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Keywords Upregulation of nuclear factor kB (NFxB) signaling is a hallmark of aging
cellular senescence; inflammatory aging; and a major cause of age-related chronic inflammation. However, its effect
NFxB; nuclear dynamics; SASP on cellular senescence remains unclear. Here, we show that alteration of
NF«B nuclear dynamics from oscillatory to sustained by depleting a nega-
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more, a decrease in IkBa protein and an increase in DNA-NF«B binding

at the transcription start sites of age-associated genes in aged mouse hearts

suggested that nuclear NFxB dynamics may play a critical role in the

doi:10.1111/febs.17227 progression of aging. Our study suggests that nuclear NFxB
dynamics-dependent epigenetic changes regulated over time in a living sys-
tem, possibly through a decrease in IxBa, enhance the expression of
inflammatory genes to advance the cells to a senescent state.
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Introduction

Aging is a complex and irreversible phenomenon that associated chronic inflammation, critically impacts the
reflects lifelong biochemical responses to the environ- induction of a wide range of age-related human diseases
ment and recent research has shown that age-related [3], and its regulation is becoming increasingly impor-
dysfunction occurs from the genome to organ levels tant in aging societies. Notably, elderly individuals
[1,2]. Inflammatory aging, which refers to aging- exhibit low-grade and persistent chronic inflammation
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ATAC-seq, assay for transposase-accessible chromatin sequencing; ChlP-seq, chromatin immunoprecipitation sequencing; DEGs,
differentially expressed genes; IkBa, NFkB inhibitor alpha; IkBaDN, dominant-negative IkBa; KD, knockdown; KEGG, Kyoto Encyclopedia of
Genes and Genomes; KO, knockout; NFkB, nuclear factor kB; PDL, population doubling levels; SASP, senescence-associated secretory
phenotype; SA-B-gal, senescence associated B-galactosidase; TNFa, tumor necrosis factor o; TSS, transcription start site.
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NFkB dynamics regulates cellular senescence

in their tissues along with elevated levels of circulating
inflammatory factors, such as interleukin-6 and tumor
necrosis factor o (TNFa), that activate NF«B signaling
[4,5]. Meanwhile, the accumulation of senescent cells
during aging produces various pro-inflammatory cyto-
kines that represent a senescence-associated secretory
phenotype (SASP), which increases the risk of develop-
ing age-related diseases [6]. As NF«kB is the master tran-
scription factor for SASP genes [7.8], NFkB is
considered a positive feedback regulator in inflamma-
tory aging and cellular senescence. However, several
studies have also shown that NFxB prevents cellular
senescence; therefore, it remains unclear which proper-
ties of NFkB activity are related to cellular senescence
[9,10]. Herein, we speculate that a quantitative rather
than qualitative understanding of NF«B activity is nec-
essary to unravel the role of NF«xB in cellular senescence
and inflammatory aging.

Nuclear factor kB (NF«xB) regulates the expression
of genes involved in immune responses and cell prolif-
eration, apoptosis, and senescence [11-13] and exces-
sive NFkB activity induces pathological inflammation
and contributes to the progression of various human
diseases [14]. Interestingly, NFxB also induces tran-
sient, sustained, or oscillatory dynamics associated
with different biological functions and cell fate [15]. In
general, the canonical NFkB pathway undergoes nega-
tive feedback regulation in response to environmental
factors and exhibits stimulus-specific oscillatory
dynamics. In particular, NFkB inhibitor alpha (IxBa),
which is rapidly expressed upon NF«B activation, acts
as a strong negative feedback regulator by binding to
NF«B and inhibiting its nuclear translocation, thereby
inducing characteristic NFkB oscillatory patterns [16].
Accordingly, knockout (KO) or knockdown (KD) of
the IkBa gene often results in sustained NFxB nuclear
activation, altering epigenetic status and expression
dynamics of target genes [17-19].

Although there is growing evidence that NFxB is
involved in inflammatory aging, the relationship
between NFkB dynamics and its global effects on the
cell remains poorly understood. In this study, by com-
bining experiments and multi-omics data analysis, we
investigated the impact of the changes in NFxB dynam-
ics on cell functions in the presence of pro-inflammatory
cytokine TNFo and found that the alteration from
oscillatory to sustained NFxB nuclear dynamics pro-
motes cellular senescence. Our results suggested that
sustained NFxB modulated by IxBa KD rewired epige-
netic states and enhanced NFkB-DNA binding and
promoted inflammatory gene expression. Indeed, IxBa
level was found to be decreased in aged mouse heart
in vivo and furthermore IxkBa level also decreased in
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response to replicative stress or oxidative stress (H,O,)
in vitro. These results indicate that spatiotemporal
changes in NFkB dynamics by its negative feedback
regulator IxBa play an important role in controlling the
expression levels of inflammatory genes, thereby driving
cellular senescence.

Results

Sustained NFxB activity induces growth arrest
and cellular senescence

In order to analyze the effect of NFkB dynamics on
cellular senescence under conditions that eliminate the
influence of replication stress, we first performed ana-
lyses using human breast cancer MCF-7 cell, which
does not senesce by replication. First, we confirmed
that IxkBa KD alters oscillatory NF«xB nuclear activity
to sustained activity in MCF-7 cells stimulated with
TNFa (Fig. 1A-C). The change in NFxB dynamics
suppressed cell proliferation after 24 h of TNFa stimu-
lation (Fig. 1D) and led to a flattened cell shape and
significantly increased cell size (Fig. 1E). These fea-
tures are similar to the well-known phenotype of
senescent cells [20]. Therefore, we further examined
SA-B-gal activity, one of the representative indicators
of cellular senescence [21]. Although TNFa alone did
not promote SA-B-gal activity, under IxBa KD/KO
conditions, TNFa increased the number of SA-B-gal
positive cells after 24 h (Fig. 1F-I). The number of
SA-B-gal positive cells was reduced by KD of RELA,
a subunit of NFxB, in IxkBa KD + TNFa conditions
(Fig. 1J), thus confirming that the phenomenon is
NF«kB-dependent. As senescent cells typically exhibit a
SASP [6,21], we next examined the effects under IxkBa
KD + TNFa conditions. The expression of various
SASP genes [6,21], including different types of cyto-
kines (IL6: interleukin, TNFa: tumor necrosis factor,
IL8: interleukin and CXC chemokine, CXCL1: CXC
chemokine, CCL2: CC chemokine), was drastically ele-
vated (Fig. 2A,B). The amount of Cyclin D1, which is
essential for the G1/S transition, was decreased com-
pared to that with TNFa alone (Fig. 2C). Further-
more, a time-course cell cycle analysis using FUCCI
live cell imaging revealed that IxBa KD + TNFa
increases the number of cells at the G2/M phase after
24 h and prolongs the duration of the G2/M phase
(median values: control, 3.8; IkBa KD, 8.3; P < 0.05)
(Fig. 2D-F). Although the difference in the duration
of the Gl phase, which appeared within 24 h after
TNFa simulation, could not be quantitatively assessed
in this experimental setting, these results indicate that
the sustained NFxB activity mimicked by IkBa
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KD + TNFa modulates Cyclin D1 and G2/M check-
points and inhibits cell proliferation.

Decrease of IkBa was associated with cellular
senescence induced by replicative or oxidative
stress

Next, we examined whether the downregulation of
IxBa is indeed associated with cellular senescence in
representative cell models. Long-term culturing causes
replicative stress and thereby induces cellular senes-
cence in primary human foreskin fibroblast cells
(HFF-1) [22]. We prepared HFF-1 cells with different
population doubling levels (PDL) and confirmed that
the number of SA-B-gal positive cells increases consis-
tently with PDL (Fig. 3A). In our subsequent studies,
HFF1 cells with PDL 43 or higher were defined as
senescent cells. The expression of IkBa in senescent
HFF-1 cells (PDL46) was significantly lower than that
in younger HFF-1 cells (PDL30) (Fig. 3B). As well as
in MCF-7 cells, the number of SA-B-gal positive cells
was increased by IkBa KD + TNFoa in HFF-1
cells (Fig. 3C). Since oxidative stress (H,O;) exposure
is known to induce cellular senescence in MCF-7 cells
[23], we also investigated the effect of H,O, on IxkBa
expression in MCF-7 cells and confirmed that
IxBa expression was indeed downregulated by H,O, in
a dose-dependent manner (Fig. 3D). Overexpression of
dominant-negative IxBa (IxkBaDN) [24], which has a
mutation in the ubiquitination site and exerts a
dominant-negative effect on activation of NF«kB, sup-
pressed the increase of SA-B-gal staining triggered by
H,O, (Fig. 3E). Furthermore, nuclear RELA Ilevels
were increased by H,O, treatment or by replication
(Fig. 3F,G). These results suggest that downregulation
of IxkBa expression and increased RELA level may
also play an important role in replication or oxidative
stress-induced cellular senescence.

Sustained NFkB activation enhanced DNA-NFxB
binding on senescence-promoting inflammatory
genes in vitro

Subsequently, we investigated the relationship between
NF«xB nuclear dynamics and target gene regulation.
First, we extracted differentially expressed genes
(DEGs) in MCF-7 cells between IxBa KD + TNFa
(48 h) and TNFa conditions and identified 687 upre-
gulated DEGs, including cellular senescence-promoting
and SASP genes (e.g., CD36, BCL3, CCL2, and
S10048/A9) [1,21,25,26] (Fig. 4A). These DEGs were
classified into four clusters based on the time-course
patterns of gene expression, which were measured
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every 15 min under the IxBa KD + TNFa condition
[17] (Fig. 4B). To clarify whether the differences in
gene expression patterns were associated with the chro-
matin status, chromatin accessibility was assessed
using an assay for transposase-accessible chromatin
sequencing (ATAC-seq) data. We found that the
ATAC signal was elevated in the flanking regions of
genes in cluster 2, which showed a monotonically
increasing pattern, and their signals were stronger in
the IkBa KD + TNFa condition than the TNFa or
IkBa KD alone (Fig. 4C). Considering that the chro-
matin accessibility enhanced by IkBa KD + TNFa
might be critical for the regulation of genes controlled
by NFkB, we extracted the regions where chromatin
accessibility was significantly enhanced by IkBa
KD + TNFa (Fig. 4D) and assessed the affinity of
NFkB for these regions. We analyzed NF«xB
(RELA)-chromatin immunoprecipitation sequencing
(ChIP-seq) data and found that the RELA signal
intensity in chromatin open regions proximal to genes
in cluster 2 was markedly increased under IxBa
KD + TNFa conditions; however, this trend was not
observed under TNFo alone (Fig. 4E). Furthermore,
we investigated whether the number of NFxB binding
sites affects gene expression in each cluster [27]. Nota-
bly, the average number of RELA binding sites associ-
ated with genes in cluster 2 was significantly higher
than that for all NFxB target genes (Fig. 4F). These
results suggest that the expression of a set of genes
(genes in cluster2) is controlled by NF«xB
dynamics-dependent epigenetic changes. Genes in clus-
ter 2 were enriched with several cytokine signaling
pathways such as TNFa and IL17 (Fig. 4G), suggest-
ing that a positive feedback loop mediated by inflam-
matory cytokines might be epigenetically enhanced by
sustained nuclear NFxB activity.

Reduced IxBa level, NFkB activation, and
upregulation of senescence-promoting
inflammatory genes were associated with aging
in mouse hearts

Senescent cells accumulate in aged tissues in a variety
of mammals [21]. Given that sustained NFxB activity
may be involved in promoting cellular senescence and
chronic inflammation associated with aging in vivo, we
examined the levels of proteins that regulate NFxB
activation dynamics in young (8 weeks old) and aged
(69-73 weeks old) mice (Fig. 5A-E). We found
decreased IxkBo and A20, another negative feedback
regulator of the NFxB pathway, and increased TNFao
protein expression, but no significant change in RELA
levels in the heart tissue homogenates of aged mice
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Fig. 1. Effect of IxBa knockdown on NFxB dynamics, cell growth, cell shape, and cellular senescence in MCF-7 cells treated with TNFa. (A)
lxBa knockdown in MCF-7 cells by siRNA. MCF-7 cells were treated with TNFa (10 or 30 ng-mL™") for 24 or 48 h. Representative blot
images are shown. The values under each lane indicate the relative density of the band normalized to GAPDH. One of the five replicates is
shown as representative. (B) Representative images of RELA immunofluorescence staining in MCF-7 cells transfected with control and lkBa
siRNA. The cells were treated with 10 ng-mL~" TNFa for the indicated times. Scale bars, 25 um. One of the thirty replicates is shown as
representative. (C) Time-course of NFkB (RELA) abundance in the control and IkBa knockdown (KD) MCF-7 cells treated with TNFa
(10 ng-mL™") (refer to the Materials and methods section). Representative images are shown in (B). n = 30. (D) Effect of IxBa KD on cell
viability. n = 3. (E) Changes in cell morphology in the IkBa KD MCF-7 cells treated with TNFa for 24 h. Representative brightfield images are
shown. Scale bars, 100 um. Each dot on the graph represents the geometric parameters for single cells. Red dashed bars indicate the
average. n = 713 (control — TNFa), 1014 (IkBa KD — TNFa), 954 (control + TNFa), and 336 (IxkBa KD + TNFa). (F) Effect of [kBa KD on SA-
B-gal staining in MCF-7 cells treated with TNFa for 24 h. Scale bars, 100 um. n = 12. (G) IkBa knockout (KO) in MCF-7 cells by CRISPR-
Cas9. (H) Effect of 1kBa KO on cell viability in MCF-7 cells treated with TNFa (10 ng-mL~") for 48 h. n = 3. (I) Effect of IxBo. KO on SA-p-gal
staining in MCF-7 cells treated with TNFa for 24 h. n = 12. (J) Effect of RELA KD on the IkBa KD-induced SA-B-gal staining. n = 12. Scale
bars, 100 um. Data represent the mean + SD (D, F, H, I, J) or & SE (C). P values were determined using unpaired two-tailed Student's t

tests (D) or one-way ANOVA followed by Tukey's test (E, F, H, I, J). **P < 0.01. N.S., not significant.

(Fig. SA-E). However, we found a marked increase in
the NFkB-positive area in the cell nuclei of aged hearts
at the single cell level (Fig. 5F) and upregulation of the
cellular senescence markers p/6 and 1l6 (Fig. 5G).
RNA-seq analysis of heart tissues from young and
aged mice and predictions of active transcription fac-
tors using DoRothEA [28] suggested that NFkB family
members NFKBI and RELA were activated in aged
tissue (Fig. 6A). The genes in cluster 2 had a significant
positive correlation between the fold change values of
gene expression upon alteration of NF«B activity in vi-
tro (IkBa KD + TNFa vs. control MCF-7) and aging
in vivo (aged vs. young mouse hearts) (R = 0.39,
P < 0.0001), and this significantly-correlated gene set
contained cellular senescence-promoting and SASP
genes (Fig. 6B). In addition, we examined the relation-
ship between the number of NFxB binding sites and
the increase in gene expression with aging in the mouse
heart. After predicting putative NFxB targets within
+500 bp from the transcription start site (TSS) using
the ChIP-Atlas [29] (see Materials and methods), we
classified the genes into four groups (no, low, medium,
and high upregulation) according to the degree of fold
change in expression (aged vs. young mice) (Fig. 6C).
Counting NFxB binding sites in the flanking regions
(within 410 000 bp from TSS) of the genes using
HOMER [30] revealed that the “high” expression
group included a significantly higher number of NF«B
binding motifs (P < 0.0001, high vs. no upregulation)
(Fig. 6D). Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of the high group genes
in the aged heart (Fig. 6E) showed a high enrichment
of inflammatory signals, which was similar to the
KEGG enrichment results for the cluster 2 gene set in
MCF-7 cells (Fig. 4F). These results suggested that the
increase in frequency of DNA-NF«xB binding might be

a common mechanism for the induction of age-related
inflammatory genes in aging tissue and senescent cells.

Discussion

The duration of nuclear NFkB activity has significant
effects on gene expression by regulating mRNA
half-life and epigenetic status [18,19]. In this study, we
show that the aging-associated phenotypic changes in
inflammatory gene expression and the downregulation
of cell cycle could be explained by a core regulatory
mechanism stemming from the duration of NF«xB
activity.

Our in vitro study showed that the loss of the nega-
tive feedback regulator, IxBa, significantly elevated the
nuclear abundance of NFxB and induction of cell
senescence. Our in vivo data analysis showed that
reduced IxBa expression and upregulation of NFx B
activity and senescence-promoting inflammatory genes
were also observed in aged mouse heart. These results
suggest that the nuclear NFxB level is critical for
inflammatory aging. Indeed, the decrease in IkBa pro-
tein levels under replicative or oxidative stress (Fig. 3)
indicates that decreases in IxBa may occur over a life-
time by these stresses. Meanwhile, previous studies
have demonstrated that defects in the feedback regula-
tion of IxkBa in the NFkB pathway cause Sjogren’s
syndrome and shortened life span [31] and that mice
expressing vascular-specific IkBa overexpression have
a prolonged life span [32].

It has been reported that the number of senescent
cells in tissues increases with age [33-35]. However, it
is also known that the number of senescent cells rarely
exceeds a few percent within the cell population of
most aged tissues [33-36]. Therefore, the mechanism
behind the regulation of the number of senescent cells
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during the process of aging is considered to involve a
system that generates cell heterogeneity. Previous
reports indicate that the increase in the frequency of
DNA-NF«B binding can lead to higher fold change
and threshold response in target gene expressions [27],
which enhances transcriptional heterogeneity [15]. Our
data indicate the positive correlation between the fre-
quency of DNA-NF«xB interaction and the fold

S. Tabata et al.

changes in age-associated NF«B target gene expres-
sions in mouse hearts (Fig. 6), which suggests a possi-
bility that enhanced DNA-NF«xB binding in aged
tissues contributes to the increase in heterogeneity and
thereby regulate the number of senescent cells. Further
analysis of heterogeneity in transcriptome and chroma-
tin states in aged tissue at a single-cell level may clarify
this point. Furthermore, considering that the threshold
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Fig. 2. Effect of IkBa knockdown on expression of SASP genes and cell cycle in MCF-7 cells treated with TNFa. (A, B) Senescence-
associated secretory phenotype (SASP) gene expression in MCF-7 cells under IkBa KD + TNFa conditions. Cells were treated with TNFa for
24 h. The mRNA level of SASP genes was measured by RNA-seq (A) and gPCR (B). n = 3. (C) Effect of IxBa KD on the protein expression
of Cyclin D1 in MCF-7 cells treated with TNFa for 48 h. n = 3. (D-F) Cell cycle analysis of MCF-7 cells under IxBa KD + TNFa conditions.
MCF-7 cells were transfected with the control and IkBo siRNA and treated with 10 ng:-mL~" TNFa for the indicated times. Representative
images of FUCCI immunofluorescence (D). MCF-7 cells show G1-phase (green color; PIP-tag-mNeonGreen), S-phase (magenta color;
mScarlet-hGem), and G2/M-phase (merged color; PIP-tag-mNeonGreen and mScarlet-hGem). Scale bars, 100 um. Cell cycle dynamics
mapped at an individual cell level (n = 24) (E). G2/M ratio (left) and duration (right) in TNFa-treated control and 1kBa KD MCF-7 cells (F). Cell
cycle phase data were obtained for cells that could be continuously tracked for 60 h after TNFa treatment. As the experiment was
performed under non-synchronized cell cycle conditions, an equal number of cells starting from the G1 or S/G2/M phase (n = 12 for each)
were selected for analysis. Data represent the mean + SD [(B, C, F (left)], or median and interquartile range (25th and 75th percentiles),
with error bars showing the minimum to maximum (F, right). P values were determined using unpaired two-tailed Student’s t tests (F), or
one-way ANOVA followed by Tukey's test (B, C). *P < 0.05, **P < 0.01.

response of the NF«xB signaling pathway is regulated
by both its network structure [37] and epigenetic fea-
tures [15,27], these regulatory processes can be promis-
ing targets for controlling the number of senescent
cells.

Our study showed that the cell cycle is prolonged
during the G2/M phase under IxkBa KD + TNFao.
However, issues regarding the G2/M delay remain
unresolved. An earlier study showed that NFxB acti-
vation in response to ionizing radiation or etoposide
arrested cells at the G2/M phase for a prolonged time
[38]. Identifying a mechanism that can distinguish
between cellular senescence and cell death induced by
TNFa [39] and its role of IkBa would be also impor-
tant in future study. Overall, in this study, we show
that the differences in temporal NFxB dynamics,
rather than the presence of NF«xB signaling activity
alone, induce senescence through unexpectedly broad
and complex interactions in signaling, epigenetics, and
inflammatory response feedback. These findings pro-
vide unprecedented insights into the molecular basis of
the progression of cellular senescence.

Materials and methods

Reagents and cell culture

TNFa was purchased from Thermo Fisher Scientific (Wal-
tham, MA, USA). Methanol, Hydrochloric Acid, Ethanol,
Xylene, Mayer’s hematoxylin solution, 1% Eosin Y solu-
tion, and PathoMount were purchased from Fujifilm Wako
Pure  Chemical Industries, Ltd., Osaka, Japan.
9-Aminoacridine (9AA) was purchased from Merck (Darm-
stadt, Germany). Adhesive-coated glass slides for hematox-
ylin and eosin staining (HE), and coverslips were purchased
from Matsunami Glass (Osaka, Japan).

The human breast adenocarcinoma MCF-7 cell line and
primary human foreskin fibroblast HFF-1 cells were
obtained from the American Type Culture Collection

(ATCC, Manassas, VA, USA). All cell lines used were
authenticated by ATCC. Cells were grown in Dulbecco’s
modified Eagle’s medium (Nakalai Tesque, Kyoto, Japan)
containing 10% (v/v) fetal bovine serum (FBS; Sigma-
Aldrich, St Louis, MO, USA), and antibiotics (100 U-mL™!
penicillin, 100 mg-mL~" streptomycin, and 0.25 mg-mL~'
amphotericin B; Nakalai Tesque) at 37 °C under a humidi-
fied atmosphere with 5% CO,. All experiments were per-
formed with Mycoplasma-free cells.

Mouse experiments

All mice were purchased from the Japan SLC and main-
tained under specific pathogen-free conditions at the
Graduate School of Frontier Biosciences Osaka Univer-
sity. Female 8-weeks-old (young) and 69- to 73-weeks-old
(aged) C57BL/6 N mice were used in experiments. All
animals were separately caged with a 12 : 12-h light-dark
cycle and had free access to water and chow throughout
the study. The excised tissues were immediately frozen
in liquid nitrogen and stored at —80 °C until use. All
experiments were approved by the Animal Care and
Use Committee of Osaka University and were performed
following institutional guidelines (approval number: 01-
002-059).

Quantitative RT-PCR (qRT-PCR) analysis

Real-time PCR analysis was conducted as described previ-
ously [40]. Briefly, RNA was isolated from cells or tissues
using NucleoSpin RNA Plus (Cat. No. 740984.250;
Macherey-Nagel, Duren, Germany) and subjected to
cDNA synthesis using ReverTra Ace qPCR RT Master
Mix (TOYOBO, Osaka, Japan) and quantitative PCR
using a KOD SYBR gPCR kit (TOYOBO) with CFX96
Real-Time PCR System (Bio-Rad Laboratories, Hercules,
CA, USA) according to the manufacturer’s protocol. The
AAC, method was used to quantify gene expression, using
RPL27 expression as an internal reference [41]. All experi-
ments were performed in triplicate.
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Fig. 3. Downregulation of IkBa by replication or oxidative stress-induced cellular senescence. (A) Induction of SA-B-gal staining by replicative
stress in HFF-1 cells. Scale bars, 100 um. n= 10. (B) Expression of IkBa in young (population doubling level, PDL30) and senescent
(PDL46) HFF-1 cells. n= 3. (C) Effect of IkBa KD on SA-p-gal staining in HFF-1 cells treated with TNFa for 24 h. Scale bars, 100 um.
n=12. (D) Effect of H,O, on IxBa expression in MCF-7 cells. Cells were treated with the indicated concentration of H,O, for 96 h.
Representative image and quantification of one of the three replicates are shown. (E) Effect of dominant-negative IkBa (IkBaDN) on SA-p-

gal staining in MCF-7 cells treated with 300 um H,0,. n=12.
and senescent (PDL46) HFF1 cells (F) and H,O, treated MCF7

Scale bars, 100 pm. (F, G) Nuclear RELA levels of young (PDL29)
cells (G) measured by immunostaining. Error bars, standard error of

the mean. n = 30. P values were determined using unpaired two-tailed Student’s t-tests (B, F, G) or one-way ANOVA followed by Tukey’s

test (A, C, E).

Western blotting

Immunoblot analysis was performed as described previously
[40] using primary antibodies against GAPDH (1 : 2000,
MAB374; Sigma-Aldrich), GAPDH (1 : 4000, 10494-1-AP;
Proteintech, Rosemont, IL, USA), a-tubulin (1 : 1000,

ab15246; Abcam, Cambridge, MA, USA), IxkBa (1 : 1000,
#4814; Cell Signaling Technology, Danvers, MA, USA),
IxkBa (1 : 1000, #4812; Cell Signaling Technology), RELA
(1 : 1000, #8242; Cell Signaling Technology), A20 (1 : 1000,
#5630; Cell Signaling Technology), Cyclin D1 (1 : 1000,
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#2978; Cell Signaling Technology), ERK (1 : 1000, #9102;
Cell Signaling Technology), and secondary antibodies [HRP-
linked anti-mouse IgG (1 : 5000, #7076; Cell Signaling Tech-
nology), HRP-linked anti-goat IgG (1 : 5000, sc-2020; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and
HRP-linked anti-rabbit IgG (1 : 5000, #7074; Cell Signaling
Technology)].

RELA immunocytochemistry

Immunostaining was conducted as described previously
[42]. Cells were fixed with 4% paraformaldehyde (Thermo
Fisher Scientific) in phosphate-buffered saline (PBS) for
15 min, rinsed with PBS, and permeabilized with 0.2% Tri-
ton X-100 (Nakalai Tesque) in PBS for 10 min. Cells were
blocked using 1% goat serum (#16210-064; Thermo Fisher
Scientific) in PBS for 15 min and incubated with RELA
antibodies (1 : 1600, #8242; Cell Signaling Technology)
diluted in 1% goat serum/PBS at 4 °C overnight. After
rinsing in PBS, cells were incubated with Alexa Fluor 488-
conjugated secondary antibodies (1 : 2000, A32731;
Thermo Fisher Scientific), 0.125 ngmL~" CellMask™
(Thermo Fisher Scientific) as a cell body stain, and
1 pgmL™! 4’ 6-diamidino-2-phenylindole (DAPI; Nacalai
Tesque) as a nuclear stain for 1 h at 25 °C in the dark.
Fluorescent images were acquired using IN Cell Analyzer
2500HS (Cytiva, Preston, UK) at 20x magnification.
Images of 30 fields were taken for each condition. CELLPRO-
FILER (ver. 3.1.9) (Broad Institute, Cambridge, MA, USA)
was used to segment cellular regions from CellMask™
images, to segment nuclear regions from DAPI images, and
to quantify RELA signal intensities for each cell [43]. The
nuclear-to-cytoplasm signal ratio for RELA was calculated
based on the integrated signal density.

Analysis of cell morphology

Cell morphology analysis was conducted as described pre-
viously [40]. Briefly, Cells were fixed using 4% parafor-
maldehyde for 15 min and permeabilized with 0.1%
Triton-X100 for 5 min. Cell membrane and nucleus were
stained with 0.125 ngmL~! CellMask™ (Thermo Fisher
Scientific) and 1 ugmL~' DAPI (Nacalai Tesque) for
30 min at 25°C in the dark, respectively. Fluorescent
images were acquired using IN Cell Analyzer 2500HS
(Cytiva) at 20x magnification. CELLPROFILER (ver. 3.1.9)
was used to extract geometrical features from the cell
images [43]. DAPI and CellMask™ staining were used to
visualize the segmentation of the nucleus and cell body,
respectively. The following morphological parameters of
the cells were evaluated: Area, Form Factor, Solidity,
Extent, Orientation, Eccentricity, Compactness, major axis
length, minor axis length, maximum ferret diameter, mini-
mum ferret diameter, Perimeter, and Mean radius (total
of 13 parameters).

NF«B dynamics regulates cellular senescence

Senescence associated f-galactosidase (SA-g-gal)
staining

The senescent cells were stained by a senescence -
galactosidase staining Kit (#9860; Cell Signaling Technol-
ogy), according to the manufacturer’s instructions. Briefly,
cells in 12-well plates were washed with PBS, fixed for
10 min in a fixative solution, washed twice with PBS, and
incubated in SA-B-gal staining solution overnight at 37 °C.
Images were acquired with a Keyence BZ-9000 microscope
(Keyence, Osaka, Japan) on 20x magnification. Four ran-
dom views per well were selected to count the number of
cells stained positive for SA-B-gal. Each independent
experiment was repeated three times and the percentage of
SA-B-gal positive cells per field from a total of 12 fields
was analyzed with IMAGEJ software (version 1.53t, NIH,
Bethesda, MD, USA). DAPI staining was used to identify
nuclei and count the number of cells per field. The thresh-
old for identifying senescent cells was set by a positive con-
trol (etoposide treatment).

siRNA transfection

siRNA duplexes for IkBa (ON-TARGET plus SMART
pool,  L-004765-00), RELA  (ON-TARGET plus
SMART pool, L-003533-00), and negative control (D-
001810-02) were purchased from Dharmacon/Horizon Dis-
covery (Cambridge, UK). Cells were transfected with
siRNA oligomer (final concentration 50 nm) mixed with
Lipofectamine RNAIMAX reagent (Thermo Fisher Scien-
tific) in serum-reduced Opti-MEM (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions.

Cell viability assay

Cell viability was measured using trypan blue exclusion
assay as described previously [42]. 2 x 10° cells were seeded
in each well of 12-well plates and incubated at 37 °C. After
treatment with reagents and/or siRNAs, cells were disag-
gregated in 400 pL medium, and 10 pL of the suspension
was mixed with 10 pL trypan blue (Thermo Fisher Scien-
tific). Viable cells were counted using a Countess Auto-
mated Cell Counter (Thermo Fisher Scientific).

Cell cycle analysis using the FUCCI biosensor

MCEF-7 cells stably expressing the FUCCI biosensor were
obtained by the PiggyBac transposase system [44]. MCF-7
cells were transfected with the pPBbsr2-H2B-iRFP-P2A-
mScarlet-I-hGem-P2A-PIP-tag-NLS-mNeonGreen (https://
benchling.com/s/seq-LPZ1tLdpgnpJIYOG2ujR) and the
hyPBase (https://benchling.com/s/seq-oGkw53b411ZqvzF5y-
Q9K) [45] plasmids using Lipofectamine LTX following man-
ufacturer’s protocol (Thermo Fisher Scientific). The plas-
mids, pPBbsr2-H2B-iRFP-P2A-mScarlet-I-hGem-P2A-PIP-
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tag-NLS-mNeonGreen and hyPBase, were
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tutes of Natural Sciences). After transfection, cells were
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released into a drug-free medium for 48 h followed by blasti-
cidin (10 pgmL™") selection until single colonies were
formed. Single clones were expanded, and the FUCCI
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Fig. 4. Transcriptional regulation by sustained NFkB activation. (A) Volcano plot of differentially expressed genes (DEGs) between TNFa
alone and IkBa KD+ TNFa in MCF-7 cells. Cells were treated with TNFa for 48 h. Red dots indicate DEGs identified by adjusted P value
(Padj) < 0.01 and log, fold change (log, FC) > 0.4. Blue dots indicate DEGs identified by Padj < 0.01 and log, FC < —0.4. Among the DEGs,
the cellular senescence-promoting and SASP genes are labeled. Horizontal dashed line indicates Padj = 0.01, and vertical dashed lines
indicate |log, FC| = 0.4. n = 3. (B) Time-course clustering of mRNA levels (Zscored logoTPM) in IkBa KD MCF-7 cells stimulated with TNFo
(10 ng:-mL™") up to 150 min. Lines on the right indicate approximate curves and colored areas indicate 95% confidence intervals. (C) Effect
of IkBa KD on chromatin accessibility for genes in each cluster in MCF-7 cells treated with TNFa (48 h). Data represent the log, fold change
(FC) vs. control conditions. n= 119 (cluster 1), 233 (cluster 2), 172 (cluster 3), and 163 (cluster 4). (D) MA plot of the control vs IkBa
KD + TNFa ATAC-seq signals. Each dot represents each open chromatin region, and red dots indicate open chromatin regions identified by
Padj < 0.05 and log, FC > 0. (E) Effect of IkBa KD and TNFa (120 min) on RELA ChlIP signal intensity in open chromatin regions. Rows in
the heatmap indicate the signal intensity in each region. Lines in the line chart show the average RELA signal intensity. (F) The average
count of RELA ChIP peaks for NFkB target genes in each cluster. Genes with RELA peaks in the vicinity of transcriptional start sites (TSS)
were defined as NFkB target genes (4361 genes). NFkB target genes in each cluster were identified (cluster 1, 19 genes; cluster 2, 75
genes; cluster 3, 24 genes; cluster 4, 54 genes). (G) Heatmap of KEGG enrichment analysis of each cluster genes identified in B. Data

represent the mean + SE (C, F). P values were determined using one-way ANOVA followed by Tukey's test (C, F).

biosensor signal was confirmed by fluorescent microscopy.
Time-lapse microscopy images were acquired using an IN
Cell Analyzer 2500HS (GE Healthcare Life Science) with a
CFI S Plan Fluor ELWD dry objective lens 20x (NA: 0.45)
using an excitation wavelength of 475 nm and emission wave-
length of 511 nm for PIP-tag-mNeonGreen and excitation
wavelength of 542 nm and emission wavelength of 597 nm
for mScarlet-hGem. Cells were maintained at 37 °C in a
humidified atmosphere of 5% CO, and imaged at 20-min
intervals for 60 h. Image processing and quantifications for a
percentage of cells in each cell cycle phase were performed
using tools in IMAGEJ-FIJI software. Masks of mScarlet-hGem
and PIP-tag-mNeonGreen signals were obtained by applying
a fixed threshold (160, 65 535). The obtained masks were
identified with “Analyze Particles” (size = 10.00—-infinity,
circularity = 0.00-1.00) and automatically counted as ROIs
(region of interest). Cell cycle phases were determined by G1-
phase: PIP-tag positive, S-phase: hGem positive, G2/M-
phase: PIP-tag and hGem positive. The average fluorescence
brightness of mScarlet and mNeonGreen was obtained by cell
tracking software (Olympus, Tokyo, Japan). The threshold
parameters of mScarlet and mNeonGreen for each cell were
manually set. Subsequently, an algorithm for estimating the
cell cycle phase assembled with R packages [BRUNNERMUNZEL
(v.1.4.1), MULTIMODE (v.1.4), RLIST (v.0.4.6.1), TIDYVERSE
(v.1.3.0)] was applied to determine each cell cycle phase at the
single-cell level. For quantifications of the G2/M phase length
from single-cell data, measurements from when the effects of
TNFo were observed (24-60 h) were used.

Generation of lkBa KO MCF-7 cells

IxkBa knockout (KO) MCF-7 cells were generated by
CRISPR-Cas9 technology. We designed three independent
guide RNAs targeting IxkBa (NFKBIA) with the gRNA
design tool (https://chopchop.cbu.uib.no/) [46]. Two
gRNAs were designed to target exon 1 and one gRNA to
target intron 1 of NFKBIA (gRNA_1, TAACCTCGCGG

AAAACACCG, chrl14:35403909 (—); gRNA_2, CTGG
ACGACCGCCACGACAG, chr14:35404547 (—); gRNA_3,
ACGGCGGCACGGACTGCTGT, chr14:35404730 (+)).
Primers were then designed by adding guanosine base on
the 5’ and sticky ends corresponding to BbsI site. The pair
of primers were then annealed and ligated into Bbsl-
digested eCas9-P2A-Puro plasmid [47]. MCF-7 cells were
transfected with IkBa gRNA-containing eCas9-P2A-Puro
plasmids using Lipofectamine LTX following the protocol
of the manufacturer (Thermo Fisher Scientific). After trans-
fection, cells were released into a drug-free medium for
48 h followed by puromycin (1 pgmL™!) selection until
single colonies were formed. Single clones were expanded,
and gene deletion was confirmed by western blotting.
eSpCas9(1.1)-T2A-Puro was a gift from Andrea Németh
(#101039; Addgene, Watertown, MA, USA).

Generation of IkBaDN-overexpressing MCF-7 cells

The plasmid used for IkBaDN overexpression was commer-
cially purchased from Takara (Otsu, Japan; #631923), which
contains mutant IxBa with serine to alanine mutations at
residues 32 and 36. MCF-7 cells were transfected with the
IkBaDN plasmid using Lipofectamine LTX following the
manufacturer’s protocol (Thermo Fisher Scientific). After
transfection, cells were released into a drug-free medium for
48 h followed by G418 (100 mg-mL ') selection until single
colonies were formed. Single clones were expanded, and
expression of IkBa was confirmed by western blotting.

Immunohistochemistry of RELA in heart tissue
from aged mice

Immunohistochemistry was performed at Genostaff
(Tokyo, Japan). Tissue sections were fixed with 4% para-
formaldehyde for 10 min. Endogenous peroxidase was
blocked with 0.3% H,O, in methanol for 30 min, followed
by incubation with G-Block (Genostaff) and avidin/biotin
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blocking kit (Vector Laboratories, Peterborough, UK).
The sections were incubated with anti-RELA rabbit mono-
clonal antibody (0.004 pg-mL~!, #8242; Cell Signaling

S. Tabata et al.

Technology) at 4 °C overnight and then incubated with
biotin-conjugated anti-rabbit IgG (Vector Laboratories) for
30 min at room temperature. Subsequently, peroxidase-
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Fig. 5. Expression of IkBa, A20, and TNFa in young and aged mouse tissues. (A-E) Protein expression of IkBa, RELA, A20, and TNFa in
young and aged mouse tissues. Young mice: 8 weeks old, n = 8. Aged mice: 69 to 73 weeks old, n = 8. Representative blot images are
shown (A). * Signals of interest. Box plots quantifying the relative protein level of I1xBa (B), RELA (C), A20 (D), and TNFa (E). Data represent
the median and interquartile range (25th and 75th percentiles) with error bars showing minimum to maximum values. N.D. indicates that
the signal was not detected. P values were determined using the Mann-Whitney U test. (F) Immunohistochemistry of RELA in heart
tissues from young and aged mice. Young mice: 8 weeks old, n= 3. Aged mice: 69-73 weeks old, n = 3. Representative images are
shown. Scale bar, 50 um. Bar plots showing the percentage of RELA-positive staining relative to nuclear areas. Five high-power fields were
obtained from each heart tissue. (G) mMRNA expression of //6 and p716 in the hearts of young (8 weeks old, n=5) and aged mice (69—
73 weeks old, n=5). Data represent the mean #+ SD (F), or median and interquartile range (25th and 75th percentiles), with error bars

showing minimum to maximum (B-E, G). P values were determined using Mann-Whitney U test (B-G).

conjugated streptavidin (Nichirei, Tokyo, Japan) was added
for 5 min, and peroxidase activity was visualized using dia-
minobenzidine. The sections were counterstained with
Mayer’s Hematoxylin (Muto Pure Chemicals Co., Ltd.,
Tokyo, Japan), dehydrated, and then mounted with Mali-
nol (Muto Pure Chemicals Co., Ltd.).

Stained slides were digitally scanned using a Nanozoo-
merS210 (Hamamatsu Photonics, Hamamatsu, Japan). For
histopathological assessment, five random digital images of
each mouse heart tissue were captured at 40x magnifica-
tion using NDP VIEW2 software (Hamamatsu Photonics).
RELA-positive staining in nuclei was quantified by the
IMMUNOTRATIO IMAGEJ plugin [48]. The brown (RELA) and
blue (hematoxylin) threshold adjustments were set at 10
and 15, respectively.

RNA-sequencing (RNA-seq) of MCF-7 cells and
murine heart tissues

Total RNA was isolated using NucleoSpin RNA Plus (Cat.
No. 740984.250; Macherey-Nagel). Library construction
and RNA-seq were performed using the Illumina sequenc-
ing platform (Rhelixa, Tokyo, Japan). Poly(A) RNA was
prepared with the Poly(A) mRNA Magnetic Isolation
Module (New England Biolabs, Ipswich, MA, USA), the
sequencing library was generated with the NEBNext®
Ultra™II Directional RNA Library Prep Kit (New
England Biolabs), and paired-end sequencing was processed
with the NovaSeq 6000 (Illumina, San Diego, CA, USA).

Acquisition of time course RNA-seq data

Time course bulk RNA-seq data sets (DRA011742 and
DRAO011743 of DNA Data Bank of Japan) in which gene
expression was measured every 15 min after TNFo stimula-
tion in IkBa KD MCF-7 cells were obtained from our pre-
vious study [17].

MCF-7 RNA-seq data analysis

For the analysis of MCF-7 RNA-seq, sequencing reads
were preprocessed using nf-core/rnaseq pipeline (v.3.5) [49]
(https://github.com/nf-core/rnaseq/blob/1.4.2/docs/output.

md). Read quality was assessed using FASTQC (v.0.11.9). TRIM
GALORE (v.0.6.7) was used for adaptor trimming. The result-
ing reads were mapped onto the GRCh38 genome using
STAR (v.2.7.6a) and then quantified by saLMON (v.1.5.2). Pro-
tein coding genes registered in GENCODE (https://www.
gencodegenes.org/human/release_40.html) were used for
downstream analysis. Differentially Expressed Genes
(DEGs) were identified using the R package DESEQ2 [50] by
performing a Wald significance test between gene expression
levels in each condition 48 h after TNFo stimulation and
calculating adjusted P-values and log, fold change (TNFa vs
IxkBaKD + TNFa). Genes with adjusted P-value < 0.01 and
log, fold change > 0.4 were classified as upregulated DEGs,
and genes with adjusted P-value <0.01 and log, fold
change < —0.4 as downregulated DEGs. The expression pat-
tern of each upregulated DEG in Fig. 4B was obtained using
time course TPM data. Time course TPM data were Z-
scored after the logarithm of 2 was taken before clustering.
Clustering was performed using the partitioning around
medoids (PAM) algorithm with the R package cluster. Heat
maps were created using the R package COMPLEXHEATMAP
[51]. The creation of the regression line and the 95% confi-
dence intervals were calculated by the function “stat_smooth
()" of the R package GGprLOT2 [52].

Murine heart RNA-seq data analysis

Mapping of data to perform Gene/transcript quantification
was performed using nf-core/rnaseq pipeline (v3.5.) and the
default GRCm38 genome. For transcription factor (TF) activ-
ity analysis, the DoRothEA [28] Regulon database was used in
combination with VIPER [53]. Only TFs with a confidence
score of A and interacting with at least 30 genes were included.
Genes that were significantly upregulated with aging were iden-
tified using the R package peseQ2 [50]. The criteria were set as
adjusted P-values < 0.01 and log, fold change > 0.

Assay for transposase-accessible chromatin with
high-throughput sequencing (ATAC-seq) and
ATAC-seq data analysis

Library preparation, sequencing, mapping, peak calls and
annotation, and identification of differentially accessible
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Fig. 6. Enhanced NFxB-DNA binding in the heart tissues of aged mice. (A) Transcription factor (TF) activity predicted by DoRothEA. Only
TFs with a confidence score of “A" (highest confidence) and interacting with at least 30 genes were included. The log, FC values calculated
from the average gene expression levels of the five replicates were analyzed. (B) Correlation between the expression FC (lxBa KD + TNFa
vs. Control MCF-7) of genes in cluster 2 and FC of aged vs. young mouse hearts. The log, FC values calculated from the average gene
expression levels of the five replicates (x axis, mouse heart) and the three replicates (y axis, MCF7) were compared. Cellular senescence-
promoting and SASP genes are labeled. The correlation was analyzed using Spearman’s correlation. (C) Classification of the NFxB target
genes upregulated by aging in the mouse hearts. The light blue circle indicates NFkB target genes and the pink circle indicates genes
whose expression is markedly upregulated in aged mice (Padj < 0.01, FC > 0). Genes included in the pink circle were classified according to
their FC values (Low: 0 < FC < 0.5, Medium: 0.5 < FC < 1.0, High: 1.0 < FC) calculated from the average gene expression levels of the five
replicates. (D) Average count of RELA ChIP peaks annotated with genes in each group classified based on FC expression in aged mouse
hearts. Data represent the mean + SE. P values were determined using the Kruskal-Wallis test followed by Steel-Dwass test. n = 6298
(No up), 295 (Low), 180 (Medium), and 143 (High). (E) KEGG enrichment analysis of the low, medium, and high group genes (618 genes in
total) from the analysis in (C).

peaks for ATAC-seq were performed at DNAFORM
(Yokohama, Japan). Fragmentation and amplification of

reaction solution was purified with the Qiagen (Venlo,
the Netherlands) MinElute PCR Purification Kit. PCR

ATAC-seq libraries were conducted as described previously
[54]. Briefly, approximately 5 x 10 cells were lysed and
transposition reactions were carried out using TnS5 Trans-
posase (#FC121-1030; Illumina) at 37 °C for 30 min. The

with custom Nextera PCR primers was then performed for
five cycles using NEBNext Q5 Hot Start HiFi PCR Master
Mix (New England Biolabs) [55]. The number of additional
PCR cycles was determined by qPCR of partially amplified
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products [55]. The PCR products were purified using
Agencourt AMPure XP beads (A63881; Beckman Coulter,
Brea, CA, USA) by double size selection (left ratio: 1.4x,
right ratio: 0.5x) following the manufacturer’s protocol.
Paired-end sequencing was performed on the Illumina
HiSeq sequencer. Mapping and peak calls were conducted
by ENCODE ATAC-seq pipeline (https://github.com/
ENCODE-DCC/atac-seq-pipeline). Reads were mapped to
the GRCh38 reference sequence using BOwTIE2 (v.2.3.4.3),
and duplicate reads were removed with PICARD (v.2.20.7)
and samTooLs (v.1.9). Peak calling was performed using
MACS2 (v.2.2.4) with default parameters. After the removal
of the blacklist region, the consistency of peaks was tested
by Irreproducible Discovery Rate (IDR) using IDR
(v.2.0.4.2). Peak annotation was conducted by HOMER
(v.4.9.1) with default settings. Changes in chromatin acces-
sibility near the transcription start site (TSS £ 5000 bp)
per condition in each region and the list of differentially
accessible peaks that were differentially accessible under
IkBa KD + TNFa conditions compared to controls were
obtained using DESEQ2 (v.1.20.0). The criteria for determin-
ing a peak with a difference in accessibility were adjusted
P-value < 0.05 and log, fold change > 0.

RELA chromatin immunoprecipitation-
sequencing (ChIP-seq)

ChIP was carried out using the Simple ChIP Enzymatic
Chromatin IP Kit (#9005; Cell Signaling Technology) fol-
lowing the manufacturer’s protocol. Protein/DNA was
crosslinked using 1% formaldehyde. Nuclei were isolated
and sheared using an ultrasonicator (Epishear probe soni-
cator, Active Motif, Carlsbad, CA, USA). The sheared
chromatin was incubated with RELA antibody (ab7970;
Abcam) and Dynabeads Protein G beads (10004D; Thermo
Fisher Scientific). After elution of ChIP products, DNA
was purified using MinElute PCR Purification Kit (28004;
QIAGEN), the library was prepared using the TruSeq
ChIP Library Preparation Kit (Illumina), and 36-bp single-
end sequencing of the libraries was processed with a
HiSeq3000 system (Illumina).

RELA ChlIP-seq data analysis

Mapping of data to produce BigWig files and call peaks
was performed using the nf-core/chipseq pipeline (v.1.2.2)
[49] (https://doi.org/10.5281/zenod0.3240506) and default
GRCh38 genome. BigWig files were quantified by “compu-
teMatrix” and visualized by “plotHeatmap” and “plotPlo-
file” in pEepTOOLS (v3.5.1) [56]. Each peak was assigned to
the TSS of the closest gene by HOMER (v.4.11) [30]. The
RELA target genes were defined as the genes whose peak
was within +5000 bp from the TSS and were extracted
from each cluster. The number of RELA peaks annotated
to each target gene was counted using R.

NF«B dynamics regulates cellular senescence

RELA binding site analysis using public
databases

The ChIP Atlas peak browser [29] was used to identify
RELA binding regions in the mouse genome (mm10). The
ChIP-seq peak significance threshold was set to 500 (¢
value < 1E-50) and ChIP-seq peaks from the groups “TFs
and other” and “All cell types” and “RELA” were used.
Multiple RELA ChIP peaks in a single region were merged
by mergeBed in BEDTOOLS (v.3.5.1) [57]. These RELA ChIP
peaks were then assigned to the TSS of the closest gene by
HOMER (v.4.11). The final RELA target gene was defined as
the gene whose Rela peak was within 500 bp of the TSS.
The number of RELA peaks within +10 000 bp from the
TSS annotated to each target gene was then counted on R.

KEGG enrichment analysis

KEGG enrichment was compared by the “comparecluster
()” function in CLUSTERPROFILER [58] R package with “fun =
‘enrichKEGG’.” The result was plotted by the R package
COMPLEXHEATMAP. Terms with adjusted P-values < 0.05
were displayed.

Quantification and statistical analysis

We performed all experiments at least twice and confirmed
similar results as described previously [42]. Statistical ana-
lyses were performed using GRAPHPAD PRIsM ver. 8.0 soft-
ware (GraphPad Software, Inc., La Jolla, CA, USA) and r
stupio ver. 4.2.2 (Rstudio, Boston, MA, USA). For in vitro
experiments, data from two or more groups were analyzed
using Student’s z-tests and one-way analysis of variance
(ANOVA). For in vivo experiments, data from two or more
groups were analyzed using the Mann—Whitney U and
Kruskal-Wallis tests. Data represented as mean + SEM
or = SD; P values < 0.05 were considered statistically
significant.

Acknowledgements

We thank Dr Keita Iida, Dr Hiroaki Imoto, Mr. Ken
Murakami, Mr. Kiwamu Arakane, and Mr. Masatoshi
Haga for engaging in discussions regarding computa-
tional analysis and performing critical readings of the
manuscript. We also thank Ms. Emiko Suga, Ms.
Akimi Mizoguchi, Mr. Hiroki Michida, and Mr.
Johannes Nicolaus Wibisana for their help with the
mouse experiments, qRT-PCR, western blot analysis,
and plasmid construction. We also thank Dr Kazuhiro
Aoki for the generous gift of the Fucci probe, Mr.
Hideya Aragaki from Olympus Corporation for pro-
viding the cell tracking software, and Dr Shigeyuki
Magi and Dr Yutaka Suzuki for their help with the

The FEBS Journal (2024) © 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 15

Federation of European Biochemical Societies.

5UB0 117 SUOLLILIOD SAIIE10 3ot jdde 8Ly Aq peuienob aJe oI VO ‘3sN J0 Sa[nu Joj ARG BUIIUO /B|IA UO (SUONIPUOO-PUE-SWLBYWIOD™A3 1A AReiq 1BUUO//SANL) SUOIPUGD PUE SWLS | au) 89S *[1Z202/80/22] Uo Areiq i aUIuO AB11M BESO JO AISIAIIN 8U L Ad 2222 T'SRYTTTT OT/I0p/wW00Ad i AXe.q1jou1|U0'SaR//-SdIY WO1} pOpeojuMOQ ‘0 ‘859VZYLT


https://github.com/ENCODE-DCC/atac-seq-pipeline
https://github.com/ENCODE-DCC/atac-seq-pipeline
https://github.com/ENCODE-DCC/atac-seq-pipeline
https://github.com/ENCODE-DCC/atac-seq-pipeline
https://github.com/ENCODE-DCC/atac-seq-pipeline
https://github.com/ENCODE-DCC/atac-seq-pipeline
https://github.com/ENCODE-DCC/atac-seq-pipeline
https://github.com/ENCODE-DCC/atac-seq-pipeline
https://doi.org/10.5281/zenodo.3240506

NFkB dynamics regulates cellular senescence

RELA ChIP-seq analysis. We also thank Ms. Maiko
Goto and Ms. Nanako Seki for their help with the
metabolome analysis. This study was supported by
the JSPS KAKENHI (17H06299, MO; 17H06302,
MO; 18H04031, MO; JP17H06304, TB; JP17H06299,
TB), the JST CREST Program (JPMJCR2IN3, MO),
the Uehara Memorial Foundation (MO), the AMED
BINDS Program (JP23amal21055, TB), and the
Cooperative Research Project Program of the Medical
Institute of Bioregulation, Kyushu University (ST
and TB).

Conflict of interest

The authors declare no conflict of interest.

Author contributions

ST, K Matsuda, and MO contributed to conceptuali-
zation; ST, K Matsuda, and KN contributed to formal
analysis; TB and MO contributed to funding acquisi-
tion; ST, SS, YI, MT, YM, and AIN contributed to
investigation; ST, K Matsuda, KN, YI, MT, YM,
AIN, SS, K Moro, TB, and MO contributed to meth-
odology; ST and MO contributed to project adminis-
tration; K Moro, TB, and MO contributed to
resources; K Moro, TB, and MO contributed to super-
vision; ST, K Matsuda, KN, AIN, and MO contrib-
uted to visualization; ST, K Matsuda, SS, KN, AIN,
and MO contributed to writing.

Peer review

The peer review history for this article is available at
https://www.webofscience.com/api/gateway/wos/peer-
review/10.1111/febs.17227.

Data availability statement

The sequence data for RNA-seq, ChIP-seq, and
ATAC-seq reported in this paper have been deposited
in the DNA Data Bank of Japan with accession num-
ber DRAO015837 (https://ddbj.nig.ac.jp/resource/sra-
submission/DRAO015837). The code is available at
https://github.com/okadalabipr. All other data will be
available upon reasonable request.

References

1 Moiseeva V, Cisneros A, Sica V, Deryagin O, Lai Y,
Jung S, Andrés E, An J, Segalés J, Ortet L et al. (2023)
Senescence atlas reveals an aged-like inflamed niche that
blunts muscle regeneration. Nature 613, 169-178.

10

1

—_

12

13

14

S. Tabata et al.

Lépez-Otin C, Blasco MA, Partridge L, Serrano M &
Kroemer G (2023) Hallmarks of aging: an expanding
universe. Cell 186, 243-278.

Franceschi C, Garagnani P, Parini P, Giuliani C &
Santoro A (2018) Inflammaging: a new immune—
metabolic viewpoint for age-related diseases. Nat Rev
Endocrinol 14, 576-590.

Childs BG, Durik M, Baker DJ & van Deursen JM
(2015) Cellular senescence in aging and age-related
disease: from mechanisms to therapy. Nat Med 21,
1424-1435.

Franceschi C & Campisi J (2014) Chronic inflammation
(inflammaging) and its potential contribution to age-
associated diseases. J Gerontol A Biol Sci Med Sci 69
(Suppl 1), S4-S9.

Schafer MJ, Zhang X, Kumar A, Atkinson EJ, Zhu Y,
Jachim S, Mazula DL, Brown AK, Berning M, Aversa Z
et al. (2020) The senescence-associated secretome as an
indicator of age and medical risk. JCI Insight 5, €133668.
Chien Y, Scuoppo C, Wang X, Fang X, Balgley B,
Bolden JE, Premsrirut P, Luo W, Chicas A, Lee CS

et al. (2011) Control of the senescence-associated
secretory phenotype by NF-kB promotes senescence and
enhances chemosensitivity. Genes Dev 25, 2125-2136.
Salminen A, Kauppinen A & Kaarniranta K (2012)
Emerging role of NF-kB signaling in the induction of
senescence-associated secretory phenotype (SASP). Cell
Signal 24, 835-845.

Bernard D, Slomianny C, Vandenbunder B & Abbadie
C (2001) cRel induces mitochondrial alterations in
correlation with proliferation arrest. Free Radic Biol
Med 31, 943-953.

Sfikas A, Batsi C, Tselikou E, Vartholomatos G,
Monokrousos N, Pappas P, Christoforidis S, Tzavaras
T, Kanavaros P, Gorgoulis VG et al. (2012) The
canonical NF-kB pathway differentially protects normal
and human tumor cells from ROS-induced DNA
damage. Cell Signal 24, 2007-2023.

Mowla SN, Perkins ND & Jat PS (2013) Friend or foe:
emerging role of nuclear factor kappa-light-chain-
enhancer of activated B cells in cell senescence. Onco
Targets Ther 6, 1221-1229.

Taniguchi K & Karin M (2018) NF-xB, inflammation,
immunity and cancer: coming of age. Nat Rev Immunol
18, 309-324.

Haga M & Okada M (2022) Systems approaches to
investigate the role of NF-kB signaling in aging.
Biochem J 479, 161-183.

Garcia-Garcia VA, Alameda JP, Page A & Casanova
ML (2021) Role of NF-kB in ageing and age-related
diseases: lessons from genetically modified mouse
models. Cells 10, 1906.

Wibisana JN & Okada M (2022) Encoding and
decoding NF-«B nuclear dynamics. Curr Opin Cell Biol
77, 102103.

16 The FEBS Journal (2024) © 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85U80|7 SUOWLLIOD 3AIea.D 8|qedl|dde ays Aq peusencb a1e sapoife YO ‘@S JO S9N o A%eiqi8UljUO /8|1 UO (SUORIPUOD-pUe-SWRI W0 A3 1M ARe1q 1 BUl|UO//:SANY) SUORIPUOD PUe swie 18Ul 88S *[7202/80/22] uo AeigiTauljuo A8|IM @esO JO AIseAIuN 8y L Aq 22/ T'SGe)/TTTT OT/I0p/Woo" A3 1M ARelq 1 pul|UO'SGR)//SANY WOI) papeoiumod ‘0 ‘859rZy.T


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.17227
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.17227
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.17227
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.17227
https://ddbj.nig.ac.jp/resource/sra-submission/DRA015837
https://ddbj.nig.ac.jp/resource/sra-submission/DRA015837
https://ddbj.nig.ac.jp/resource/sra-submission/DRA015837
https://ddbj.nig.ac.jp/resource/sra-submission/DRA015837
https://github.com/okadalabipr

S. Tabata et al.

16

17

18

19

20

21

22

23

24

25

26

27

The FEBS Journal (2024) © 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Prescott JA, Mitchell JP & Cook SJ (2021) Inhibitory
feedback control of NF-kB signalling in health and
disease. Biochem J 478, 2619-2664.

Ando M, Magi S, Seki M, Suzuki Y, Kasukawa T,
Lefaudeux D, Hoffmann A & Okada M (2022) Author
correction: IkBa is required for full transcriptional
induction of some NF«xB-regulated genes in response to
TNF in MCF-7 cells. NPJ Syst Biol Appl 8, 26.

Cheng QJ, Ohta S, Sheu KM, Spreafico R, Adelaja A,
Taylor B & Hoffmann A (2021) NF-kB dynamics
determine the stimulus specificity of epigenomic
reprogramming in macrophages. Science 372, 1349—
1353.

Sen S, Cheng Z, Sheu KM, Chen YH & Hoffmann A
(2020) Gene regulatory strategies that decode the
duration of NFkB dynamics contribute to LPS- versus
TNF-specific gene expression. Cell Syst 10, 169-182.e5.
Wallis R, Milligan D, Hughes B, Mizen H, Lopez-
Dominguez JA, Eduputa U, Tyler EJ, Serrano M &
Bishop CL (2022) Senescence-associated morphological
profiles (SAMPs): an image-based phenotypic profiling
method for evaluating the inter and intra model
heterogeneity of senescence. Aging (Albany NY) 14,
4220-4246.

Gorgoulis V, Adams PD, Alimonti A, Bennett DC,
Bischof O, Bishop C, Campisi J, Collado M, Evangelou
K, Ferbeyre G et al. (2019) Cellular senescence:
defining a path forward. Cell 179, 813-827.
Marthandan S, Baumgart M, Priebe S, Groth M,
Schaer J, Kaether C, Guthke R, Cellerino A, Platzer
M, Diekmann S et al. (2016) Conserved senescence
associated genes and pathways in primary human
fibroblasts detected by RNA-Seq. PLoS One 11,
e0154531.

Zhong G, Qin S, Townsend D, Schulte BA, Tew KD &
Wang GY (2019) Oxidative stress induces senescence in
breast cancer stem cells. Biochem Biophys Res Commun
514, 1204-1209.

McKenna S, Gossling M, Bugarini A, Hill E, Anderson
AL, Rancourt RC, Balasubramaniyan N, El Kasmi KC
& Wright CJ (2015) Endotoxemia induces
IkBB/NF-kB-dependent Endothelin-1 expression in
hepatic macrophages. J Immunol 195, 3866-3879.
Huang Y, Yang X, Meng Y, Shao C, Liao J, Li F, Li
R, Jing Y & Huang A (2021) The hepatic senescence-
associated secretory phenotype promotes
hepatocarcinogenesis through Bcl3-dependent activation
of macrophages. Cell Biosci 11, 173.

Nakamura Y, Iwata H, Kuwayama T & Shirasuna K
(2019) S100A8, which increases with age, induces
cellular senescence-like changes in bovine oviduct
epithelial cells. Am J Reprod Immunol 82, ¢13163.
Michida H, Imoto H, Shinohara H, Yumoto N, Seki
M, Umeda M, Hayashi T, Nikaido I, Kasukawa T,
Suzuki Y et al. (2020) The number of transcription

Federation of European Biochemical Societies.

28

29

30

31

32

33

34

35

36

37

38

NF«B dynamics regulates cellular senescence

factors at an enhancer determines switch-like gene
expression. Cell Rep 31, 107724.

Garcia-Alonso L, Holland CH, Ibrahim MM, Turei D
& Saez-Rodriguez J (2019) Benchmark and integration
of resources for the estimation of human transcription
factor activities. Genome Res 29, 1363-1375.

Oki S, Ohta T, Shioi G, Hatanaka H, Ogasawara O,
Okuda Y, Kawaji H, Nakaki R, Sese J & Meno C
(2018) ChIP-Atlas: a data-mining suite powered by full
integration of public ChIP-seq data. EMBO Rep 19,
e46255.

Heinz S, Benner C, Spann N, Bertolino E, Lin YC,
Laslo P, Cheng JX, Murre C, Singh H & Glass CK
(2010) Simple combinations of lineage-determining
transcription factors prime cis-regulatory elements
required for macrophage and B cell identities. Mol Cell
38, 576-589.

Peng B, Ling J, Lee AJ, Wang Z, Chang Z, Jin W,
Kang Y, Zhang R, Shim D, Wang H ef al. (2010)
Defective feedback regulation of NF-kappaB underlies
Sjogren’s syndrome in mice with mutated kappaB
enhancers of the IkappaBalpha promoter. Proc Natl
Acad Sci USA 107, 15193-15198.

Hasegawa Y, Saito T, Ogihara T, Ishigaki Y, Yamada
T, Imai J, Uno K, Gao J, Kaneko K, Shimosawa T
et al. (2012) Blockade of the nuclear factor-kB pathway
in the endothelium prevents insulin resistance and
prolongs life spans. Circulation 125, 1122-1133.

Dimri GP, Lee X, Basile G, Acosta M, Scott G,
Roskelley C, Medrano EE, Linskens M, Rubel;j I,
Pereira-Smith O et al. (1995) A biomarker that
identifies senescent human cells in culture and in aging
skin in vivo. Proc Natl Acad Sci USA 92, 9363-9367.
Ressler S, Bartkova J, Niederegger H, Bartek J,
Scharffetter-Kochanek K, Jansen-Durr P & Wlaschek
M (2006) p16INK4A is a robust in vivo biomarker of
cellular aging in human skin. Aging Cell 5, 379-389.
Waaijer ME, Parish WE, Strongitharm BH, van
Heemst D, Slagboom PE, de Craen AJ, Sedivy JM,
Westendorp RG, Gunn DA & Maier AB (2012) The
number of pl6INK4a positive cells in human skin
reflects biological age. Aging Cell 11, 722-725.

Kale A, Sharma A, Stolzing A, Desprez PY & Campisi
J (2020) Role of immune cells in the removal of
deleterious senescent cells. Immun Ageing 17, 16.
Shinohara H, Behar M, Inoue K, Hiroshima M,
Yasuda T, Nagashima T, Kimura S, Sanjo H, Maeda
S, Yumoto N et al. (2014) Positive feedback within a
kinase signaling complex functions as a switch
mechanism for NF-kappaB activation. Science 344,
760-764.

Whuerzberger-Davis SM, Chang PY, Berchtold C &
Miyamoto S (2005) Enhanced G2-M arrest by nuclear
factor-{kappa}B-dependent p21wafl/cipl induction.
Mol Cancer Res 3, 345-353.

17

5UB0 117 SUOLLILIOD SAIIE10 3ot jdde 8Ly Aq peuienob aJe oI VO ‘3sN J0 Sa[nu Joj ARG BUIIUO /B|IA UO (SUONIPUOO-PUE-SWLBYWIOD™A3 1A AReiq 1BUUO//SANL) SUOIPUGD PUE SWLS | au) 89S *[1Z202/80/22] Uo Areiq i aUIuO AB11M BESO JO AISIAIIN 8U L Ad 2222 T'SRYTTTT OT/I0p/wW00Ad i AXe.q1jou1|U0'SaR//-SdIY WO1} pOpeojuMOQ ‘0 ‘859VZYLT



NFkB dynamics regulates cellular senescence

39

40

41

42

43

44

45

46

47

48

18

Tanzer MC, Bludau I, Stafford CA, Hornung V & Mann
M (2021) Phosphoproteome profiling uncovers a key role
for CDKs in TNF signaling. Nat Commun 12, 6053.
Kanazawa T, Michida H, Uchino Y, Ishihara A, Zhang
S, Tabata S, Suzuki Y, Imamoto A & Okada M (2021)
Cell shape-based chemical screening reveals an
epigenetic network mediated by focal adhesions. FEBS
J 288, 5613-5628.

Livak KJ & Schmittgen TD (2001) Analysis of relative
gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) method. Methods 25, 402—
408.

Tabata S, Kojima Y, Sakamoto T, Igarashi K, Umetsu
K, Ishikawa T, Hirayama A, Kajino-Sakamoto R,
Sakamoto N, Yasumoto K ez al. (2023) L-
2hydroxyglutaric acid rewires amino acid metabolism in
colorectal cancer via the mTOR-ATF4 axis. Oncogene
42, 1294-1307.

McQuin C, Goodman A, Chernyshev V, Kamentsky L,
Cimini BA, Karhohs KW, Doan M, Ding L, Rafelski SM,
Thirstrup D et al. (2018) CellProfiler 3.0: next-generation
image processing for biology. PLoS Biol 16, €2005970.
Yusa K, Zhou L, Li MA, Bradley A & Craig NL
(2011) A hyperactive piggyBac transposase for
mammalian applications. Proc Natl Acad Sci USA 108,
1531-1536.

Yamamoto K, Miura H, Ishida M, Mii Y, Kinoshita
N, Takada S, Ueno N, Sawai S, Kondo Y & Aoki K
(2021) Optogenetic relaxation of actomyosin
contractility uncovers mechanistic roles of cortical
tension during cytokinesis. Nat Commun 12, 7145.
Labun K, Montague TG, Krause M, Torres Cleuren
YN, Tjeldnes H & Valen E (2019) CHOPCHOP v3:
expanding the CRISPR web toolbox beyond genome
editing. Nucleic Acids Res 47, W171-W174.

Slaymaker IM, Gao L, Zetsche B, Scott DA, Yan WX
& Zhang F (2016) Rationally engineered Cas9 nucleases
with improved specificity. Science 351, 84-88.
Tuominen VJ, Ruotoistenmaki S, Viitanen A,
Jumppanen M & Isola J (2010) ImmunoRatio: a

The FEBS Journal (2024) © 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

49

50

51

52

53

54

55

56

57

58

S. Tabata et al.

publicly available web application for quantitative
image analysis of estrogen receptor (ER), progesterone
receptor (PR), and Ki-67. Breast Cancer Res 12, R56.
Ewels PA, Peltzer A, Fillinger S, Patel H, Alneberg J,
Wilm A, Garcia MU, Di Tommaso P & Nahnsen S
(2020) The nf-core framework for community-curated
bioinformatics pipelines. Nat Biotechnol 38, 276-278.
Love MI, Huber W & Anders S (2014) Moderated
estimation of fold change and dispersion for RNA-seq
data with DESeq2. Genome Biol 15, 550.

Gu Z, Eils R & Schlesner M (2016) Complex heatmaps
reveal patterns and correlations in multidimensional
genomic data. Bioinformatics 32, 2847-2849.

Wickham H (2009) ggplot2: Elegant Graphics for Data
Analysis. Springer, New York, NY.

Alvarez MJ, Shen Y, Giorgi FM, Lachmann A, Ding
BB, Ye BH & Califano A (2016) Functional
characterization of somatic mutations in cancer using
network-based inference of protein activity. Nat Genet
48, 838-847.

Buenrostro JD, Wu B, Chang HY & Greenleaf WJ
(2015) ATAC-seq: a method for assaying chromatin
accessibility genome-wide. Curr Protoc Mol Biol 109,
21.29.1-21.29.9.

Buenrostro JD, Giresi PG, Zaba LC, Chang HY &
Greenleaf WJ (2013) Transposition of native chromatin
for fast and sensitive epigenomic profiling of open
chromatin, DNA-binding proteins and nucleosome
position. Nat Methods 10, 1213-1218.

Ramirez F, Ryan DP, Griining B, Bhardwaj V, Kilpert
F, Richter AS, Heyne S, Diindar F & Manke T (2016)
deepTools2: a next generation web server for deep-
sequencing data analysis. Nucleic Acids Res 44, W160—
WI165.

Quinlan AR & Hall IM (2010) BEDTools: a flexible
suite of utilities for comparing genomic features.
Bioinformatics 26, 841-842.

Yu G, Wang LG, Han Y & He QY (2012)
clusterProfiler: an R package for comparing biological
themes among gene clusters. OMICS 16, 284-287.

Federation of European Biochemical Societies.

85USD| SUOLULLOD SISO B|qedl|dde au) Aq pausenod a1e sapile YO 88N JO S3|nJ 10y Akeiq T 8UIIUO 811 UO (SUORIPUOD-PLEE-SWLIR} W00 &3] 1M Aseld | Bul|Uo//Sdiy) SUORIPUOD PUe SWw L 8U3 885 *[7202/80/22] UO AriqiT aul|uO AB]IM BesO JO AIseAIun 8y L Ad £22/T'SGRyTTTT OT/I0p/wod" AB| 1M AReid1[oul|UO'STR//Sdny WOy papeo|umoq ‘0 ‘859rZrLT



	Outline placeholder
	febs17227-aff-0001
	febs17227-aff-0002
	febs17227-aff-0003
	febs17227-aff-0004
	febs17227-aff-0005
	febs17227-aff-0006
	febs17227-aff-0007

	 Introduction
	 Results
	 Sustained NFkappaB activity induces growth arrest and cellular senescence
	 Decrease of IkappaB&agr; was associated with cellular senescence induced by replicative or oxidative stress
	 Sustained NFkappaB activation enhanced �DNA-�NF�kappaB binding on �senescence-�promoting� inflammatory genes in&thinsp;vitro
	 Reduced IkappaB&agr; level, NFkappaB activation, and upregulation of �senescence-�promoting� inflammatory genes were associated with aging in mouse hearts

	 Discussion
	febs17227-fig-0001

	 Materials and methods
	 Reagents and cell culture
	 Mouse experiments
	 Quantitative �RT-PCR� �(qRT-PCR)� analysis
	febs17227-fig-0002
	 Western blotting
	febs17227-fig-0003
	 RELA immunocytochemistry
	 Analysis of cell morphology
	 Senescence associated beta�-galactosidase� �(SA-�beta�-gal)� staining
	 siRNA transfection
	 Cell viability�assay
	 Cell cycle analysis using the FUCCI biosensor
	 Generation of IkappaB&agr; KO �MCF-7� cells
	 Generation of IkappaB&agr;�DN-overexpressing� �MCF-7� cells
	 Immunohistochemistry of RELA in heart tissue from aged�mice
	febs17227-fig-0004
	 �RNA-sequencing� �(RNA-seq)� of �MCF-7� cells and murine heart tissues
	 Acquisition of time course �RNA-seq� data
	 �MCF-7� �RNA-seq� data analysis
	 Murine heart �RNA-seq� data analysis
	 Assay for �transposase-accessible� chromatin with �high-throughput� sequencing �(ATAC-seq)� and �ATAC-seq� data analysis
	febs17227-fig-0005
	febs17227-fig-0006
	 RELA chromatin �immunoprecipitation-sequencing� �(ChIP-seq)�
	 RELA �ChIP-seq� data analysis
	 RELA binding site analysis using public databases
	 KEGG enrichment analysis
	 Quantification and statistical analysis

	 Acknowledgements
	 Conflict of interest
	 Author contributions
	 Peer review
	 Data availability statement
	febs17227-bib-0001
	febs17227-bib-0002
	febs17227-bib-0003
	febs17227-bib-0004
	febs17227-bib-0005
	febs17227-bib-0006
	febs17227-bib-0007
	febs17227-bib-0008
	febs17227-bib-0009
	febs17227-bib-0010
	febs17227-bib-0011
	febs17227-bib-0012
	febs17227-bib-0013
	febs17227-bib-0014
	febs17227-bib-0015
	febs17227-bib-0016
	febs17227-bib-0017
	febs17227-bib-0018
	febs17227-bib-0019
	febs17227-bib-0020
	febs17227-bib-0021
	febs17227-bib-0022
	febs17227-bib-0023
	febs17227-bib-0024
	febs17227-bib-0025
	febs17227-bib-0026
	febs17227-bib-0027
	febs17227-bib-0028
	febs17227-bib-0029
	febs17227-bib-0030
	febs17227-bib-0031
	febs17227-bib-0032
	febs17227-bib-0033
	febs17227-bib-0034
	febs17227-bib-0035
	febs17227-bib-0036
	febs17227-bib-0037
	febs17227-bib-0038
	febs17227-bib-0039
	febs17227-bib-0040
	febs17227-bib-0041
	febs17227-bib-0042
	febs17227-bib-0043
	febs17227-bib-0044
	febs17227-bib-0045
	febs17227-bib-0046
	febs17227-bib-0047
	febs17227-bib-0048
	febs17227-bib-0049
	febs17227-bib-0050
	febs17227-bib-0051
	febs17227-bib-0052
	febs17227-bib-0053
	febs17227-bib-0054
	febs17227-bib-0055
	febs17227-bib-0056
	febs17227-bib-0057
	febs17227-bib-0058


