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ABSTRACT. Mammalian transcription factor ATF6 is constitutively synthesized as a type Il transmembrane
protein embedded in the endoplasmic reticulum (ER). It is activated when unfolded proteins are accumulated in
the ER under ER stress through a process called regulated intramembrane proteolysis (Rip), in which ATF6 is
transported from the ER to the Golgi apparatus where it undergoes sequential cleavage by Site-1 and Site-2 pro-
teases. The cytosolic transcription factor domain of ATF6 liberated from the Golgi membrane enters the nucleus
where it activates transcription of ER-localized molecular chaperones and folding enzymes, leading to the main-
tenance of the homeostasis of the ER. Here, we analyzed M19 cells, a mutant of Chinese hamster ovary cells defi-
cient in Site-2 protease. It was previously shown that M19 cells are defective in the induction of mRNA encoding
the major ER chaperone BiP. In M19 cells, ATF6 was not converted from the membrane-bound precursor form
to the cleaved and nuclear form as expected. Moreover, some of the ATF6 was constitutively relocated to the
Golgi apparatus, where it was cleaved by Site-1 protease, and remained associated with the Golgi apparatus, indi-
cating that the ER of M19 cells was constitutively stressed. Consistent with this notion, the two other ER stress
response mediators, IRE1 and PERK, were also constitutively activated in M19 cells. M19 cells showed inefficient
secretion of a model protein. These results suggest that Rip-mediated activation of ATF6 is important for the

homeostasis of the ER in not only ER-stressed but also unstressed cells.
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Introduction

Newly synthesized secretory and transmembrane proteins
are folded and assembled in the endoplasmic reticulum
(ER), where an efficient quality control system operates
(Gething and Sambrook, 1992; Helenius et al., 1992).
Under a variety of conditions collectively termed ER stress,
however, the quality control system is hampered, resulting
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in the accumulation of unfolded proteins in the ER. Eukary-
otic cells cope with ER stress and maintain the homeostasis
of the ER by activating the unfolded protein response
(UPR). In mammals, three transmembrane proteins in the
ER have been identified as critical mediators of the UPR,
namely IRE1, PERK and ATF6 (Harding et al., 2002; Mori,
2000; Patil and Walter, 2001; Schroder and Kaufman,
2005).

Mammalian transcription factor ATF6 is synthesized as a
type Il transmembrane protein embedded in the ER (Haze
et al., 2001; Haze et al., 1999). Upon ER stress ATF6 is
cleaved via a process termed regulated intramembrane
proteolysis (Rip), resulting in the release of the N-terminal
region of ATF6 from the membrane (Ye et al., 2000). This
fragment, carrying the basic leucine zipper and transacti-
vation domains, is translocated into the nucleus where it
activates the transcription of ER-localized molecular chap-
erones and folding enzymes (collectively termed ER chap-
erones hereafter) by directly binding to the cis-acting ER



stress-response element (ERSE) present in the ER chaper-
one promoters, in collaboration with the general transcrip-
tion factor NF-Y (Okada et al., 2002; Yoshida et al., 1998;
Yoshida et al., 2000; Yoshida et al., 2001b). Induced ER
chaperones help maintain the homeostasis of the ER.

Rip relies on the sequential action of two proteases to
cleave substrate protein, namely Site-1 and Site-2 proteases
(S1P and S2P) in the case of ER membrane-bound tran-
scription factors with type II topology such as ATF6 and
sterol-regulatory element binding proteins (SREBPs);
SREBPs are activated when cellular cholesterol levels
decrease (Brown et al., 2000). As both S1P and S2P are
localized in the Golgi apparatus, these substrate transcrip-
tion factors must move from the ER to the Golgi apparatus
to be cleaved (DeBose-Boyd et al., 1999; Okada ef al.,
2003; Shen et al, 2002). Although the mechanism of
SREBP activation in response to cholesterol depletion has
been subjected to extensive analysis, that of ATF6 activa-
tion remains largely unknown.

The M19 mutant of Chinese hamster ovary (CHO) cells
is deficient in S2P (Hasan ef al., 1994; Rawson et al., 1997).
It was previously shown that M 19 cells are unable to induce
the expression of ERSE reporter gene or of the major ER
chaperone BiP at either mRNA or protein levels in response
to ER stress (Lee et al., 2002). This provided us the oppor-
tunity to investigate the activation status of ATF6 in M19
cells. Results suggest the importance of ER stress-induced
cleavage of ATF6 in not only ER-stressed cells but also
unstressed cells.

Materials and Methods

Cell culture, transfection and luciferase assay

CHO wild-type and M19 (Hasan ef al., 1994) cells were grown in
a 1:1 mixture of Ham’s F12 and Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 2 mM glutamine
and antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin
sulfate) in a 5% CO,, 95% air incubator at 37°C. Cells were trans-
fected with plasmid DNA as described previously (Nadanaka et
al., 2004) using Superfect (Qiagen) basically according to the
manufacturer’s instructions and then incubated at 37°C for an
appropriate time for expression of the transfected gene. The plas-
mid pECFP-N1-A1AT, used to express o.1-PI-CFP fusion protein,
was constructed previously (Nadanaka ef al., 2004). Reporter
luciferase assay was carried out according to our published proce-
dures (Yoshida ef al., 2000). pGL3-GRP78P(-132)-luc (Yoshida
et al., 1998) is called the ERSE reporter.

Reverse transcription-coupled PCR (RT-PCR) and
Northern blot hybridization

Total RNA was isolated from CHO cells by the acid guanidinium-
phenol-chloroform method using Isogen (Nippon Gene). One
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microgram of total RNA was treated with M-MLV reverse tran-
scriptase (Invitrogen) and then amplified by PCR with Ex-Taq
polymerase (Takara) using a pair of primers corresponding to
the nucleotides 359-378 (GCTTGTGATTGAGAACCAGG) and
611-630 (CTGGACAAGTTGGACCCTGT) of rat XBP1 ¢cDNA
(GenelD: 289754; cDNA clone MGC: 94999 IMAGE: 7115933).

Total RNA was also analyzed by standard Northern blot hybrid-
ization (Sambrook et al., 1989) using an Alkphos direct labeling
and detection system (GE Healthcare). Chemiluminescence was
visualized using an LAS-1000plus Luminolmage analyzer (Fuji
Film).

Immunological techniques

Immunoblotting analysis was carried out according to the standard
procedure (Sambrook et al., 1989) as described previously (Okada
et al., 2002) using Western Blotting Luminol Reagent (Santa Cruz
Biotechnology). Chemiluminescence was detected using an LAS-
1000plus Luminolmage analyzer (Fuji Film). ATF6o was detected
with rabbit anti-ATF6a. polyclonal antibody (Haze et al., 1999).
Goat anti-ribophorin I polyclonal antibody (C-15) was purchased
from Santa Cruz. Mouse anti-GM130 monoclonal antibody and
rabbit anti-phosphorylated elF2a. polyclonal antibody were obtained
from BD Transduction Laboratories and Cell Signaling Technol-
ogy, respectively. Anti-KDEL monoclonal antibody, anti-calnexin
carboxy terminus polyclonal antibody, anti-calreticulin polyclonal
antibody, and anti-PDI antibody were purchased from Stressgen.
A.v. peptide antibody against green fluorescent protein (GFP) was
obtained from Clonetech.

Immunoprecipitation and indirect immunofluorescence were
carried out essentially as described previously (Nadanaka et al.,
2004). Anti-PERK antibody was the kind gift of Dr. D. Ron (New
York University School of Medicine). Anti-GFP monoclonal anti-
body (mixture of clone 7.1 and 13.1) was purchased from Roche.

Discontinuous sucrose gradient centrifugation

CHO cells were scraped after being washed once with 1 ml of PBS
containing protease inhibitor cocktail (Nacalai Tesque) and 10 mM
MG132. Cells of 8 dishes were pooled, suspended in 200 pl of
sucrose buffer (10 mM HEPES-KOH, pH 7.4, containing 0.25 M
sucrose, | mM EDTA, protease inhibitor cocktail, and 10 mM N-
ethylmaleimide), and homogenized with 30 strokes using a dounce
tissue homogenizer (1-ml size, Wheaton). After the addition of
200 pl of sucrose buffer, cells were further homogenized with 20
strokes and then centrifuged at 1,000xg for 5 min at 4°C. Two
hundred-microliter aliquots of the resulting supernatant were laid
on the top of a discontinuous sucrose gradient consisting of five
layers of 200 ul each with distinct sucrose concentrations (20%,
30%, 40%, 50%, and 60% from top to bottom) and centrifuged at
4°C at 50,000 rpm for 30 min in a S55S-1096 rotor (Hitachi) using
a Himac CS 150 GXL microultracentrifuge (Hitachi), with decel-
eration performed without braking. Six fractions of 200 pl each
were then collected from the top.
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Results

Defective induction of the ER chaperone BiP
in M19 cells

Transcriptional induction of ER chaperones in response to
ER stress is mediated by the cis-acting ERSE present in
their promoter regions (Yoshida ef al., 1998). The degree of
ERSE-mediated transcription has been monitored using
human BiP promoter carrying three functional ERSEs fused
to firefly luciferase gene as a reporter. As shown in Fig. 1A,
luciferase activity expressed from the ERSE reporter
was induced in wild-type (WT) CHO cells treated with
tunicamycin, which causes ER stress by inhibiting protein
N-glycosylation (Kaufman, 1999). In contrast, luciferase
activity was not induced at all in M19 CHO cells deficient in
S2P. Accordingly, the induction of BiP mRNA in response
to treatment with tunicamycin or thapsigargin (which
causes ER stress by inhibiting ER Ca?*-ATPase) (Kaufman,
1999) observed in WT cells was abolished almost com-
pletely in M19 cells (Fig. 1B). These results are consistent
with those reported previously (Lee ef al., 2002) and suggest
the necessity of Rip-mediated activation of ATF6 in ERSE-
mediated transcriptional enhancement. In Fig. 1B, mRNA
encoding asparagine synthetase served as a control (Okada
et al., 2002); the expression of asparagine synthetase is
regulated by the PERK pathway of the UPR and was induced
similarly in WT and M19 cells. These results prompted us
to examine the activation status of ATF6 in M19 cells,
which to our knowledge has yet to be investigated.

Activation status of ATF6 in M19 cells

Mammalian ER expresses two types of ATF6 ubiquitously,
designated ATF6a and ATF6p (Haze et al., 2001; Haze et
al., 1999). Although ATF6[ appears less active in transcrip-
tion than ATF6a (Thuerauf et al., 2004), no significant
difference in activation process has been noticed between
them. We therefore focused on ATF6a in this report. The
activation status of ATF6a was checked by immunob-
lotting. As shown in Fig. 2A, ATF6a was expressed as a
membrane-bound precursor form, pATF6a(P), in unstressed
WT cells (lane 1) and was cleaved to produce pATF60u(N),
a nuclear form, in response to dithiothreitol treatment (lane
2), which causes ER stress by reducing disulfide bridges
(Kaufman, 1999). In contrast, a cleaved form of ATF6o was
detected in M19 cells in both the absence (lane 3) and
presence (lane 4) of dithiothreitol, suggesting that the ER of
M109 cells are constitutively stressed, leading to constitutive
cleavage of ATF6a. Consistent with this notion is the phos-
phorylation status of the a subunit of eukaryotic initiation
factor 2 (elF2a). elF2a is known to be rapidly phosphory-
lated upon ER stress to attenuate translation (Ron, 2002)
and this was indeed the case in WT cells (Fig. 2A, compare
lane 2 with lane 1). In contrast, the level of phosphorylated
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Fig. 1.  Comparison of induction of ERSE reporter and BiP genes in WT
and M19 cells. (A) WT and M19 cells were transfected with the ERSE
reporter gene carrying human BiP promoter (—132 to +7) fused to firefly
luciferase gene together with reference plasmid carrying Renilla luciferase.
Twelve hours later transfected cells were incubated in the presence (closed
boxes) or absence (open boxes) of 10 pg/ml tunicamycin (Tm) for 16 h.
Luciferase activity was determined and is expressed as relative activity,
namely the ratio of firefly luciferase activity to Renilla luciferase activity.
(B) WT and M19 cells were treated with 10 pg/ml tunicamycin (Tm, upper
panel) or 1 pM thapsigargin (Tg, lower panel) for the indicated periods.
Total RNA was isolated and analyzed by Northern blot hybridization using
a cDNA probe specific to BiP, asparagine synthetase (Asn-S) or GAPDH.

elF2a in unstressed M 19 cells was already comparable with
that in ER-stressed WT cells (compare lane 3 with lane 2)
and was further increased after dithiothreitol treatment
(compare lane 4 with lane 3).

Ectopic expression of pATF6a(N) has been shown to
induce transcription of various ER chaperone genes in the



WT
+

S ——

M19

DTT

— pATF60(P)

pA'(I)'Ir:G(x(I)
: pATF60/(N)
S —————— ®-eIF20c

1 2 3
B £ 2
= =
S ted - PATFB0(P)
st |- pATF60(1)

E|~ Calreticulin

~- — Calnexin
e S —PDI
1 2

Fig.2. Comparison of activation status of ATF6a in WT and M19
cells. (A) WT and M19 cells were treated with (+) or without () 1 mM
dithiothreitol (DTT) for 0.5 h. Cell lysates were prepared and analyzed
by immunoblotting using anti-ATF6a or anti-phosphorylated elF2a anti-
body. The migration positions of pATF6o(P), pATF60(I) or pATF6a(N),
and phosphorylated elF2a are indicated. (B) Lysates of unstressed WT
and M19 cells were prepared and analyzed by immunoblotting using anti-
ATF6a, anti-KDEL, anti-calreticulin, anti-calnexin or anti-PDI antibody.
Anti-KDEL and anti-PDI antibodies recognize BiP and protein disulfide
isomerase, respectively.

absence of ER stress (Okada er al., 2002). However, the
levels of various ER chaperones constitutively expressed in
M19 cells were similar to those expressed in WT cells (Fig.
2B). Thus, the cleaved form of ATF6a detected in M19
cells was not active in transcription. We reasoned that the
cleaved form of ATF6a detected in M19 cells represented
an intermediate form of ATF6a, pATF6oa(I), which had
been cleaved by the first Rip protease, S1P, but not yet by
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the second Rip protease, S2P, which is deficient in M19
cells. We also reasoned that because the S1P cleavage site is
close to that of S2P, the size of pATF6a(]) is similar to that
of pATF6a(N). If this is the case, pATF6o(I) would be
expected to be localized in the Golgi apparatus, given that
SI1P and S2P are considered to be present in the Golgi
apparatus and come into contact with their substrates only
after the substrates relocate from the ER to the Golgi appa-
ratus (DeBose-Boyd ef al., 1999).

We then determined the localization of ATF6a by immu-
nofluorescence analysis using anti-ATF6a antibody, as fol-
lows. As shown in Fig. 3A, WT cells showed perinuclear
staining for ATF6a (panel b), which overlapped with the
staining with anti-KDEL antibody: anti-KDEL antibody
recognized some of the ER chaperones such as BiP and
GRP94 (panel a), but this staining for ATF6a differed from
staining with anti-GM130 antibody specific to a protein in
the Golgi apparatus (panel d). M19 cells also showed peri-
nuclear staining for ATF6a (panel h); however, part of this
staining did not overlap with that obtained with anti-KDEL
antibody (panel g) but rather merged with that with anti-
GM130 antibody (panel j). These results indicate that
ATF6a was localized exclusively in the ER in WT cells but
was present in both the ER and Golgi apparatus in M19
cells. To confirm this finding and to determine which form
is localized in the Golgi apparatus, we fractionated WT and
M19 cells by sucrose density gradient centrifugation (Fig.
3B). Ribophorin I, an ER marker, was recovered in the
heavy fractions (1 and 2) while the Golgi marker GM130
was recovered mainly in the lightest fractions (6). Under the
conditions used, pATF60o(P) was detected in the heavy frac-
tions in both WT and M19 cells, whereas pATF6a(I) was
detected in the lightest fractions. These results demonstrate
that some ATF6a molecules are translocated to the Golgi
apparatus, cleaved by S1P, and remain associated with the
Golgi apparatus in unstressed M 19 cells.

As pATF6a(l) is larger than pATF6a(N) by approxi-
mately 40 amino acids (Ye ef al., 2000), pATF60,(I) should
migrate more slowly than pATF6a(N) on SDS-PAGE with
better resolution, as was achieved in Fig. 4. In WT cells,
pATF60(N) was produced only after treatment with tunica-
mycin (lanes 1-5) or thapsigargin (lanes 11-15). In M19
cells, pATF60/(I) was constitutively produced (lanes 6 and
16), consistent with the results shown in Fig. 2, whereas
pATF60(N) was not produced at all even after treatment
with ER stress inducers. The inability of ER-stressed M19
cells to produce pATF6a(N) due to the absence of S2P is
considered to result in the defective induction of ERSE
reporter and ER chaperone genes as shown in Fig. 1.

Constitutive ER stress in M19 cells

We next examined the activation status of IRE1 and PERK
in M19 cells, which are also activated in response to ER
stress. IRE1 is a transmembrane protein in the ER which
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Fig. 3. Comparison of localization of ATF6a in WT and M19 cells.

(A) Unstressed WT and M19 cells were fixed and stained with anti-KDEL
(panels a and g), anti-ATF60 (panels b, e, h, and k) or anti-GM130 (panels
d and j) antibody. (B) Unstressed WT and M19 cells were homogenized
and fractionated by sucrose density gradient centrifugation. Aliquots of the
resulting six fractions were analyzed by immunoblotting using anti-
ATF6a, anti-ribophorin I or anti-GM130 antibody.

possesses protein kinase and endoribonuclease activity on
its cytosolic side (Mori, 2003). ER stress-induced oligo-
merization and autophosphorylation of IRE1 result in the
initiation of unconventional (frame switch) splicing, whose
substrate in mammalian cells is XBP1 mRNA encoding
the UPR-specific transcription factor XBP1 (Yoshida et al.,
2001a). Because the nucleotide sequence of hamster XBP1
gene and its cDNA have not been deposited in the data
bank, we amplified a fragment encompassing the putative
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Fig. 4. Comparison of ATF6 activation in WT and M19 cells. WT and
M19 cells were treated with 10 pg/ml tunicamycin (Tm, upper panel) or 1
uM thapsigargin (Tg, lower panel) for the indicated periods. Lysates were
prepared and analyzed by immunoblotting using anti-ATF6a. antibody.
pATF60(P") denotes the non-glycosylated form of pATF60.(P).

splice site of hamster XBP1 mRNA by RT-PCR using RNA
isolated from unstressed WT cells as template and a pair of
primers corresponding to the rat XBP1 mRNA sequence.
Sequences around the splice sites of rat, mouse and human
XBP1 ¢cDNA are shown in Fig. 5A, where U and S stand for
unspliced and spliced, respectively. On RT-PCR analysis,
a band of expected size (272 bp) was obtained from
unstressed cells (Fig. 5B, upper panel, lanes 1 and 5). In
contrast, a smaller band was amplified (Fig. 5B, upper
panel, lanes 2—4 and 6—8) when RT-PCR analysis was car-
ried out on RNA isolated from WT cells which had been
treated with thapsigargin or tunicamycin. Sequencing analy-
sis showed that this smaller band lacked 26 bp present in
the 272 bp band, as shown in Fig. 5A (compare hamster
XBP1(U) with XBPI1(S)). Thus, hamster XBP1 mRNA is
spliced in response to ER stress, and its exon-intron bound-
ary is identical to those of mouse and human XBP1 mRNA.
It should be noted that, as with these other species, the 3'
intron-exon boundary of hamster XBP1 contains a Pstl site
(Fig. 5A). Accordingly, the RT-PCR product amplified
from unspliced XBP1 mRNA was digested with Pstl to pro-
duced 2 fragments, whereas that from spliced XBP1 mRNA
was not (Fig. 5B, bottom panel). These findings allowed
us to determine the activation status of IRE1 in M19 cells.
Results of RT-PCR analysis showed that almost all RT-
PCR product amplified from RNA in unstressed WT cells
corresponded to unspliced XBP1 mRNA (Fig. 5C, lane 1)
and was digested with Pstl (lane 2). In contrast, a majority
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A Pstl
hamster XBP1 (U) GGTCTGCTGAGTCCGCAGCACTCAGACTACGTGCACCTCTGCAGCAGGTGCAGGCCC
hamster XBP1l(S) GGTCTGCTGAGTCCG CAGCAGGTGCAGGCCC
Rat XBP1 (U) GGTCTGCTGAGTCCGCAGCACTCAGACTACGTGCGCCTCTGCAGCAGGTGCAGGCCC
Mouse XBP1 (U) GGTCTGCTGAGTCCGCAGCACTCAGACTATGTGCACCTCTGCAGCAGGTGCAGGCCC
Mouse XBP1(S) GGTCTGCTGAGTCCG CAGCAGGTGCAGGCCC
Human XBP1 (U) GGTCTGCTGAGTCCGCAGCACTCAGACTACGTGCACCTCTGCAGCAGGTGCAGGCCC
Human XBP1 (S) GGTCTGCTGAGTCCG: CAGCAGGTGCAGGCCC
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Fig. 5. Comparison of activation status of IRE1 and PERK in WT and M19 cells. (A) XBP1 ¢cDNA sequences of various species around the splice sites
are aligned with identical nucleotides (shaded). XBP1(U) and XBP1(S) represent unspliced and spliced XBP1, respectively. The position of the PstI site is
indicated. (B) WT cells were treated with 1 uM thapsigargin (Tg, lanes 1-4) or 2 pg/ml tunicamycin (Tm, lanes 5-8) for the indicated periods. Total RNA
was isolated and subjected to RT-PCR analysis to amplify a fragment encompassing the splice site. Resulting products were digested with (lower panel) or
without (upper panel) Pstl and then separated by 4% agarose gel electrophoresis. The migration positions of unspliced and spliced fragments as well as Pstl
digests of unspliced fragment are indicated. The asterisk denotes a fragment amplified non-specifically. (C) Total RNA was isolated from unstressed WT
and M19 cells and subjected to RT-PCR analysis. Resulting products were analyzed as in (B). (D) Unstressed WT and M19 cells were lysed and subjected
to immunoprecipitation using anti-PERK antibody. The immunoprecipitates were analyzed by immunoblotting using the same antibody. The migration
positions of PERK and phosphorylated PERK are indicated. Lysates of unstressed WT and M19 were also analyzed by immunoblotting using anti-phospho-
rylated elF2a antibody.

of the RT-PCR product amplified from RNA in unstressed shown in Fig. 5D, PERK was inactive in WT cells (lane 1)
MI19 cells corresponded to spliced XBP1 mRNA (lane 3) but some PERK molecules were phosphorylated and thus
and was not cleaved by Pstl (lane 4), suggesting that M19 activated in M19 cells (lane 2). Accordingly, the level of

cells are ER stressed constitutively. phosphorylated elF20 was elevated in M19 cells (lane 2) as
PERK is a transmembrane protein kinase in the ER. compared with that in WT cells (lane 1), consistent with the

When activated by ER stress-induced oligomerization and  results shown in Fig. 2A.

autophosphorylation, PERK phosphorylates elF2a., leading We then examined whether the synthesis and secretion of

to a general attenuation of translation and a reduction in the secretory proteins are affected in M19 cells using ol-

burden incurred by the ER when the folding process is dis- proteinase inhibitor (a1-PI, also called al-antitrypsin) as a

turbed (Ron, 2002). We thus checked the activation status model protein. We showed previously that this glycoprotein
of PERK by detecting the phosphorylated form of PERK. was secreted into medium in unstressed CHO cells but
As the expression level of PERK is low, lysates of WT and  retained in the ER when cells were treated with tunicamycin
MI19 cells were subjected to immunoprecipitation using (Nadanaka et al., 2004). WT and M19 cells were transfected
anti-PERK antibody, and then the immunoprecipitates were with plasmid to express o1-PI fused to cyan-emitting green
analyzed by immunoblotting using the same antibody. As fluorescent protein (CFP) together with plasmid to express
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Fig. 6. Comparison of synthesis and secretion of a.1-PI-CFP in WT and
M19 cells. WT and M19 cells were transfected with plasmid to express o.1-
PI-CFP together with plasmid to express GFP alone. Five hours later trans-
fected cells were incubated with (+) or without (—) 2 pg/ml tunicamycin
(Tm) for 6 h. o.1-PI-CFP and GFP were immunoprecipitated from both cell
lysates and medium using anti-GFP antibody. The immunoprecipitates
were analyzed by immunoblotting using anti-GFP antibody. Extracellular
o1-PI-CFP migrated more slowly than intracellular o1-PI-CFP due to the
conversion of its carbohydrate moieties from endoglycosidase H-sensitive
form (endoH-S) to endoglycosidase H-resistant form (endoH-R). -CHO
denotes the non-glycosylated forms of o.1-PI-CFP.

GFP alone, which served as a control because GFP is not
secreted. o1-PI-CFP and GFP were immunoprecipitated
from cell lysates and medium using anti-GFP antibody, and
the immunoprecipitates were analyzed by immunoblotting
using anti-GFP antibody. Results showed that the levels of
intracellular o.1-PI-CFP and GFP were similar in WT and
M19 cells (Fig. 6, compare lanes 7 and 5), while the level of
extracellular a1-PI-CFP in M 19 cells was nearly half of that
in WT cells (Fig. 6, compare lane 3 with lane 1), suggesting
that the folding and maturation of secretory proteins are
compromised in the stressed ER of M19 cells. Importantly,
however, secretion of al-PI-CFP was blocked when WT
and M19 cells were treated with tunicamycin (Fig. 6, lanes
2 and 4) and a1-PI-CFP was accumulated intracellularly as
the unglycosylated form (Fig. 6, lanes 6 and 8), indicating
that a quality control system operates normally in M19 cells
even though the ER of M 19 cells are stressed constitutively.

Discussion

Rip is a mechanism conserved from bacteria to humans. A
functional protein is synthesized as part of a large trans-
membrane protein and utilized by excision when its function
is required by the cell (Brown et al., 2000). In mammals,
Rip substrates are often ER membrane-bound transcription
factors. SREBPs with a hairpin structure are responsible for
cholesterol homeostasis (Brown and Goldstein, 1999). On
the other hand, transmembrane proteins with type II topol-
ogy, such as ATF6, OASIS (Kondo et al., 2005), and
CREB-H (Zhang et al., 2006), are involved in the UPR
where they maintain the homeostasis of the ER. Interest-
ingly, these ER membrane-bound transcription factors are

cleaved by the same two proteases localized in the Golgi
apparatus, S1P and S2P, even though their activation is
triggered by different stimuli (Ye ef al., 2000). SREBPs are
translocated from the ER to the Golgi apparatus to be
cleaved when cellular cholesterol levels decrease (DeBose-
Boyd et al., 1999), whereas ATF6, OASIS and CREB-H
relocate from the ER to the Golgi apparatus when unfolded
proteins accumulate in the ER (Kondo et al., 2005; Okada
et al., 2003; Shen et al., 2002; Zhang et al., 2006). By
these means, diverse cellular function can be regulated by a
single Rip mechanism.

Although the role of ATF6 in the UPR is not fully under-
stood, its importance is supported by the following obser-
vations. First, overexpression of a dominant negative form of
ATF6 blocked the induction of mRNA encoding the major
ER chaperone BiP in response to ER stress (Haze ef al.,
2001). Second, ectopic expression of pATF6(N), a cleaved
and nuclear form of ATF6, was sufficient for transcriptional
induction of several ER chaperones in the absence of ER
stress (Okada et al., 2002). Third, the protease inhibitor
AEBSF can block ER stress-induced cleavage of ATF6 by
inhibiting S1P and the induction of BiP mRNA in response
to ER stress (Okada et al., 2003).

The availability of a CHO mutant cell deficient in S2P,
the M19 cell, has provided the opportunity to determine the
role of Rip in the UPR. In WT cells, ATF6a was cleaved
by S1P and S2P sequentially to produce pATF60(N) in
response to ER stress (Fig. 4). Accordingly, ERSE-mediated
transcription was activated in the nucleus (Fig. 1A) and BiP
mRNA was well induced (Fig. 1B). In marked contrast,
ATF6a was cleaved by S1P but not by S2P, and the result-
ing pATF60(I) therefore remained associated with the Golgi
apparatus in M19 cells (Figs. 3 and 4), leading to no tran-
scriptional activation through ERSE and little induction of
BiP mRNA (Fig. 1). Because other UPR regulators con-
trolled by mammalian Rip exhibit tissue-specific expres-
sion, e.g. OASIS in astrocytes (Kondo et al., 2005) and
CREB-H in liver (Zhang et al., 2006), these results strongly
suggest that ATF6 is indispensable to the induction of ER
chaperones in response to ER stress. Furthermore, even if
they were expressed in CHO cells, their contribution to the
ERSE-mediated induction of ER chaperones would be
marginal because CREB-H enhances UPR element-mediated
transcription but not ERSE-mediated transcription (Zhang
et al., 2006) and because OASIS prefers cAMP-response
element to ERSE (Kondo et al., 2005). Nonetheless, a final
conclusion must await the construction and characterization
of ATF6-knockout mice, which is in progress in our labora-
tory.

It is noteworthy that IRE1 and PERK in addition to ATF6
were constitutively activated, and that thus the ER of M19
cells are stressed constitutively (Fig. 5). Indeed, secretion of
o 1-PI-CFP was less efficient in M19 cells (Fig. 6). This
suggests that ATF6-mediated induction of ER chaperones is
required to maintain folding capacity in the ER even under



normal conditions. Without ATF6 activation, ER chaperone
levels are not adjusted to the needs of the ER, and the pro-
ductive folding process is compromised. This leads us to
suggest that ATF6-mediated transcriptional induction of ER
chaperones is important not only in ER-stressed but also
unstressed cells.

Acknowledgements. We are grateful to Dr. T.Y. Chang (Dartmouth Col-
lege, Hanover, NH) and Dr. D. Ron for providing us M19 cells and anti-
PERK antibody, respectively. We thank Ms. Kaoru Miyagawa for techni-
cal and secretarial assistance. This work was supported in part by grants
from the Ministry of Education, Culture, Sports, Science and Technology
of Japan (14037233 and 15GS0310 to K. M.).

References

Brown, M.S. and Goldstein, J.L. 1999. A proteolytic pathway that controls
the cholesterol content of membranes, cells, and blood. Proc. Natl.
Acad. Sci. USA, 96: 11041-11048.

Brown, M.S., Ye, J., Rawson, R.B., and Goldstein, J.L. 2000. Regulated
intramembrane proteolysis: a control mechanism conserved from
bacteria to humans. Cell, 100: 391-398.

DeBose-Boyd, R.A., Brown, M.S., Li, W.P., Nohturfft, A., Goldstein, J.L.,
and Espenshade, P.J. 1999. Transport-dependent proteolysis of SREBP:
relocation of site-1 protease from Golgi to ER obviates the need for
SREBP transport to Golgi. Cell, 99: 703-712.

Gething, M.J. and Sambrook, J. 1992. Protein folding in the cell. Nature,
355: 33-45.

Harding, H.P., Calfon, M., Urano, F., Novoa, 1., and Ron, D. 2002. Tran-
scriptional and translational control in the mammalian unfolded protein
response. Annu. Rev. Cell. Dev. Biol., 18: 575-599.

Hasan, M.T., Chang, C.C., and Chang, T.Y. 1994. Somatic cell genetic
and biochemical characterization of cell lines resulting from human
genomic DNA transfections of Chinese hamster ovary cell mutants
defective in sterol-dependent activation of sterol synthesis and LDL
receptor expression. Somat. Cell Mol. Genet., 20: 183—194.

Haze, K., Okada, T., Yoshida, H., Yanagi, H., Yura, T., Negishi, M., and
Mori, K. 2001. Identification of the G13 (cAMP-response-element-
binding protein-related protein) gene product related to activating
transcription factor 6 as a transcriptional activator of the mammalian
unfolded protein response. Biochem. J., 355: 19-28.

Haze, K., Yoshida, H., Yanagi, H., Yura, T., and Mori, K. 1999. Mamma-
lian transcription factor ATF6 is synthesized as a transmembrane protein
and activated by proteolysis in response to endoplasmic reticulum stress.
Mol. Biol. Cell, 10: 3787-3799.

Helenius, A., Marquardt, T., and Braakman, I. 1992. The endoplasmic
reticulum as a protein folding compartment. Trends Cell Biol., 2: 227—
231.

Kaufman, R.J. 1999. Stress signaling from the lumen of the endoplasmic
reticulum: coordination of gene transcriptional and translational controls.
Genes Dev., 13: 1211-1233.

Kondo, S., Murakami, T., Tatsumi, K., Ogata, M., Kanemoto, S., Otori, K.,
Iseki, K., Wanaka, A., and Imaizumi, K. 2005. OASIS, a CREB/ATF-
family member, modulates UPR signalling in astrocytes. Nat. Cell Biol.,
7:186—194.

Lee, K., Tirasophon, W., Shen, X., Michalak, M., Prywes, R., Okada, T.,
Yoshida, H., Mori, K., and Kaufman, R.J. 2002. IRE1-mediated uncon-
ventional mRNA splicing and S2P-mediated ATF6 cleavage merge to
regulate XBP1 in signaling the unfolded protein response. Genes Dev.,
16: 452-466.

Mori, K. 2000. Tripartite management of unfolded proteins in the endo-
plasmic reticulum. Cell, 101: 451-454.

Mori, K. 2003. Frame switch splicing and regulated intramembrane

116

S. Nadanaka et al.

proteolysis: key words to understand the unfolded protein response.
Traffic, 4: 519-528.

Nadanaka, S., Yoshida, H., Kano, F., Murata, M., and Mori, K. 2004. Acti-
vation of mammalian unfolded protein response is compatible with the
quality control system operating in the endoplasmic reticulum. Mol.
Biol. Cell, 15: 2537-2548.

Okada, T., Haze, K., Nadanaka, S., Yoshida, H., Seidah, N.G., Hirano, Y.,
Sato, R., Negishi, M., and Mori, K. 2003. A serine protease inhibitor
prevents endoplasmic reticulum stress-induced cleavage but not trans-
port of the membrane-bound transcription factor ATF6. J. Biol. Chem.,
278:31024-31032.

Okada, T., Yoshida, H., Akazawa, R., Negishi, M., and Mori, K. 2002.
Distinct roles of activating transcription factor 6 (ATF6) and double-
stranded RNA-activated protein kinase-like endoplasmic reticulum
kinase (PERK) in transcription during the mammalian unfolded protein
response. Biochem. J., 366: 585-594.

Patil, C. and Walter, P. 2001. Intracellular signaling from the endoplasmic
reticulum to the nucleus: the unfolded protein response in yeast and
mammals. Curr. Opinion Cell Biol., 13: 349-356.

Rawson, R.B., Zelenski, N.G., Nijhawan, D., Ye, J., Sakai, J., Hasan, M.T.,
Chang, T.Y., Brown, M.S., and Goldstein, J.L. 1997. Complementation
cloning of S2P, a gene encoding a putative metalloprotease required for
intramembrane cleavage of SREBPs. Mol. Cell, 1: 47-57.

Ron, D. 2002. Translational control in the endoplasmic reticulum stress
response. J. Clin. Invest., 110: 1383—1388.

Sambrook, J., Fritsch, E.F., and Maniatis, T. 1989. Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, New York.

Schroder, M. and Kaufman, R.J. 2005. The mammalian unfolded protein
response. Annu. Rev. Biochem., 74: 739-789.

Shen, J., Chen, X., Hendershot, L., and Prywes, R. 2002. ER stress regula-
tion of ATF6 localization by dissociation of BiP/GRP78 binding and
unmasking of Golgi localization signals. Dev. Cell, 3: 99-111.

Thuerauf, D.J., Morrison, L., and Glembotski, C.C. 2004. Opposing roles
for ATF6alpha and ATF6beta in ER stress response gene induction. J.
Biol. Chem., 279: 21078-21084.

Ye, J., Rawson, R.B., Komuro, R., Chen, X., Dave, U.P., Prywes, R.,
Brown, M.S., and Goldstein, J.L. 2000. ER stress induces cleavage of
membrane-bound ATF6 by the same proteases that process SREBPs.
Mol. Cell, 6: 1355-1364.

Yoshida, H., Haze, K., Yanagi, H., Yura, T., and Mori, M. 1998. Identifi-
cation of the cis-acting endoplasmic reticulum stress response element
responsible for transcriptional induction of mammalian glucose-regu-
lated proteins; involvement of basic-leucine zipper transcription factors.
J. Biol. Chem., 273: 33741-33749.

Yoshida, H., Matsui, T., Yamamoto, A., Okada, T., and Mori, K. 2001a.
XBP1 mRNA is induced by ATF6 and spliced by IRE1 in response to
ER stress to produce a highly active transcription factor. Cell, 107: 881—
891.

Yoshida, H., Okada, T., Haze, K., Yanagi, H., Yura, T., and Mori, K. 2000.
ATF6 activated by proteolysis directly binds in the presence of NF-Y
(CBF) to the cis-acting element responsible for the mammalian unfolded
protein response. Mol. Cell Biol., 20: 6755-6767.

Yoshida, H., Okada, T., Haze, K., Yanagi, H., Yura, T., Negishi, M., and
Mori, K. 2001b. Endoplasmic reticulum stress-induced formation of
transcription factor complex ERSF including NF-Y (CBF) and activat-
ing transcription factors 6o and 6f that activates the mammalian
unfolded protein response. Mol. Cell Biol., 21: 1239-1248.

Zhang, K., Shen, X., Wu, J., Sakaki, K., Saunders, T., Rutkowski, D.T.,
Back, S.H., and Kaufman, R.J. 2006. Endoplasmic reticulum stress acti-
vates cleavage of CREBH to induce a systemic inflammatory response.
Cell, 124: 587-599.

(Received for publication, July 28, 2006 and accepted, September 1, 2006)



