefeldin A
BODIPY, as described above, washed, and analyzed immediately by FACS for
ER/Golgi content. Controls to monitor correct staining of the ER by brefeldin
A-BODIPY were previously described (Hetz et al., 2006; Shaffer et al., 2004).
IgM was measured in supernatants by ELISA as described (Reimold et al.,
2001).

Yeast Strains

Strains used in this study were generated from the wild-type strain w303.
Strain AynI305c was produced using PCR-based knockout strategy (Longtine
et al., 1998). Cells were grown in YPD media or in defined synthetic medium at
30°C to logarithmic phase. When necessary, 8 mM dithiothreitol (DTT), 0.2 mM
and 1.0 mM tunicamycin, and media deficient in inositol were used to induce
the UPR. To detect pHac levels in control and AynI305c¢ strains, protein lysates
were prepared using urea buffer, and protein concentration was determined
by the Bradford assay (Bio-Rad Protein Assay, Hercules, CA). Fifty micro-
grams of total protein for each sample was loaded onto NUPAGE 10% Bis-
Tris Gels (Invitrogen, Carlsbad, CA), to then be analyzed by western blotting
technique. pHac1 was detected using a polyclonal anti-HA antibody (Cox
and Walter, 1996); as a loading control, monoclonal antibody against PGK
(Invitrogen 22C5) was used at 1:5000.

Fly Stocks and Tunicamycin Treatments

The dBI-15Y9%862 mytant fly corresponds to a single P element inserted in the
5 UTR, 63 bp downstream of the dBI-1 (CG7188) transcription start site. This
insertion produces the overexpression of dBI-1 as detected by real-time
RT-PCR. For UPR assays, Canton S and dBI-15Y0%662 |arvae were grown in
standard media or standard media supplemented with 50 pg/ml tunicamycin,
10 uM thapsigargin, or 50 mM DTT for 20 hr, and total RNA was extracted and
dXbp-1 splicing analyzed. A total of 15 larvae were pulled for each experiment.
The dBI-1EY0%652 fly was obtained from the Bloomington stock center
(BL-16568).

Statistical Analysis

Data were analyzed by Student’s t test or two-way ANOVA when groups of
data were analyzed. The GraphPad Prism 5 software was employed for statis-
tical analysis.

SUPPLEMENTAL DATA

The Supplemental Data include seven figures and can be found with this article
online at http://www.cell.com/molecular-cell/supplemental/S1097-2765(09)
00133-6.
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