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ABSTRACT ATF6α and ATF6β are membrane-bound transcription factors activated by regu-
lated intramembrane proteolysis in response to endoplasmic reticulum (ER) stress to induce 
various ER quality control proteins. ATF6α- and ATF6β single-knockout mice develop nor-
mally, but ATF6α/β double knockout causes embryonic lethality, the reason for which is un-
known. Here we show in medaka fish that ATF6α is primarily responsible for transcriptional 
induction of the major ER chaperone BiP and that ATF6α/β double knockout, but not ATF6α- 
or ATF6β single knockout, causes embryonic lethality, as in mice. Analyses of ER stress report-
ers reveal that ER stress occurs physiologically during medaka early embryonic development, 
particularly in the brain, otic vesicle, and notochord, resulting in ATF6α- and ATF6β-mediated 
induction of BiP, and that knockdown of the α1 chain of type VIII collagen reduces such ER 
stress. The absence of transcriptional induction of several ER chaperones in ATF6α/β double 
knockout causes more profound ER stress and impaired notochord development, which is 
partially rescued by overexpression of BiP. Thus ATF6α/β-mediated adjustment of chaperone 
levels to increased demands in the ER is essential for development of the notochord, which 
synthesizes and secretes large amounts of extracellular matrix proteins to serve as the body 
axis before formation of the vertebra.

INTRODUCTION
Proteins must gain correct tertiary and quaternary structures to ful-
fill their functions as assigned by the genetic code. Folding and 
assembly of newly synthesized secretory and transmembrane pro-
teins occur in the endoplasmic reticulum (ER), the first organelle 
they encounter after synthesis on the membrane-bound ribosomes, 
and are assisted or promoted by a number of molecular chaper-
ones and folding enzymes (collectively termed ER chaperones 
hereafter) constitutively expressed quite abundantly (Bukau et al., 
2006). This process of productive folding in the ER is indispensable 
to life of all eukaryotes, as evidenced by the fact that the major ER 
chaperone BiP is essential not only to the budding yeast Saccharo-
myces cerevisiae (Normington et al., 1989; Rose et al., 1989), but 
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(Wu et al., 2011; Gade et al., 2012; Usui et al., 2012). However, 
ATF6α and ATF6β double knockout causes embryonic lethality 
(Yamamoto et al., 2007). Nonetheless, we have not been able to 
figure out why ATF6α/β double-knockout mice die before birth, be-
cause we are unable to obtain any double-knockout embryos even 
at embryonic day 8.5. This inconvenience in the mouse system 
prompted us to take advantage of a fish system in which all devel-
opmental stages can be observed directly under the microscope. 
We chose medaka fish (Oryzias latipes) rather than zebrafish (Danio 
rerio) as a vertebrate model organism for UPR research because the 
genome project for medaka fish has been completed (Kasahara 
et al., 2007) and a reverse genetic approach has been established 
(Taniguchi et al., 2006), allowing us to identify knockout medaka de-
ficient in various UPR mediators, and because versatile techniques 
such as morpholino-mediated gene knockdown and mRNA microin-
jection-mediated overexpression have been established. We previ-
ously showed, using a medaka embryonic cell line, that the medaka 
genome encodes five ER stress sensors/transducers (IRE1α, IRE1β, 
PERK, ATF6α, and ATF6β), as do mammals, and that three UPR sig-
naling pathways are very well conserved between medaka and 
mammals (Ishikawa et al., 2011). Namely, XBP1 mRNA is spliced in 
response to ER stress, resulting in production of pXBP1(S); transla-
tion is generally attenuated in response to ER stress, resulting in in-
duction of ATF4 and CHOP; and ATF6α and ATF6β are constitu-
tively synthesized as transmembrane proteins and activated by ER 
stress–induced proteolysis.

In this article, we identify and characterize ATF6α- and ATF6β 
single-knockout medaka and then construct and characterize ATF6α 
and ATF6β double-knockout medaka to find out why ATF6α/β dou-
ble knockout causes embryonic lethality in medaka.

RESULTS
Point mutation in BiP, as well as ATF6α and ATF6β double 
knockout, causes embryonic lethality in medaka
We used the targeting-induced local lesions in genomes (TILLING) 
method to identify ATF6α- and ATF6β-knockout medaka (Supple-
mental Figure S1). The N-terminally truncated fragment of ATF6α 
(K149X) or ATF6β (S143X) produced from the mutated allele must 
have lost its functionality, as its DNA-binding and transmembrane 
domains are excluded (Figure 1, A and B). Because both ATF6α and 
ATF6β single knockouts were born and developed normally, we ob-
tained ATF6α/β double-hetero, ATF6α single-knockout, and ATF6β 
single-knockout medaka, each carrying the enhanced green fluores-
cent protein (EGFP) gene under the control of BiP promoter (the 
PBiP-EGFP reporter gene; see legend to Supplemental Figure S1). In 
ATF6α/β double hetero, EGFP was ubiquitously expressed, with 
particularly high expression in the liver and gut, and fluorescence 
intensity was significantly enhanced by treatment with tunicamycin, 
which evokes ER stress by inhibiting protein N-glycosylation (Figure 
1C), as we previously reported for wild-type (ATF6α+/+ ATF6β+/+) 
fish (Ishikawa et al., 2011). ATF6β single knockout showed the same 
phenotype as ATF6α/β double hetero. In marked contrast, constitu-
tive EGFP expression was diminished and tunicamycin treatment 
did not enhance EGFP expression in ATF6α single knockout. North-
ern blot analysis of fishes at 1 d posthatching (dph) also showed 
defective induction of BiP mRNA by tunicamycin treatment in ATF6α 
single knockout but not in ATF6β single knockout (Figure 1D). These 
results demonstrated that ATF6α plays a major role in the transcrip-
tional induction of BiP in response to ER stress in medaka, as in mice 
(Wu et al., 2007; Yamamoto et al., 2007).

We intended to determine the importance of BiP’s chaperone 
function, as well as its expression level for medaka development. 

also in early mouse embryonic development (Luo et al., 2006). Of 
importance, proteins still unfolded or misfolded even after assis-
tance from ER chaperones are targeted to the cytosol across the 
membrane for ubiquitin-dependent degradation by the protea-
some, a series of processes collectively termed ER-associated deg-
radation (ERAD; Smith et al., 2011). Thus these two mechanisms—
productive folding and ERAD—ensure the quality of proteins that 
pass through the ER.

Furthermore, all eukaryotic cells have developed a way to adjust 
the expression levels of ER chaperones and ERAD components ac-
cording to demands in the ER. Thus, when unfolded proteins accu-
mulate in the ER, this ER stress signal is sensed by a transmembrane 
protein(s) in the ER and transmitted to the nucleus to induce the 
transcription of genes coding for ER chaperones and ERAD compo-
nents, leading to maintenance of the homeostasis of the ER (Mori, 
2000; Walter and Ron, 2011). This unfolded protein response (UPR) 
consists only of transcriptional control in yeast but of both transcrip-
tional and translational controls in metazoans, as the number of ER 
stress sensors/transducers increased with evolution, from one (IRE1) 
in S. cerevisiae, to three (IRE1, PERK, and ATF6) in Caenorhabditis 
elegans and Drosophila melanogaster, to five (IRE1α, IRE1β, PERK, 
ATF6α, and ATF6β) in mammals (Mori, 2009). Yeast ER expresses 
IRE1, a type I transmembrane protein, for transcriptional control 
only (Cox et al., 1993; Mori et al., 1993), whereas PERK, a type I 
transmembrane protein that emerged in metazoan ER, is able to 
attenuate translation generally in response to ER stress to decrease 
the burden on the ER (Harding et al., 1999). Paradoxically, transla-
tion of the transcription factor ATF4 is induced under ER stress, re-
sulting in transcriptional induction of its target genes, which are in-
volved in resistance to oxidative stress; amino acid metabolism, 
including asparagine synthetase; and the proapoptotic transcription 
factor CHOP (Harding et al., 2000).

ER stress–induced activation of IRE1 results in unconventional 
splicing of mRNA encoding its downstream transcription factor, 
namely HAC1 mRNA in yeast and XBP1 mRNA in metazoans, lead-
ing to production of active transcription factors pHac1(S) and 
pXBP1(S), respectively. Transcriptional induction of ER chaperones 
and ERAD components in response to ER stress is mediated by IRE1 
in yeast, worm, and fly cells (Mori, 2009). Of interest and impor-
tance, however, transcriptional induction of ER chaperones in re-
sponse to ER stress is mediated by ATF6α but not by pXBP1(S) in 
mice (Wu et al., 2007; Yamamoto et al., 2007). ATF6α and ATF6β are 
constitutively synthesized as type II transmembrane proteins in the 
ER (Haze et al., 1999, 2001). On ER stress ATF6α and ATF6β are 
translocated to the Golgi apparatus to be cleaved sequentially by 
Site-1 protease and Site-2 protease, resulting in liberation of their 
cytosolic region, designated pATF6α(N) and pATF6β(N), respec-
tively, from the membrane (Ye et al., 2000; Okada et al., 2003; 
Nadanaka et al., 2004). Because pATF6α(N) and pATF6β(N) contain 
all domains necessary for an active transcription factor, they enter 
the nucleus and activate transcription of a limited number of their 
target genes (Yoshida et al., 2000, 2001b). Because the transcrip-
tional activator activity of pATF6α(N) is much higher than that of 
pATF6β(N), pATF6α(N) alone is necessary and sufficient for tran-
scriptional induction of ER chaperones in response to ER stress, 
whereas pATF6α(N) heterodimerizes with pXBP1(S) to up-regulate 
genes coding for most ERAD components (Okada et al., 2002; 
Yamamoto et al., 2007; Adachi et al., 2008).

ATF6α and ATF6β single-knockout mice are viable and fertile 
and show no obvious phenotype unless ATF6α single-knockout 
mice are challenged with ER stress pharmacologically (Wu et al., 
2007; Yamamoto et al., 2010; Egawa et al., 2011) or by other means 
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in the embryonic body until stage 20 be-
came differentiated from stage 21. Three 
regions became particularly brightened, 
namely the brain, otic vesicle, and noto-
chord (Figure 3A, a), and their fluorescence 
intensity kept increasing until stage 24 (Sup-
plemental Figure S3). This enhancement of 
EGFP expression in particular regions was 
specific to the BiP promoter, as EGFP was 
uniformly expressed in the embryonic body 
when its expression was driven by the ATF6α 
or ATF6β promoter (Figure 3A, b and c), 
which is insensitive to ER stress (Ishikawa 
et al., 2011). Of importance, EGFP expres-
sion level observed at stage 23 was de-
creased ∼30 and ∼50% by deletion of ATF6β 
and ATF6α, respectively, and became <20% 
by deletion of both ATF6β and ATF6α 
(Figure 3B). Thus physiological ER stress oc-
curred particularly in the brain, otic vesicle, 
and notochord, which activated ATF6α/β to 
induce BiP. It is noteworthy that the contri-
bution of ATF6β to BiP induction in response 
to physiological ER stress (Figure 3B) is more 
evident than that to pharmacological ER 
stress (Figure 1C), which can explain no ob-
vious phenotype of ATF6α single knockout 
under normal growing conditions; ER chap-
erones must be induced sufficiently by 
ATF6β in ATF6α single knockout.

Given that ER stress occurred in the no-
tochord but not in the somite or neural tube 
(Figure 3A), we hypothesized that extracel-
lular matrix proteins synthesized and se-
creted in large amounts by the notochord 
might be the cause of physiological ER 

stress. Genetic analysis in zebrafish identified the α1 chain of type 
VIII collagen (Col8a1; Gansner and Gitlin, 2008), α1 chain of type XV 
collagen (Col15a1; Pagnon-Minot et al., 2008), laminin β1 and lami-
nin γ1 (Parsons et al., 2002), and fibrillin-2 (Gansner et al., 2008), 
which are essential for notochord formation. We therefore searched 
for their counterparts in medaka and found two homologues of 
Col8a1 (Col8a1-1 and Col8a1-2), two homologues of Col15a1 
(Col15a1-1 and Col15a1-2), two homologues of laminin β1 (LamB1-1 
and LamB1-2), a single homologue of laminin γ1 (LamC1), and no 
homologue of fibrillin-2. Among these, information of translational 
start sites for Col8a1-2, LamB1-1, and LamC1 was sufficient to allow 
the design of translation-blocking morpholinos. The expression lev-
els of Col8a1-1, Col8a1-2, LamB1-1, and LamC1 mRNAs were de-
termined in comparison with that of β-actin mRNA in wild-type em-
bryos by conducting quantitative reverse transcription (RT)-PCR 
using a determined number of plasmid molecules carrying the re-
spective gene as calibration standards during amplification. As 
shown Figure 3C, Col8a1-2, LamB1-1, and LamC1 mRNAs were ex-
pressed at the level of 1–3% of β-actin mRNA, but expression of 
Col8a1-1 mRNA was extremely low in wild-type embryos.

Specific morpholino targeting Col8a1-2, LamB1-1, or LamC1 
mRNA was microinjected into one-cell-stage embryos of wild-
type fish carrying the PBiP-EGFP reporter gene, and EGFP fluores-
cence was observed in embryos at 2 dpf. As shown in Figure 3D, 
the tail became shortened when Col8a1-2 or LamC1 was knocked 
down, consistent with the phenotype of zebrafish mutants. 

Using the TILLING method, we obtained an interesting missense 
(S38P) mutation in the BiP coding region (see legend to Supplemen-
tal Figure S2). Because S38 is present in a region highly conserved 
among various species and close to the nucleotide-binding site, the 
S38P mutation was expected to inactivate BiP by inhibiting its nucle-
otide-binding activity or ATPase activity (Figure 2A). Genotyping 
revealed that no BiP(S38P) homozygotes were present among 32 
fishes hatched upon in-crossing BiP(S38P) heterozygotes (Figure 
2B). Thus the chaperone function of BiP is required for early embry-
onic development in medaka, as in mice (Luo et al., 2006). Similarly, 
when ATF6α single knockout was crossed with ATF6β single knock-
out, a total of 44 fishes were hatched, none of which possessed the 
genotype of ATF6α/β double knockout (Figure 2C). Thus complete 
loss of ATF6 function causes embryonic lethality in medaka, as in 
mice (Yamamoto et al., 2007).

ER stress occurs physiologically during medaka embryonic 
development
To determine the cause of the embryonic lethality, we examined 
when and where ER stress occurs physiologically during early em-
bryonic development (1–2 d postfertilization [dpf]; note that medaka 
hatches at 7 dpf), using ATF6α/β double hetero carrying the PBiP-
EGFP reporter gene (Supplemental Figure S3). EGFP expression 
started to be observed from mid to late gastrula stages 15 and 16 
and became restricted to the embryonic body, which began to be 
clearly visible from stage 17. Uniform expression of EGFP observed 

FIGURE 1: Effect of deleting ATF6α or ATF6β on the induction of BiP in response to ER stress. 
(A) Schematic representation of wild-type and K149X-mutant ATF6α proteins. (B) Schematic 
representation of wild-type and S143X-mutant ATF6β proteins. (C) ATF6α/β double hetero 
(ATF6α+/−, ATF6β+/−), ATF6α single knockout (ATF6α−/−, ATF6β+/−), and ATF6β single 
knockout (ATF6α+/−, ATF6β−/−), each carrying the PBiP-EGFP reporter gene, were grown 
immediately after hatching in the presence (+) or absence (−) of 2 μg/ml tunicamycin (Tm) for 
24 h and then analyzed for EGFP expression by fluorescence microscopy. Fluorescence intensity 
in muscle, intestine, and liver was determined (n = 3), and means with SDs (error bars) are shown 
on the right. (D) ATF6α/β double hetero, ATF6α single knockout, and ATF6β single knockout at 
1 dph were untreated (–) or treated (+) with 2 μg/ml tunicamycin (Tm) for 8 h. Total RNA was 
prepared and analyzed by Northern blot hybridization using a digoxigenin-labeled probe 
specific to BiP or β-actin. The β-actin band becomes doublet from 5 dpf.
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of EGFP driven by the BiP promoter revealed that disk-like cell struc-
tures were smoothly aligned in ATF6α single knockout (Figure 4, c 
and d), whereas such alignment was heavily disordered in ATF6α/β 
double knockout (Figure 4, g and h). It should be noted that 20-fold-
longer exposure was used for analysis of EGFP expression in 
ATF6α/β double knockout than ATF6α single knockout, as deletion 
of both ATF6α and ATF6β greatly decreased EGFP expression level 
(see Figure 3B). Thus the notochord development was impaired in 
ATF6α/β double knockout.

We thus monitored the level of ER stress by determining splicing 
status of XBP1 mRNA, as it is an event downstream of IRE1 activa-
tion upon ER stress (Yoshida et al., 2001a). Reverse transcription 
(RT)-PCR analysis of whole embryos revealed that XBP1 mRNA was 
spliced constitutively in ATF6α/β double hetero, albeit slightly, con-
sistent with the results shown in Supplemental Figure S3, and that 
the extent of splicing was markedly enhanced in ATF6α/β double 
knockout (Figure 5A), indicating that these ATF6α/β double-knock-
out embryos experienced more profound ER stress than ATF6α/β 
double-hetero embryos. We considered that this was because the 
BiP mRNA level was significantly lower in ATF6α/β double knockout 
than ATF6α/β double hetero (Figure 5B). To confirm this notion fur-
ther, we conducted microarray analysis using whole embryos at 
stage 24 (National Center for Biotechnology Information Gene 
Expression Omnibus accession number GSE37174). We noticed 
that mRNA levels of canonical target genes of the PERK pathway, 
namely ATF4, ATF5, CHOP, and asparagine synthetase (Okada 
et al., 2002; Zhou et al., 2008), as well as mRNA levels of various 
ERAD-related genes, typical targets of the IRE1 pathway (Yoshida 
et al., 2003), were higher in ATF6α/β double knockout than ATF6α/β-
double hetero (Figures 5, C and D), indicating that the PERK and 
IRE1 pathways were activated more extensively in the absence of 
ATF6α/β. In marked contrast, many genes coding for ER chaper-
ones (BiP, GRP94, three calreticulins, and protein disulfide isomerase) 
were down-regulated in ATF6α/β double knockout (Figure 5E). Note 
that expression levels of various medaka homologues of genes 
known to be involved in notochord formation in zebrafish or mice 
did not differ very significantly between ATF6α/β double hetero and 
ATF6α/β double knockout (Supplemental Figure S5A). Thus homeo-
stasis of the ER could not be maintained without ATF6α/β-mediated 
induction of ER chaperones, causing more profound ER stress in 
ATF6α/β double-knockout embryos. Consistent with this notion, we 
found that notochord development was markedly sensitive to tuni-
camycin treatment; notochord development was inhibited by treat-
ment for 24 h with 2 μg/ml tunicamycin, a level that induced BiP 
mRNA in embryos at 2 dpf, and the brachyury signal was barely 
detected in embryos treated with 3 or 4 μg/ml tunicamycin (Supple-
mental Figures S5B and S5C). Although we previously showed that 
both 2 μg/ml tunicamycin and 300 nM thapsigargin induced splicing 
of XBP1 mRNA to a similar extent in the medaka cell line OLCAB-e3 
(Ishikawa et al., 2011), treatment of embryos with 300 nM thapsi-
gargin for 24 h exhibited no obvious phenotype (our unpublished 
observations). In contrast, essentially all embryos were killed within 
24 h after the addition of 2 mM dithiothreitol (our unpublished 
observations), which potently evoked ER stress in OLCAB-e3 
(Ishikawa et al., 2011). Thus thapsigargin and dithiothreitol are not 
suitable as ER stress inducers in medaka fish.

We next examined whether BiP(S38P) mutation also affects noto-
chord development and found that this was indeed the case. In situ 
hybridization analysis of Brachyury revealed that the notochord did 
not reach the tip of the tail in BiP(S38P) homozygotes (Figure 6A, b). 
Of importance, when BiP mRNA synthesized in vitro was microin-
jected into one-cell-stage embryos, notochord development 

Because laminin is a heterotrimer of A, B, and C subunits, the lack 
of effect of LamB1-1 knockdown suggested inefficiency or off-
target effect of the designed morpholino, which was implied by 
our observation that the level of LamB1-1 mRNA was increased by 
an unknown mechanism in embryos into which LamB1-1–target-
ing morpholino had been microinjected (Supplemental Figure 
S4); each designed morpholino was expected to block translation 
but should not affect expression level of its target mRNA. Of im-
portance, however, EGFP fluorescence in the otic vesicle was 
greatly mitigated and that in the notochord and brain was signifi-
cantly (but not completely) reduced when Col8a1-2 was knocked 
down (Figure 3D, b). Thus synthesis of type VIII collagen causes 
ER stress during early embryonic development. It is known that 
productive folding of collagen requires various ER chaperones 
(Chessler and Byers, 1993; Ferreira et al., 1994; Wilson et al., 
1998; Lamande and Bateman, 1999; Nagata, 2003).

BiP’s chaperone function, as well as ATF6α/β-mediated 
induction of ER chaperones, is essential for notochord 
development
In relation to the foregoing observation, we noticed by optical mi-
croscopic analysis that the notochord was severely degenerated in 
ATF6α/β double knockout as compared with ATF6α single knockout 
(Figure 4, a and e). This notion was firmly supported by whole-mount 
in situ hybridization directed to Brachyury, a marker of the noto-
chord (Wilkinson et al., 1990; Schulte-Merker et al., 1992). The noto-
chord extended to the tip of the tail at stage 24 in ATF6α single 
knockout (Figure 4b), whereas its extension was stopped in the mid-
dle, and it did not reach the tip of the tail at the same stage in 
ATF6α/β double knockout (Figure 4f). Confocal microscopic analysis 

FIGURE 2: Effect of BiP mutation or ATF6α/β double knockout on 
medaka embryonic development. (A) Schematic representation of 
wild-type and S38P-mutant BiP proteins. The regions surrounding S38 
in BiP (shown in red) of various species are aligned. Identical amino 
acids are indicated by asterisks. (B) BiP(S38P) heterozygotes were 
in-crossed, and the resulting 32 fishes hatched were genotyped. 
*p < 0.001 (C) ATF6α single knockout was crossed with ATF6β single 
knockout, and the resulting 44 fishes hatched were genotyped. 
*p < 0.001.
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progressed so that it was extended to 
the tip of the tail as expected (Figure 6A, c), 
although the length of the tail was still 
slightly shorter than in wild-type fish (Figure 
6A, a; see Figure 6B for quantified data).

Because a limited number of ER chaper-
ones were identified to be ATF6α/β targets 
by microarray analysis (Figure 5E), we further 
examined whether microinjection-mediated 
overexpression of BiP mRNA could rescue 
the defect in notochord development ob-
served in ATF6α/β double knockout. We 
found that the notochord was able to reach 
the tip of the tail in ATF6α/β double knock-
out after microinjection (Figure 6C, g and h), 
although the length of the tail was still 
slightly shorter than in the wild-type fish 
(Figure 6C, a and b; see Figure 6D for quan-
tified data). The regularity of alignment of 
disk-like cell structures was also restored, al-
beit partially (Figure 6Ci). We thus con-
cluded that both the chaperone function of 
BiP and ATF6α/β-mediated adjustment of 
expression levels of ER chaperones are 
essential to notochord development in 
medaka because the notochord synthesizes 
and secretes large amounts of extracellular 
matrix proteins to serve as the body axis.

DISCUSSION
Our present results unravel highly conserved 
features in the molecular mechanism and 
physiological importance of the UPR be-
tween medaka and mice, particularly with 
the ATF6 pathway, as well as in the essenti-
ality of not only the function, but also the 
expression level of the major ER chaperone 
BiP. First, ATF6α is primarily responsible for 
transcriptional induction of BiP in response 
to ER stress in medaka, as in mice, which is 
in marked contrast to the case in nonverte-
brates, in which the IRE1 pathway is essen-
tial to the induction of BiP. Second, the 
chaperone function of BiP is essential to 
medaka early embryonic development, as in 
mice. Third, ATF6α and ATF6β single knock-
out develop normally, but ATF6α/β double 
knockout causes embryonic lethality in 
medaka, as in mice. Medaka is hardy and 
prolific, and rearing costs are reasonable, al-
lowing us to construct and characterize vari-
ous multiple knockouts with relative ease, as 
we did here for ATF6α and ATF6β double 
knockout. Thus medaka is identified as a 
highly useful vertebrate model for compre-
hensive analysis of the biology and physiol-
ogy of the UPR.

We showed here that ER stress occurs 
physiologically during medaka early embry-
onic development, which activates ATF6α/β 
to induce transcription of BiP, and which 

FIGURE 3: Analysis of physiological ER stress occurring during early embryonic 
development. (A) Embryos at 2 dpf of ATF6α/β double hetero carrying the PBiP-EGFP 
reporter gene (a), wild-type fish carrying the PATF6α-EGFP gene (b), and wild-type fish carrying 
the PATF6β-EGFP gene (c) were analyzed by fluorescence microscopy. The positions of the 
brain, otic vesicle, and notochord are indicated. (B) Embryos at 2 dpf of ATF6α/β double 
hetero (a), ATF6α single knockout (b), ATF6β single knockout (c), and ATF6α/β double 
knockout (d), each carrying the PBiP-EGFP reporter gene, or double hetero embryo not 
carrying the reporter gene (–), were analyzed by fluorescence microscopy. Total fluorescence 
intensity was determined (n = 8 for PBiP-EGFP+ and n = 5 for PBiP-EGFP−), and means with 
SDs (error bars) are shown on the right. (C) Total RNA prepared from wild-type embryo at 
2 dpf was subjected to quantitative RT-PCR to determine the level of Col8a1-1, Col8a1-2, 
LamB1-1, and LamC1 mRNAs relative to β-actin mRNA. (D) Embryos of wild-type fish at 2 dpf 
carrying the PBiP-EGFP reporter gene, into which control morpholino (a) or morpholino 
targeting Col8a1-2 (b), LamB1-1 (c), or LamC1 (d) had been microinjected at the one-cell 
stage, were analyzed by fluorescence microscopy. The red arrowheads and arrows indicate 
the otic vesicle and notochord, respectively. Total fluorescence intensity was determined (at 
least four embryos were analyzed), and means with SDs (error bars) are shown on the right. 
*p < 0.05; **p < 0.001.
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pathway more extensively. The same mi-
croarray analysis revealed that GRP94, calre-
ticulins, and protein disulfide isomerase are 
also targets of the ATF6 pathway in addition 
to BiP, as their expression levels were down-
regulated in the embryos of ATF6α/β dou-
ble knockout. We noticed that target genes 
of medaka ATF6α/β do not completely 
overlap with those of mouse ATF6α. The ER 
chaperones ORP150, ERp72, and ERO1β 
are certainly targets of ATF6α in mouse em-
bryonic fibroblasts (Adachi et al., 2008) but 
not in medaka embryos. It remains to be de-
termined whether this difference can be as-
cribed to the experimental conditions used, 
namely pharmacological ER stress (tuni-
camycin treatment) in mice and physiologi-
cal ER stress in medaka. In addition, al-
though various ERAD components were 
upregulated by the heterodimer of pXBP1(S) 
and pATF6α(N) in mice (Yamamoto et al., 
2007; Adachi et al., 2008), they seem to be 
controlled solely by the IRE1-XBP1 pathway 

in medaka, because their expression levels rather increased in the 
embryos of ATF6α/β double knockout. We can thus envision a sce-
nario in which the major regulator of BiP and some other but not all 
ER chaperones has been switched from the IRE1 pathway to the 
ATF6 pathway during evolution, probably with development of the 
vertebra but for yet undetermined reasons, and that the ATF6 path-
way became responsible for the induction of more ER chaperones 
and most ERAD components during evolution from teleosts to 
mammals. Dual regulation of ERAD components by the IRE1 and 
ATF6 pathways probably gives rise to safer methods of destroying 
proteins that have been synthesized by consuming numerous 
amounts of ATP molecules.

Physiological ER stress occurs particularly in the brain, otic vesi-
cles, and notochord, and ATF6α/β double knockout showed a se-
vere defect in notochord development. We reasoned that the noto-
chord synthesizes and secretes large amounts of extracellular matrix 
proteins to serve as the body axis before formation of the vertebra. 
Indeed, various extracellular matrix proteins, such as laminins 
(Parsons et al., 2002), collagens (Gansner and Gitlin, 2008; Pagnon-
Minot et al., 2008), and fibrillins (Gansner et al., 2008), are known to 
be essential for the notochord formation in zebrafish. Of impor-
tance, morpholino-mediated knockdown of Col8a1-2 significantly 
but not completely mitigated ATF6α/β-mediated activation of BiP 
promoter in the notochord. Consistent with this observation, it was 

activates IRE1α/β to induce splicing of XBP1 mRNA constitutively. 
Double deletion of ATF6α and ATF6β significantly increased the ex-
tent of splicing of XBP1 mRNA. Microarray analysis revealed that 
more profound ER stress experienced in the embryos of ATF6α/β 
double knockout indeed activated the PERK pathway and the IRE1 

FIGURE 4: Effect of ATF6α/β double knockout on notochord development. Embryos at 2 dpf of 
ATF6α single knockout and ATF6α/β double knockout carrying the PBiP-EGFP reporter gene 
were analyzed by stereomicroscope (a, e), whole-mount in situ hybridization to detect Brachyury 
mRNA (b, f), fluorescence stereomicroscopy to visualize EGFP expression (c, g), and confocal 
microscopy to visualize EGFP expression (d, h). The embryo of ATF6α/β double knockout was 
analyzed for 1000 ms, 20-fold longer than that of ATF6α single knockout (50 ms) for detection of 
fluorescence. The red arrows indicate the notochord.
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differential tissue-dependent requirements for a particular pathway 
of the UPR, despite the fact that the three pathways function ubiqui-
tously. It also remains to be determined in the near future whether 
the lack of transcriptional induction of ER chaperones in ATF6α/β 
double knockout affects the function of the brain or otic vesicle.

In summary, we discovered the reason for the embryonic lethality 
caused by ATF6α/β double knockout by maximally using the advan-
tages of the medaka fish system. Synthesis of large amounts of ex-
tracellular matrix proteins gives rise to physiological ER stress in the 
developing notochord, which cannot extend to the tip without 
ATF6α/β-mediated adjustment of ER chaperone levels and thus 
without maintenance of the homeostasis of the ER.

MATERIALS AND METHODS
Fish
Medaka southern strain cab was used as wild-type fish. Fishes were 
maintained in a recirculating system with a 14:10–h light:dark cycle at 
27.5°C. All experiments were performed in accordance with the 
guidelines and regulations established by the Animal Research Com-
mittee of Kyoto University. EGFP imaging was performed under a fluo-
rescence stereomicroscope (M205FA; Leica, Wetzlar, Germany) using 
a GFP3 filter (470/40–nm excitation filter, 525/50–nm barrier filter) with 
a camera (Leica DFX310FX) and acquisition software (Leica las AF) or 

previously shown that Col8a1 is robustly expressed in the notochord 
of zebrafish (Gansner and Gitlin, 2008). Because Col8a1 was also 
shown to be strongly expressed in the jaw cartilages of zebrafish 
(Gansner and Gitlin, 2008), strong EGFP expression observed in the 
brain region of medaka fish most likely represents ATF6α/β-
mediated activation of BiP promoter in the cartilages, and thereby 
morpholino-mediated knockdown of Col8a1-2 significantly miti-
gated EGFP expression in the brain region.

Thus productive folding of these extracellular matrix proteins 
requires not only correct functioning of the ER chaperone BiP but 
also ATF6α/β-mediated transcriptional induction of ER chaperones, 
and the notochord cannot develop normally in the absence of such 
adjustment to the increased demands in the ER. This is reminiscent 
of the requirement of the IRE1-XBP1 pathway for the development 
of the liver (Reimold et al., 2000), the terminal differentiation of B 
cells into plasma cells (Reimold et al., 2001), and the development 
of exocrine glands (Lee et al., 2005), as well as that of the PERK 
pathway for maintenance of pancreatic β cells (Harding et al., 2001); 
all of these tissues synthesize and secrete large amounts of proteins. 
Nonetheless, for the first time to our knowledge we were able to 
track down a particular protein, Col8a1-2, as one of the contributing 
factors to ER stress that occurs physiologically and specifically acti-
vates the ATF6 pathway. An interesting question is what causes such 

FIGURE 6: Effect of overexpression of BiP mRNA on the defect in notochord development observed in BiP(S38P) 
homozygote or ATF6α/β double knockout. (A) Embryos at 2 dpf of wild-type fish (a) and BiP(S38P)-homozygote (b), 
as well as an embryo of BiP(S38P) homozygote into which in vitro–synthesized BiP mRNA had been microinjected at 
the one-cell stage (c), were analyzed by whole-mount in situ hybridization to detect Brachyury mRNA. The red arrow 
indicates the notochord. (B) Lengths of the notochord obtained in A were measured (n = 3), and means with SDs (error 
bars) are shown. **p < 0.01. (C) Embryos at 2 dpf of ATF6α single knockout (a–c) and ATF6α/β double knockout (d–f), as 
well as an embryo of ATF6α/β double knockout into which in vitro–synthesized BiP mRNA had been microinjected at the 
one-cell stage (g–i), were analyzed by whole-mount in situ hybridization to detect Brachyury mRNA (a, d, g), 
fluorescence microscopy to visualize EGFP expression (b, e, h), and confocal microscopy to visualize EGFP expression 
(c, f, i). Length of fluorescence detection was similar to that in Figure 4. The red arrow indicates the notochord. 
(D) Lengths of the notochord obtained in C were measured (n = 3), and means with SDs (error bars) are shown. 
**p < 0.01, *p < 0.05.
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1.65 μg samples of the labeled cRNA probes (two each from 
ATF6α/β double hetero and double knockout) were hybridized sep-
arately with a 4×44K Agilent oligo microarray designed by Minoru 
Tanaka and his colleagues, on which 44,000 medaka genes were 
spotted. Cyanine 3 fluorescence intensity of each spot was deter-
mined after subtraction of the respective background intensity using 
an Agilent G2565BA Microarray Scanner. The raw data were normal-
ized using GeneSpringGX (Agilent Technologies, version 11.5.1).

Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed according to the 
standard procedure (Kinoshita et al., 2009) using a digitonin-labeled 
RNA probe. Total RNA prepared from embryos at 6 dpf was sub-
jected to RT-PCR to amplify a Brachyury cDNA fragment using the 
primers 5′-AAGTACGTGAACGGGGAGTG-3′ and 5′-taatacgactcac-
tatagggAGTTGGGTGTGGAGTTGGAG-3′ (lowercase letters de-
note the sequence of the T7 promoter), which was then used as 
template to synthesize the RNA probe with a DIG RNA labeling kit 
(Roche, Indianapolis, IN).

Microinjection of mRNA synthesized in vitro, as well as 
morpholino, into embryo
The 5′-capped BiP mRNA was transcribed in vitro from BiP cDNA 
obtained previously (Ishikawa et al., 2011) with a mMESSAGE 
mMACHINE kit (Ambion, Austin, TX) and then microinjected into 
one-cell-stage embryos at the concentration of 1 μg/μl. Standard 
control morpholino or specific morpholino targeting the transla-
tional start site in Col8a1-2, LamB1-1, or LamC1 was microinjected 
into one-cell-stage embryos at the concentration of 1 mM. mRNA 
or morpholino dissolved in 0.5× Yamamoto’s buffer, 0.5× I-SceI buf-
fer, and 0.05% phenol red was microinjected using a FemtoJet 
(Eppendorf, Hauppauge, NY). Morpholino oligonucleotide se-
quences were 5′-GGGAAGACATGGCCAAAGCCTTTTC-3′ for 
Col8a1-2, 5′-ACCAAGACCAGAGCAAGCATGGAAC-3′ for LamB1-1, 
and 5′-ACAGTCCGCACAAAACTCTGCATCC-3′ for LamC1. All 
morpholinos were purchased from Gene Tools (Philomath, OR).

under a confocal microscopic system (Leica TCS SP2 system) using a 
63×/numerical aperture 1.40 objective lens at room temperature.

TILLING method
Previously ∼100 male fishes were randomly mutagenized and then 
crossed with wild-type female fishes, giving rise to a library of 5771 
mutated male fishes of N1, whose sperms and genomic DNA were 
cryopreserved (Taniguchi et al., 2006). PCR fragments amplified 
from this library were directly sequenced or subjected to high-reso-
lution melting curve analysis (Ishikawa et al., 2010) to identify de-
sired mutations. ATF6α and ATF6β single knockouts were obtained 
as described in the legend to Supplemental Figure S1. All ATF6-
knockout experiments were conducted by in-crossing ATF6α (N10) 
and ATF6β (N3) double heterozygotes carrying the PBiP-EGFP re-
porter gene. However, the phenotypes of ATF6α (N10) and ATF6β 
(N3) double homozygotes were not changed when ATF6α heterozy-
gotes (N10) and ATF6β heterozygotes (N10) were used for crossing. 
BiP(S38P) mutant was obtained as described in the legend to Sup-
plemental Figure S2. All BiP experiments were conducted by in-
crossing BiP(S38P) heterozygotes (N10).

Genotyping
Embryos or hatched fishes were suspended in 50 μl of lysis buffer 
(400 mM Tris/HCl, pH 8.0, containing 150 mM NaCl, 5 mM EDTA, 
0.1% Tween 20, and 1 mg/ml Proteinase K), incubated at 55°C for 
30 min, and then boiled for 10 min to inactivate Proteinase K. The 
DNA fragment containing the mutation site of ATF6α(K149), 
ATF6β(S143), or BiP(S38) was amplified by PCR directly from lysates 
using the primers 5′-AGTTTTCCCGTCTGCTCATC-3′ and 5′-TAACT-
GCAGTGCGTGCCTAT-3′ for ATF6α, 5′-TACATGTACGGAGACGT-
GCTG-3′ and 5′-GTCTGTGTCTGAATGCTGCTGAT-3′ for ATF6β, 
and 5′-TGAGCATCGAGAATAGAAGTAGTCC-3′ and 5′-GTATG-
CAGGGACAGTGACGA-3′ for BiP, and amplified fragments were 
directly sequenced.

Northern blot hybridization, RT-PCR, quantitative RT-PCR, 
and microarray analysis
Total RNA was extracted from embryos at 2 dpf or fishes at 1 dph by 
the acid guanidinium/phenol/chloroform method using Isogen 
(Nippon Gene, Tokyo, Japan). Northern blot hybridization was car-
ried out as described previously (Ishikawa et al., 2011). For quantita-
tive RT-PCR analysis, total RNA was purified by RNeasy MinElute 
(Qiagen, Valencia, CA), reverse transcribed using oligo dT primer, 
and then subjected to the ABI StepOne Real-Time PCR System us-
ing the primers 5′-CGGTATCCATGAGACCACCT-3′ and 5′-AGCA-
CAGTGTTGGCGTACAG-3′ for β-actin, 5′-CTGCTTCATCTCCT-
GACCTTG-3′ and 5′-TGCCACTTTTGGAGGGTTT-3′ for Col8a1-1, 
5′-CGCTTTCACAGCCATAGTGA-3′ and 5′-GCGGCCATTGTACAA-
GAGTT-3′ for Col8a1-2, 5′-TAATGAGGCCTGGACCAATC-3′ and 
5′-CAGGGAGGTCATCTGGTTGT-3′ for LamB1-1, and 5′-CGACAT-
GAGAGACGACCTGA-3′ and 5′-TGCAGTCTGCTGCTCACTCT-3′ 
for LamC1. For microarray analysis, total RNA from four embryos 
each of ATF6α/β double hetero and double knockout was mixed, 
purified through RNeasy micro kit (Qiagen), and checked for quality 
with an RNA 6000 Nano Assay using an Agilent 2100 Bioanalyser 
(Agilent Technologies, Santa Clara, CA). We subjected 100 and 
500 ng of total RNA to RT-PCR to detect ER stress–induced splicing 
of XBP1 mRNA and Northern blot hybridization, respectively, as de-
scribed previously (Ishikawa et al., 2011). We converted 150 ng of 
total RNA to cDNA, which we then transcribed with cyanine 3-CTP 
using a Low Input Quick Amp labeling kit, One-Color (Agilent Tech-
nologies). After purification through an RNeasy mini kit (Qiagen), 
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