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ABSTRACT

Senescence frequently occurs in cancer cells in response to chemotherapy (called therapy-induced
senescence). Senescent cells can exert paracrine effects through the senescence-associated secretory
phenotype (SASP) promoting cancer recurrence and chemoresistance. The altered gut microbiota has
been closely associated with cancer progression through the direct interaction with cancer cells.
However, little is known about the relationship between the gut microbiota and therapy-induced
senescent cells. This study aimed to explore the impact of the gut microbiota on therapy-induced
senescent cells and the SASP. We found that esophageal squamous cell carcinoma (ESCC) cells were
induced into senescence following platinum-based chemotherapy, accompanied by the secretion of a
robust SASP. Furthermore, senescent ESCC cells exerted a tumor-promoting effect through the SASP
both in vitro and in vivo. Through 16S rRNA gene sequencing and fluorescence in situ hybridization, we
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identified that Fusobacterium nucleatum (F. nucleatum) was abundant in human ESCC cancerous tissues
and correlated with poor prognosis in ESCC patients. Notably, F. nucleatum further promoted the
secretion of the SASP by senescent ESCC cells. Compared with the conditioned medium from senescent
ESCC cells, the conditioned medium from F. nucleatum-treated senescent ESCC cells accelerated tumor
growth in xenograft models, enhanced migration and invasion abilities, and potentiated chemoresis-
tance both in vitro and in vivo. Mechanistically, F. nucleatum invaded and survived in senescent ESCC
cells and induced an increase in DNA damage to further activate the DNA damage response pathway,
thus enhancing the SASP. Altogether, these findings reveal for the first time that F. nucleatum promotes
the secretion of chemotherapy-induced SASP to drive ESCC progression and chemoresistance, which
supports F. nucleatum as a potential target for ESCC therapy.

1. Introduction

Esophageal cancer is the seventh most common
malignant cancer worldwide and the sixth leading
cause of cancer-related deaths with the 5-year survival
rate of 15%-25%." Esophageal squamous cell carci-
noma (ESCC) is a histologic subtype constituting
more than 90% of all esophageal cancer cases.”
Platinum-based chemotherapy such as cisplatin
(CDDP) is widely used for the first-line treatment of
patients with ESCC.> However, ESCC patients fre-
quently experience chemoresistance and cancer
relapse after treatment with platinum-based

chemotherapy.” Thus, there is an urgent need to clar-
ify the underlying mechanisms and develop new and
improved treatment strategies.

Cellular senescence is a steady state of cell growth
arrest that is evoked by a wide range of intrinsic and
extrinsic stimuli, including telomere shortening,
oncogenic activation, oxidative and genotoxic stress,
and mitochondrial dysfunction.* It is now well estab-
lished that cancer cells can be induced into senescence
during several cancer interventions such as che-
motherapy and radiotherapy.”® Unlike apoptotic
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cells, senescent cells do not die immediately and gra-
dually accumulate in the body following cancer treat-
ment. Moreover, senescent cells remain metabolically
active and secrete a plethora of proinflammatory fac-
tors including cytokines, chemokines, growth factors,
and matrix metalloproteinases, which are collectively
termed the senescence-associated secretory pheno-
type (SASP).” Given the stimulatory effects of the
SASP on neighboring cells through paracrine actions,
accumulating evidence suggests that therapy-induced
senescent cells and the SASP are closely associated
with the outcomes of cancer treatment.®'° For exam-
ple, CDDP-induced cellular senescence in ovarian
cancer contributed to chemoresistance through the
induction of senescence-associated cancer stem cells
by promoting the SASP."" CDDP-induced senescent
melanoma cells accelerated neighboring non-senes-
cent melanoma cell growth through the paracrine
actions of the SASP, leading to cancer recurrence."
Additionally, in an orthotopic xenograft model of
papillary thyroid carcinoma, senescent cancer cells
were able to promote the invasion and migration of
cancer cells through the SASP."> Of note, recent in
vivo studies have shown that the selective elimination
of chemotherapy-induced senescent cells significantly
reduced cancer relapse.'*'> Therefore, therapy-
induced senescent cells and the SASP are being con-
sidered as one of the most crucial contributors to
chemoresistance and cancer recurrence.

In recent years, increasing evidence has sug-
gested that the gut microbiota is closely linked to
the development, progression and prognosis of
multiple cancers.'® Fusobacterium nucleatum (F.
nucleatum), an anaerobic Gram-negative bacter-
ium found in the human oral and gastrointestinal
tract, attracts most attention due to its important
contributions to human cancers.'” Recent studies
demonstrated that F. nucleatum promoted cancer
cell growth, migration, and invasion through acti-
vation of various cancer-promoting signaling path-
ways, thereby facilitating the initiation and
progression of gastrointestinal cancers.'®°
Furthermore, F. nucleatum was reported to confer
chemoresistance in cancer cells via the induction of
autophagy.”’** Notably, the majority of current
studies mainly focus on the direct and indirect
effects of F. nucleatum on cancer cells, while with

few on its interaction with therapy-induced senes-
cent cells. Because senescent cell production often
occurs during cancer therapy, it is of great impor-
tance to ascertain whether F. nucleatum can affect
therapy-induced senescent cells and the secretion
of the SASP to provoke cancer relapse and che-
moresistance, which will provide us a more com-
prehensive understanding of the pro-tumorigenic
function of F. nucleatum.

In this study, we found for the first time that F.
nucleatum could invade and survive in chemother-
apy-induced senescent ESCC cells and promote the
secretion of the SASP, thereby contributing to
ESCC progression and chemoresistance. Our find-
ings provide a novel insight into the mechanisms
by which F. nucleatum drives the development of
ESCC, and further support F. nucleatum as a
potential target for ESCC treatment.

2. Results

2.1 CDDP induced senescence and a robust SASP in
p53 wild-type human ESCC cell lines and in human
ESCC tissues

Considering the critical role of p53 in the induction
of cellular senescence, two p53 wild-type human
ESCC cell lines KYSE-150 and ECA-109 were uti-
lized in our experiments. To evaluate whether
CDDP could induce senescence in ESCC cells in
vitro, ESCC cells were treated with various concen-
trations of CDDP for 96 h. CCK-8 assay showed that
CDDP significantly decreased cell viability of ESCC
cells in a concentration-dependent manner (Figure
Sla). We observed that nearly 90% of CDDP-treated
ESCC cells (KYSE-150 treated with 0.5 pg/ml CDDP
and ECA-109 with 1 ug/ml CDDP) displayed an
enlarged and flattened morphological alteration,
thus implying cell senescence. Next, the activity of
senescent-associated beta-galactosidase (SA-p-gal),
a canonical marker of cell senescence was
measured.”> CDDP remarkably increased the per-
centage of SA-[B-gal-positive cells (Figure 1a,b). Of
note, this concentration of CDDP potently inhibited
the growth of ESCC cells (Figure S1b) and only
caused slight toxicity as verified by weak up-regula-
tion of two widely used biomarkers of cellular
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Figure 1. CDDP induced senescence and a robust SASP in p53 wild-type ESCC cells and in human ESCC cancerous tissues. (a) ESCC cells
treated with or without CDDP at the indicated concentrations for 96 h were examined for SA-B-Gal activity. Original magnification,
200 x. Scale bar = 50 um. (b) Quantification of SA-B-Gal-positive cells. (c) The same as (a), but cells were assayed for the ability of cell
proliferation using EdU incorporation assay. Blue fluorescence indicated nuclear staining with Hoechst 33342, and green fluorescence
reflected EdU staining. Original magnification, 200 x. Scale bar =50 um. (d) Quantification of EdU-positive cells. (e) The same as (a),
but cells were measured for yH2AX formation using immunofluorescent staining. Blue fluorescence indicated nuclear staining with
DAPI, and red fluorescence reflected yH2AX immunostaining. Original magnification, 400 x. Scale bar =20 pym. (f) Quantification of
YH2AX-positive cells. (g) Western blot analysis of yH2AX and a loading control GAPDH in ESCC cells under the same conditions as (a).
(h) RT-gPCR analysis of the expression of p53 and CDKN1A genes in ESCC cells under the same conditions as (a). (i) Western blot
analysis of the protein expression of p53, p21 (encoded by the CDKN1A gene), and GAPDH in ESCC cells under the same conditions as
(a). (j) RT-gPCR analysis of SASP gene expression in KYSE-150 cells under the same conditions as (a). (k) The levels of SASP-related
factors in the CM from CDDP-treated and untreated KYSE-150 cells were measured using ELISA. (I and m) The sections of formalin-
fixed and paraffin-embedded cancerous tissues of ESCC patients who had received CDDP-based neoadjuvant chemotherapy before
surgical resection and that of patients who had not received chemotherapy prior to surgical resection were examined for the
expression of p21 and p16 using immunohistochemistry staining. Original magnification, 200 X. Scale bar = 50 um. Original magni-
fication, 400 X. Scale bar = 20 pym.The results are presented as mean + standard deviation. ***p < 0.001.
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apoptosis, cleaved PARP and cleaved Caspase-3
(Figure S1c). In the following experiments in vitro,
0.5 ug/ml CDDP used in KYSE-150 cells and 1 pg/
ml CDDP in ECA-109 cells were set as default unless
otherwise indicated.

To validate the results obtained by SA-B-gal
staining, we next monitored cell proliferation by
EdU incorporation assay. The fraction of EdU-
positive cells was dramatically reduced with
CDDP treatment compared to control group, indi-
cating the impaired proliferation activity of CDDP-
treated ESCC cells (Figure 1c,d). Furthermore, we
also performed colony formation assay to analyze
cell proliferation. A dramatic loss in colony forma-
tion was observed in ESCC cells after treatment
with CDDP (Figure S1d). In addition to the stagna-
tion of cell growth, another representative charac-
teristic of senescent cells is their stable cell cycle
arrest, we therefore analyzed cell cycle distribution
of CDDP-treated ESCC cells. Cell cycle analysis by
flow cytometry demonstrated that more than 80%
of ESCC cells were halted at G2/M phase upon
treatment with CDDP for 96 h, accompanied by a
marked decrease in the proportion of G1 and S
phases (Figure Sle,f). Since the DNA damage
response plays an important role in the induction
of cellular senescence, we next examined a canoni-
cal DNA damage marker yH2AX after CDDP treat-
ment. As expected, CDDP-treated cells had a
remarkable increase in DNA damage over control
cells (Figure le-g). Subsequently, the senescence-
associated p53/p21 pathway mediated by the DNA
damage response was also monitored. The elevated
mRNA and protein expression of p53 and p21
(encoded by the CDKNI1A gene) were observed in
CDDP-treated ESCC cells (Figure 1h,i). Ad
ditionally, one of the most profound characteristics
of senescence cells is the SASP, we thus detected the
expression of several SASP-related factors that were
frequently up-regulated in other senescent cells.

The results of RT-qPCR and western blot demon-
strated that after treatment with CDDP, the mRNA
and protein expression of IL-1a, IL-1B, IL-6, and
IL-8 were markedly increased (Figure 1j and Figure
S1g,h). However, up-regulation of CXCL10 and
MMP3 was just observed in CDDP-treated KYSE-
150 cells (Figure 1j and Figure S1h), not in ECA-
109 cells (Figure Slgh), suggesting the composi-
tion of the SASP varied related to cell type under-
going senescence. The ELISA was used to
determine the levels of these SASP-related factors
in the conditioned medium (CM) from ESCC cells.
The levels of these factors were significantly ele-
vated in the CM from CDDP-treated ESCC cells
compared with that in the CM from CDDP-
untreated cells (Figure 1k and Figure. S1I).
Together, these results indicated that CDDP was
capable of inducing senescence and a robust SASP
in p53 wild-type ESCC cell lines.

To further confirm whether CDDP could induce
cancer cell senescence in human ESCC tissues,
tumor specimen sections from ESCC patients
who had received CDDP-based neoadjuvant che-
motherapy prior to surgical resection were stained
for senescence biomarkers p21 and pl6 using
immunohistochemical staining. Tumor sections
from ESCC patients who had not been treated
with chemotherapy before surgical resection were
stained as controls. We observed that the rate of
p21-positive staining in tumor sections treated
with chemotherapy was significantly higher than
that in the untreated tumor sections (p =0.002,
Figure 11 and Table 1) as calculated using Pearson
chi-square test. Moreover, the rate of pl6-positive
staining in the treated tumor sections was also
higher than that in the untreated tumor sections
(p=0.012, Figure 1m and Table 1). These results
suggested that CDDP-based chemotherapy was
able to induce cancer cell senescence in human
ESCC tissues.

Table 1. The expression of p21 and p16 in cancerous tissues of ESCC patients treated with or without CDDP-based neoadjuvant

chemotherapy.
CDDP-based neoadjuvant chemotherapy \2
Factors Treated (n = 25) Untreated (n = 20) p value
p21 positive 15 (60%) 3 (15%) 9.375 0.002**
p21 negative 10 (40%) 17 (85%)
p16 positive 11 (44%) 2 (10%) 6.252 0.012*
p16 negative 14 (56%) 18 (90%)

Data were analyzed by Pearson ¥ test. *p < 0.05 and **p < 0.01.



2.2 CDDP-induced SASP promoted tumorigenesis in
the xenograft model and ESCC cell proliferation,
migration, invasion, and chemoresistance

Previous studies showed that the SASP secreted by
senescent cells could promote the malignant beha-
viors of non-senescent cancer cells,”* we therefore
investigated the effect of CDDP-induced SASP on
ESCC cell growth in vitro. First, the CM from
CDDP-treated ESCC cells (defined as Sen CM)
and the CM from CDDP-untreated cells (as n-Sen
CM) were collected and used for the culture of
ESCC cells. The growth of Sen CM-treated ESCC
cells was markedly increased when compared to
that of n-Sen CM-treated cells, whereas there
were no significant differences in the growth curves
between RPMI-1640 medium-treated (defined as
negative control) and n-Sen CM-treated ESCC
cells (Figure 2a). Next, tumor xenograft experi-
ments were performed to verify the role of
CDDP-induced SASP in ESCC cells in vivo.
KYSE-150 cells were subcutaneously inoculated
into BALB/c nude mice. The mice were subse-
quently injected with Sen CM and n-Sen CM
according to the experimental design plan. In com-
parison with n-Sen CM-treated group, Sen CM-
treated group showed accelerated tumor growth
and an increased tumor weight (Figure 2b,c). An
enhanced staining of the proliferation marker Ki-
67 was also observed in Sen CM-treated xenograft
tissues (Figure 2d). Furthermore, we also analyzed
the impact of CDDP-induced SASP on the migra-
tion and invasion ability of ESCC cells. The trans-
well assay demonstrated that Sen CM treatment
significantly enhanced ESCC cell migration and
invasion compared with the n-Sen CM-treated
group, whereas there were no differences between
the n-Sen CM-treated group and the negative con-
trol group (Figure 2e,f). In agreement with this,
ESCC cells cultured with Sen CM displayed
reduced protein expression of epithelial marker E-
cadherin, elevated expression of mesenchymal
markers N-cadherin and Vimentin, and up-regula-
tion of epithelial-mesenchymal transition tran-
scription factors Snail and Slug when compared
with ESCC cells cultured with n-Sen CM, suggest-
ing the promotional effect of CDDP-induced SASP
on ESCC cell migration and invasion (Figure 2g).

GUT MICROBES 5

In addition, cell apoptosis was also assessed by flow
cytometry after double staining with FITC-
Annexin V/PL. The results showed that Sen CM
treatment remarkably reduced the proportion of
apoptotic cell death induced by CDDP compared
with the n-Sen CM-treated group, whereas there
were no apoptotic rate differences between the
negative control group and the n-Sen CM-treated
group (Figure 2h and Figure S2a). Collectively,
these in vitro and in vivo findings suggested that
CDDP-induced senescent cells promoted the pro-
gression and chemoresistance of ESCC through the
paracrine actions of the SASP.

2.3 Gut microbiota composition was altered in
ESCC tissues and F. nucleatum was correlated with
poor prognosis and chemoresistance in ESCC
patients

Recent studies have identified that the gut micro-
biota plays an important role in the development
and prognosis of human cancers. To investigate the
gut microbiota profile in ESCC patients, we carried
out 16S rRNA gene sequencing to analyze the
microbiome in cancerous and paired adjacent nor-
mal tissues of resected ESCC samples. We first
analyzed the differences in the microbial a diversity
between the Cancer group and the Normal group
using the different a diversity indexes. The
Simpson and Shannon indexes were applied to
determine the community diversity, and the Chao
1 and Ace indexes were used to evaluate the com-
munity richness. Significant differences were
observed in the Simpson and Shannon indexes
between the Cancer and Normal groups (Figure
3a,b), although there were no significant differ-
ences in the Chao 1 and Ace indexes between the
two groups (Figure S3a,b). Then we compared the
differences in the P diversity between the two
groups via principal coordinate analysis and non-
metric multidimensional scaling analysis. The
results showed that there were significant differ-
ences in the B diversity between the two groups
(Figure S3c,d). We further analyzed the specific
composition and abundance differences of the
microbiota community in the two groups. At the
phylum level, Firmicutes, Bacteroidota, and
Fusobacteriota were more abundant in the Cancer
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Figure 2. CDDP-induced SASP promoted tumorigenesis in the xenograft model and ESCC cell growth, migration, invasion, and
chemoresistance. (a) CCK-8 assay was used to assay the proliferation of ESCC cells in vitro. ESCC cells were treated with Sen CM or n-



group than in the Normal group, whereas
Proteobacteria and Actinobacteriota were less
abundant (Figure 3c and Figure S3e). At the
genus level, the relative abundance of
Peptostreptococcus, Porphyromonas, Prevotella,
Alloprevotella, and Fusobacterium was higher and
that of Pseudomonas, Rhodococcus, and
Achromobacter was lower in the Cancer group
than in the Normal group. (Figure 3d and Figure
S3f). Taken together, these results revealed the
notable alteration in the composition of the gut
microbiota in cancerous and adjacent normal tis-
sues of ESCC patients.

Of the Fusobacterium species, F. nucleatum is one
of the most common members and has been closely
implicated in the development, progression and
prognosis of multiple gastrointestinal cancers such
as colorectal cancer and pancreatic cancer. In the
present study, we explored the role of F. nucleatum
in ESCC progression, prognosis and chemoresis-
tance. We first conducted fluorescence in situ hybri-
dization (FISH) with a Cy3-labeled probe to detect
F. nucleatum in the sections of formalin-fixed and
paraffin-embedded cancerous and matched adjacent
normal tissues of ESCC patients. The results of FISH
showed that F. nucleatum was abundant in cancer-
ous tissues compared to adjacent normal tissues.
(Figure 3e,f). Notably, an interesting finding was
that F. nucleatum was mainly distributed in clusters
in cancerous tissues (Figure 3e). Furthermore, the
abundance of F. nucleatum in cancerous tissues was
positively correlated with tumor infiltration depth
(Figure 3g) and lymph node metastasis (Figure 3h).
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A higher abundance of F. nucleatum was also found
in cancerous tissues from ESCC patients with TNM
stage IIT and IV than those with TNM stage I and II
(Figure 3i,j). In addition, X-tile software was used to
determine the optimal cutoff value of F. nucleatum
abundance in cancerous tissues for survival
analysis.”” The optimal cutoff value of F. nucleatum
abundance was 47. Thus, ESCC patients were
divided into two groups, F. nucleatum-low abun-
dance, which had 75 cases, and F. nucleatum-high
abundance, which had 32 cases. The differences of
clinicopathological features and prognosis were
compared between the two groups. There were sig-
nificant differences in lymph node metastasis and
tumor TNM stage between the two groups, while no
significant differences were observed in age, gender,
tumor location, tumor size, differentiation, and
tumor infiltration depth (Table 2). Kaplan-Meier
analysis showed that ESCC patients with F. nuclea-
tum-high abundance had a significantly shorter
median time of overall survival compared with
those with F. nucleatum-low abundance (p < 0.001,
Figure 3k). Finally, we evaluated the relationship
between F. nucleatum and chemotherapy response
in 25 ESCC patients who had received CDDP-based
neoadjuvant chemotherapy prior to surgical resec-
tion. We observed a significantly lower chemother-
apeutic response rate in patients with F. nucleatum-
high abundance than those with F. nucleatum-low
abundance (p=0.017, Figure S3g) as calculated
using Fisher’s exact test. These results indicated
that the abundance of F. nucleatum was significantly
increased in ESCC cancerous tissues and positively

Sen CM. Note that Sen CM and n-Sen CM were additionally supplemented with 5% FBS. For the negative control group, cells were
incubated in RPMI-1640 medium containing 5% FBS. (b) KYSE-150 cells were subcutaneously inoculated into male BALB/c nude mice.
The mice were intraperitoneally injected every other day with 5-fold concentrated Sen CM (n = 5) or n-Sen CM (n = 5), four times in
total. When the tumors reached a volume of 50 mm?, the mice were intratumorally injected every other day with Sen CM or n-Sen CM,
four times in total. Left panel: the macroscopic features of nude mice tumors formed by different treatments. Right panel: the tumor
volume was measured every 4 days, and the tumor growth curve was drawn. (c) Left panel: the excised xenograft tumors. Right panel:
quantification of tumor weight. (d) Left panel: representative H&E staining and Ki-67 immunostaining of xenograft tumor tissues.
Original magnification, 200 x. Scale bar = 50 um. Right panel: quantification of Ki-67-positive cells. (e) The transwell assay was used to
analyze the migration and invasion ability of ESCC cells. ESCC cells were treated with Sen CM or n-Sen CM for 36 h. Note that Sen CM
and n-Sen CM were additionally supplemented with 1% FBS. For the negative control group and the positive control group, cells were
incubated in RPMI-1640 medium containing 1% FBS and medium containing 10% FBS, respectively. Original magnification, 200 x.
Scale bar = 50 um. (f) Quantification of migratory and invasive cells after different treatments. (g) ESCC cells cultured with Sen CM or n-
Sen CM for 48 h were measured for the protein expression of E-cadherin, N-cadherin, Vimentin, Snail, Slug, and a loading control
GAPDH by western blot. (h) ESCC cells incubated with Sen CM or n-Sen CM were treated with or without 5 ug/ml CDDP for 24 h and
then examined for cell apoptosis by flow cytometry. For the negative control group, cells incubated in serum-free RPMI-1640 medium
were treated with 5 ug/ml CDDP for 24 h. The results are presented as mean =+ standard deviation. ns, no significance. **p < 0.01 and
**%p < 0,001.
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Figure 3. Gut microbiota composition was altered in ESCC tissues and F. nucleatum was correlated with poor prognosis and
chemoresistance in ESCC patients. (a) The microbial a diversity analysis between the Cancer and Normal groups via Simpson index.
(b) The a diversity analysis between the two groups via Shannon index. (c) The comparison of differences in the main bacterial taxa at
the phylum level between the two groups. (d) The comparison of differences in the main bacterial taxa at the genus level between the
two groups. (e) FISH with a Cy3-conjugated probe was applied to detect F. nucleatum in cancerous and matched adjacent normal
tissues of ESCC patients. Blue fluorescence indicated nuclear staining with DAPI, and red fluorescence reflected F. nucleatum
immunostaining. Original magnification, 200 x. Scale bar =50 pm. (f) Quantification of the abundance of F. nucleatum in cancerous
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Table 2. Clinicopathological features in F. nucleatum-low vs. F. nucleatum-high ESCC patients.

F. nucleatum abundance

Factors Low (n=75) High (n=32) p value
Mean age £ SD, year 62.01+6.78 61.84+8 0.305
Sex 1
Male 62 27
Female 13 5
Location 0.352
Upper 9 1
Median 36 17
Lower 30 14 0.597
Mean tumor size + SD, cm 3.47+1.83 414+1.89
Differentiation 0.344
Well 23 9
Moderately 40 14
Poor 12 9
T stage 0.193
T1 15 2
T2 18 8
13-4 42 22
N stage <0.007%**
NO 57 10
N1-3 18 22
UICC pTNM stage
-l 58 10 <0.007%**
-1V 17 22

UICC, Union for International Cancer Control. ***p < 0.001.

correlated with progression, poor prognosis and
chemoresistance in ESCC patients.

2.4 F. nucleatum infection exacerbated the SASP-
driven malignant phenotypes and
chemoresistance of ESCC cells in vitro and in vivo

Given the fact that senescent cells production
often occurs during platinum-based chemother-
apy for ESCC patients, it is important to reveal
the underlying relationship between F. nuclea-
tum and therapy-induced senescent ESCC cells.
Therefore, we next investigated whether senes-
cent cells after F. nucleatum stimulation further
enhanced the SASP-driven ESCC cell prolifera-
tion, migration, invasion, and chemoresistance.
First, in addition to Sen CM and n-Sen CM, the
CM from F. nucleatum-treated senescent ESCC
cells (defined as Sen+F. nucleatum CM) and the

CM from F. nucleatum-treated non-senescent
cells (as n-Sen+F. nucleatum CM) were har-
vested and utilized for ESCC cell culture. The
growth rate of Sen+F. nucleatum CM-treated
ESCC cells was significantly higher than that of
Sen CM-treated cells. Notably, n-Sen+F. nuclea-
tum CM treatment also promoted ESCC cell
proliferation compared with n-Sen CM-treated
group (Figure 4a). Next, we further assessed the
stimulatory effect of senescent ESCC cells after
F. nucleatum infection on ESCC cell growth in
the xenograft model. KYSE-150 cells were sub-
cutaneously inoculated into BALB/c nude mice.
The mice were subsequently injected with Sen
CM, Sen+F. nucleatum CM, n-Sen CM, and n-
Sen+F. nucleatum CM according to the experi-
mental design plan. As expected, Sen+F. nucle-
atum CM-treated group had a higher rate of
tumor growth and a larger mean tumor weight

and adjacent normal tissues based on the results of FISH. (g) The relationship between F. nucleatum abundance in cancerous tissues
and tumor infiltration depth. (h) The relationship between F. nucleatum abundance in cancerous tissues and lymph node metastasis. (i
and j) The relationship between F. nucleatum abundance in cancerous tissues and tumor TNM stage. (k) The overall survival for ESCC
patients with F. nucleatum-high or F. nucleatum-low abundance were calculated via Kaplan—Meier analysis, and the survival
differences between the two groups were compared using the log-rank test. The results are presented as mean * standard deviation.

*p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 4. F. nucleatum stimulation aggravated the SASP-mediated malignant phenotypes and chemoresistance of ESCC cells. (a) CCK-8
assay was used to examine the proliferation of ESCC cells in vitro. ESCC cells were treated with Sen CM, Sen-+F. nucleatum CM, n-Sen
CM, or n-Sen+F. nucleatum CM. Note that these CM were additionally supplemented with 5% FBS. (b) KYSE-150 cells were
subcutaneously inoculated into male BALB/c nude mice. The mice were intraperitoneally injected every other day with 5-fold
concentrated Sen CM (n =5), Sen+F. nucleatum CM (n =5), n-Sen CM (n =5), or n-Sen+F. nucleatum CM (n =5), four times in total.



compared to Sen CM-treated group. Meanwhile,
n-Sen+F. nucleatum CM-treated group also
showed accelerated tumor growth and an ele-
vated tumor weight in comparison with n-Sen
CM-treated group (Figure 4b,c). In agreement
with this, the proportion of Ki-67-positive cells
was significantly increased in Sen+F. nucleatum
CM-treated xenograft tissues when compared
with that in Sen CM-treated tissues, and there
also was a remarked increase in the fraction of
Ki-67-positive cells in n-Sen+F. nucleatum CM-
treated group compared to n-Sen CM-treated
group (Figure 4d). Furthermore, the transwell
assay showed that Sen+F. nucleatum CM treat-
ment dramatically promoted ESCC cell migra-
tion and invasion compared to the Sen CM-
treated group, and there were significant differ-
ences between the n-Sen+F. nucleatum CM-trea-
ted group and the n-Sen CM-treated group,
indicating the stimulatory effect of F. nucleatum
infection on ESCC cell migration and invasion
(Figure 4e,f). Consistent with these results,
ESCC cells cultured with Sen+F. nucleatum
CM also exhibited reduced E-cadherin expres-
sion, increased N-cadherin and Vimentin
expression, and elevated expression of Snail
and Slug compared with ESCC cells cultured
with Sen CM (Figure 4g). The similar tendencies
of these protein expression were also found in
ESCC cells cultured with n-Sen+F. nucleatum
CM in comparison with ESCC cells cultured
with n-Sen CM (Figure 4g). Additionally, the
results of apoptosis detected by flow cytometry
showed that Sen+F. nucleatum CM treatment
remarkably reduced the fraction of CDDP-
induced cell apoptosis compared with the Sen
CM-treated group (Figure 4h and Figure S2b).
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Notably, n-Sen+F. nucleatum CM treatment also
significantly decreased the apoptotic rates in
comparison with n-Sen CM-treated group
(Figure 4h and Figure S2b). Together, these in
vitro and in vivo observations demonstrated that
F. nucleatum infection further aggravated the
SASP-mediated ESCC  progression  and
chemoresistance.

2.5 F. nucleatum infection enhanced the secretion
of CDDP-induced SASP through activation of the
DNA damage response pathway

To explore the mechanism by which F. nucleatum
infection potentiated the SASP-driven ESCC pro-
gression and chemoresistance, the expression of
SASP-related factors in ESCC cells after F. nuclea-
tum stimulation was examined. The results of RT-
qPCR and western blot showed that the mRNA and
protein expression of SASP-related factors including
IL-1a, IL-1pB, IL-6, IL-8, CXCL10, and MMP3 were
dramatically higher in F. nucleatum-infected senes-
cent cells than in uninfected senescent cells (Figure
5a-c and Figure S4a,b). Moreover, F. nucleatum
stimulation alone also promoted the mRNA and
protein expression of these factors (Figure 5a-c
and Figure S4a,b). The results of ELISA were con-
sistent with these results (Figure 5b and Figure S4c).
Based on these findings, we confirmed that senes-
cent cells after F. nucleatum infection further pro-
moted ESCC progression and chemoresistance via
enhancing the secretion of CDDP-induced SASP.
Next, we investigated the underlying mechanism of
the elevated expression of SASP-related factors after
F. nucleatum infection. There were no differences in
the fraction of senescent cells between the F. nucle-
atum-infected group and the uninfected group,

When the tumors reached a volume of 50 mm?>, the mice were intratumorally injected every other day with Sen CM, Sen+F. nucleatum
CM, n-Sen CM, or n-Sen+F. nucleatum CM, four times in total. Left panel: the macroscopic features of nude mice tumors formed by
different treatments. Right panel: the tumor volume was measured every 4 days, and the tumor growth curve was drawn. (c) Left
panel: the excised xenograft tumors. Right panel: quantification of tumor weight. (d) Left panel: representative Ki-67 immunostaining
of xenograft tumor tissues. Original magnification, 200 x. Scale bar = 50 um. Right panel: quantification of Ki-67-positive cells. (e) The
transwell assay was used to analyze the migration and invasion ability of ESCC cells. ESCC cells were treated with Sen CM, Sen+F.
nucleatum CM, n-Sen CM, or n-Sen+F. nucleatum CM for 36 h. Note that these CM were additionally supplemented with 1% FBS.
Original magnification, 200 X. Scale bar = 50 um. (f) Quantification of migratory and invasive cells after different treatments. (g) ESCC
cells treated with Sen CM, Sen+F. nucleatum CM, n-Sen CM, or n-Sen+F. nucleatum CM for 48 h were examined for the protein
expression of E-cadherin, N-cadherin, Vimentin, Snail, Slug, and a loading control GAPDH by western blot. (h) ESCC cells incubated
with Sen CM, Sen+F. nucleatum CM, n-Sen CM, or n-Sen+F. nucleatum CM were treated with or without 5 pg/ml CDDP for 24 h and
then measured for cell apoptosis by flow cytometry. The results are presented as mean + standard deviation. *p < 0.05, **p < 0.01, and
***p < 0.001.
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Figure 5. F. nucleatum infection enhanced the secretion of CDDP-induced SASP through the activation of DNA damage response
pathway. (a) KYSE-150 cells treated with or without CDDP for 96 h were washed with PBS and then co-cultured with or without F.
nucleatum (MOI = 100) in antibiotic-free RPMI-1640 medium supplemented with 10% FBS for 24 h. Cells were examined for SASP gene
expression using RT-gPCR. (b) The levels of SASP-related factors in the Sen CM, Sen+F. nucleatum CM, n-Sen CM, and n-Sen+F.



suggesting the increased SASP expression by F.
nucleatum infection was not related to the propor-
tion of senescent cells (Figure S4d,e). Emerging evi-
dence has revealed that F. nucleatum can regulate
the expression of multiple cytokines through the
TLR4/MyD88/NF-kB and E-cadherin/f-catenin sig-
naling pathways. '>*® Thus, we tested the expression
of TLR4, MyD88, p65, E-cadherin, and -catenin.
However, there were no changes in the expression
of MyD88, p65, p-p65, E-cadherin, and p-catenin in
ESCC cells after F. nucleatum infection (Figure S5a,
b), although TLR4 was up-regulated as verified by
RT-qPCR and western blot as well as immunofluor-
escent staining (Figure S5a-c), indicating the TLR4/
MyD88/NF-kB and E-cadherin/B-catenin pathways
were also not involved in the increased SASP expres-
sion by F. nucleatum infection. Interestingly, these
two signaling pathways were remarkably activated
in CDDP-induced senescent ESCC cells (Figure S5a,
b). Previous studies have shown that the SASP can be
orchestrated by multiple signaling pathways, in parti-
cular the DNA damage response pathway.”” We
therefore investigated whether F. nucleatum further
promoted the CDDP-induced SASP via activation of
the DNA damage response pathway. We measured
the protein expression of DNA damage response-
related molecules including p-ATM, ATM, p-Chk2,
and Chk2 in ESCC cells after F. nucleatum infection.
Western blot analysis demonstrated that in compar-
ison with the uninfected group, the F. nucleatum-
infected group exhibited the enhanced protein
expression of p-ATM and p-Chk2, suggesting the
further activation of the DNA damage response path-
way in senescent ESCC cells after F. nucleatum infec-
tion (Figure 5d). To further confirm that F.
nucleatum stimulation enhanced the secretion of
CDDP-induced SASP via activating the DNA damage
response pathway, we blocked the activation of the
DNA damage response pathway by a selective ATM
kinase inhibitor KU55933. As expected, the protein
expression of p-ATM was significantly down-regu-
lated by the treatment with KU55933, as was the level
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of its downstream molecule p-Chk2 (Figure 5e).
More importantly, the mRNA levels of SASP-related
factors including IL-1a, IL-1pB, IL-6, IL-8, CXCL10,
and MMP3 were markedly suppressed by KU55933
treatment (Figure 5f and Figure S6a). In addition,
there were no differences in the proportion of senes-
cent cells before and after treatment with KU55933
(Figure S6b,c). Above all, these results confirmed that
the enhanced secretion of CDDP-induced SASP
caused by F. nucleatum infection was mainly
mediated by the further activation of the DNA
damage response pathway.

2.6 F. nucleatum invaded and survived in ESCC
cells and induced DNA damage to activate the
DNA damage response pathway

To further explore the mechanism by which F.
nucleatum infection activated the DNA damage
response pathway, we detected the levels of DNA
damage in ESCC cells after F. nucleatum stimula-
tion. The results of immunofluorescent staining
demonstrated that the formation of yH2AX foci
was remarkably increased in F. nucleatum-infected
ESCC cells when compared to that in uninfected
cells (Figure 6a,b). Interestingly, F. nucleatum sti-
mulation aggravated DNA damage in senescent
ESCC cells, but there was no further increase in the
percentage of YH2AX-positive cells (Figure 6a,b).
Moreover, western blot analysis also showed an
increased DNA damage in ESCC cells after F. nucle-
atum infection (Figure S7a). Additionally, the neu-
tral comet assay demonstrated that F. nucleatum
infection significantly increased the value of olive
tail moment in ESCC cells, indicating an increase
in DNA damage of F. nucleatum-infected cells
(Figure 6¢,d). To determine the possible causes of
F. nucleatum-induced DNA damage, we conducted
F. nucleatum invasion assay. ESCC cells were co-
cultured with F. nucleatum (MOI =100) for 24 h
and then incubated in the culture medium contain-
ing 200 pg/ml metronidazole and 300 pug/ml

nucleatum CM of KYSE-150 cells were measured using ELISA. (c) The same as (a), but cells were analyzed for the protein expression of
SASP-related factors and a loading control GAPDH by western blot. (d) Western blot analysis of ATM, p-ATM, Chk2, p-Chk2, and GAPDH
in ESCC cells under the same conditions as (a). (e) ESCC cells treated with or without CDDP for 96 h were washed with PBS and then
pre-treated with or without 10 pM KU55933 for 2 h followed by treatment with or without F. nucleatum (MOI = 100) in antibiotic-free
RPMI-1640 medium supplemented with 10% FBS for 24 h. Cells were examined for the protein expression of ATM, p-ATM, Chk2, p-
Chk2, and GAPDH by immunoblotting. (f) The same as (e), but KYSE-150 cells were assayed for SASP gene expression using RT-qPCR.
The results are presented as mean + standard deviation. ns, no significance. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 6. F. nucleatum invaded and survived in ESCC cells and increased DNA damage. (a) ESCC cells treated with or without CDDP for
96 h were washed with PBS and then co-cultured with or without F. nucleatum (MOl =100) in antibiotic-free RPMI-1640 medium
supplemented with 10% FBS for 24 h. Cells were measured for the formation of yH2AX foci using immunofluorescent staining. Blue
fluorescence indicated nuclear staining with DAPI, and red fluorescence reflected yH2AX immunostaining. Original magnification,
400 X. Scale bar = 20 um. (b) Quantification of yH2AX-positive cells. (c) The same as (a and c), but cells were harvested for the neutral
comet assay. Original magnification, 200 x. Scale bar =50 pm. (d) Quantification of the olive tail moment. (e) F. nucleatum invasion
into senescent and non-senescent ESCC cells. The growth of intracellular F. nucleatum into colonies on the agar after 72 h under
anaerobic conditions. (f) Quantification of the number of colonies formed. The results are presented as mean + standard deviation. ns,
no significance. *p < 0.05, **p < 0.01, and ***p < 0.001.



gentamicin for 1 h to completely kill extracellular F.
nucleatum. To validate the effectiveness of this con-
centration of antibiotics on the removal of extracel-
lular F. nucleatum, we plated the culture medium
treated with antibiotics on the agar and cultured it
under anaerobic condition for 72 h. We observed no
colony formation on the agar (Figure S7b), indicat-
ing that extracellular F. nucleatum was completely
eliminated by the antibiotics. Notably, we found that
the cell lysate of F. nucleatum-infected ESCC cells
formed colonies on the agar after 72 h under anae-
robic conditions, which indicated that F. nucleatum
invaded and survived in ESCC cells (Figure 6e,f).
Furthermore, we observed that the number of colo-
nies formed from F. nucleatum-infected senescent
cells was more than that from F. nucleatum-infected
non-senescent cells, suggesting that F. nucleatum
was prone to invade senescent cells compared to
non-senescent cells (Figure 6e,f). Together, these
findings indicated that F. nucleatum invaded and
survived in senescent ESCC cells and induced
DNA damage to further activate the DNA damage
response pathway, thereby promoting the secretion
of CDDP-induced SASP.

3. Discussion

Cellular senescence was, in addition to apoptosis,
initially considered to be another beneficial out-
come of cancer therapy mainly due to senescence-
mediated cell growth arrest.”® However, emerging
evidence has demonstrated that the accumulation
of therapy-induced senescent cells contributes to
cancer progression and therapeutic resistance
through the paracrine actions of the SASP, which
was described in detail in our previous review.* In
this study, we observed that CDDP induced senes-
cence and a robust SASP in human ESCC cell lines
expressing wild-type p53. Furthermore, we con-
firmed the existence of CDDP-induced cancer cell
senescence in cancerous tissues of ESCC patients.
More importantly, CDDP-induced senescent cells
promoted ESCC cell proliferation, migration, inva-
sion, and chemoresistance via the SASP both in
vitro and in vivo. Therefore, our current study
provides the evidence that CDDP is able to induce
ESCC cell senescence in vitro and in vivo, and also

GUT MICROBES (&) 15

supports the idea that therapy-induced senescent
cells are detrimental to the organism and thus
should be eliminated in time after cancer therapy.
Consistent with this, senotherapy emerged in
recent years, which refers to selective removal of
senescent cells, has been proposed as a promising
adjuvant approach for the treatment of cancer,
particularly in combination with currently used
cancer therapy.’® > Many experiments have
shown that the concurrent use of senotherapy and
conventional cancer therapies significantly
improves therapeutic efficacy and reduces the risk
of cancer relapse.'*'>?> Despite the potential use of
senotherapy in ESCC treatment has not been
reported, this is obviously worth further investiga-
tions. Notably, we used p53 wild-type ESCC cell
lines to perform our present study because of the
vital role of p53 in the induction of senescence.
However, p53 is frequently mutated in human
cancers.”* Thus, it is necessary to further investi-
gate whether CDDP can induce senescence in
ESCC cells with mutant or deleted type p53 gene
in the future studies. Additionally, due to the short
follow-up period and the small number of patients
included, the potential relationship between ther-
apy-induced senescence and the prognosis of ESCC
patients could not evaluate for the time being, but
we will continue to expand the sample size, follow
up these patients, and perform further statistical
analyses in our future studies.

Emerging evidence has identified the close asso-
ciation between the gut microbiota and the devel-
opment, progression and prognosis of multiple
human cancers.'® In our current study, by compar-
ing microbial community profile in cancerous and
adjacent normal tissues of ESCC patients using 16S
rRNA gene sequencing, we found the significantly
altered composition of the gut microbiota between
the two groups and observed the remarkably ele-
vated abundance of Fusobacterium species in can-
cerous tissues, which implied the potential role of
Fusobacterium in ESCC progression. F. nucleatum,
one of the most important members of the
Fusobacterium species, has been found in esopha-
geal cancer tissue and associated with patient
prognosis.”> Therefore, F. nucleatum was further
detected using FISH in the sections of formalin-
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tixed and paraffin-embedded cancerous and adja-
cent normal tissues of ESCC patients. We observed
that the abundance of F. nucleatum in cancerous
tissues was significant higher than that in adjacent
normal tissues. Furthermore, the abundance of F.
nucleatum in cancerous tissues was closely asso-
ciated with tumor infiltration depth, lymph node
metastasis and tumor TNM stage. In addition, F.
nucleatum in cancerous tissues contributed to che-
moresistance and worse prognosis in ESCC
patients.

In recent years, studies have reported some
mechanisms on how F. nucleatum influences
ESCC progression and chemoresistance. Nomoto
et al. reported that F. nucleatum promoted the
proliferation, migration, and invasion of ESCC
cells through the activation of NOD1/NF-«kB sig-
naling pathway.”® In our previous study, we
showed that F. nucleatum accelerated ESCC cell
proliferation via activating AHR/CYP1A1 signal-
ing pathway.”® In addition, high burden of F. nucle-
atum in ESCC tissues was correlated with poor
response to chemotherapy in ESCC patients.”” Liu
et al. reported that F. nucleatum contributed to
chemoresistance in ESCC cells via the induction
of autophagy.”” Liang et al. demonstrated recently
that F. nucleatum increased the expression of
NLRP3 followed by the enrichment of myeloid-
derived suppressor cells, thereby leading to ESCC
cell chemoresistance.”® However, the underlying
relationship between F. nucleatum and therapy-
induced senescent ESCC cells to date remains
unknown. In the present study, we observed that
CDDP-induced senescent cells after co-cultured
with F. nucleatum further exacerbated the SASP-
driven ESCC cell proliferation, migration, invasion,
and chemoresistance both in vitro and in vivo,
suggesting the contribution of F. nucleatum to the
secretion of the SASP by senescent cells. To the best
of our knowledge, we are the first to establish a
crosstalk between F. nucleatum and therapy-
induced senescent cells and provide novel evidence
for the pro-tumorigenic function of F. nucleatum
in human cancers.

Available literature sources indicate that the SASP
can be modulated by multiple signaling pathways
including the DNA damage response pathway.>”*
In response to DNA damage caused by chemother-
apeutic drugs, the DNA damage response pathway is
activated to not only induce cell cycle arrest and
more importantly promote the expression of various
proinflammatory factors such as cytokines and che-
mokines. In our current study, we demonstrated
that F. nucleatum further promoted the secretion
of CDDP-induced SASP through the activation of
the DNA damage response pathway. Moreover, F.
nucleatum contributed to the activation of the DNA
damage response pathway mainly due to an
increased DNA damage in senescent and non-senes-
cent cells. An interesting finding was that F. nucle-
atum invaded and survived in senescent and non-
senescent cells, which may be a major cause of the
increase in DNA damage. However, unlike other
microorganisms such as colibactin-producing
Escherichia coli can produce toxins that cause DNA
damage,”’ F. nucleatum encodes no known toxins
and very few canonical virulence factors.*"*?
Recently, Fusobacterium adhesin A (FadA) was
identified as an important virulence factor of F.
nucleatum and verified to bind and invade host
cells, thus provoking oncogenic and inflammatory
responses.”® A more recent study showed that FadA
induced DNA damage and promoted genome
instability, which facilitated cancer progression.*’
Therefore, we speculate that F. nucleatum activates
the DNA damage response pathway in ESCC cells
mainly due to DNA damage induced by FadA.
However, further study is still needed to unravel
the underlying mechanism of FadA-induced DNA
damage. Additionally, we observed that F. nuclea-
tum was prone to invade senescent cells compared to
non-senescent cells. This may be due to: (i) a sig-
nificant increase in the surface area of senescent cells
to facilitate F. nucleatum invasion; (ii) the increased
fragility of senescent cell membrane; (iii) the ele-
vated expression of an adhesin receptor E-cadherin
in senescent cells, which contributes to F. nucleatum
invasion into senescent cells through interaction
with FadA.*



Given the critical role of the gut microbiota in
defining chemotherapeutic efficacy, the gut
microbes are undeniably potential candidates for
being treatment targets. Antibiotics can remark-
ably alter the composition of the gut microbiota,
which in turn influences the efficacy of chemother-
apy, although the use of antibiotics is mainly
applied to the prevention of opportunistic infec-
tions due to chemotherapy-induced immunosup-
pression in cancer patients.44 A recent study
showed that intratumoral Gammaproteobacteria
in a mouse model of colon carcinoma conferred
gemcitabine chemoresistance via metabolizing
gemcitabine  into  inactive  metabolite.*
Intriguingly, the co-treatment with antibiotic
ciprofloxacin dramatically reversed drug resistance
in mice.”” In consistent with this, several retro-
spective clinical studies also demonstrated that tar-
geting cancer-promoting microbes with antibiotics
improved gemcitabine response and prolonged
survival time in patients with advanced pancreatic
cancer.*®™*® Therefore, targeting the gut microbiota
could be promising to optimize the outcomes of
cancer treatment.*” ' However, there are no avail-
able data by far about the effect of the gut micro-
biota modulation on ESCC therapy. In our current
study, we found that F. nucleatum contributed to
ESCC progression and chemoresistance via the
enhanced secretion of chemotherapy-induced
SASP, which further supports F. nucleatum as a
potential therapeutic target in ESCC patients. It
will be greatly desirable to explore the possible
impact of antibiotic use on ESCC chemotherapy
in the future studies.

In conclusion, our results indicated that che-
motherapy-induced senescent ESCC cells was
detrimental to the outcome of cancer therapy
mainly due to the paracrine actions of the
SASP. F. nucleatum promoted ESCC progression
and chemoresistance via the enhanced secretion
of chemotherapy-induced SASP. Our findings
have for the first time established a crosstalk
between F. nucleatum and chemotherapy-
induced senescent cells and provided a novel
insight into the mechanisms by which F. nucle-
atum promotes cancer development and che-
moresistance. Therefore, targeting F. nucleatum
may be a potential strategy for the treatment of
ESCC in the future.
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4. Materials and methods
4.1 Patients and sample collection

This study was approved by the Ethics Committee of
Renmin Hospital of Wuhan University (Ethics No:
WDRY2021-K062). Informed consent was obtained
from all patients included in this study. To determine
whether CDDP could induce cancer cell senescence
in vivo, ESCC patients who had received CDDP-
based neoadjuvant chemotherapy before surgical
resection at Renmin Hospital of Wuhan University
from January 2017 to December 2021 were collected.
A total of 25 ESCC patients were included in this
study. The pathological response to chemotherapy in
these patients was evaluated by a certified pathologists
according to the tumor regression grade system.
Additionally, 20 ESCC patients who had not received
chemotherapy prior to surgical resection were
included as controls. Formalin-fixed paraffin-
embedded tissues were obtained from the
Department of Pathology of Renmin Hospital of
Wuhan University. To perform 16S rRNA gene
sequencing, 7 pairs of cancerous and adjacent normal
tissues (at least 5 cm away from the tumor site) were
obtained from ESCC patients who underwent surgi-
cal resection at Renmin Hospital of Wuhan
University from January to April 2022. None of
these patients received antibiotics treatment within
the previous 3 months, and none were subject to
other esophagus-related inflammatory diseases. All
collected samples were fresh frozen and stored in
liquid nitrogen. To clarify the correlation between F.
nucleatum and the patient prognosis, ESCC patients
who underwent surgical resection at Renmin
Hospital of Wuhan University from January to
December 2017 were collected. Patients who received
antibiotics treatment within the previous 3 months
were excluded. None of these patients were subject
to other esophagus-related inflammatory diseases. A
total of 107 patients with ESCC were included in this
study. Tumor staging was performed according to the
8th edition of the Union for International Cancer
Control TNM classification of malignant tumors.
107 pairs of formalin-fixed paraffin-embedded can-
cerous and adjacent normal tissues were obtained
from the Department of Pathology of Renmin
Hospital of Wuhan University. Prognostic informa-
tion was collected by the medical record system and
telephone follow-up.
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4.2 Cell, bacterial strain, and co-culture system

Human ESCC cell lines KYSE-150 and ECA-109
obtained from Shanghai Cell Bank, Chinese
Academy of Sciences were cultured in RPMI-
1640 medium (Gibco, Gaithersburg, MD, USA)
supplemented with 10% fetal bovine serum
(FBS, Gibco, Gaithersburg, MD, USA) and 1%
penicillin/streptomycin (Beyotime, Shanghai,
China) at 37°C in a humidified 5% CO2 atmo-
sphere. The F. nucleatum strain ATCC 25,586
was purchased from the China General
Microbiological Culture Collection Center
(Beijing, China) and cultured in fastidious anae-
robe broth (Tuopu biotechnology, Qingdao,
China) at 37°C under anaerobic condition. For
in vitro co-culture experiments, cells were
washed with phosphate-buffered saline (PBS,
Beyotime, Shanghai, China) and then incubated
with F. nucleatum at a multiplicity of infection
(MOI) of 100 in antibiotic-free RPMI-1640
medium supplemented with 10% FBS at 37°C
under 5% CO2 for 24 h.

4.3 Reagents and antibodies

CDDP and KU55933 (a selective ATM kinase
inhibitor) were purchased from
MedChemExpress (MCE, Shanghai, China).
CDDP was dissolved in sterile double distilled
water at 1 mg/ml and stored at —80°C until
dilution in the culture medium for treatment.
KU55933 was dissolved at 10 mM in DMSO
(Beyotime, Shanghai, China) and stored at —80°
C. To inhibit cellular ATM activity in certain
experiments, cells were pre-treated with
KU55933 (10 uM) for 2h. The primary antibo-
dies including p53 (9282, CST, Danvers, MA,
USA), p21 (2947, CST), yH2AX (9718, CST),
cleaved Caspase-3 (9664, CST), cleaved PARP
(5625, CST), Ki-67 (9027, CST), E-cadherin
(14472, CST), N-cadherin (13116, CST),
Vimentin (5741, CST), Snail (3879, CST), Slug
(9585, CST), B-catenin (8480, CST), p65 (8242,
CST), p-p65 (3033, CST), ATM (2873, CST), p-
ATM (5883, CST), Chk2 (6334, CST), p-Chk2
(2197, CST), GAPDH (2118, CST), plé6
(ab241543, Abcam, Cambridge, MA, USA), IL-
6 (ab214429, Abcam), CXCL10 (ab214668,

Abcam), MMP3 (ab52915, Abcam), IL-la
(16765-1-AP, Proteintech, Chicago, IL, USA),
IL-1p (16806-1-AP, Proteintech), IL-8 (27095-

1-AP, Proteintech), MyD88 (23230-1-AP,
Proteintech), and TLR4 (19811-1-AP,
Proteintech) were wused to detect protein
expression.

4.4 CCK-8 assay

Cell viability was detected using CCK-8 assay
(Beyotime, Shanghai, China) based on the manu-
facturer’s instructions. Briefly, ESCC cells were
seeded in 96-well plates at a density of 2.5 x 10
cells per well. At the indicated time points, 100 pl
RPMI-1640 medium supplemented with 10 ul
CCK-8 were added to each well and then incubated
at 37°C for 1 h. The absorbance at 450 nm was
measured by a microplate reader.

4.5 Colony formation assay

ESCC cells were seeded in 6-well plates at a density
of 1x10° cells per well, cultured overnight, and
treated with or without CDDP at the indicated
concentrations for 96 h. Then, the cells were tryp-
sinized and re-plated into 6-well plates at a density
of 1x10° cells per well and cultured for 10 days.
Colonies were fixed with 4% paraformaldehyde
(Beyotime, Shanghai, China) for 15min and
stained with 0.1% crystal violet (Beyotime,
Shanghai, China) for 15 min. The number of cell
colonies was counted using Image ] software
(National Institutes of Health, Bethesda,
MD, USA).

4.6 Cell migration and invasion assay

The transwell assay was conducted to detect the
impact of the different CM on the migration and
invasion of ESCC cells. For the migration assay,
ESCC cells at a density of 5 x 10 cells per well were
seeded in the upper compartment of the chamber
(8 um pore size, Corning, MA, USA) in serum-free
RPMI-1640 medium. The lower compartment was
filled with the different CM. After incubation at 37°
C for 36 h, cells were fixed with 4% paraformalde-
hyde for 15 min and stained with 0.1% crystal violet



for 15 min. The non-migrating cells on the upper
surface of the chamber were completely removed
with cotton swabs. The migrated cells on the lower
surface were photographed under a light micro-
scope (Olympus IX71, Tokyo, Japan) in five ran-
dom fields at 200 x magnification, and the number
of cells was directly counted. For the invasion
assay, the upper compartment of the chamber was
precoated with Matrigel (Corning, MA, USA). All
other steps were the same as the migration assay.

4.7 EdU incorporation assay

The ability of cell proliferation was measured with
EdU incorporation assay using BeyoClick™ EdU
Cell Proliferation Kit with Alexa Fluor 488
(Beyotime, Shanghai, China) according to the
manufacturer’s instructions. In brief, at the indi-
cated time points, cells were incubated with 10 yM
EdU at 37°C for 2 h. Then, cells were fixed with 4%
paraformaldehyde for 15 min and permeabilized
with 0.3% Triton X-100 for 15 min. Subsequently,
cells were incubated with Click Additive Solution
for 30 min and stained with Hoechst 33342 for 10
min in the dark. Five random fields at 200 x mag-
nification were captured under a fluorescent
microscope (Olympus IX53, Tokyo, Japan).

4.8 Flow cytometry

The distribution of cell cycle was detected using the
cell cycle detection kit (Multi Sciences, Hangzhou,
China) in accordance with the manufacturer’s pro-
tocols. Briefly, cells were incubated with DNA stain-
ing solution and permeabilization solution at room
temperature for 30 min in the dark. The DNA con-
tent was detected by flow cytometry using a FACS
Calibur system (Becton Dickinson, Franklin Lakes,
NJ, USA), and the data were analyzed using Flow]o
FACS analysis software (TreeStar, Ashland, OR,
USA). The FITC-Annexin V apoptosis detection
kit I (BD Pharmingen, San Diego, CA, USA) was
used to detect apoptosis based on the manufacturer’s
protocols. Cells were suspended in FITC-Annexin V
binding buffer and then stained with FITC-Annexin
V and PI for 15min at room temperature in the
dark. The stained cells were analyzed using a flow
cytometer (Beckman Coulter, Miami, FL, USA).
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4.9 SA-B-gal staining

The activity of SA-B-Gal was determined using SA-
B-Gal staining kit (Beyotime, Shanghai, China)
according to the manufacturer’s instructions. Cells
were fixed with the fixative solution and then stained
with the staining solution overnight at 37°C in a
non-CO2 incubator. Five random fields at 200 x
magnification were captured under a light micro-
scope (Olympus IX71, Tokyo, Japan).

4.10 RT-qPCR

Total RNA was extracted from cultured cells using
Trizol reagent (Takara, Ohtsu, Japan) based on the
manufacturer’s instructions. Complementary DNA
was synthesized using the Reverse Transcription kit
(Takara, Ohtsu, Japan). RT-qPCR was performed
using the SYBR Green PCR Master Mix (Takara,
Ohtsu, Japan) on a Bio-Rad CFX Connect™ Real-
Time PCR Detection System. GAPDH was used as an
internal control. The relative mRNA expression of
target gene was calculated by the 27" method. All
primer sequences were listed in Table S1.

4.11 Western blot

Total protein was isolated from harvested cells by
RIPA lysis buffer (Beyotime, Shanghai, China). The
protein extract concentration was determined using
the BCA protein assay kit (Beyotime, Shanghai,
China) in accordance with the manufacturer’s
instructions. Equal amounts of protein were sepa-
rated by 10% SDS-PAGE and then transferred to the
polyvinylidene fluoride membrane (Millipore, MA,
USA). After blocking with 5% nonfat milk at room
temperature for 1h, the membrane was incubated
with the primary antibodies overnight at 4°C. The
next day, the membrane was incubated with the
suitable secondary antibodies for 1 h at room tem-
perature. The protein signals were detected by
enhanced chemiluminescence with ECL detection
reagents on a Bio-Rad Detection System.

4.12 Immunofluorescent staining

Immunofluorescent staining was conducted as
described previously.”” Briefly, at the indicated time
points, cells were fixed with 4% paraformaldehyde for
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15min and permeabilized with 0.2% Triton X-100
(Beyotime, Shanghai, China) for 15 min followed by
blocking with 10% goat serum (Beyotime, Shanghai,
China) at room temperature for 1 h. Then, cells were
incubated with the primary antibodies overnight at 4°
C and then incubated with Cy3-labeled secondary
antibody (BOSTER, Wuhan, China) or Alexa Fluor
488-labeled secondary antibody (Beyotime, Shanghai,
China) for 1 h at 37°C in the dark. Subsequently, cells
were stained with 4,6-diamidino-2-phenylindole
(DAPI, Beyotime, Shanghai, China) for 10 min. Five
random fields at 400 x magnification were photo-
graphed under a fluorescent microscope (Olympus
BX53, Tokyo, Japan).

4.13 Hematoxylin-eosin (H&E) and
immunohistochemistry staining

Formalin-fixed paraffin-embedded tissues were
performed for H&E and immunohistochemistry
staining according to previously described
protocols.*® Briefly, the tissue sections were
dewaxed, rehydrated, and boiled in citrate buffer
for antigen retrieval followed by blocking with 10%
goat serum. Then, the slides were incubated with
the primary antibodies overnight at 4°C followed
by incubation with the suitable secondary antibo-
dies for 30 min at room temperature. The sections
were observed using a light microscope (Olympus
IX71, Tokyo, Japan) at 400 x magnification. All
tissue sections were examined by a certified
pathologist.

4.14 16S rRNA gene sequencing

For 16S rRNA gene sequencing, 7 pairs of fresh
frozen cancerous and matched adjacent normal tis-
sues of ESCC patients were processed by Shanghai
Majorbio Bio-Pharm Technology Co., Ltd
(Shanghai, China) where microbial genomic DNA
was extracted, amplified, and sequenced following
the standard procedures. Briefly, microbial genomic
DNA was isolated using the E.Z.N.A.® Soil DNA Kit
(Omega Bio-tek, Norcross, GA, USA). The V3-V4
hypervariable regions of the bacterial 16S rRNA
gene were amplified using universal primers 338F
(5'-ACTCCTACGGGAGGCAGCAG-3') and 806 R
(5'-GGACTACHVGGGTWTCTAAT-3').  The
amplicon sequencing was performed with the

[lumina MiSeq platform (Illumina, San Diego, CA,
USA). The raw sequencing data were first trimmed
and quality-filtered to remove adaptor or low-qual-
ity sequences. Filtered reads were clustered into the
operational taxonomic units (OTUs) assuming 97%
similarity. According to the Silva 16S rRNA data-
base, the taxonomic information of each representa-
tive sequence was annotated. MOTHUR software
was used to evaluate the microbial a diversity
indexes including the Simpson index, Shannon
index, Chao 1 index, and Ace index. The differences
in the o diversity between the two groups were
analyzed by the Student’s t test. The B diversity
analysis was used to compare the differences in
species diversity among the groups via principal
coordinate analysis (PCoA) and non-metric multi-
dimensional scaling (NMDS) analysis based on
weighted unifrac distance. The differences in the
diversity between the two groups were estimated by
analysis of similarities (ANOSIM). The differential
species between the two groups at the phylum and
genus levels were compared using Wilcoxon rank-
sum test.

4.15 FISH analysis

FISH was carried out to detect F. nucleatum in the
5-pm-thick sections of formalin-fixed and paraffin-
embedded cancerous and paired adjacent normal
tissues of ESCC patients as described previously.>
A specific F. nucleatum-targeted 16S rRNA oligo-
nucleotide probe (5-CTT GTA GTT CCG C(C/T)
TAC CTC-3') labeled with Cy3 was synthesized by
FOCOFISH (Guangzhou, China). Five random
fields at 200 x magnification per sample were cap-
tured under a fluorescent microscope (Olympus
BX53, Tokyo, Japan), and the number of F. nucle-
atum per field was counted by an observer blind to
sample status.

4.16 F. nucleatum invasion assay

The invasion assay was performed as previously
described.?? In brief, ESCC cells were seeded in 6-
well plates at a density of 1x 10> cells per well,
cultured overnight, and treated with or without
CDDP at the indicated concentrations for 96 h.
Before co-culture with F. nucleatum, cells were
washed with PBS and cultured in antibiotic-free



1640-RPMI medium. Then, F. nucleatum (MOI =
100) was added to the cells followed by incubation
at 37°C under 5% CO2 for 24 h. After incubation,
the cells were washed with PBS and then incubated
in serum-free fresh medium containing 200 ug/ml
metronidazole and 300 pg/ml gentamicin for 1h,
which could completely eliminate extracellular F.
nucleatum in the culture medium as verified by our
in vitro experiment. After exposure to the antibio-
tics, the cells were washed with PBS and lysed with
250 pl of sterile distilled water at 37°C for 15 min.
The lysates were plated on blood agar plates and
cultured under anaerobic condition at 37°C for 72
h. The viable bacterial counts were quantified using
Image ] software (National Institutes of Health,
Bethesda, MD, United States).

4.17 Collection of conditioned medium (CM)

ESCC cells were seeded in 6-well plates at a density
of 1x10° cells per well, cultured overnight, and
treated with or without CDDP at the indicated
concentrations for 96 h. Then, cells were washed
with PBS and cultured in serum-free 1640-RPMI
medium. After 48 h, the CM was collected, centri-
fuged, and filtered to remove cell debris. The CM
was concentrated 5-fold with a Centricon
Centrifugal filter (3 kD, Millipore, Temecula, CA,
USA). The concentration of the CM was normal-
ized to the number of cells collected. The CM from
CDDP-treated ESCC cells was defined as Sen CM,
and the CM from untreated cells was defined as n-
Sen CM. For in vitro co-culture experiments, ESCC
cells treated with or without CDDP for 96 h were
washed with PBS and co-cultured with or without
F. nucleatum (MOI = 100) in antibiotic-free RPMI-
1640 medium supplemented with 10% FBS at 37°C
under 5% CO2 for 24 h. Then, cells were washed
with PBS and cultured in serum-free 1640-RPMI
medium for 48 h. The CM from F. nucleatum-
infected or uninfected senescent ESCC cells
(defined as Sen+F. nucleatum CM or Sen CM)
and the CM from F. nucleatum-infected or unin-
fected non-senescent cells (as n-Sen+F. nucleatum
CM or n-Sen CM) were harvested and then used
for the following experiments.
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4.18 Enzyme-linked immunosorbent assay (ELISA)

For cytokine analysis, the different CM was pre-
pared as mentioned above. The concentrations of
IL-1a, IL-13, IL-6, IL-8, MMP3, and CXCL10 were
measured respectively using IL-la (KE00123,
Proteintech, Chicago, IL, USA), IL-1p (KE00021,
Proteintech), IL-6 (KE00139, Proteintech), IL-8
(KE00006, Proteintech), MMP3 (KE00160,
Proteintech), and CXCL10 (ab83700, Abcam,
Cambridge, MA, USA) ELISA kits following the
manufacturer’s instructions. The absorbance at
450 nm was measured by a microplate reader. The
protein levels were calculated according to the
standard curve.

4.19 Neutral comet assay (single cell gel
electrophoresis assay)

To evaluate the level of DNA damage in cells, neutral
comet assay was carried out using the Comet
Assay® kit (R&D Systems) based on the manufac-
turer’s instructions. In brief, the cells were sus-
pended at a density of 1 x 10° cells/ml in ice cold
PBS, mixed with molten LMAgarose at a ratio of
1:10 at 37°C, and loaded to 2-well slides from the kit.
The slides were immersed in pre-cooled lysis solu-
tion for 1 hour and soaked with neutral electrophor-
esis solution for 30 min at 4°C. Then, the slides were
placed into horizontal electrophoresis tanks filled
with fresh pre-cooled electrophoresis solution and
electrophoresed at 21 volts for 45 min at 4°C in the
dark. Subsequently, the slides were immersed in
DNA precipitation solution and 70% ethanol for
30 min, respectively. The slides were stained with
diluted SYBR Green I staining solution for 30 min
in the dark and photographed under a fluorescent
microscope (Olympus BX53, Tokyo, Japan). At least
50 cells per sample at 200 x magnification were ran-
domly selected to score the olive tail moment using
the Comet Score software.

4.20 Tumor xenograft experiments

All animal experiments were approved by the
Laboratory Animal Welfare and Ethics Committee
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of Renmin Hospital of Wuhan University (IACCU
Issue No: 20201203). Great efforts were made to
minimize the suffering of the included animal. The
effect of the CM from senescent cells on the prolifera-
tion of KYSE-150 cells was evaluated using the xeno-
graft model. Two groups of mice were assessed for
tumor development: 1) tumor-bearing mice treated
with Sen CM and 2) tumor-bearing mice treated with
n-Sen CM. Additionally, we also measured the impact
of the CM from F. nucleatum-infected and uninfected
senescent cells on KYSE-150 cell proliferation in vivo.
Four groups of mice were assessed for tumor devel-
opment: 1) tumor-bearing mice treated with Sen CM,
2) tumor-bearing mice treated with Sen+F. nuclea-
tum CM, 3) tumor-bearing mice treated with n-Sen
CM, and 4) tumor-bearing mice treated with n-Sen
+F. nucleatum CM. An inoculum of 5 x 10° KYSE-
150 cells were injected subcutaneously into the right
flank of 5-week-old male BALB/c nude mice (5 per
group). Next, the mice were intraperitoneally injected
every other day with 5-fold concentrated CM from
different treatment groups, four times in total. When
the tumors reached a volume of 50 mm’, the mice
were intratumorally injected every other day with CM
from different treatment groups, four times in total.
The tumor volume was calculated every 4 days using
the following formula: Tumor volume (mm®) = % x
L x W2, where L is the length and W is the width. The
mice were euthanized on day 24, with tumors excised
and weighed. The xenograft tissues were fixed with
4% paraformaldehyde and embedded in paraffin for
H&E and immunohistochemistry staining.

4.21 Statistical analysis

All statistical analyses were performed using
GraphPad Prism 8.0 except that the optimal cutoff
value for F. nucleatum abundance was assessed
using X-tile software. Categorical data were pre-
sented as numbers or proportions. Groups were
compared using the chi-square test or Fisher’s
exact test. Continuous variables were expressed as
mean * standard deviation. The two groups were
compared using the Student’s ¢ test, and multiple
groups were compared using one-way analysis of
variance (ANOVA) with Bonferroni correction.
For time-to-event analyses, survival estimates
were calculated using the Kaplan-Meier analysis,

and the survival differences between the two
groups were compared using the log-rank test. To
obtain statistics, all studies were performed as three
independent biological experiments unless other-
wise stated. A statistically significant difference was
defined as *p < 0.05, **p < 0.01, and ***p < 0.001.

Abbreviations

ESCC esophageal squamous cell carcinoma
CDDP cisplatin

SASP senescence-associated secretory phenotype
F. nucleatum  Fusobacterium nucleatum

SA-B-Gal senescent-associated beta-galactosidase

CM conditioned medium

FISH fluorescence in situ hybridization
FadA Fusobacterium adhesin A

MOI multiplicity of infection
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