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Fusobacterium nucleatum induces chemoresistance in colorectal cancer by
inhibiting pyroptosis via the Hippo pathway
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ABSTRACT

Chemotherapy resistance is one of the main reasons for the poor prognosis of colorectal cancer
(CRC). Moreover, dysbiosis of gut bacteria was found to be a specific environmental risk factor. In
this study, enrichment of F. nucleatum was elucidated to be significantly associated with CRC
recurrence after chemotherapy. Functional experiments showed that F. nucleatum could inhibit
pyroptosis induced by chemotherapy drugs, thereby inducing chemoresistance. Furthermore,
mechanistic investigation demonstrated that F. nucleatum could regulate the Hippo pathway
and promote the expression of BCL2, thereby inhibiting the Caspase-3/GSDME pyroptosis-
related pathway induced by chemotherapy drugs and mediating CRC cell chemoresistance.
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Taken together, these results validated the significant roles of F. nucleatum in CRC chemoresis-
tance, which provided an innovative theoretical basis for the clinical diagnosis and therapy of CRC.

Introduction

Colorectal cancer (CRC) is the second most com-
mon cancer and leading cause of cancer-related
death worldwide."> Patients with early CRC
respond well to chemotherapy and have a high
5-year survival rate. However, the prognosis of
advanced tumors, especially stage IV, remains
poor because of the high rate of tumor recurrence
and distant metastasis.” 5-Fluorouracil (5-Fu) com-
bined with oxaliplatin or irinotecan is
a conventional standard treatment for patients
with advanced CRC.* Chemoresistance is one of
the major causes of poor prognosis in CRC.
Therefore, it is essential to explore the mechanism
of CRC chemoresistance.

Genetic and environmental factors are important
causes for the development of CRC. Among them,
with the development of next-generation sequen-
cing technology and new insights into the pathogen-
esis of CRC, the gut microbiota was found to be
a specific environmental risk factor.® In the genomic

analysis of the CRC microbiome, Fusobacterium
nucleatum (F. nucleatum) was found to be enriched
in tumor tissues.” Significantly, our previous
research has shown that F. nucleatum may promote
chemoresistance in patients with CRC by activating
the autophagy pathway and inhibiting apoptosis,®
which proved the important role of F. nucleatum
in CRC chemoresistance. However, some CRC cells
still have drug resistance after reversing the inhibi-
tion of apoptosis by F. nucleatum by blocking autop-
hagy. Therefore, we further investigated whether
there are other models of cell death that are regu-
lated by F. nucleatum and involved in chemoresis-
tance in CRC.

Pyroptosis is a novel necrotizing and lytic
pro-inflammatory programmed cell death® that
is also known as cellular inflammatory
“necrosis”.'®'" In brief, pyroptosis is a process
in which activated Caspases cleave Gasdermins
(GSDMs) proteins, inducing the binding of the
N-terminal domain of GSDMs to the
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phospholipid bilayer, forming pores in the cell
membrane, inducing changes in cell osmotic
pressure and the release of various cytoplasmic
contents, eventually leading to cell swelling until
bursting.'> There are six known human GSDM
genes: GSDMA, GSDMB, GSDMC, GSDMD,
GSDME/deafness, autosomal dominant 5
(DFNAS5) and DFNB59. In 2017, it was reported
that chemotherapeutic agents could cleave
GSDME through Caspase-3 and thus induce
pyroptosis,'>'* suggesting that the inhibition of
chemotherapy-induced GSDME-related pyrop-
tosis may be involved in chemotherapy
resistance.

In this study, the enrichment of F. nucleatum
was significantly correlated with CRC postche-
motherapy recurrence. Furthermore, through
a series of functional and mechanistic experiments,
the results showed that F. nucleatum inhibited che-
motherapy-induced pyroptosis in CRC cells by

regulating the YAP/BCL2/Caspase-3/GSDME
pathway, thereby inducing chemoresistance
in CRC.
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Results

F. nucleatum abundance is related to CRC
progression and prognosis

To elucidate the correlation between F. nucleatum
abundance and CRC clinical stage, we measured
F. nucleatum levels in CRC samples of recurrent
and non-recurrent patients. Consistent with the
data in previous reports,'”> qRT—PCR analysis
revealed the F. nucleatum enrichment in CRC tis-
sues of recurrent patients compared with non-
recurrent patients (Figure 1a). Moreover, in both
the recurrent and non-recurrent groups, the abun-
dance of F. nucleatum in CRC tissues increased
compared to that in normal tissues (Figure 1A).
The above data elucidated that F. nucleatum corre-
lates with CRC recurrence. The association
between F. nucleatum and clinicopathological fea-
tures was further examined. In addition to AJCC,
F. nucleatum abundance was positively correlated
with tumor size as well (Figure 1b). Enrichment of
F. nucleatum was associated with shorter recur-
rence-free survival (RFS) (Figure 1c). As CRC
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Figure 1. The abundance of F. nucleatum is associated with the progression and prognosis of CRC. (A) The abundance of F. nucleatum
was measured in 30 pairs of CRC tissues. (B) Heatmap illustrating the association of various histopathological features and high-
abundance and low-abundance F. nucleatum tumors. (C) Recurrence-free survival (RFS) was compared between groups with low and
high F. nucleatum abundance. (D) Receiver operating characteristic (ROC) analysis was performed according to F. nucleatum

abundance and AJCC in CRC.



recurrence accounts for chemoresistance, we
hypothesized that F. nucleatum may be involved
in CRC chemoresistance. The predictive value of
AJCC staging and F. nucleatum on CRC recurrence
was analyzed using the receiver operating charac-
teristic (ROC) curve. We found that the area under
the curve (AUC) of the prediction model with
F. nucleatum was higher than that with the AJCC
stage (0.875 versus 0.800, p = .001) (Figure 1d). The
above results suggested that F. nucleatum is related
to CRC progression and prognosis.

F. nucleatum inhibits chemotherapy-induced
pyroptosis in CRC

To explore which possible models of death besides
autophagy and apoptosis play an important role in
the chemoresistance of CRC, we treated CRC cells
with oxaliplatin with F. nucleatum intervention
and found that F. nucleatum could affect che-
motherapy-induced GSDME-related pyroptosis
(Figures S1A). Wang et al. identified that GSDME
could transform Caspase-3 mediated apoptosis
induced by chemotherapy drugs into pyroptosis."
Under the stimulation of chemotherapy, GSDME
can be cleaved specifically by cleaved Caspase-3,
resulting in the generation of membrane-
penetrating GSDME-N fragments that induce
pyroptosis."> In CRC cells, lobaplatin has been
shown to mediate pyroptosis through GSDME acti-
vation induced by Caspase-3.'° Therefore, we
hypothesized that F. nucleatum could downregu-
late the GSDME-related pyroptosis induced by
chemotherapy drugs to induce chemoresistance.
To test the above hypothesis, CRC cells
(HCT116 and SW1116) were treated with che-
motherapy drugs (oxaliplatin and 5-Fu) and cocul-
tured with F. nucleatum in vitro. Morphologically,
we found that oxaliplatin and 5-Fu-treated CRC
cells exhibited significant swelling with character-
istic large bubbles on the cell membrane.
F. nucleatum treatment inhibited chemotherapy-
induced cell swelling (Figure 2a). Transmission
electron microscopy (TEM) illustrated multiple
pores formed on the membrane of chemotherapy
drug-cultured CRC cells. While the number of
pores on the cell membrane of HCT116 cells
caused by chemotherapy drugs was significantly
attenuated after coculture with F. nucleatum
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(Figure 2b). When pyroptosis occurs, pores formed
in the cell membrane lead to the release of cell
contents such as lactate dehydrogenase (LDH).
We found that chemotherapeutic drugs could
induce pyroptosis-induced LDH release, which
could be inhibited by F. nucleatum coculture
(Figure 2c). Moreover, we found that the elevated
levels of Caspase-3 cleavage and GSDME cleavage
induced by chemotherapy drugs were inhibited in
F. nucleatum-treated CRC cells (Figures 2d, e,
Figure S1B). These results indicated that
F. nucleatum could inhibit the Caspase-3/GSDME
pyroptosis pathway induced by oxaliplatin and
5-Fu. Furthermore, the results of the CCK8 assay
showed that the cell viability of CRC cells infected
with F. nucleatum was evidently higher than that of
the control cells under chemotherapeutic agent
coculture (Figure 2f), which indicated that
F. nucleatum could induce the chemoresistance of
CRC cells in vitro. Furthermore, using apoptosis
agonists Grifolin,'” autophagy lysosomal inhibitor
Chloroquine (CQ)® and pyroptosis agonists
Triclabendazole'® to block or induce apoptosis,
autophagy and pyroptosis, we found that all these
three pathways played a part in F. nucleatum-
induced chemoresistance, among which pyroptosis
played a more important role (Figure S1C).

BCL2 is involved in the inhibitory effect of
F. nucleatum on chemotherapy-induced pyroptosis

B-cell lymphoma-2 (BCL2) is an oncogene that can
significantly inhibit cell apoptosis. Lobaplatin
treatment could downregulate the expression of
BCL2 in CRC."® Triclabendazole can activate pyr-
optosis by modulating the level of the apoptotic
protein BCL2, enhancing the cleavage of Caspase-
3 and GSDME.'® Western blotting results revealed
that F. nucleatum could ameliorate the reduction in
BCL2 protein levels induced by chemotherapy
drugs (Figures 2d, e, Figure S1B). Thus, we
hypothesized that BCL2 may be related to the inhi-
bition of chemotherapy-induced pyroptosis caused
by F. nucleatum in CRC. To investigate whether
BCL2 participates in the pyroptosis of CRC cells
inhibited by F. nucleatum, siRNA-mediated knock-
down was used to manipulate the expression of
BCL2 exogenously (Figures S2A and S$2B).
Western blot results showed that knockdown of
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Figure 2. F. nucleatum represses chemotherapy-induced pyroptosis in CRC. (a) Representative bright-field images of CRC cells
cocultured with chemotherapy drugs and F. nucleatum. Yellow arrows indicate large bubbles emerging from the cell membrane.



BCL2 remedied F. nucleatum-reduced Caspase-3
and GSDME activation in chemotherapy-treated
CRC cells (Figures 3a & 3b, Figure S2C).
Morphologically, the inhibitory effect of
F. nucleatum on chemotherapy-induced cell swel-
ling could be blocked by downregulating BCL2
(Figure 3c). Moreover, si-BCL2 transfection abol-
ished the suppressive effect of F. nucleatum infec-
tion on LDH release (Figure 3d). These results
suggested that F. nucleatum could inhibit che-
motherapy-induced pyroptosis in CRC cells by
promoting BCL2 expression. As reported in our
previous literature,® F. nucleatum could inhibit
the apoptosis of CRC cells induced by chemother-
apy (Figure S2D). Furthermore, knockdown of
BCL2 could affect the regulation of F. nucleatum
on apoptosis (Figure S2E).

F. nucleatum induces chemoresistance by
upregulating BCL2

We further explored whether F. nucleatum could
induce chemoresistance in CRC cells by inhibiting
pyroptosis through modulating BCL2. We cocul-
tured F. nucleatum with BCL2-siRNA-transfected
cells and detected cell viability by CCKS8, which
showed that knockdown of BCL2 could inhibit
F.  nucleatum  induced  chemoresistance
(Figure 4a). We confirmed this chemoresistance-
inducing property of F. nucleatum in patient tissue-

derived CRC organoids (Figures 4b, c).
Downregulated BCL2 could suppress
F.  nucleatum  induced  chemoresistance

(Figures 4b, c) and block the inhibition of LDH
release by F. nucleatum in patient tissue-derived
CRC organoids as well (Figure 4d). Then, we
further established CRC xenograft models to iden-
tify the effect of F. nucleatum and BCL2 on the
chemoresistance of CRC in vivo. HCT116 cells
stably expressing sh-BCL2 or control were inocu-
lated subcutaneously, followed by treatment with
5-Fu and F. nucleatum. Nineteen days following
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the injection, 5-FU treatment significantly inhib-
ited tumor growth, and this inhibitory effect was
blocked by infection with F. nucleatum in vivo
(Figures 4e, f). Consistent results were also
obtained when we measured tumor weight at the
end of the assays (Figure 4g). Moreover,
F. nucleatum can inhibit the release of LDH
induced by chemotherapeutics. The inhibitory
effect of F. nucleatum on chemotherapy-induced
LDH release can be reversed by downregulating
BCL2 (Figures 4h). These data illustrated that
F. nucleatum was related to the resistance of CRC
to 5-FU treatment. BCL2 knockdown reversed
F. nucleatum-stimulated CRC chemoresistance in
a 5-FU-treated xenograft mouse model
(Figures 4e-h). F. nucleatum-induced CRC che-
moresistance could be rescued by BCL2 inhibitor
Venetoclax in 5-FU-treated Apc™™" mice (Figure
S3A-C). The repression of F. nucleatum on 5-FU-
induced LDH release can be reversed by BCL2
inhibitor Venetoclax as well (Figure S3D). All of
the above results suggested that F. nucleatum could
suppress chemotherapy drug-induced pyroptosis
by regulating BCL2, thereby inducing CRC
chemoresistance.

F. nucleatum inhibits chemotherapy-induced
pyroptosis by modulating the Hippo pathway

It has been reported that F. nucleatum intervention
can activate the Hippo pathway in CRC cells."”
Moreover, Yes-associated protein (YAP) can act
as a cotranscription factor in the BCL2 promoter
region to promote the transcription of BCL2 in
CRC cells.’>*" Inhibition of the YAP pathway was
shown to promote the cleavage of Caspase-3.>
Therefore, we hypothesized that F. nucleatum
may regulate the downstream BCL2-induced pyr-
optosis pathway by activating the YAP pathway.
Given that YAP modulates target gene transcrip-
tion through promoter binding, we performed
ChIP—qPCR to explore whether F. nucleatum

(b) Transmission electron microscopy observation of CRC cells cocultured with 5-fu and F. nucleatum. Red and orange arrows indicate
cell membrane pores and F. nucleatum, respectively. (c) The effects of chemotherapy drugs and F. nucleatum on LDH release from cells
were detected. (d-e) the effect of F. nucleatum and chemotherapy on the expression of pyroptosis-related proteins in CRC cells was
detected by Western blot. (f) Cell viability after treatment with chemotherapy and F. nucleatum in CRC cells was detected by CCK8

assay. All experiments were performed in biological triplicates.
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could regulate BCL2 expression by activating the
Hippo pathway. The results demonstrated that
under a certain concentration of oxaliplatin, treat-
ment with F. nucleatum indeed promoted the
enrichment of YAP in the BCL2 promoter region
(Figure 5a). Consistently, downregulation of YAP
significantly inhibited F. nucleatum-stimulated
BCL2 protein expression (Figures 5b & 5c). These
data indicated that F. nucleatum could activate
downstream transcriptional expression of BCL2
by promoting YAP binding to the promoter region
of BCL2. We further knocked down YAP in
HCT116 and SW1116 cell lines with siRNA
(Figures S4A and S4B). Western blot results further
showed that suppression of YAP alleviated the
inhibition of Caspase-3 and GSDME cleavage
induced by F. nucleatum (Figures 5b & 5c, Figure
§4C). The morphological images and LDH release
assays showed that YAP knockdown repressed the
inhibitory effect of F. nucleatum on pyroptosis as
well (Figure 5d, e). These findings implied that
F. nucleatum could inhibit chemotherapy-induced
pyroptosis in CRC cells by modulating the YAP/
BCL2/Caspase-3/GSDME pathway.

F. nucleatum regulates the Hippo pathway to
induce chemoresistance

To explore the role of YAP in the chemoresistance
induced by F. nucleatum, we tested the effect of
YAP downregulation on the viability of
F. nucleatum- infected CRC cells after chemother-
apeutic drug coculture. The CCK8 assay showed
that downregulation of YAP inhibited F. nucleatum
infection-induced chemoresistance of CRC cells
in vitro (Figure 6a). In CRC organoids, downregu-
lation of YAP could inhibit the chemoresistance
induced by F. nucleatum and rescue the inhibition
of LDH release by F. nucleatum (Figure 6b-d).
Upregulation of BCL2 prevents downregulation of
YAP-mediated rescue of F. nucleatum-induced
chemoresistance and F. nucleatum-suppressed

LDH release (Figure 6b-d). In vivo assays ascer-
tained that knockdown of YAP rescued
F. nucleatum-induced chemoresistance in 5-FU-
treated mice (Figure 6e-g). Furthermore, BCL2
adenovirus blocked the downregulated YAP-
mediated reversion of F. nucleatum-induced
chemoresistance in tumor-bearing mouse models
treated with 5-Fu (Figure 6e-g). Moreover, the
inhibition of chemotherapy-induced LDH release
by F. nucleatum was reversed by YAP knockdown
(Figure 6h). BCL2 overexpression blocked the YAP
knockdown-mediated reversal of F. nucleatum-
inhibited LDH release (Figure 6h). In 5-FU-
treated Apc™™* mice, upregulated BCL2 could
rescue YAP inhibitor Verteporfin-mediated rever-
sal of F. nucleatum-induced chemoresistance and
F. nucleatum-inhibited LDH release as well (Figure
S5A-D). These data suggested that F. nucleatum
could inhibit chemotherapy-induced Caspase-3/
GSDME-related pyroptosis by regulating the
Hippo pathway and promoting BCL2 expression,
thereby potentiating chemoresistance.
Furthermore, we obtained stable GSDME-
knockout cells by CRISPR/Cas9, which was verified
via WB (Figures S6A and S6B). Interestingly, the
results showed that GSDME knockout only par-
tially blocked F. nucleatum-induced chemotherapy
resistance, implying that F. nucleatum may induce
chemotherapy resistance through autophagy or
apoptosis pathways as well (Figure S6C).

The abundance of F. nucleatum, YAP, and BCL2 is
clinically correlated

To investigate the clinical relevance of
F. nucleatum, YAP and BCL2 in CRC, we examined
their levels in CRC tissues and adjacent normal
colorectal tissues by immunohistochemistry and
PCR. The immunohistochemistry and qRT-PCR
results illustrated that the mRNA and protein levels
of BCL2 and YAP were highly expressed in recur-
rent patients compared with non-recurrent

organoids with F. nucleatum or BCL2 shRNA. (c) The size of proliferation on CRC patient-derived organoids was measured. (d) LDH
release from CRC patient-derived organoids with F. nucleatum after BCL2 downregulation was detected. (e) Xenograft tumors in the
nude mouse model were used to examine the effect of BCL2 inhibition on the chemoresistance of F. nucleatum-treated CRC cells. (f)
Tumor volumes were calculated after injection every 3 days. (g) Tumor weights are represented as the means of tumor weights + S.D.
(h) The release of serum LDH in nude mice was measured. Bars indicate S.D.
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patients (Figures 7a-c). Moreover, combining the
PCR results with F. nucleatum abundance in the
clinical cohort, the amount of F. nucleatum was
positively associated with the expression of YAP
and BCL2 in CRC tissues (Figures 7d & 7e). The
immunohistochemistry results showed that down-
regulated protein levels of Cleaved Caspase-3 and
N-GSDME were in recurrent patients compared
with non-recurrent patients (Figures 7f-h).
Moreover, the amount of F. nucleatum was nega-
tively correlated with Cleaved Caspase-3 and
N-GSDME in CRC (Figures 7i & 7j). The above
data supported that F. nucleatum could regulate the
chemotherapy-induced BCL2/Caspase-3/GSDME
pyroptosis pathway by activating the Hippo path-
way, thus mediating chemoresistance in CRC
(Figure 7k).

Discussion

The intestinal microbiota was reported to correlate
with chemotherapy resistance in CRC.** For exam-
ple, Caenorhabditis elegans can influence the host
response to 5-Fu’* The enrichment of
F. nucleatum was shown to be involved in drug
resistance to standard 5-Fu adjuvant chemotherapy
in patients with CRC after radical resection.”® In
this study, using a clinical cohort of 30 patients, the
results illustrated that F. nucleatum enrichment
was related to the recurrence of CRC after che-
motherapy. As chemoresistance is a major cause
of CRC recurrence, we hypothesized that enrich-
ment of F. nucleatum may be linked to CRC che-
motherapy resistance.

Based on our previous study, after reversing the
inhibition of apoptosis by F. nucleatum by blocking
autophagy, some CRC cells remained resistant to
chemotherapy.® Therefore, we further explored
whether other cell death models besides autophagy
and apoptosis were regulated by F. nucleatum and
involved in chemoresistance in CRC. In 2017, Shao
et al. demonstrated that chemotherapy can cleave
GSDME through the cleavage of activated Caspase-

3, producing GSDME-N fragments in cancer cells
to induce pyroptosis.'”> In CRC, the chemothera-
peutic drug lobaplatin and small molecule protein
Apoptin could induce GSDME-mediated pyropto-
sis in CRC cells.'®*® These studies suggested that
inhibition of pyroptosis-related gene GSDME spli-
cing in tumors may trigger chemoresistance in
tumors. Therefore, we hypothesized that
F. nucleatum could induce chemotherapeutic
drug resistance by affecting Caspase-3/GSDME-
mediated pyroptosis. Our results confirmed that
F. nucleatum infection inhibited chemotherapeutic
drug-induced cell swelling and LDH release and
suppressed Caspase-3 and GSDME cleavage at the
protein level. These results suggested that
F. nucleatum could inhibit Caspase-3/GSDME
pathway-mediated pyroptosis induced by che-
motherapy drugs. These findings explained the
correlation between pyroptosis and chemother-
apy resistance from the perspective of gut
microbiota. Based on our previous findings
that F. nucleatum could induce CRC chemore-
sistance by inducing autophagy, we further sup-
plemented the mechanism between F. nucleatum
and chemoresistance.

BCL2 is widely recognized as an important inhi-
bitor of apoptosis that maintains mitochondrial
membrane integrity. Increased expression levels
of BCL2 have been associated with resistance to
several anticancer drugs.”’”** Our results illu-
strated that BCL2 could mediate the F. nucleatum-
repressed chemotherapy-induced Caspase-3/
GSDME  pyroptosis pathway and affect
F. nucleatum-induced chemoresistance, which
may provide a theoretical basis for the clinical
application of BCL2 inhibitors.

The oncogenic transcriptional coactivator YAP
is nuclear effector of the Hippo signaling pathway,
which could play a key role in tissue homeostasis
and tumorigenesis.’>! Aberrantly expressed YAP
has been characterized in a variety of cancers.’!
YAP overexpression is also linked to poor prog-
nosis in CRC.>* Therefore, a better understanding

YAP. After coculturing with F. nucleatum and chemotherapy drugs, pyroptosis target proteins were detected by western blotting. (d)
Representative bright-field images were observed under a light microscope. Yellow arrows indicate large bubbles emerging from the
cell membrane. (e) The effect of YAP knockdown on LDH release in CRC cells infected with F. nucleatum was detected. All experiments

were performed in biological triplicates.
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of the Hippo pathway signaling mechanism may
identify new therapeutic targets for the treatment
of cancer. This study revealed that F. nucleatum
infection could promote YAP nuclear translocation
and act as a cotranscription factor in the BCL2
promoter region to promote the transcription of
BCL2 in CRC cells. YAP knockdown downregu-
lated BCL2 expression to promote Caspase-3 clea-
vage and GSDME cleavage and rescued the
inhibition of chemotherapy-induced pyroptosis
and chemoresistance of F. nucleatum, which may
be used as a potential molecular target for CRC
treatment. However, how F. nucleatum modulates
the Hippo pathway and the specific mechanism is
still unknown. Previous research may give us some
suggestions. Fusobacterial LPS has been illustrated
to interplay with cell membrane receptor TLR4,
thus activating the NF-kB signaling pathway.> "
It has been reported that there is a reciprocal reg-
ulation between Hippo-YAP/TAZ and NF-kB sig-
naling pathway.’®>” Therefore, we hypothesized
that Fusobacterial LPS may interact with cell mem-
brane receptor TLR4 to trigger NF-«B, thus regu-
lating the Hippo pathway and pyroptosis, which
needs to be further confirmed. Moreover, other
possible interactions and mechanisms between
F. nucleatum and CRC cells need to be further
explored as well.

Taken together, F. nucleatum abundance was
found to be correlated with postoperative che-
motherapy resistance in patients with CRC.
F. nucleatum could regulate the Hippo pathway
and promote the expression of BCL2, thereby inhi-
biting the chemotherapy-induced Caspase-3/
GSDME pyroptosis-related pathway and mediating
the chemoresistance of CRC cells. Our data indi-
cated the potential utilities of F. nucleatum as
a prognostic biomarker and a novel therapeutic
target in CRC. The important role of F. nucleatum-
regulated chemotherapy-induced pyroptosis in col-
orectal chemoresistance may provide a new theo-
retical basis for the clinical prevention and
treatment of CRC.

Material and methods
Tissue gathering and ethics statement

Thirty CRC patients who underwent surgery
(2021-2023) at Shanghai Renji Hospital were
included. Tissue samples were rapidly stored in
liquid nitrogen until RNA was extracted. This
study was approved by the ethics committee of
Renji Hospital, School of Medicine, Shanghai Jiao
Tong University. And the procedures were in
accordance with the Helsinki Declaration of 1975.
Informed consent was obtained from participating
patients.

Detection of F. nucleatum abundance

A QIAamp DNA FFPE Tissue Kit (QIAGEN,
Hilden, Germany 56,404) was used for extraction
of total DNA from FFPE CRC specimens.
Quantitative real-time PCR (qPCR) was used to
detect F. nucleatum abundance (see
Supplementary Table S1 for primers).

RNA extraction and qRT—PCR analysis

RNA was isolated from specimens or cultured cells
with TRIzol reagent (Invitrogen, USA 15,596,026).
Then, RNA was reverse transcribed to ¢cDNA
a Reverse Transcription Kit (Takara, Japan,
RR037A). For real-time PCR analysis, we used TB
Green (Takara, Japan, RR820A). The expression
data were normalized to the expression of glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH).
The primer sequences are listed in Supplementary
Table S1.

Bacterial strains and the growth conditions

F. nucleatum (ATCC 25,586) were purchased from
the American Type Culture Collection (ATCC,
Manassas, Virginia) and cultured under anaerobic
conditions, consisting of 90% N, 5% CO,, and 5%
H, at 37°C, as previously described.?

CRC cells CRC patient-derived organoids was measured. (d) LDH release from CRC patient-derived organoids with F. nucleatum after
YAP downregulation or BCL2 upregulation was detected. (e) Representative data of xenograft tumors in the nude mouse model
bearing HCT116 cells in different groups. (f-g) statistical analysis of mouse tumor volumes (f) and weights (g). (h) The release of LDH in

the serum of nude mice was detected. Bars indicate S.D.
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Cell culture

CRC cell lines HCT116 and SW1116 were pur-
chased from ATCC. HCT116 and SW1116 cells
were cultured in RPMI-1640 medium and
DMEM, respectively, with 10% FBS in 5% CO,.
All experiments were performed with myco-
plasma-free cells. Bacterial treatment conditions
for all F. nucleatum treatment experiments were
treated in simple medium with a multiplicity of
infection (MOI) of 200 for 2 h.

Oxaliplatin (S1224), 5-FU (S1209), Grifolin
(HY-N9271), Chloroquine (CQ) (HY-17589A),
and Triclabendazole (HY-B0621) were obtained
from MedChemExpress (Shanghai, China). Si-
NC, BCL2 siRNAs and YAP siRNA were con-
structed by GenePharma (Shanghai, China). The
sh-BCL2, sh-YAP and BCL2 adenoviruses were
obtained from Obio Technology Company
(Shanghai, China). DharmaFECT 1 siRNA trans-
fection reagent (Invitrogen, Carlsbad, CA, T-2001-
04) and X-tremeGENE HP DNA Transfection
Reagent (Roche, Basel, Switzerland 6,366,236,001)
were used for siRNA and plasmid transfection,
respectively. The siRNA and shRNA sequences
are shown in Supplementary Table S1.

Collection and culture of CRC patient-derived
organoid

Organoids derived from patients’ CRC tissues were
isolated and cultured as previously described.’®*’
Organoids were embedded into Matrigel (Corning,
New York, USA 354,234). The medium was
renewed every 2days. After 5days of culture,
Matrigel was disrupted by mechanical force or
digestion buffer to expose the organoids.
Organoids were then collected by centrifugation
and re-cultured for further experiments.

Microscopy imaging

To observe the morphology of pyroptosis, we
seeded the cells on 6-well plates and took bright

field pictures. Furthermore, pore formation of pyr-
optosis was observed under electron microscopy.

LDH release assay

LDH levels were measured by a CytoTox96 LDH-
release kit (Promega, Madison, WI, USA, G1780).
The absorbance value at 450 nm was detected. Each
assay was repeated three times.

Cell proliferation analysis

Cell viability was measured by a CCKS8 kit
(Cell Counting Kit-8, Dojindo, Japan, HY-
000868). Assays were repeated independently
three times.

Western blot assay and antibodies

The protein was electrophoretically separated using
SDS—-PAGE, transferred to a PVDF membrane
(Bio-Rad, USA 1,620,177) and incubated with spe-
cific antibodies. Signals were measured by an ECL
Kit (Pierce Biotech, Rockford, Illinois, USA
32,209). The anti-ACTB antibody (CST, USA,
5125S) was employed as the control. Antibodies
were purchased from two manufacturers, Cell
Signaling Technology: Cleaved-Caspase-3 (9664),
YAP (14074), BCL2 (15071), and Abcam: GSDME
(ab215191).

Flow cytometric analysis

After transfection with si-NC or si-BCL2, CRC
cells treated with chemotherapy drug or
F. nucleatum were harvested by trypsinization.
After double staining with fluorescein isothiocya-
nate (FITC)-Annexin V and propidium iodide (BD
Biosciences, Franklin Lakes, NJ, USA, BD556547),
the cells were analyzed by flow cytometry
(FACScan; BD Biosciences).

(f) Protein levels of cleaved caspase-3 and N-GSDME in CRC tissues from non-recurrent and recurrent patients were detected by
immunohistochemistry. (g and h) statistical analysis of immunohistochemical immunoreactive score of Remmele and Stegner (IRS)
scores of cleaved caspase-3 and N-GSDME proteins. (i and j) correlation of the expression levels of F. nucleatum, cleaved caspase-3 and
N-GSDME in human CRC tissues. (k) The schematic model shows that F. nucleatum may affect chemoresistance in CRC cells by

inhibiting chemotherapy-induced pyroptosis.



In vivo tumor formation assays

In order to reduce the uncertainties in the experi-
ment and maintain the consistency and reliability
of the results, male nude mice were selected in this
study. Four-week-old male nude mice purchased
from the Experimental Animal Center of Shanghai
Institute for Biological Sciences (Shanghai, China)
were maintained under SPF conditions. HCT116
cells transfected with sh-BCL2 or sh-YAP were
resuspended at 5x 10° cells/mL and subcuta-
neously inoculated into the mouse armpit.
Intratumoral injection of adenovirus, peritumoral
injection of F. nucleatum, and intraperitoneal
injection of chemotherapy drugs were performed
twice a week. Then, the tumor volumes were cal-
culated as 0.5 x D x d* (V, volume; D, longitudinal
diameter; and d, latitudinal diameter) every 3 days.
On day 19 postinjection, tumor weights were
detected after mouse sacrifice. Apc™”* mice at 5-
6 weeks old were treated with oral gavage of BCL2
inhibitor Venetoclax (MedChemExpress, China,
HY-15531), intraperitoneal injections of YAP inhi-
bitor Verteporfin (MedChemExpress, China, HY-
B0146), enema of BCL2 adenovirus or oral gavage
of F. nucleatum. F. nucleatum solution was col-
lected and resuspended in PBS and then gavage to
mice (1x 10°® colony-forming unit (CFU)/100 uL
PBS per mouse). After 12 weeks for the develop-
ment of neoplastic lesions, tumor number and size
were detected after mouse sacrifice. The study was
implemented in strict accordance with Guide
Recommendations for the National Institute of
Health Guidelines for the Care and Use of
Laboratory Animals. The protocol was approved
by the Animal Care and Use Committee of Renji
Hospital, School of Medicine, Shanghai Jiao Tong
University.

Chromatin immunoprecipitation assays (ChIP)

ChIP was implemented using EZ-ChIP KIT (17-
371, Millipore, USA). YAP antibodies were pur-
chased from Cell Signaling Technology.
Quantification of chromatin DNA was detected
by qPCR. The primer sequence sequences are
shown in Supplementary Table S1.
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CRISPR/Cas9-mediated accomplishment of
GSDME-knockout cells

The CRISPR/Cas9 genomic editing system was
employed to create GSMDE knockout HCT116
cells, utilizing the single-guide RNA (sgRNA)
(TGAGTACATCGCCAAGGGTG) targeting the
deletion of GSDME gene, which was synthesized by
Obio Technology Corporation (Shanghai, China).
The constructed vector was pLenti-U6- spgRNA
(GSDME)-CMV-Puro-P2A-3Flag-spCas9-wpre.

A non-targeting sgRNA (sgCon) was the control.
Stably transfected cells were filtered by 1 ug/ml pur-
omycin after 72h. Then monoclonal cells were
selected through limiting dilution. Western blot was
used to verify the knockout of GSDME in HCT116
cells.

Immunohistochemistry

All tissue samples were embedded in the paraf-
fin and sliced into 5-pm sections. The sections
were blocked with QuickBlock blocking buffer
(P0260, Beyotime, China) for 15min at RT for
subsequent immunostaining, followed by incu-
bation with primary antibodies against YAP
(1:200, CST, USA 14,074), BCL2 (1:400, CST,
USA 15,071), Cleaved-Caspase-3 (1:200, CST,
USA, 9664), N-GSDME (1:200, Abcam, USA,
ab222408) at 4°C overnight. Then the
MaxvisionTM2  HRP-Polymer anti-Mouse
/Rabbit ITHC Kit (KIT-5920, Maixin, China)
was used to perform DAB staining and the sec-
tions were counterstained with hematoxylin.

Statistical analysis

T test or one-way ANOVA test was used to assess
the significance of the differences between groups.
All outcome data are expressed as the mean + stan-
dard deviation (mean + SD). Two-sided p values
were calculated, with a value of less than 0.05
considered to indicate statistical significance.

Abbreviations

AUC
CCK8

area under the curve
Cell Counting Kit-8
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ChIP Chromatin immunoprecipitation assays

DENA5  deafness, autosomal dominant 5

GAPDH glyceraldehyde-3-phosphate
dehydrogenase

GSDM  Gasdermin

LDH lactate dehydrogenase

MOI multiplicity of infection

RFS recurrence-free survival

ROC receiver operating characteristic

TEM Transmission electron microscopy
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