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C/EBP homologous protein (CHOP) is a stress-inducible
nuclear protein that is crucial for the development of
programmed cell death and regeneration; however, the
regulation of its function has not been well characterized.
Slbo, a Drosophila homolog of C/EBP (CCAAT/enhancer
binding protein), was shown to be unstabilized by trib-
bles. Here, we identified TRB3 as a tribbles ortholog in
humans, which associated with CHOP to suppress the
CHOP-dependent transactivation. TRB3 is induced by var-
ious forms endoplasmic reticulum (ER) stress later than
CHOP. Tunicamycin treatment enhanced the TRB3 promo-
ter activity, while dominant-negative forms of CHOP sup-
pressed the tunicamycin-induced activation. In addition,
the tunicamycin response region in the TRB3 promoter
contains amino-acid response elements overlapping the
CHOP-binding site, and CHOP and ATF4 cooperated to
activate this promoter activity. Knockdown of endogenous
ATF4 or CHOP expression dramatically repressed tunica-
mycin-induced TRB3 induction. Furthermore, knockdown
of TRB3 expression decreased ER stress-dependent cell
death. These results indicate that TRB3 is a novel target
of CHOP/ATF4 and downregulates its own induction by
repression of CHOP/ATF4 functions, and that it is involved
in CHOP-dependent cell death during ER stress.
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Introduction

CCAAT/enhancer binding proteins (C/EBPs) are a family
of leucine zipper transcription factors that are critical for
the regulation of various aspects of cellular differentiation
and function in multiple tissues. This family consists of six
members: C/EBPq, B (NF-IL6), v (Ig/EBP), §, £ and C/EBP
homologous protein (CHOP)/growth arrest-DNA damage in-

*Corresponding author. Department of Molecular Health Sciences,
Graduate School of Pharmaceutical Sciences, Nagoya City University,
3-1 Tanabe-dori, Mizuo-ku, Nagoya 467-8603, Japan

Tel./Fax: + 81 52 836 3420; E-mail: hhayashi@phar.nagoya-cu.ac.jp

Received: 23 November 2004; accepted: 3 February 2005; published
online: 10 March 2005

©2005 European Molecular Biology Organization

ducible 153 (GADD153) (Lekstrom-Himes and Xanthopoulos,
1998). The prototypic C/EBP consists of a transcriptional
activation domain and a bZIP region for DNA binding and
dimerization. All family members share strong homology
in the carboxyl-terminal domain, which carries a basic
DNA-binding domain and a leucine zipper motif.

CHOP was originally isolated as the gene induced in
response to DNA-damaging agents; subsequently, it has
been revealed that CHOP is induced by extracellular and
endoplasmic reticulum (ER) stress (Fornace et al, 1989;
Zinszner et al, 1998). From experiments on the overexpres-
sion of its protein and knockout mice, CHOP has been shown
to act as an inducer of cell cycle arrest and apoptosis during
ER stress (Barone et al, 1994; Matsumoto et al, 1996;
Zinszner et al, 1998). At first, because the basic region (BR)
of CHOP is less conserved than that of other C/EBP family
proteins, CHOP was thought to lack DNA-binding activity.
Actually, by forming heterodimers with other C/EBP proteins
such as NF-IL6, CHOP inhibits their ability to bind DNA
and their transcriptional activity (Ron and Habener, 1992).
Interestingly, however, a CHOP-C/EBP heterodimer has been
reported to bind to a unique DNA sequence different from
classical C/EBP-binding sites and to act as a positive trans-
activator (Ubeda et al, 1996). In recent studies, several CHOP-
inducible genes have been induced during ER stress via this
CHOP-binding sequence (Wang et al, 1998).

ER stress responses are alterations in homeostasis follow-
ing cellular stress, which prevent protein folding and cause
misfolding or malfolding proteins to accumulate in the ER
(Kaufman, 1999; Mori, 2000). Under such conditions, the
homeostasis of protein folding in the ER is maintained by
inter-organelle signaling from the ER to the nucleus, a process
known as unfolded protein response (UPR). Thus, from yeast
to humans, the transcription of genes encoding molecular
chaperones and folding enzymes in the ER is induced in the
nucleus in response to unfolding in the ER, and excessive
or long-term accumulations of unfolding proteins in the ER
result in the apoptosis of cells.

A large number of transcription factors undergo degrada-
tion via a ubiquitin-proteasome-dependent pathway
(Hochstrasser, 1995; Pahl and Baeuerle, 1996). A genetic
study on Drosophila revealed that Slbo, a Drosophila homolog
of C/EBP, is specifically degraded by the ubiquitin-protea-
some pathway (Rorth et al, 2000). As the degradation of Slbo
is augmented by expression of tribbles, tribbles may be
involved in the ubiquitin-proteasome pathway. In humans,
we have previously reported that C/EBP family transcription
factors, CHOP and Ig/EBP (C/EBPy), are multiubiquitinated
and subsequently degraded by proteasomes, but the molecu-
lar mechanism involved is still unclear (Hattori et al, 2003a).
In an effort to clarify the mechanism by which C/EBP is
degraded, we searched a database for the tribbles ortholog
in humans, and identified TRB3 (tribbles-related protein 3),

The EMBO Journal VOL 24 | NO 6 | 2005 1243



TRB3 is induced by CHOP and is involved in cell death
N Ohoka et al

its gene having been cloned from HepG2 cells with function
unknown. In this study, TRB3 was revealed to be a novel
target of CHOP/ATF4 and downregulates its own induction
by repression of CHOP/ATF4 functions, and also seemed
to be involved in CHOP-dependent cell death as a second
messenger during ER stress.

Results

Identification of a mammalian homolog of tribbles

To clarify the regulation of C/EBP degradation, we searched
the GenBank database to determine the human ortholog of
Drosophila tribbles. This search identified several mamma-
lian genes displaying high levels of identity to tribbles and we
determined the sequence of a full-length cDNA clone, a gene
of unknown function that had been cloned from the human
hepatoma cell line HepG2 (GenBank accession #AK026945).
It was identical to human SKIP3 (GenBank accession
#AK0250311), and very recently, Du et al (2003) identified
its product (termed TRB3, tribbles-related protein 3) as a
novel Akt-binding and -regulating protein (Du et al, 2003). A
search of the GenBank database with the full coding sequence
revealed that TRB3 is related to TRBI or TRB2.

ER stress induces TRB3 expression

First, we analyzed the expression level of TRB3 mRNA by
RT-PCR and Northern blotting. TRB3 mRNA was not ex-
pressed in steady-state 293 cells, human embryonic kidney
cells, but was induced during ER stress by treatment with
tunicamycin for 4-6h (Figure 1A). In HepG2 cells, TRB3
mRNA was expressed in normal conditions and its expression
was augmented 6 h after treatment (Figure 1B). TRB3 induc-
tion was also observed in tunicamycin-treated A375, HeLa
and SH-SYSY cells (see Supplementary Figure S1). The
induction of TRB3 mRNA was late compared to that of
CHOP mRNA. In addition, cycloheximide treatment blocked
the expression of TRB3 mRNA, indicating that its induction
required de novo protein synthesis (Figure 1A, lane 7). TRB3
mRNA was also induced by treatment with other ER stress
inducers, such as MG132, a proteasome inhibitor, methane-
sulfonic acid methyl ester (MMS), a DNA alkylating agent
and A23187, an ER Ca®"-ATPase inhibitor (Figure 1C). As
shown in Figure 1D, this induction of TRB3 was observed at
the protein level as well. In HepG2 cells, a small amount of
TRB3 protein was detected, and its expression was upregu-
lated by tunicamycin 8 h after treatment. TRB3 protein was
not detected in steady-state 293 and A375 cells, but was
detected 4-6h after tunicamycin treatment (Figure 1D). At
the protein level as well, CHOP induction usually preceded
TRB3 induction.

TRB3 interacts with CHOP but does not promote CHOP
degradation

In Drosophila, Slbo was reported to interact with tribbles to
inhibit its function via protein degradation (Rorth et al, 2000).
We first examined the physical interaction between TRB3
and CHOP. CHOP was co-immunoprecipitated with TRB3
in transfected 293 cells (Figure 2B, lane 4). To identify the
domain of CHOP required for its interaction with TRB3, we
analyzed the ability of several CHOP deletion mutants as
shown in Figure 2A to co-immunoprecipitate with TRB3.
CHOP interaction with TRB3 does not require either the BR
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Figure 1 TRB3 is induced during ER stress. (A, B) 293 (A) or
HepG2 cells (B) were treated with 2 pg/ml of tunicamycin in the
presence or absence of 10pug/ml of cycloheximide (CHX) for the
indicated periods. Total RNA was prepared and analyzed by
Northern blotting using each specific probe. (C) 293 cells were
treated with 2 pg/ml of tunicamycin, 10 uM MG132, 100 pg/ml of
MMS or 2uM A23187 for 6h. Each mRNA level in the cells was
analyzed by RT-PCR using specific primers. TRB3, 32 cycles ; CHOP,
30 cycles ; GAPDH, 24 cycles. (D) 293 (top), A375 (middle) and
HepG2 (bottom) cells were treated with 2 pg/ml of tunicamycin for
the indicated periods. Cell lysate was prepared and equal amounts
of protein were subjected to SDS-PAGE. Western blotting was
performed with anti-human TRB3, anti-CHOP, anti-ATF4 or anti-p-
actin antibodies.

or potential phosphorylation sites (Ser’®®%), which are criti-
cal for DNA-binding and transactivation activity, respectively.
Leucine zipper (LZ) domain, responsible for dimer formation,
was not necessary for the binding with TRB3 either (see
Supplementary Figure S2A). Full-length TRB3 strongly inter-
acted with CHOP, CHOPANO (amino acids (aa) 10-169) and
CHOPA19-26 (aa 1-18, 27-169); in contrast, further trunca-
tion in the N-terminus of CHOP (CHOPAN18 (aa 19-169) and
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Figure 2 TRB3 interacts with CHOP in vivo. (A) Constructs of CHOP mutants. (B, D) 293 cells were transiently transfected with the indicated
constructs. After 36 h, cells were treated with 10 uM MG132 for 12 h. The cell lysates were immunoprecipitated with anti-Flag antibody and
immunoblotted with anti-Myc antibody. The expression level of each protein was assessed by the immunoblotting of cell lysates with anti-Flag
or anti-Myc antibodies. (C) Deletion mutants of TRB3. KD: kinase-like domain.

CHOPAN7?0 (aa 71-169)) abolished the interaction with TRB3
(Figure 2B, lane 5; see Supplementary Figure S2B). These
results indicate that the region between aa 10 and 18 of CHOP
is responsible for the interaction with TRB3 (Figure 2A).
Next, to identify the domain of TRB3 required for its inter-
action with CHOP, we analyzed the possibility of CHOP co-
immunoprecipitating with several TRB3 deletion mutants as
shown in Figure 2C. TRB3AC (aa 1-282), TRB3A239-265 (aa
1-238, 266-358) and TRB3N179 (aa 1-179) interacted with
CHOP as well as full-length TRB3, but TRB3AN (aa 128-358)
and TRB3C179 (aa 180-358) have no or only faint interaction
with CHOP (Figure 2D). These results indicate that the region
between aa 1 and 127 of TRB3 is responsible for the interac-
tion with CHOP (Figure 2C).

Next, we examined whether TRB3 promotes the protein
degradation of CHOP. Unexpectedly, the CHOP expression
level and degradation rate were unchanged by coexpression
with TRB3 or knockdown of endogenous TRB3 by expression
of TRB3 siRNA (see Supplementary Figure S3). These results
suggest that TRB3 interacts with CHOP; however, it does not
promote degradation of CHOP.

©2005 European Molecular Biology Organization

TRB3 downregulates CHOP-dependent transcriptional
activity

It has been shown that several CHOP-inducible genes have
been induced during ER stress or mitochondrial stress
via novel CHOP-binding sequence (Wang et al, 1998; Zhao
et al, 2002) (Figure 3A). The region between aa 10 and 18 in
CHOP is critical for the binding with TRB3 and also crucial
for CHOP transcriptional activity (Figure 3B). Therefore,
to explore the possibility that TRB3 affects the transcrip-
tional activity of CHOP, we constructed a luciferase reporter
gene containing four tandem repeats of the CHOP-binding
site and performed a luciferase reporter assay. When CHOP
alone or a low level of NF-IL6 alone was transiently expressed
in A375 cells, the transcriptional activity was unaffected
(Figure 3C). However, this activity was upregulated on co-
expression of NF-IL6 and CHOP. Overexpression of TRB3
repressed the transcriptional activity stimulated by CHOP/
NF-IL6 in a dose-dependent manner (Figure 3D). In addition,
a high level of NF-IL6 expression alone also stimulated
the transcriptional activity for these sites; however, TRB3
failed to suppress this activation (Figure 3C). These results
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Figure 3 TRB3 represses CHOP transactivation. (A) Alignment of CHOP-responsive element in various genes. (B) 293 cells were transiently
transfected with the expression plasmids for wild-type or deletion mutants of CHOP fused with GAL4-dbd, pCMV5-Gal4-CHOPs, pFR-luc and
pCMV-B-gal. After 48 h, the luciferase activity in cell lysates was measured and was normalized with B-galactosidase activity. (C, D) A375 cells
were transiently transfected with p(CHOP)4-Luc, pCMV-B-gal and various combinations of the expression vectors for CHOP and NF-IL6 with or
without TRB3. After 48 h, the luciferase activity in cell lysates was measured and was normalized with B-galactosidase activity. (E) 293 cells
were transiently transfected with the expression plasmids for Gal4-CHOP(WT) and/or TRB3, pFR-luc and pCMV-B-gal. After 48 h, the luciferase
activity in cell lysates was measured and was normalized with B-galactosidase activity. The inset depicts the enlarged figure for the data of
GAL4-dbd. (F, G) A375 cells were transiently transfected with p(CHOP),4-Luc, pCMV-B-gal and various combinations of the expression vectors
for CHOP and NF-IL6 with or without wild type or deletion mutants of TRB3. After 48 h, the luciferase activity in cell lysates was measured and
was normalized with B-galactosidase activity. Similar results were obtained in three independent experiments.
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suggest that TRB3 selectively inhibits the transcriptional
activity of CHOP.

TRB3 interacted with CHOP via its transactivation domain
(Figures 2A and 3B) but not DNA-binding or leucine zipper
domains, and inhibited its transactivation activity. Consistent
with the function of TRB3-binding region on CHOP, TRB3 did
not interfere with the dimerization of CHOP with NF-IL6 nor
with DNA binding of CHOP (see Supplementary Figure S4).
In addition, TRB3 repressed even the transactivation activity
of GAL4 fusion protein of CHOP (Figure 3E). These results
suggest that TRB3 primarily inhibits CHOP transactivation,
probably by inhibiting the modification of CHOP required for
its transactivation or by interfering with the association of
coactivator(s) or recruiting corepressor(s) to DNA.

To investigate the functional domain of TRB3 inhibiting
the transactivating activity of CHOP, we examined the effect
of several deletion and point mutants of TRB3 on this activity.
Deletion of the N-terminal (A1-127, TRB3AN) or C-terminal
region of TRB3 (A283-358, TRB3AC) abolished the inhibitory
effect on the CHOP-dependent transactivation (Figure 3F).
These results suggest that the functional domain of TRB3 for
this inhibitory action exists in both the N-terminal region,
necessary for the association with CHOP, and the C-terminal
region. In addition, TRB3AC mutants strongly, and TRB3AN

TRB3 is induced by CHOP and is involved in cell death
N Ohoka et al

mutants slightly, interfered with CHOP-dependent transacti-
vation in a dominant-negative manner (Figure 3G).
Substitution of Lys'®%, a potential catalytic core in the
kinase-like domain, with Arg (TRB3 K'®*R) resulted in almost
the same inhibitory activity as wild-type TRB3, indicating
that this region is not critical for the inhibitory action
(Figure 3F).

CHOP overexpression activates TRB3 promoter activity
To study whether TRB3 mRNA expression induced by ER
stress is regulated at the transcriptional level, we cloned the
promoter region of human TRB3 (—1265 to + 609), and
constructed a luciferase reporter plasmid (pTRB3-Luc). As
shown in Figure 4A, transient transfection experiments in 293
cells using this reporter gene confirmed that ER stress in-
duced by tunicamycin caused the promoter activation. This
activation was also observed in tunicamycin-treated HepG2
cells, and other ER stressors, thapsigargin and A23187, also
stimulated the promoter (see Supplementary Figure S5).
These results suggest that TRB3 expression is induced at
the transcriptional level during ER stress.

The expression of TRB3 mRNA during ER stress was
blocked by cycloheximide treatment, and the induction of
TRB3 was late compared to that of CHOP (Figure 1). In
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Figure 4 Overexpression of CHOP causes TRB3 induction. (A) 293 cells were transiently transfected with pTRB3-Luc and pCMV-f-gal. After
24 h, cells were left untreated or treated with 2 pg/ml of tunicamycin for 16 h. The luciferase activity in cell lysates was measured and was
normalized with B-galactosidase activity. (B) 293 cells were transiently transfected with pTRB3-Luc and pCMV-$-gal combination with
expression vectors for CHOP and/or NF-IL6 for 48h. The luciferase activity in cell lysates was measured and was normalized with
B-galactosidase activity. (C) 293 cells were transiently transfected with pTRB3-Luc and pCMV-B-gal in the presence of expression vectors
for wild type or mutants of CHOP or TRB3. After 24 h, cells were left untreated or treated with 2 pg/ml of tunicamycin for 16 h. The luciferase
activity in cell lysates was measured and was normalized with B-galactosidase activity. (D) 293 cells were transiently transfected with pTRB3-
Luc, pCMV-B-gal, control siRNA and/or TRB3 siRNA. After 36 h, cells were left untreated or treated with 2 pg/ml of tunicamycin for 16 h. The
luciferase activity in cell lysates was measured and was normalized with B-galactosidase activity. Similar results were obtained in three

independent experiments.
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addition, TRB3 interacts with CHOP to downregulate its
transactivation activity (Figures 2 and 3). We next investi-
gated the effect of CHOP overexpression on TRB3 promoter
activity, to explore the possibility that TRB3 expression is
induced via CHOP expression. By cotransfection with CHOP
and NF-IL6 expression plasmids, TRB3 promoter activity
was enhanced (Figure 4B, left). This result was confirmed
by Northern blotting experiments using cells transiently
transfected with CHOP and NF-IL6 (see Supplementary
Figure S6). In addition, a low to middle level of CHOP
expression alone effectively activated TRB3 promoter activ-
ity; however, a high level of expression failed to activate it
(Figure 4B, right). On the other hand, a high level of CHOP
was able to activate TRB3 promoter activity when coex-
pressed with NF-IL6 (Figure 4B, right). These results suggest
that ectopically expressed CHOP can activate TRB3 promoter
activity via heterodimerization with endogenous proteins
such as NF-IL6, but overexpressed CHOP cannot, due to a
shortage of dimerization partners.

Overexpression of dominant-negative forms of CHOP,
CHOPAN70 or CHOPABR diminished the tunicamycin-
induced TRB3 promoter activation, while that of CHOPALZ,
which has no transactivation activity or a dominant-negative
effect, did not affect or only slightly potentiated the activity
(Figure 4C, left). Ectopic expression of TRB3 caused an
inhibition of transcription, while dominant-negative forms
of TRB3 (TRB3AN and TRB3AC) and TRB3 siRNA upregu-
lated the tunicamycin-stimulated TRB3 expression (Figure 4C
and D). These results strongly suggest that TRB3 is induced
by ER stress via CHOP expression and suppresses CHOP
transactivational activity via negative feedback.

Identification of ER stress response elements in TRB3
promoter

To clarify the regulation of TRB3 induction via CHOP expres-
sion, we identified the ER stress response region in the TRB3
promoter using luciferase reporter plasmids of its promoter
in various lengths as shown in Figure SA. The reporter genes
containing the region + 201 to + 312 (pTRB3-Lucl, 2, 5, 6),
but not the others, were activated by tunicamycin (Figure 5B,
left). This result revealed that the tunicamycin-induced pro-
teins activate the TRB3 promoter via this region.

As TRB3 mRNA expression induced by ER stress required
de novo protein synthesis, we next examined the effects of
overexpression of three transcription factors induced during
ER stress, CHOP, ATF4 and XBP1, on TRB3 promoter activity.
Not only CHOP/NF-IL6 but also ATF4 overexpression acti-
vated the TRB3 promoter via the region +201 to + 312,
which is similar to tunicamycin treatment; however, XBP1
overexpression had no effect (Figure 5B; see Supplementary
Figure S7). These results suggest that ATF4 is able to activate
the TRB3 promoter as well.

The ER stress response region in the TRB3 promoter, + 201
to + 312, contains three identical tandem repeats each con-
sisting of 33 bp (Figure 5C). In addition, this region contains
an amino-acid response element (AARE) overlapping a
CHOP-binding site at the center, a CCAAT-like box on the
left and a palindromic sequence on the right (Figure 5D).
AARE has been discovered between nucleotides —313 and
—295 in the CHOP promoter. The minimum core sequence
(5’-ATTGCATCA-3') is related to C/EBP- and ATF/CRE-bind-
ing sites and was described to bind in vitro ATF2/NF-IL6 or
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ATF4/NF-IL6 (Averous et al, 2003). This element is involved
in the response to amino-acid starvation but not ER stress. On
the other hand, ER stress response element (ERSE) was
identified as a sequence of 19 nucleotides, the consensus of
which is CCAAT-Ny-CCAAG, in the CHOP and ER chaperone
promoters (Yoshida et al, 2000). A mature form of ATF6
directly binds to the CCACG part of the ERSE in a manner
dependent on the binding of NF-Y to the CCAAT part. To
clarify whether these elements are involved in the tunica-
mycin-induced TRB3 promoter activation, we constructed the
reporter gene containing one repeat of three tandem repeats
sequence (pTRB3-RS) and its deletion and point mutants as
shown in Figure 5D. As shown in Figure SE (left), tunicamy-
cin-induced ER stress did not cause the transactivation of the
reporter gene containing mutations in the CHOP-binding site
(pPTRB3-RS mutl) or AARE not overlapping a CHOP-binding
site (pTRB3-RS mut4, 6). Interestingly, the transactivation of
mutants of the CCAAT-like box (pTRB3-RS mut3, 5) was not
caused either. The mutation to a palindromic sequence
(pPTRB3-RS mut2) did not cause a significant decrease in
tunicamycin-induced transactivation as compared with the
wild type. These results revealed that the CHOP-binding sites,
the AAREs and the CCAAT-like boxes, but not the palindromic
sequences, are involved in the TRB3 promoter activation by
tunicamycin-induced ER stress.

Next, we examined the effects of CHOP/NF-IL6 and ATF4
overexpression on these promoters (Figure 5E, right). CHOP/
NF-IL6 overexpression demonstrated almost the same activa-
tion profile as that of tunicamycin treatment. On the other
hand, ATF4 overexpression caused the transactivation of not
only pTRB3-RS wt and mut2 but also pTRB3-RS mut3 and 5.
Therefore, the TRB3 promoter activation by ATF4 overexpres-
sion is independent of the CCAAT-like box and not correlated
with tunicamycin-induced activation. These results suggest
that ATF4 expression alone is not enough for physiological
TRB3 promoter activation and additional factors, such as
CHOP, are necessary for this induction.

CHOP and ATF4 cooperate to activate TRB3 promoter
activity

A consensus C/EBP-binding site consists of the palindromic
decanucleotide ATTGCGCAAT and a consensus ATF/CRE box
consists of the palindromic octanucleotide TGACGTCA
(Montminy et al, 1986; Osada et al, 1996). Usually, the
homodimers of members of the C/EBP family or those of
the ATF/CREB family bind to the C/EBP-binding site or the
ATF/CRE box, respectively (Bruhat et al, 2002). The AARE in
the CHOP promoter and nutrient-sensing response element
(NRSE) 1 (an AARE-related element) in the asparagine
synthetase (AS) promoter (also termed C/EBP-ATF site) con-
sist of one-half of each of the palindromic sequences that
comprise an optimal C/EBP-binding site and an ATF/CRE box
(Fawcett et al, 1999) (Figure 6A), and these sites were shown
to bind C/EBP homodimers, ATF/CREB homodimers or
C/EBP-ATF heterodimers. CHOP/NF-IL6 (heterodimers of
the C/EBP family) or ATF4 (homodimers of the ATF/CREB
family) caused transcriptional activation of the TRB3 promo-
ter containing an AARE- and a CHOP-binding site. Therefore,
we next examined whether C/EBP-ATF heterodimers can
activate the TRB3 promoter as well. As ATF4 overexpression
caused TRB3 promoter transcriptional activation, ATF4 is the
strongest candidate for a component of the ATF part. As a
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Figure 5 Mutagenesis analysis of the TRB3 promoter. (A) Constructs of TRB3 promoter reporter genes. Position + 1 demonstrates the
initiation site for the TRB3 transcription. (B) 293 cells were transiently transfected with pTRB3-Luc, pCMV-f-gal and the expression vectors for
CHOP/NF-IL6 or ATF4. After 24 h, cells were left untreated or treated with 2 pg/ml of tunicamycin for 16 h. The luciferase activity in cell lysates
was measured and was normalized with -galactosidase activity. (C) The sequence of the ERSE in the TRB3 promoter. (D) Constructs of TRB3
promoter reporter genes. (E) HepG2 cells were transiently transfected with pTRB3-Luc and pCMV-B-gal, and after 24 h, treated with 2 ug/ml of
tunicamycin for 16 h (left). 293 cells were transiently transfected with pTRB3-Luc, pCMV-B-gal and the indicated expression vectors for CHOP/
NF-IL6 or ATF4. The luciferase activity in cell lysates was measured and normalized with B-galactosidase activity (right). The results in HepG2
cells were shown because the tunicamycin-induced activation level was higher than in 293 cells. Similar results were obtained in 293 cells as

well. Similar results were obtained in three independent experiments.

component of C/EBP part, NF-IL6 is the partner of ATF4 for
activation of the TRB3 promoter as well as the CHOP and AS
promoters, but overexpression of NF-IL6 caused the potent
repression of basal or ATF4-stimulated TRB3 promoter
(Figure 6B, right). On the other hand, the coexpression of
CHOP with ATF4 dramatically increased TRB3 promoter
activation compared with the expression of ATF4 alone or
CHOP/NF-IL6 (Figure 6B, left lane 5). In addition, this
activation was stimulated by both CHOP and ATF4 in a
dose-dependent manner (Figure 6C). This cooperative activa-
tion was not caused by the coexpression of a dominant-
negative form of CHOP, CHOPABR or a dysfunctional
CHOP, CHOPALZ, with ATF4 (Figure 6D). These results
suggest that CHOP and ATF4 bind to the TRB3 promoter
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dependent on those DNA-binding regions and a precedent
heterodimerization via the leucine zipper domains, and co-
operate to activate this promoter.

Moreover, coexpression with TRB3 strongly suppressed
the TRB3 promoter activation by ATF4 as well as CHOP
(Figure 6E), indicating that TRB3 regulates its own expres-
sion via the repression of both CHOP and ATF4 transactiva-
tion activity in a double negative feedback loop.

Shutdown of ATF4-CHOP pathway represses TRB3
induction

The expression of DOCs (downstream of CHOP) during ER
stress was not induced in CHOP knockout mouse embryonic
fibroblasts (MEFs), and this suppression occurred in NF-IL6
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Figure 6 CHOP and ATF4 cooperate to activate the TRB3 promoter. (A) Alignment of the AARE in the TRB3 promoter with its related elements.
(B-E) 293 cells were transiently transfected with pTRB3-Luc and pCMV-B-gal in combination with the indicated expression vectors for 48 h.
The luciferase activity in cell lysates was measured and normalized with B-galactosidase activity. Similar results were obtained in three

independent experiments.

knockout MEFs as well (Wang et al, 1998). From this
observation, it is believed that NF-IL6 is a critical partner of
CHOP for DOC induction during ER stress. In the expression
of TRB3, CHOP/NF-IL6 and CHOP/ATF4 caused the critical
activation of this promoter (Figures 3 and 6), and therefore
we examined the effect of knockout/down of these genes on
TRB3 induction. In NF-IL6 knockout MEFs, the expression
of TRB3 mRNA was induced by tunicamycin treatment,
comparable to normal MEFs (Figure 7A), while knockdown
of ATF4 by the transfection of siRNA dramatically repressed
TRB3 expression along with CHOP expression (Figure 7B).
Furthermore, the knockdown of CHOP strongly repressed
TRB3 expression 8h after tunicamycin treatment
(Figure 7C). These results suggest that CHOP causes TRB3
induction by cooperating with ATF4 at the early stage and is
essential for maintenance of the induction at the later stage.

VOL 24 | NO 6 | 2005

These results also suggest that NF-IL6 is not essential for the
induction of TRB3 as the partner of CHOP different from the
induction of DOCs and the ATF4-CHOP pathway is critical for
the TRB3 induction.

TRB3 is involved in cell death during ER stress

As CHOP-deficient mice are partially resistant to ER stress-
dependent cell death (Zinszner et al, 1998; Oyadomari et al,
2002), CHOP can be related to the ER stress-induced apopto-
sis; however, the function of its target genes (DOCs) does not
sufficiently account for the cell death. TRB3 negatively
regulated CHOP-dependent transactivation, while TRB3 was
also a target gene of CHOP. We speculated that TRB3 causes
the ER stress-dependent apoptosis by a function different
from the suppression of CHOP transactivation and accounts
for CHOP-dependent cell death by a novel mechanism via

©2005 European Molecular Biology Organization



A normal MEF NF-IL6 ~"- MEF
Tunicamycin(h) 0 3 6 12 0 3 6 12
e[ MR W

CA VI ”. -

B control siRNA ATF4 siRNA
Tunicamycin (h) 0 4 6 8 0 4 6 8
¥ v
TRBS3 | - |
ATFA | T D TR = T~
CHOP O kit pE———————

B-actin |——___-_—--|

C control siRNA CHOP siRNA
Tunicamycin (h) 0 6 8 10 O 6 8 10
TRB3 | v - - S-S
CHOP -_—aaa> - = =-
e At = o= %
B-actin | c——————— e

Figure 7 Knockdown of either ATF4 or CHOP repressed TRB3
induction. (A) Wild-type and NF-IL6~/~ MEFs were treated with
2 ug/ml of tunicamycin for the indicated periods. Total RNA was
prepared and analyzed by Northern blotting using indicated mouse
cDNAs as probes. (B, C) 293 cells were transiently transfected with
control siRNA, ATF4 siRNA or CHOP siRNA. After 48 h, cells were
treated with 2 pg/ml of tunicamycin for the indicated periods. The
cell lysates were analyzed by immunoblotting using anti-TRB3,
anti-ATF4, anti-CHOP and anti-B-actin (bottom). Similar results
were obtained in three independent experiments.

TRB3 expression. As shown in Figure 8A, knockdown of
TRB3 in 293 cells significantly caused resistance to the
decrease in adherent cells by tunicamycin treatment. The
TRB3-dependent cell death induced by tunicamycin was also
observed in the HeLa cells (Figure 8B). In addition, ectopic
TRB3 expression in 293 cells increased tunicamycin-depen-
dent cell death, and this augmented cell death was inhibited
by zVAD, a caspase inhibitor, indicating that it was apoptosis
(Figure 8C). Condensation and fragmentation of nuclei in
HeLa cells induced by tunicamycin were significantly de-
creased by knockdown of TRB3 (Figure 8D). These results
suggest that TRB3 mediates ER stress-dependent apoptosis
and could be a link between ER stress-induced CHOP and
cell death.

Discussion

CHOP, a member of the C/EBP family, has a dual role in the
regulation of cellular gene expression: as an inhibitor of the
binding of C/EBP to classical C/EBP target genes and as an
activator of genes that have CHOP-C/EBP-binding sites. In
this study, we identified a novel stress-inducible gene, TRB3,
downstream of CHOP that is regulated by the latter part of
CHOP. A luciferase assay using a reporter gene with the 5'-
flanking region of TRB3 demonstrated that ER stress-depen-
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dent expression of TRB3 occurred at the transcriptional level.
This region is approximately 1.9 kbp in length and consists of
several putative CHOP/NF-IL6-binding elements. Consistent
with this, ectopic expression of both CHOP and NF-IL6
stimulated promoter activation. In addition, a low to moder-
ate level of CHOP expression alone activated TRB3 promoter
activity. This activation would be caused via heterodimeriza-
tion of CHOP with endogenous dimerization partners, prob-
ably ATF4 (a low level of ATF4 was detected in steady-state
293 cells). In this paper, we defined a novel CHOP-binding
site consisting of two crucial sequences, an AARE and a
CCAAT-like box, similar to NRSE1 and NRSE2. The authentic
AARE is involved in the response to amino-acid starvation
but not ER stress; however, NRSE1, which is an AARE-related
element, is involved not only in the response to amino-acid
starvation but also in the response to ER stress in the
presence of NRSE2. In the TRB3 promoter, the presence of
the second element, the CCAAT-like box, may be involved in
the response to ER stress as well. Ectopic expression of
CHOP/NF-IL6 promoted the transcriptional activity of a
reporter gene containing four tandem repeats of the consen-
sus CHOP-binding site (p(CHOP)4-Luc); however, the activa-
tion of this reporter gene was not caused by either a CHOP
expression alone or treatment with tunicamycin (data not
shown), indicating that an additional cis-regulatory element,
such as CCAAT-like box, is required for the CHOP-dependent
activation of TRB3 promoter and other promoters. NF-Y is
one of the candidates to bind to the CCAAT-like box; however,
the study using dominant-negative forms of NF-Y (Mantovani
et al, 1994) suggested that NF-Y would not be related to this
box and affect the transcriptional activity of the TRB3 pro-
moter (see Supplementary Figure S8). In this paper, the
proteins associated to the CCAAT-like boxes in the TRB3
promoter have not been identified. Identification of the
proteins involved in the response to ER stress and amino-
acid starvation and adaptor protein(s) is important for the
elucidation of these stress responses.

In humans and mice, three orthologs of tribbles (TRBI, 2,
3) have so far been identified. Aspects of their expression are
different. The expression levels of TRB3 mRNA and protein
were quite low in untreated cells, and were induced by ER
stress in several cells. In contrast, TRB1 and TRB2 mRNA was
expressed in normal conditions and the expression level was
not changed by treatment with tunicamycin in these cells
(data not shown).

Here we demonstrate that TRB3 functions as a novel
negative regulator of CHOP. The mechanism of the inhibitory
action of TRB3 against CHOP is still unclear. The Drosophila
tribbles has been shown to promote the degradation of slbo
(Rorth et al, 2000); however, TRB3 did not promote the
degradation of CHOP protein, and the degradation does not
account for the inhibitory effect of TRB3 on transactivation
activity. The TRB3-binding region in CHOP exists in the
transactivation domain, indicating that binding may cause a
block of the transactivation activity of CHOP.

The CHOP-binding region on TRB3 was in its N-terminal
portion, and the deletion of this region sufficiently decreased
its repression activity for CHOP (Figure 3F and Supple-
mentary Figure S9). In addition, the deletion of carboxyl-
terminal region or Akt-binding site (239-265) (Du et al, 2003)
on TRB3 did not affect the binding with CHOP; however,
these mutants lost CHOP repression ability like TRB3 AN
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Figure 8 TRB3 induces ER stress-dependent cell death. (A) 293 cells were transiently transfected with control siRNA or TRB3 siRNA. After
48h, cells were treated with 2 pg/ml of tunicamycin for the indicated periods. The percentage of adherent cells was measured by crystal violet
staining. The right panel shows the stained cells treated with tunicamycin for 48 h. (B, C) HeLa cells (B) were transiently transfected with
control siRNA or TRB3 siRNA. 293 cells (C) were transiently transfected with control vector or Flag-TRB3. After 48 h, cells were treated with
2 pug/ml of tunicamycin for 24 h or left untreated in the absence or presence of 50 uM of zVAD. The percentage of dead cells was measured by
Trypan blue staining. (D) HeLa cells were transiently transfected with control siRNA or TRB3 siRNA. After 48 h, cells were treated with 2 ug/ml
of tunicamycin for 24 h. Apoptotic cells were measured by staining with DAPI. Arrowheads in the right panel indicate apoptotic cells. Similar

results were obtained in three independent experiments.

(Figures 2D and 3F, and Supplementary Figure S9). These
results suggest that the regulation of CHOP activity by TRB3
requires the association not only with CHOP but also with
other molecule(s), for example, coactivator(s), corepressor(s)
or other members of TRB family. Alternatively, TRB3/SKIP3
and its family contain the classic substrate-binding domains
(C-terminal region) of a protein kinase, but lack the ATP-
binding and kinase-activation domains (N-terminal region)
(Bowers et al, 2003), so original kinase(s) or other modifying
enzyme(s) cannot recruit to CHOP when CHOP binds to
TRB3. TRB3 could be a novel type of endogenous kinase
inhibitor, acting as a decoy kinase-like protein for CHOP, Akt
or other substrates.

TRB3 functions as a negative regulator of ATF4, another
bZIP protein that is critical for the induction of CHOP, as well.
As TRB3/SKIP3 promotes the degradation of ATF4 (Bowers
et al, 2003), this function may be explained by the ATF4
protein degradation.

Several genes are activated by ER or mitochondrial stress
in a CHOP-dependent manner; however, the activation of
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these target genes does not account for CHOP-dependent
cell growth inhibition. High levels of sustained ER stress
can result in apoptosis, and some of the factors controlling
this response, the activation of c-Jun N-terminal kinase
(JNK) (Nishitoh et al, 2002), the activation of caspase-12
(Nakagawa et al, 2000) and transcriptional induction of
CHOP (Zinszner et al, 1998), have recently been identified.
During ER stress, CHOP is induced by a PERK-ATF4 pathway
and/or IRE1/ATF6 pathway. The reports from the studies of
overexpression or knockout of CHOP indicate that CHOP is
related to ER stress-induced apoptosis; however, there is a
missing link in the CHOP-mediated apoptosis-signaling path-
way. We have indicated that TRB3 is a CHOP target gene and
induces apoptosis during ER stress. Very recently, TRB3 has
been shown to be a crucial factor for insulin resistance, and
binds to Akt/PKB to inhibit its kinase activity (Du et al,
2003). Akt is known to maintain cell survival, by inhibiting
apoptosis, and promote cell cycling (Brazil and Hemmings,
2001). On the other hand, it has recently been shown that
CHOP-induced apoptosis is mediated by translocation of Bax
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from the cytosol to mitochondria (Gotoh et al, 2004). In
addition, it has been described that the dephosphorylation
of Akt is essential to the Bax conformational change and
translocation to mitochondria of Bax (Pervin et al, 2003;
Rathmell et al, 2003). Taken together, our observations and
reports suggest that TRB3 could be the link between ER
stress-induced CHOP and Akt dephosphorylation in inducing
translocation of Bax to induce cell death.

Recently, there have been several reports that CHOP acts as
an antiapoptotic factor (Southwood et al, 2002; Mayerhofer
and Kodym, 2003). Southwood et al (2002) showed that
oligodendrocytes but not kidney cells undergo apoptosis
with greater frequency in Chop/rsh null mice than in con-
trols. These data reveal a major divergence in the importance
of CHOP as a crucial mediator of cell death for different cell
types that conceivably could be related to the cell type-
specific target genes of this transcription factor. A likely
possibility is the pattering of CHOP with oligodendrocyte-
specific bZIP transcription factor. Further studies should be
carried out to resolve this question.

In a study using CHOP or NF-IL6 knockout MEFs, Wang
et al have indicated that several CHOP target genes, DOCI
(stress-induced form of carbonic anhydrase VI), DOC4 and
DOC6, are expressed dependent on the presence of NF-IL6 as
well as CHOP. In this paper, by knockout/knockdown analy-
sis, we have revealed that TRB3 expression during ER stress
is independent of the presence of NF-ILG6, but that the ATF4-
CHOP pathway is crucial for this expression. From the
promoter analysis, unlike CHOP-binding site, NF-IL6 alone
negatively regulated the activation of the TRB3 promoter
(Figures 3C and 6B). Overexpressed NF-IL6 supported the
ectopic CHOP-dependent activation of TRB3 promoter prob-
ably because it worked as a dimerization partner of CHOP as
shown in Figure 4B. However, tunicamycin-induced endo-
genous CHOP, whose expression level might be quite low,
may choose ATF4 as a dimerization partner for TRB3 pro-
moter activation, probably because the DNA-binding affinity
of ATF4 to TRB3 promoter is higher than that of NF-IL6. ATF4
expression alone activated the TRB3 promoter; however, the
promoter mutagenesis study revealed that this activation is
not correlated with tunicamycin-induced activation. CHOP-
induced TRB3 promoter activation is usually correlated with
tunicamycin-induced activation, and TRB3 induction was late
compared to CHOP induction. These findings suggest that
ATF4 expression alone is not sufficient for TRB3 induction,
and CHOP is essential for this as well. Indeed, CHOP and
ATF4 cooperated to activate the TRB3 promoter, and the
knockdown of CHOP significantly repressed the TRB3 ex-
pression. Here, we show that ATF4 is a novel partner of CHOP
in the PERK-elF2a pathway during ER stress.

CHOP is also induced by other stress signals such as
oxidative stress, amino-acid deprivation and hypoxia.
Therefore, it is possible that the CHOP-TRB3 pathway oper-
ates in response to these stresses as well. TRB3 is one of the
targets of CHOP, and acts as a regulator of CHOP as well,
suggesting that CHOP signaling is strictly regulated by TRB3
via a negative feedback mechanism. In terms of the physio-
logical significance, TRB3 could be a sensor for ER stress-
induced apoptosis. If the ER stress is transient and mild, the
induced TRB3 blocks the CHOP and ATF4 function by binding
to them. However, when potent and prolonged ER stress
occurs, excess TRB3 will be produced and lead to apoptosis.
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TRB3 may be a potential therapeutic target for diseases with
stress-dependent cell death, such as neurodegenerative dis-
eases or type I diabetes.

Materials and methods

Reagents

RPMI 1640 medium, Dulbecco’s modified Eagle’s medium (DMEM),
anti-B-actin monoclonal antibody (AC-15), anti-Flag monoclonal
antibody (M2), tunicamycin and MMS were purchased from Sigma
(St Louis, MO). Fetal bovine serum (FBS) was from HyClone
(Logan, UT). Anti-Myc monoclonal antibody (9E10) was from
Roche (Indianapolis, IN). Anti-GST monoclonal antibody (DG 122-
2A7) was from Upstate Inc. (Lake Placid, NY). Anti-GADD153
monoclonal antibody (B-3) was from Santa Cruz (Santa Cruz, CA).
A23187 was obtained from Calbiochem (La Jolla, CA); carboben-
zoxyl-L-leucyl-L-leucyl-L-leucinal (MG132) and benzyloxycarbonyl-
Val-Ala-Asp (OMe)-fluoromethylketone (zVAD) were obtained from
Peptide Institute (Osaka, Japan). Cycloheximide was obtained from
Nacalai Tesque (Kyoto, Japan).

Cell culture
The human melanoma cell line A375, the human embryonic
kidney cell line 293 and the human hepatocellular carcinoma cell
line HepG2 were cultured as described previously (Hattori et al,
2001, 2003a).

Construction of expression plasmids

TRB3 (GenBank accession #AK026945) was kindly provided by the
human cDNA sequencing project of the New Energy and Industrial
Technology Development Organization (NEDO) in Japan (Ota et al,
2004). pCMV5-Flag-TRB3, pCMV5-Flag-TRB3AN lacking aa 1-127,
pCMV5-Flag-TRB3AC lacking aa 283-358, pCMV5-Flag-TRB3N179
lacking aa 180-358, pCMVS5-Flag-TRB3C179 lacking aa 1-179 or
pCMV5-Flag-TRB3A239-265 lacking aa 239-265, the region essen-
tial for the binding with Aktl of human TRB3 were generated by
PCR. pGEX-TRB3(1-50) was constructed by ligating pGEX-6P-1
(Amersham Bioscience, Little Chalfont, UK) with the TRB3 cDNA
fragment (corresponding to aa 1-50). The plasmids pcDNA3.1-Myc-
CHOP, pcDNA3.1-Myc-CHOPSer”*%?Ala, pcDNA3.1-Myc-CHOPABR,
pcDNA3.1-Myc-CHOPALZ and pCMV-Flag-NF-IL6 were constructed
as described previously (Hattori et al, 2003a,b). pcDNA3.1-Myc-
CHOPANY, AN18, A19-26 and AN70 lacking the amino-terminus of
human CHOP were generated by PCR. Gal4-CHOP(WT) was kindly
provided by Dr D Ron (New York Univ.). pCMV5-Gal4-CHOPANO,
AN18 and AN70, pcDNA3.1-NF-IL6 and pcDNA3.1-CHOP were
generated by PCR. To obtain p(CHOP),-Luc, four tandem repeats of
the CHOP-binding element were amplified by PCR and ligated
with pGL3 promoter (Promega, Madison, WI). pTRB3-Luc was
generated by ligating the human TRB3 promoter region (—1265 to
+609) with pGL3-basic. pcDNA3.1-Flag-ATF4, pcDNA3.1-Flag-
XBP1, pcDNA3.1-Flag-NF-YA and pcDNA3.1-Flag-NF-YA DN, repla-
cing Arg*®?, Gly*®* and Glu**® with Ala, were generated by PCR. To
obtain p(ERSE),-Luc or p(UPRE),-Luc, two tandem repeats of ERSE
or two tandem repeats of the UPR response element, respectively,
were amplified by PCR and ligated with pGL3 promoter. All
constructs were verified by sequencing.

Reporter gene assays

Cells were transfected with luciferase reporter plasmids, and at 24 h
post-transfection, treated for specific periods with ER stressors.
Lysates were prepared and luciferase assays were performed
according to the manufacturer’s instructions (Promega). All
experiments were performed a minimum of three times before
calculating means and standard deviations.

RNA extraction, RT-PCR and Northern blot analysis

Total RNA was extracted from cells seeded in 60 mm plates. The RT-
PCR and Northern blot analysis used were described previously
(Matsumura et al, 2000). Human TRB3, CHOP, GAPDH, and mouse
TRB3, CHOP-10, carbonic anhydrase VI, GAPDH-radiolabeled
hybridization probes were generated using the individual cDNA
fragments. Primers used for human TRB3 were 5-ATGCGAGCCA
CCCCTCTAGC and 3'-CTAGCCATACAGAACCACTTC; for human
CHOP were 5'-GCGTCTAGAATGGCAGCTGAGTCATTGCC and 3'-GC
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GTCTAGATCATGCTTGGTGCAGATTC; and for human GAPDH were
5'-TGAAGGTCGGAGTCAACGGATTTGGT and 3'-CATGTGGGCCATG
AGGTCCACCAC.

Preparation of antiserum against human TRB3

TRB3 (1-50) protein fused with GST was prepared by transforma-
tion of JM109 with pGEX-TRB3 (1-50). This region of TRB3 (aa
1-50) has little homology with other human orthologs of tribbles,
TRB1 or TRB2. Two female Japanese White rabbits (2-3 kg) were
immunized with recombinant TRB3 (1-50) protein four times and
bled to prepare the antiserum against human TRB3.

Immunoprecipitation and Western blot analysis

Cells were transiently transfected and treated as described in the
figure legends. The cells were lysed in RIPA buffer (50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% deoxycholate and 1% Triton
X-100) supplemented with protease inhibitors. The lysates were
subjected to immunoprecipitation, and 1-2% of the lysate or co-
immunoprecipitate was subjected to SDS-PAGE (12.5%), trans-
ferred onto PVDF membrane and probed with antibodies indicated
in the figure legends. The immunoreactive proteins were visualized
using ECL Western blotting detection reagents (Amersham
Bioscience), and light emission was quantified with a LAS1000
lumino image analyzer (FUJI, Japan).

RNA interference

Double-stranded RNA duplexes corresponding to human TRB3 (5’
CGAGCUCGAAGUGGGCCCC-3'), human ATF4 (5-GCCUAGGUCUC
UUAGAUGA-3') and human CHOP (5-GCCUGGUAUGAGGACCU
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GC-3') were designed. Control siRNA was used for the scramble II
duplex (5-GCGCGCUUUGUAGGAUUCG-3'). They were purchased
from Dharmacon Inc. (Chicago, IL).

Transfection

A375 cells were transfected by a lipofection method using Effectene
(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. 293 and HepG2 cells were transfected by the Chen-
Okayama method (Chen and Okayama, 1987)

Cell proliferation assay and apoptosis assay

Cells were washed with PBS. Crystal violet was added to stain cells
and the stained cells were lysed in 1% SDS and measured at an OD
of 595. Cells were pelleted and washed with PBS. Trypan blue was
added to cell pellets and stained cells were counted as dead.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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