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All eukaryotic cells respond to the accumulation of unfolded proteins in the endoplasmic reticulum (ER) by
signaling an adaptive pathway termed the unfolded protein response (UPR). In yeast, a type-I ER
transmembrane protein kinase, Irelp, is the proximal sensor of unfolded proteins in the ER lumen that
initiates an unconventional splicing reaction on HAC1 mRNA. Haclp is a transcription factor required for
induction of UPR genes. In higher eukaryotic cells, the UPR also induces site-2 protease (S2P)-mediated
cleavage of ER-localized ATF6 to generate an N-terminal fragment that activates transcription of UPR genes.
To elucidate the requirements for IREla and ATF6 for signaling the mammalian UPR, we identified a UPR
reporter gene that was defective for induction in IRE1«-null mouse embryonic fibroblasts and S2P-deficient
Chinese hamster ovary (CHO) cells. We show that the endoribonuclease activity of IREl« is required to splice
XBP1 (X-box binding protein) mRNA to generate a new C terminus, thereby converting it into a potent UPR
transcriptional activator. IREla was not required for ATF6 cleavage, nuclear translocation, or transcriptional

activation. However, ATF6 cleavage was required for IRE1a-dependent induction of UPR transcription. We
propose that nuclear-localized IREla and cytoplasmic-localized ATF6 signaling pathways merge through
regulation of XBP1 activity to induce downstream gene expression. Whereas ATF6 increases the amount of
XBP1 mRNA, IREl«a removes an unconventional 26-nucleotide intron that increases XBP1 transactivation
potential. Both processing of ATF6 and IRE1a-mediated splicing of XBP1 mRNA are required for full

activation of the UPR.
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The endoplasmic reticulum (ER) is the compartment
where protein folding occurs prior to transport to the
extracellular surface or to different intracellular organ-
elles. It is a highly evolved folding factory where proteins
attain their final folded conformation without excessive
misfolding and/or aggregation. This process depends on
molecular chaperones that provide local environments
favorable for protein folding. However, under a variety of
conditions, these folding reactions are compromised and
protein aggregation occurs. As a consequence, the cell
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activates adaptive signaling pathways that are pro-
grammed to enhance the folding capabilities and limit
the folding load on the ER. This response is called the
unfolded protein response (UPR). The UPR is essential
for survival of all eukaryotic cells under conditions of ER
stress and is also essential for differentiation and/or sur-
vival of eukaryotic cells that secrete high levels of pro-
teins. The UPR is also implicated in the pathogenesis of
a number of diseases (Aridor and Balch 1999). Finally,
this response may have evolved as part of a nutrient-
sensing mechanism to couple energy availability and
metabolic processes with differentiation state (Schroder
et al. 2000; Scheuner et al. 2001). The UPR culminates in
the induction of the ER stress-response genes, including
those that encode BiP (GRP78), GRP94, ERP72, calre-
ticulin, CHOP-10 (GADD153), and XBP1 (X-box binding
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protein) (for review, see Chapman et al. 1998; Kaufman
1999; Mori 2000).

One molecular mechanism for signaling the UPR was
elucidated in Saccharomyces cerevisiae. In S. cerevisiae
the only proximal sensor of the UPR is the protein ki-
nase and endoribonuclease Irelp (Nikawa and Yamashita
1992; Cox et al. 1993; Mori et al. 1993). Although the
precise mechanism remains to be elucidated, the accu-
mulation of unfolded proteins in the ER lumen promotes
Irelp dimerization, trans-autophosphorylation, and acti-
vation of its endoribonuclease (RNase) activity (Shamu
and Walter 1996; Welihinda and Kaufman 1996). The
only known substrate for the site-specific RNase activity
of Irelp is HAC1 mRNA, encoding a basic leucine zipper
(bZIP)-containing transcription factor that binds to the
UPR element (UPRE) upstream of responsive genes (Cox
and Walter 1996; Mori et al. 1996). Trelp cleaves HAC1
mRNA at two sites to remove a 252-nt intron. Irelp en-
donucleolytic cleavage after guanosine at both the 5’ and
3’ splice-site junctions leaves a 2’,3'-cyclic phosphate at
the 3’ end of the 5’ exon and a free 5’ hydroxyl group at
the 5’ end of the 3’ exon. These exons are tethered to-
gether by base pairing and subsequently ligated by tRNA
ligase Rlglp (Sidrauski et al. 1996; Gonzalez et al. 1999).
In contrast to unspliced HAC1 mRNA that is poorly
translated, the spliced form is efficiently translated
(Mori et al. 1996; Chapman and Walter 1997; Ruegsegger
et al. 2001). As the level of Haclp rises in the cell, the
genes that harbor UPRE within their promoters are in-
duced at the transcriptional level. In yeast there are [B81
transcriptional targets of the UPR that encode functions
ranging from protein folding, protein translocation, and
protein transport, to protein degradation within the se-
cretory pathway (Travers et al. 2000).

Metazoan cells have evolved a more extensive signal-
ing pathway to mediate more diverse responses upon ac-
tivation of the UPR. In metazoan cells this response also
signals translation attenuation to reduce the amount of
proteins that require folding. In addition, if adaptation is
not sufficient, apoptosis is activated, possibly mediated
by the c-Jun N-terminal protein kinase JNK, and activa-
tion of caspases 7 and 12 (Chandler et al. 1998; Nak-
agawa et al. 2000; Urano et al. 2000a).

There are at least three known proximal sensors of the
UPR in metazoan species. Two related homologs of yeast
IRE1, referred to as IREIa and IRE1p, were identified in
both the murine and human genomes (Tirasophon et al.
1998; Wang et al. 1998; Iwawaki et al. 2001). Whereas
IRE1a is constitutively expressed in all cells and tissues,
IRE1B expression is restricted to gut epithelial cells.
Overexpression of either IRElx or IRE1B can activate a
reporter gene that harbors an ER stress-response element
(ERSE) in a manner that requires the endoribonuclease
activity of IRE1 (Tirasophon et al. 2000). These results
support the idea that the IRE1 signaling pathway is con-
served from yeast to human and is sufficient to activate
the UPR.

Translational attenuation is mediated by the protein
kinase PERK/PEK, which is activated under conditions
identical to those that activate IRE1 (Shi et al. 1998;

IRE1, XBP1, and ATF6 mediate the UPR

Harding et al. 1999; Liu et al. 2000; Bertolotti et al. 2001).
After trans-autophosphorylation, PERK phosphorylates
its only known substrate, the o subunit of eukaryotic
translation initiation factor 2 (elF2«a), to limit polypep-
tide chain initiation, and thereby protects cells under
conditions where proteins cannot fold properly. How-
ever, disruption of this signaling pathway, by deletion of
PERK or mutation of the phosphorylation site in elF2q,
produced unexpected results. Indeed, the cells were very
sensitive to activation of the UPR, but they were also
defective for transcriptional induction of the UPR (Har-
ding et al. 2000; Scheuner et al. 2001). It was proposed
that under conditions of increased elF2a phosphoryla-
tion, AUG-codon recognition by the 40S scanning ribo-
somal subunit becomes less efficient; therefore, the ri-
bosome scans through upstream open reading frames
within the 5’ end of mRNAs to gain access to the au-
thentic AUG codons. At least one potential target for
this translational up-regulation upon eIF2a phosphory-
lation is the transcriptional activator of the CREB/ATF
(cyclic AMP response element binding protein/activat-
ing transcription factor) family, ATF4 (Harding et al.
2000; Scheuner et al. 2001).

Finally, an alternative pathway for gene activation
upon accumulation of unfolded proteins in the ER was
discovered by identification of proteins that bind the
ERSE through a yeast one-hybrid screen (Haze et al.
1999). Mori and coworkers identified ATF6 as a type-II
ER-associated transmembrane bZIP-containing tran-
scription factor. Upon activation of the UPR, ATF6 is
proteolyzed to release a cytosolic fragment that migrates
to the nucleus to activate transcription of genes through
binding to the ERSE (Haze et al. 1999). ATF6 binds to
CCACG of the ERSE (CCAAT-N,-CCACG) when the
CCAAT is bound to NF-Y (Li et al. 2000; Yoshida et al.
2000, 2001a). BiP, CHOP-10, and XBP1 are genes that are
induced by overexpression of ATF6 (Yoshida et al. 1998).
Proteolysis of ATF6 is sufficient to activate expression of
a BiP-promoter reporter construct. ATF6 is cleaved
within the lumenal and transmembrane domains by
site-1 and site-2 proteases (S1P and S2P), respectively,
which are known to cleave sterol response element bind-
ing protein (SREBP) upon sterol deprivation (Ye et al.
2000). Therefore, at least a portion of the UPR signaling
has coevolved with the sterol-deprivation response path-
way.

To identify the transcriptional targets of ATF6, a PCR-
amplification technique was applied to identify the con-
sensus ATF6-binding-site motif TGACGTG(G/A) (Wang
et al. 2000). Surprisingly, when multiple copies of the
ATF6-binding motif (5x ATF6) were placed upstream of
luciferase, expression from this promoter element was
induced in response to ER stress. Therefore, all the in-
formation necessary for UPR transcriptional activation
is contained within this short, synthetic ATF6-binding
motif. Although the downstream target genes of ATF6
are being elucidated at this time, it is likely that a large
percentage of ATF6-responsive genes are targets of the
UPR. In this report, we have used the 5x ATF6 reporter as
a monitor for UPR signaling in wild-type and mutant cells.
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Thus, at present, there is a dilemma as to how UPR
pathways signaling through IRE1, PERK, and ATF6 are
coordinated to act in concert for transcriptional induc-
tion. To address this question, we studied the UPR in
IREIo-null murine embryonic fibroblasts (MEFs). Sur-
prisingly, IREIa-null MEFs were not defective for in-
duction of the major targets of the UPR; however, they
were specifically defective in induction of the 5x ATF6-
binding-site reporter gene. By analysis of the defect in
these cells, we identified that a novel form of XBPI is
absent in IREIa-null cells and showed that XBP1 mRNA
is a substrate for the endoribonuclease activity of
IREla. Further analysis using S2P-deficient Chinese
hamster ovary (CHO) cells showed that IREla-mediated
UPR signaling requires coordination of IREla-indepen-
dent ATF6 processing and IREla-dependent XBPI
mRNA splicing.

Results

IREla-null murine embryonic fibroblasts (MEFs) have
an intact UPR

The role for IREla in the UPR was studied using IREIa-
null MEFs. Exon 7 to exon 14 from the IREIa gene was
deleted by homologous recombination in R1 embryonic
stem cells using a PGK-neo targeting vector (Fig. 1A),
and the presence of the deleted IREIa locus was shown
by Southern blot analysis (Fig. 1B). The IREIa deletion
was confirmed by Northern blot and Western blot analy-
sis. As expected from the homologous replacement, the
homozygous IREla-null MEFs express a smaller IRE1a
mRNA transcript compared to that detected in wild-type
MEFs (Fig. 1C). The predicted protein product from the
deleted IRE1a allele would lack the ER transmembrane
domain and would therefore likely be mislocalized to the
lumen of the ER. Because the endogenous level of IREIa
expression is very low, expression of IREla protein was
analyzed by immunoprecipitation using an anti-IREla
lumenal-domain antibody and Western blot analysis us-
ing the same antibody. As a positive control, IREla was
analyzed in a tunicamycin-treated pancreatic B-cell line
known to express IREla. Tunicamycin inhibits N-linked
glycosylation and activates the UPR. Under these condi-
tions, only the phosphorylated form of IREla protein is
detected, as previously described (Fig. 1D, lane 3; Tira-
sophon et al. 1998, 2000). Although nonphosphorylated
and phosphorylated species of IREla were detected in
the wild-type MEFs, anti-IREla antibody-reactive pro-
tein was not detected in IRE1a-null MEFs (Fig. 1D, lanes
1,2).

To test the requirement for IREla in UPR-transcrip-
tional induction, wild-type and IREIa-null MEFs were
treated with tunicamycin for 6 h, and RNA was prepared
for Northern blot analysis. Both wild-type and heterozy-
gous IREIa*/~ cells showed comparable BiP mRNA in-
duction upon tunicamycin treatment. However, BiP
mRNA induction was also observed in homozygous
IREIa-null MEFs, although quantification of the results
suggested a slightly reduced induction (10%) in the
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IREIa-null MEFs (Fig. 1E). Induction of GRP94 (Fig. 1F)
and CHOP-10 (data not shown) mRNAs was also com-
parable in the wild-type and IREIa-null MEFs. To deter-
mine whether the increase in BiP mRNA observed re-
flected transcriptional activity of the BiP promoter, the
induction of a BiP-promoter-luciferase-reporter plasmid
was studied. Tunicamycin treatment induced luciferase
expression from the BiP promoter to similar degrees in
wild-type and in IREIa-null MEFs (Fig. 1G). These re-
sults support the hypothesis that IREla is not essential
for the transcriptional induction of several well-charac-
terized UPR target genes and suggest that at least one
additional mechanism for UPR transcriptional induction
is intact in IRE1a-null MEFs.

5x ATF6 reporter activation is defective
in IREla-null MEFs

Previous studies indicate that ATF6 cleavage is required
for UPR transcriptional induction (Ye et al. 2000). To
test whether IREla is required for ATF6 cleavage and
function, we used a luciferase reporter plasmid under
transcriptional control of a multimerized ATF6-binding
site (Fig. 2A, bottom). This multimerized ATF6-binding
site is sufficient to direct ER stress-induced expression of
luciferase (Wang et al. 2000). Previously, we showed that
overexpression of wild-type IREla activates this 5x
ATF6 reporter, whereas overexpression of a kinase and
RNase domain-deleted mutant IREla (IRE1IAC) acts in a
trans-dominant negative manner to prevent the ER
stress-induced expression of the 5x ATF6 reporter (Wang
et al. 2000). Surprisingly, compared to wild-type MEFs,
tunicamycin-induced expression of the 5x ATF6 reporter
gene was completely defective in IREIa-null MEFs (Fig.
2A). Upon transfection of IREIa-null MEFs with the 5x
ATEF6 reporter in the presence of wild-type (WT) IRElq,
kinase-defective K599A mutant IREla, or RNase-defec-
tive K907A mutant IRElq, only the wild-type IREla
complemented the defect in 5x ATF6 reporter expression
(Fig. 2B). Therefore, the IRE1a kinase and endoribonucle-
ase activities are required for 5x ATF6 reporter activa-
tion. We then tested whether overexpression of several
known bZIP/ATF family members could activate 5x
ATF6 reporter expression in the IREIa-null MEFs. Al-
though overexpression of ¢-Jun, c-Fos, and ATF2 slightly
increased the basal level of 5x ATF6 reporter gene ex-
pression in the IREIa-null MEFs, no further increase oc-
curred upon tunicamycin treatment. In contrast, overex-
pression of intact ATF6 elevated both the basal and the
tunicamycin-induced 5x ATF6 reporter gene expression
in the IRE1a-null MEFs (Fig. 2C). Tunicamycin-induced
expression of the 5x ATF6 reporter gene in IRE1a-null
MEFs transfected with wild-type IRE1a was variable, de-
pendent on the tunicamycin concentration and duration
of treatment (Fig. 2B,C). Expression of the 50-kD pro-
cessed form of ATF6 dramatically increased 5x ATF6
reporter activation in both cell types (Fig. 2D). Therefore,
overexpression of the 50-kD ATF6 bypassed the IREla
requirement for 5x ATF6 reporter activation. Because ER
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Figure 1. Generation and characterization of IREIa-null MEFs. (A) Schematic representation of the predicted recombination of
targeting vector and the mIREI« locus. The bar indicates the position of a 0.5-kb BamHI-Xhol fragment used as a probe for Southern
hybridization. (B) Southern analysis of ES recombinant clones (1A9 and 1H10) compared to the parental R1 cells. (C) Northern blot
analysis of IREla-null MEFs. Wild-type and IREIa-null MEFs were treated with or without 10 pg/mL tunicamycin for 6 h prior to
harvesting total RNA for Northern blot analysis. The blot was probed with an [a-3*P]-labeled 3.6-kb EcoRI-Xbal fragment from
pED-hIREla cDNA. (D) Western blot analysis of wild-type and IREIa-null MEFs. Proteins were prepared from wild-type and IRE1a-
null MEFs (lanes 1,2) and from the pancreatic -cell line HIT-T15 (lane 3). HIT-T15 was treated with 10 pg/mL tunicamycin for 6 h
prior to protein harvest. The proteins were subjected to SDS-PAGE and Western blot analysis using anti-IREla lumenal-domain
antibody. Phosphorylated and nonphosphorylated forms of IREla are indicated. (E,F) Northern blot analysis of wild-type and IREIa-
null MEFs. Wild-type, heterozygous, or homozygous IREIa-null MEFs were treated with or without 10 png/mL tunicamycin for 6 h
prior to harvesting total RNA for Northern blot analysis. One blot was probed with [a-32P]-labeled hamster BiP cDNA and B-actin
cDNA (E), and another blot was probed with [a->*P]-labeled mouse GRP94 DNA and B-actin cDNA (F). Quantification of the results
showed that tunicamycin induced GRP94 mRNA 6.7-fold and 5.4-fold in wild-type and IREIa-null MEFs, respectively. (G) BiP reporter
gene expression in IREIa-null MEFs. The reporter plasmids containing the luciferase gene under control of the rat BiP promoter and
B-galactosidase under control of the CMV promoter were cotransfected into wild-type and IREI«-null MEFs. The transfected cells were
treated with 2 pg/mL tunicamycin for 16 h prior to harvest. The luciferase activities are presented relative to CMV B-galactosidase
activities. Similar results were obtained from three independent experiments.

relative to f-Gal

BiP-Luciferase activity

stress induction of the 5x ATF6 reporter was completely IRE1a is not required for ATF6 cleavage, nuclear
defective in IREIa-null MEFs, but could be comple- translocation, or transcriptional activation

mented by overexpression of the 50-kD processed form

of ATF6, it was possible that IREla was required for Initial studies showed that IREla overexpression in
ATF6 processing and/or function. Therefore, we studied COS-1 cells did not generate the processed form of ATF6
the requirement for IREla in ATF6 cleavage and func- (data not shown). To further analyze the requirement for
tion. IREla in ATF6 function, we examined ATF6 cleavage by
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Figure 2. 5x ATFG6 reporter activation is defective in IREIa-null MEFs. (A) 5x ATF6 reporter gene expression in wild-type and
IREIa-null MEFs. The reporter plasmids containing the luciferase gene under control of 5x ATF6 binding sites and B-galactosidase
under control of the CMV promoter were cotransfected into wild-type and IREIa-null MEFs. The transfected cells were treated with
2 pg/mL tunicamycin for 16 h prior to harvest. The luciferase activities are presented relative to CMV B-galactosidase activities.
Similar results were obtained from two independent experiment. (B-D) Wild-type and IRE1a-null MEFs were transfected as in A in the
presence of vector alone or vector encoding wild-type IREla, kinase-defective (K599A) IREla, RNase defective (K907A) IRElq,
C-terminal-deleted IREla (IRE1aAC), ATF2, ATF4, ATF6, processed form of ATF6 (ATF6 50-kD), c-Jun, or c-Fos as indicated. The
vector used for IREla expression was pEDAC. The empty vectors used as controls were pEDAC (B,D), pcDNA3 (Vector 1), and
pCMV-HA (Vector 2) (C). MEFs were transfected by either Effectine (B,D) or FuGENEG6 (C) according to the manufacturers’ recom-
mended procedures. The transfected cells were treated with 10 ng/mL tunicamycin for 6 h (B,D) or 2 pg/mL tunicamycin for 16 h (C)
prior to harvest. Similar results were obtained from four independent experiments.

age and stability, pulse-labeling with [**S]methionine
and [*°S|cysteine was performed with a chase in the pres-
ence or absence of tunicamycin. The labeled ATF6 pro-
teins were immunoprecipitated with anti-ATF6 anti-

Western blot and radiolabel pulse-chase experiments.
Cells were treated with tunicamycin for increasing
amounts of time, and ATF6 was monitored by Western
blot analysis. The 50-kD processed form of ATF6 was

generated at the same rate in both wild-type and IREIa-
null MEFs and accumulated up to 8 h (Fig. 3A, top). BiP
protein levels also increased with similar kinetics in the
wild-type and IREla-null MEFs (Fig. 3A, bottom). To
more closely monitor the kinetics of 90-kD ATF6 cleav-
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body and subjected to SDS-PAGE and autoradiography
(Fig. 3B). The 50-kD processed form of ATF6 was de-
tected in both wild-type and IREIa-null MEFs after 2 h
of tunicamycin treatment. No significant difference in
the cleavage and/or stability of ATF6 was detected be-
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Figure 3. IREla is not required for ATF6
cleavage, nuclear translocation, or tran-
scriptional activation. (A) Western blot
analysis of ATF6. Wild-type and IREIa-
null MEFs were treated with tunicamycin
(10 pg/mL) for increasing times, and pro-
tein extracts were prepared for Western
blot analysis. ATF6 proteins were detected
using anti-ATF6 antibody and anti-rabbit
immunoglobulin conjugated with horse-
radish peroxidase and enhanced chemilu-
minescence. (B) Pulse-chase analysis of
ATF6. Wild-type and IREIa-null MEFs
were pulse-labeled with [**Smethionine
and [**S]cysteine (0.5 mCi/100-mm dish)
for 40 min, and then chase was performed
with or without 10 pg/mL tunicamycin for
the periods indicated. Proteins were ex-
tracted and immunoprecipitated using
anti-ATF6 antibody. Immunoprecipitates
were subjected to SDS-PAGE, and radiola-
beled proteins were visualized using Phos-
phorlmager (Molecular Dynamics). (C)
ATF6 cleavage-dependent GAL4 reporter
gene expression in wild-type and IREIa-
null MEFs. The reporter plasmids contain-

Gald BD ATF6
Gal4BD ATF6

ing the luciferase gene under control of the
GAL4 promoter and B-galactosidase under
control of the CMV promoter were co-

transfected with the GAL4 DNA-binding

domain-ATF6 fusion protein expression

relative to B-Gal

vector into wild-type and IREIa-null
MEFs. The transfected cells were treated
with 2 pg/mL tunicamycin for 16 h prior

Gal4-Luciferase activity

Nucleus

tween wild-type and IREIa-null MEFs (Fig. 3B). Interest-
ingly, both the intact and processed forms of ATF6
showed a short half-life of (2 h.

To test whether ATF6 nuclear translocation and
activation require IREla, a GAL4 transactivation assay
was used. The GAL4 DNA-binding domain was fused
to the N terminus of full-length ATF6. This expression
vector was transfected into wild-type and IREIa-null
MEFs with a luciferase reporter construct under tran-
scriptional control of five GAL4 DNA-binding sites. Un-
der these conditions, the expression of luciferase is de-
pendent on binding of the Gal4-ATF6 fusion protein lib-

++
IRE1c MEF

-/- to harvest. The luciferase activities are
presented relative to CMV B-galactosidase
activities. Similar results were obtained
from two independent experiments. The
diagram on the left depicts ATF6 cleavage-
dependent GAL4 reporter gene expression
that is independent from the transcrip-

tional activity of endogenous ATF6.

erated from the ER membrane (Fig. 3C, diagram)|. After
cotransfection the cells were treated with tunicamycin.
Tunicamycin induced luciferase expression in both wild-
type and mutant MEFs to a similar degree, suggesting
that cleavage, nuclear translocation, and transcriptional
activation of ATF6 are independent of IREla function
(Fig. 3C). Therefore, by all these analyses, ATF6 process-
ing and function were not defective in the IREIa-null
MEFs. These results led us to study whether another
factor is defective in the IREIa-null MEFs that is re-
quired for transcriptional activation of the 5x ATF6 re-
porter.
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5x ATF6 reporter induction requires IRE1a-dependent
splicing of XBP1 mRNA

XBP1 is a bZIP transcription factor of the CREB/ATF
protein family that binds to an identical sequence motif
as ATFG (Fig. 4A; Clauss et al. 1996). Indeed, XBP1 was
also isolated as an ERSE-binding factor in the same yeast
one-hybrid screen used to identify ATF6 (Haze et al.

1999). During the course of our studies, we discovered
that two protein products are derived from the Cae-
norhabditis elegans and human XBP1 mRNAs, where
the larger product is translated from a spliced form of
XBP1 mRNA that is generated upon ER stress (Shen et
al. 2001; Yoshida et al 2001b). Therefore, we used the
sequence information to clone the full-length cDNA for
murine XBP1. The murine XBP1 gene structure is very
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similar to the human XBP1, having conserved two open
reading frames, an intron, and a bZIP domain in the N
terminus (Fig. 4B,C). The translation products from the
first and second open reading frames (ORFs) consist of
267 and 222 amino acids in the mouse and 261 and 212
amino acids in the human, respectively. Splicing of the
26-nt intron would generate a frame-shift and a fusion of
the first ORF to the second OREF, to yield a larger protein
product of 371 and 376 amino acids in the mouse and
human, respectively. Only one base differs between the
human and murine 26-base intron. RT-PCR analysis of
RNA isolated from tunicamycin-treated wild-type and
IRE1a-null MEFs using PCR primers designed to amplify
the region encompassing the overlap between ORF1 and
ORF2 showed that XBP1 mRNA splicing is induced by
ER stress and requires IREla (Fig. 4D). DNA sequence
analysis confirmed the removal of 26 nucleotides from
the shorter RT-PCR product. The 425-nt fragment from
spliced XBP1 mRNA was detected in wild-type MEFs
after tunicamycin treatment. In contrast, this spliced
form of XBP1 mRNA was not detected in IREIa-null
MEFs before or after tunicamycin treatment. Western
blot analysis using an antibody that reacts with only the
longer XBP1 product derived from the spliced XBP1
mRNA showed that a 55-kD heterogeneous-sized spe-
cies appeared with time after tunicamycin treatment in
wild-type MEFs (Fig. 4E). This polypeptide was not de-
tected before tunicamycin treatment (Fig. 4E). Although a
small amount of the spliced XBP1 mRNA was detected
by RT-PCR prior to tunicamycin treatment, this analy-
sis was not quantitative. Therefore, we cannot correlate
the presence of the spliced mRNA with protein expres-
sion. This polypeptide was not detected in the IREIa-
null MEFs (Fig. 4E). We propose that this 55-kD protein
is translated from XBP1 mRNA that is spliced in an
IREla-dependent reaction. As expected from the pres-
ence of ERSE in the XBPI promoter and correct ATF6
processing in IREIa-null MEFs, XBPI mRNA was in-
duced with tunicamycin treatment in IREIa-null MEFs
(Fig. 4F).

IRE1, XBP1, and ATF6 mediate the UPR

If the defect in XBP1 mRNA splicing is responsible for
the defect in 5x ATF6 reporter induction in the IREIa-
null MEFs, then expression of the spliced form of XBP1
mRNA, but not the unspliced form, should complement
the 5x ATF6 reporter defect in the IREIa-null MEFs.
c¢DNAs encoding XBP1-ORF1 alone, XBP1-u (unspliced
form of XBP1), and XBP1-s (spliced form of XBP1) were
inserted behind the CMV promoter to direct their ex-
pression in transiently transfected COS-1 cells. Western
blot analysis with antibody reactive to the N terminus of
XBP1 detected a polypeptide of [B5 kD in COS-1 cells
transfected with the XBP1-ORF1 expression vector (Fig.
4G, lane 3). The 35-kD polypeptide decreased upon tu-
nicamycin treatment (Fig. 4G, lane 4), likely a conse-
quence of decreased mRNA encoding the 35-kD polypep-
tide owing to splicing of XBP1 mRNA. In addition, a
48-kD species (Fig. 4G, lane 4, asterisk) was induced
upon tunicamycin treatment. The 48-kD species may
represent products from aberrantly spliced mRNAs that
use the 5'-splice-site junction in XBPI1 mRNA and a
downstream cryptic 3’ splice site. Similar analysis of
XBP1-u-transfected cells detected the 35-kD polypeptide
in addition to a heterogeneous 55-kD species represent-
ing XBP1-s. In contrast, cells transfected with XBP1-s
produced only the latter 55-kD species, and its expres-
sion level did not change with tunicamycin treatment,
likely because the CMV promoter is not induced by the
UPR. These results showed that each of the expression
plasmids directed the expression of the expected poly-
peptide.

We then measured the effect of these expression vec-
tors when cotransfected with the 5x ATF6 luciferase re-
porter gene into wild-type and IREI«-null MEFs. Expres-
sion of either XBP1-ORF1 or intact unspliced XBP1-u
slightly increased both the basal and tunicamycin-in-
duced expression from the 5x ATF6 luciferase reporter
gene in wild-type MEFs. In contrast, expression of
XBP1-s greatly increased 5x ATF6 reporter gene expres-
sion in the wild-type MEFs, even in the absence of ER
stress (Fig. 4H). Qualitatively similar results were ob-

Figure 4. 5x ATF6 reporter induction requires IREla-dependent splicing of XBP1 mRNA. (A) Alignment of ATF6, XBP1, CREB, and

ERSE DNA sequence motifs. The entire oligonucleotide sequence used to construct the 5x ATF6 reporter is shown. The 5’ sequence
located outside of the boxed region is the fixed flanking sequence used to generate random oligonucleotides (Wang et al. 2000). (B)
Schematic representation of unspliced and spliced forms of the murine XBP1 mRNA and protein coding regions. The translated portion
of the two open reading frames, the 26-bp intron, and the bZIP domains are depicted. (C) The predicted mRNA secondary structure
at the splice-site junctions in XBP1 mRNA. The 3 residues important for cleavage of HAC1 mRNA by Irelp (-1G, -3C, and +3G) are
conserved in the 5" and 3’ loops. (D) RT-PCR analysis of XBP1 mRNA splicing using RNA templates from tunicamycin-treated
wild-type and IREIa-null MEFs. (E) Western blot analysis of XBP1. Cell extracts were prepared from wild-type and IREIa-null MEFs
cultured in the presence or absence of tunicamycin (10 pg/mL) with MG132 (10 uM) for increasing times as indicated. (F) Northern
blot analysis of XBPI mRNA in IREIa-null MEFs. Wild-type and IREIa-null MEFs were treated with or without 10 ng/mL tunica-
mycin for 6 h prior to harvesting total RNA for Northern blot analysis. The blots were probed with the [a->*P]-labeled 0.94-kb Xhol
fragment of XBP1-u and B-actin ¢cDNA. Quantification of the results showed 3.1-fold and 4.0-fold induction with tunicamycin
treatment in wild-type and IRE1a-null MEFs, respectively. (G) Western blot analysis of XBP1. The 5x ATF6 reporter plasmid and
B-galactosidase under control of the CMV promoter were cotransfected into COS-1 cells in the presence of the CMV-promoter-driven
unspliced form of XBP1 (XBP1-u), the spliced form of XBP1 (XBP1-s), or the first ORF of XBP1 (XBP1-ORFI) as indicated. Cells were
treated with or without tunicamycin (2 pg/mL) for 8 h before harvest. Lactacystin (10 uM) was added to the media for the final 2 h.
An XBP1-reactive polypeptide likely derived from using a cryptic 3’ splice site is indicated with an asterisk. (H) The 5x ATF6 reporter
is activated by IREla-dependent XBP1 mRNA splicing. Wild-type and IRE1a-null MEFs were transfected and assayed as described in
Figure 2 in the presence of the CMV-promoter-driven unspliced form of XBP1 (XBP1-u), the spliced form of XBP1 (XBP1-s), or the first
ORF of XBP1 (XBP1-ORF1).
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tained from cotransfection experiments in COS-1 cells
(data not shown). Strikingly, only XBP1-s complemented
the 5x ATF6 reporter expression in the IREIa-null MEFs.
These results show that expression of the spliced form of
XBP1 mRNA is necessary and sufficient to activate the
5x ATF6 reporter gene in the IRE1a-null MEFs.

XBP1 mRNA is a substrate of RNase activity of IREla
in vitro

The predicted RNA structure of the XBP1 intron shows
stem-loop hairpins with 7-membered rings at both the
5’- and 3’-splice-site junctions as observed in yeast
HAC1 mRNA (Fig. 4C). Site-directed mutagenesis stud-
ies identified three residues (-1G, -3C, +3G] that are
critical for cleavage of yeast HACI mRNA by Irelp
(Kawahara et al. 1998; Gonzalez et al. 1999). These bases
are conserved in the 5’ and 3’ loops of XBP1 mRNA
(boxed in Fig. 4C). We tested whether XBP1 mRNA is a
direct substrate of the endoribonuclease activity of
IREla in vitro and whether these conserved residues are
required. Wild-type and mutant XBPI RNA substrates
were transcribed in vitro and incubated with human
IREla protein expressed in transfected COS-1 cells.
Wild-type substrate was cleaved at both 5’- and 3’-splice-
site junctions (Fig. 5A, lane 4). Cleavage of the RNA at

A

murine
XBP1 RNA

IRE1c Protein

114 26308
C——a——
——
|
Figure 5. IREla cleaves both splice-site junctions
in XBP1 RNA in vitro and is localized to the inner
nuclear envelope. (A) 32P-labeled wild-type and
mutant XBP1 RNAs were prepared and incubated =
with immunoprecipitated wild-type or RNase-de- —

fective (K907A) IREla protein in nuclease buffer
and analyzed by electrophoresis on a denaturing
polyacrylamide gel. The 5’ exon (114 nt), intron
(26 nt), and 3’ exon (305 nt) cleavage products of
the substrate are marked on the left. The numbers
on the right are the expected nucleotide sizes. (B)
Intracellular localization of IREla. Wild-type and
IRE1a-null MEFs were fractionated as described in
Materials and Methods. Western blot analysis was
performed with mouse anti-IREla, human anti-
lamin B receptor, or rabbit anti-calreticulin anti-
bodies. (Lane 1) Cellular extract; (lane 2) nuclei
with inner nuclear membrane; (lane 3) Triton
X-100 soluble, microsomal, and outer nuclear
membrane fraction.
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the 5’ or 3’ splice site was prevented by mutation of the
conserved residues within the 5’ loop (-1G and +3G, Fig.
5A, lanes 6,10) or within the 3’ loop (-1G, -3C, and +3G,
Fig. 5A, lanes 12,16,18), respectively. Mutation of the
conserved residues in the 5’ loop did not prevent cleav-
age of the 3’ splice site and vice versa for mutations in
the 3’ loop. In contrast, mutation of the nonconserved
residue within the 5’ loop (-2C) or the 3’ loop (-2U) did
not affect the cleavage of XBP1 RNA by IREla (Fig. 5A,
lanes 8,14). Taken together, these results indicate that
both 5'- and 3’-splice-site junctions in XBP1 RNA are
cleaved by IREla upon ER stress to eventually generate
a spliced product that encodes a larger translated protein
with a greater transactivation potential.

IRE1a localizes to the inner nuclear envelope

Previous studies suggest that the IRE1-mediated HAC1
mRNA splicing reaction may occur within the cyto-
plasm or the nucleus (Chapman and Walter 1997; Rueg-
segger et al. 2001). To provide insight into this question,
we performed cell fractionation to localize IREla. Nu-
clei were isolated and their outer membranes were
stripped as described in Materials and Methods. Western
blot analysis of lamin B receptor showed enrichment in
the Triton X-100-insoluble fractions containing nuclei
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with the inner nuclear membrane (Fig. 5B). Lamin B was
absent from the microsomal fraction containing the
outer nuclear envelope. In contrast, calreticulin, a lu-
menal ER protein, was associated with the microsomal
fraction. These results indicated that the nuclear and
microsomal fractions isolated did not have significant
contamination. Interestingly, IREla was greatly en-
riched in the nuclear pellet that was stripped of outer
nuclear membranes. Importantly, the immunoreactivity
was not detected in fractions isolated from IREIa-null
MEPFs. These results support the hypothesis that the ma-
jority of IREla is localized to the inner nuclear envelope.

IREla-mediated UPR transcriptional induction
requires ATF6 cleavage

Site-1 protease (S1P) and site-2 protease (S2P) are impli-
cated in the cleavage of ATF6 to generate the 50-kD cy-
tosolic fragment upon ER stress. Indeed, ATF6 cleavage
was not detected in S2P-deficient CHO cells upon acti-
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vation of the UPR (Ye et al. 2000). To test the require-
ment for ATF6 cleavage in IREla-mediated UPR tran-
scriptional induction, we studied IREla overexpression
in S2P-deficient CHO cells. Overexpression constitu-
tively activates IREla by promoting dimer/oligomer for-
mation and trans-autophosphorylation. An IREla ex-
pression vector was introduced into S2P-deficient CHO
cells with a BiP promoter reporter plasmid or the 5x
ATF6 reporter plasmid. IRElw transfection in wild-type
CHO cells increased BiP-reporter expression by 70%
compared to cells transfected with the immunoglobulin
1 heavy chain deleted of the signal peptide (Asp; Fig. 6A;
Wood et al. 1990). In contrast, IREla transfection in-
creased BiP reporter expression by 38% in S2P-deficient
CHO cells. IREla overexpression reproducibly increased
BiP reporter expression to a lower level in S2P-deficient
CHO cells, suggesting that maximal IREla-mediated
transcriptional induction requires S2P-dependent cleav-
age of ATF6. BiP expression was further increased by
tunicamycin treatment in wild-type cells, but not in
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Figure 6. IREla-mediated induction of UPR genes re-
quires ATF6 cleavage. (A-C) BiP reporter gene (A,C) and
5x ATFG6 reporter gene (B,C) expression in S2P-deficient
CHO cells. The reporter plasmids containing the lucif-
erase gene under control of the rat BiP promoter or the
5x ATF6 binding sites were cotransfected with B-galac-
tosidase under control of the CMV promoter and an
IREla (A,B) or ATF6 (C) expression vector into S2P-
deficient CHO cells. Immunoglobulin p heavy chain (p)
and mutant immunoglobulin p heavy chain deleted of
the signal peptide (Asp) were used as positive and nega-

CHO S2P -/- CHO

S2P -/-

tive ER stress inducers, respectively. At 32 h posttrans-
fection, cells were treated with 2 pg/mL tunicamycin

for 16 h prior to harvest. The luciferase activities are presented relative to CMV B-galactosidase activities. Similar results were
obtained from two independent experiments. (D) Western blot analysis of BiP. Wild-type and S2P-deficient CHO cells were transfected
with plasmids as indicated. At 32 h posttransfection, the transfected cells were treated with 2 pg/mL tunicamycin for 16 h, harvested,
and analyzed by Western blot analysis using anti-BiP antibody. (E) Northern blot analysis of BiP and XBPI mRNA in S2P-deficient
cells. Wild-type and S2P-deficient CHO cells were treated with or without 2 ng/mL tunicamycin for 16 h prior to harvesting total RNA
for Northern blot analysis using hamster BiP, XBP1-u, and B-actin ¢cDNAs as probes. Quantification of the results showed that
tunicamycin induced BiP mRNA 34-fold and 2.6-fold and XBP1 mRNA 3.1-fold and 2.9-fold in wild-type and S2P-deficient CHO cells,

respectively.
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S2P-deficient CHO cells (Fig. 6A). Similarly, overexpres-
sion of the immunoglobulin p heavy chain, a known
inducer of the UPR (Wood et al. 1990), increased BiP-
reporter expression 208% in wild-type cells and only
23% in S2P-deficient CHO cells. In addition, overexpres-
sion of either IREla or the immunoglobulin p heavy
chain was not able to activate the 5x ATF6 reporter ex-
pression plasmid in S2P-deficient CHO cells, even in the
presence of tunicamycin treatment (Fig. 6B). Northern
and Western blot analysis of BiP in wild-type and S2P-
deficient CHO cells revealed that S2P-dependent ATF6
processing is required for BiP induction upon tunicamy-
cin-induced ER stress (Fig. 6D,E). Indeed, overexpression
of the 50-kD processed form of ATF6, but not the full-
length ATF6, rescued the UPR defect in S2P-deficient
CHO cells (monitored by BiP-reporter or 5x ATF6-re-
porter expression) (Fig. 6C). BiP expression was not no-
ticeably changed by overexpression of IREla or the im-
munoglobulin p heavy chain even in wild-type CHO
cells, probably because of the low transfection efficiency
(Fig. 6D). These results indicate that ATF6 cleavage is
required for induction of both IREla-dependent and ER-
stress-activated target genes. Finally, XBP mRNA was
induced in S2P-deficient CHO cells by tunicamycin
treatment (Fig. 6E), suggesting that XBP1 mRNA expres-
sion is regulated by IREla-dependent XBPI mRNA splic-
ing, in addition to ATF6 cleavage (see Discussion).

Discussion

We have characterized the UPR in IREIa-null MEFs and
S2P-deficient CHO cells to elucidate how IREla-medi-
ated signaling and ATF6 processing coordinate transcrip-
tional activation of target genes. Our major findings sup-
port the following eight conclusions. (1) A UPR tran-
scriptional defect exists in IREIa-null MEFs. (2) The
defect is caused by the absence of a novel ER-stress-in-
duced translation product from the XBP1 locus. (3) The
novel translation product requires IREla-mediated re-
moval of a 26-nt intron within XBPI mRNA. (4) IRE1
RNA cleavage specificity is conserved between mamma-
lian and yeast substrates XBP1 and HACI. (5) IREla is
preferentially localized to the inner leaflet of the nuclear
envelope. (6) IREla is not required for ATF6 cleavage or
nuclear translocation and/or activation. (7) Both ER-
stress and IREla signaling of the UPR require S2P-de-
pendent cleavage of ATF6. (8) The two pathways signal-
ing through the ER stress sensors IRE1 and ATF6 merge
through qualitative and quantitative regulation of XBP1
to activate the UPR.

Previous data suggested that IREla is not required for
signaling the mammalian UPR (Urano et al. 2000a,b; Fig.
1). However, our results described here, using a more
specific UPR reporter having only one DNA sequence
motif, is the first evidence to support a requirement for
IREla in signaling the UPR. Although a promoter from a
UPR-inducible cellular gene for which activation is de-
fective in the IREIa-null MEFs has yet to be identified,
present ongoing microarray analysis should identify
such genes. It is likely that cellular promoters have
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evolved multiple motifs and deletion of a single trans-
acting factor may not significantly reduce UPR tran-
scriptional induction. For example, it was recently
shown that ire-1 deletion is synthetically lethal with
pek-1 deletion and that these two pathways synergize for
UPR transcriptional induction in C. elegans (Shen et al.
2001). In addition, the induction of approximately one-
third of all UPR genes was defective in MEFs in the ab-
sence of the PERK signaling pathway (Scheuner et al.
2001). Our present understanding of the mammalian
UPR leads us to propose that IRE1, PERK, and ATF6 are
proximal sensors that regulate the production and/or
quality of a class of bZIP-containing transcription factors
that may form homo- and heterodimers. Combinatorial
interactions of these factors, such as XBP1, ATF4, and
ATF6, may generate diversity in responses for different
subsets of UPR-responsive genes.

The 5x ATF6 reporter contains five copies of a consen-
sus ATF6-binding site known to bind ATF6 in vitro
(Wang et al. 2000). Transcriptional induction from these
motifs was dependent on both IREla and S2P activity,
suggesting that the endogenous XBP1 alone cannot acti-
vate the 5x ATF6 reporter in the absence of ATF6 cleav-
age. We propose that ATF6 is required to induce XBP1
transcription, thereby increasing the amount of sub-
strate for IREla-mediated splicing. As a consequence,
elevated levels of highly active XBP1 would activate this
5x ATF6 reporter gene. Under this hypothesis, IREla
would primarily act on newly transcribed XBP1 mRNA,
consistent with its preferential localization to the inner
nuclear envelope. Alternatively, XBP1 and ATF6 het-
erodimers may be the most potent activators of UPR
transcription; however, upon overexpression, either ho-
modimer alone might activate the UPR. In support of
both hypotheses, overexpression of XBP1-s activates the
UPR in the absence of ATF6 cleavage (data not shown).

Our results support the idea that the spliced form of
XBP1 (XBP1-s) is a better transcriptional activator than
XBPl-u. Wild-type cells transfected with XBPl-u or
XBP1-ORF1 showed similar levels of 5x ATF6 reporter
gene expression in the absence of tunicamycin treat-
ment, but higher induction was observed in XBP1-u-ex-
pressing cells upon tunicamycin treatment. These find-
ings support recent results and conclusions (Yoshida et
al. 2001b). Therefore, IREla-dependent RNA splicing
produces a novel protein that is a more potent transcrip-
tional activator. This is similar to observations in S. cer-
evisiae where Irelp-mediated splicing of HACI mRNA
generates a new C terminus on Haclp that converts it
into a better transcriptional activator (Mori et al. 2000).

Previously, XBP1-binding sites were also selected in
vitro to generate a consensus 8-bp core motif that is very
similar to CREB sites and identical to the ATF6-binding
site (Fig. 4A; Clauss et al. 1996). Both ATF6- and XBP1-
binding sites reside in the 3’ portion of the ERSE in re-
verse orientation (CCACG). Although ATF6 and XBP1
did not bind the ERSE directly in vitro, ATF6 and XBP1
binding was detected in the presence of NF-Y/CBF bound
to the 5’ half site of the ERSE (CCAAT; Li et al. 2000;
Yoshida et al. 2000, 2001b). Future studies are required
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to compare the binding affinities of XBP1 and ATF6 for
the ERSE and to characterize the influence of NF-Y/CBF.

The UPR has evolved a positive feedback loop for tran-
criptional activation of XBP1 (Fig. 7). Expression of XBP1
mRNA was induced in S2P-deficient CHO cells upon
activation of the UPR. Because XBP1 can bind to the
ERSE (Yoshida et al. 2000, 2001b) and the XBP1 pro-
moter contains an ERSE, we propose that the UPR in-
duction of the XBPI promoter in S2P-deficient cells is
mediated through IREla splicing of XBPI mRNA.
Spliced XBP1 mRNA would produce a protein that acti-
vates its own promoter, as previously suggested (Re-
imold et al. 1996). Although this step is ATF6-indepen-
dent, ATF6 cleavage and activation could further in-
crease the rate and/or extent of XBP1 transcription or
generate a more potent transcriptional activator by for-
mation of heterodimers. These results support the con-
clusion that either IREla or ATF6 alone is not required
for XBP1 induction.

XBP1 is ubiquitously expressed in adult tissues, and
disruption of the XBP1 gene revealed that it is essential
for hepatocyte differentiation (Reimold et al. 2000), car-
diomyocyte survival (Masaki et al. 1999), and plasma cell
differentiation (Reimold et al. 2001). It is especially in-
triguing that XBP1 is the only factor identified to date
that is required for B-cell differentiation into plasma
cells. This differentiation involves a fivefold expansion
of the ER compartment to accommodate the increased
high level of immunoglobulin secretion (Wiest et al.
1990). Activated B-cells are driven to become plasma
cells by signaling through the CD-40 receptor or through
mitogens such as lipopolysaccharide (LPS), stimulation.
Interestingly, XBP1 mRNA is increased by anti-CD40
antibody or LPS treatment, suggesting that the UPR and
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Figure 7. ATF6- and IREla-dependent
UPR signaling pathways merge through
regulation of the quantity and quality, re-
spectively, of XBP1 protein. The model de-
picts the activation of two proximal sen-
sors of the UPR, ATF6 and IRElq, upon ER
stress. Upon accumulation of unfolded
proteins in the ER lumen, ATF6 leaves the
ER to enter the Golgi apparatus, where it
is cleaved by S1P and then S2P to release a
50-kD fragment that enters the nucleus
through the nuclear pore. p50-ATF6 then
interacts with ERSE motifs to activate
transcription. Simultaneously and inde-
pendently, the UPR induces dimerization,
autophosphorylation, and activation of the
RNase activity of IREla that is localized
at the inner leaflet of the nuclear envelope.
Activated IREla then initiates splicing of
XBP1 mRNA to generate a potent tran-
scriptional activator, XBP1-s, that also en-
ters the nuclear pore to activate transcrip-
tion from ERSE motifs. The status of
XBP1-s and p50-ATF6 when bound to the
ERSE is not known, but for simplicity they
are depicted as heterodimers.
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the signaling pathway for plasma cell differentiation co-
operate in the induction and splicing of XBP1 mRNA
(Reimold et al. 2001). Studies are in progress to deter-
mine whether IREla signaling and/or ATF6 activation
are required for plasma cell differentiation and/or sur-
vival, and how signaling is transmitted. Comparison of
gene expression patterns in cells lacking IRE1, XBP1, and
ATF6 under various conditions will elucidate how these
pathways cooperate in their signaling. The identification
of XBP1 as a signaling molecule downstream of IRE1 and
ATF6 in the UPR provides credence to the hypothesis
that the UPR is required for expansion of the ER com-
partment upon differentiation of cells that secrete high
levels of protein.

Materials and methods

Cell culture and transient DNA transfection

Culture methods and media for COS-1 monkey cells were pre-
viously described (Kaufman 1997). The same methods were ap-
plied to MEFs except that fetal bovine serum (FBS) was not
heat-inactivated. Wild-type (K1) and S2P-deficient (clone M19)
Chinese hamster ovary (CHO) cells were cultured as described
(Ye et al. 2000). R1 murine embryonic stem (ES) cells (Joyner et
al. 1989), generously provided by Linda Samuelson (University
of Michigan), were plated onto mitomycin C-treated MEF feeder
cells in ES cell medium (Dulbecco’s Modified Eagle Medium,
GIBCO BRL) supplemented with 15% heat-inactivated FBS, 0.1
mM B-mercaptoethanol, and 1000 units/mL Leukocyte Inhibi-
tory Factor (GIBCO BRL). COS-1 cells were transfected by either
diethylaminoethyl(DEAE)-dextran (Kaufman 1997) or calcium-
phosphate-BES methods (Ausubel et al. 1999). MEFs were trans-
fected by either FuGENEG6 (Roche) or Effectine (QIAGEN) ac-
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cording to the manufacturers’ recommended procedures. CHO
cells were transfected by FuGENEG6 (Roche).

Construction of IREla targeting vector and gene disruption

An Xbal-Notl fragment of a loxP neomycin resistance cassette
under control of the phosphoglycerate kinase (PGK) promoter
(Orban et al. 1992) was inserted into a murine IREI« fragment
to replace exons 7 to 14, yielding the BS-mIREl« targeting vec-
tor. Trypsinized R1 ES cells were mixed with NotI-digested BS-
mIREl«a targeting vector, and a high electric pulse (250 pF and
0.3 kV) was applied using a gene-pulser (Bio-Rad laboratories).
The transfected cells were plated onto MEF feeder cells at a
density of 10° cells/100-mm plate. Selection medium contain-
ing 300 pg/mL G418 (GIBCO BRL) was applied to the ES cells at
48 h posttransfection. G418-resistant colonies formed at 4-5 d
after selection were isolated for screening.

RT-PCR and plasmid construction

XBP1 RNA splicing was detected by standard RT-PCR using
total RNA templates isolated from MEFs treated with or with-
out tunicamycin (10 pg/mL, 6 h) using oligo(dT),5 and specific
primers; mXBP1-354 (5-CCTTGTGGTTGAGAACCAGG-3’)
and mXBP1-804-AS (5'-CTAGAGGCTTGGTGTATAC-3').
The spliced form of XBP1 ¢cDNA was obtained by RT-PCR us-
ing RNA templates obtained from MEFs treated with tunica-
mycin and oligo(dT),5, mXBP1-354, and mXBP1-1150-R1 (5'-
CGAATTCTTAGACACTAATCAGC-3') as primers. The spliced
form of XBP1 cDNA, pcDNA3-XBP1-s, was constructed by sub-
cloning the 0.7-kb BamHI-EcoRI RT-PCR fragment from XBP1
into the respective sites in pcDNA3-XBP1-ORFI (from Laurie
Glimcher, Harvard School Public Health, Boston). The un-
spliced form of full-length XBP1, pcDNA3-XBP1-u, was con-
structed using RNA templates obtained from IREIa-null MEFs
without tunicamycin treatment. DNA sequence analysis was
performed to verify PCR-amplified DNA sequences.

Pulse-chase analysis of ATF6

Wild-type and IREIa-null MEFs cultured on 100-mm plates
were pulse-labeled with [**S]methionine and [**S]cysteine (0.5
mCi/100-mm dish, 1000 Ci/mmole, Amersham Pharmacia) for
40 min; then chase was performed with or without 10 pg/mL
tunicamycin for the times indicated. Proteins were extracted
and immunoprecipitated using anti-ATF6 antibody as previ-
ously described (Haze et al. 1999) and subjected to SDS-PAGE
(10% gel). Radiolabeled proteins were analyzed using a Phos-
phorlmager (Molecular Dynamics).

5x ATF6, BiP, and GAL4 reporter assays

The reporter plasmids containing the luciferase gene under con-
trol of five ATF6-binding sites or the GAL4 DNA-binding site
(Wang et al. 2000) and the BiP promoter (Tirasophon et al. 1998)
were previously described. Reporter assays were performed as
previously described (Tirasophon et al. 2000) with the exception
that a plasmid containing B-galactosidase under control of the
CMYV promoter was used to correct for transfection efficiency.

Southern and Northern blot analysis

Southern and Northern blot analysis followed standard proce-
dures (Sambrook et al. 1989). 32P-labeled probes were prepared
using a random prime labeling system (Amersham Pharmacia).
A 0.5-kb BamHI-Xhol fragment from the BS-mIREl« targeting
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vector or a 3.6-kb EcoRI-Xbal fragment from pED-hIREla
c¢DNA (Tirasophon et al. 2000) was used for Southern and
Northern analysis, respectively. The probes for Northern analy-
sis of mXBP1, BiP, and GRP94 were a 0.94-kb Xhol fragment of
pcDNA-mXBPI-u, the EcoRI-Pstl fragment of hamster BiP
(Ting et al. 1987), and a 146-bp PCR fragment of mouse GRP94
(142-287 of the coding region), respectively.

Immunoprecipitation and Western blot analysis

For analysis of ATF6, cells were directly harvested in SDS
sample buffer lacking DTT and subjected to Western blot analy-
sis or immunoprecipitation as previously described (Haze et al.
1999). ATF6 proteins were detected using purified anti-ATF6
antibody and anti-rabbit immunoglobulin conjugated with
horseradish peroxidase (Amersham Pharmacia). For analysis of
IRElq, total cell extracts were prepared from MEFs, a pancretic
B-cell line HIT-T15, or transfected COS-1 cells using Nonidet
P-40 lysis buffer (1% NP-40, 50 mM Tris-HCI at pH 7.5, 150
mM NaCl, 0.05% SDS) supplemented with protease inhibitors
(Complete Mini, Roche), 0.1 mM sodium vanadate, and 1 mM
sodium fluoride. Western blot analysis of IREla using anti-
hIREla-lumenal-domain antibody and immunoprecipitation of
T7-tagged IREla proteins using anti-T7 antibody were previ-
ously described (Tirasophon et al. 2000). XBP1 proteins were
detected using anti-XBP1-s antibody (Fig. 4E; Yoshida et al.
2001b) or purified rabbit anti-XBP1 antibody (Fig. 4G; gener-
ously provided by Laurie Glimcher, Harvard School Public
Health, Boston).

In vitro cleavage of XBP1 mRNA

In vitro cleavage of murine XBP1 mRNA was performed as
previously described by Sidrauski and Walter (1997). Briefly, a
404-bp BamHI and EcoRI fragment of XBP1 DNA that contains
the intron was amplified by PCR and subcloned into the same
sites of pSPT19 (Roche) that contain the T7 RNA polymerase
promoter. Because of polylinker sites between the T7 promo-
ter and 5’ end of the XBP1 fragment, a 445-base-long transcribed
RNA fragment is expected. Mutant XBPI DNA fragments
were created by overlapping PCR using mutant oligonucleo-
tides: mXBP1-5'G(-1)C, 5'-TCTGCTGAGTCCCCAGCAC-
3’; mXBP1-5'G[-1)C-AS, 5-GTGCTGGGGACTCAGCAGA
3'; mXBP1-5'C(-2)G, 5'-TCTGCTGAGTCGGCAGCAC-3;
mXBP1-5'C(-2)G-AS, 5'-GTGCTGCCGACTCAGCAGA-3’;
mXBP1-5'G(+3)C, 5-GTCCGCACCACTCAGACTAT-3’; mXBP1-
5'G(+3)C-AS, 5-ATAGTCTGAGTGGTGCGGAC-3’; mXBPI-
3'G(-1)C, 5'-ATGTGCACCTCTCCAGCAG-3'; mXBP1-3'G(~1]C-
AS, 5'-CTGCTGGAGAGGTGCACAT-3'; mXBP1-3'T(-2)A, 5'-
ATGTGCACCTCAGCAGCAG-3'; mXBP1-3'T(-2)A-AS, 5'-CT
GCTGCTGAGGTGCACAT-3’; mXBP1-3'C(-3)G, 5'-ATGTG
CACCTGTGCAGCAG-3'; mXBP1-3'C(-3)G-AS, 5'-CTGCTGC
ACAGGTGCACAT-3’; mXBP1-3'G(+3)C, 5'-CTCTGCACCAG
GTGCAGGC-3’; mXBP1-3'G(+3)C-AS, 5'-GCCTGCACCTGGT
GCAGAG-3'. XBP1 RNA was transcribed in vitro using T7
RNA polymerase (Roche) in the presence of [>>PJUTP (3000 Ci/
mmole, Amersham Pharmacia). The 3*P-labeled XBP1 RNA was
purified by electrophoresis in a 5% denaturing polyacrylamide
gel, eluted, precipitated, and dissolved in endoribonuclease
buffer (20 mM HEPES at pH 7.3, 1 mM dithiothreitol, 10 mM
magnesium acetate, 50 mM potassium acetate, 2 mM ATP).
Purified RNA (3 x 10* cpm) was added to the immunoprecipi-
tated wild-type and endoribonuclease mutant K907A hIRElq,
which contain T7-epitope tags at their C termini (Tirasophon et
al. 2000), and incubated at 30°C for 1 h. The reactions were
terminated by extraction with phenol/chloroform, precipitated



with ethanol, and analyzed by electrophoresis on 5% denaturing
polyacrylamide gels. Gels were dried prior to autoradiography.

Isolation and extraction of nuclei

Nuclei were isolated from MEFs as described (Blobel and Potter
1966). Cells were homogenized in two volumes of a solution
containing 250 mM sucrose, 25 mM KCI, 5 mM MgCl,, and 50
mM Tris (pH 7.5). The homogenate was overlaid on a step su-
crose gradient consisting of 1.62 M and 2.3 M sucrose and cen-
trifuged at 124,000¢ for 30 min using a Beckman SW50.1 rotor.
The white pellet containing pure nuclei was collected, sus-
pended in a solution containing 25 mM KCI, 5 mM MgCl,, and
50 mM Tris (pH 7.5), and centrifuged at 13,000g for 12 min. The
pellet contained pure, intact nuclei. To remove the outer
nuclear membranes, the purified nuclei were solubilized with
5% Triton X-100 in 25 mM KCI, 5 mM MgCl,, and 50 mM Tris
(pH 7.5) before being centrifuged at 800g for 5 min. The super-
natant (Triton X-100 soluble fraction) contained solubilized
outer nuclear membrane. The final pellet, containing the outer
membrane-stripped nuclei, was suspended in a solution con-
taining 25 mM KCl, 5 mM MgCl,, and 50 mM Tris (pH 7.5) and
centrifuged at 13,000g for 10 min. Quality of the isolated nuclei
was monitored by electron microscopy (Blobel and Potter 1966).
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