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ABSTRACT

Activity of secreted alkaline phosphatase (SEAP)
produced by transfected cells is rapidly down-
regulated by endoplasmic reticulum (ER) stress
independent of transcriptional regulation. This phe-
nomenon was observed in a wide range of cell types
triggered by various ER stress inducers. The mag-
nitude of the decrease in SEAP was proportional to
the extent of ER stress and inversely correlated with
the induction of endogenous ER stress markers
grp78 and grp94. In contrast to SEAP, activity of
secreted luciferase was less susceptible to ER
stress. The decrease in SEAP activity by ER stress
was caused by abnormal post-translational modi-
fication, accelerated degradation and reduced
secretion of SEAP protein. In transgenic mice
constitutively producing SEAP, systemic induction
of ER stress led to reduction in serum SEAP. In
these mice, administration with lipopolysaccharide
caused rapid, transient decrease in serum SEAP
activity, and it was correlated with up-regulation of
grp78 in several organs including the spleen, lung,
kidney, liver and heart. These results elucidated for
the first time a possible involvement of transient,
systemic ER stress in endotoxemia and provided
evidence for usefulness of ER stress responsive
alkaline phosphatase for real-time monitoring of ER
stress in vitro and in vivo.

INTRODUCTION

Endoplasmic reticulum (ER) stress is implicated in a wide
range of pathologies including viral infection, ischemic
injury, neurodegenerative disorders and metabolic diseases
(1,2). Detection, quantification and monitoring of ER stress

are required for investigating molecular events involved in
these pathologies. Assessment of ER stress is also essential
for screening of agents for therapeutic intervention in
ER stress-associated diseases. To date, several assay systems
have been developed for the assessment of ER stress.
Expression of endogenous biomarkers, e.g. grp78 and
grp94, is most commonly used for this purpose (3). Phospho-
rylation of PERK and elF2q, cleavage of ATF6 and procas-
pase 12, and splicing of XBP-I mRNA are also used as
endogenous indicators for ER stress (2,4). Alternatively,
reporter systems using the ER stress response element
(ERSE) combined with lacZ or luciferase have been used
for monitoring ER stress (5,6). However, these systems
require extraction of RNA or protein and do not allow for
continuous or successive monitoring of ER stress in living
cells and animals. Use of green fluorescent protein (GFP)
may overcome this hurdle (7), but it is still not competent
for quantitative, successive assessment of ER stress in
internal organs.

The secreted alkaline phosphatase (SEAP) reporter system
has been widely used to investigate activity of known or puta-
tive promoter/enhancer elements that drive gene expression
(8). Normally, alkaline phosphatase is not secreted, but the
recombinant SEAP derived from placental alkaline phos-
phatase is released efficiently from transfected cells. In
transfectants, the level of SEAP activity in culture media is
directly proportional to changes in intracellular SEAP
mRNA and protein (8,9). This property allows SEAP to
serve as a quantitative reporter for gene expression. As a
reporter, SEAP has several important advantages over other
molecules. Because preparation of cell lysates is not required,
it is possible to monitor activity of certain genes continuously
using identical cell cultures. Using chemiluminescent assays,
SEAP activity can be quantified quickly and sensitively (9).
Activity of endogenous alkaline phosphatases present in sam-
ples is able to be eliminated by preheating the samples and
assaying in the presence of L-homoarginine without affecting
SEAP activity (9). Furthermore, in contrast to secreted
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luciferase, activity of SEAP is not affected by serum,
allowing this molecule as an in vivo reporter protein (10).

In eukaryotic cells, proteins to be secreted enter the subcel-
lular pathway through the ER. In the ER, the proteins are
folded into native conformation and undergo a multitude of
post-translational modifications. Only correctly folded pro-
teins are exported to the Golgi apparatus (11). Based
on this current knowledge, perturbation of ER function (i.e.
ER stress) could be monitored using a secreted reporter
protein. In the present investigation, we tested this possibility
using SEAP as an indicator molecule. We here show that
SEAP can serve as a selective and sensitive indicator for
ER stress in vitro and in vivo. Using mice transgenic with
the ER stress responsive alkaline phosphatase (ES-TRAP),
we provide in vivo evidence for transient, systemic induction
of ER stress during acute endotoxemia.

MATERIALS AND METHODS

Reagents

MG132 was purchased from Peptide Institute (Osaka,
Japan), and human transforming growth factor-B (TGF-f)
was from Genzyme (Cambridge, MA). Human recombinant
interleukin-1p (IL-1B) and human recombinant tumor necro-
sis factor-o. (TNF-ot) were generous gifts of Otsuka Pharma-
ceutical Co. Ltd (Tokushima, Japan) and Dr Katsuo Noguchi
(Teikyo University School of Medicine, Tokyo), respectively.
All other reagents were purchased from Sigma-Aldrich Japan
(Tokyo, Japan).

Cells and transfectants

The porcine renal proximal tubular cell line LLCPKI, the
murine hepatoma cell line Hepa-1clc7 and the rat alveolar
macrophage NR8383 were obtained from the American
Type Culture Collection (Manassas, VA). The rat mesangial
cell line SM43 was established as described before (12).
LL/SEAP, LL/MLuc and LL/EGFP cells were established
by stable transfection of LLCPK1 cells with pSEAP2-Control
(BD Biosciences, Palo Alto, CA), pcDNA3-MLuc (provided
by Dr Stefan Golz, Bayer Healthcare AG, Germany) (13) and
pEGFP-N1 (Clontech, Palo Alto, CA), respectively. Hepal/
SEAP and SM/SEAP cells were generated by stable trans-
fection of Hepa-1c1lc7 and SM43 cells with pSEAP2-Control.
Expression of transgenes and transgene products were
confirmed by northern blot analyses, western blot analyses,
chemiluminescent assays and fluorescent microscopy.
LLCPK1 cells, SM43 cells, NR8383 cells and their
derivatives were maintained in DMEM/F-12 (Gibco-BRL,
Gaithersburg, MD) containing 5-10% fetal bovine serum
(FBS). Hepa-1clc7 and Hepal/SEAP cells were maintained
in o-MEM (Invitrogen, Carlsbad, CA) supplemented with
5% FBS. All experiments were performed in the presence
of 1% FBS.

Preparation of recombinant SEAP

Confluent SM/SEAP cells in a 100 mm culture plate were
incubated in 7 ml DMEM/F-12 containing 1% FBS for
48 h. After the incubation, conditioned medium was col-
lected, centrifuged to remove insoluble components and
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used to examine direct effects of ER stress inducers on the
activity of SEAP. The activity of recombinant SEAP prepared
was ~2.5 x 10° relative light unit (RLU).

Northern blot analysis

Total RNA was extracted by the single-step method, and
northern blot analysis was performed as described before
(14). cDNAs for SEAP (BD Biosciences), GRP78 (provided
by Dr Kazunori Imaizumi, Nara Institute of Science and
Technology, Nara, Japan) (15), GRP94 (provided by
Dr Amy S. Lee, University of South California, Los Angeles,
CA) (16), Metridia luciferase (MLuc) (13), and enhanced
GFP (EGFP; Clontech) were used for preparation of radio-
labeled probes. Expression of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a loading control.

Western blot analysis

Western blot analysis was performed as described before
(17). Goat polyclonal anti-human placental alkaline phos-
phatase antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) and horseradish peroxidase-conjugated donkey anti-
goat IgG (Santa Cruz Biotechnology) were used to detect
SEAP. SEAP was visualized using the enhanced chemilumi-
nescence system (Amersham Biosciences, Buckinghamshire,
UK). As a loading control, the level of B-actin was evaluated
using anti-B-actin antibody (Sigma-Aldrich Japan). Densito-
metric analysis was performed using Scion Image Software
(Scion Corporation, Frederick, MD).

Chemiluminescent assay

Activity of SEAP and MLuc was evaluated by chemilumines-
cent assays. The SEAP assay was performed using Great
EscAPe SEAP Detection Kit (BD Biosciences), as described
previously (10). In brief, 5 pl of samples (culture medium,
serum or cellular extract) were mixed with 15 pl of Ix
dilution buffer and incubated at 65°C for 30 min. After the
incubation, the samples were mixed with 20 pul of assay
buffer containing L-homoarginine, left at room temperature
for 5 min and then added with 20 pl of chemiluminescent
enhancer containing 1.25 mM CSPD substrate. After incuba-
tion in dark for 30 min, the samples were subjected to assays
using a luminometer (Gene Light 55; Microtech Nition,
Chiba, Japan). To prepare cellular extracts, cells were har-
vested by trypsinization, washed twice with PBS and soni-
cated for 20 s. After centrifugation, supernatants were
subjected to SEAP assay. To prepare organ extracts, tissue
samples were sonicated in PBS for 20 s, heated at 65°C for
15 min and subjected to the analysis. Activity of MLuc was
evaluated by adding 5 ul of coelenterazine (1 x 107> M in
DMSO, Wako, Osaka, Japan) to 20 pl of culture media.
Immediately after mixing the samples, MLuc activity was
measured by the luminometer.

Formazan assay

The number of viable cells was assessed by a formazan assay
using Cell Counting Kit-8 (Dojindo Laboratory, Kumamoto,
Japan). In brief, after collecting culture media for chemilumi-
nescent assays, cells in 96-well plates were incubated at 37°C
for 2 h in medium containing 10% Cell Counting Kit-8 assay
solution. Absorbance (450 nm) of formazan generated from
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WST-8 was measured by Spectra Max 340 (Nihon Molecular
Devices, Tokyo, Japan).

Fluorescence microscopy

Fluorescence microscopic analysis was performed using
Olympus IX71 (Olympus, Tokyo, Japan). Fluorescence inten-
sity of EGFP was measured using Spectra Max GEMINI EM
(Nihon Molecular Devices).

Ex vivo gene transferred mice

SEAP-producing mice were created by intraperitoneal
implantation of Hepal/SEAP cells (originated from C57BL/
6 mice; 2.5 x 10° cells/mouse) into C57BL/6 mice (body
weight 25 g, total eight mice). In this experimental model,
substantial levels of serum SEAP were detectable for at
least 10 days (N. Hiramatsu, unpublished data). After 24-48 h,
the mice were administered with thapsigargin to induce ER
stress, as described later.

Transgenic mice

ES-TRAP mice were generated as follows. The dioxin
responsive element-controlled SEAP gene (18) was microin-
jected into the pronuclei of fertilized oocytes of C57BL/6
mice, and the injected embryos were transferred into pseudo-
pregnant mice using standard techniques. Transgenic
pups were screened by PCR using the following primers;
IF: 5-AACATGGACATTGACGTGATCCTAG-3'; 1R: 5'-
TCTCGTATTTCATGTCTCCAGGCTC-3'. The ES-TRAP
mouse, which constitutively expresses SEAP in various
organs, was occasionally isolated from the pool of the trans-
genic offspring. To evaluate activity of SEAP in various
organs, wild-type mice and ES-TRAP mice were perfused
with PBS systemically to wash out blood, and brains, hearts,
lungs, spleens, livers and kidneys were subjected to chemilu-
minescent assay, as described before. Activity of SEAP per
1 pg total protein was evaluated to compare the levels in dif-
ferent organs. Protein assay was performed using Micro
BCA™ Protein Assay Kit (Pierce, Rockford, IL).

In vivo induction of ER stress

To induce systemic ER stress in vivo, cell-implanted mice
and ES-TRAP mice (body weight 25 g; four mice, respec-
tively) were administered with thapsigargin (1 mg/kg body
weight) intraperitoneally, as described previously (19).
Blood was collected periodically from the tail vein, and activ-
ity of SEAP in serum was evaluated. For the induction of
endotoxemia, ES-TRAP mice (body weight 20 g; four
mice) were administered with lipopolysaccharide (LPS; 200
pg/mouse; Escherichia coli 0111; B4, Sigma-Aldrich
Japan) intraperitoneally. After the administration, serum
was collected periodically and subjected to chemiluminescent
assay. To confirm the induction of ER stress, organs were col-
lected 8 h after the injection of LPS and subjected to northern
blot analysis of grp78.

In vivo induction of heat shock response

ES-TRAP mice (body weight 22 g; four mice) were heated at
42°C for 15 min using two incandescent lamps set at 15 cm
above the mice. After the induction of whole body hyperther-
mia, serum was sampled every 2 h until 6 h and subjected to
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chemiluminescent assay. Brains, lungs and livers were also
collected before or 2 and 6 h after the heat shock and sub-
jected to northern blot analysis of hsp70 and grp78.

Statistical analysis

All assays were performed in quadruplicate. Data were
expressed as means + SE. Statistical analysis was performed
using the non-parametric Mann—Whitney U-test to compare
data in different groups. P-value <0.05 was considered to
indicate a statistically significant difference.

RESULTS
Suppression of SEAP activity by ER stress

To examine whether SEAP serves as an indicator for ER
stress, we established stably transfected LLCPKI1 cells,
LL/SEAP, that constitutively express and secrete SEAP
under the control of the simian virus 40 (SV40) promoter
(Figure 1A). As shown in Figure 1B, treatment of these
cells with tunicamycin induced expression of endogenous
ER stress markers, grp78 and grp94, and down-regulated
SEAP activity in a dose-dependent manner. Linear, inverse
correlation was observed between SEAP activity and con-
centration of tunicamycin (Figure 1B, right). The dose-
dependent, suppressive response of SEAP was also observed
in LL/SEAP cells treated with another ER stress inducer
thapsigargin (Figure 1C). To exclude a possibility that tuni-
camycin and thapsigargin could directly interfere with
enzyme activity of SEAP, recombinant SEAP was added
with tunicamycin (10 pg/ml) or thapsigargin (I uM) using
the maximum concentration tested in Figure 1B and
C. After incubation at 37°C for 6 h, the samples were sub-
jected to chemiluminescent assay. As shown in Figure 1D,
incubation with tunicamycin or thapsigargin did not affect
activity of SEAP.

Characterization of the response of SEAP to ER stress

We examined how quickly SEAP activity is affected by ER
stress. LL/SEAP cells were pretreated with thapsigargin or
A23187 for 30 min. After changing medium, the cells were
further incubated in the presence of the drugs for up to
60 min. Culture media were collected every 15 min and sub-
jected to SEAP assay. The results revealed that exposure to
the ER stress inducers for 45 min caused significant reduction
in SEAP activity (Figure 2A).

To evaluate selectivity and specificity of the response of
SEAP, LL/SEAP cells were treated with known ER stress
inducers including tunicamycin, thapsigargin, A23187,
dithiothreitol (DTT), cobalt chloride and MG132, and expres-
sion of grps and activity of SEAP were evaluated
(Figure 2B). All ER stress inducers significantly suppressed
SEAP activity (Figure 2B, right), which was in parallel
with induction of grp78 and grp94. (Figure 2B, left). It is
worthwhile to note that modest induction of grps by cobalt
chloride and MG132 was correlated with modest suppression
of SEAP. Tunicamycin, thapsigargin, A23187, DTT, cobalt
chloride and MG132 are known to induce ER stress through
different mechanisms; e.g. suppression of protein glycosyla-
tion, disturbance of calcium homeostasis, inhibition of



e93 Nucleic Acids Research, 2006, Vol. 34, No. 13 PAGE 4 oF 12

A 800000 r
700000
[-
; 5 5600000
o w e
o & 500000 |
- - :__-
&b sear . faacieadl |
3 300000 |+
oa® oL 5 ]
100000 |
0
LLCPK1 LL/SEAP
B 200000 ¢
180000 | = -15463Ln(x) + 92237
R?=0.985
Tunicamycin _ 160000 &
5 140000 |
0 001 01 1 5 10 (ug/mi) =
< 120000 |
SO s £ 100000 |
- W W W W W GAPDH gﬁmﬂ-
40000 |
20000
ol y— : ; ;
0 001 01 1 10
Tunicamycin (ug/ml)
C ) y = -52668Ln(x) + 147939
. . R?=0.9763
Thapsigargin _ 200000
=
-
0 1 5 10 100 1000 (nM) % 150000 |
s NS D B GRP78 §
100000 +
- e b @ GCRP94 5
“ 50000 | N
ase tub G0 & o @@ GAPDH
oLy
(] 04 1 10
Thapsigargin (nM)

D

3000000
2500000 |
2000000
1500000

1000000 |

SEAP activity (RLU)

500000 ~

Control Tun Thap

Figure 1. Suppression of SEAP activity by endoplasmic reticulum (ER) stress in stably transfected cells. (A) Establishment of stable transfectants. LLCPKI1 cells
were stably transfected with a SEAP gene under the control of the simian virus (SV40) promoter, and established LL/SEAP cells were subjected to northern blot
analysis (left) and chemiluminescent assay of culture medium (right). (B and C) Responses of LL/SEAP cells to tunicamycin (B) and thapsigargin (C). LL/SEAP
cells were treated with tunicamycin (0.01-10 pg/ml) or thapsigargin (0.4—1000 nM) for 6 h, and expression of grp78 and grp94 (left) and activity of SEAP in
culture media (right) were evaluated. (D) Recombinant SEAP was added with tunicamycin (Tun, 10 pg/ml) or thapsigargin (Thap, 1 pM) and incubation at 37°C
for 6 h. Activity of SEAP was assessed by chemiluminescent assay. SEAP assays were performed in quadruplicate, and data are expressed as means = SE. RLU,
relative light unit. In northern blot analysis, expression of GAPDH was used as a loading control.
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Figure 2. Characterization of the response of SEAP to ER stress. (A) Rapid reduction in SEAP activity by ER stress. LL/SEAP cells were pretreated with
thapsigargin (1 uM) or A23187 (2 uM) for 30 min. After changing the medium, the cells were further incubated in the presence of the drugs for up to 60 min.
Culture media were collected every 15 min and subjected to SEAP assay. (B) Responses to known ER stress inducers. LL/SEAP cells were treated with
tunicamycin (Tun; 10 pg/ml), thapsigargin (Thap; 1 uM), A23187 (2 uM), dithiothreitol (DTT; 1 mM), cobalt chloride (Cobalt; 1 mM) or MG132 (50 uM) for
6 h and subjected to northern blot analysis of grps (left) and SEAP assay (right). (C) Lack of responses to ER stress-unrelated stimuli. LL/SEAP cells were treated
with interleukin 1 (IL-1B; 20 ng/ml), tumor necrosis factor-oo (TNF-o;; 250 U/ml), transforming growth factor-p (TGF-; 10 ng/ml) or 12-0-
tetradecanoylphorbol-13-acetate (TPA; 50 ng/ml) for 6 h and subjected to analyses. Tunicamycin (10 pg/ml) and thapsigargin (1 pM) were used as positive
controls. (D) Secretion of SEAP by Hepal/SEAP and SM/SEAP cells. The murine hepatoma cell line Hepa-1clc7 and the rat mesangial cell line SM43 were
stably transfected with a SEAP gene under the control of the SV40 promoter, and Hepal/SEAP and SM/SEAP cells were established. Activity of SEAP in culture
media was evaluated by chemiluminescent assay. (E) Responses to ER stress of LL/SEAP and Hepal/SEAP cells. LL/SEAP, Hepal/SEAP and SM/SEAP cells
were treated with (+) or without (—) thapsigargin (1 pM) for 6 h, and culture media were subjected to SEAP assay. Assays were performed in quadruplicate, and
data are expressed as means + SE. Asterisks indicate statistically significant differences (P < 0.05).

disulfide bond formation, hypoxia and intervention in protein To further examine selectivity and specificity of the response
degradation (20). The fact that SEAP activity was suppressed of SEAP, LL/SEAP cells were treated with ER stress-
by all of these agents indicated that SEAP is down-regulated ~ unrelated bioactive substances including IL-1B, TNF-a,
by ER stress regardless of triggers or underlying mechanisms. TGF- and 12-o-tetradecanoylphorbol-13-acetate (TPA) and
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subjected to assays. Northern blot analysis confirmed that
none of these agents induced ER stress in LLCPKI1
cells (Figure 2C, left). Chemiluminescent assay showed
that none of these agents suppressed SEAP activity
(Figure 2C, right).

To examine whether the down-regulation of SEAP by ER
stress is not restricted to the particular cell type, we estab-
lished a mouse hepatoma cell line Hepal/SEAP and a rat
mesangial cell clone SM/SEAP, both of which constitutively
secreted SEAP under the control of the SV40 promoter
(Figure 2D). In both cell types, treatment with thapsigargin
markedly suppressed SEAP activity to the same extent as in
LL/SEAP cells (Figure 2E). The suppression of SEAP activ-
ity by ER stress was also observed in glomerular mesangial
cells and podocytes that express SEAP under the control of
endogenous promoters including the kB enhancer element,
the cAMP response element or the nephrin gene promoter
(our unpublished data). These results suggested that suppres-
sion of SEAP by ER stress is observed generally regardless of
stimuli, cell types or upstream regulatory elements that drive
SEAP expression.

Responses of other secreted and non-secreted reporter
proteins to ER stress

We examined responses of other reporter proteins to ER
stress. For this purpose, another secreted reporter protein
MLuc (13), a secreted luciferase, was tested. LLCPK1 cells
were stably transfected with MLuc, and LL/MLuc cells
were established. Abundant, constitutive expression of the
transgene and luciferase activity in culture media were con-
firmed by northern blot analysis (Figure 3A, left) and chemi-
luminescent assay (Figure 3A, right). The cells were then
treated with tunicamycin, and culture media were subjected
to MLuc assay. Like SEAP, the tunicamycin-induced ER
stress significantly suppressed MLuc activity, but the magni-
tude of suppression was modest. In contrast to SEAP, dose-
dependent response was not evident at concentrations from
0.1 to 10 pg/ml (Figure 3B). Furthermore, ER stress
induced by 1 h exposure to 1 uM thapsigargin or 2 uM
A23187 significantly reduced SEAP activity, whereas the
same ER stress did not affect activity of MLuc (Figure 3C).
These results indicated that, although activity of MLuc was
affected by ER stress, its response was less sensitive than
that of SEAP.

To further examine responses of other reporter proteins to
ER stress, EGFP was also tested. LLCPK1 cells were stably
transfected with a gene coding for non-secreted protein
EGFP, and LL/EGFP cells were established (Figure 3D).
LL/EGFP cells were then treated with tunicamycin (10 ng/
ml) for 8 h and subjected to fluorescence microscopy. As
shown in Figure 3E, treatment with tunicamycin did not
affect intensity of fluorescence in LL/EGFP cells (0.98 +
0.08 in tunicamycin-treated cells versus 1.00 + 0.10 in
tunicamycin-untreated cells, means + SE, not statistically
significant). Non-secreted reporter proteins including [-
galactosidase, luciferase and GFP have been used in ERSE-
based reporter assays for detection of ER stress (5-7). Our
results, together with the previous reports, suggested that, in
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contrast to secreted proteins, activity of non-secreted reporter
proteins is not susceptible to ER stress.

Mechanisms involved in the suppression of SEAP by
ER stress

Several possibilities may be raised for down-regulation of
SEAP activity in the cells exposed to ER stress. Those
include; non-specific cellular damage, transcriptional sup-
pression, translational inhibition, abnormal post-translational
modification, enhanced degradation and/or suppression of
secretion. To test the first possibility, LL/SEAP cells were
treated with tunicamycin or thapsigargin for 6 h and subjected
to formazan assay (21) to determine the number of viable
cells. As shown in Figure 4A, both agents did not affect the
number of viable cells. Northern blot analysis also showed
that expression of SEAP mRNA was not suppressed but
rather increased by the treatment with tunicamycin or thapsi-
gargin, excluding the second possibility (Figure 4B). Simi-
larly, western blot analysis revealed that the intracellular
level of SEAP protein was not decreased by the treatment
with tunicamycin or thapsigargin (Figure 4C). The decrease
in molecular size of SEAP in tunicamycin-treated cells is
owing to inhibition of protein glycosylation. These results
indicated that neither transcription nor translation of SEAP
was the target of ER stress. However, using the same samples
used for western blot analysis, we detected that the activity of
intracellular SEAP was markedly reduced in tunicamycin-
treated (83% reduction) and thapsigargin-treated (91%
reduction) LL/SEAP cells (Figure 4D, left). The extent of
suppression was correlated with the degree of reduction in
extracellular SEAP activity (66% reduction in tunicamycin-
treated cells and 85% reduction in thapsigargin-treated
cells) (Figure 4D, right). Figure 4E shows levels of
SEAP protein in culture media of untreated and thapsigargin-
treated LL/SEAP cells. In addition to the suppression of intra-
cellular SEAP activity, secretion of SEAP protein was also
reduced by the treatment with thapsigargin (Figure 4E).
The fact that the secretion of SEAP was inhibited whereas
the level of intracellular SEAP was unaffected by ER stress
raised another possibility that, like bacterial alkaline phos-
phatase (22), SEAP with inappropriate post-translational
modification may be degraded rapidly. Indeed, inhibition
of the proteasome pathway resulted in accumulation of intra-
cellular SEAP in thapsigargin-treated cells, which was not
observed in cells without proteasome inhibition (Figure 4F).
These results suggested that abnormal post-translational
modification, enhanced proteasome-mediated degradation
and reduced secretion of SEAP protein were caused by ER
stress and responsible for the reduction of SEAP activity.

In bacterial alkaline phosphatase, disulfide bonds are nec-
essary for its appropriate conformation and activation (23). In
SEAP, disulfide bonds could also be critical for its enzyme
activity, which might be targeted by ER stress. To examine
this possibility, recombinant SEAP protein was treated with
or without DTT, and its activity was retested. As shown
in Figure 4G, treatment with DTT did not obviously affect
SEAP activity. This result indicated that the abnormal post-
translational modification of SEAP by ER stress may not be
owing to failure in the disulfide bond formation.
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were subjected to chemiluminescent assays. (C) Susceptibility of MLuc and SEAP to ER stress triggered by thapsigargin and A23187. LL/SEAP and LL/MLuc
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shown. (E) Effect of ER stress on the activity of EGFP. Fluorescence microscopic analysis of LLCPKI1 cells and LL/EGFP cells was performed before (—) and
after (+) the treatment with tunicamycin (10 pg/ml) for 8 h. Fluorescence intensity of EGFP was evaluated, and relative fluorescence was shown on the right. All
assays were performed in quadruplicate, and data are expressed as means + SE. Asterisks indicate statistically significant differences (P < 0.05). N.S., not
significant.

In vivo response of SEAP in transgenic mice following

systemic induction of ER stress cavity of C57BL/6 mice, and after 24-48 h, thapsigargin

was administered into mice to induce systemic ER stress
We recently reported that SEAP is a useful in vivo reporter  (19). Serum was sampled from the tail vain for up to 24 h,
molecule that can be detected easily in serum (10). In mice, and activity of SEAP was evaluated. As shown in
the half-life of SEAP in serum is ~2 h (N. Hiramatsu, unpub- Figure 5A, the serum level of SEAP was rapidly and signifi-
lished data), and altered production and secretion of SEAP cantly decreased within 2 h by the systemic induction of ER
may result in alteration in the level of serum SEAP within stress. The decrease in the serum SEAP was partially recov-
a few hours. To investigate whether in vivo induction of  ered after 24 h. This result suggested that rapid suppression of
ER stress leads to down-regulation of serum SEAP in ani- SEAP by ER stress was caused not only in vitro but also in
mals, an ex vivo gene transfer approach was used. In brief, vivo, and the ES-TRAP-based approach would be useful for
Hepal/SEAP cells were transplanted into the peritoneal monitoring of ER stress in living animals.
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Figure 4. Mechanisms involved in the suppression of SEAP activity by ER stress. (A—E) LL/SEAP cells were treated with tunicamycin (10 pg/ml) or
thapsigargin (1 uM) for 6 h and subjected to analyses. (A) Cell viability evaluated by formazan assay. (B) Northern blot analysis of SEAP mRNA. (C) Western
blot analysis of intracellular levels of SEAP. As a loading control, the level of B-actin was examined (bottom), and relative values of SEAP against B-actin
(SEAP/B-actin) were shown (n = 3). (D) Activity of intracellular (left) and extracellular (right) SEAP. (E) Western blot analysis of extracellular levels of SEAP.
(F) Intracellular levels of SEAP in thapsigargin-treated cells with or without blockade of the proteasome pathway. LL/SEAP cells were treated with thapsigargin
in the absence (—) or presence (+) of proteasome inhibition (25 uM MG132) for 12 h, and cellular protein was subjected to western blot analysis. (G) Lack of
involvement of disulfide bonds formation in SEAP activation. SEAP protein was treated with (+) or without (—) 100 mM DTT for 1 h. DTT was washed out
using cut-off membranes (M.W. < 50 kDa), and the resultant samples were subjected to SEAP assay. All SEAP assays were performed in quadruplicate, and data
are expressed as means + SE. Asterisks indicate statistically significant differences (P < 0.05). N.S., not significant.

In the ex vivo gene transfer model described above, the
number of implanted cells may be increased or decreased
spontaneously or in response to pharmacological or patho-
logic manipulation. We therefore used transgenic mice (ES-
TRAP mice) that produce SEAP constitutively in various
organs. Figure 5B shows the level of SEAP in several
blood-free organs in wild-type mice and ES-TRAP mice.
The background activity of SEAP in organ extracts was
~240-1380 RLU/ug protein. In the heart, lung, liver and
spleen, the levels of SEAP were significantly higher in ES-
TRAP mice than in wild-type mice. Although the differences
were not statistically significant, 2- to 3-fold increase in the
level of SEAP activity was also observed in the brain and
kidney. The established ES-TRAP mice exhibited very high
levels of serum SEAP activity (2.1 = 0.3 x 10° RLU, mean
+ SE) compared with wild-type mice (8.3 + 0.5 x 10>
RLU). Using these mice, in vivo response of SEAP to sys-
temic ER stress was evaluated. Consistent with the result in

the ex vivo gene transferred mice (Figure 5A), ES-TRAP
mice administered with thapsigargin exhibited significant
decrease in the level of serum SEAP at 8 h (Figure 5C).
The reduction in SEAP was partially recovered after 24 h.
These results further supported feasibility of using ES-
TRAP-based systems for in vivo monitoring of ER stress.

Detection and real-time monitoring of ER stress during
endotoxemia using ES-TRAP mice

A recent report showed that systemic administration with
LPS induced up-regulation of 150 kDa oxygen-regulated pro-
tein (ORP150), an ER-located molecular chaperone, in the
lung (24). ER stress may be induced in some organs during
the course of endotoxemia. Among various cell types, macro-
phages are most sensitive to LPS, and numerous alveolar
macrophages are present in the lung. We speculated that
LPS might directly induce ER stress in macrophages. To
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Figure 5. Detection and real-time monitoring of ER stress during endotoxemia using ES-TRAP. (A) Effect of systemic ER stress on the level of serum SEAP in
ex vivo gene transferred mice. Hepal/SEAP cells (2.5 x 10 cells) were implanted into the peritoneal cavity of C57BL/6 mice. After 24-48 h, thapsigargin (1 mg/
kg body weight) was administered into eight mice. Serum was sampled at 2 and 24 h, and activity of SEAP was evaluated. (B) Activity of SEAP in organs of
transgenic ES-TRAP mice. Tissue extracts were prepared from perfused organs of wild-type mice (WT) and ES-TRAP mice and subjected to chemiluminescent
assay, as described in Materials and Methods. Activity of SEAP per 1 g total protein was evaluated and compared among different organs. (C) Effect of
systemic ER stress on the level of serum SEAP in ES-TRAP mice. Thapsigargin (1 mg/kg body weight) was administered into four mice (body weight 25 g)
intraperitoneally, and serum was sampled at 8 and 24 h. (D) Induction of ER stress by LPS in macrophages. NR8383 alveolar macrophages were exposed to LPS
(1 pg/ml) for 3—6 h, and expression of grp78 was examined by northern blot analysis. (E-G) Effects of endotoxemia in ES-TRAP mice on induction of ER stress
in various organs (E), serum SEAP activity (F) and tissue SEAP activity in the spleen (G). ES-TRAP mice (body weight 20 g, n = 8) were administered without
(—) or with (+) LPS (200 pg/mouse) intraperitoneally, and organs (8 h) and serum (2-48 h) were collected for northern blot analysis of grp78 (E) and SEAP assay
(F and G). In (G), activity of SEAP in the spleen before [LPS(—)] and 8 h after the administration with LPS [LPS(+)] is shown. (H and I) Lack of in vivo response
of SEAP to hyperthermia. ES-TRAP mice (body weight 22 g, n = 4) were heated at 42°C for 15 min, and brains, lungs and livers were collected before or 2
and 6 h after the whole body hyperthermia. Expression of /sp70 and grp78 was examined by northern blot analysis (H). Serum was also sampled every 2 h until
6 h and subjected to chemiluminescent assay to evaluate activity of SEAP (I). Data are expressed as means + SE. Asterisks indicate statistically significant
differences (P < 0.05). N.S., not significant.

examine this possibility, we first investigated expression of Resident macrophages and macrophage-like cells are pre-
grp78 in LPS-stimulated NR8383 alveolar macrophages. sent in various organs. Other cells of non-macrophage lin-
Northern blot analysis showed that, after the stimulation eages may also respond to LPS. We hypothesized that
with LPS, grp78 was rapidly induced within 3 h and sustained endotoxemia may induce ER stress not only in the lung but
for at least 6 h (Figure 5D). also in other organs. To examine this possibility, mice were
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administered with LPS systemically, and induction of grp78
was evaluated in several organs. As shown in Figure 5E,
expression of grp78 was substantially induced in the lung,
liver, kidney and spleen and modestly in the heart. Only in
the brain, induction of grp78 was not detectable. This result
evidenced that endotoxemia caused systemic ER stress.
Based on this result, we tested whether systemic ER stress
induced by LPS can be detected and monitored continuously
using the ES-TRAP mice. ES-TRAP mice were injected with
LPS systemically, and serum was collected periodically up to
48 h. Chemiluminescent assay revealed that activity of serum
SEAP was rapidly reduced to 58.8 + 5.5% within 2 h, further
declined until 8 h (29.1 + 1.8%) and gradually recovered
thereafter. Forty-eight hours after the administration with
LPS, the level of SEAP was recovered to the initial level
(Figure 5F). The down-regulation of serum SEAP was asso-
ciated with decrease in the level of active SEAP in the spleen,
the organ that expressed grp78 most abundantly in response
to LPS (Figure 5G). These results revealed that endotoxemia
induced transient, reversible ER stress in various, but selec-
tive organs and that the ES-TRAP-based system allowed
for continuous, real-time monitoring of ER stress during the
course of the disease.

Lack of in vivo response of SEAP to hyperthermia

Endogenous ER stress markers GRPs belong to the family of
heat shock proteins (2). It indicates that, among various stress
responses, ER stress and heat shock may be close and might
trigger similar subcellular events. However, a previous report
showed that whole body hyperthermia led to induction of
hsp70 and hsp27, but not grp78 (25), suggesting that heat
shock in vivo can selectively induce heat shock response,
but not ER stress response. To examine whether SEAP can
distinguish ER stress from other stress responses in vivo,
hyperthermia would be an ideal model. We therefore exam-
ined whether or not activity of serum SEAP is affected by
whole body hyperthermia in vivo. ES-TRAP mice were
heated at 42°C for 15 min as described in Materials and
Methods. Following the induction of hyperthermia, brains,
lungs and livers were collected before or 2 and 6 h after
the heat shock and subjected to northern blot analysis of
hsp70 and grp78. As shown in Figure 5H, thermal stress
markedly induced expression of hsp70 in all organs tested
with a peak at 2 h. Under this experimental condition, induc-
tion of grp78 was undetectable. It was contrastive to the
result in the endotoxemia model showing significant up-
regulation of grp78 in various organs (Figure 5E). Using
this experimental setting, serum was sampled every 2 h
until 6 h and subjected to chemiluminescent assay. In contrast
to the endotoxemia model showing rapid and significant
depression of serum SEAP (Figure 5F), the activity of
serum SEAP was not affected by systemic hyperthermia
(Figure 5I). This result further supported our idea that
SEAP serves as an indicator for specific detection of ER stress.

DISCUSSION

Monitoring of ER stress is required for investigation of a
broad range of pathophysiologic events in vitro and in vivo.
However, the majority of current approaches require extrac-
tion of protein or RNA from cells and tissues. It is a crucial
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limitation especially for in vivo studies where successive
monitoring of ER stress is required during the course of dis-
eases. Recently, Iwawaki and co-workers reported monitoring
for ER stress using a variant of GFP as a reporter and splicing
of XBP-1 mRNA as a sensor (7). However, by this approach,
successive in vivo monitoring of ER stress is not feasible,
because tissue sampling or exposure of internal organs is
essential for quantitative evaluation of fluorescence. In the
present report, we developed a novel approach, ES-TRAP,
for the assessment of ER stress in vitro and in vivo. Our
results showed that this approach allowed for rapid, quantita-
tive, sensitive and continuous monitoring of ER stress in
identical living cells. We also demonstrated that it was also
useful for real-time monitoring of ER stress in animals
under pathologic situations.

Generally, in a system for monitoring of a particular sub-
cellular event, specificity of its response to the target event
is important. In the present report, we demonstrated that
activity of SEAP was depressed specifically by ER stress-
inducing agents (tunicamycin, thapsigargin, A23187, DTT,
cobalt chloride and MG132), but not by ER stress-unrelated
stimuli including IL-1B, TNF-o,, TGF-B and phorbol ester.
To further confirm selectivity and specificity of the response,
we examined responses of SEAP to endogenous, ER stress-
unrelated differentiation factors (retinoic acid, glucocorticoid
and vitamin D3) in glomerular podocytes and confirmed lack
of responses (26). We also examined effects of ER stress-
unrelated pathological stresses such as (i) mitogenic stress
triggered by platelet-derived growth factor, (ii) inflammatory
stress triggered by LPS, (iii) xenobiotic stress triggered by
cigarette smoke and (iv) thermal stress triggered by heat
shock, using several different cell types including rat mesan-
gial cells, murine podocytes, murine hepatoma cells and por-
cine renal tubular epithelial cells, respectively. We found that
individual cells responded to the individual pathological stim-
uli, but the levels of SEAP were never affected, except for
heat shocked LLCPKI1 cells that exhibited both modest up-
regulation of grp78 and modest depression of SEAP activity
[(26,27) and our unpublished data]. In addition to the in vitro
evidence, we also provided in vivo evidence that activity of
SEAP was depressed by ER stress caused by endotoxemia
(Figure 5F), but not by ER stress-uninducible thermal stress
(Figure 5I). Taken together, these results suggested that, as
far as we have examined, the depressive response of SEAP
is specific to ER stress, and ER stress-unrelated stimuli do
not suppress SEAP activity.

In this report, we revealed that endotoxemia induced ER
stress in various organs. Administration with LPS rapidly
reduced serum levels of SEAP in ES-TRAP mice. The facts
that the half-life of serum SEAP in mice is ~2 h and that
serum SEAP was reduced to 58.8 = 5.5% within 2 h after
the administration with LPS (Figure 5F) indicated that ER
stress was induced immediately after the induction of endo-
toxemia. The level of SEAP was further declined until 8 h,
suggesting that ER stress was sustained for at least several
hours. However, the stress was found to be transient, and
the level of SEAP was recovered to the initial level within
48 h. Interestingly, in endotoxemia, ER stress was induced
not in all organs but preferentially in particular organs includ-
ing the spleen, lung, liver and kidney. It indicated that suscep-
tibility to endotoxin-triggered ER stress was different from
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organ to organ. The reason for the difference is unclear, but
based on the fact that these organs contain substantial num-
bers of resident macrophages and macrophage-like cells,
LPS could induce ER stress preferentially in macrophages.
Indeed, treatment of NR8383 alveolar macrophages with
LPS rapidly induced expression of grp78 within 3 h, as
shown in this report. In contrast, treatment of rat mesangial
cells with LPS did not trigger ER stress, although activation
of NF-xB was evident (N. Hiramatsu, unpublished observa-
tion). Our findings may be consistent with a recent report
showing intense expression of ORP150, an ER-located
molecular chaperone, in alveolar macrophages in endotoxin-
induced acute lung injury (24).

The ES-TRAP-based sensing of ER stress has several
advantages over the previously reported approaches. The
first is that activity of SEAP can be detected sensitively
and quantitatively using conventional chemiluminescent sys-
tems (9). Only 5 ul of culture medium or serum is sufficient
for the assessment. The response of ES-TRAP is very quick,
and, in culture cells, exposure to triggers for <45 min was
found to be sufficient to detect ER stress, as shown in this
report. It allows for rapid detection of ER stress in vitro.
Similarly, in ES-TRAP mice, simple blood sampling without
sacrificing animals is sufficient to monitor ER stress. It
means that the kinetics of ER stress can be easily monitored
in identical animals during the course of diseases. If ES-
TRAP mice expressing SEAP under the control of tissue-
or cell type-specific promoters are generated, continuous
monitoring of ER stress in particular tissues or organs will
also be feasible in vivo via simple blood sampling. It is
worthwhile to note that high levels of SEAP expression in
either LLCPK1 cells or SM43 cells did not induce grp78
expression (N. Hiramatsu, unpublished data). It suggested
that, in contrast to some other cellular proteins, overexpres-
sion of SEAP per se does not trigger ER stress in mam-
malian cells.

Although secreted luciferase can also serve as an indicator
for ER stress, its detection sensitivity and dose-dependent
response were inferior to those of SEAP (Figure 3). The pref-
erential susceptibility of SEAP to ER stress may be based on
our findings that multiple steps involved in the intracellular
pathway for SEAP were the targets of ER stress. That is,
ER stress disturbs post-translational modification required
for SEAP activation, causes accelerated degradation of
SEAP via the proteasome pathway and blocks secretion of
SEAP to the extracellular space. Furthermore, an obvious
limitation will be present in the in vivo use of secreted
luciferase as an indicator of ER stress. That is, like bacterial
luciferase, secreted luciferase MLuc is immediately inacti-
vated by serum albumin and cannot serve as an in vivo
reporter protein, as we recently reported (10). Because our
in vitro experiments were performed in the presence of 1%
FBS, interference with MLuc activity by serum could cause
low sensitivity of this molecule to ER stress. Of note, activity
of SEAP is very stable even in the presence of serum (10),
and its half-life in culture is ~500 h (28).

Our current data propose that ES-TRAP is a novel and
unique indicator for ER stress in vitro and in vivo. The sys-
tems described here would be powerful especially for moni-
toring of ER stress in vivo under various pathophysiological
conditions.
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