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TLR4/MD-2 is a receptor for extracellular nucleophosmin 1
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Abstract. Nucleophosmin 1 (NPM1) primarily localizes to the
nucleus and is passively released into the extracellular milieu
by necrotic or damaged cells, or is secreted by monocytes and
macrophages. Extracellular NPM1 acts as a potent inflamma-
tory stimulator by promoting cytokine production [e.g., tumor
necrosis factor-a (TNF-a)], which suggests that NPM1 acts as
a damage-associated molecular pattern. However, the receptor
of NPM1 is unknown. Evidence indicates that DAMPs, which
include high mobility group box 1 and histones, may bind
Toll-like receptors (TLRs). In the present study, it was shown
that NPM1 signaling was mediated via the TLR4 pathway,
which suggests that TLR4 is an NPM1 receptor. TLR4 binds
myeloid differentiation protein-2 (MD-2), which is essential
for intracellular signaling. Furthermore, the TLR4 antagonist,
LPS-Rhodobacter sphaeroides (an MD-2 antagonist) and
TAK-242 (a TLR4 signaling inhibitor) significantly inhibited
NPMI-induced TNF-a production by differentiated THP-1
cells as well as reducing ERK1/2 activation. Far-western blot
analysis revealed that NPM1 directly bound MD-2. Thus,
the results of the present study provide compelling evidence
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that TLR4 binds NPM1, and it is hypothesized that inhibiting
NPMI activity may serve as a novel strategy for treating
TLR4-related diseases.

Introduction

Damage-associated molecular patterns (DAMPs) are associ-
ated with inflammatory diseases such as sepsis, rheumatoid
arthritis (RA), atherosclerosis, cerebral infarction and peri-
odontitis (1-4). In general, in living cells, the presence of
DAMPs in the intracellular space is physiologically normal
and are not harmful, as they contribute to processes associated
with cell maintenance, such as cell cycle progression, DNA
construction and gene expression (5-7). However, proteins
released by damaged or necrotic cells, including DAMPs,
can be dangerously proinflammatory, causing cytotoxicity to
living cells (5-7). DAMPs include cellular molecules, such as
the nuclear proteins, high mobility group box 1 (HMGBI),
histones H3 and H4, and nucleophosmin 1 (NPM1) (1-6). The
involvement of HMGBI was first demonstrated in a patient with
sepsis (7). Histones H3 and H4 induce platelet activation and
endothelial cell death (6). Both NPM1 and HMGBI induce the
production of inflammatory cytokines, such as tumor necrosis
factor (TNF)-a, interleukin (IL)-6 and IL-8. DAMPs nega-
tively influence the prognosis of inflammatory diseases (1-7).
As their activity may have fatal consequences for patients with
inflammatory diseases (6,7), regulating DAMPs is essential.

In our previous study, it was shown that the ubiqui-
tously expressed nucleolar phosphoprotein, NPM1 (also
known as B23, numatrin and NO38) (8), was a novel
DAMP (5). Intracellular NPM1 regulates ribosome biogen-
esis, the response to genotoxic stress and the inhibition of
hypoxia-induced apoptosis (8), thus NPM1 also contributes to
cell maintenance. NPM1, which is more abundant in tumor
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cells than in normal resting cells, shuttles between the nucleus
and cytoplasm during the cell cycle (8,9). Thus, NPM1 is an
essential molecule in living cells.

NPMI1 has been shown to be released from damaged
or activated murine macrophage-like RAW264.7 cells (5).
Extracellular NPM1 acts as an inflammatory cytokine by
inducing the production of the inflammatory cytokine, TNF-a.,
via ERK-1/2 activation in RAW?264.7 cells, but not via the
kinases, c- INK and p38 MAPK (5). Furthermore, in the sepsis
model, cecal ligation and puncture (CLP), NPM1 was detected
in serum derived from model rats, but not in serum from
control rats (5). Thus, in the extracellular space, NPM1 may act
as a cytokine as well as a novel DAMP. However, the NPM1
receptor on the cell membrane has not yet been identified.

The ligands of 9 out of 10 human homologs of Toll-like recep-
tors (TLRs) have been identified as DAMPs (10-12). TLR4 was
first identified as a DAMP receptor, and is the most extensively
studied receptor amongst the TLR family. TLR4 associated
with myeloid differentiation protein (MD)-2 (TLR4/MD-2) is a
receptor for lipopolysaccharide (LPS), which is a component of
the outer membrane of Gram-negative bacteria (13). The effects
of LPS are mediated via TLR4/MD-2 expressed by endothe-
lial cells as well as immune cells (macrophages and dendritic
cells). Apart from LPS, TLR4 is activated by endogenous
molecules, including DAMPs, such as HMGBI, histone H3
and histone H4 (10-12). In the TLR4/MD-2 signal transduction
pathway, TLR4/MD-2 dimerizes with another TLR4/MD-2 and
recruits specific intracellular adaptor molecules to promote the
activation of downstream signaling pathways. These pathways
include the myeloid differentiation primary response gene 88
(MyD88)-dependent pathway and the MyD88-independent
pathway, which includes Toll/IL-1 receptor (TIR)-domain
containing adaptor-inducing interferon-§ (TRIF). Both path-
ways activate nuclear factor-kB (NF-kB) signaling, but only the
TRIF pathway stimulates signaling by interferon regulatory
factor 3. These pathways may induce the production of inflam-
matory cytokines, such as TNF-a, IL-6 and IL-8 (13). Thus,
identifying TLR4/MD-2 ligands may be a novel strategy for
treating inflammatory diseases, such as sepsis, cancer and RA.
Indeed, molecules targeting TLR4/MD-2 have been developed;
for example, LPS-RS as an MD-2 antagonist and TAK-242 as
an intracellular signaling inhibitor of TLR4 (14-17).

In the present study, whether TLR4/MD-2 was the receptor
for extracellular NPM1 was assessed. To this end, a reporter
gene assay with TLR4/MD-2-expressing cells and control
293 cells was used, and TNF-a production was measured
using phorbol 12-myristate 13-acetate (PMA)-differentiated
THP-1 cells. Furthermore, using LPS-RS and TAK-242,
whether TNF-a production upon NPMI stimulation was
mediated via TLR4/MD-2, and whether stimulation activated
the TLR4/MD-2/ERK1/2 signaling pathway, was investigated.
Additionally, far-western blotting was used to examine direct
binding of NPM1 to MD-2. The results showed that NPM1
binds to MD-2 to induce TNF-a production.

Materials and methods
Reagents. Bacterial expression vectors (pGEX6p-1) encoding

the fusion proteins, GST-NPM1 or GST-MD-2, were purchased
from GenScript. These proteins were affinity-purified using

glutathione-Sepharose beads and cleaved by Turbo3C protease
to remove the GST from the indicated protein, according to
the manufacturer's protocol (Nacalai Tesque, Inc.). Unless
indicated otherwise, PMA and other reagents were purchased
from Sigma-Aldrich (Merck KGaA). LPS-Rhodobacter
sphaeroides (RS) (TLR4 antagonist) and TAK-242 (a TLR4
signaling inhibitor) were purchased from InvivoGen.

Cell culture. THP-1 cells were obtained from the American
Type Culture Collection and maintained in RPMI-1640
medium (Nacalai Tesque, Inc.) supplemented with 10% FBS
and 2 mM glutamine. A total of 4x10° cells/ml were treated
with 10 nM PMA for 16 h (18), and then treated with recombi-
nant NPM1 (rfNPM1), as indicated in the figures.

Reporter gene assay. To assess whether NPM1 activates the
TLR4/MD-2 pathway, human TLR4/NF-kB/SEAP reporter
293 cells (Blue hTLR4 cells), in which the expression of the
SEAP reporter gene is controlled by an /L-/2 p40 minimal
promoter fused to five NF-kB and AP-1-binding sites
(InvivoGen) were used. Treating these cells with a TLR4 ligand
activates NF-kB and AP-1, which induces the production of
SEAP. In parallel, mock plasmid-transfected 293 cells (Null)
was used as a TLR4-negative control. Briefly, 50 ng/ml NPM1
(ATGen, Ltd.) was added to cultures of Blue hTLR4 cells or
Null cells for 16 h. TLR4 signaling was evaluated by measuring
SEAP activity at an optical density of 650 nm in Quanti-Blue
reagent (InvivoGen). Experiments were repeated three times.

Treatment with purified NPM1 or heat-inactivated purified
NPM 1. THP-1 cells were incubated with 50 nM PMA for 24 h
and then washed with Opti-MEM (Thermo Fisher Scientific,
Inc.). The cells were then incubated with native NPM1 or
heat-inactivated NPM1 (100°C for 5 min) at a final concentra-
tion of 5 nM for 16 h. Experiments were repeated nine times.

Effects of INPM1 in the presence or absence of LPS-RS or
TAK-242. THP-1 cells were incubated with 50 nM PMA
for 24 h and then washed with Opti-MEM (Thermo Fisher
Scientific, Inc.). The cells were then incubated with or without
the TLR4 inhibitor, LPS-RS or TAK-242. NPM1 was subse-
quently added to the cells (final concentration, 5 nM) for 16 h.
Experiments were repeated nine times.

Detection of ERK1/2 phosphorylation. THP-1 cells were treated
with PMA for 24 h, washed and then incubated with 100 ng/ml
LPS-RSor 100nM TAK-242 for 2h,based on a previous study (5).
Subsequently, NPM1 was added to the cells (final concentration,
5 nM) for 30 min. Protein concentrations was determined using
a Bradford assay (Bio Rad Laboratories, Inc.). The treated cells
were then washed with cold PBS, and 200 ul cell lysis buffer
containing 62.5 mM Tris-HCI (pH 6.8), 2% SDS, 10% glycerol
and 0.002% bromophenol blue were added. A total of 2 ug of
the above proteins in the resultant lysates (200 pl) were loaded
on a SDS-gel, resolved using SDS-PAGE and transferred to a
nitrocellulose membrane (GE Healthcare). After blocking with
Block One (Nacalai Tesque, Inc.) for 1 h at room temperature,
the membrane was incubated with anti-phospho (p)-ERK1/2
(1:1,000; cat. no. 4370S) or anti-total (t)-ERK1/2 antibodies
(Cell Signaling Technology, Inc.; 1:1,000; cat. no. 9102S) at



SPANDIDOS
B) PUBLICATIONS

4°C for 16 h. Subsequently, the membranes were incubated
with horse radish peroxidase (HRP)-conjugated anti-rabbit
antibodies (Santa Cruz Biotechnology Inc.; cat. no. sc-2357) for
1 h at room temperature. After washing, signals were detected
using ImmunoStar Zeta reagent (FUJIFILM) and measured
using Image J version 1.52a (National Institutes of Health).

Determination of cytokine production. ELISA kits (BioLegend,
Inc.; cat. no. 430201) were used to quantify the TNF-a
concentration in cell-free supernatants, according to the manu-
facturer's protocol. Absorbance at 450 nm was measured using
a microplate reader. The sensitivity of the commercial ELISA
kit was 15.6 pg/ml for TNF-a.

Coomassie Brilliant Blue (CBB) staining. GST-MD-2 induced
using isopropyl-f-D-thiogalactopyranoside (Nacalai Tesque,
Inc.) was concentrated using Centrifugal Filter Units (10,000 Da
cut off; EMD Millipore). Concentrated GST-MD-2 was mixed
with an equal volume of lysis buffer and boiled for 5 min. These
samples (40 ul) were loaded onto a 12% SDS-gel, resolved using
SDS-PAGE and subsequently, the gels were stained with CBB
(Nacalai Tesque, Inc.), as described previously (5).

Interaction between NPM1 and MD-2. The GST fusion proteins
were expressed and purified using glutathione-Sepharose
beads (19). NPM1 was cleaved from GST bound to the column
using Turbo3C Protease (Nacalai Tesque, Inc.). NPM1 was puri-
fied using LPS-free 0.9% NaCl. The interaction between NPM1
and GST-MD-2 was measured as previously described (20).
NPM1 (500 ng) was separated using a 15% SDS-gel and
SDS-PAGE, and then transferred to a nitrocellulose membrane.
After blocking with Block One, the membrane was incubated
with 6 ug/ml GST-MD-2 or GST at4°C for 16 h. Subsequently, the
membrane was incubated with an anti-GST antibody (Medical
& Biological Laboratories Co., Ltd.; 1:1,000; cat. no. PM013-7)
for 1 h at room temperature. After washing, the membrane was
incubated with HRP-conjugated anti-rabbit-IgG antibodies
(Santa Cruz Biotechnology, Inc.; 1:5,000; cat. no. sc-2357)
for 1 h at room temperature and the immune complexes were
detected using ImmunoStar Zeta reagent (FUJIFILM).

Statistical analysis. All statistical analysis was performed
using GraphPad version 8 (GraphPad Software, Inc.). Data
are presented as the mean =+ the standard error of the mean.
Differences between groups were evaluated using a one-way
ANOVA with a post-hoc Tukey's test. P<0.05 was considered
to indicate a statistically significant difference.

Results

TLR4/MD-2 mediates the effects of extracellular NPM1. To
determine the effects of extracellular NPM1 on 293-TLR4-Blue
cells and Null cells, culture supernatants were assayed for
SEAP activity. NPM1 significantly increased the SEAP
activity in 293-TLR4-Blue cells (13-fold increase; P<0.0001),
but not in the Null cells (Fig. 1).

TAK-242 and LPS-RS inhibits NPM1-induced TNF-a produc-
tion and ERK1/2 activation. Purified NPM1 was detected
as a single band in CBB-stained gels (Fig. 2A, left CBB),
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Figure 1. TLR4/MD-2 mediates the effects of NPM1. 293 cells transfected
with a human TLR4 expression vector or a mock vector were incubated with
or without NPM1. SEAP activity in culture supernatants were determined
using Quanti-Blue reagent. Data are presented as the mean + standard error
of the mean of three independent experiments. ~“P<0.0001. Null, mock
vector; NPM1, nucleophosmin 1; TLR, toll-like receptor; MD-2, myeloid
differentiation protein-2; OD, optical density.
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Figure 2. TAK-242 and LPS-RS inhibits NPM1 signaling. (A) SDS-PAGE
and western blotting analysis of purified recombinant NPM1 (left).
PMA-differentiated THP-1 cells were incubated with intact NPM1 or
heat-inactivated NPM1. TNF-a levels in the culture supernatants were
determined (right). n=9 per group. (B) TNF-a levels in culture supernatants
of PMA-differentiated THP-1 cells incubated with or without the MD-2
antagonist LPS-RS or the TLR4 signaling inhibitor TAK-242, followed
by addition of NPMI1. n=9 per group. (C) ERK1/2 phosphorylation levels
in PMA-differentiated THP-1 cells incubated with or without LPS-RS or
TAK-242 followed by addition of NPM1. n=4 per group. The upper panel
shows a representative western blotting of activated ERK1/2 (p-ERK1/2) and
t-ERK1/2 following the indicated treatments with or without NPM1, LPS-RS
and/or TAK-242. 3-actin was used as the loading control. The lower panel
shows quantitative analysis of the p-ERK1/2/t-ERK /2 expression ratio. Data
are presented as the mean + standard error of the mean of three indepen-
dent experiments. "P<0.05, “P<0.01, “*P<0.0001. NPM1, nucleophosmin 1;
Heat, heat-inactivated NPM1; PMA, phorbol 12-myristate 13-acetate; TLR,
toll-like receptor; MD-2, myeloid differentiation protein-2; p- phospho; t-,
total; CBB, Coomassie Brilliant Blue; WB, western blotting.
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Figure 3. NPM1 binds MD-2. (A) GST-MD-2 was subjected to
12% SDS-PAGE. Gels were stained with CBB (left) and blots were probed
with anti-MD-2 (middle) or anti-GST (right) antibodies. (B) NPM1 was
subjected to SDS-PAGE and western blotting. The membranes were incu-
bated with a GST-MD-2 or GST as the probe. Subsequently, it was incubated
with anti-GST antibodies, followed by incubation with an horseradish
peroxidase-conjugated anti-rabbit IgG antibody. n=3 per group. NPMI,
nucleophosmin 1; MD-2, myeloid differentiation protein-2; CBB, Coomassie
Brilliant Blue; WB, western blotting.

corresponding to the specific band detected by the anti-NPM1
antibody (Fig. 2A, left western blotting). Using the purified
NPMI, whether NPM1 specifically induced TNF-a produc-
tion in PMA-differentiated THP-1 cells was next investigated.
As shown in Fig. 2A (right), the native NPM1 significantly
induced TNF-a production, whereas the heated NPM1 did not.

Subsequently, whether LPS-RS and TAK-242 inhib-
ited TNF-a production stimulated by 5 nM NPMI1 in
PMA-differentiated THP-1 cells was assessed. NPM1
significantly induced TNF-a production compared with the
control (8-fold-increase; P<0.0001), but not when the cells
were pretreated with LPS-RS or TAK-242 (Fig. 2B). In our
previous study, it was shown that TNF-a production upon
NPM1 stimulation was mediated via ERK1/2 activation, but
not via other kinases, such as JNK and p38 MAPK (5). Thus,
whether these two inhibitors prevented ERK1/2 activation by
NPMI1 stimulation was assessed. As shown by the p-ERK1/2
to t-ERK1/2 ratio in Fig. 2C, pretreatment with LPS-RS or
TAK-242 significantly suppressed the levels of NPM1-induced
p-ERK1/2 (NPM1 vs. NPMI+LPS-RS, 3-fold-decrease,
P<0.05; NPM1 vs. NPMI1+TAK?242, 16-fold-decrease, P<0.01),
which suggests that NPM1 signaling through TLR4/MD-2
activated the ERK1/2 signaling pathway.

NPM]1 binds MD-2. Next, far-western blotting was used to
determine whether NPM1 directly binds MD-2. GST-MD-2
was purified and detected as a single band in CBB-stained
gels (Fig. 3A, left), corresponding to the specific band detected
by the anti-MD-2 antibody (Fig. 3A, middle) and the anti-GST
antibody (Fig. 3A, right) in western blotting experiments.
NPM1 was subjected to SDS-PAGE, and then transferred to
a nitrocellulose membrane. The membrane was incubated
with GST-MD-2 or GST for 16 h at 4°C, and then with the
anti-GST antibody for 1 h at room temperature. GST-MD-2

bound NPM1 on the membrane at the respective position in
the CBB-stained gels, but GST was not detectable (Fig. 3B).
These results showed that NPM1 bound GST-MD-2, but not
GST, which suggests that NPM1 signaling is mediated via
TLR4/MD-2.

Discussion

In the present study, PMA-differentiated THP-1 cells were
used to show that TLR4/MD-2 serves as a receptor for the
extracellular DAMP, NPM1. The interaction between NPM1
and TLR4/MD-2 was detected using a SEAP reporter gene
assay. The MD-2 antagonist, LPS-RS, and the TLR4 signaling
inhibitor, TAK-242, significantly inhibited NPM1-induced
TNF-a production and ERK1/2 activation. Furthermore,
far-western blotting analysis revealed that NPMI1 directly
bound MD-2, which further indicates that NPM1 signaling
was mediated through the activation of TLR4/MD-2
signaling.

Host cells infected with Gram-negative bacteria are
exposed to LPS, which strongly induces the activation
of TLR4/MD-2 signaling in specific target cells such as
macrophages and monocytes (21,22). TLR4/MD-2 signaling
recruits MyD88, which leads to activation of the MAPKs
and NF-«B signaling pathways. Furthermore, TLR4 ligands
include cellular proteins that act as DAMPs, such as histones
H3 and H4 as well as HMGBI (10-12), which suggests that
TLR4 signaling may serve as a therapeutic target for treating
inflammatory diseases, such as sepsis and RA. However, the
full spectrum of TLR4 ligands remains to be identified.

In our previous study, it was shown that NPM1 may
act as a DAMP (5). NPM1 induces the production of the
proinflammatory cytokines, TNF-a, IL-6 and IL-8, which
in turn activates MAPKSs, such as ERK1/2, p38 MAPK and
JNK1/2. ERK1/2 activation contributes to the induction of
TNF-a (5). Moreover, NPM1 is detected in the serum in a rat
model of sepsis (CLP), which suggests that NPM1 may act as
a DAMP (5). Additionally, it was shown that NPM1, but not
heat-inactivated NPM1, induced TNF-a production, which
suggests that TNF-a production was induced by NPM1, but
not by other bacterial components.

In the present study, NPMI signaling, indicated by
TNF-a production, was mediated via the TLR4/MD-2
signaling pathway. Firstly, TNF-a production stimulated by
NPMI1 was significantly inhibited by the MD-2 antagonist,
LPS-RS. LPS-RS, which is a penta-acylated LPS, was iden-
tified as a potent antagonist of LPS-induced toxicity (14).
LPS-RS is a competitive inhibitor of LPS via direct binding
to MD-2 (14-17). More recently, it has been shown that
the dimerization of TLR4/MD-2 is essential for activa-
tion of TLR4 signaling. Indeed, the dimerization ratio of
TLR4/MD-2 increased by 48% in LPS-stimulated cells (23).
However, treatment with LPS-RS completely inhibited this
dimerization (23), thereby inhibiting TLR4/MD-2 signaling.
Additionally, in the present study, TNF-a production by NPM 1
stimulation was significantly inhibited by TAK-242. The
cyclohexane derivative, TAK-242, selectively inhibits TLR4
signaling (15) through binding to the TIR domain of TLR4
via Cys747 (16). Binding of TAK-242 to the TLR4 intracel-
lular domain disrupts the interaction of TLR4 with its adaptor
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molecules TIR domain-containing adaptor protein and TIR
domain-containing adaptor including interferon-f3-related
adaptor molecule (17). Furthermore, far-western blotting
demonstrated that NPM1 directly bound MD-2, and thus
NPMI1 may induce TLR4/MD-2 dimerization. Finally, NPM1
has been shown to activate MAPKs, including ERK1/2,
JNK and p38 MAPK (5). However, TNF-a production was
only mediated via ERK1/2, but not the other kinases (5).
The present study examined whether TAK-242 and LPS-RS
inhibited NPM1-induced ERK1/2 activation. It was shown
that both inhibitors significantly inhibited NPM1-stimulated
ERK1/2 activation. Consistently, ERK1/2 was not activated in
LPS-treated THP-1 cells transfected with TLR4 small inter-
fering RNA (24). Furthermore, TNF-a production has been
shown to be mediated via ERK1/2 activation by TLR4/MD-2
in vitro and in vivo (25,26). Taken together, the results indi-
cate that TNF-a production by NPM1 stimulation may be
mediated via the TLR4/MD-2/ERK1/2 signal transduction
pathway.

NPMI belongs to a chaperone family, which comprises
multiple major functional members (NPM1, NPM2 and
NPM3) in the intracellular space (27). Residues in the
N-terminal domain (Met9 to Asp122) are highly conserved
and essential for its oligomerization and interactions with other
proteins (8). Furthermore, NPM1, which exists as a pentamer
via the N-terminal domain, interacts with other pentamers,
and two NPMI pentamers interact in a head-to-head manner
to form a decamer in the nucleus. The decamer is modulated
by numerous post-translational modifications, especially
phosphorylation (28). In the extracellular space, the pentamer
structure of NPM1 may be essential because heat-inactivated
NPM1 did not induce TNF-a production. However, the NPM1
decamer did not affect the interaction between NPM1 and
MD-2 in the far-western blotting. These findings suggest that
the interaction between NPM1 and TLR4 may be mediated via
the decamer form of NPMI1, but not the interaction between
NPMI1 and MD-2. This discrepancy will be investigated in
future studies.

To the best of our knowledge, the present study is the first
report to demonstrate that the NPM1 receptor is TLR4/MD-2.
NPMI released from damaged or activated cells potentially
exacerbate the effects of inflammatory diseases. Furthermore,
NPMI may contribute to the accumulation of inflammatory
cells in TLR4-related inflammatory diseases, such as arterial
thrombosis, RA, atherosclerosis and type II diabetes mellitus
as well as sepsis (29-32). These findings may contribute to
efforts to develop novel and more effective treatments for
inflammatory diseases by targeting TLR4 and components of
its signaling pathway.
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