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GRP78, also known as BiP, is a central regulator of endoplasmic reticulum (ER) homeostasis due to its multiple
functional roles in protein folding, ER calcium binding, and controlling of the activation of transmembrane ER
stress sensors. ER stress induction of GRP78/BiP represents a major prosurvival arm of the unfolded protein
response (UPR). However, the physiological role of GRP78 in development is not known. Using a transgenic
approach, we discovered that the Grp78 promoter is activated in both the trophectoderm and inner cell mass (ICM)
of embryos at embryonic day 3.5 via a mechanism requiring the ER stress elements. To reveal the function of the
GRP78 in vivo, we created a tri-loxP Grp78 mutant allele, which was further crossed with EIl4-cre to create a
knockout allele. The Grp78*'~ mice, which express 50% of the wild-type level of the GRP78 protein, are viable.
Interestingly, the heterozygous Grp78 cells up-regulate the ER proteins GRP94 and protein disulfide isomerase at
both the transcript and protein levels, while other UPR targets such as CHOP and XBP-1 are not affected. Further
studies revealed that mouse embryonic fibroblasts from Grp78*/~ mice are capable of responding to ER stress.
However, Grp78~'~ embryos that are completely devoid of GRP78 lead to peri-implantation lethality. These
embryos do not hatch from the zona pellucida in vitro, fail to grow in culture, and exhibit proliferation defects and
a massive increase in apoptosis in the ICM, which is the precursor of embryonic stem cells. These findings provide

the first evidence that GRP78 is essential for embryonic cell growth and pluripotent cell survival.

The unfolded protein response (UPR), which is conserved
from yeast to human, triggers multiple pathways to allow cells to
respond to stress conditions that target the endoplasmic reticulum
(ER) (17). The ER is the site for the synthesis of secretory and
membrane proteins and lipids and is also a major intracellular
calcium storage compartment. As such, ER homeostasis is critical
for the survival of eukaryotic cells. The 78-kDa glucose-regulated
protein GRP78, also referred to as the immunoglobulin binding
protein BiP, is a stress-inducible ER chaperone that belongs to
the HSP70 family (15, 27). GRP78 is composed of three domains:
the ATPase domain, the peptide-binding domain, and a C-termi-
nal domain with unknown function (21). GRP78 binds to the
unfolded peptides through the peptide-binding domain and uses
the energy from hydrolyzing ATP to promote proper folding and
to prevent aggregation (22). GRP78 also possesses the capacity to
bind Ca®*, which helps to immobilize Ca** and maintain ER
calcium homeostasis (26). Furthermore, GRP78 serves as a mas-
ter modulator for the UPR network by binding to the ER stress
sensors PERK, Irelp, and ATF6 and inhibiting their activation (3,
43). Furthermore, due to its antiapoptotic property, stress induc-
tion of GRP78 represents an important prosurvival arm of the
UPR, with implications for cancer progression, drug resistance,
neuroprotection, and diabetes (16, 26, 42). Despite these ad-
vances, how essential GRP78 is for growth and development is
unknown. This is particularly intriguing since mammalian cells
possess an array of ER chaperones and cochaperones with po-
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tential compensatory functions for GRP78, although none of
them is known to control the UPR stress sensory network like
GRP78 (9, 32).

The first hint that GRP78 function is critical for eukaryotic cell
function is that its amino acid sequence is highly evolutionarily
conserved from yeast to human (45). We reported previously that
by the criterion of two-dimensional gel electrophoresis, GRP78 is
below the detection limit at the one-cell stage and is weakly
detectable from the two-cell stage to the morula stage but is
abundant at the blastocyst stage in the developing mouse embryo
(20). This suggests a physiological need for the induction of
GRP78 during the blastocyst stage. However, the function of
GRP78 has not yet been tested directly in vivo. Here, we describe
the use of a transgenic (TG) approach to probe the transcrip-
tional activation of the Grp78 promoter during early development
and to map the region of the promoter required for its induction.
To understand GRP78 function in vivo, we generated heterozy-
gous and knockout (KO) Grp78 mouse models. We discovered
that the targeted disruption of one copy of the Grp78 gene results
in a 50% reduction in the GRP78 protein level and specific up-
regulation of the ER proteins GRP94 and protein disulfide
isomerase (PDI) at both the transcript and protein levels. How-
ever, these compensations cannot rescue Grp78 '~ embryos from
lethality at the peri-implantation stage. These findings provide the
first evidence that GRP7S is essential for embryonic cell growth
and pluripotent cell survival.

MATERIALS AND METHODS

LacZ reporter transgenic mouse models. Creation of the 3kb/LacZ and D170/
LacZ transgenic mouse models has been described previously (33). D300/LacZ
was created identically, with the exception that the Grp78 promoter containing
the D300 mutation was used to drive LacZ expression. Whole-mount B-galacto-
sidase (B-gal) staining of embryos at embryonic day 3.5 (E3.5) was performed as
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described previously (41), and embryos were photographed with the Axioplan2
imaging system (Zeiss). All protocols for animal use and euthanasia were re-
viewed and approved by the University of Southern California Institutional
Animal Care and Use Committee.

Generation of the tri-loxP-targeting vector and Grp78-targeted ES cells. A 15-kb
mouse genomic DNA containing the Grp78 gene (starting from exon 2) and its
3'-adjacent sequences was isolated from a 129/Sv-derived \ FixII genomic library (a
gift of Robert Maxson, University of Southern California Keck School of Medicine).
A 5.8-kb NotI/HindIII fragment was subcloned into the pBluescript KS vector and
used to create the Grp78 tri-loxP-targeting vector, which was constructed by
inserting a floxed pgk-neo expression cassette into intron 4, a third loxP site into
the intron 7, and a pgk-TK expression cassette at the 3’ end of the construct as
a negative selection marker (see Fig. 2A). The NotI-linearized DNA was purified
by phenol extraction and ethanol precipitation before electroporating the DNA
into the 129/Sv-derived embryonic stem (ES) cells. The ES cells were subjected
to G418 and ganciclovir selection, and resistant colonies were screened for
homologous recombination by PCR and Southern blot analysis.

Generation of the Grp78*'" and Grp78*'~ mice. The ES cells positive for
homologous recombination were subjected to subcloning to achieve a higher
purity of targeted ES cells. Two of the subclones were injected into C57BL/6J
donor blastocysts to produce chimera founders that were identifiable by their
brown coat color. Germ line transmission of the mutant allele was confirmed by
mating the founders with C57BL/6 females. First, progeny bearing the tri-loxP
Grp78 allele (+/T) were identified by PCR and confirmed by Southern blot. For
screening of the ri-loxP Grp78 allele by PCR, DNA was extracted from mouse
tails or ES cells as described previously (23), and the primers used were PF1 (5’
external of the targeting construct) and PR1 (junction of neo-loxP cassette) (see
Fig. 2A). To remove the neo cassette and create Grp78*/~ mice, male Grp78*/"
mice were crossed with female EILA4-cre transgenic mice. The heterozygous
progeny bearing a knockout Grp78 allele (deletion between loxPI1 and loxP3)
(Fig. 2A) were mated to wild-type (WT) female mice to segregate the knockout
Grp78 allele from the EIlA-cre transgene, resulting in heterozygous progeny
(Grp78*/™), which carry only the knockout Grp78 allele but not the EIIA-cre
transgene. The Grp78*/~ mice were backcrossed to C57BL/6 mice for three or
more generations prior to phenotype analysis.

Genotyping of E3.5 embryos. The genotype of E3.5 embryos was determined
by nested PCR. The embryos were flushed out of the uterus, as described
previously (38), with Dulbecco’s modified Eagle’s medium (containing 10% fetal
bovine serum [FBS] and 10 mM HEPES, pH 7.5) and transferred onto another
dish containing fresh medium to remove maternal blood cells before each of the
embryos was picked to an individual microtube. The embryos were lysed in 20 .l
of lysis buffer (50 mM Tris Cl, pH 8.0, 0.5% Triton X-100, and 200 p.g/ml of
proteinase K) overnight at 50°C. The samples were heated at 95°C for 10 min,
which was followed by PCR analysis. The primers for the nested PCR were PF2
and PR2 followed by PF3 and PR3 (WT) and PF2 and PTR followed by PF3 and
PR1 (KO). In some cases, E3.5 embryos were cultured for 6 days before they
were subjected to PCR genotyping. The PCR primers used for genotyping were
PF1 (5'-CTTCGAATCGGCAGCAGCCAGCTTG-3"), PR1 (5'-AATGTATGC
TATACGAAGTTATTTAATCG-3'), PF2 (5'-GTTGATATTGGAGGTGGGC
AAACCAAG-3"), PR2 (5'-CCCAGGTCAAACACAAGGATGTTCTTC-3"),
PF3 (5'-GATTTGAACTCAGGACCTTCGGAAGAGCAG-3'), PR3 (5'-GCA
ATAGCAGCTGCTGTACTGTGAGGATGA-3'), PTF (5'-TCGTATAGCAT
ACATTATACGAAGTTATACA-3'), and PTR (5'-TTGTTAGGGGTCGTTC
ACCTAGA-3").

In vitro culture of E3.5 embryos. Blastocysts were flushed from the uterus of
Grp78*/~ intercrosses at E3.5 and cultured on a gelatin-coated 96-well plate in
ES cell medium (15% FBS, 1% penicillin and streptomycin, 1 mM sodium
pyruvate, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 100 uM B-mer-
captoethanol, and 1000 U/ml leukemia inhibitory factor). For mechanical re-
moval of the zona pellucida (ZP), blastocysts were cultured in vitro for 24 h, and
the ZP were removed by teasing with Pasteur pipettes with finely modified tips.

Isolation, culture, and drug treatment of MEFs. Mouse embryonic fibroblasts
(MEFs) were isolated from E13.5 embryos. Briefly, the embryo was washed twice
in phosphate-buffered saline (PBS) after removal of the head and internal or-
gans, disaggregated with an 18-gauge needle in 0.25% trypsin-EDTA, and incu-
bated at 37°C for 2 to 3 min before being added Dulbecco’s modified Eagle’s
medium with 10% FBS and 1% penicillin and streptomycin. The cells were split
after 2 days in culture, and MEFs were used for experiments. For drug treatment,
the cells were treated with 300 nM thapsigargin (Tg), 1.5 wg/ml tunicamycin
(Tu), or 5 mM azetidine (AzC) for 16 h prior to harvest.

BrdU and TUNEL assays. For bromodeoxyuridine (BrdU) incorporation, the
blastocysts were cultured overnight in vitro and treated with 10 mM BrdU for 6 h.
After fixing with 70% ethanol for 30 min and permeabilizing for 1 h at room
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temperature in permeabilization buffer (0.1% Triton X-100, 0.1% NP-40, and
1% bovine serum albumin in PBS), the blastocysts were incubated with anti-
BrdU antibody (Amersham Biosciences) at 4°C overnight and washed three
times with PBS. The blastocysts were then incubated with fluorescein-conjugated
secondary antibody followed by propidium iodide staining. For terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL),
the blastocysts were cultured for 24 h in vitro, and the TUNEL assay was
performed with an in situ cell death detection kit (Roche Applied Sciences)
according to the manufacturer’s instructions. The blastocysts were subjected
to DAPI (4',6'-diamidino-2-phenylindole) staining after TUNEL staining. The
embryos were examined and imaged by fluorescent and bright-field microscopy
(Olympus IX70) and then subjected to PCR genotyping.

Southern blot. The BamHI-digested DNA (from ES cells or tail biopsy) was
run on a 1% agarose gel at 12 V overnight. The DNA was then transferred onto
a nylon membrane and immobilized by UV cross-linking. The 5" external probe
A was a 1-kb fragment upstream of the Grp78 TATA box amplified by PCR
using the following primers: 5'-TACATCTCATGGTGGAAAGTGTCTGTTT
GA-3' and 5'-CATCCTCCTTCTTGTCCTCCTCCTCG-3'. The PCR product
was gel purified and labeled with radioactive [3>P][dCTP or dATP using a Prime
It IT kit (Stratagene). The 3’ probe B used was a 1.2-kb BamHI/HindIII fragment
at the Grp78-neighboring Rab9p40 locus. The hybridization was performed at
65°C overnight in PerfectHyb buffer (Sigma) supplemented with 100 pg/ml of
salmon sperm DNA. The membrane was then washed under low-stringency (2Xx
SSC [1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate]-1% sodium dodecyl
sulfate [SDS] at 50°C), high-stringency (0.2X SSC-0.2% SDS at 65°C), and
ultrastringent (0.1X SSC-0.1% SDS at 65°C) conditions for 30 min each before
being exposed to a Kodak film for 24 to 72 h.

Western blot. Whole E10.5 embryos, MEFs, or pieces of liver dissected from
6-week-old mice were homogenized in radioimmunoprecipitation assay buffer
(30) with a Dounce homogenizer, followed by centrifugation at 13,000 X g at 4°C
for 15 min. The Western blotting was performed as described previously (31). To
detect the GRP78, GRPY4, and PDI proteins, an anti-KDEL antibody (1:1,000
dilution; Stressgen) was used. To detect the N-terminal fragment of GRP78, an
anti-GRP78 (N20) antibody (1:500 dilution; Santa Cruz Biotechnology) was
used. The mouse monoclonal anti-B-actin antibody (Sigma) was used at a 1:5,000
dilution. Both rabbit polyclonal anticalnexin and anticalreticulin antibodies
(Stressgen) were used at a dilution of 1:2,000. To detect CHOP, a mouse
monoclonal antibody (Santa Cruz Biotechnology) was used at a 1:1,000 dilution.
To detect both the unspliced and spliced forms of XBP-1, a rabbit polyclonal
antibody (Santa Cruz Biotechnology) was used at a 1:500 dilution. The Western
blotting procedure was repeated two to five times.

Northern blot. Total RNAs from E10.5 embryos and MEFs were extracted,
and Northern blotting was performed as described previously (34). The probes
for detection of Grp78, Grp94, and GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase) have been described previously (11). The probe used for detection
of PDI was synthesized by reverse transcription-PCR (RT-PCR) with the fol-
lowing primers: 5'-TCTAGCAGTCAGCGGTCTGTATTCT-3" and 5'-TACTT
CTGTAGCCGCAGCAGCCCAT-3'. The probe used for detection of the Rab9-
p40 gene was synthesized by RT-PCR with the following primers: 5'-CAAGCC
CAGGAAAGCCACATGGTACA-3" and 5'-TTTTGTGCCCGCTGCCACCA
TCACAT-3'".

RESULTS

De novo transcription of Grp78 in blastocysts requires the
ERSE. To test directly whether GRP78 expression in early
mouse embryos is in part due to de novo transcription, we
examined Grp78 promoter activity in vivo through a 3kb/LacZ
TG mouse model bearing a lacZ reporter gene driven by 3 kb
of the rat Grp78 promoter (Fig. 1A). The expression profile of
the 3kb/LacZ transgene has been shown to faithfully represent
endogenous GRP78 expression in mouse embryos at E9.5 to
E11.5, where GRP78 is highly elevated in the developing heart
and in somite and neural tubes (2, 33). LacZ activity, as de-
tected by B-gal staining, was observed in both the trophecto-
derm (TE) and inner cell mass (ICM) of the 3kb/LacZ blas-
tocyst (Fig. 1B). Interestingly, not all cells in the TE and ICM
showed LacZ activity. This could be due to a limitation in
reporter detection, or, more interestingly, only a subpopulation
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FIG. 1. High Grp78 promoter activity in blastocysts requires the ERSE. (A) Schematic representation of 3kb/LacZ and the two internal
deletion mutants D170/LacZ and D300/LacZ. The locations of the TATA box, ERSE, and the CRE element are indicated. Additional CCAAT
sequences and their orientations with respect to the TATA element are represented by arrows. The lollipop symbols indicate the occurrence of
GC-rich sequences similar to Sp1 binding sites. The deleted regions are indicated by dashed lines. (B) Whole-mount 3-gal staining of E3.5 embryos
of 3kb/LacZ, D170/LacZ, and D300/LacZ TG mice and their nontransgenic (non-TG) siblings. Pictures were taken under a bright field. Scale bar,

50 pm.

of the cells was stimulated to induce GRP78. Furthermore, we
observed that in the D170/LacZ TG mouse line, where the
Grp78 promoter region from positions —170 to —70 contain-
ing three tandem copies of the endoplasmic reticulum stress
response element (ERSE) was deleted (Fig. 1A), B-gal staining
of the TE and ICM was largely eliminated (Fig. 1B). In the
D300/LacZ TG mouse line where an upstream region includ-
ing a CRE site was also deleted (Fig. 1A), the LacZ activity was
completely abolished (Fig. 1B), although this D300/LacZ
transgene was active in the adult brain (data not shown). These
observations provide the first direct evidence that the Grp78
promoter is activated in both the TE and ICM cells of early
developing mouse embryos, consistent with a physiological role
for GRP78 in these cells. In addition, the requirement of the
ERSEs for high-level Grp78 promoter activity in the mouse
blastocyst raises the possibility that Grp78 induction is medi-
ated by ER stress and UPR signaling pathways in the affected
embryonic cells. These results also establish that de novo tran-
scription of Grp78 contributes at least in part to the high level
of GRP78 protein in the blastocysts.

Genetic targeting generates a Grp78 null allele. To deter-
mine whether GRP78 is essential for early development, we

disrupted the Grp78 allele by gene targeting. The mouse
Grp78 gene consists of eight exons (Fig. 2A). Previously, it was
established that the ATPase domain contained within exons 3
through 5 is critical for the chaperone and antiapoptotic func-
tions of GRP78 (13, 42). By taking advantage of the cre-loxP
approach, which is capable of creating conventional as well as
tissue-specific KO (24), we constructed a tri-loxP-targeting vec-
tor in which a floxed neo expression cassette was inserted at
intron 4 of the Grp78 gene and a third JoxP site was inserted at
intron 7 (Fig. 2A). Targeted ES cells were used to create
chimera founders. Successful germ line transmission of the
targeted allele from the chimera to the progeny was screened
by PCR and confirmed by Southern blotting using a probe
external to the targeting vector (Fig. 2B). To generate a Grp78
null allele, the Grp78*'7 mouse was mated with an EIIA-cre
transgenic mouse. The EIIA-cre mice only express the cre re-
combinase transiently before the implantation stage during
embryonic development (46), resulting in the partial excision
of the region between any two of the three loxP sites. One of
these events would delete the neo cassette and exons 5 through
7 that are flanked by the first and third loxP sites, creating a
Grp78 KO allele devoid of these critical exons (Fig. 2A). The
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FIG. 2. Generation of Grp78 KO mice. (A) Schematic drawings for the Grp78 cDNA, the WT allele, the tri-loxP-targeting vector, the targeted
tri-loxP (T), and the KO alleles. The exons encoding the ATPase domain and peptide-binding domain of GRP7S, the location of the insertion of
the floxed neo cassette, the three loxP sites (®), and the pgk-TK expression cassette (TK) are indicated. The location of the primers [—] used in
the PCR genotyping, the external 5’ probe A and the external 3’ probe B used in the Southern blot, and the BamHI restriction sites [B] are also
indicated. (B) Southern blot of BamHI-digested wild-type (+/+), heterozygous Grp78*/", and heterozygous Grp78"'~ DNA using the 5’ probe A.
The size of each band (in kilobases) is indicated. (C) Southern blot of BamHI-digested DNA from wild-type (+/+) and Grp78™/~ siblings, using
the 3’ probe B against the 3'-adjacent Rab9p40 (Rab) gene (GenBank accession no. NM_145522). (D) Whole-cell lysates from livers of wild-type
(+/+) adult mice and heterozygous Grp78™/~ siblings were subjected to Western blot analysis with anti-GRP78 (N20) antibody. The film was
overexposed to detect any truncated form of GRP7S, if it exists. The asterisk indicates the 78-kDa full-length GRP78 protein. (E) Total RNA from
WT (+/+) or heterozygous (+/—) E10.5 embryos were subjected to Northern blot analysis to analyze the Rab transcript level. The 28S rRNA was

used as an RNA loading control.

KO allele contained within the heterozygous (+/—) progeny
was first identified by PCR using different combinations of
primers (data not shown) and was confirmed by Southern
blotting with a probe external to the targeting vector (Fig. 2A
and B). Southern blot analysis of another gene (Rab9p40)
oriented tail to tail 2 kb downstream of the Grp78 allele
showed that it is intact in the heterozygous mutant (Fig. 2C).
We further determined by Western blotting that no N-termi-
nally truncated protein was produced from the Grp78 KO
allele, even when the blot was overexposed (Fig. 2D). On the
other hand, Northern blotting showed similar Rab9p40 mRNA
levels for the Grp78*/~ mice and their WT siblings (Fig. 2E).
Collectively, these results show that our targeting strategy has
specifically created a null Grp78 allele and that disruption of
the Grp78 allele does not affect its adjacent allele.
Heterozygous Grp78 cells up-regulate GRP94 and PDI. In
the Grp78*/~ mice, the GRP78 protein level in adult organs

such as the liver was about 60% compared with that of the WT
siblings (Fig. 3A and B). Interestingly, GRP94 and PDI levels
were elevated by 1.7- and 2.1-fold, respectively, in the het-
erozygous mice (Fig. 3A and B). The up-regulation of GRP9%4
and PDI appeared to be specific since the levels of calnexin and
calreticulin, two other ER chaperones processing glycopro-
teins, were similar in the Grp78*/~ mice and their WT siblings
(Fig. 3A and B). Similarly, in E10.5 Grp78*/~ embryos, the
level of GRP78 was about 50% of that of the WT level, and
up-regulation of PDI and GRP94 was also observed (Fig. 3C
and D).

MEFs from Grp78*'~ mice are capable of responding to ER
stress. To examine whether expression of GRP78 at 50% of
the WT level in Grp78™/~ cells altered their response to ER
stress, MEFs were isolated from Grp78*/~ embryos and sub-
jected to different ER stress conditions. Consistent with the
observations in vivo, Grp78*/~ MEFs showed a lower basal



5692 LUO ET AL. MoL. CELL. BIOL.

++  4- .
GRP94 P | : O +/+
23+ * W +/-
e
=6
1.0 - :
CRT P | v s
0.5 -
B-actin p |———-'
GRP94 GRP78 PDI CNX CRT
C E10.5 D SEY,
| 3 3 | +/+
+H+ A+ - 4 2.0 g1/
GRPY4 » | V— — =
o 1.5
(el
GRP78 D | S e sl e e
PDI P | S v s s 0.5 4 rh
B-actin b | Se——— -| GRP94 GRP78 PDI

FIG. 3. Comparison of ER chaperone protein expression levels in wild-type and Grp78"'~ mice. (A) Lysates from livers of WT (+/+) adult
mice and Grp78*'~ siblings were subjected to Western blot with anti-KDEL (detects GRP94, GRP78, and PDI), anticalnexin (CNX), anti-
calreticulin (CRT), and anti-B-actin antibodies. (B) Quantification of Western blot analyses performed in panel A for four pairs of mice with
Quantity One software (Bio-Rad). B-Actin was used as a protein loading control. For each protein, the WT level was set as 1. The standard
deviations are shown. The Student’s ¢ test was performed to determine the statistical significance between the wild-type (+/+) and heterozygous
(+/-) levels ( denotes a P value of <0.05; #* denotes a P value of <0.01). (C) Lysates from E10.5 embryos of WT mice and Grp78™/~ siblings
were subjected to Western blot analysis with anti-KDEL and anti-B-actin antibodies. (D) Quantification of Western blots in panel C.

level of GRP78 but up-regulated basal levels of GRP94 and
PDI compared with WT MEFs, while the levels of calnexin and
calreticulin remained unchanged (Fig. 4A). Under various ER
stress conditions such as treatment with Tg, Tu, or AzC, the
protein levels of GRP78, GRP94, and PDI were induced to
various extents in the Grp78*/'~ MEFs (Fig. 4B). The GRP78

level for the Grp78™/~ MEFs under each stress condition was
about 50% compared to that of WT MEFs. As expected from
a higher basal level, the ER stress-induced levels of GRP94
and PDI in Grp78"~ MEFs were higher than those in WT
MEFs (Fig. 4B).

We further determined that expression of GRP78 at 50% of
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FIG. 4. Comparison of ER chaperone protein levels in wild-type and Grp78*/~ MEFs. (A) Whole-cell lysates isolated from untreated WT
(+/+) and Grp78*'~ MEFs were subjected to Western blot analysis with anti-KDEL (detects GRP94, GRP78, and PDI), anticalnexin (CNX),
anticalreticulin (CRT), and anti-B-actin antibodies. Increasing amounts (1X, 2X, and 4X) of lysates were loaded for each set. (B) Whole-cell
lysates from WT (+/+) and Grp78"/~ MEFs were either left untreated (Ctrl) or treated with 300 nM Tg, 1.5 wg/ml Tu, or 5 mM AzC for 16 h
and subjected to Western blot analysis with anti-KDEL and anti-B-actin antibodies.
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FIG. 5. Analysis of CHOP and XBP-1 activation in wild-type and Grp78*/~ embryos and MEFs. (A) Lysates from WT (+/+) and Grp78*/~
E11.5 embryos were subjected to Western blot analysis with anti-CHOP and anti-B-actin antibodies. WT MEFs treated with Tg were used as a
positive control for CHOP induction. (B) The same blot shown in A was incubated with anti-XBP-1 antibody. MEFs treated with Tg were used
as a positive control for XBP-1 splicing. The positions of the unspliced form (U) and spliced form (S) are indicated. In the embryo samples, a
nonspecific (NS) band that migrated slightly faster than the spliced form was observed. (C) Lysates from WT (+/+) and Grp78*/~ MEFs either
left untreated (Ctrl) or treated with Tg or Tu were subjected to Western blot analysis with anti-CHOP and anti-B-actin antibodies. (D) The same
blot shown in C was incubated with the anti-XBP-1 antibody. The positions of the unspliced form (U) and spliced form (S) are indicated.

the WT level in heterozygous Grp78™*'~ cells did not trigger the
UPR signaling pathways for CHOP induction or stress-induced
XBP-1 splicing. This was observed in E11.5 embryos as well as
in MEFs from Grp78"/~ mice grown under normal culture
conditions (Fig. 5A to D). For XBP-1, both wild-type and
heterozygous embryos expressed the same level of unspliced
XBP-1, which was not processed into the spliced form. We
noted that the spliced form of XBP-1 was distinct from a
faster-migrating nonspecific band that cross-reacted with the
antibody (Fig. 5B). The lack of XBP-1 splicing in both types of
embryos was further confirmed by RT-PCR (data not shown).
In MEFs treated with ER stress inducer Tg or Tu, both WT
and heterozygous cells induced CHOP to high levels, and
XBP-1 splicing was observed as expected (Fig. 5C and D).
Thus, the UPR appears to be intact in Grp78*/~ MEFs.

The transcript levels of GRP94 and PDI are up-regulated in
heterozygous Grp78 mice and MEFs. To determine whether
the increase in GRP94 and PDI protein levels in the heterozy-
gous Grp78*'~ mice is due to an increase in transcript levels,
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FIG. 6. Analysis of mRNA expression in wild-type and Grp78*/~
mice. (A) Northern blot analysis of mRNA levels of Grp94, Grp78, and
PDI in wild-type (+/+) and Grp78*/~ E10.5 embryos. GAPDH and
28S rRNA were used as RNA loading controls. (B) Northern blot
analysis of mRNA levels of Grp94, Grp78, and PDI in wild-type (+/+)
and Grp78"'~ MEFs either left untreated (Ctrl) or treated with 300
nM Tg, 1.5 pg/ml Tu, or 5 mM AzC for 16 h. 28S rRNA was used as
an RNA loading control.

total RNA was isolated from E10.5 embryos of Grp78™/~ mice,
and Northern blotting was performed. Correlating with the
disruption of one WT allele in the Grp78™/~ mice, the level of
the full-length Grp78 transcript was lower in the Grp78*/~
embryos than in the WT (Fig. 6A). The KO allele gave rise to
a truncated Grp78 mRNA as revealed by Western blot analy-
sis; this truncated transcript did not result in a detectable
protein (Fig. 2D). The truncated Grp78 mRNA was also ob-
served in Grp78*'~ MEFs (Fig. 6B). Furthermore, in MEFs
treated with various ER stress inducers, the transcript levels of
GRP94, GRP7S8, and PDI correlated with the protein level
(Fig. 4B and Fig. 6B). This shows that the elevation of levels of
GRP94 and PDI proteins in Grp78*/~ embryos and MEFs is at
least in part due to an increase at the transcript level. Under
ER stress conditions, the heterozygous Grp78™'~ MEFs were
unable to compensate for the disrupted Grp78 allele at the
transcript or protein level.

Grp78 null embryos fail to hatch in vitro and undergo de-
generation. Although the Grp78*/~ mice develop without ob-
vious defects, they produced no Grp78~/~ pups when inter-
bred. Out of the 47 pups born, the ratio of wild-type to
heterozygous to null genotypes was about 1:2:0 (Table 1). The
Grp78™'~ mice used for the intercross had been backcrossed to
the C57BL/6 background for three or more generations, argu-
ing against the possibility that the embryonic lethal phenotype
was due to other nonspecific mutations. Grp78 /~ embryos can

TABLE 1. Grp78 KO mouse”

Grp78 genotype

No. of No. of resorbed
Age of mouse
progeny embryos )+ /= —/— ND
Postnatal 47 NA 15 32 0
E9.5 15 4 4 7 0
E8.5 14 2 3 9 0
E7.5 19 4 5 10 0
E3.5 72 NA 19 37 12 4

“ Abbreviations: +, wild type allele; —, knockout allele; ND, could not be
determined by nested PCR; NA, not applicable.
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+/- 37 36
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E3.5

FIG. 7. Grp78~/~ embryos do not hatch from the ZP in vitro. (A) Nested PCR of wild-type (+/+), heterozygous (+/—), and homozygous
null (—/—) Grp78 alleles for E3.5 embryos. (B) Morphology of Grp78*'*, Grp78*'~, and Grp78 '~ embryos at E3.5 and following 48 and 96 h of
culture in vitro. Scale bars indicate 100 wm. The arrowheads indicate the ZP. (C) Summary of the hatching status of E3.5 embryos after

96 h of culture in vitro.

be detected at the blastocyst stage, as was shown by nested
PCR genotyping of isolated E3.5 blastocysts (Fig. 7A). Among
the 72 embryos examined at day 3.5, we failed to definitively
determine a genotype for four of the embryos; however, from
the in vitro-cultured characteristic of these four embryos dis-
cussed below, they most likely belong to the null group. This
generated a ratio of 19:37:16 for the WT, heterozygous, and
homozygous Grp78 null genotype, consistent with survival of
the homozygous null embryos until E3.5. By day 7.5 and at
later stages, no embryo bearing the null genotype was recov-
ered; however, the existence of empty deciduas in the uterus
suggests that most Grp78-deficient embryos might be able to
implant in vivo, but the embryos degenerated rapidly and were
resorbed (Table 1).

To investigate the cause of the lethality, 72 embryos from
Grp78*'~ mice intercrosses at E3.5 were cultured in ES cell
medium on a gelatinized plate for 96 h and observed every 24 h
before genotyping. All the WT (19 out of 19) and heterozygous
(36 out of 37) embryos appeared as fully expanded blastocysts
at the time of isolation, and following hatching, expansion of
both ICM and TE cell types was evident after 48 h of culture
in vitro, giving rise to adherent sheets of trophoblastic giant
cells and outgrowth of the ICM (Fig. 7B). Strikingly, while the
morphology of the E3.5 Grp78~/~ embryos was normal upon
isolation, 10 out of 12 failed to hatch from the ZP even after
96 h of culture in vitro, and the null blastocysts appeared to
have shrunken (Fig. 7B). The remaining four embryos whose
genotype could not be determined also failed to hatch and are
likely to belong to the Grp78 '~ group. Thus, as summarized in
Fig. 7C, GRP78 deficiency leads to a failure to hatch in vitro.
Additionally, the Grp78 null embryos became degenerative
upon prolonged culture.

GRP78 is required for embryonic cell proliferation and pro-
tecting the inner cell mass from apoptosis. The inability of the

Grp78~'~ embryos to survive beyond the peri-implantation
stage could be due to multiple factors including a defect in cell
proliferation and expansion. To test this, the ZP of the E3.5
embryos from the Grp78*/~ intercross was mechanically re-
moved. These ZP-free embryos were then cultured in ES cell
medium and examined for growth, which was followed by PCR
genotyping. As expected, the WT and heterozygous embryos
expanded robustly in culture, giving rise to both the ICM and
TE cell types. In contrast, the homozygous Grp78 null embry-
onic cells were unable to expand in culture even after 5 days of
culture and appeared degenerative (Fig. 8A). Upon analyzing
the BrdU uptake of the E3.5 embryos after 1 day of culture, we
discovered that while about 60% of the heterozygous embry-
onic cells showed BrdU uptake, as previously reported for
embryos at this developmental stage (6), only about 7% of the
Grp78 null cells showed BrdU uptake (Fig. 8B). TUNEL as-
says further revealed a dramatic increase in apoptosis of the
ICM of the Grp78 null embryos compared to the negligible
level of apoptosis in the heterozygous or WT embryos (Fig. 8C
and data not shown). Thus, the lack of cell expansion of the
homozygous Grp78 null embryos is likely due to a combined
effect of a general proliferation defect and an increase in apop-
tosis of the ICM.

DISCUSSION

GRP78, a multifunctional ER protein, is involved in many
cellular processes, including translocating newly synthesized
polypeptides across the ER membrane, facilitating the folding
and assembly of newly synthesized proteins, targeting mis-
folded proteins for proteasome degradation, regulating cal-
cium homeostasis, and serving as a sensor of ER stress (12, 25,
26, 28). The recent discovery of GRP78 in the cell surface of
stimulated endothelial cells and tumor cells and its require-
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FIG. 8. Grp78~/~ embryos do not grow in culture and exhibit increased apoptosis and reduced proliferation. (A) E3.5 blastocysts were isolated,
and after 24 h in culture, their ZP were mechanically removed. The ZP-free embryos as indicated by an asterisk were maintained in culture for
the total time indicated. Images were taken at E3.5 (upper panel), 96 h (middle panel), and 120 h (lower panel) in culture. (B) The blastocysts
were cultured for 24 h in vitro, subjected to the BrdU uptake assay, and stained with anti-BrdU antibody (upper panel). The nuclei were stained
by propidium iodide (PI) (middle panel). The bright-field (BF) images are also shown (lower panel). (C) TUNEL assay was performed on
blastocysts after 24 h in culture (upper panel). The nuclei were stained with DAPI (middle panel), and the bright-field images were taken (lower

panel). The genotypes of the E3.5 embryos are indicated on top.

ment for ligand activities further suggests a critical and novel
role of GRP78 in cell surface receptor signaling pathways (1, 4,
7, 36). Despite these advances, little is known about the phys-
iological role that GRP78 plays in development. Here, we use
a combined transgenic and gene-targeting approach to probe
the transcriptional regulation of the Grp78 promoter and the
function of GRP78 in embryonic development. Our studies
provide the first direct evidence that Grp78 is induced at the
transcriptional level in both the trophectoderm and inner cell
mass of E3.5 embryos and that this induction is largely depen-
dent on the ERSE. The ERSE is the most critical transcrip-
tional regulatory element on the Grp78 promoter mediating
ER stress induction of the Grp78 promoter (26). This element
is essential for the induction of the Grp78 promoter in the
embryonic heart, which is achieved through synergistic inter-
actions between the cell type-specific transcription factor
GATA-4 and ERSE-binding factors ATF6 and YY1 (33, 34).
Thus, during the blastocyst stage and later in embryonic mouse
development, the transcriptional machinery mediated through
the ERSE is activated, resulting in de novo Grp78 transcrip-
tion.

To unveil the role of GRP78 during early embryonic devel-
opment, we utilized a tri-loxP gene-targeting approach to cre-
ate Grp78 mutant alleles. Studies on the Grp78 null allele,
generated by crossing the #ri-loxP Grp78 mice with the EII4-cre
transgenic mice, revealed several novel findings. As commonly
observed for most targeted alleles, the GRP78 level is about
50% of the WT level in the Grp78*'~ mice and MEFs. None-
theless, this observation is noteworthy because the Grp78 gene
is highly inducible, and it has been shown that mechanisms
exist to regulate the level of GRP78 protein within the normal
range. For example, CHO cells resisted the overexpression
of GRP78 by down-regulating the endogenous Grp78 gene
(8). Thus, the 50% expression level of GRP78 in the
Grp78*'~ embryos and MEFs establishes that both Grp78

alleles contribute to expression and that the compensatory
mechanism to restore it to the WT level, if any, is not
operational in these cells.

In the Grp78™/~ mice, GRP94 and PDI are up-regulated at
both the transcript and protein levels. Interestingly, the levels
of other ER chaperones such as calreticulin and calnexin are
not affected. These novel observations suggest that in mam-
malian cells, GRP78, GRPY94, and PDI may be components of
a functional complex or a regulatory network and that a feed-
back mechanism exists to sense and compensate for the drop in
GRP78 levels by specifically up-regulating the other compo-
nents. This up-regulation is at least in part due to an increase
in the transcript level. We further determined that other UPR
targets such as CHOP and XBP-1 are not activated in the same
cells. However, they are readily inducible under ER stress
conditions. Since the UPR appears to be intact in the
Grp78*'~ MEFs, the specific induction of PDI and GRP94 in
the Grp7"/~ embryos and MEFs likely occurs through mech-
anisms independent of the conventional UPR, although this
remains to be proven.

Third, under ER stress conditions, both protein and mRNA
levels of GRP78 for Grp78*/~ MEFs are about 50% of those
of the wild-type MEFs, suggesting that the copy number of the
Grp78 gene is the rate-limiting factor for optimal induction of
GRP78 in these cells. On the other hand, GRP94 and PDI are
induced to a higher level in the Grp78*'~ MEFs than in the
WT MEFs, although the two types of MEFs have the same
number of functional Grp94 and PDI genes. Thus, it is tempt-
ing to speculate that GRP78 not only monitors the activation
of the ER stress response but may also negatively regulate
specific pathways leading to the transcriptional activation of
Grp9%4 and PDI. As nuclear localization of GRP78 has been
reported previously (35, 37), GRP78 may regulate these path-
ways as an ER or nuclear protein. Future investigations will be
required to address this interesting issue.
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Our study also provides the first direct evidence that GRP78
is essential for early embryo development by targeted disrup-
tion of the Grp78 gene in the mouse. Heterozygous Grp78*/~
mice showed no apparent abnormality in embryos or adults,
indicating that one copy of the Grp78 gene is sufficient for
normal development. Since the protein levels of PDI and
GRPY4 are elevated in the heterozygous Grp78*/~ mice, it is
possible that the apparent normal phenotype of Grp78*/~
mice is in part due to these compensations. On the other hand,
the lethality of Grp78~'~ embryos indicates that GRP78 func-
tion is not replaceable by GRP94, PDI, or the existing com-
plements of other cellular chaperones and members of the
HSP70 protein family. We did not detect any truncated protein
using an antibody derived against the N terminus of GRP78,
and in addition, the Grp78™/~ embryos showed no obvious
defects, suggesting no gain of function for the mutant allele.
Thus, it is unlikely that the phenotypes we observed with the
Grp78~'~ embryos are due to a dominant negative effect of the
mutant alleles. Furthermore, the Grp78*’~ mice used in the
intercrosses had been backcrossed to the C57BL/6J back-
ground for three or more generations, further arguing against
the possibility that the phenotype observed results from sec-
ondary mutations. Interestingly, we noted that the insertion of
a neo-resistant gene cassette in the fourth intron of Grp78 is
sufficient to inactivate the gene, as Grp78”'" embryos also died
at around E3.5, and the GRP78 level was 50% of the WT level,
while both GRP94 and PDI were up-regulated (data not
shown). This phenomenon of gene inactivation has been re-
ported for other targeted alleles, possibly through the interfer-
ence of gene splicing (44). Irrespective of the mechanism, our
results clearly establish that GRP78 is absolutely required for
mouse embryos to grow beyond E3.5.

A likely explanation for why GRP78 is required during early
development is that the peri-implantation stage may constitute
physiological ER stress in its heightened activity of cell prolif-
eration and secretion, and GRP78 controls one or more of the
obligatory steps. If GRP78 is the essential chaperone for the
translocation of proteins into the ER lumen as in the case for
yeast cells, its elimination will result in a severe deficiency in
ER protein synthesis, membrane receptor assembly, and se-
cretion of enzymes and growth factors. Thus, deficiencies in
processing and/or secretion of tryptases involved in blastocyst
hatching and outgrowth could impede Grp78 '~ embryos from
hatching and expanding in culture in vitro (39). Likewise, the
failure to process cell surface growth factor receptors may also
explain the proliferative defect. Our finding that cell replica-
tion in the ICM is substantially reduced in homozygous Grp78
null embryos further suggests that GRP78 itself and/or its
client proteins are essential for pluripotent cell proliferation.
Thus, GRP78 provides a novel model system for the elucida-
tion of interactive protein partners and pathways that may
contribute to embryonic stem cell growth and survival, which
have important implications for human stem cell therapy (19).

Interestingly, within the environment of the uterus and in
the presence of other hatching embryos, most Grp78~/~ em-
bryos are apparently able to hatch and implant; however, the
embryos quickly degenerated, giving rise to empty deciduas.
We demonstrate here that embryos devoid of GRP78 exhibit a
substantial increase in apoptosis of the ICM. Since GRP78 is
known to suppress ER stress signaling, complete elimination of
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GRP78 could lead to the inadvertent activation of proapop-
totic pathways from the ER (3, 25, 29). GRP78 can also di-
rectly interfere with components of the apoptotic pathways
(29, 40, 42). It is also possible that the failure to process and
secrete blastocyst antiapoptotic factors such as transforming
growth factor a and gonadotropin-releasing hormone I may
lead to an increase in apoptosis (5, 18).

The role of GRP78 most likely expands beyond early devel-
opment. In support of this notion, high levels of GRP78 were
detected in the heart, somite, and neural tube of developing
mouse embryos at day 9.5 and day 10.5 (2). Elevated levels of
GRP78 in the testes also imply that GRP78 might play an
important role in spermatogenesis (14). In addition, Grp78
may be crucial for B-cell maturation because of its role in
antibody synthesis (10). It was recently reported that genetic
disruption of SIL1/BAP, which encodes an adenosine nucleo-
tide exchange factor of GRP7S, leads to protein accumulation,
ER stress, and subsequent neurodegeneration (47). While this
strongly implicates GRP78 in neuroprotection, our finding that
a Grp78 deficiency results in early embryonic lethality further
reveals that SIL/BAP is not an obligatory cochaperone for
GRP78 during early development. Mice homozygous for the
floxed Grp78 allele in which partial Cre-mediated recombina-
tion resulted in selective excision of the Neo resistance cassette
are viable and express GRP78 normally (our unpublished re-
sults). These mice will be suitable for future investigations to
generate conditional knockout models of GRP78. This will
help to reveal the functional role of GRP78 throughout devel-
opment and in diseases (28).
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