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Caspase-6/Gasdermin C-Mediated Tumor Cell Pyroptosis
Promotes Colorectal Cancer Progression Through
CXCL2-Dependent Recruitment of Myeloid-Derived

Suppressor Cells

Hanchao Gao, Yikun Yao, Weilong Li, Zigan Xu, Wenjun Hu, Kewang Luo, Peishan Chen,
Wanjing Shang, Shaodong Luan, Guojun Shi,* Mengtao Cao,* and Pengfei Chen*

Gasdermin (GSDM) family proteins mediate inflammatory cell pyroptosis and
exert critical contributions to the pathogenesis of gastrointestinal cancers,
infections, and gut mucosal inflammation. Gasdermin C (GSDMC) is
overexpressed in human colorectal cancer (CRC); however, the molecular
mechanisms underlying GSDMC regulation of CRC tumorigenesis are largely
elusive. Here, it is found that both GSDMC expression and activation are
significantly elevated in human and mouse CRC tissues. Gsdmc2/3 /4
deficiency attenuates tumor progression in both chemically induced CRC
mouse model and spontaneous intestinal tumor model. Mechanistically,
under hypoxia and low-glucose condition, GSDMC2/3 /4 are directly activated
by Caspase-6, but not by Caspase-8, as previously reported in other cancers.
GSDMC2/3 /4-mediated pyroptosis in tumor cells leads to the release of high
mobility group protein B1 (HMGB1), which enhances the expression of
chemokine attractant C-X-C motif chemokine 2 (CXCL2) in surrounding tumor
cells. Subsequently, the elevated CXCL2 secretion from tumor cells promotes
the recruitment of myeloid-derived suppressor cells (MDSCs) into the tumor
microenvironment (TME) through C-X-C chemokine receptor type 2 (CXCR?2),
thereby facilitating CRC progression. These findings reveal a mechanism by
which Caspase-6/GSDMC-mediated tumor cell pyroptosis, in response to
hypoxic and low-glucose conditions, remodels the immunosuppressive
microenvironment through CXCL2-dependent recruitment of MDSCs. These
results identify GSDMC as a potential drug target for CRC therapy.

1. Introduction

Colorectal cancer (CRC) is the third most
prevalent malignancy and the second
leading cause of cancer-related deaths
worldwide.?)  From the perspective
of molecular mechanisms underlying
carcinogenesis of CRC, genetic hyper-
mutability accounts for 70% of cases,
including mutations in Adenomatous
polyposis coli (APC), Kirsten rat sar-
coma viral oncogene homolog (KRAS),
Phosphatidylinositol-4,5-bisphosphate ~ 3-
kinase catalytic subunit alpha (PIK3CA), B-
Raf proto-oncogene (BRAF), SMAD family
member 4 (SMAD4), or Tumor protein p53
(TP53).341 However, tumor development
largely depends on the close interaction
of mutant cells with their tumor microen-
vironment (TME). The TME is primarily
composed of three cell types including
tumor-associated fibroblasts, intratumor
vascular cells, and infiltrating immune
cells. The tumor infiltrating immune cells
comprise cytotoxic T cells, regulatory T
cells, T2 cells, T;17 cells, macrophages,
natural killer cells, myeloid-derived sup-
pressor cells (MDSCs), and B cells, which
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exhibit diverse functionalities in restricting or driving tumor
progression.’) MDSCs are a cluster of tumor infiltrating im-
mune cells in TME, which can indirectly suppress anti-tumor
immune responses or directly promote tumor cell survival, pro-
liferation, and metastasis.!>!

The imbalance between rapidly proliferating tumor cells and
blood supply often leads to hypoxia and low-glucose condi-
tion of TME.I®) Hypoxia is a well-known feature of solid tu-
mors and an independent prognostic indicator, which is re-
lated to poor survival in various cancer types including intesti-
nal cancer.l”! The hypoxic and low-glucose TME contributes to
immunosuppression by modulating tumor cell metabolism, in-
tercellular communication, epi-transcriptomic, and epigenomic
regulation.®!/ Hypoxia has been demonstrated to be required
for the differentiation and function of MDSCs in hepatocellu-
lar carcinoma and melanoma.’"!l However, the detailed mecha-
nisms of hypoxia and low-glucose TME that regulate the recruit-
ment function of MDSCs in CRC development remain largely
unclear.

Since the discovery of Gasdermin (GSDM) family of pro-
teins as the final executors of pyroptosis,'?l a growing body
of evidence has demonstrated the roles of GSDM-mediated py-
roptosis in inflammatory diseases, cancer, and hematopoietic
disorders.['*] The GSDM family includes six members: GS-
DMA/B/C/D/E and Pejvakin (PJVK).['*] There is one GSDMC
gene in humans and four orthologs in mice (Gsdmc1/2/3/4). GS-
DMC is highly expressed in several cancers and correlates with
the poor survival rate.'>7] It was reported that a-ketoglutarate
induces the intracellular DR6-containing receptosome for acti-
vation of GSDMC by Caspase-8 in cancer cell lines.['®! Under
hypoxia condition, phosphorylated signal transducer and acti-
vator of transcription 3 (p-STAT3) forms a complex with nu-
clear PD-L1 to activate the transcription of GSDMC in breast
cancer cells and increases GSDMC-mediated cell pyroptosis
to promote tumor necrosis.['®! T cell derived granzyme B ac-
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tivates Caspase-6, which subsequently cleaves GSDMC to in-
duce pyroptosis, sensitizing breast cancer cells to poly (ADP-
ribose) polymerase (PARP) inhibitor therapy.*”) Beyond its role
in cancer, GSDMC plays vital roles in intestinal epithelial cell
(IEC) pyroptosis during type 2 immune response, facilitating
the release of antiparasitic factors or IL-33 to induce intesti-
nal inflammation.l221] In the pathogenesis of intestinal cancer,
the GSDM family proteins might play different roles in CRC
development.l'”] Specifically, GSDMC2 and GSDMC4 were up-
regulated by the inactivation of TGFSR Type II in the Apc muta-
tion mouse model, and GSDMC promoted colon cancer cells pro-
liferation and colony formation in vitro.?2l However, it is unclear
whether GSDMC is involved in the regulation of intestinal cancer
development.

Here, we analyzed the expression levels and activation of GS-
DMC in human CRC tissue-array and mouse CRC tissues and re-
vealed the elevated expression and activation of GSDMC in CRC
tissues. We demonstrated that Gsdmc2/3/4 deficiency in mice at-
tenuated intestinal tumor development in both chemically in-
duced CRC model and Apc™"/+ spontaneous intestinal tumor
model. Mechanistically, we revealed that GSDMC was activated
by Caspase-6 in intestinal tumors under hypoxia and low-glucose
condition. The activation of GSDMC in tumor cells promoted tu-
mor progression through facilitating the release of HMGB1 and
CXCL2-dependent recruitment of MDSCs to orchestrate the im-
munosuppressive microenvironment.

2. Results

2.1. GSDMC is Elevated and Activated in Intestinal Cancer

We first analyzed the transcriptional expression of GSDM fam-
ily members in colorectal adenocarcinoma using The Cancer
Genome Atlas (TCGA) dataset. We found that the transcrip-
tional levels of GSDMA, GSDMC, and PJVK were significantly
increased in human colorectal tumors; while, the expression of
GSDMB, GSDMD, and GSDME remained unchanged. Among
the GSDM family members, GSDMC showed the most remark-
able upregulation (~tenfold change) in human colorectal tumors
(Figure S1A, Supporting Information). In addition, the median
expression levels of GSDMC were significantly higher in tumor
tissues for most of the cancers analyzed (13/17) (Figure S1B,
Supporting Information). To understand the role of GSDMC in
regulating CRC development, we first determined the GSDMC
protein level by immunohistochemical assay of a human tissue-
array, which included colorectal tumors and paired non-tumor
tissues from 75 patients. Compared to adjacent non-tumor tis-
sues, the expression of GSDMC was significantly higher in col-
orectal cancers (Figure 1A,B; Figure S1C, Supporting Informa-
tion). High GSDMC expression was observed in 95% (21/22) of
grade 3 CRC cases and 68% (34/50) of grade 1/2 CRC cases,
suggesting a potential positive correlation between GSDMC ex-
pression levels and tumor progression (Figure 1C). Although the
transcript levels of GSDMC were similar among subgroups by
fractional analysis according to tumor stage, metastasis, subtype,
and age, its expression was significantly higher in colon adeno-
carcinoma than in normal tissues (Figure S1D, Supporting In-
formation). A decreased survival rate in patients with colon ade-
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Figure 1. GSDMC is induced and activated in intestinal cancer. A) Representative images showing GSDMC staining in human CRC microarray. B,C)
Quantification of GSDMC expression density in human CRC microarray. D) Immunohistochemical staining of GSDMC in AOM-DSS induced mouse
CRC and normal colon tissue. E) Quantification of GSDMC expression density in (D). F-I) Western blot analysis of GSDMC expression in mouse CRC,
normal colon (F), and in intestinal tumors from Apc™"/* mice and small intestine (H). Bar graphs represent quantitative analysis of total GSDMC (full
length plus cleaved) and cleaved GSDMC, normalized to GAPDH band intensity. The ratio of cleaved N-terminal GSDMC to total GSDMC (G,l). Data
are representative of at least three independent experiments (mean + SEM in [B,C,E-I]). *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t-test. Sl:

small intestine, N: normal colon.
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nocarcinoma was associated with higher levels of GSDMC ex-
pression (Figure S1E, Supporting Information) from the TCGA
dataset.

Further, GSDMC expression was also upregulated in the
Azoxymethane-Dextran sulfate sodium (AOM-DSS) induced
CRC mouse model (Figure 1D,E). Increased expression and
activation of GSDMC, as evidenced by the generation of its
N-terminal fragment, were detected in CRC tissues by Western
blotting (Figure 1F). The significantly increased ratio of N-
terminal fragment to total GSDMC was observed in CRC tissues,
indicating enhanced activation of GSDMC beyond increased
expression (Figure 1G). Similarly, there was an increase in the
expression and activation of GSDMC in spontaneous intestinal
tumors from Apc™®/* mice compared with normal intestinal
tissue (Figure 1H,I). In addition, we determined the mRNA
expression levels of GSDMC orthologs by qPCR in mouse in-
testinal tumors. GSDMC2/3/4 showed an upregulation of more
than tenfold in mouse CRC compared to normal colon; while,
GSDMC1 remained unchanged (Figure S1F, Supporting Infor-
mation). GSDMC1/2/3/4 were increased in intestinal tumors
from Apc™"/* mice (Figure S1G, Supporting Information). Taken
together, our data demonstrate that the expression and activation
of GSDMC are significantly increased in intestinal tumors.

2.2. GSDMC2/3 /4 Promote AOM-DSS Induced Colorectal Cancer
Progression

To study the role of GSDMC in tumor pathogenesis, we first as-
sessed the expression of four GSDMC orthologs in mouse tis-
sues and found abundant mRNA expression of GSDMC2, GS-
DMC3, and GSDMC4 in colon tissue; while, GSDMC1 mRNA
expression was relatively low (Figure S2A, Supporting Informa-
tion). Given the increased expression and activation of GSDMC
in colorectal cancer, we next asked whether GSDMCs played a
vital role in CRC development. We generated Gsdmc1 knockout
mice (C1 KO, Gsdmc17/~) and Gsdmc2/3/4 triple knockout mice
(C2-4KO, Gsdmc2-47/~) and induced CRC development using the
AOM-DSS model. Deficiency of Gsdmc1had a marginal effect on
tumor formation; while, deficiency of Gsdmc2-4 dramatically re-
duced colon tumor formation (Figure 2A). The limited effect of
GSDMC1 on CRC development could be explained by its rela-
tively low transcriptional abundance in mouse colon (Figure S2A,
Supporting Information). H&E staining revealed decreased tu-
mor size in Gsdmc2-4-/~ mice (Figure 2B). Statistical analysis of
all visible tumors revealed that most of the tumors in Gsdmc2-
47/~ mice were small (<2 mm); while, wild type littermates
and Gsdmc1~/~ mice developed more tumors with large size (2-
4 mm) (Figure 2C). Both tumor number and tumor load were sig-
nificantly diminished in Gsdmc2-47/~ mice (Figure 2D,E). Con-
sistent with repressed tumor progression, Gsdmc2—4 deficiency
alleviated body weight loss and promoted recovery in the latter
half of the experiment schedule (Figure S2B, Supporting Infor-
mation). As developed tumors can elicit inflammation, Gsdmc2-
4 deficiency also decreased expression of proinflammatory genes
(Figure S2C, Supporting Information). Taken together, our data
suggest that GSDMC2—4, but not GSDMC1, are involved in pro-
moting CRC progression.
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2.3. Epithelial Cell-Derived GSDMC2/3/4 Promote AOM-DSS
Induced Colorectal Cancer Development

We next characterized the cell type-specific expression pattern of
GSDMC within colon tissues and found that GSDMC expres-
sion was restricted to CDH1* epithelial cells, but not in CD45"
hematopoietic cells or COL3A1* fibroblast cells, based on single-
cell RNA sequencing data (Figure S3A, Supporting Information).
Multicolor immunofluorescence staining confirmed that the E-
cadherin® epithelial cells expressed GSDMC in both the colon
and small intestine (Figure S3B, Supporting Information). These
data suggest that GSDMC is specifically expressed in intesti-
nal epithelial cells. To explore the contribution of intestinal ep-
ithelial cells versus immune cells in GSDMC-driven colorectal
tumor development, bone marrow transplantation followed by
AOM-DSS challenge was performed. Irradiated wild-type (WT)
recipients reconstituted with WT or Gsdmc2-4~/~ bone marrow
cells showed comparable tumor size (Figure 2F, left panel), tu-
mor number, and tumor load (Figure 2G), suggesting that GS-
DMC in immune cells is dispensable for AOM-DSS induced
CRC progression. Meanwhile, reconstituted Gsdmc2—4~/~ recip-
ient mice showed reduced tumor size (Figure 2F, right panel),
tumor number, and tumor load (Figure 2G), regardless of the
donor by comparison to reconstituted WT recipient mice. These
results demonstrate that GSDMC2—4 in intestinal epithelial
cells are critical for colorectal cancer progression in this mouse
model.

The AOM-DSS induced CRC mouse model is typically cor-
related with colitis. Thus, we asked whether GSDMC was
involved in acute colitis development. Interestingly, Gsdmc2—
4 deficiency protected mice from DSS-induced colitis (Figure
S4A,B, Supporting Information). Consistently, Gsdmc2—4 de-
ficiency led to decreased inflammatory cell infiltration and
less severe disruption of the mucosal epithelium (Figure
S4C, Supporting Information), and protected mice from DSS-
induced cell death (Figure S4D, Supporting Information).
These data suggest that GSDMC2/3/4 promote DSS-induced
colitis.

2.4. GSDMC2/3/4 Promote Spontaneous Intestinal Cancer
Progression

To determine whether GSDMC functions in promoting
spontaneous intestinal tumor development, we generated
Apc™in/* Gsdme1™/~ and Apc™/* Gsdmc2-47/~ mice. Deficiency
of Gsdmc2-4 in Apc™™* mice dramatically suppressed spon-
taneous intestinal tumor development (Figure 2H,I). Both
tumor number (Figure 2J) and tumor load (Figure 2K) were
significantly reduced in the small intestine and colon. Similar
to the AOM-DSS induced CRC, Apc™"/*Gsdmc2-47/~ mice
developed smaller tumors (Figure S5A, Supporting Informa-
tion). Consistent with the less severe tumor development, the
anemia and thymus atrophy in Apc™"/* mice were significantly
ameliorated by Gsdmc2—4 deficiency (Figure S5B,C, Support-
ing Information). Taken together, our data demonstrate that
GSDMC2—4 play a vital role in spontaneous intestinal tumor
development.
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Figure 2. GSDMC2/3/4 promote intestinal cancer progression. A,B) Macroscopic view (A) and H&E histology (B) of the representative colons from WT,
C1 KO, and C2—4 KO mice at the end of the AOM-DSS model. C) Histogram showing the size distribution of tumors as indicated in (A). D,E) Tumor
number (D) and tumor load (E) from mice as indicated in (A). F) H&E histology of the representative tumors from the BM-transplanted mice at the
end of the AOM-DSS model. G) Colon tumor number and tumor load from mice as indicated in (F). H,l) Macroscopic view (H) and H&E histology (1)
of the representative small intestines from 20-week old Apc™"/+, Apc™in/+ C1 KO, and Apc™in/+ C2-4 KO mice. },K) Tumor number (J) and tumor load
(K) in the small intestines or colons from spontaneous intestinal tumor model in (H). Data are representative of two (F,G) or three (A-E) independent
experiments (mean = SEM in [D, E, G, ] and K]). *p < 0.05 and **p < 0.01 by Student’s t-test. NS: no significance.
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2.5. GSDMC2/3/4 Promote Colorectal Tumor Cell Proliferation
In Vivo

To explore the mechanism of GSDMC in promoting CRC
development, we first established CT26 and MC38 mouse
colorectal cancer cell lines stably overexpressing GSDMC2-4
or expressing shRNA targeting GSDMC2-4 (shGSDMC) and
confirmed the overexpression or knockdown of GSDMC2-4 by
qPCR and Western blot (Figure S6A,B, Supporting Information).
Overexpression or knockdown of GSDMC2-4 in CT26 and MC38
cells had no effect on cell proliferation in vitro, as assayed by
Cell counting kit-8 (CCK-8) assay (Figure 3A). However, over-
expression of GSDMC2-4 remarkably promoted tumor growth;
while, knockdown of GSDMC2-4 inhibited tumor growth in the
subcutaneous tumor model for MC38 (Figure 3B,C) and CT26
(Figure 3D-F). To investigate whether GSDMC2, GSDMC3,
and GSDMC4 played redundant roles in promoting tumor
growth, we overexpressed GSDMC2, GSDMC3, and GSDMC4
individually in MC38 and CT26 cells and discovered that over-
expression of any individual gene showed no apparent effect
on tumor cell proliferation in vitro (Figure S6C,D, Support-
ing Information). Interestingly, overexpression of GSDMC2,
GSMDC3, or GSDMC4 promoted tumor growth of MC38 cells
in the subcutaneous tumor model (Figure S6E,F, Supporting
Information), suggesting that any one of GSDMC2, GSMDC3,
or GSDMC4 was sufficient to promote tumor growth in vivo.
These data suggest that GSDMC2, GSDMC3, or GSDMC4
promote CRC development in a redundant manner. In addition,
as the tumor microenvironment is one of the key factors driving
the difference in tumor cell growth between in vitro and in vivo
conditions, our data suggest that GSDMC2/3/4 might promote
CRC progression by regulating the TME.

T cells in the TME play important roles in tumor progression.
To determine whether GSDMC-mediated tumor growth is de-
pendent on T cells, nude mice were used to assess tumor growth
in vivo. Our results showed that the effects of overexpression or
knockdown of GSDMC2-4 on MC38 tumor growth in nude mice
were similar to those in C57BL/6 mice (Figure S6G, Support-
ing Information). Overexpression of GSDMC2-4 in CT26 cells
showed a trend but no significant difference in promoting tu-
mor growth in nude mice; however, knockdown of GSDMC2-4
inhibited tumor growth (Figure S6H, Supporting Information).
These data suggest that GSDMC2/3 /4-mediated promotion of tu-
mor growth in vivo is not solely dependent on T cells.

Overexpression of GSDMC significantly promoted in vivo tu-
mor cell proliferation, as indicated by the increased Ki67 staining
signal, as well as the increased intensity of microvessels (CD31
staining) in both CT26 tumors (Figure 3G,H) and MC38 tumors
(Figure 3LJ). Further, in the AOM-DSS induced CRC model,
Gsdmc2-4 deficiency also led to decreased tumor proliferation, as
shown by fewer Ki67* cells in CRC tissues (Figure 3K,L). These
results indicate that GSDMC2/3/4 promote tumor growth in
vivo.

2.6. Hypoxia and Low-Glucose Mediated GSDMC Activation
Promotes Tumor Cell Pyroptosis to Facilitate Tumor Necrosis

Hypoxia and low-glucose conditions are commonly observed in
regions surrounding necrotic tumor cells and could profoundly
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influence TME to limit immune responses.|®?*-?°] Interestingly,
we noticed that the GSDMC-expressing CT26 tumors in syn-
geneic mice frequently displayed areas of necrosis compared to
size-matched control tumors (Figure 4A). H&E staining revealed
larger areas of necrosis in GSDMC-expressing CT26 or MC38
tumors, while showing less necrosis in shGSDMC-expressing
tumors (Figure 4B,C). TUNEL staining showed elevated cell
death in the necrotic core of GSDMC-expressing CT26 tumors
(Figure 4D,E). Increased GSDMC activation was observed in
GSDMC-expressing tumors, indicating enhanced cell pyroptosis,
consistent with the TUNEL staining results (Figure 4F). Simi-
larly, Gsdmc2-4 deficiency dramatically decreased necrotic areas
in CRC tissues (Figure 4G). Echoing the reduced necrosis, tu-
mors from Gsdmc2—4 deficient mice exhibited reduced TUNEL
staining signals, indicating less cell death in Gsdmc2—4 deficient
tumors (Figure 4H). These data suggest that GSDMC2/3/4 might
promote tumor cell pyroptosis, thereby facilitating tumor necro-
sis.

Given the increase in necrotic areas in GSDMC-
overexpressing tumors, we next sought to explore whether
GSDMC could be activated by hypoxia and low-glucose
conditions to mediate cell pyroptosis. To this end, GSDMC-
overexpressing MC38 and CT26 cells, as well as the control cells,
were cultured in oxygen-glucose depleted (OGD) medium for 6
h. Pyroptotic nuclear expulsions were prominently observed in
GSDMC-overexpressing MC38 (Figure 41) and CT26 (Figure 4])
cells under OGD treatment; while, control cells exhibited a
significantly lower degree of such expulsions, suggesting that
overexpression of GSDMC increased cell pyroptosis under OGD
conditions. Further, OGD treatment resulted in the activation
of GSDMC in MC38 and CT26 cells (Figure 4K), as well as in
freshly isolated primary colon tissues and colorectal tumors
from mice (Figure 4L,M). Statistical analysis of western blot
band intensity showed increased expression of GSDMC2 and
GSDMC3 at the protein level in colorectal tumors upon OGD
treatment (Figure 4N), and the increased mRNA expression
levels of GSDMC2 and GSDMC3 were also confirmed by qPCR
(Figure 40). These results suggest that hypoxia and low-glucose
conditions are sufficient to activate GSDMC in vitro and also
induce GSDMC expression in colorectal tumor cells, indicating
that physiological hypoxia and low-glucose conditions might
facilitate tumor necrosis through activating GSDMC.

2.7. Caspase-6 is Responsible for Hypoxia and Low-Glucose
Induced GSDMC Activation in Colorectal Cancer

GSDMC was previously shown to be cleaved by Caspase-6 and
Caspase-8 in vitro and was activated by Caspase-8 but not by
Caspase-6 in breast cancer.!'®! To investigate which Caspase pro-
tein might be responsible for GSDMC activation in colorectal
cancer, we first analyzed the expression of various Caspase pro-
teins in intestinal tumors. We found that Caspase-1, Caspase-6,
and Caspase-8 were expressed and activated in mouse CRC and
small intestinal tumors (Figure 5A,B). In addition, analysis of the
human TCGA dataset for CRC revealed that the median mRNA
expression levels of Caspase-6 and Caspase-8 were significantly
higher in tumors; while, Caspase-1 expression remained un-
changed (Figure S7A-C, Supporting Information). As GSDMC

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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activation could be induced by OGD treatment (Figure 4H-]), we
next sought to determine which Caspase was responsible for GS-
DMC activation under these conditions. Using an ex vivo culture
system with OGD treatment, we observed that both Caspase-6
and Caspase-8 were activated in mouse CRC tissues (Figure 5C).
To identify which Caspase mediated GSDMC activation, we pre-
treated CRC tissues with the Caspase-1 inhibitor AC-YVAD,
the Caspase-6 inhibitor Z-VEID or the Caspase-8 inhibitor Z-
IETD, followed by OGD treatment. We found that the Caspase-
6 inhibitor Z-VEID inhibited both Caspase-6 activity and GS-
DMC activation; while, the Caspase-8 inhibitor Z-IETD inhibited
Caspase-8 activity but not GSDMC activation (Figure 5C,D). The
Caspase-1 inhibitor AC-YVAD also inhibited both Caspase-6 ac-
tivity and GSDMC activation (Figure 5C,D), consistent with pre-
vious reports that Caspase-6 can be activated by Caspase-1.126-281
To further confirm the role of Caspase-6 in activating GSDMC
in mouse colon and CRC tissues, colons isolated from Caspase-6
knockout (Casp6 KO) mice were cultured ex vivo with OGD treat-
ment, and GSDMC activation was significantly reduced in Casp6
KO colon tissues (Figure 5E). It is worth noting that GSDMC ac-
tivation was not completely inhibited in Casp6 KO colons, indi-
cating that additional mechanisms of GSDMC activation exist be-
yond Caspase-6. Although the cleavage of GSDMC by Caspase-8
was reported in breast cancer,['%! conditional deletion of Caspase-
8 in intestinal epithelial cells dramatically enhanced GSDMC ac-
tivation rather than inhibiting it, likely due to increased Caspase-
6 activity (Figure 5F). Thus, our data demonstrate that Caspase-6,
but not Caspase-8, activates GSDMC in intestinal cancer.

To further investigate the effect of Caspase-6-mediated GS-
DMC activation on tumor development, we intraperitoneally in-
jected vehicle or 5mg kg~! Caspase-6 inhibitor Z-VEID-FMK ev-
ery other day for 30 days, starting at day 40 of the AOM-DSS
induced CRC mouse model. Interestingly, administration of Z-
VEID-FMK significantly suppressed CRC tumor progression in
WT mice (Figure 5G-I). Both tumor number and tumor load in
Z-VEID-FMK-treated WT mice were reduced to levels compara-
ble to those in Gsdmc2—4 deficient mice; while, Z-VEID-FMK had
no further suppressive effect on tumor development in Gsdmc2—
4 deficient mice (Figure 5H,I). To verify whether inhibition of
Caspase-6 by Z-VEID-FMK in vivo affects GSDMC activation, we
demonstrated that Z-VEID-FMK inhibited Caspase-6 activity, and
subsequently, GSDMC activation (Figure 5],K). Taken together,
our data indicate that Caspase-6 activates intestinal epithelial GS-
DMC to promote colorectal tumor progression.

2.8. Tumor Cell-Derived CXCL2 Recruits MDSCs into Tumor
Microenvironment

To elucidate the mechanism of GSDMC-mediated CRC devel-
opment, we performed transcriptomic analysis of AOM-DSS in-

www.advancedscience.com

duced CRC tissues from WT control, Gsdmc1~/~, and Gsdmc2-
47/~ mice, and identified 892 differentially expressed genes
(Figure S8A, Supporting Information). By comparing the tran-
scriptomic profiles of CRC tissues from WT and Gsdmc2—4 KO
mice, bioinformatic analysis revealed enrichment of humoral im-
mune response, cellular response to LPS, and innate immune
response in mucosa as the top upregulated pathway signatures;
while, epithelial cell differentiation, regulation of leukocyte teth-
ering, and regulation of pH were identified as downregulated
pathway signatures (Figure S8B, Supporting Information). These
findings suggest that the inflammatory state in tumors might ac-
count for the major differences observed.

The results described above indicated that GSDMC might
promote intestinal tumor development by regulating the TME.
Therefore, we focused on genes that might regulate the TME. We
identified a set of downregulated genes associated with the func-
tionality of MDSCs!#- in Gsdmc2-4-/~ CRC (Figure 6A). MD-
SCs are a functional myeloid cell subset with immunosuppres-
sive properties in inflammation, particularly prominent in late-
stage cancers. In mice, MDSCs are commonly defined by the cell
surface markers CD11b and GR-1.33-3¢] Immunohistochemical
staining of CRC tissues revealed decreased infiltration of MDSC
(positive for GR-1) in Gsdmc2—4 KO CRC (Figure 6B,C). Flow cy-
tometry analysis further confirmed a significantly decreased per-
centage of MDSCs (defined as CD45+ CD11b* F4/80~ GR-1+)133!
in C2—4 KO CRC tissues (Figure S8C,D, Supporting Informa-
tion). Specifically, polymorphonuclear MDSCs (PMN-MDSCs),
defined as CD45* CD11b* F4/80~ GR-1* Ly6G*, dominated the
MDSC population in WT and C1 KO CRC tissues; while, their
percentages were significantly reduced in C2—4 KO CRC tissues
(Figure S8C,D, Supporting Information). These data indicate that
GSDMC2/3/4 promote the recruitment of MDSCs (primarily
PMN-MDSCs) during CRC development.

Several chemoattractants, such as CXCL1, CXCL2, CXCL3,
CXCLS5, CXCL7, and CXCL15, have been reported to recruit MD-
SCs through binding to CXCR2.37] Transcriptomic analysis re-
vealed a significant downregulation of CXCL1, CXCL2, CXCL3,
and CXCLS expression in C2—4 KO CRC tissues compared to
WT and C1 KO CRC tissues (Figure 6D). QPCR analysis demon-
strated that the expression levels of CXCL1, CXCL2, and CXCL3
were significantly upregulated in CRC tissues compared to nor-
mal colon tissues. Further, a marked downregulation of CXCL1,
CXCL2, and CXCL3 expression was observed in C2—4 KO CRC
tissues relative to WT CRC tissues, whereas the expression lev-
els of CXCLS5, CXCL7, and CXCL15 remained unchanged be-
tween C2-4 KO and WT CRC tissues (Figure S9A, Supporting
Information). Next, we confirmed the expression of these CX-
CLs by immunofluorescence staining and found that CXCL2 was
highly expressed in E-cad* tumor cells (Figure 6E). Importantly,
Gsdmc2—4 deficiency dramatically decreased CXCL2 expression

Figure 3. GSDMC2/3/4 promote tumor proliferation in vivo. A) In vitro cell proliferation was assessed using CCK-8 assay. B,C) Macroscopic view of the
representative tumors (B) and tumor weight (C) of MC38 cells stably expressing shGSDMC, GSDMC2-4, or control empty vectors in the subcutaneous
tumor graft model. D—F) Representative bioluminescence images (D), tumor growth curves (E), and tumor weight (F) of CT26 cells stably expressing
shGSDMC, GSDMC2-4, or control empty vectors in the subcutaneous graft model. G-J) CT26 tumors (G,H) or MC38 tumors (1,}) were sectioned and
subjected to immunohistochemical staining of CD31 (upper panel) and Ki67 (lower panel). Scatter plots represent the percentages of positive staining
signals per field of view (FOV). K) Microscopic images showing the representative immunohistochemical staining against mKi67 in colorectal tumors
from WT, C1 KO, and C2-4 KO mice. L) Scatter plots represent the percentages of mKi67 positive staining signals per FOV in (K). Data are representative
of at least three independent experiments (mean = SEM in [A, C, E, F, H, J, L]). *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t-test.
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Figure 4. Hypoxia and low-glucose stimuli activate GSDMC to mediate colorectal cancer cell pyroptosis and facilitate tumor necrosis. A) Macroscopic
image showing the representative subcutaneous tumor grafts of CT26 cells stably expressing GSDMC shRNA, GSDMC2-4, or control empty vectors.
Red circles indicate the boundary of each subcutaneous tumor. The dissected tumor from each mouse is shown below. B,C) H&E histology of the
representative CT26 (upper panel) and MC38 (lower panel) grafts. N indicates necrotic area (B). Scatter plots represent the percentages of necrotic area
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in CRC tissues (Figure 6E). Unlike CXCL2, CXCL1 was primar-
ily expressed in a-SAM™ fibroblast (Figure S9B, Supporting In-
formation). ELISA assay showed that CXCL1 protein levels were
elevated in CRC compared to normal colon tissues; however,
no significant difference was observed among WT, Gsdmc1 de-
ficient, and Gsdmc2—4 deficient tumors (Figure S9C, Support-
ing Information). Consistent with the transcriptomic data and
immunofluorescence staining, CXCL2 protein levels were fur-
ther confirmed to be dramatically elevated in CRC tissues, and
Gsdmc2—4 deficiency attenuated this upregulation (Figure G6F).
Although the mRNA expression of CXCL3 was increased in CRC
tissues, it was undetectable in mouse CRC by immunofluores-
cence staining (data not shown), possibly due to its relatively low
expression abundance. These findings demonstrate that CXCL2
expression is increased in colorectal cancer, and Gsdmc2—4 defi-
ciency suppresses the induction of CXCL2 expression in E-cad*
tumor cells.

To investigate whether GSDMC2/3/4 promote MDSC recruit-
ment through CXCL2, we performed transwell assays. Con-
ditioned media from CRC tissues induced the migration of
MDSCs, and the number of migrated MDSCs was decreased
in conditioned media from Gsdmc2—4 deficient CRC tissues
(Figure 6G). Interestingly, the migration of MDSCs was nearly
abolished by the addition of an anti-CXCL2 neutralizing anti-
body (Figure 6G). Thus, our data indicate that GSDMC2/3/4 pro-
mote the expression of CXCL2, which facilitates the recruitment
of MDSCs into the tumor microenvironment.

2.9. GSDMC2/3/4 Promote Colorectal Cancer Development
Through CXCL2-CXCR2 Axis-Dependent MDSC Recruitment

CXCR2 is the receptor for CXCLs, and deletion of CXCR2 has
been shown to inhibit the infiltration of MDSCs into the colonic
mucosa and tumors.*! Indeed, MDSCs in CRC tissues highly
expressed CXCR2, and immunofluorescence staining revealed
co-localization of CXCR2 with GR-1 (Figure S9D, Supporting
Information). To determine whether decreased MDSC infiltra-
tion was responsible for the attenuated CRC progression in
Gsdmc2-4 deficiency mice, we intraperitoneally injected vehi-
cle or 10 mg kg~! CXCR2 antagonist SB225002 every 3 days
for 30 days, starting at day 40 of the AOM-DSS induced CRC
model. Treatment with CXCR2 antagonist attenuated CRC de-
velopment in WT mice but had no effect on CRC development in
C2-4 KO mice (Figure 6H-J). Further, CXCR2 antagonist treat-
ment significantly reduced MDSC infiltration in CRC tissues
(Figure 6K,L), which was accompanied by enhanced T cell in-
filtration (Figure S9E, Supporting Information). These findings
are consistent with the established role of MDSCs in suppress-
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ing T cell-mediated anti-tumor immunity.*}] Comparative anal-
ysis revealed that WT CRC tissues exhibited significantly higher
levels of angiogenesis, as evidenced by CD31 immunostaining,
than C2—-4 KO CRC tissues (Figure S9G, Supporting Informa-
tion). To investigate the potential correlation between MDSC in-
filtration and angiogenesis, we evaluated the effects of CXCR2 an-
tagonist SB225002 treatment on angiogenesis in vivo. The results
demonstrated that SB225002 treatment markedly suppressed an-
giogenesis in WT CRC tissues, while, having no significant ef-
fect on C2—4 KO CRC tissues. These findings suggest that the
enhanced angiogenesis observed in WT CRC tissues is medi-
ated through MDSC-dependent mechanisms, which aligns with
previous reports.3° These data demonstrate that GSDMC2/3/4
promote colorectal tumor development through CXCL2/CXCR2-
mediated recruitment of MDSCs into the tumor microenviron-
ment.

2.10. GSDMC2/3 /4-Mediated HMGB1 Release from Pyroptotic
Tumor Cells Induces Cxcl2 Expression in Colorectal Cancer Cells

GSDMs-mediated cell pyroptosis typically releases intracellular
contents including immunogenic damage-associated molecular
patterns (DAMPs), such as HMGBI, lactoferrin (LTF), S100
proteins A8 and A9 (S100A8/9), ILla, IL33, fibrinogen, and
fibronectin.*°! An analysis of DAMP expression patterns in var-
ious cell types from colon tissue identified HMGBI1 as primarily
expressed in intestinal epithelial cells, and S100A8/9 as primarily
expressed in neutrophils (Figure S10, Supporting Information).
HMGBI is known to function as an immunomodulatory cy-
tokine. We next investigated whether HMGB1 was involved in
GSDMC-mediated intestinal tumor progression. Indeed, we ob-
served elevated HMGB1 release in CRC interstitial fluid (Figure
7A). Interestingly, Gsdmc2—4 deficiency decreased the release of
HMGBI1 from CRC tissues (Figure 7A). Overexpression of GS-
DMC drastically augmented HMGB1 release; while, knockdown
of GSDMC prevented its release from MC38 cells under OGD
treatment (Figure 7B). Similarly, OGD treatment promoted
HMGBI release from WT CRC tissues; while, loss of Gsdmc2—4
suppressed its release (Figure 7C). We next examined whether
HMGB1 was responsible for the increased CXCL2 expression in
CRC. HMGB1 alone induced the expression of CXCL2 in MC38,
CT26, and CRC tissues (Figure 7D). Although TNFa and IFN-y
have long been implicated in antitumor immune responses,
recent reports suggested that they may also play pro-tumorigenic
roles through the development of an immunosuppressive
TME.[*041] We found that HMGB1, in combination with IFN-y,
synergistically promoted CXCL2 expression in MC38, CT26,
and CRC tissues (Figure 7D), and HMGB1 in combination with

per FOV (C). D,E) Microscopic images showing the representative TUNEL staining in subcutaneous tumors (D). Scatter plots represent the percentages
of positive TUNEL staining per FOV (E). F) Immunoblot of GSDMC in subcutaneous tumors from (A). G) H&E histology of the representative AOM-
DSS induced CRC from WT, C1 KO, and C2-4 KO mice. N indicates necrotic area. H) Microscopic images showing the representative TUNEL staining in
colorectal tumors as indicated in (G). Green is for positive TUNEL staining and blue is for nucleus. 1,J) Representative images showing the morphology of
MC38 cells (1) or CT26 cells ()) stably expressing GSDMC2-4 or empty vectors under OGD treatment; the red arrows indicate pyroptotic nuclear expulsion
with large bubbles. Bar graphs represent percentages of cells with nuclear expulsion bubbles in five randomly selected images. K-M) Immunoblot of
GSDMC in MC38 and CT26 cells stably expressing GSDMC2-4 (K), mouse colon (L), or mouse CRC (M) under OGD treatment. N) Quantitative analysis
of GSDMC band intensity (a sum of full length GSDMC and cleaved fragments, normalized to GAPDH) in (M). O) Quantitative mRNA expression of
GSDMC1/2/3/4 in mouse CRC tissues under OGD treatment. Data are representative of at least three independent experiments (mean = SEM in [C, E,
I, ), N, and Q]). *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t-test.
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Figure 5. Caspase-6 is responsible for hypoxia and low-glucose induced GSDMC activation. A,B) Western blot of cleaved Caspase-1 (c-Casp1), c-Casp6,
and c-Casp8 in mouse colon and CRC tissue (A), and intestinal tumors from Apc™"/* mice and small intestine tissue (B). C,D) Western blot analysis
of GSDMC, c-Casp6, and c-Casp8 in CRC under OGD treatment combined with or without Z-VEID, Z-IETD, and AC-YVAD (C). Bar graphs represent
quantitative analysis of cleaved N-termial GSDMC and c-Casp6, normalized to GAPDH band intensity (D). E) Western blot analysis of GSDMC and
c-Caspé in colon tissues from wild-type and Caspase-6 knockout mice (Casp6 KO). F) Western blot analysis of GSDMC, c-Casp6, and c-Casp8 in colon
tissues from wild-type and IEC-specific Caspase-8 knockout mice (Casp8 cKO). G) H&E histology showing representative colorectal tumors from WT and
C2-4 KO mice in AOM-DSS induced CRC model with or without administration of Caspase-6 inhibitor Z-VEID (CASP6i). H,l) Tumor number (H) and
tumor load (1) in the colons as indicated in (G). J) Western blot analysis of GSDMC and c-Casp-6 in CRC. K) Quantitative analysis of cleaved N-terminal
GSDMC band intensity in (J). Colon N, Normal colon; CRC T, CRC tissue; SI N, Normal small intestine.
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Figure 6. GSDMC2/3/4 promote tumor cell expression of CXCL2, which recruits MDSCs into the tumor microenvironment. A) Heatmap depicting
differentially expressed genes associated with MDSCs from transcriptome sequencing data. B) Microscopic images showing the representative im-
munohistochemical staining against GR-1 in CRC from WT, C1 KO, and C2-4 KO mice. C) Scatter plots represent the percentages of positive GR-1
staining signals per FOV. D) Heatmap depicting differentially expressed cytokines/chemokines from transcriptome sequencing data. E) Immunofluo-
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TNFa also synergistically increased CXCL2 expression in CRC
tissues (Figure 7D). These results highlight the role of HMGB1,
released from pyroptotic tumor cells, in upregulating CXCL2
expression.

To examine whether HMGB1 could restore CXCL2 expres-
sion and CRC tumorigenesis in Gsdmc2—4 deficient mice, we
intraperitoneally injected vehicle or 2 ug per mouse recombi-
nant HMGB1 every other day for 30 days in the AOM-DSS
model. Recombinant HMGB1 obviously restored tumor for-
mation, tumor number, and tumor load in Gsdmc2—4~/~ mice
(Figure 7E-G). Consistently, in vivo HMGB1 administration sig-
nificantly increased CXCL2 protein expression in Gsdmc2—4 defi-
cient CRC (Figure 7H,I). Moreover, in accordance with the recov-
ery of CXCL2 expression, infiltration of MDSCs was correspond-
ingly increased in Gsdmc2—4 deficient CRC (Figure 7J). Further,
HMGBI treatment significantly decreased CD3* T cell infiltra-
tion in Gsdmc2-4 deficient CRC (Figure 7K,L). These results in-
dicate that HMGBI1, released from GSDMC-mediated pyroptotic
cells, enhances CXCL2 expression in tumor cells, and the ele-
vated CXCL2 subsequently recruits CXCR2* MDSCs to orches-
trate the immunosuppressive TME.

3. Discussion

Hypoxia and low-glucose condition is a well-known feature of
solid tumors.[®’] However, the molecular mechanisms of Hy-
poxia and low-glucose condition in regulating intestinal cancer
development remain largely elusive. Here, we found that Hy-
poxia and low-glucose conditions lead to colorectal tumor cell
pyroptosis through Caspase-1/Caspase-6/GSDMC2/3/4 axis in
mouse model. The enhanced release of HMGB1 from pyrop-
totic tumor cells subsequently increases the expression of CXCL2
in neighboring tumor cells, which recruit MDSCs into the tu-
mor microenvironment, thereby promoting CRC development
(Figure 8).

In this study, we identified that the mRNA expression levels
of GSDMC2/3/4 were high in colon, whereas the expression of
GSDMC1 was relatively low, which was consistent with a pre-
vious report.[*?] Therefore, we constructed Gsdmc2—4 triple de-
ficiency mice and Gsdmc1 deficiency mice and revealed that de-
ficiency of Gsdmc2—4 suppressed colorectal cancer development.
Further, we found that overexpression of GSDMC2, GSDMC3,
or GSDMC4 in MC38 cells individually was sufficient to pro-
mote tumor growth in vivo. Our study first demonstrated that
GSDMC2/3/4 but not GSDMC1 were essential for CRC devel-
opment, and GSDMC2, GSDMC3, or GSDMC4 might play a re-
dundant role in promoting tumor growth. To verify this finding,
deficiency of GSDMC2, GSDMC3, and GSDMC#4 individually in
tumor cells or mice should be used to assess the role of GSDMC2,
GSDMC3, and GSDMC4 in CRC development in the future.

www.advancedscience.com

We found that OGD treatment increased GSDMC expression
in CRC tissues, suggesting that increased GSDMC expression in
CRC might be regulated by hypoxia and low-glucose condition.
Hou et al. found that nuclear PD-L1 formed a complex with p-
Stat3 to increase the transcription of the GSDMC gene under
hypoxia in breast cancer cell line.'! Whether OGD conditions
induce GSDMC expression in CRC through similar mechanism
needs to be investigated in the future.

Hou et al. found that under hypoxia conditions, TNFa plus
CHX induced breast cancer cell pyroptosis through Caspase-8
mediated GSDMC cleavage.!*! In the present study, we found
that hypoxia and low-glucose directly induced colon cancer cell
pyroptosis through Caspase-6 mediated GSDMC activation. We
surprisingly found that conditional deletion of Caspase-8 in in-
testinal epithelial cells did not suppress but increased GSDMC
activation, and the increased GSDMC activation might account
for enhanced Caspase-6 activity. We found that Caspase-6, but not
Caspase-8, mediated OGD-induced GSDMC activation in colon
cancer cells. Using Caspase specific inhibitors and Caspase-6
knockout mice, we further demonstrated that Caspase-6 was re-
quired for GSDMC activation in colon and CRC tissues un-
der Hypoxia and low-glucose conditions. Interestingly, Caspase-
6 deficiency dramatically reduced but did not completely block
OGD-induced GSDMC activation, suggesting other regulators
might function to activate GSDMC in intestine in the absence
of Caspase-6. Our results also indicated that Caspase-1 might
act as an upstream regulator for Caspase-6 activation, and sub-
sequently, for GSDMC activation. Thus, our data revealed a new
mechanism of GSDMC activation by Caspase-6 to induce colon
cancer cell pyroptosis under Hypoxia and low-glucose conditions,
which was different from Caspase-8 mediated GSDMC activa-
tion in breast cancer. In addition, administration of Caspase-6 in-
hibitor in vivo suppressed GSDMC activation and decreased CRC
development fairly to the levels of Gsdmc2—4 deficient mice. Our
data suggested that Caspase-6 activity was required for GSDMC
activation in colon cancer both in vitro and in vivo.

The immature myeloid cells accumulate in the tumor mi-
croenvironment (TME) and acquire their maximal immunosup-
pressive functions after a phase of activation. MDSC recruitment
to the TME is a crucial step for the development of an immuno-
suppressive milieu and is mainly mediated by the chemokine
receptor CXCR2 which is expressed on PMN-MDSCs. Thus,
PMN-MDSCs are recruited primarily by CXC chemokines, in-
cluding CXCL1, CXCL2, and CXCL5.1¥] In the present study,
HMGBI released from pyroptotic tumor cells induced the up-
regulation of CXCL2 in tumor cells; thus, contributing to the
fundamental recruitment of PMN-MDSCs. The development of
MDSCs exacerbated the existing imbalance in inflammation-
associated lesions, thereby contributing to the tumor develop-
ment. The immunosuppressive effects of MDSCs are primarily
mediated through the production of inhibitory molecules such

rescence staining of E-cad (Red), CXCL2 (Green) in CRC. F) The protein level of CXCL2 in CRC lysate was measured with ELISA kits. G) Migration of
MDSCs toward conditioned medium (CM) in the presence of IgG control or CXCL2-neutralizing antibodies. Migrated cells across transwell membrane
were counted. H,1) Macroscopic view (H) and H&E histology (1) of the representative colons from WT and C2-4 KO mice of the AOM-DSS model with or
without administration of CXCR2 inhibitor. ) Tumor number and tumor load in the colons from mice as indicated in (H). K) Microscopic images showing
the representative immunohistochemical staining against GR-1in CRC as indicated in (H). L) Scatter plots represent the percentages of positive GR-1
staining signals per FOV. Data are representative of at least three independent experiments (mean + SEM in [C, F, G, |, and L]). *p < 0.05, **p < 0.01,
and ***p < 0.001 by Student’s t-test.
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Figure 7. GSDMC2/3/4 promote HMGB 1 release, which enhances CXCL2 expression in colorectal cancer. A) The protein levels of HMGB1 in interstitial
fluid of colon tissues or CRC were measured with ELISA kit. B,C) HMGB1 release in culture supernatant of MC38 cells (B) or CRC tissues (C) under
OGD treatment was measured with ELISA kit. D) Quantitative mRNA expression of CXCL2 in MC38, CT26, and CRC tissues cultured with 10 ng mL™!
TNFa, 20 ng mL~" IFNy, or 1 ug mL~" HMGBT, or HMGB1 plus TNFa or IFNy for 24 h. E) Macroscopic view of the representative colons from WT

Ady. Sci. 2025, 12, 2411375

2411375 (14 of 19)

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

as arginase-1, inducible nitric oxide synthase (iNOS), and reac-
tive oxygen species (ROS), as well as the secretion of immuno-
suppressive cytokines including IL-10 and TGF-g, which col-
lectively inhibit the anti-tumor functions of T cells and natu-
ral killer cells. MDSCs can also contribute to tumor growth via
non-immunological functions such as establishing and sustain-
ing the tumor vasculature.l*! Therefore, MDSCs might facilitate
GSDMC-mediated CRC progression by immune modulation and
enhancement of angiogenesis.

In conclusion, we have identified Gsdmc2/3/4 as critical onco-
genes that promote CRC development. Our results demonstrate
the upregulation and activation of GSDMC2/3/4 by Caspase-6
in colorectal cancer cells under Hypoxia and low-glucose condi-
tions. Activation of GSDMC2/3/4 induces tumor cell pyroptosis
and facilitates the release of HMGB1, which enhances the ex-
pression of CXCL2 in tumor cells. Our study provides a mech-
anism by which GSDMC2/3/4-mediated cell pyroptosis, in re-
sponse to Hypoxia and low-glucose, promotes CRC progression
through CXCL2-dependent MDSCs recruitment. These data sug-
gest that GSDMC2/3/4 are potentially promising new targets for
CRC therapy.

4. Experimental Section

Reagents: Recombinant mouse TNFa (RP01702), mouse IFNy
(RP01070), and mouse HMGB1 (RP01545) were purchased from Abclonal
Technology. Z-VEID-FMK (A1923), Z-IETD-FMK (B3232), and Z-YVAD-
FMK (A8955) were purchased from APExbio.

CXCL1 ELISA Kit (RK00038), CXCL2 ELISA Kit (RK00165), and
HMGB1 ELISA Kit (RK06737) were purchased from Abclonal Technol-
ogy. RIPA lysis buffer (P0013C) was obtained from Beyotime Biotech-
nology. Azoxymethane (AOM, A5486) was from Sigma—Aldrich. Dextran
sulfate sodium salt (DSS, MB5535) was from Meilunbio. Trizol reagent
(15596026CN) was from Invitrogen. PrimeScript RT Master Mix (RR036A)
and TB Green Premix Ex Tag (Tli RNaseH Plus) (RR420) were from Takara
Bio. Protease inhibitor cocktail (P8340) was purchased from MERCK.
Mouse Myeloid-Derived Suppressor Cell Isolation Kit (130-094-538) was
from Miltenyi Biotec. DMEM (G4511) and DMEM low glucose (G4520)
were from Wuhan Servicebio Technology.

Anti-mouse Gsdmc2/3 (ab229896) was from Abcam. Anti-human Gs-
dmc (30469-1-AP) was from Proteintech. Anti-cleaved Caspase-6 (9761s)
and anti-cleaved Caspase-8 (8592s) were from Cell Signaling Technol-
ogy. Anti-Caspase-1 (AG-20B-0042-C100) was from Adipogen. Anti-Cxcl1
(12335-1-AP) and anti-Cxcl2 (26791-1-AP) were from Proteintech Group.
Anti-GR-1 (108402) was from Biolegend. Anti-GSDMC (A14550, for mouse
GSDMC4), Anti-a-Smooth Muscle Actin (ACTA2) Rabbit mAb (A17910),
and Anti-Caspase-6 (A19559) were purchased from Abclonal. Anti-E-
cadherin (GB12083), anti-CD31 (GB12063), anti-Ki67 (GB151499), and
anti-CD3 (GB13014) were from Wuhan Servicebio Technology. Anti-mouse
F4/80 (12-4801-82) was from Invitrogen. Anti-mouse CD45 (147706),
Anti-mouse CD11b (101212), Anti-mouse GR-1 (108405), and Anti-mouse
Ly6G (127618) were from Biolegend.

Cell Culture:  MC38 and CT26 cells were maintained with DMEM con-
taining 10% v/v FBS, penicillin (100 U mL™"), and streptomycin (100 ug
mL~1) at 37 °C in a 5% CO, incubator. For oxygen and glucose depri-
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vation treatment, cells were cultured in a hypoxia chamber (92% N,, 5%
CO,, and 3% O,) with DMEM low glucose containing 10% FBS which was
pre-incubated in a hypoxia chamber for 12 h.

Plasmids Construction: The coding sequences of mice GSDMC2, GS-
DMC3, and GSDMC4 were synthesized and cloned into vector pLVX-EF 1a-
IRES-Puro.

shGSDMC:CCGGGCATCTTACAGCCAAACTTCTCGAGAAGTTTGGCT
GTAAGATGCTTTTTGAATT, which targets mouse GSDMC, and
shControl: CCGGGCGCGCTTTGTAGGATTCGCTCGAGCGAATCCTA-
CAAAGCGCGCTTTTTGAATT, were synthesized and cloned into vector
pLKO.1-U6-EF 1a-copGFP-T2A-puro.

Human Tissue Microarray: ~ Tissue microarray of paired human colorec-
tal tumors and adjacent non-tumor tissues was purchased from Shanghai
Outdo Biotech Co., Ltd., China. It contained paired tissues from 38 male
patients and 37 female patients. Among them, 53 tumors were ranked as
WHO grade 1/2 and 22 tumors, grade 3. 1 mm cores were cut from the
corresponding paraffin-embedded blocks, and 5 um sections were used
forimmunohistochemical staining. Immunohistochemical scoring for GS-
DMC was evaluated as product of staining intensity (0, 0.5, 1, 2, 3) and
positive rate (0-100%) in each 1T mm tissue core. A core was excluded if
it contained poor nuclei staining. A total of 72 colorectal tumors and 67
para-carcinoma normal tissues were included in the analyses.

Mice:  Gsdmc1=/= (C1 KO) mice, Gsdmc2-47/~ (C2-4 KO) mice,
Apc™in/+ mice, and Caspase-67/~ (Casp6 KO) mice on the C57BL/6
background were purchased from GemPharmatech (Nanjing, China).
Apc™in/+ mice on the C57BL/6 background were crossed to Gsdmc1~/~
mice and Gsdmc2-4~/~ mice to generate Apc™"/*Gsdmc1~/~ mice and
Apc™in/+ Gsdmc2-47/~ mice. Wild type C57BL/6, BALB/c, and BALB/c
nude mice were purchased from Guangdong Medical Laboratory Animal
Center. All mice were maintained in specific pathogen-free conditions. All
animal experiments were performed in compliance with the guidelines for
the care and use of laboratory animals and were approved by the institu-
tional biomedical research ethics committee of Guangdong Medical Uni-
versity.

Induction of Colitis: 6-8-week-old wild type and Gsdmc1~/~, Gsdmc2-
47/~ mice were given with 3% DSS in drinking water for 5 days, followed by
normal drinking water until day 9. Mice were sacrificed for tissue analyses
onday 9. For survival analysis, mice were given 3.5% DSS in drinking water
for 5 days, followed by normal drinking water until day 13.

AOM Plus DSS Induced Colorectal Cancer: Induction of colitis associ-
ated colorectal cancer was performed as previously described.[*4] Briefly,
Gsdmc17/=, Gsdmc2-47/=, and their wild type littermates were injected
with 10 mg kg™! body weight AOM intraperitoneally. After 5 days, mice
were given 2.5% DSS in drinking water for 5 days, followed by regular wa-
ter for 16 days. Then, this cycle was repeated by 2.5% DSS for 5 days and
with regular water for 16 days. Mice were given 2.0% DSS for 4 days in
the third cycle and sacrificed for analyses on day 75 of the experiments.
Macroscopic colon tumors were counted and measured with the caliper.
Tumor load was calculated as the sum of all tumors’ diameters presented
in a given mouse.

Spontaneous Intestinal Cancer:  Sex and age-matched
Apc™in/*Gsdmc17/=, Apc™"/*Gsdmc2-47/=, and Apc™"/* littermates
were allowed to develop intestinal tumors spontaneously for 20 weeks,
and then, these mice were sacrificed for analyses.

Bone Marrow Chimeras: To validate the effects of genetic deficiency of
GSDMC when confined to either circulating cells (Gsdmc2—-47/= — WT)
or nonhematopoietic tissue (WT — Gsdmc2-47/~), bone marrow transfer
was performed to create Gsdmc2—-4~/~ chimera mice. Briefly, 8-week old re-
cipient mice (WT control and Gsdmc2—4~/~ mice) were lethally irradiated
by 800 cGy, followed by injection in the tail vein of 5 x 108 bone marrow

and C2-4 KO mice of AOM-DSS induced CRC model with or without administration of HMGB1. F,G) Tumor number (F) and tumor load (G) from mice
as indicated in (E). H) Immunofluorescence staining of E-cad and CXCL2 in CRC as indicated in (E). I) The protein level of CXCL2 in CRC lysate was
measured with ELISA kit. |) Representative immunohistochemical staining against GR-1in CRC as indicated in (E). K) Immunofluorescence staining of
CD3 in CRC as indicated in (E). L) Number of CD3* cells was counted in immunofluorescence staining slides (K) in 20x magnification fields. Data are
representative of at least two independent experiments (mean + SEM in [A-D, F, G, |, L]). *p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t-test.
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Figure 8. The schematic diagram shows that Caspase-6/Gasdermin C-mediated tumor cell pyroptosis promotes colorectal cancer progression through
CXCL2-dependent recruitment of myeloid-derived suppressor cells.
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cells isolated from donor WT mice or Gsdmc2-4~/~ mice. Four chimera
groups were generated: WT — WT, Gsdmc2—-47/~ — WT, WT — Gsdmc2-
471, and Gsdmc2—-4~/= — Gsdmc2-47/=. The transplanted mice were ad-
ministrated drinking water with 2g L' neomycin sulfate for 2 weeks. In-
duction of CRC was conducted 8 weeks after bone marrow reconstitution,
as described in the section ‘AOM Plus DSS Induced Colorectal Cancer.’

Subcutaneous Tumor Cell Graft: Mice at the age of 6-8 weeks were
used for subcutaneous tumor cell graft. 2 x 10° MC38 cells or CT26-
luciferase cells stably expressing GSDMC2/3/4, shGSDMC, or control
empty vectors were suspended in 100 uL PBS and injected subcutaneously
into the right buttock area of C57BL/6 (for MC38 cells), BALB/c (for CT26
cells), or nude mice (for both MC38 and CT26 cells). The growth of CT26-
luciferase cells was monitored twice a week by bioluminescence imaging
(IVIS imaging system, PerkinElmer, USA).

H&E, Immunofluorescence, and Immunohistochemical Staining:  Freshly
isolated tumor tissues were fixed in 4% paraformaldehyde overnight,
washed with PBS once, and then transferred to 70%, 80%, 90%, and
straight ethanol consecutively. The samples were embedded in paraffin,
sectioned, and stained with hematoxylin-eosin.

For immunofluorescence assay, the samples were blocked with 3%
bovine serum albumin at room temperature for 30 min. The sections were
incubated overnight at 4 °C with primary antibodies against E-cadherin
(1:1000 dilution), a-SMA (1:200 dilution), CXCR2(1:500 dilution), or CD3
(1:1000 dilution). The slides were washed in PBS three times and covered
with HRP-labeled secondary antibody of the corresponding species of the
primary antibodies for 1 h at room temperature. After three washes in PBS,
the iF488-Tyramide (1:500) was dropped and incubated at room temper-
ature for 10 min. After incubation, the slides were washed three times in
PBS. For CD3 staining, DAPI dye solution was dropped and incubated at
room temperature for 10 min away from light, and the slides were sealed
with anti-fluorescence quenching mounting medium. For multicolor im-
munofluorescence staining, the tissue sections were placed in the citric
acid antigen repair buffer, 100 °C for 10 min. The samples were blocked
again with 3% bovine serum albumin at room temperature for 30 min. The
sections were incubated overnight at 4 °C with the second primary anti-
bodies against CXCL2 (1:200 dilution), CXCL1 (1:200 dilution), GR-1(1:200
dilution), or GSDMC (1:200 dilution). After washing, the slides were cov-
ered with HRP-labeled corresponding secondary antibody for 1 h at room
temperature. After three washes in PBS, the iF555-Tyramide (1:500) was
dropped and incubated at room temperature for 10 min. After washing,
the DAPI dye solution was dropped and incubated at room temperature
for 10 min away from light. The slides were sealed with anti-fluorescence
quenching mounting medium. Images were acquired by confocal micro-
scope by NIS-Elements software using the 10x, 20x objective.

For immunohistochemical staining, the samples were blocked with 3%
bovine serum albumin at room temperature for 30 min. The sections were
incubated overnight at 4 °C with primary antibodies against human GS-
DMC (1:200 dilution), mouse GSDMC2/3 (1:200 dilution), GR-1 (1:200
dilution), CD31 (1:200 dilution), and Ki67 (1:200 dilution). The slides were
washed in PBS three times and covered with HRP-labeled secondary an-
tibody of the corresponding species of the primary antibodies for 1 h at
room temperature. After three washes, the slides were stained with freshly
prepared DAB color developing solution. The slides were washed with dis-
tilled water and stained with hematoxylin solution for nuclei. The samples
were dehydrated and made transparent by alcohol, n-butanol, and xylene.
The slides were sealed, and the sections were observed under a light mi-
croscope.

Staining was quantified using at least five randomly selected 20X fields
of view. All staining was quantified using NIH Image| analysis software
with the same threshold for each set (http://rsb.info.nih.gov/nih-image/).

Flow Cytometry: Tumors were dissected and chopped into small
pieces and disintegrated with 0.01% w/v Liberase TH and 100 U mL™!
DNase | in RPMI 1640 at 37 °C for 30 min. Cells were then filtered through
a40-um cell strainer and washed with 5 mL wash buffer (1x PBS with 2 mm
EDTA and 0.5% BSA), followed by centrifugation at 200 x g for 5 min. Cells
were resuspended with 5 mL ACK lysis buffer, holding on ice for 5 min. The
cells were washed with 10 mL wash buffer twice. The cells were blocked
with CD16/32 antibody for 10 min and stained with fluorescent-conjugated
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antibodies: CD45, CD11b, F4/80, GR-1, and Ly6G for 30 min. The cells
were washed, resuspended in PBS containing 1% BSA, and analyzed by
BD FACS Aria Il flow cytometer (Franklin Lakes, NJ, USA).

TUNEL Assay:  For determination of cell apoptosis, TUNEL assay was
performed with the In Situ Cell Death Kit (Roche) according to the man-
ufacturer’s instructions. Images were obtained with fluorescence micro-
scope.

Western Blots Analysis:  Tissues or cells were homogenized in RIPA ly-
sis buffer and lyzed on ice for 30 min. Supernatants were collected af-
ter centrifugation (12 000 , g) at 4 °C for 30 min. Lysates were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and blotted onto a polyvinylidene fluoride membrane. After block-
ing, the membrane was probed with the indicated primary antibody at 4 °C
overnight. The membrane was rinsed and incubated with a horseradish
peroxidase conjugated secondary antibody at room temperature for 1 h,
followed by visualization using an enhanced chemiluminescence (ECL)
detection system. Band intensity was given relative to the corresponding
band intensity of GAPDH and was quantified by Image | software.

qPCR Analysis:  Total RNA was reverse transcribed into complemen-
tary DNA (cDNA) and analyzed with SYBR Premix Ex Taq (Takara) on 7500
Real-Time PCR System (Applied Biosystems). Relative mRNA expression
level for each gene was assessed by normalization to the expression of the
housekeeping gene Rpl13a.

Primer list:

mGSDMCT1-F: ATGTCCTACACATTTGACTGGC

mGSDMCT-R: TTAAACAGGCAGAATTTGGTTGC

mGSDMC2-F: CTGTGGAATGCTTGTCCGATG

mGSDMC2-R: CCTCCAGGTCCGTTGATTGG

mGSDMC3-F: TGCTCAGTGATAGCCAACTCA

mGSDMC3-R: TGGCTGTAGGATGCTCGTTA

mGSDMC4-F: TGAGGAGCCTGCCAATCTAAA

mGSDMC4-R: ATGTGGGGTGCTAGAATCCTT

mCXCL1-F: ACTGCACCCAAACCGAAGTC

mCXCL1-R: TGGGGACACCTTTTAGCATCTT

mCXCL2-F: CCAACCACCAGGCTACAGG

mCXCL2-R: GCGTCACACTCAAGCTCTG

mCXCL3-F: ACACCCTACCAAGGGTTGATTTT

mCXCL3-R: GAGTGGCTATGACTTCTGTCTGG

mCXCL5-F: GTTCCATCTCGCCATTCATGC

mCXCL5-R: GCGGCTATGACTGAGGAAGG

mCXCL7-F: CTCAGACCTACATCGTCCTGC

mCXCL7-R: GTGGCTATCACTTCCACATCAG

mCXCL15-F: TCGAGACCATTTACTGCAACAG

mCXCL15-R: CATTGCCGGTGGAAATTCCTT

mIL-15-F:GAAATGCCACCTTTTGACAGTG

mlIL-14-R:-TGGATGCTCTCATCAGGACAG
mIL-6-F:CTGCAAGAGACTTCCATCCAG
mIL-6-R:AGTGGTATAGACAGGTCTGTTGG

MTNFa-F:CAGGCGGTGCCTATGTCTC

MTNFa-R:CGATCACCCCGAAGTTCAGTAG

mNOS2-F:GGAGTGACGGCAAACATGACT

mMNOS2-R:-TCGATGCACAACTGGGTGAAC

mRPL13A-F: GGGCAGGTTCTGGTATTGGAT

mRPL13A-R: GGCTCGGAAATGGTAGGGG

RNA Extraction, Library Construction, and Sequencing: Tissues or cells
were homogenized and preserved in Trizol reagent, and total RNA was ex-
tracted by trichloromethane extraction, isopropanol precipitation, ethanol
rinsing, and Rnase-free water dissolution. The entire mRNAseq library
was constructed using the ALFA-SEQ Directional RNaLib Prep Kit accord-
ing to the manufacturer’s instructions. In brief, mRNA was purified from
total RNA using poly-T oligo-attached magnetic beads. mRNA fragmen-
tation, cDNA synthesis, blunt ends convertion, ligation of the VAHTS
Adapter-S with a hairpin loop structure, and purification of 150-200 bp
fragments were performed according to the manufacturer’s instructions.
PCR was performed using 2x PfuMax HiFi PCR ProMix (EnzyValley) and
primers with index VAHTS Multiplex Oligos Set 4 for lllumina. After pu-
rification, the library insert sizes were evaluated on the Qsep400 high-
throughput nucleic acid protein analysis system (Houze Biotechnology
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Co., Ltd., Hangzhou, China). The clustering of the index-coded samples
was performed on a cBot Cluster Generation System. Then, the library was
sequenced on an Illumina Novaseq 6000 platform.

The raw RNA sequencing reads were processed through Fastp (v.0.23.2)
for clean reads. The clean reads were mapped to the NCBI Rfam database,
and rRNA sequences were removed by Bowtie2 (v2.33). Alighment to the
reference genome was performed by Hisat2 (v2.2.1). After that, RSEM
(v1.3.3) was applied to obtain the read count for each gene. Differentially
expressed genes (FDR < 0.05 and |log2(Fold Change) |>1) were analyzed
using DESeq2 (v1.34.0) among groups. Hierarchical clustering was per-
formed using DEGs with the highest variability across the samples.

Enzyme-Linked Immunosorbent Assay: For quantification of HMGB1
release in CRC interstitial fluid, 100 mg of freshly isolated tumors or colon
tissues was homogenized mechanically in PBS containing 1% NP-40 and
a complete protease inhibitor cocktail. For quantification of HMGB1 re-
lease in culture supernatants, after indicated treatments without FBS, su-
pernatants were harvested by centrifugation at 4 °C. The protein level of
HMGB1 was measured with HMGB1 ELISA Kits according to the manu-
facturer's instructions.

For quantification of CXCL1 and CXCL2, tumors were freshly collected
and subjected to RIPA lysis with a complete protease inhibitor cocktail. The
protein levels of CXCL1 and CXCL2 were measured with corresponding
ELISA kits according to the manufacturer’s instructions.

MDSCs Isolation and In Vitro Migration Assay: MDSCs were isolated
from the spleens of AOM-DSS induced CRC mice using a Mouse Myeloid-
Derived Suppressor Cell Isolation Kit. MDSCs (1 x 10° cells per well)
were seeded in the top chamber of a 24-well transwell. To obtain condi-
tioned media (CM) from tumor tissue, 100 mg freshly isolated tumors
was cut into ~1 mm? pieces; the tumor slices were cultured in hypoxia
chamber with DMEM (low glucose) supplemented with 10% FBS, 1x
Insulin-Transferrin-Selenium, 1x GlutaMAX, and penicillin (100 U mL™")
and streptomycin (100 ug mL™") for 48 h. After culturing, the supernatants
were collected. CM was diluted with complete medium and added to
the bottom layer of the transwell for MDSC migration assay. After 4 h
incubation, cells that had completely migrated to the bottom chamber
were counted. To validate in vitro, the CXCL2-mediated migration of MD-
SCs, 2 ug mL~" mouse CXCL2 neutralizing Antibody (R&D, MAB452) was
added.

Statistics: GraphPad Software was used to perform statistical analy-
sis and graph development. Data were presented as the mean + SEM. A
two-tailed Student’s t-test was used. Survival curves were presented us-
ing the Kaplan—Meier method, and significance was calculated by log-rank
(Mantel-Cox) test. p values < 0.05 were considered statistically significant.
*p < 0.05, **p < 0.01, and *¥*¥p < 0.001.

Ethics Approval and Consent to Participate: All animal experiments
were approved by the Animal Care and Use Committee of Guangdong
Medical University (approval ID: GDY2302376). The use of human speci-
mens in this study was approved by the Institutional Research Ethics Com-
mittee of Shenzhen Longhua District Central Hospital (approval ID: 2024-
035-01).
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