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Subtilase cytotoxin (SubAB) that selectively cleaves BiP/GRP78 triggers the unfolded protein response
(UPR) and protects mice from endotoxic lethality and collagen arthritis. We found that pretreatment of cells
with SubAB suppressed tumor necrosis alpha (TNF-a)-induced activation of NF-kB and NF-kB-dependent
chemokine expression. To elucidate underlying mechanisms, the involvement of C/EBP and Akt, putative
regulators of NF-kB, was investigated. Among members of the C/EBP family, SubAB preferentially induced
C/EBPB. Overexpression of C/EBP suppressed TNF-a-induced NF-kB activation, and knockdown of C/EBPB
attenuated the suppressive effect of SubAB on NF-kB. We identified that the ATF6 branch of the UPR plays
a crucial role in the induction of C/EBPf. In addition to this effect, SubAB depressed basal and TNF-«-induced
phosphorylation of Akt via the UPR. It was mediated by the induction of ATF6 and consequent activation of
mTOR that dephosphorylated Akt. Inhibition of Akt attenuated activation of NF-«kB by TNF-«, suggesting that
the mTOR-Akt pathway is another target for SubAB-initiated, UPR-mediated NF-«kB suppression. These
results elucidated that SubAB blunts activation of NF-kB through ATF6-dependent mechanisms, i.e., prefer-

ential induction of C/EBP3 and mTOR-dependent dephosphorylation of Akt.

We previously reported that subtilase cytotoxin (SubAB),
the prototype of a distinct AB5 cytotoxin family, is a serine
protease that selectively cleaves endoplasmic reticulum (ER)
chaperone BiP/78-kDa glucose-regulated protein (GRP78)
(40). In mice, preadministration with SubAB triggers the un-
folded protein response (UPR) and protects mice from endo-
toxic lethality and collagen arthritis (13). It is associated with
suppression of nuclear factor kB (NF-kB) and NF-kB-depen-
dent gene expression (13). These results raise a possibility that
pre-exposure of cells to SubAB suppresses subsequent re-
sponses to inflammatory stimuli. Currently, however, mecha-
nisms underlying the anti-inflammatory potential of SubAB
are largely unknown.

SubAB causes the degradation of BiP/GRP78 and the con-
sequent activation of three major branches of the UPR. These
include pathways mediated by RNA-dependent protein kinase-
like ER kinase (PERK), activating transcription factor 6
(ATF6), and inositol-requiring ER-to-nucleus signal kinase 1
(IRE1) (51). Activation of PERK leads to phosphorylation of
eukaryotic translation initiation factor 2« (eIF2«), which trig-
gers general inhibition of translation. In response to ER stress,
P90ATEF®6 transits to the Golgi complex, where it is cleaved by
the proteases S1P and S2P, yielding an active transcription
factor, pSOATF6. Similarly, activated IRE1 catalyzes removal
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of a small intron from the mRNA of X-box-binding protein 1
(XBP1). This splicing event creates a translational frameshift
in XBPI mRNA to produce an active transcription factor.
Active pSOATF6 and XBP1 subsequently bind to the ER stress
response element (ERSE) and the UPR element (UPRE),
leading to expression of target genes, including ER chaperones
and genes involved in ER-associated degradation (46). Several
previous reports suggested that the IRE1/tumor necrosis factor
(TNF) receptor-associated factor 2 (TRAF2) pathway and the
PERK-elF2a pathway cause activation of NF-«B and thereby
contribute to development of inflammation (59). In contrast,
information is very limited regarding negative regulation of
NF-kB by the UPR.

CCAAT/enhancer-binding protein (C/EBP) is a family of
transcription factors that contain a highly conserved, basic-
leucine zipper domain at the C terminus. It is required for
dimerization and DNA binding (44). In general, C/EBP plays
important roles in the control of cell proliferation, differenti-
ation, and metabolism (44), and some C/EBP may be induced
under stress conditions (28). A previous report indicated that
C/EBP interfered with phosphorylation of the p65 NF-kB sub-
unit and thereby inhibited NF-kB-mediated transcription in
TNF-tolerant monocytes (60). ER stress caused by SubAB
could induce C/EBPs and thereby suppress activation of
NF-kB and NF-kB-dependent gene expression.

The phosphatidylinositol 3-kinase (PI3K)-Akt pathway reg-
ulates activity of NF-kB positively or negatively, depending on
cellular contexts (15). A previous report indicated cross talk
among GRP78, Akt, and NF-kB in prostate cancer cells (33).
Ozes et al. reported that kinase-dead Akt inhibited TNF-a-
induced NF-kB activation in embryonic kidney cells (37). Re-
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cently, we found that SubAB caused modest, transient activa-
tion of NF-«B in the early phase. In this acute phase response,
phosphorylation of Akt is an event upstream of NF-«kB activa-
tion (595).

Activated Akt phosphorylates particular target proteins, in-
cluding mammalian target of rapamycin (mMTOR). mTOR is an
evolutionarily conserved serine/threonine kinase that regulates
various cell functions, cell cycle progression and cell prolifer-
ation (10). mTOR is involved in distinct complexes mTORC1
and mTORC2 that exert different signaling functions.
mTORCI1 phosphorylated by Akt forms a negative feedback
loop that limits Akt activation (38, 50). In contrast, n"TORC2
induces activation of Akt. The mTORCI1-mediated suppres-
sion of Akt is sensitive to rapamycin (mTORCI inhibitor), but
mTORC2-mediated Akt activation is not affected by this drug
(8). Based on this current knowledge, it is probable that tran-
sient phosphorylation of Akt by SubAB may activate mTORC1
in the early phase and consequently inhibit phosphorylation of
Akt in the later phase.

In the present report, we investigate molecular mechanisms
underlying the suppressive effect of SubAB on NF-kB, espe-
cially focusing on C/EBP, Akt, and mTOR. We also examine
UPR branches responsible for the regulation of these mole-
cules under the SubAB-triggered ER stress condition. Our
current results demonstrate that selective abrogation of BiP/
GRP78 blunts activation of NF-kB through ATF6-dependent
mechanisms, i.e., preferential induction of C/EBPB and
mTOR-dependent dephosphorylation of Akt.

MATERIALS AND METHODS

Reagents. SubAB was purified by Ni-nitrilotriacetic acid (NTA) chromatog-
raphy from recombinant Escherichia coli, as we described previously (40, 41). A
subtoxic concentration of 10 ng/ml was generally used for studies. Cleavage of
BiP/GRP78 by SubAB was confirmed by Western blot analysis (55). Tunicamy-
cin, thapsigargin, A23187, 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF),
rapamycin, and SP600125 were purchased from Sigma-Aldrich Japan (Tokyo,
Japan). Human recombinant TNF-a was obtained from R&D Systems (Minne-
apolis, MN), Akti-1/2, 4-phenylbutyrate (4-PBA), tauroursodeoxycholic acid
(TUDCA), SB203580, and PD98059 were from Calbiochem (San Diego, CA),
and salubrinal was from Tocris Bioscience (Ellisville, MO).

Cells. The rat renal tubular epithelial cell line NRK-52E was purchased from
American Type Culture Collection (Manassas, VA). SM43 rat mesangial cells
were established as described previously (23). Murine podocytes were kindly
provided by Karlhans Endlich (University of Heidelberg, Heidelberg, Germany)
and cultured as described previously (54). Wild-type and iATF6 mouse embry-
onic fibroblasts (MEF) that stably express ATF6a small interfering RNA
(siRNA) were provided by Laurie Glimcher (Harvard Medical School, Boston,
MA) (26), and PERK™/~ MEF were provided by David Ron (New York Uni-
versity School of Medicine, New York, NY). All cells were maintained in Dul-
becco’s modified Eagle’s medium/Ham’s F-12 (DMEM/F-12) (Gibco-BRL,
Gaithersburg, MD) supplemented with 5% fetal bovine serum (FBS). Experi-
ments were performed in the presence of 1% FBS.

Establishment of stable transfectants. Using electroporation, NRK-52E cells
were stably transfected with pNFkB-Luc (Panomics, Fremont, CA), which in-
troduces a luciferase gene under the control of the kB site, and NRK/NF«kB-Luc
cells were established. NRK/siC/EBPR cells were established by stable transfec-
tion of NRK-52E cells with pRNA-U6.1-siC/EBPB, which introduces siRNA-
targeting rat C/EBPB. Mock-transfected control cells (NRK/siControl) were
also established by stable transfection with pRNA-U6.1-Neo (GenScript, Pisca-
taway, NJ). NRK/ATF6-DN cells stably expressing a dominant-negative (DN)
mutant of ATF6 (ATF6-DN) were established by transfection of NRK-52E cells
with pcDNA3.1-ATF6a(171-373)AAD (provided by Kazutoshi Mori, Kyoto Uni-
versity, Kyoto, Japan) (58). NRK/HA-TRAF2 cells were established by transfec-
tion with pcDNA3-HA-TRAF2 (provided by Antonio Leonardi, University of
Naples, Naples, Italy) (27). NRK/ORP150 cells that constitutively express 150-
kDa oxygen-regulated protein (ORP150) were established by using pClneo-
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ORP150 (provided by Satoshi Ogawa, Kanazawa University, Kanazawa, Japan)
(36). Mock-transfected NRK/Neo cells were also established by transfection with
pcDNA3.1 (Invitrogen, Carlsbad, CA).

Transient transfection. Using electroporation, NRK-52E cells were transiently
cotransfected with pNFkB-Luc together with pcDNA3.1, pCMV-C/EBPB (pro-
vided by Ez-Zoubir Amri, CNRS, Nice, France) (2), pcDNA-LAP, or pcDNA-
LIP (provided by Jacob Friedman, University of Colorado, Denver, CO) (48) at
a 1:4 ratio. After 48 h, cells were pretreated with or without SubAB for 24 h,
exposed to TNF-a for 6 h, and subjected to a luciferase assay, as described later.
NRK-52E cells were also transiently cotransfected with pC/EBP-Luc (provided
by Yoshihiko Nishio, Shiga University of Medical Science, Shiga, Japan) (24)
together with pcDNA3.1, pCAG-hIRE1a-K599A (provided by Masayuki Miura,
University of Tokyo, Tokyo, Japan) encoding IREI-DN (20), pcDNA3.1-
dnXBP1 (provided by Laurie H. Glimcher) encoding XBP1-DN (25), pcDNA3-
hPERK-K621M (provided by Ronald C. Wek, Indiana University School of
Medicine, Indianapolis, IN) encoding PERK-DN (9), pcDNA3.CD2-helF2a-
S51A (provided by David Ron) encoding eIF2a-DN, or pcDNA3.1-ATF6x(171-
373)AAD at a 1:3 ratio. pC/EBP-Luc contains 3 tandem copies of the consensus
sequence of the C/EBP binding site upstream of a luciferase gene (24). After
48 h, cells were treated with or without SubAB for 12 to 24 h and subjected to
a luciferase assay. NRK-52E cells were also transiently transfected with
pcDNA3-myrHA-Akt1 encoding constitutively active Akt (Akt-CA) (provided
by Kenneth Walsh, Boston University School of Medicine, Boston, MA) (12),
treated with SubAB, and subjected to Western blot analysis. In some experi-
ments, NRK/NFkB-Luc cells were transiently cotransfected with pCMV4 or
pCMV4-p65 (Addgene, Cambridge, MA) encoding the p65 NF-«B subunit to-
gether with pcDNA3.1 or pCMV-C/EBPB. After 48 h, cells were subjected to a
luciferase assay. To evaluate activation of individual UPR pathways, cells were
also transfected with pUPRE-Luc (provided by Laurie H. Glimcher) (26),
pERSE-Luc (provided by Laurie H. Glimcher) (26), pCHOP-Luc (provided by
Pierre Fafournoux, INRA de Theix, Saint Genes Champanelle, France) (4), or
pCAX-F-XBP1ADBD-Luc (provided by Takao Iwawaki, RIKEN, Wako, Japan)
(19) and subjected to a luciferase assay. pPCHOP-Luc introduces a luciferase gene
under the control of the CHOP gene promoter [originally designated
pCHOP(—954 — +91)-Luc] (4).

Using GeneJuice (Novagen, Madison, WI), NRK-52E cells were transfected
with tuberous sclerosis complex 2 (TSC2) siRNA (sense, 5'-GGCCCUCACAG
ACAAUGGA-3'; antisense, 3'-CCGGGAGUGUCUGUUACCU-5") (Takara,
Shiga, Japan) and subjected to Western blot analysis. A control siRNA (sense,
5'-GCUGCAAUCGAUUGAUAGC-3'; antisense, 3'-CGACGUUAGCUAAC
UAUCG-5") was used for control experiments. NRK-52E cells were also tran-
siently cotransfected with pNFkB-Luc together with TSC2 siRNA or control
siRNA, treated with or without TNF-«, and subjected to a luciferase assay.

Luciferase assay. The activity of luciferase was evaluated by the luciferase
assay system (Promega, Madison, WI) according to the manufacturer’s protocol
(16).

Northern blot analysis. Total RNA was extracted by a single-step method, and
Northern blot analysis was performed as described previously (22). cDNAs for
C/EBPa, C/EBPB, C/EBP? (provided by Ez-Zoubir Amri) (2), firefly luciferase,
monocyte chemoattractant protein 1 (MCP-1) (45), ORP150 (provided by Sa-
toshi Ogawa) (36), and BiP/GRP78 (provided by Kazunori Imaizumi, University
of Miyazaki, Miyazaki, Japan) (21) were used to prepare radiolabeled probes.
Expression of the glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH)
was used as a loading control. Densitometric analysis was performed using Scion
Image (Scion Corporation; Frederick, MO).

Western blot analysis. Western blot analysis was performed by the enhanced
chemiluminescence system (Amersham Biosciences, Buckinghamshire, United
Kingdom), as described previously (57). Levels of phosphorylated Akt and total
Akt protein were evaluated using the PhosphoPlus Akt (Ser473) antibody kit
(Cell Signaling Technology, Beverly, MA). Other antibodies used were anti-C/
EBP, anti-elF2«, anti-IkBa, and anti-TRAF2 from Santa Cruz Biotechnology
(Santa Cruz, CA), antihemagglutinin (anti-HA) and anti-B-actin from Sigma-
Aldrich Japan, anti-mTOR, anti-phospho-mTOR (Ser2448), anti-phospho-
p70S6K (Thr389), anti-TSC2, and anti-phospho-eIF2a (Ser51) from Cell Signal-
ing Technology, and anti-KDEL from Stressgen (Victoria, Canada).

Formazan assay. The number of viable cells was assessed by a formazan assay
using Cell Counting Kit-8 (Dojindo Laboratory; Kumamoto, Japan) (54).

Statistical analysis. In reporter assays and the formazan assay, experiments
were performed in quadruplicate, and data were expressed as means * the
standard error (SE). Statistical analysis was performed using the nonparametric
Mann-Whitney U test to compare data in different groups. A P value of <0.05
was considered an indication of a statistically significant difference.
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FIG. 1. Suppression of TNF-a-induced activation of NF-kB by SubAB. (A) NRK/NFkB-Luc cells were pretreated with or without 10 ng/ml
SubAB for 24 h, exposed to 10 ng/ml TNF-« for 6 h, and subjected to a luciferase assay (top) and Northern blot analysis of luciferase mRNA
(bottom). Activity of luciferase was normalized by the number of viable cells estimated by formazan assay, and relative values (%) are shown.
Reporter assay and formazan assay were performed in quadruplicate. Data are presented as means * SE. Statistical analysis was performed using
the nonparametric Mann-Whitney U test to compare data in different groups. An asterisk indicates a statistically significant difference (P < 0.05).
(B) NRK-52E cells were pretreated with or without SubAB, exposed to TNF-a for up to 1 h, and subjected to Western blot analysis of IkBa. The
level of B-actin is shown at the bottom as a loading control. (C and D) NRK-52E cells, SM43 cells, podocytes, and MEF were pretreated with or
without SubAB, exposed to TNF-a for 6 h, and subjected to Northern blot analysis of MCP-1. Expression of GAPDH is shown at the bottom as

a loading control.

RESULTS

Suppression of TNF-a-triggered NF-kB activation by
SubAB. We previously reported that in mice, preadministra-
tion with SubAB triggered the UPR and protected mice from
endotoxic lethality and collagen arthritis. It was associated with
suppression of NF-kB and NF-kB-dependent gene expression
(13). This result raised a possibility that pre-exposure of cells
to SubAB suppresses subsequent responses to inflammatory
stimuli. To examine this possibility, NRK/NF«B-Luc cells were
pretreated with or without SubAB for 24 h, exposed to TNF-a
for 6 h, and subjected to a luciferase assay to evaluate the
activity of NF-kB. As shown in Fig. 1A (top), TNF-a induced
activation of NF-kB, and it was abrogated by the pretreatment
with SubAB. This inhibitory effect was not due to ER stress-
initiated translational suppression, because induction of lucif-
erase mRNA was also suppressed by the pretreatment with
SubAB (Fig. 1A, bottom). Consistent with this result, degra-
dation of IkBa, another marker of NF-kB activation, was de-
tected following the treatment with TNF-a, whereas the deg-
radation was not observed with SubAB-pre-exposed cells (Fig.
1B). The suppression of NF-kB was also confirmed by blunted
induction of a NF-kB-dependent gene MCP-1 in SubAB-pre-
treated cells (Fig. 1C). This suppressive effect was not specific
to NRK-52E cells, and similar results were also observed with
glomerular mesangial cells (SM43), podocytes, and MEF
(Fig. 1D).

Suppression of NF-kB by SubAB through induction of
C/EBP@3. A previous report indicated that in TNF-tolerant
monocytic cells, C/EBP blocked phosphorylation of p65 and
thereby attenuated NF-kB-mediated transcription (60). Be-
cause some C/EBP may be induced under stress conditions, we
tested whether SubAB has the potential to induce C/EBP
family members. Northern blot analysis showed that SubAB
upregulated expression of C/EBPB without substantial induc-
tion of C/EBPa and C/EBPS (Fig. 2A). The induction of
C/EBPB was correlated with an increase in the level of the
C/EBPB protein (Fig. 2B) and enhancement of the transacting
potential of C/EBP (Fig. 2C).

To examine involvement of C/EBP in the suppression of
NF-kB by SubAB, NRK-52E cells were transiently cotrans-
fected with pNFkB-Luc together with C/EBPB and stimulated
by TNF-a. As shown in Fig. 2D, overexpression of C/EBP(
significantly inhibited TNF-a-induced activation of NF-kB.
There are two translation products from C/EBPB mRNA, liver
activating protein (LAP) and liver inhibitory protein (LIP), the
latter of which functions as a dominant-negative inhibitor of
C/EBPB-mediated transcription (7). Interestingly, overexpres-
sion of LIP, as well as LAP, also suppressed TNF-a-induced
activation of NF-«B (Fig. 2E), suggesting that the suppression
of NF-«B by C/EBPB is independent of its transacting poten-
tial. Of note, like LAP, LIP was also induced by SubAB (data
available on request). To further confirm involvement of
C/EBPB, NRK/siC/EBP@ cells stably expressing siRNA for
C/EBPpB were established. Western blot analysis showed sub-
stantial reduction in the level of the C/EBPR protein in NRK/
siC/EBPB cells (Fig. 2F). Control cells and NRK/siC/EBP
cells were then transfected with pNFkB-Luc, pretreated with
or without SubAB, and exposed to TNF-a. The chemilumines-
cent assay revealed that, compared with the control, knock-
down of C/EBP partially reversed the suppressive effect of
SubAB on NF-kB (Fig. 2H). A reporter assay showed that
activation of NF-kB by overexpression of p65/RelA was also
suppressed significantly by C/EBPB (Fig. 2H). This result in-
dicates that C/EBP interferes with NF-kB signaling, at least
in part, downstream of IkB degradation.

Induction of C/EBP3 by SubAB via the ATF6 branch of the
UPR. SubAB selectively cleaves BiP/GRP78, resulting in the
induction of the UPR (51). We examined the involvement of
individual branches of the UPR in the induction of C/EBPJ by
SubAB. NRK-52E cells were transiently cotransfected with
pC/EBP-Luc together with a dominant-negative (DN) mutant
of IREla, XBP1, PERK, elF2a, or ATF6, stimulated by
SubAB, and subjected to a luciferase assay. Efficient suppres-
sion of the UPR by dominant-negative mutants was confirmed
by reporter assays (data not shown). A chemiluminescent assay
revealed that, among the dominant-negative mutants tested,
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FIG. 2. Involvement of C/EBPB in the suppression of NF-kB by SubAB. (A) NRK-52E cells were treated with SubAB for up to 48 h, and
expression of C/EBPa, C/EBPB, and C/EBPS was examined by Northern blot analysis (left). Densitometric analysis of Northern blot data (C/EBP
genes/GAPDH) is shown (right). @, C/EBPa; B, C/EBPR; A, C/EBP3. (B) Cells were treated with SubAB for up to 24 h and subjected to Western
blot analysis of C/EBPB. (C) Cells were transiently transfected with pC/EBP-Luc, treated with SubAB for 12 h, and subjected to luciferase assay
to evaluate the transacting potential of C/EBP. (D and E) Cells were transiently cotransfected with empty vector (control), pPCMV-C/EBPB (D),
pcDNA-LAP, or pcDNA-LIP (E) together with pNFkB-Luc, treated with or without TNF-« for 6 h, and subjected to luciferase assay. (F) Mock-
transfected NRK/siControl cells and NRK/siC/EBP cells were subjected to Western blot analysis of C/EBPB. (G) Control cells and NRK/siC/
EBPg cells were transiently transfected with pNFkB-Luc, pretreated with or without SubAB, exposed to TNF-q, and subjected to luciferase assay.
The values were normalized by the number of viable cells. (H) NRK/NFkB-Luc cells were cotransfected with pCMV4 or pCMV4-p65 together with
pcDNA3.1 or pCMV-C/EBPB. After 48 h, cells were subjected to luciferase assay.

only ATF6-DN significantly attenuated activation of C/EBP by prevents ER stress-induced cleavage of p90ATF6 (34). The
SubAB. None of the other mutants, including IRE1-DN, efficient blockade of ATF6 by AEBSF was confirmed by a
XBP1-DN, PERK-DN, and elF2a-DN suppressed SubAB- reporter assay (data not shown). NRK-52E cells were tran-
triggered induction of C/EBP (Fig. 3A). Of note, downregula- siently transfected with pC/EBP-Luc and treated with SubAB
tion of the PERK-elF2a pathway by either PERK-DN or in the absence or presence of AEBSF. Consistent with the
elF2a-DN rather enhanced the activity of C/EBP. It is possibly results shown in Fig. 3A, blockade of ATF6 decreased SubAB-
caused by downregulation of CHOP, a C/EBP family member triggered induction of C/EBP (Fig. 3B). To further confirm this
that is induced by the PERK-eIF2a pathway and inhibits the result, we generated NRK/ATF6-DN cells stably expressing
transacting potential of other C/EBPs (44). To confirm the ATF6-DN. Mock-transfected cells and NRK/ATF6-DN cells
crucial involvement of the ATF6 pathway, an ATF6 inhibitor were treated with SubAB, and induction of C/EBP was eval-
AEBSF was used. AEBSF is an inhibitor of S1P and S2P and uated. Northern blot analysis revealed that induction of
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C/EBPP was alleviated in NRK/ATF6-DN cells, compared
with mock-transfected cells (Fig. 3C). Furthermore, in MEF
stably transfected with ATF6 siRNA (iATF6«), induction of
the C/EBP protein by SubAB was blunted (Fig. 3D), confirm-
ing involvement of the ATF6 pathway. In contrast, even if the
elF2a pathway was activated by salubrinal, an inhibitor of
elF2a dephosphorylation (3), expression of C/EBPB was not
induced. Consistently, salubrinal did not enhance the transact-
ing potential of C/EBP (data not shown), confirming the lack
of involvement of the PERK-elF2a pathway. Taken together,
these results suggest a crucial role for the ATF6 branch of the
UPR in the induction of C/EBPB by SubAB.

Suppression of NF-kB by SubAB through UPR-mediated
dephosphorylation of Akt. Although pretreatment with SubAB
abrogated activation of NF-kB by TNF-a (Fig. 1A), overex-
pression of C/EBPB only partially suppressed NF-«B activa-
tion (Fig. 2D). Similarly, knockdown of C/EBPJ reversed the
suppressive effect of SubAB only partially (Fig. 2G). Further-
more, C/EBPB interfered with the NF-kB signaling down-
stream of IkB degradation (Fig. 2H), whereas SubAB also
inhibited degradation of IkBa (Fig. 1B). These results suggest
that additional mechanisms should be involved in the suppres-
sion of NF-kB by SubAB. Previous reports suggested that the
PI3K-Akt pathway has the potential to regulate NF-kB posi-
tively or negatively, depending on cellular contexts (15). We
also demonstrated recently that, in the acute phase, Akt phos-
phorylation is an event upstream of NF-kB activation in
SubAB-exposed cells (55). We therefore investigated whether
Akt is another target for SubAB to downregulate NF-kB. For
this purpose, NRK/NFkB-Luc cells were stimulated by TNF-«
in the absence or presence of a selective inhibitor of Akt,
Akti-1/2. Effective inhibition of Akt by Akti-1/2 was confirmed
by Western blot analysis (data not shown). A reporter assay
showed that activation of NF-kB by TNF-a was significantly
suppressed by the treatment with Akti-1/2 (Fig. 4A). Western
blot analysis showed that NRK-52E cells have basal activity of
Akt, and it was further enhanced by the treatment with TNF-a
(Fig. 4B). When cells were exposed to SubAB for 24 h, both
basal and inducible phosphorylation of Akt was suppressed
(Fig. 4C). This suppressive effect was mimicked by the treat-
ment with other UPR inducers, including thapsigargin,
A23187, and tunicamycin (Fig. 4D).

To confirm that the suppression of Akt by SubAB is, indeed,
attributable to the UPR, NRK-52E cells were treated with
SubAB in the presence of chemical chaperone 4-PBA or
TUDCA, and the level of phosphorylated Akt was evaluated.
Effective suppression of the UPR by these agents was con-
firmed by Western blot analysis and a reporter assay (data not
shown). As shown in Fig. 4E, both chemical chaperones re-
versed the suppressive effect of SubAB on Akt phosphoryla-
tion (Fig. 4E). To further confirm the conclusion, cells were
stably transfected with ORP150, an ER chaperone, and ER
stress-resistant NRK/ORP150 cells were created. The estab-
lished cells expressed ORP150 abundantly (Fig. 4F), which was
correlated with blunted activation of the UPR in response to
SubAB (our unpublished data). When the established cells
were treated with SubAB, dephosphorylation of Akt was at-
tenuated compared with mock-transfected cells (Fig. 4G).
These results suggest that suppression of Akt by SubAB is
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FIG. 4. Suppression of Akt and consequent inhibition of NF-kB
activation by SubAB. (A) NRK/NFkB-Luc cells were treated with or
without TNF-a in the absence or presence of 10 M Akti-1/2 and
subjected to luciferase assay. (B) NRK-52E cells were treated with
TNF-a for up to 5 h and subjected to Western blot analysis of phos-
phorylated Akt (p-Akt) and total Akt protein (Akt). (C) Cells were
pretreated with or without SubAB, exposed to TNF-a, and subjected
to Western blot analysis. (D) Cells were treated with SubAB (Sub),
thapsigargin (Tg; 500 nM), A23187 (A; 2 wM), or tunicamycin (Tm; 1
pg/ml) for 24 h, treated with or without TNF-« for 5 h, and subjected
to Western blot analysis. Ctrl, untreated control. (E) Cells were treated
with SubAB in the absence or presence of chemical chaperone 4-PBA
(1 mM) or TUDCA (1 mM), and the level of phosphorylated Akt was
evaluated. (F) Cells were stably transfected with ORP150. Mock trans-
fected cells (NRK/Neo) and established transfectants (NRK/ORP150)
were subjected to Northern blot analysis of ORP150. (G) NRK/Neo
cells and NRK/ORP150 cells were treated with SubAB, and phosphor-
ylated Akt was examined.

through the induction of the UPR, which is in part responsible
for the suppressive effect of SubAB on NF-«kB.

Dephosphorylation of Akt by SubAB via ATF6-mediated
activation of mTOR. We reported recently that in the acute
phase, SubAB causes transient activation of Akt through the
ATF6 branch of the UPR (55). However, once activated, Akt
may exert a negative feedback loop to dephosphorylate Akt. If
so, the ATF6 pathway may also be involved in the suppression
of Akt by SubAB in the late phase. To examine this possibility,
NRK-52E cells were treated with or without SubAB in the
absence or presence of AEBSF, and the level of phosphory-
lated Akt was evaluated. Western blot analysis revealed that
suppression of the ATF6 pathway abrogated the SubAB-trig-
gered dephosphorylation of Akt (Fig. SA). Consistent with this
result, iIATF6a MEF were resistant to the suppressive effect of
SubAB on Akt (Fig. 5B, right), suggesting involvement of the
ATF6 pathway. Of note, with PERK-null mutant MEF, sup-
pression of Akt by SubAB was observed to be similar to that of
wild-type MEF (Fig. 5B, middle).

It is known that mTOR is located downstream of Akt and
may form a negative feedback loop that limits Akt phosphor-
ylation. Previous reports suggested that phosphorylation of
mTORCI1 by Akt in turn negatively regulated the PI3K-Akt
pathway (38, 50). To examine involvement of mTOR in the
suppression of Akt by SubAB, phosphorylation of mTOR was
evaluated. Following exposure of NRK-52E cells to SubAB,
transient phosphorylation of mTOR was observed (Fig. 5C).
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FIG. 5. Suppression of Akt phosphorylation by SubAB through the ATF6-Akt-mTOR pathway. (A) NRK-52E cells were treated with or
without SubAB for 24 h in the absence or presence of AEBSF and subjected to Western blot analysis of phosphorylated Akt. (B) Wild-type MEF
(wt), PERK-knockout MEF (PERK "), and iATF6a MEF were treated with or without SubAB and subjected to Western blot analysis. NRK-52E
cells were treated with SubAB (C) or thapsigargin or tunicamycin (D) for indicated time periods and subjected to Western blot analysis of
phosphorylated mTOR. Levels of total mMTOR and B-actin were used as loading controls. (E) Cells were treated with or without SubAB for 3 h
in the absence or presence of AEBSF and subjected to Western blot analysis. (F) Wild-type MEF and iATF6a MEF were treated with or without
SubAB and subjected to Western blot analysis of phosphorylated mTOR. (G) NRK-52E cells were pretreated with or without 100 nM rapamycin
for 30 min, exposed to SubAB for 24 h, and subjected to Western blot analysis of phosphorylated Akt. (H) Western blot analysis of TSC2 and
phosphorylated Akt in cells transiently transfected with control sSiRNA or TSC2 siRNA. (I) Cells were transiently cotransfected with pNFxkB-Luc
together with control siRNA or TSC2 siRNA. After 48 h, cells were treated with or without TNF-a for 6 h and subjected to luciferase assay.

The phosphorylation of mTOR was also caused by other UPR
inducers, including thapsigargin and tunicamycin (Fig. 5D).
Consistent with the result shown in Fig. 5A, inhibition of ATF6
by AEBSF attenuated SubAB-induced phosphorylation of
mTOR (Fig. 5E). Furthermore, treatment with SubAB caused
phosphorylation of mTOR in wild-type MEF, whereas it was
blunted in iATF6a MEF (Fig. 5F), confirming involvement of
the ATF6 pathway in the regulation of Akt-mTOR signaling.

Function of mTORC1 is inhibited by rapamycin (8). Indeed,
thapsigargin-induced activation of mMTORCI1 was abrogated by
the treatment with rapamycin in NRK-52E cells (data not
shown). We examined an effect of rapamycin on the suppres-
sion of Akt by SubAB. As shown in Fig. 5G, inhibition of
mTOR by rapamycin abolished dephosphorylation of Akt by
SubAB. On the other hand, activation of mTOR by knock-
down of TSC2, an endogenous inhibitor of mMTORCI, caused
dephosphorylation of Akt (Fig. SH), and it was correlated with
blunted activation of NF-kB in response to TNF-a (Fig. 5I).
These results suggest that SubAB dephosphorylates Akt via
ATF6-dependent activation of mTOR.

Relationship between induction of C/EBP3 and suppression
of Akt in response to SubAB. To examine the link between
induction of C/EBP and suppression of Akt by SubAB, we
first tested an effect of Akt on the induction of C/EBPB. NRK-
52E cells were transiently transfected with pC/EBP-Luc and
treated with SubAB in the absence or presence of Akti-1/2. A
reporter assay showed that inhibition of Akt did not affect
induction of C/EBP by SubAB (Fig. 6A). To confirm this
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FIG. 6. Independent regulation of C/EBPB and Akt by SubAB.
(A) NRK-52E cells were transiently transfected with pC/EBP-Luc,
treated with SubAB for 12 h in the absence or presence of Akti-1/2,
and subjected to luciferase assay. NS, not statistically significant.
(B) Cells were transfected with empty vector (control) or Akt-CA and
subjected to Western blot analysis of Akt. (C) Cells were cotransfected
with pC/EBP-Luc together with empty vector or Akt-CA, treated with
or without SubAB, and subjected to luciferase assay. (D) Cells were
transfected with empty vector or C/EBP. After 48 h, the level of Akt
phosphorylation was evaluated. (E) Mock-transfected NRK/siControl
cells and NRK/siC/EBPB cells were treated with or without SubAB
and subjected to Western blot analysis of phosphorylated Akt.
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FIG. 7. Putative mechanisms underlying suppression of NF-kB by
SubAB. SubAB causes ER stress via selective cleavage of BiP/GRP78
and preferential induction of C/EBP through the ATF6 branch of the
UPR. C/EBPB physically interacts with NF-kB subunits, especially
p65, and thereby inhibits the transacting potential of NF-kB down-
stream of IkB. SubAB also transiently induces phosphorylation of
mTOR via the ATF6 pathway and thereby downregulates Akt phos-
phorylation, leading to blockade of the TNF-a—Akt-NF-kB pathway
upstream of IkB.

result, NRK-52E cells were transiently cotransfected with pC/
EBP-Luc and pcDNA3-myrHA-Aktl encoding constitutively
active Akt (Akt-CA). Western blot analysis confirmed substan-
tial enhancement of phosphorylated Akt in Akt-CA-trans-
fected cells (Fig. 6B). Mock-transfected cells and Akt-CA-
transfected cells were then treated with SubAB and subjected
to analysis. A chemiluminescent assay showed that enhanced
phosphorylation of Akt did not attenuate induction of C/EBP
by SubAB (Fig. 6C). These results suggest that downregulation
of Akt is not responsible for the induction of C/EBP by SubAB.

We next examined an effect of C/EBPB on the suppres-
sion of Akt by SubAB. For this purpose, cells were tran-
siently transfected with C/EBPB and subjected to Western
blot analysis of Akt. As shown in Fig. 6D, overexpression of
C/EBP did not influence the basal level of Akt phosphor-
ylation. Furthermore, downregulation of C/EBP@ by siRNA
did not affect the suppressive effect of SubAB on Akt phos-
phorylation (Fig. 6E).

Taken together, these results suggest dual mechanisms un-
derlying the suppressive effect of SubAB on NF-kB, i.e., pref-
erential induction of C/EBPB and mTOR-dependent dephos-
phorylation of Akt, both of which are regulated independently
by SubAB (Fig. 7).

DISCUSSION

Preadministration with SubAB protects mice from LPS-in-
duced endotoxic lethality and experimental arthritis. It is as-
sociated with inhibition of NF-kB and blunted induction of
NF-«kB-dependent molecules, including MCP-1 and TNF-a
(13). In the present study, we disclosed mechanisms underlying
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this anti-inflammatory potential of SubAB. Our results showed
crucial roles of C/EBPB upregulation and mTOR-dependent
dephosphorylation of Akt, both of which are caused by SubAB
via the ATF6 pathway.

In the present report, we first showed that C/EBPR is pref-
erentially upregulated by SubAB through the ATF6 branch of
the UPR. A previous report indicated that the human C/EBPB
gene has a UPRE at the 3’ end and that it could be responsible
for induction of C/EBP by ER stress (5). However, the UPRE
is regulated mainly by the IRE1-XBP1 pathway. Because dom-
inant-negative inhibition of IRE1 or XBP1 did not affect in-
duction of C/EBP by SubAB, contribution of the IRE1-XBP1
pathway is unlikely. We previously reported that in the acute
phase, SubAB transiently activates NF-kB through the ATF6
pathway (55), which could be involved in the induction of
C/EBPB. However, our preliminary results showed that none
of the NF-«kB inhibitors affected induction of C/EBPB by
SubAB (data not shown), excluding this possibility. Some pre-
vious reports indicated roles of mitogen-activated protein
(MAP) kinases and its downstream target activator protein 1
(AP-1) in the induction of C/EBPB (29, 39, 43). We found
recently that in the early phase, SubAB transiently phosphor-
ylated c-Jun N-terminal kinase (JNK), p38 MAP kinase, and
extracellular signal-regulated kinase (ERK). The phosphoryla-
tion of MAP kinases was associated with activation of AP-1
(our unpublished data). The transient activation of the MAP
kinase-AP-1 pathway might be responsible for the induction of
C/EBPB by SubAB. Indeed, our preliminary data showed that
inhibition of the p38 MAP kinase by SB203580 or ERK by
PD98059, but not inhibition of JNK by SP600125, modestly
suppressed induction of C/EBPB by SubAB (data not shown),
implying this possibility. Currently, it is unclear whether and
how the ATF6 pathway regulates the MAP kinase—AP-1 path-
way. However, a recent report demonstrated that ATF6 in-
duced expression of Rheb (Ras homolog enriched in brain)
(47), a member of the Ras family. Rheb was originally identi-
fied as an immediate-early gene in the brain, but now, it is
known that this molecule is expressed in various tissues (52).
Rheb interacts with and activates Raf-1 kinase (56), leading to
phosphorylation of MEK and ERK. This mechanism might
underlie induction of C/EBP by the ATF6 pathway. Similarly,
Rheb is known as a critical activator of mTOR (1). Rheb can
bind directly to the mTOR kinase domain, leading to activa-
tion of mMTORCI1. Rheb might also be involved in the regula-
tion of mMTOR by ATF6.

Physical interaction occurs between the bZIP region of
C/EBPB and the Rel homology domain of the NF-kB subunit
(49). The inhibitory effect of C/EBP on NF-kB activation may
be independent of its transacting potential. Indeed, Prosch et
al. reported that C/EBPa and -f interacted with p65 and sup-
pressed NF-kB activation even in the absence of direct binding
of p65-C/EBP complexes to the kB site (42). We found in this
report that, like that of LAP, overexpression of LIP also sup-
pressed TNF-a-induced activation of NF-kB, supporting the
idea that the suppression of NF-«kB by C/EBPR is independent
of its transacting potential.

We showed that SubAB suppressed basal and TNF-a-induc-
ible phosphorylation of Akt. The similar effect was observed
with other UPR inducers, and chemical and genetic chaperon-
ing abrogated this effect, suggesting that ER stress is respon-
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sible for depression of Akt. In contrast, however, a previous
report indicated that ER stress induced by glucosamine rather
reinforced Akt phosphorylation in astroglia (32). We reported
previously that in the early phase, SubAB, as well as tunica-
mycin and thapsigargin, caused activation of Akt in NRK-52E
cells. The phosphorylation of Akt was, however, only transient,
with a peak at 3 to 9 h (55). Consistent with this result, Hosoi
et al. reported that, in glial cells, Akt phosphorylation was
increased by short-term exposure to ER stress but was down-
regulated by long-term exposure to ER stress inducers (17).
These results strongly suggest the potential of ER stress for
biphasic, bidirectional regulation of Akt. In the early phase,
SubAB triggers phosphorylation of Akt, whereas in the later
phase, it depresses both basal and inducible Akt activity. The
downregulation of NF-kB by SubAB demonstrated here is
caused, at least in part, by suppression of Akt in the late phase.

We suggested in the present report that early activation of
the Akt-mTORCI pathway induced by the UPR in turn down-
regulates Akt in the late phase. It is supported by the following
findings: (i) SubAB and other UPR inducers caused acute,
transient activation of Akt and mTOR; (ii) suppression of Akt
by SubAB was attenuated by treatment with chemical chaper-
ones or overexpression of ER chaperone; (iii) inhibition of
mTORCI1 by rapamycin reversed the suppressive effect of
SubAB on Akt; and (iv) activation of mTORCI by siTSC2
mimicked the suppressive effect of SubAB on NF-kB. To our
knowledge, this is the first demonstration that the UPR causes
phosphorylation of mTOR and activation of mTORCI1, lead-
ing to negative feedback on Akt phosphorylation. Of note,
consistent with our findings, recent reports also suggested that
the Akt pathway has the potential to phosphorylate mTORC1
(30) and that phosphorylation of mMTORCI1 by Akt may in turn
negatively regulate the PI3K-Akt pathway (38). These results
suggest that SubAB causes activation of mTOR through the
ATF6-Akt pathway in the early phase, which in turn inhibits
the Akt pathway in the later phase.

Recently, we reported that preceding ER stress caused the
insensitivity of glomerular cells to TNF-a-induced activation of
NF-«B via suppression of TRAF2, an essential upstream com-
ponent in TNF-« signaling (14, 35). This repression was not at
the transcriptional level but was caused by accelerated degra-
dation of the TRAF2 protein, possibly via ER-associated deg-
radation (18). In the present study, we also found that SubAB
causes downregulation of the TRAF2 protein in NRK-52E
cells (data available on request). The targets for SubAB to
suppress NF-kB seem to be multiple: not only C/EBPB and
Akt, but also other molecules, including TRAF2.

In the present report, we disclosed that selective abrogation
of BiP/GRP78 leads to severe impairment in NF-kB and Akt
pathways. As is well known, NF-kB is a central coordinator for
innate and adaptive immune responses, inflammation, and
cancer development. Akt also coordinates embryonic develop-
ment, adipocyte differentiation, glucose homeostasis, and tu-
morigenesis. Based on this current knowledge, BiP/GRP78
should play critical roles in the NF-kB- and Akt-related, di-
verse range of pathophysiologies. Indeed, Luo et al. reported
that GRP78-null mutant mice were embryonically lethal. Cells
from GRP78 '~ embryos exhibited a defect in cell prolifera-
tion and massive apoptosis in the inner cell mass (31). It is
possibly caused by impairment of protein quality control in the
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ER, but it might also be ascribed to the impaired function of
NF-kB and Akt, the key regulators for cell survival and cell
proliferation. Of note, some investigators reported that tar-
geted knockout of BiP/GRP7S in the prostate epithelium sup-
pressed Akt activation and tumorigenesis (11). The biological
function of BiP/GRP78 seems to be not so simple as previously
predicted. It may be one of the master regulators for various
biological processes and could be a therapeutic target for im-
mune abnormality, inflammation, metabolic disorders, and
cancer development.

In the present repot, we demonstrated the anti-inflamma-
tory aspect of SubAB to attenuate NF-kB. The ATF6 branch
of the UPR and consequent induction of C/EBPB and sup-
pression of Akt underlie its anti-inflammatory potential.
NF-kB serves as a crucial regulator for immune responses and
is involved in the pathogenesis of a variety of inflammatory
diseases as well as atherosclerosis, neurodegenerative disor-
ders, and malignant diseases (53). ER stress and the conse-
quent UPR are often observed under these pathological con-
ditions. From this point of view, the UPR may function as a
self-defense mechanism against NF-kB-related pathologies.
Like inhibitors of Akt (6), selective manipulation of the ATF6
pathway or downstream C/EBPB might open a new window
toward efficient treatment of NF-kB-related disorders. Eluci-
dation of the therapeutic utility of SubAB and other selective
UPR inducers will be our next lines of investigation.
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