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Inositol requiring enzyme-1 (IRE1), a protein located on the endoplas-
mic reticulum (ER) membrane, is highly conserved from yeast to
humans. This protein is activated during ER stress and induces cellular
adaptive responses to the stress. In mice, IRE1� inactivation results in
widespread developmental defects, leading to embryonic death after
12.5 days of gestation. However, the cause of this embryonic lethality
is not fully understood. Here, by using in vivo imaging analysis and
conventional knockout mice, respectively, we showed that IRE1� was
activated predominantly in the placenta and that loss of IRE1� led to
reduction in vascular endothelial growth factor-A and severe dys-
function of the labyrinth in the placenta, a highly developed tissue of
blood vessels. We also used a conditional knockout strategy to
demonstrate that IRE1�-deficient embryos supplied with functionally
normal placentas can be born alive. Fetal liver hypoplasia thought to
be responsible for the embryonic lethality of IRE1�-null mice was
virtually absent in rescued IRE1�-null pups. These findings reveal that
IRE1� plays an essential function in extraembryonic tissues and
highlight the relationship of physiological ER stress and angiogenesis
in the placenta during pregnancy in mammals.

The endoplasmic reticulum (ER) plays a central role in the
synthesis and modification of secretory and membrane proteins

in all eukaryotic cells. Under normal conditions, these proteins are
correctly folded and assembled in the ER. However, when cells are
exposed to disturbed environments, such as overproduction of ER
proteins, viral infection, and glucose deprivation, these proteins
accumulate as unfolded or misfolded forms in the ER lumen and,
consequently, cause ER stress. To maintain cellular homeostasis,
cells induce some adaptive responses to ER stress. One is the
unfolded protein response (UPR), which up-regulates the tran-
scription of various genes to increase the protein-folding and
protein-degradation activity in the ER.

Inositol requiring enzyme-1 (IRE1) is an ER-located type I
transmembrane protein with a kinase domain and RNase do-
main in the cytosolic region and has a unique function of
relieving ER stress in cells. When the amino-terminal luminal
region senses perturbations in the ER environment, via trans-
autophosphorylation and activation of its RNase domain, IRE1
induces unconventional splicing of mRNA coding a specific
transcription factor for activating the UPR (1–6). IRE1 is highly
conserved from yeast to humans, and two IRE1 paralogues have
been reported in mammals: IRE1� and IRE1� (7–9). IRE1�
induces unconventional splicing of XBP1 mRNA under ER
stress conditions, which results in the removal of a 26-nucleotide
intron from XBP1 mRNA and the translational frame shift of
XBP1 mRNA (5, 10). The spliced XBP1 mRNA is translated into
a functional transcription factor to up-regulate gene expression
for ER quality control. IRE1 is also reported to activate
proapoptotic JNK signaling under ER stress conditions (11).
Other than IRE1, two ER-located transmembrane proteins,
PERK and ATF6, play important roles in the mammalian UPR
(12, 13). On sensing ER stress, PERK induces the UPR via
trans-autophosphorylation, phosphorylation of eIF2�, and
translational activation of a specific transcription factor, ATF4
(14). On the other hand, ATF6 translocates into the Golgi body

and is cleaved by Site-1 and Site-2 proteases to induce the UPR
under ER stress conditions (15, 16). It has also been shown by
in vitro analysis using mouse embryonic fibroblasts (MEFs) from
knockout animals that PERK and ATF6 as well as IRE1� are
required for the full activation of the UPR (14, 17–19).

PERK, ATF6, and IRE1 have common features as UPR induc-
ers. Nevertheless, there are several differences among their func-
tions in vivo. The following results have so far been obtained from
analyses using mice. PERK is highly activated in the pancreas and
is essential for the viability of exocrine and endocrine pancreatic
cells (20). ATF6� and ATF6� are expressed ubiquitously, and
double knockout of ATF6� and ATF6� in mammals causes em-
bryonic lethality in the early developmental stage (by 8.5 days of
gestation), although a single knockout of each gene does not cause
developmental abnormality (18, 19). IRE1� is also known to be
expressed ubiquitously in fetal and adult mice and to be essential for
mammalian developmental processes (7, 11). Therefore, IRE1�
inactivation results in widespread developmental defects, leading to
embryonic death after 12.5 days of gestation in mice (21). However,
the cause of this embryonic lethality is not fully understood. In
contrast, it is known that yeast and nematodes have only one IRE1
gene in their genome, and that inactivation of this gene is not lethal
to these organisms under normal conditions (1, 22). These lines of
evidence suggest that IRE1� has a unique function in mammalian
developmental processes, but it has been hitherto unclear in which
tissues and how IRE1� functions during embryogenesis.

Results
IRE1� Is Activated Predominantly in the Placenta. We previously
reported the ER stress-activated indicator (ERAI) mouse, a model
system for monitoring ER stress in vivo using GFP (23). This mouse
can also be used as a tool for visualizing IRE1� activity in vivo.
Here, another type of ERAI transgenic mouse was generated by
using the luciferase gene instead of GFP (Fig. S1). By using
ERAI-LUC mice, we examined luminescence signals in embryos at
various developmental stages to detect where IRE1� activity exists.
Interestingly, intense luminescence was detected from the placenta,
but that from the embryo proper was very weak (Fig. 1A). We also
examined the expression level of the endogenous IRE1� gene and
two other genes, BiP and EDEM, which are up-regulated in an
IRE1�-dependent manner, in various tissues in wild-type mice.
Northern blot analysis and quantitative PCR analysis revealed that
the placenta expressed not only IRE1� but also BiP and EDEM at
high levels. (Fig. 1B and Fig. S2A). By RT-PCR analysis and
quantitative PCR analysis of endogenous XBP1, we clearly detected
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the spliced form of XBP1 mRNA and calculated the ratio of spliced
XBP1 mRNA level to total XBP1 mRNA level in the placenta at
all developmental stages from embryonic days 8.5 (E8.5) to E15.5
(Fig. 1C and Fig. S2B). In this connection, we also examined
endogenous XBP1 splicing level in various tissues by quantitative
PCR analysis (Fig. S2C). Moreover, we detected the activated
(phosphorylated) form of IRE1� in the placenta by Western blot
analysis, although the signals were very weak compared with those
in the positive control (Fig. 1D). In contrast, the spliced form of
XBP1 mRNA and the activated form of IRE1� were slightly or
hardly detected in the embryo proper (Fig. 1 C and D and Fig. S2B).
Moreover, we examined the level of activation of other ER stress-
responsive molecules by Western blot analysis. The activated (phos-
phorylated) forms of PERK and eIF2� and the activated (cleaved)
form of ATF6� were detected in the placenta but were slightly or
hardly detected in the embryo proper. On the other hand, the
activated (phosphorylated) form of JNK was hardly detected either
in the placenta or the embryo proper (Fig. 1D). These results
indicate that IRE1� is activated predominantly in the placenta and
suggest that IRE1� activation is possibly dependent on the ER
stress produced in the placenta during mouse embryogenesis.

Loss of IRE1� Affects Not Only the Embryo Proper but Also the
Placenta. Considering that IRE1� is activated predominantly in the
placenta, we hypothesized that IRE1� disruption might be detri-
mental to placental function. To test this hypothesis, we generated
an IRE1� KO mouse and assessed the placental phenotype. Our
IRE1� KO mouse was generated as shown in Fig. S3. A comparison
of the gross morphology of IRE1��/� and IRE1��/� littermates

showed that IRE1��/� mice were smaller than IRE1��/� mice with
respect to the size of the placenta as well as that of the embryo
proper (Fig. 2A). Thus, IRE1� disruption affects not only the
embryo proper but also the placenta.

Loss of IRE1� Leads to Severe Dysfunction of the Placenta. At E13.5,
three layers—the labyrinth, spongiotrophoblasts, and deciduas—
are easily discernible in the placenta. To assess phenotypes in the
placental tissues of IRE1��/� mice, we analyzed H&E-stained
sections obtained from wild-type and IRE1�-deficient placentas.
The labyrinth is the site of oxygen and nutrient exchange between
the mother and the fetus and is a highly developed tissue of blood
vessels. The IRE1� mutant labyrinth layer was severely disrupted
relative to the normal labyrinth, with a reduction in the internal
space of fetal and maternal blood vessels (Fig. 2B). In contrast, the
spongiotrophoblast and decidua layers of IRE1� mutant mice
appeared normal (data not shown). In addition, we performed cell
marker analysis of the spongiotrophoblast and labyrinth layers by
using an in situ hybridization method. Tpbp (24) and Tfeb (25),
spongiotrophoblast layer-specific and labyrinth layer-specific mark-
ers, respectively, were expressed in the correct spatial pattern in
both wild-type and IRE1� mutant placentas (Fig. 2 C and D). The
result of this cell marker analysis suggests that the histological
abnormality of the IRE1� mutant placenta is not caused by
misdifferentiation of the labyrinth layer cells.

The reduction in the blood space in the IRE1�-deficient labyrinth
suggests that there would be restricted nutrient and/or oxygen
exchange between the mother and the developing embryos. To
directly assess placental transport, we measured the accumulation

Fig. 1. Activity and expression of IRE1� in the placenta. (A) Bioluminescence imaging of embryos and placentas of wild-type and ERAI-LUC mice (E14.5). (B)
Northern blot analysis of IRE1�, EDEM, and BiP in the embryo (E11.5), placenta (E11.5), and various tissues of the adult wild-type mouse. �Tun and �Tun indicate
treatment with and without 2 �g/mL tunicamycin (ER stressor) for 6 h, respectively. ES cells were used as control samples. Ethidium bromide staining (Bottom)
shows the RNA loading control. (C) RT-PCR analysis of XBP1 in embryos and placentas. �Tun indicates i.p. injection with tunicamycin (500 ng/g body weight) 16 h
before tissue collection. Liver tissues were used as control samples. (D) Western blot analysis of IRE1�, PERK, eIF2�, JNK, and ATF6� in embryos and placentas.
p- indicates the phosphorylated form of each protein. ATF6� (p50) is the cleaved form. �Tun indicates treatment with 2.5 �g/mL tunicamycin for 6 h. MEFs were
used as control samples. GAPDH was used as an internal standard. *, Nonspecific signals. (E) ELISA of HIF-1� in embryos and placentas. Normoxia and hypoxia
indicate culture under 20% O2 or 1% O2 for 6 h, respectively. MEFs were used as control samples. Error bar indicates SEM (n � 3).
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of essential fatty acids (EFAs) in the fetuses and placentas of the
IRE1� mutant and wild-type E13.5 embryos by gas chromato-
graphic analysis (26, 27). EFAs are obtained from the diet, and thus
fetal EFA content is a direct reflection of placental transport
capacity. As shown in Table S1, IRE1�-deficient fetuses, relative to
wild-type fetuses, had significantly lower amounts of the three
EFAs (linoleic acid, arachidonic acids, and docosahexaenoic acid)
but had normal levels of non-EFAs (palmitic acid and stearic acid).
Because the fatty acid composition of the placenta was not affected
by the loss of IRE1� (Table S1), the lower level of EFAs in
IRE1��/� fetuses suggests a malfunctioning placenta.

Loss of IRE1� Affects Expression Level of VEGF-A in the Placenta.
VEGF-A is essential for development of the labyrinth in the
placenta, and VEGF-A expression is elevated by ER stress (28, 29).
Based on these lines of evidence and phenotypes in the IRE1�-
deficient placenta described above, we hypothesized that IRE1�
performs a function for VEGF-A expression in the placenta. To test
this hypothesis, we compared the expression level of VEGF-A by
quantitative PCR analysis and ELISA. As expected, IRE1�-
deficient placentas had half the level of VEGF-A compared with
wild-type placentas (Fig. 3 A and B). This result indicates that
VEGF-A expression in the placenta is at least partially dependent
on IRE1�. Moreover, we generated an XBP1 KO mouse and
assessed the phenotype. Our XBP1 KO mouse was generated as
shown in Fig. S4. Unlike IRE1�-deficient mice, XBP1-deficient
placentas had the same level of VEGF-A compared with wild-type
placentas. Data shown in Fig. S4 also revealed that the morpho-
logical and histological phenotypes in the placenta of XBP1-
deficient mice were mild compared with those of IRE1�-deficient
mice. On the other hand, both IRE1�-deficient embryos and
XBP1-deficient embryos had the same level of VEGF-A as that in
wild-type embryos (Fig. 3 A and B). HIF-1 is a transcription factor
that activates VEGF-A expression under ischemic stress (30, 31)
and is essential for angiogenesis in the labyrinth of the placenta (32,

Fig. 2. Placental dysplasia in IRE1��/� mice. (A) Gross morphology of E13.5
IRE1��/� and IRE1��/� embryos and placentas. Each number indicates the body
length of embryo and the diameter of placenta (millimeters) as mean � SD (n �
16). (B) H&E-stained E13.5 placental sections showing a region of the labyrinth
layer in the placenta. (C and D) Cell lineage marker analysis of E13.5 placental
sections by using in situ hybridization. Tpbp (C) and Tfeb (D) were used as a
spongiotrophoblast cell-specific and a labyrinth cell-specific marker, respectively.
De, deciduas; Sp, spongiotrophoblast; La, labyrinth. Sections were counter-
stained with eosin. (E) BrdU immunohistochemically stained E13.5 placental
sections. Sections were counterstained with hematoxylin. Number indicates the
percentage of BrdU-positive cells. (F) TUNEL assays for E13.5 placental sections.
Sections were counterstained with hematoxylin. Number indicates the percent-
age of TUNEL-positive cells. (G) Electron micrographs of E13.5 placental sections.
N, nucleus. Number indicates the percentage of the ER luminal space compared
with the cytoplasmic space. Each space was measured from 10 photographs with
Image Gauge version 4.21 software (Fuji film). (Original magnification: A, 1�; B,
20�; C and D, 5�; E and F, 10�; and G, 4,000�.)

Fig. 3. Expression or activation level of VEGF-A, HIF-1�, and ER stress-
responsive molecules in the placenta (E11.5) and embryo (E11.5). (A) Quanti-
tative PCR analysis of VEGF-A, BiP, and EDEM. Error bar indicates SEM (n � 3).
(B) ELISA of VEGF-A and HIF-1�. Error bar indicates SEM (n � 3). (C) Western
blot analysis of PERK, eIF2�, and ATF6�. p- indicates the phosphorylated form
of each protein. ATF6� (p50) is the cleaved form. GAPDH was used as an
internal standard. The genotype of IRE1� CKO is Mox2�/Cre; IRE1��Neo/�R. Each
sample used here was derived from the embryonic part (labyrinth and spon-
giotrophoblasts) of each placenta. *, Nonspecific signals.
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33). Generally, the transcriptional activity of HIF-1 is dependent on
the level of HIF-1� protein. Here, we examined the level of HIF-1�
protein by ELISA. HIF-1� protein in both mutant placentas was
expressed at the same level as that of the wild-type placenta. Also,
HIF-1� protein in the embryo was expressed at the same level
among each genotype (Fig. 3B). We also demonstrated that the
level of HIF-1� protein was 2- or 3-fold higher in the placenta than
in the embryo proper (Fig. 1E). These results indicate that the effect
of VEGF-A on the IRE1� mutant is prominent in the placenta, that
HIF-1� was not decreased in the IRE1� mutant placenta, and that
VEGF-A expression in the placenta is partially dependent on
IRE1� but not on XBP1.

Loss of IRE1� Affects Proliferation, ER Development, and ER Stress
Level in Trophoblasts of the Placenta. The effects of IRE1� mutant
in the placenta may not be restricted to the angiogenic pheno-
types described above. We therefore examined UPR induction,
cell growth level, ER structure, and apoptosis level in IRE1��/�

trophoblasts. BrdU incorporation and TUNEL assays showed
that IRE1��/� trophoblasts had a lower BrdU index than that in
IRE1��/� controls, although the IRE1��/� trophoblasts had a
level of apoptosis similar to that in the IRE1��/� controls (Fig.
2 E and F). These results suggest that the small placentas of
IRE1� KO mice may be due to reduced cell proliferation of
trophoblasts but not their accelerated apoptosis. Observation by
transmission electron microscopy also revealed poor ER devel-
opment in IRE1��/� trophoblasts (Fig. 2G and Fig. S5). Quan-
titative PCR analysis demonstrated that the BiP expression level
of the IRE1��/� and XBP1�/� placentas was 1.5-fold higher than
that of the wild-type placenta, and that the EDEM expression
level of the IRE1��/� and XBP1�/� placentas was half that of the
wild-type placenta (Fig. 3A). Western blot analysis also revealed
that PERK, eIF2�, and ATF6 were more activated in the
IRE1��/� and XBP1�/� placentas than in the wild-type placenta
(Fig. 3C). On the other hand, the activated form of JNK was
hardly detected in the placenta or in the embryo proper in
wild-type, IRE1��/�, and XBP1�/� mice (data not shown). These
data suggest that ER stress in the placenta may be enhanced by
disruption of IRE1� and XBP1, but this is not proapoptotic. BiP
is known to be regulated not only by the IRE1�/XBP1 pathway
but also by the PERK and ATF6 pathways in UPR induction. BiP
expression may be activated by PERK and ATF6 in IRE1� and
XBP1 KO mouse placentas. On the other hand, EDEM expres-
sion may be reduced in those KO mouse placentas because
EDEM is regulated only by the IRE1�/XBP1 pathway.

Extraembryonic Function of IRE1� Rescues Lethality of IRE1�-Defi-
cient Embryos. Considering the phenotype in IRE1��/� embryos,
we hypothesized that a defective IRE1��/� placenta may cause
embryonic lethality. To explore this possibility, we used IRE1�
conditional KO mice and Mox2�/Cre transgenic mice (34) to recon-
stitute IRE1�-deficient embryos with functionally normal placen-
tas. Previous studies have shown that the Cre recombinase gene
under the control of the endogenous Mox2 promoter (Mox2�/Cre) is
efficiently expressed and functionally active in all cells of the
embryo proper but is not expressed at all in the trophoblasts or
extraembryonic endoderm lineages (27, 34). IRE1� conditional KO
mice were generated as shown in Fig. 4A, and basic characterization
of these mice was performed as shown in Fig. S6. By breeding
Mox2�/Cre mice harboring one �R allele (Mox2�/Cre; IRE1��/�R)
with IRE1��Neo/�Neo mice (Fig. S7), we were able to generate viable
IRE1� conditional KO mice (Mox2�/Cre; IRE1��Neo/�R) which,
interestingly, were born at near-Mendelian ratios (28 of 129 off-
spring; a frequency of 21.7% compared with the expected 25%).
The IRE1� conditional KO mice rescued by IRE1� expression in
the placenta showed no placental abnormalities or liver hypoplasia,
both of which are the hallmark phenotypes of IRE1��/� mice (Fig.
4 B–D). Also, the expression of VEGF-A and HIF-1� and the

activation of ER stress-responsive molecules of the conditional KO
mice were at the same levels as those of the wild-type mice both in
the placental and embryonic tissues (Fig. 3). The results of the
Southern blot analysis demonstrated that although both �Neo and
�R alleles could be readily detected in the placentas of the
conditional KO mice, the �Neo allele could not be detected in other
tissues of these mice (Fig. 4E). This finding indicates that, as
expected, the Cre-dependent deletion of exons 20–21 from the
floxed IRE1� allele (IRE1��Neo to IRE1��R) occurred without any
leakage in any tissues other than the extraembryonic tissues.
Therefore, the results of this genetic rescue experiment suggest that
IRE1� has a critical function in extraembryonic cells that are vital
for fetal viability.

Discussion
Previous studies have established the essential role of IRE1� during
embryogenesis (11). Here, we addressed the question, ‘‘Why is

Fig. 4. IRE1�-deficient mice with normal placentas as reconstituted by using
conditional knockout approaches. (A) Schematic diagram showing the IRE1�

conditional knockout strategy. Neo and TK indicate expression units of the
neomycin resistance gene and thymidine kinase gene for positive and nega-
tive selections, respectively. Closed and open arrowheads indicate FRT and
loxP elements, respectively. (B) Gross morphology of E18.5 Mox2�/�;
IRE1��Neo/�R and Mox2�/Cre; IRE1��Neo/�R embryos and placentas. Each number
indicates the body length of embryo and the diameter of placenta (millime-
ters) as mean � SD (n � 10). (C) H&E-stained E13.5 placental sections showing
a region of the labyrinth layer in the placenta. (D) H&E-stained E13.5 liver
sections. (Original magnifications: B, 1�; C, 20�; and D, 40�.) (E) Southern
blot analysis of various tissues from Mox2�/Cre; IRE1��Neo/�R mice.
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IRE1� necessary for embryogenesis?’’ We initially found that
IRE1� is activated predominantly in the placenta during mouse
embryogenesis (Fig. 1). Then, we observed that the loss of IRE1�
reduced VEGF-A level and aggravated ER stress in the placenta,
and that the labyrinth structure was markedly altered in IRE1�-
deficient placentas, leading to defective oxygen/nutrient exchange
between the mother and the fetus (Figs. 2 and 3 and Table S1). Our
genetic rescue analysis also indicated that functional defects in
IRE1��/� placental cells led to embryonic lethality in IRE1��/�

mice (Fig. 4). Finally, we demonstrated that IRE1� plays a critical
role in the placenta that is vital for fetal viability.

Why is IRE1� activated in the placenta? We found that other ER
stress-responsive molecules were activated at a higher level in the
placenta than in the embryo. We also observed that the activation
levels of those molecules in the placenta were lower than those in
cells treated with an ER stressor (Fig. 1 B and D). Moreover, JNK
activation was hardly detected in the placenta (Fig. 1D). Apoptosis
level in the IRE1�-deficient placenta was very low and was similar
to that in the wild-type placenta (Fig. 2F), although severe ER stress
is known to induce apoptosis, and IRE1� is believed to be necessary
for mitigating ER stress. Considering these findings, we suggest that
the placenta is possibly under a mild ER stress condition, which
might partially activate IRE1�. However, we still do not have a clear
answer as to why the placenta is under this ER stress condition. As
described in the Introduction, ER stress is caused by glucose
deprivation and overproduction of ER proteins, which are also the
likely causes of placental ER stress. Moreover, some molecules for
hypoxic stress response (e.g., HIF-1�, B-Raf, and PHD2) are
involved in angiogenesis in the labyrinth of the placenta (32, 33, 35,
36). Here, we further revealed that HIF-1� protein was expressed
at a 2- or 3-fold higher level in the placenta than in the embryo
proper. Therefore, the relationship between ER stress in the
placenta and the production of secretory and membrane proteins,
glucose deprivation, and hypoxia is interesting and needs to be
investigated in the future. What type of placental cell is exposed to
ER stress? The answer to this question may provide important clues
for understanding the cause of ER stress in the placenta. In this
study, however, we have not yet completely answered this question
because in the placental sections, we detected neither ERAI-LUC
signals nor specific immunohistochemical signals of ER stress-
responsive molecules (data not shown). Furthermore, we also need
to develop novel and additional sensitive methods for detecting ER
stress in tissue sections.

Interestingly, why do IRE1� KO mice die at the embryonic stage?
The study of conditional KO mice showed that embryonic lethality
of IRE1� KO mice was caused by the loss of IRE1� in the placenta
(Fig. 4). However, we still do not have a clear answer to this
question: What effects of an IRE1�-deficient placenta cause em-
bryonic lethality of IRE1� KO mice? Here, we showed that the
primary effects of IRE1�-deficient placenta include VEGF-A
reduction, labyrinth dysfunction, UPR induction, reduced prolif-
eration of trophoblasts, and poor ER development in trophoblasts
(Figs. 2 E and G and 3, and Table S1). Mature placental tropho-
blasts with a normally developed ER produce many secretory
proteins, such as placental lactogens and growth factors, as well as
VEGF-A (37–40). On the other hand, immature, IRE1�-deficient
trophoblasts with a poorly developed ER might reduce the pro-
duction and/or secretion of these placental proteins. In fact, this
study showed VEGF-A reduction in the IRE1�-deficient placenta.
A previous study of VEGF-A gene-targeting mice showed that
VEGF-A�/� mice had angiogenic abnormality in the labyrinth of
the placenta and other tissues, and they died at the embryonic stage,
indicating that the tight dose-dependent regulation by VEGF-A
was critical for normal angiogenesis in the labyrinth of the placenta
and embryonic development and viability (28). Therefore, a de-
tailed investigation into the relationship between VEGF-A reduc-
tion and embryonic lethality of IRE1� KO is needed, although the
embryonic lethality of these mice might be caused by a vicious spiral

or negative interaction of the multiple primary effects of IRE1�-
deficient placenta described above.

How is VEGF-A gene expression regulated in the placenta?
Generally, IRE1� regulates the expression of the UPR target gene
via the XBP1. However, the loss of XBP1 showed no effect on the
expression level of VEGF-A in the placenta (Fig. 3 A and B).
Another research group reported that XBP1 KO mice died at the
embryonic stage (41), and that XBP1 KO mice rescued with an
XBP1 transgene specifically expressed in the liver were born at
near-Mendelian ratios but died soon after birth because of pan-
creatic dysfunction (42). Considering these lines of evidence, XBP1
possibly plays an essential role in the liver and pancreas but not in
the placenta. Therefore, we need to clarify how other molecule(s)
function as downstream target(s) of IRE1� for VEGF-A expres-
sion in the placenta. As described above, HIF-1 is a transcription
factor that activates VEGF-A expression (30, 31) and is essential for
angiogenesis in the labyrinth of the placenta (32, 33). On the other
hand, the up-regulation of VEGF-A in response to glucose depri-
vation was reported to be independent of HIF-1 (43, 44). These
reports and our results suggest that IRE1� may play a role in
VEGF-A expression in the placenta through the XBP1- and
HIF1-independent pathways. However, we have not yet determined
the downstream target(s) of IRE1� in VEGF-A expression. Con-
sidering that the up-regulation of VEGF-A in response to glucose
deprivation was also reported to be due to an increase in mRNA
stability (45), it is possible that the downstream target(s) of IRE1�
in VEGF-A expression might be molecule(s) regulating mRNA
stability. In addition, we need to consider not only XBP1-
independent IRE1� function but also IRE1�-independent XBP1
function. Presently, not one report exists on XBP1 splicing via any
mechanism other than that induced by IRE1�. However, genetic
rescue experiments of IRE1� and XBP1 KO mice demonstrated
that IRE1�-independent XBP1 was essential for fetal liver func-
tion. This suggests that the unspliced form of XBP1 may have an
important function in the fetal liver for mouse embryonic viability.

Regarding ER stress (responsive molecules), in vivo function is
an important topic. To date, it has been reported that IRE1� is
required for B-cell differentiation (21) and insulin biosynthesis (46),
and that it is involved in diabetes (47) and some neurodegenerative
diseases (48, 49). Recently, some researchers have also focused on
the relationship between IRE1� and cancer, and they reported the
angiogenic function of IRE1� via the up-regulation of VEGF-A in
tumors (50). Here, we found a relationship between the function of
IRE1� and the development of the mouse placenta. However, until
now, little has been known regarding the relationship between ER
stress and pregnancy. ER stress and IRE1� might also be involved
in other physiological phenomena and diseases. The IRE1� con-
ditional KO mice and ERAI-LUC transgenic mice developed here
will undoubtedly be important tools for research on these involve-
ments in the future.

Materials and Methods
Gene Constructs. For ERAI-LUC transgenic mice, pCAX-F-XBP1�DBD-LUC was
constructed as described previously (51). For IRE1� conventional KO mice,
pKOV1-IRE1�-1 was constructed by the insertion of the 5� and 3� IRE1�

homology arms into the KpnI/XhoI and EcoRI sites, respectively, of pKOV1. The
5� and 3� IRE1� homology arms were produced by PCR using specific primers
and mouse genomic DNA as a template. For XBP1 conventional KO mice,
pKOV1-XBP1-1 was constructed by the insertion of the 5� and 3� XBP1 homol-
ogy arms into the KpnI/XhoI and BamHI sites, respectively, of pKOV1. The 5�
and 3� XBP1 homology arms were produced by PCR. For IRE1� conditional KO
mice, pKOV2-IRE1�CKO-1 was constructed by the insertion of the 5� CKO
homology arm, conditional targeting region, and 3� CKO homology arm into
the SalI/NotI, HindIII, and BamHI sites, respectively, of pKOV2. The 5� CKO
homology arm, conditional targeting region, and 3� CKO homology arm were
produced by PCR. The primers are shown in Table S2.

Mouse Strain and Genotyping. Mox2�/Cre (34) and ROSA26Flp/Flp (52) transgenic
mice were obtained from the Jackson Laboratory and were maintained on a

Iwawaki et al. PNAS � September 29, 2009 � vol. 106 � no. 39 � 16661

CE
LL

BI
O

LO
G

Y

http://www.pnas.org/cgi/data/0903775106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0903775106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0903775106/DCSupplemental/Supplemental_PDF#nameddest=ST2


mixed (C57BL/6 � 129/SvJae) background. ERAI-LUC mice were generated as
described previously (23) and were maintained on a C57BL/6 background.
IRE1� conventional KO mice, XBP1 conventional KO mice, and IRE1� condi-
tional KO mice were generated as described previously (53, 54) and were
maintained on a mixed (C57BL/6 � 129/SvE) background. Experimental pro-
tocols involving animals were approved by the Animal Studies Committees at
RIKEN and the Nara Institute of Science and Technology.

Northern Blot Analysis, RT-PCR, and Quantitative PCR. Northern blot analysis
was performed as described previously (23). To detect ERAI-LUC, IRE1�, EDEM,
BiP, XBP1, and VEGF-A, the following regions were used as probes: luciferase,
1–1,650 nt of the coding region; IRE1�, 1,235–2,048 nt or 2,529–2,721 nt;
EDEM, 3–752 nt; BiP, 3–682 nt; XBP1, 207–584 nt; and VEGF-A, 1–645 nt.
RT-PCR was also performed as described previously (23). Quantitative PCR
analysis of each transcript was performed by using TaqMan probe and 7900HT
(Applied Biosystems) in accordance with the manufacturer’s instructions. The
GAPDH transcript was used as an internal control in the analysis. The results of
quantitative PCR analysis were expressed as mean � SEM from triplicate
experiments using RNA isolated from three independent tissues and cell
cultures. Each probe/primer set was purchased from Applied Biosystems.

Western Blot Analysis. Western blot analysis was performed as described
previously (23). The following antibodies were used for Western blot analysis:
anti-eIF2� polyclonal antibody (Cell Signaling Technology), anti-phospho-

eIF2� (Ser-51) polyclonal antibody (Cell Signaling Technology), anti-GAPDH
monoclonal antibody (Abcam), anti-JNK polyclonal antibody (Cell Signaling
Technology), anti-phospho-JNK (Thr-183/Tyr-185) polyclonal antibody (Cell
Signaling Technology), anti-IRE1� monoclonal antibody (Cell Signaling Tech-
nology), anti-phospho-IRE1� (Ser-724) polyclonal antibody (Affinity Biore-
agents), anti-PERK polyclonal antibody (Lifespan), anti-phospho-PERK (Thr-
980) monoclonal antibody (Cell Signaling Technology), and rabbit anti-ATF6�

polyclonal antibody that we generated by using the recombinant mouse ATF6
(1–294 aa) fragment as an antigen.

ELISA. HIF-1� protein and VEGF-A protein were quantified by using commercial
ELISA kits (R&D Systems and BioVendor, respectively) in accordance with the
manufacturer’s instructions. Total protein level was used as an internal control in
the analysis. The results were expressed as mean � SEM from triplicate experi-
ments using the extract from three independent tissues and cell cultures.
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