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Background: Endoplasmic reticulum (ER) stress initiates apoptosis by an unknown mechanism.
Results: ATF6, a component of the cytoprotective mechanism triggered by ER stress, or a newly identified effector of ATF6
mediates apoptosis with reduction of an anti-apoptotic protein.
Conclusion: There is a potential link between ATF6 and an apoptotic regulator.
Significance: The ATF6 pathway may control switching the cell fate from self-defense to self-destruction.

Endoplasmic reticulum (ER) stress is involved in both physi-
ological and pathological apoptosis. ER stress triggers the
unfolded protein response (UPR), which can then initiate apo-
ptosis, when the cell fails to restore ER homeostasis. However,
themechanismemployed by theUPR to lead cells into apoptosis
is unknown. Among the three proximal sensors of ER stress,
activating transcription factor-6 (ATF6) is specifically activated
in apoptotic myoblasts during myoblast differentiation. This
implies that active ATF6 has the ability to mediate apoptosis.
Here, we demonstrate that overexpression of active ATF6
induced apoptosis in myoblast cells. Moreover, coexpression of
a dominant negative form of ATF6 suppressed apoptosis. This
suggested that apoptosis-related pathways depended on ATF6-
mediated transcription activation. ATF6 caused up-regulation
of the WBP1 (WW domain binding protein 1), probably via an
indirect mechanism. Furthermore, WBP1 was also found to be
proapoptotic. The silencing of WBP1 with small hairpin RNAs
caused partial, but significant suppression of ATF6-induced
apoptosis. Overexpression of active ATF6 or WBP1 caused a
specific reduction in an anti-apoptotic protein, Mcl-1 (myeloid
cell leukemia sequence 1). This suggested a molecular link
between the UPR and an apoptosis regulator. Neither Bcl-2 nor
Bcl-xL were reduced upon apoptosis induction in C2C12 cells
that overexpressed ATF6 orWBP1. Cells treated with ER stres-
sors underwent apoptosis concomitant with an up-regulation of
WBP1 and suppression of Mcl-1. These results suggested that
Mcl-1 is a determinant of cell fate, andATF6mediates apoptosis
via specific suppression of Mcl-1 through up-regulation of
WBP1.

Endoplasmic reticulum (ER)2 stress occurs when ER home-
ostasis is lost due to an overload of protein folding in the ER (1).
ER stress triggers an evolutionarily conserved response termed
the unfolded protein response (UPR) (2). The UPR alters tran-
scriptional and translational programs to cope with the accu-
mulation of unfolded ormisfolded proteins. Failure to resolve a
protein-folding defect and restore ER homeostasis induces the
UPR to initiate apoptosis. This protects the organismby remov-
ing the stressed cell (2, 3). ER stress-induced apoptosis is
involved in many diseases (1), but it is also observed during
normal development (4).
The UPR is mediated by three ER-resident transmembrane

proteins that sense ER stress and signal downstream pathways.
These proximal sensors include the kinase and ribonuclease
IRE1, the eIF2� kinase PERK, and activating transcription fac-
tor-6 (ATF6) (5). ER stress induces the autophosphorylation
and activation of IRE1 andPERK,which results in the activation
of downstream transcription factors. In addition, ER stress
leads to ATF6 transit through the Golgi complex, where it is
sequentially cleaved for activation by the proteases S1P and S2P
(6). The cleaved N-terminal ATF6 cytoplasmic domain is
released from the Golgi membrane, and it translocates to the
nucleus to regulate transcription. These three sensor proteins
comprise parallel pathways connected by signaling cross-talk
through gene expression (7).
Several mechanisms have been proposed that link the dis-

tressed ER to apoptosis, including the activation of transcrip-
tion factors and expression of Bcl-2 family proteins. However,
the mechanism triggered by the UPR that eventually leads to
apoptosis after prolonged ER stress is unknown (8). For exam-
ple, in some experimental settings, overexpression of a protein
homologous to CHOP (CCAAT enhancer-binding protein,
also known as GADD153) may be involved. CHOP is an ER
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stress-induciblemember of theC/EBP family of bZIP transcrip-
tion factors that induces apoptosis through a Bcl-2 inhibitable
mechanism (9, 10). However, CHOP�/� cells are only partially
resistant to ER stress-induced apoptosis. This observation sug-
gested that a CHOP-independent mechanism can also induce
apoptosis in response to ER stress. In a previous study, a
genome-wide screen of an RNAi library did not identify any
genes associated with ER stress-induced apoptosis in HeLa cell
derivatives (11). This may reflect multiplicity in apoptotic sig-
nal transduction during ER stress-induced apoptosis. Multi-
plicity may occur because ER stressors used in typical experi-
ments activate all three arms of the UPR.
We previously showed that ER stress signaling was involved

in the induction of developmental apoptosis in muscle tissues
through the activation of caspase-12 (4). Myoblast cells exhibit
considerable morphological changes during myogenesis, and
they fuse into multinucleated myotubes. Myoblast fusion is
associated with apoptosis in a subpopulation of cells (12), a
phenomenon that has long been considered an example of cell
degeneration during normal vertebrate ontogeny (13).Our pre-
vious study suggested that, duringmyogenesis, ER stress signal-
ing ismediatedmainly byATF6.WhenC2C12mousemyoblast
cells were cultured under differentiation conditions, we
observed specific activation of the ATF6 pathway in dying cells,
but not the IRE1 or PERK pathways (4). When a specific inhib-
itor of S1P was added, these cells were resistant to apoptosis;
moreover, concomitant with the reduction in cell death, we
found no detectable activation of ATF6 (4). These results
prompted us to explore the possibility that active ATF6 has the
ability tomediate apoptosis on its own. In the present study, we
examined the effect of forced expression of active ATF6 in
C2C12 cells without simultaneously activating all three proxi-
mal arms of the UPR.

EXPERIMENTAL PROCEDURES

Plasmid DNAs—FANTOM3 cDNA clones of ATF6, WBP1,
CDKap2, Creld2, Sel1, Tmem50b, PDCD4, and arginine rich,
mutated in early stage of tumors (ARMET) were obtained from
the Genome Exploration Research Group, Genomic Sciences
Center of RIKEN (14). The names of these genes are listed in
supplemental Table 1. CHOP, Mcl (myeloid cell leukemia
sequence)-1, and Aloxe3 cDNAs were amplified by PCR from
mouse pancreas cDNA pools (Zyagen). Human ATF6 cDNA
was kindly provided by R. Prywes (Columbia University, Bio-
logical Sciences). cDNAs were cloned into a variety of vectors,
including pcDNA3.1(�) (Invitrogen), pEGFPC1, pEGFPN3,
and pDsRed-Monomer-C1 (Clontech).
Cell Culture—C2C12 cells (RIKEN Cell Bank, Tsukuba,

Japan) were grown in DMEM medium (Invitrogen) with 20%
FBS (Invitrogen) at 37 °C and 5% CO2 as described previously
(4). NIH-3T3 and COS-1 cells were grown in DMEMmedium
with 10% FBS.mIMCD-3 cells (American Type Culture Collec-
tion) were grown inDMEM:F12medium (Invitrogen) with 10%
FBS. MCF-7 cells (Cell Resource Center for Biomedical
Research, Tohoku University) were cultured in RPMI1640
medium (Invitrogen) with 10% FBS. Cell treatment with ER
stressors was performed as described previously (15). Cell
transfection was performed with Superfect Transfection Rea-

gent (Qiagen) (16). C2C12 cells (5� 106 cells/ml) were electro-
porated with 10 �g of DNA with a Microporator MP-100
(Invitrogen) and 100-�l microporation tips, according to the
manufacturer’s protocol. Six to eight h after electroporation,
dead cells (floating cells) were removed by suction, and electro-
porated cells were incubated in fresh medium.
Apoptosis Assay by Transfection—At 24 h post-transfection,

cells were observed under a fluorescence microscope (16).
More than 200GFP-positive cells were randomly selected from
each transfection experiment, and dead cells were identified by
their morphology (small, round cells). Dead cells also showed
nuclear condensation, a hallmark of apoptosis, detected by
staining with 1 �g/ml Hoechst dye 33342 (Fig. 1B). Some dead
cells underwent membrane blebbing (Fig. 1C).
Statistical Analysis—Data are presented as the mean � S.D.

All bar graphs represent n � 3 for each experimental group.
Significant differences among groups were determined by anal-
ysis of variance followed by the Student’s t test.
Microarray Analysis—Twenty-four h after electroporation,

total RNAwas isolated with an RNeasymini kit (Qiagen). First-
and second-strand cDNAs were synthesized from 1 �g of total
RNA with the One-cycle cDNA Synthesis Kit (Affymetrix)
according to the manufacturer’s instructions. cRNA was syn-
thesized and labeled with biotinylated UTP by in vitro tran-
scription with the in vitro transcription labeling kit
(Affymetrix) and the T7 promoter-coupled double-stranded
cDNA as template. The labeled cRNA was separated from
unincorporated ribonucleotides by filtering through an in vitro
transcription cRNA cleanup spin column (Affymetrix). Biotin-
labeled cRNAs were hybridized to GeneChip Mouse Genome
430a 2.0 Array chips (Affymetrix) and analyzed with the
GeneChip Scanner 3000 7G (Affymetrix). Raw expression data
were generated with GeneSpring software (Silicon Genetics).
Real-time Quantitative PCR Analysis—cDNA was synthe-

sized from 1 �g of total RNA with the High Capacity cDNA
reverse transcription kit (Applied Biosystems). Real-time PCR
was performed on an Applied Biosystems 7900HT with Taq-
Man probes (Applied Biosystems). Relative gene expression
levels were calculated with standard curves generated by serial
dilution of cDNA isolated from C2C12 cells. Each cDNA sam-
ple was diluted with EASY Dilution (Takara Bio) and analyzed
in triplicate. To determine relative gene expression, the expres-
sion of GAPDH was used as an internal standard. The expres-
sion of each gene was assessed by three independent PCR
analyses.
Prediction of Transmembrane Regions and Orientation—

cDNA sequences were analyzed by TMpred software.
Western Blot Analysis—Cells were lysed in radioimmune

precipitation assay buffer that contained COMPLETE protease
inhibitor mixture (Roche Applied Science). Protein concentra-
tionwas quantifiedwith a protein assay (Bio-Rad), and BSAwas
used as a standard. Western blot analysis was performed as
described previously (4). For several experiments, dead cells
were separated from live cells for sample preparation (16). Dead
cells (floating) were isolated from the culture medium after
centrifugation at 1000� g for 10min. After several washes, live
cells were scraped from culture dishes.
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Microscopy—Images were captured with an ORCA-ER cooled
charge-coupled camera (Hamamatsu Photonics) mounted on an
IX70 microscope (Olympus Optical Co.). All images were cap-
tured at either 20-fold or 40-fold magnification with Plan-Semi-
Apochromat objective lenses (20�, 0.40 numerical aperture; 40�,
0.60 numerical aperture). Images were acquired and processed
with IPLab software (Scanalytics, Inc.).
Immunocytochemistry—C2C12 cells were grown in four-

chamber slides (Nalge-Nunc), fixed in 4%paraformaldehyde/PBS,
and permeabilized in 0.1% Triton X-100 (4). Fixed, permeabilized
cells were blocked in PBS that contained 3%BSA (Jackson Immu-
noResearch Laboratories) and incubated overnight at 4 °C with
anti-Sar1 antibody in blocking solution. Immunoreactivity was
detected with a biotin-conjugated secondary antibody (Jackson
ImmunoResearch Laboratories) andAlexa Fluor 594-streptavidin
(Molecular Probes). Immunostained images were captured with
an FV1000D confocal microscope (Olympus). All images were
captured at 60-foldmagnification with a PLAPON 60� oil objec-
tive lens (1.42numerical aperture). Imageswere acquired andpro-
cessed with FV10-ASW software (Olympus). Selected images
were pseudo-colored for presentation in ImageJ software.
Antibodies—The primary antibodies for immunostaining

were as follows: anti-Mcl-1 (Epitomics), anti-Bcl-xL (Sigma-Al-
drich), anti-Bcl-2 (Medical & Biological Laboratories), anti-
caspase-12 (17), anti-active caspase-9 and anti-caspase-3 (Cell
Signaling), anti-CHOP and anti-�-tubulin (Santa Cruz Bio-
technology), anti-GAPDH (Chemicon), anti-GFP (Molecular
Probes), anti-BiP (BD Transduction Laboratories), anti-WBP1
(ProteinTech), and anti-Sar1 (Abcam).
shRNA Plasmid—The following pairs of synthetic DNAs

were annealed and cloned into the pGeneClip hMGFP vector

(Promega) according to the manufacturer’s protocol. The
MGFP coding region was deleted to make an shRNA plasmid for
co-transfection with GFP-ATF6(1–360). The following prim-
ers were used: WBP1 version A (sense, TCTCGGACTGTCC-
TCATCCTCTTTACTTCCTGTCATAAAGAGGATGAGG-
ACAGTCCCT; and antisense, CTGCAGGGACTGTCCTCA-
TCCTCTTTATGACAGGAAGTAAAGAGGATGAGGACA-
GTCC);WBP1 version C (sense, TCTCGGCTAAACTCAGG-
CTGCAACACTTCCTGTCATGTTGCAGCCTGAGTTTA-
GCCCT; and antisense, CTGCAGGGCTAAACTCAGGCT-
GCAACATGACAGGAAGTGTTGCAGCCTGAGTTTA-
GCC); Mcl-1 version A (sense, TCTCGCGTAAACCAAGAA-
AGCTTCACTTCCTGTCATGAAGCTTTCTTGGTTTAC-
GCCT; and antisense, CTGCAGGCGTAAACCAAGAAAGCT-
TCATGACAGGAAGTGAAGCTTTCTTGGTTTACGC); Mcl-1
version B (sense, TCTCGCTGGTCTGGCATATCTAATACTTC-
CTGTCATATTAGATATGCCAGACCAGCCT; and antisense,
CTGCAGGCTGGTCTGGCATATCTAATATGACAGGAAGT-
ATTAGATATGCCAGACCAGC); and Mcl-1 version C (sense,
TCTCGGACTGGCTTGTCAAACAAAGCTTCCTGTCACTT-
TGTTTGACAAGCCAGTCCCT; and antisense, CTGCAGGG-
ACTGGCTTGTCAAACAAAGTGACAGGAAGCTTTGTTTG-
ACAAGCCAGTCC).

RESULTS

Apoptosis InducedbyActiveATF6—Themature formofhuman
ATF6 comprises amino acids 1–373 (18); this corresponds to
amino acids 1–360 of mouse ATF6 (supplemental Fig. 1). When
the mature form of mouse ATF6 was N-terminally tagged with
green fluorescent protein (GFP-ATF6(1–360)) and transiently
transfected intoC2C12 cells, it induced apoptosis (Fig. 1A);�45%

FIGURE 1. Overexpression of active ATF6 induced apoptosis in myoblast cells. A, apoptosis induced by GFP-ATF6(1–360) was assessed by cell morphology.
Bars represent an average of three independent experiments. B, cell morphology 24 h after cell transfection with GFP-ATF6(1–360), shows nuclei stained with
Hoechst 33342 dye. Scale bar, 50 �m. C, merged image of GFP-ATF6(1–360) and corresponding phase contrast images. Arrow and arrowhead indicate live and
dead cells, respectively. Scale bar, 50 �m. D, active ATF6 induced apoptosis in different cell lines.
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of cells died. The dead cells exhibited the typical morphological
features of apoptosis: round shape, condensed nuclei, very small
size compared with healthy cells (Fig. 1B), and some membrane
blebbing (Fig. 1C). Visualization of GFP-ATF6(1–360) in live cells
indicated that the GFP tag did not impair ATF6(1–360) nuclear
localization (Fig. 1C). When the full-length ATF6(1–656) was
fused to GFP and transiently transfected into C2C12 cells, it also
induced apoptosis in �40% of cells (data not shown). This may
have been due to spontaneous processing of the full-length ATF6
to themature form,aspreviously reported (19). Incontrast, adom-
inant negative form of ATF6 (19, 20), which contained the DNA
binding domain but lacked the activation domain (ATF6 (158–
360)), did not induce apoptosis (Fig. 1A). Similarly, the mature
formofhumanATF6also inducedapoptosisbutnot thedominant
negative form (data not shown).
ATF6 has been overexpressed in several other cell lines (e.g.

COS (21)) without remarkable induction of apoptosis. This sug-
gests that sensitivity toATF6overexpression is cell linedependent.
Fig. 1D shows thatGFP-ATF6(1–360) induced apoptosis inmam-
malian cells with different efficiencies. Amouse fibroblast cell line
and a kidney cell line (NIH-3T3 and mIMCD-3, respectively)
underwent apoptosis with 20–30% efficiency, but little apoptosis
was induced in COS-1 (a monkey kidney cell line) and MCF-7 (a
human breast cancer cell line) cells. These results indicated that
resistance to active ATF6 varies among cell lines.
Activation of Caspases during ATF6-induced Apoptosis—To

confirm that the observed apoptosis depended on the amount
of activeATF6 inC2C12 cells, we examinedGFP-ATF6(1–360)
expression in separate lysates of dead and live cells (see “Exper-
imental Procedures”). Western blot analysis (Fig. 2A) showed
that GFP-ATF6(1–360) expression in apoptotic cells was

higher, on average, than in live cells, but the fusion protein
appeared to be cleaved primarily by proteolysis during apopto-
sis. Caspases-12, -9, and -3 were specifically activated in the
apoptotic cells (Fig. 2B) (15). The expression of active ATF6 in
live cells appeared to be insufficient to induce caspase activa-
tion or apoptosis. However, expression of immunoglobulin
heavy chain binding protein (BiP), a representative of the pro-
teins induced by ATF6, substantially increased in both live and
dead cells compared with control cells (Fig. 2B). This result
suggested that the small amount of GFP-ATF6(1–360) in live
cells was sufficient to up-regulate BiP. Our previous study
showed that active ATF6 was detectable in dying cells byWest-
ern blot, but active ATF6 was below the detection level in live
cells treated with ER stressors or differentiation medium (4).
Taken together, these findings suggested that relatively low lev-
els of active ATF6 may mediate the UPR in self-defense, but
higher levels of ATF6 may be required to mediate apoptosis.
Apoptosis Induction Required Transcription Activation by

ATF6—Apoptosis was induced by the expression of active
GFP-ATF6(1–360) but not by the dominant negative GFP-
ATF6(158–360) (Fig. 1A). In fact, apoptosis induced by active
ATF6was efficiently suppressed by overexpression of the dom-
inant negative form tagged with DsRed (Fig. 3A). This might be
explained by the efficient DNA binding of the ATF6 mutant,
which lacked the transcription activation domain. This binding

FIGURE 2. Active ATF6 induced caspase activation. A, C2C12 cells were
electroporated with GFP vector or GFP-ATF6(1–360). After 24 h, dead and live
cells were separated and subjected to Western blot analysis. Arrow indicates
GFP-ATF6(1–360). �-Tubulin was the loading control. B, the same blot shown
in A was sequentially probed with anti-caspase-12, anti-caspase-9, anti-
caspase-3, and anti-BiP antibodies. Black arrows show caspase precursors;
gray arrows show cleaved caspase products. IB, immunoblot.

FIGURE 3. Dominant negative form of ATF6 suppressed apoptosis
induced by active ATF6. A, C2C12 cells grown in six-well plates were tran-
siently co-transfected with GFP or GFP-ATF6(1–360) (0.3 �g) and either the
pDsRed vector (control) or DsRed-ATF6(158 –360) (dominant negative) (1.8
�g). Apoptosis was assessed by cell morphology. B, CHOP did not induce
apoptosis in C2C12 cells. C2C12 cells were transiently transfected with GFP or
GFP-tagged CHOP. The apoptotic efficiencies of GFP-ATF6(1–360) and the
dominant negative GFP-ATF6(158 –360) are included in the bar graph.
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would competitively inhibit the binding of active ATF6 (19, 20).
Nearly all the GFP-positive cells were also DsRed-positive; this
indicated that both the active form and the dominant negative
form of ATF6 were successfully co-expressed. Thus, the results
were not due to competition between the CMV promoters
within transfected cells (data not shown). These results sug-
gested that apoptosis induction required transcription acti-
vated by ATF6.
We reasoned that CHOP might mediate the proapoptotic

function of ATF6 because the CHOP gene promoter contains a
binding site for ATF6 (also sites for ATF4 and XBP1 (22)), and
CHOP induction was detected in C2C12 cells treated with ER
stressors (4, 16). However, overexpression of GFP-CHOP in
C2C12 cells did not induce significant apoptosis (Fig. 3B). Fur-
thermore, CHOP was not detected onWestern blots of C2C12
cells transfected with GFP-ATF6(1–360) (data not shown).
Therefore, CHOP expression is likely to be regulated by fac-
tor(s) other than ATF6 in C2C12 cells. These results suggested
that the pro-apoptotic function of ATF6 was not dependent on
CHOP. Therefore, ATF6-induced apoptosis must be depend-
ent on another downstream factor(s) that is up-regulated by
active ATF6.
Mediator of ATF6-inducedApoptosis—To identify genes that

were up-regulated by ATF6, we performed a whole-genome
microarray analysis of RNA samples prepared fromC2C12 cells
that had been electroporated with GFP-ATF6(1–360). Control
cells were electroporated with the GFP vector alone. Fluores-
cence microscopy showed that the gene transfer efficiency was
�90% for the GFP vector, but only �20% for GFP-ATF6(1–
360) at 24 h post-electroporation. Approximately 50% of the
cells transfected with GFP-ATF6(1–360) underwent apoptosis,
which was consistent with the transfection assay (Fig. 1A). Live
and dead cells were combined for the microarray analysis.
To identify proapoptotic factors that function downstream

of ATF6, we first selected genes that showed at least 1.5-fold
higher expression in cells transfected with GFP-ATF6(1–360)
compared with controls. After excluding genes with relatively
low expression levels (�1% of theGAPDHexpression level), we
identified 44 up-regulated genes (supplemental Table 1). One
was CHOP, and 12 others were reported previously to be UPR-
related; thus, they participated in protein folding and/or vesicle
transport. Of note, the CHOP expression level was only one-
twentieth of the GAPDH and BiP expression levels. In addition,
24 of 44 up-regulated genes were related to phenomena appar-
ently irrelevant to apoptosis. The remaining seven genes had
not been evaluated previously for their involvement in apopto-
sis; thus, we analyzed them further.
To examine whether these seven genes could induce apopto-

sis, the cDNAs were GFP-tagged and transfected into C2C12
cells. Among the seven candidates, onlyWBP1 induced apopto-
sis. WBP1 was originally identified in vitro as a protein that
bound to the WW domain of Yes kinase-associated protein
(23), but its function had not been determined. The WW
domain comprises 38 to 40 semiconserved amino acids, a motif
shared by proteins of diverse functions, including structural,
regulatory, and signaling proteins (24).
Apoptosis-inducing Activity of WBP1—Sequence analysis

strongly suggested thatWBP1was a type I transmembrane pro-

tein with an N terminus that contained a putative signal
sequence (see “Experimental Procedures”). Thus, we fused
WBP1 to a C-terminal GFP tag. Similar to GFP-ATF6(1–360),
transfection of C2C12 cells with the GFP-tagged WBP1 cDNA
caused apoptosis in �45% of transfected cells (Fig. 4A). West-
ern blot analysis showed that apoptosis was dependent on the
level of WBP1 (Fig. 4B). We also found that, in apoptotic cells,
caspases-12, -9, and -3 were processed for activation (Fig. 4C).
Confocal microscopy of live cells showed that WBP1-GFP was
localized primarily on the ER membrane. We detected co-lo-
calization ofWBP1-GFP andSar1 by immunofluorescence (Fig.
4D).
Up-regulation of WBP1 during Apoptosis Induced by ER

Stressors—Theup-regulation ofWBP1by activeATF6was con-
firmed by quantitative PCR. Under conditions where active
ATF6 was expressed in �20% of cells, WBP1 expression
increased �2.5-fold, and BiP expression increased �4.5-fold
compared with controls (Fig. 5A). Endogenous WBP1 protein
was detected in cells that overexpressed active ATF6 and
underwent apoptosis (Fig. 5B); again, this indicated thatWBP1
was up-regulated in apoptotic cells. WBP1 was also detected in
apoptotic cells treated with the ER stressors, tunicamycin
(inhibitor ofN-glycosylation) and thapsigargin (inhibitor of ER-
specific calcium ATPase). In contrast, WBP1 was nearly unde-
tectable inC2C12 that grew or survived after treatmentwith ER
stressors (Fig. 5C). These results suggested that WBP1 might
serve as a marker of ER stress-induced apoptosis.
ATF6-WBP1 Apoptotic Pathway—The results described

above suggested thatWBP1mediated the apoptosis induced by
active ATF6. To confirm thatWBP1 functioned downstreamof
ATF6 in apoptosis, we constructed an shRNA plasmid that tar-
getedWBP1.WhenWBP1-GFP was expressed inMCF-7 cells,
it did not induce apoptosis (data not shown); thiswas consistent
with the result thatMCF-7 cells resisted apoptosis induction by
active ATF6 (Fig. 1D). When the WBP1 shRNA plasmid was
transiently co-transfected with WBP1-GFP in MCF-7 cells,
WBP1 expression was suppressed (supplemental Fig. 2A); this
confirmed the efficacy of WBP1 shRNA. Next, C2C12 cells
were co-transfectedwithATF6 and shRNA.The shRNA silenc-
ing of WBP1 caused partial but significant (p � 0.01) suppres-
sion of ATF6-induced apoptosis (Fig. 6A). This finding sup-
ported the notion thatWBP1 acted downstream of ATF6 in the
induction of apoptosis. Although the specific shRNA efficiently
suppressed up-regulation ofWBP1 (Fig. 6B), WBP1 expression
was detected in dead cells; this suggested that cellsmay undergo
apoptosis only when the WBP1 protein reaches a threshold
level. Alternatively, a factor other thanWBP1may alsomediate
ATF6-induced apoptosis.
Possible Involvement of Mcl-1 in Apoptosis Induced by Active

ATF6 or WBP1—We previously showed that a proapoptotic
member of the Bcl-2 family, Bim, was involved in ER stress-
induced apoptosis in C2C12 cells. Furthermore, Bcl-xL overex-
pression appeared to antagonize Bim activity and thus effi-
ciently suppressed ER stress-induced apoptosis (16). Here, we
examined the expression of anti-apoptotic members of the
Bcl-2 family to evaluate their involvement inATF6- andWBP1-
induced apoptosis.
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Overexpression of GFP-ATF6(1–360) and WBP1-GFP
resulted in a reduction ofMcl-1 but not Bcl-xL levels in apopto-
tic cells (Fig. 7A). This finding suggested that activation of the
ATF6-WBP1 pathway in response to ER stress could suppress
Mcl-1 expression and result in apoptosis. Note that Bcl-2, the
foundermember of the Bcl-2 family, was expressed inmyoblast
cells at much lower levels than Bcl-xL (25). Quantitative PCR
analysis showed that active ATF6 alone did not down-regulate
Mcl-1 expression at the transcription level (data not shown).
This suggested that Mcl-1 expression might be suppressed by
post-translational regulation (see “Discussion“).
To examinewhether the reduction inMcl-1 expressionwas a

consequence of apoptosis, we inhibited apoptosis in C2C12
cells by co-transfecting Bcl-xL and WBP1-GFP. Bcl-xL effi-
ciently suppressed apoptosis induced by WBP1-GFP (Fig. 7B).
Mcl-1was reduced by 25% (75� 3.5%,n� 3) in liveC2C12 cells
co-electroporated with WBP1-GFP and Bcl-xL (Fig. 7C). Con-
sidering thatWBP1-GFP was detected by fluorescence micros-
copy in�50% of transfected cells, thisMcl-1 reduction was not
negligible. This suggested that Mcl-1 expression was reduced
independent of cell destruction during apoptosis.
Mcl-1 expression was also specifically reduced in ER stres-

sor-induced apoptosis. When C2C12 cells were exposed to ER
stressors, 40–50% of cells underwent apoptosis (15). Mcl-1
expression was nearly undetectable in apoptotic cells, but Bcl-2
and Bcl-xL expression remained unaltered (Fig. 7D). Taken
together, these results suggested that Mcl-1 may be an impor-
tant regulator of ER stress-induced apoptosis in myoblasts.
Interestingly, Bcl-xL predominantly localizes to the mitochon-
dria (26), butMcl-1 is present on the ER andmitochondria (27).

We reasoned that a specific reduction in anti-apoptotic Mcl-1
might shift the balance between anti-apoptotic and proapop-
totic factors present on the ER.
To investigate whether Mcl-1 was a cell fate determinant

during ER stress in C2C12 cells, we expressed shRNAs specific
for Mcl-1 (supplemental Fig. 2B). Mcl-1 knockdown caused a
significant increase in apoptosis, but the effect was not compa-
rable with that observed with ATF6 or WBP1 overexpression
(Fig. 8A). Nevertheless, the amount of Mcl-1 in apoptotic cells
was much lower than that in live cells (Fig. 8A). These results
suggested that the Mcl-1 level was a critical determinant of
apoptosis in C2C12 cells. Conversely, overexpression of Mcl-1
suppressed apoptosis induced by active ATF6 (Fig. 8B) or
WBP1 (Fig. 8C). This confirmed the antagonistic effect of
Mcl-1 on the ATF6/WBP1 pathway.

DISCUSSION

The present study showed that active ATF6 can induce apo-
ptosis at least partly by up-regulating WBP1. Activation of
ATF6-WBP1 appeared to cause specific decreases inMcl-1 that
rendered cells vulnerable to apoptosis. Up-regulation ofWBP1
and specific reduction ofMcl-1 levels were observed in both ER
stressor-induced apoptosis and with the forced expression of
active ATF6. These results suggested that ATF6 mediated ER
stress-induced apoptosis.
Furthermore, our results suggested that ATF6 may play an

important role in the transition from self-defense to self-de-
struction of cells during ER stress. At relatively low levels, ATF6
appeared to activate the UPR for self-defense; but at higher
levels, ATF6 mediated apoptosis (Fig. 2). Future studies should

FIGURE 4. WBP1 induced apoptosis in C2C12 cells. A, transfection of WBP1-GFP caused apoptosis in C2C12 cells. B, Western blot shows WBP1 expression in
apoptotic cells after electroporation with WBP1-GFP. High molecular mass complexes of WBP-GFP (asterisk) that were resistant to denaturation were repro-
ducibly detected. C, activation of caspases in apoptotic cells. The same blot in B was sequentially probed with anti-caspase-12, anti-active caspase-9, and
anti-caspase-3. Black arrows show caspase precursors; gray arrows show cleaved caspase products. D, co-localization of WBP1-GFP with Sar1. C2C12 cells were
transfected with WBP1-GFP, fixed, and immunostained with anti-Sar1 antibody. Scale bar, 10 �m. IB, immunoblot.
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focus on the mechanism underlying these apparently opposite
activities of ATF6.
We found it difficult to overexpress ATF6 in growing C2C12

cells, which suggested that ATF6 may have an ephemeral
nature. Initially, we transfected C2C12 cells with ATF6 or
FLAG-tagged ATF6 placed under the control of a strong cyto-
megalovirus promoter. However, we failed to detect high levels
of ATF6 by immunoblot analysis and immunostaining (data
not shown). Next, we fused theN terminus of ATF6 toGFP and
placed it under the control of the cytomegalovirus promoter.
This strategy allowed successful detection with a fluorescent
microscope. Improved expression by GFP tagging the N termi-
nus has been observed for other proteins (28). Previous studies
showed that ATF6 has a relatively short half-life (�40 min) in
HeLa cells. Thismay be due to degradation signals in theN-ter-
minal domain of ATF6 (18). Strict control of the active ATF6
content in the cell may be part of the mechanism that controls
switching the cell fate from self-defense to self-destruction.

A recent study suggested the importance of ATF6 expression
levels in the induction of cell death under pathological condi-
tions (29). They found that an ER membrane protein, WFS1
(Wolfram syndrome 1 gene product), stabilized an E3 ubiquitin
ligase, HRD1, on the ER. This enhanced the ubiquitination and
degradation of ATF6. Conversely, inactive WFS1 may lead to
stabilization of ATF6, which in turn might cause excess cell
death (29). WFS1 mutations have been linked toWolfram syn-
drome, a genetic form of diabetes, optic atrophy, neurodegen-
eration, and psychiatric illness (30, 31). The present study sug-
gested potential therapeutic targets for treating these
pathological conditions.
We previously showed that activation of PERK or IRE1 was

detected in surviving cells after treatment with ER stressors
when the active ATF6 was absent (4). This observation indi-
cated that activation of PERK or IRE1 did not cause WBP1
induction in live cells (Fig. 5C) and supported the notion that
WBP1 is specifically induced by ATF6.
To further confirm that WBP1 was specifically induced by

ATF6, we attempted to knockdown ATF6 in ER stress-induced
apoptosis. However, we failed to completely knock downATF6,
because the levels of active ATF6 (andWBP1) in dead cells was
comparable with that in dead cells transfected with a negative
control plasmid (data not shown). However, it is possible that
apoptosis only occurred in cells with inefficient ATF6 knock-
down. This observation would support our previous suggestion
that ER stress-induced apoptosis in C2C12 cells required acti-
vation of ATF6 (4).
Interestingly, 10 kb of the genomic noncoding region

upstream of theWBP1 coding sequence lacked the well defined

FIGURE 5. WBP1 was induced in apoptotic cells. A, real-time quantitative
PCR analysis. Fold changes in WBP1 and BiP expression were determined by
comparing the GAPDH-normalized ratios of mRNAs from active ATF6-in-
duced samples versus vector-transfected samples. Bars represent an average
of three independent experiments. B, active ATF6 induced WBP1 expression
in apoptotic cells. C2C12 cells were electroporated with GFP-ATF6(1–360).
After 24 h, dead and live cells were separated and subjected to Western blot
analysis. C, WBP1 was induced in apoptotic cells treated with ER stressors
tunicamycin (TUN) and thapsigargin (TG). UT, untreated; IB, immunoblot.

FIGURE 6. WBP1 knockdown suppressed apoptosis induced by active
ATF6. A, C2C12 cells were electroporated with GFP-ATF6(1–360) and WBP1
shRNA, version A, at a ratio of 1:3 (w/w). After 24 h, apoptosis was assessed by
cell morphology. B, WBP1 levels were analyzed by Western blot (IB). UT,
untreated.
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ATF6 binding motif (ER stress response elements) (19, 20).
This region also lacked the ER stress response element binding
motif for the transcription factor, NF-Y, which assists ATF6

binding to ER stress response elements (32, 33). Instead, the
10-kb region contained the whole coding sequence of the adja-
cent gene Ino80B. Although the promoter of WBP1 has not
been determined, it is unlikely that active ATF6 directly binds
to the promoter of WBP1. Perhaps ATF6 indirectly up-regu-
latesWBP1 by inducing the expression of another transcription
factor(s).
Activation of the ATF6-WBP1 pathway appeared to reduce

Mcl-1 expression. Thismay shift the balance between anti-apo-
ptotic and proapoptotic proteins (e.g. members of the Bcl-2
family, including Bim (16, 34)) on the ER membrane. DNA
damage or growth factor withdrawal also caused a considerable
reduction in Mcl-1 that was associated with the apoptotic
response (35–37). However, the reduction inMcl-1 may differ-
entially impact the sensitivity to active ATF6 in different cell
types, depending on the expression pattern of Bcl-2 family pro-
teins (38). For example, the presence of Bcl-2 on the ER and
mitochondria was both tissue and cell type-specific (39).
The apoptosis-inducing activity of ATF6 has not beenwidely

recognized. This is at least partly due to the fact that ATF6 does
not induce apoptosis in cell lines commonly used in biological
and medical research (e.g. COS-1). Our results cannot exclude
the possibility that factors other than ATF6 play major roles in
ER stress-induced apoptosis in different cell types. For instance,
dephosphorylation of eIF2�, a target of PERK, has been sug-
gested to play a critical role in ER stress-induced apoptosis sig-
naling in PC12 cells (40). Also, an anti-apoptotic protein (e.g.
Bcl-2), not Mcl-1, is possibly a major player on the ER that
regulates ER stress-induced apoptosis in cells other than myo-
blasts. In that case, the ATF6 toMcl-1 pathway may not neces-
sarily be important for cell fate decisions. Accordingly, it would
be interesting to compare the expression of Bcl-2 family mem-
bers among different cell types and determine their involve-
ment in each branch of the UPR (ATF6, PERK, or IRE1) during
apoptosis.
Active ATF6 did not down-regulate Mcl-1 at the transcrip-

tional level, whereas the amount of Mcl-1 protein decreased
(Fig. 7A), suggesting that Mcl-1 might be suppressed by post-
translational regulation; e.g. ubiquitin-mediated degradation,
as occurs in DNA damage-induced apoptosis (41). Indeed, the
NEDD4 family of E3 ubiquitin ligases forms a branch of the
family ofWWdomain containing proteins, which are potential
targets of WBP1 (42).
Further studies are necessary to define the specific pathway

that links active ATF6 to reduced Mcl-1 expression via the
induction of WBP1. Identifying specific WBP1 binding pro-
teins might elucidate the molecular mechanism involved. WW
domains bind to proline-rich peptidemotifs in proteins that act
in a wide variety of signaling pathways (43).WWdomains have
been identified in over 200 non-redundant proteins (44). Our
results suggested that a specific WBP1 binding protein is likely
to interact withWBP1 on the ER membrane. Currently, we are
investigating candidate proteins in the microsomal fraction of
C2C12 cells. Identification of theWBP1 binding protein might
also clarify the function ofWBP1 in the regulation of apoptosis.
Unraveling the mechanism of ER stress-induced apoptosis is

important for understanding physiological apoptosis and cell
death under pathological conditions, including diabetes melli-

FIGURE 7. Analysis of Bcl-2 family proteins in apoptotic cells. A, specific
reduction of Mcl-1 expression in apoptotic cells transfected with active ATF6
or WBP1. B, co-expression of Bcl-xL suppressed apoptosis induced by WBP1.
C2C12 cells were grown in six-well plates and transiently co-transfected with
GFP or WBP1-GFP (0.3 �g) and pcDNA3.1 vector or Bcl-xL (1.8 �g). C, down-
regulation of Mcl-1 in cells that overexpressed Bcl-xL. C2C12 cells were elec-
troporated with WBP1-GFP and Bcl-xL at a 1:1 ratio (w/w). Mcl-1 was analyzed
by Western blot. The band intensity was normalized with �-tubulin as a stand-
ard. Representative data from three independent experiments are shown. D,
specific reduction of Mcl-1 in apoptotic cells treated with ER stressors tunica-
mycin (TUN) and thapsigargin (TG). UT, untreated; IB, immunoblot.

FIGURE 8. Mcl-1 was a cell fate determinant in C2C12 cells. A, Mcl-1 knock-
down caused apoptosis. C2C12 cells were transfected with Mcl-1 shRNA;
dead cells were counted after 24 h. Mcl-1 was analyzed by Western blot (lower
panel). B and C, coexpression of Mcl-1 caused suppression of the apoptosis
induced by active ATF6 (B) or WBP1 (C). C2C12 cells were grown in six-well
plates and transiently co-transfected with GFP, GFP-ATF6(1–360), or WBP1-
GFP (0.3 �g) and pcDNA3.1 vector or Mcl-1 (1.8 �g).
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tus, neurodegenerative disorders, and prion diseases (1). In this
study, we explored themechanism of apoptosis and identified a
potential link between active ATF6, a component of the UPR,
andMcl-1, an apoptotic regulator. Thismechanismdetermines
whether cells initiate apoptosis in response to ER stress induced
by physiological and pathological conditions.
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