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Targeting pyroptosis reverses
KIAA1199-mediated immunotherapy
resistance in colorectal cancer

Lisha Li," Lei Zhao,"?® Diwei Zhou,* Yuanhang Yu,' Peiyi Zhang,' Jinge Zheng,’
Zhenyu Lin,"?® Dandan Yu,"??® Jinghua Ren,"*® Jing Zhang,® Pengfei Zhou,’

Dejun Zhang,"?® Tao Zhang © 123

ABSTRACT

Background Despite advancements in treatment
modalities, several patients with colorectal cancer (CRC)
remain unresponsive to immune checkpoint inhibitor
therapy. Pyroptosis, an inflammatory programmed cell
death process, holds substantial promise for tumor
immunotherapy. In this study, we explored the use of
pyroptosis to overcome immunotherapy resistance in CRC.
Methods We used a pyroptosis-related gene panel to
construct an immunotherapy efficacy evaluation model
and validated its performance by immunohistochemical
staining of CRC patient samples. Pyroptosis and its
underlying mechanisms were examined both in vitro and
in vivo using PCR, western blotting, lactate dehydrogenase
release assay, ELISA, co-immunoprecipitation,
immunohistochemistry, fluorescence cell assays,
microscopic imaging, flow cytometry analysis and
bioinformatics approaches.

Results We established a model to define high or low
levels of pyroptosis in CRC, revealed that low pyroptosis
led to immunotherapy resistance, and identified KIAA1199
as a characteristic protein of low pyroptosis CRC. We
further demonstrated that KIAA1199 contributes to low
pyroptosis, resulting in resistance to immunotherapy.
Mechanistically, KIAA1199 bound to and stabilized

DNA methyltransferase-1 (DNMT1), thereby inhibiting
GSDME-mediated pyroptosis. Importantly, our study
highlighted that decitabine reversed KIAA1199-mediated
immunotherapy resistance by enhancing pyroptosis to
restore IL-1B release and CD8" T cell infiltration.
Conclusions We found a critical role of KIAA1199 in
promoting immunotherapy resistance by suppressing
pyroptosis via the DNMT1/GSDME pathway in CRC.
Decitabine has emerged as a promising therapeutic
agent for reversing KIAA1199-mediated immunotherapy
resistance by enhancing pyroptosis. Our findings

provide valuable insights for enhancing the efficacy

of immunotherapy in patients with CRC who exhibit
resistance to conventional immunotherapy approaches.

BACKGROUND

Colorectal cancer (CRC) is the third most
prevalent cancer globally and the second
leading cause of cancerrelated mortality.'
Anti-programmed cell death-1 (PD-1) anti-
body has proven to be the first-line treatment

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Several patients with colorectal cancer (CRC) remain
unresponsive to immune checkpoint inhibitor (ICl)
therapy. Pyroptosis, an inflammatory programmed
cell death process, holds substantial promise for en-
hancing tumor immunity. However, its potential and
specific mechanism for overcoming immunotherapy
resistance in CRC has not been fully explored.

WHAT THIS STUDY ADDS

= KIAA1199 plays a critical role in promoting immu-
notherapy resistance by stabilizing DNMT1, which
subsequently inhibits the expression and cleavage
of GSDME and suppresses cell pyroptosis.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= We explored the clinical significance of pyroptosis-
related genes and KIAA1199 as potential biomark-
ers for predicting immunotherapy responses and
proposed a novel treatment strategy combining
decitabine with ICls to reverse KIAA1199-mediated
immunotherapy resistance by enhancing pyroptosis.

for CRC with deficient mismatch repair,
which occurs in approximately 4%-5%
of patients.”” However, it is imperative to
acknowledge that other patients, do not
demonstrate substantial clinical benefits of
immune checkpoint inhibitors (ICIs).® Ant-
tumor immune escape is a critical factor
contributing to immunotherapy resistance;
however, the underlying mechanisms remain
elusive. Thus, exploring the regulatory mech-
anisms of immune evasion in CRC and iden-
tifying effective inhibitory targets and clinical
strategies are crucial. This effort is key to
improving immunotherapy outcomes and
CRC patient prognosis.

Pyroptosis, a wellstudied form of
programmed cell death (PCD), prominently
implicates the gasdermin (GSDM) family
that has been investigated across a spectrum
of disease models, including autoimmune
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and inflammatory diseases, infectious diseases, deafness,
and cancer.” ® Following cleavage, GSDM liberates the
GSDM-N domain, which induces the piercing of the cell
membrane. This process results in discernible morpholog-
ical alterations, including cytoplasmic swelling, membrane
rupture, and discharge of inflammatory factors into the
extracellular environment.” ' Thus, pyroptosis surpasses
its role as a cellular endpoint. The induction of pyroptosis
in tumor cells leads to the release of cytokines, including
interleukin (IL)-1f3, IL-18, high mobility group box 1
protein (HMGB1), interferon-gamma (IFN-y), granzyme
(Gzm) -A/B/K, and Fas ligand (FasL).” ! This process
facilitates the recruitment of immune cells such as CD4"
T cells, CD8" T cells, and natural killer (NK) cells into
the tumor microenvironment, thereby orchestrating and
amplifying the antitumor activity of the immune response.
Wang et al have devised a bioorthogonal chemical system
engineered to trigger GSDMA3-mediated pyroptosis in
breast cancer cells. Pyroptosis-induced inflammation acti-
vates antitumor immunity and augments the therapeutic
efficacy of anti-PD-1 treatment.” Another study intro-
duced a bionic nanoparticle loaded with indocyanine
green and decitabine specifically designed to trigger
pyroptosis in tumor cells and enhance the sensitivity of
immunotherapy for solid tumors."”” In conclusion, the
inflammatory response elicited by pyroptosis can activate
antitumor immunity and augment immunotherapy sensi-
tivity. Consequently, the extent of pyroptosis in tumor
cells may serve as a predictor of the antitumor immune
response and effectiveness of immunotherapy.

KIAA1199 is also known as cell migration-inducing and
hyaluronan-binding protein."** Our previous research
revealed increased expression levels of KIAA1199 in CRC
tissues, correlating with invasion, metastasis, drug resistance,
and poor prognosis in patients with CRC.*'** Importantly,
KIAA1199 acts as a pivotal suppressor in modulating the
immune response and enabling CRC cells to evade immune
surveillance.” 2 However, the molecular network under-
lying KIAA1199-mediated immunotherapy resistance in CRC
remains poorly understood.

In this study, we investigated the involvement of pyro-
ptosis in regulating the response to immunotherapy
and the underlying mechanisms in patients with CRC.
Mechanistically, KIAA1199 promoted resistance to immu-
notherapy by inhibiting pyroptosis via the DNA methyl-
transferase-1 (DNMT1)/GSDME pathway. Additionally,
we explored the clinical significance of KIAA1199 as a
target in immunotherapy resistance and proposed a new
therapeutic strategy involving the combination of decit-
abine and ICIs to reverse KIAAI1199-mediated immuno-
therapy resistance by enhancing pyroptosis.

METHODS

Cell culture and reagents

MC38 cells were obtained from the American Type Culture
Collection (Rockville, Maryland, USA). Human CRC cells
(HCT116,SW480, and LOVO) and CT26 cells were procured

from the Cell Bank, Type Culture Collection, Chinese
Academy of Sciences (CBTCCCAS, Shanghai, China). These
cells were cultured in DMEM (HCT116, MC38) or RPMI
1640 (SW480, LOVO, CT26) (GIBCO, Grand Island, New
York, USA), supplemented with 10% fetal bovine serum (BI,
Israel), 50pg/mL gentamicin, 100U/mL penicillin, and
0.1mg/mL streptomycin. All human cell lines were authen-
ticated using STR profiling within the last 3 years, and all
experiments were performed with mycoplasma-free cells.

Patients, tissue samples, and gene chips analysis

Cancer tissue samples were obtained from patients with
histopathologically confirmed CRC who were hospitalized
at the Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology, from July 2020 to
December 2022. None of the patients underwent adjuvant
radiation treatment prior to surgery. The study protocol was
thoroughly explained to the patients and written informed
consent was obtained from each participant.

Immunohistochemistry

42 paraffin-embedded CRC specimens were obtained from
the Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology. Tumor samples were
sectioned into 4pm slices. Primary reactions were performed
using anti-GSDMD, anti-caspase-1, anti-caspase-3, anti-
NLRP3, anti-KIAA1199, anti-DNMT1, and anti-GSDME anti-
bodies (Proteintech). This was followed by incubation with
the secondary antibody and immunoperoxidase staining. The
mean density of immunohistochemistry (IHC) staining was
quantified using Image-Pro Plus 6.0, with scores of 0, 1, 2, and
3 assigned based on cell staining intensity and the percentage
of positive cells. The scoring was based on the percentage of
positive cells, classified into four levels: 1 point for 0%<posi-
tive cells<25%, 2 points for 25%<positive cells<b0%, 3 points
for 50%<positive cells<75%, and 4 points for 75%<positive
cells<100%. For analysis, scores of 2 and 3 were categorized
as the high group, while scores of 0 and 1 were categorized as
the low group. The results were confirmed independently by
at least two pathologists.

Western blot analysis and pull-down assay
Proteins from cell lysates were separated using sodium
dodecyl sulfate (SDS)-polyacrylamide gels and transferred
onto nitrocellulose filter membranes. The membranes were
then blocked in 5% nonfat milk for 1hour and incubated
with primary antibodies at 4°C overnight. The primary anti-
bodies, including anti-GSDMD, anti-KIAA1199, anti-DNMTT1,
and antB-actin, were purchased from Proteintech (Rose-
mont, Illinois, USA), whereas the anti-GSDME antibody was
purchased from Abcam (Cambridge, UK). Subsequently, the
proteins were visualized using a western blot detection system
(Bio-Rad, Hercules, California, USA) after treatment with
horseradish peroxidase-conjugated secondary antibodies
(Proteintech).

Cells transiently transfected with KIAA1199-A1/A2/A3/
A4/A5—myc, His-Ubquitin, and DNMT1-Flag plasmids
(GeneChem, Shanghai, China) were lysed according to
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the protocol of the Immunoprecipitation Kit with Protein
G Magnetic Beads (Beyotime, China). Subsequently, the
lysate was incubated with myc, His, or Flag beads at 4°C
overnight. Following incubation, the mixture was elec-
trophoresed using SDS-PAGE for western blotting with
anti-Myc, anti-His, and anti-Flag antibodies (Proteintech).
All experiments were repeated at least three times.

Reverse transcription quantitative PCR
Total RNA was extracted from the cells using the TRIzol
reagent (Invitrogen, Carlsbad, California, USA). Following
reverse transcription, the mRNA levels of the following
proteins were measured using the SYBR Green Real-time PCR
Master Mix. All experiments were performed in triplicates.
The primers used in this assay were as follows: KIAA1199
forward: 5 -CACATTCCAACTACCGGGCT3,” reverse:
5-CCATTGTCAGCAAACCGGC-3’; DNMT1 forward:
5-ACCGCTTCTACTTCCTCGAGGCCTA-3,” reverse: 5
GTTGCAGTCCTCTGTGAACACTGTGG -3; GSDME
forward: 5-CGTAGAGAGCCAGT CTTCATTT-3,” reverse:
5-AGCACAGGGTTTCTC AGATTTA-3’; and p-actin
forward: 5-ACCGAGCGTGGCTACAGCTTCACG-3,’
reverse: 5-AG CACCCGTGGCCATCTCTTTCTCG-3.’

Microscopic imaging

The cells were evenly distributed into six-well plates at a
density of 1.0x10° cells per well and subjected to specific
treatments. Bright-field images were captured at 26°C by
using a camera microscope (OLYMPUS IX71). All exper-
iments were repeated at least three times.

Lactate dehydrogenase release assay

Cells were evenly seeded into 96-well plates at a density of
1.0x10* cells per well and treated with specific interventions.
The assay solution was prepared according to the standard-
ized procedure outlined in the kit instructions (CytoTox
96 cytotoxicity assay; Promega, Madison, Wisconsin, USA)
and mixed with the cell supernatant or animal serum. The
mixture was then incubated in the dark for 30min. Optical
density values were then measured at 450nm. Each sample
was assessed thrice to determine the actual lactate dehydro-
genase (LDH) release. All experiments were performed at
least three times.

ELISA

Following treatment, the concentrations of IL-1B and
IL-18 in cell culture supernatants and serum were
assessed as per the manufacturer’s instructions (Wuhan
USCN Scientific Company, Wuhan, China). Standard
curves were generated using the purified cytokine stan-
dards provided in the kit. Each sample was analyzed at
least three times and the average value was calculated
to determine the actual concentration. All experiments
were performed at least three times.

Flow cytometry analysis

The Annexin V-FITC Apoptosis Detection Kit (Beyotime)
was used for pyroptosis analysis. Following specific treat-
ments, the cells were harvested and incubated for 20min at

room temperature in the dark, followed by flow cytometry
(BD Accuri C6).

For flow cytometry analysis of tumor tissue, animal
tumor tissue samples were minced and incubated in
RPMI 1640 containing 1 mg/mL collagenase V, 0.5mg/
mL hyaluronidase, and 100 pg/mL DNase I on a shaking
table at 37°C for 50 min. Following red blood cell lysis,
the cells were blocked with anti-mouse CD16/CD32
(TruStain-FcX, Clone 93, BioLegend, San Diego, Cali-
fornia, USA) and subsequently incubated with the
following antibodies: PerCP-Cy5.5-CD45 (BioLegend),
BV785-CD3 (BioLegend), BV510-CD8 (BioLegend),
PE-GZMB (Invitrogen), PE-Cy7-IFN-y (BioLegend), and
FITC-perforin (BioLegend). Finally, cells were fixed and
analyzed using a flow cytometer (CytoFLEXLX). All data
were analyzed using FlowJo software (TreeStar, Ashland,
Oregon, USA).

Animal experiments

Stable mouse colon cancer cell lines, CT26 and MC38
overexpressing KIAA1199 or knockdown-KIAA1199 were
established. Female BALB/c or C57BL/6 mice (aged 4-6
weeks) were randomly divided into four or six groups
and tumor cells were subsequently injected subcuta-
neously. Female BALB/c nude mice (aged 4-6 weeks)
were randomly assigned to four groups and subcutane-
ously injected with HCT116 colon cancer cells for exper-
iments involving the KIAA1199 antibody. The InVivoMab
anti-mouse PD-1 (CD279) antibody used in our study
was from BioXcell, item number BE0146-100MG. Each
mouse received an intraperitoneal injection of 200ng
every 3days. Tumor volume was monitored twice a week,
and the mice were euthanized after 21 days. Tumor
tissues and blood samples were collected for subsequent
analyses.

Bioinformatics analysis

We established a database containing 80 pyroptosis-associated
genes. Using the CRC dataset from the TCGA database
(https://portal.gdc.cancer.gov/), we employed the single-
sample gene set enrichment analysis (ssGSEA) algorithm of
the R package “GSVA” to assess and quantify the pyroptosis
level of each patient sample. The samples were subsequently
stratified, with one-third of the samples exhibiting high pyro-
ptosis levels designated as the high-pyroptosis group and one-
third of the samples with low pyroptosis levels categorized as
the low-pyroptosis group. Subsequent differential analysis was
performed to identify genes associated with pyroptosis.

Next, patients were stratified into high-expression and
low-expression groups based on the median immunohisto-
chemical expression level of KIAAI199. Clinical data were
collected, and Kaplan-Meier survival curves and forest plots
for univariate Cox analysis of KIAA1199 were generated
using the “Survival,” “survminer,” and “forestplot” R pack-
ages. From TCGA database (https://portal.gdc.cancer.
gov/), we assessed the expression levels of KIAA1199 across
33 types of tumors. Additionally, we used the GEPIA online
database (http://gepia2.cancer-pku.cn/) and the TIMER
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2.0 database?’ (http://timer.comp-genomics.org/)  to
analyze gene-related information. Metagenetic methods
were employed to estimate the cellular composition of the
immune infiltrates. ssGSEA was used to evaluate immune cell
types across 28 immune cell subpopulations.® Immunophe-
nolic nuclides (IPS) from patients with CRC were retrieved
from the Cancer Immunome Atlas (https://tcia.at/home) to
assess their response toimmunotherapy. The response score is
the most comprehensive indicator of tumor immunogenicity,
calculated by integrating four key determinants: effector
cells, checkpoints/immunoregulators, antigen processing,
major histocompatibility complex molecules (such as HLA),
and immunosuppressive cells. The IPS has shown excellent
performance in predicting responses to anti-CTLA4 and anti-
PD1 immunotherapy.”* Furthermore, we used immune cell
infiltration assessment methods from TIMER 2.0 website to
investigate differences in immune cell infiltration between
high-risk and low-risk groups in CRC. Pearson’s correlation
analysis was performed to explore the relationship between
the risk score and immune-infiltrating cells. Additionally, we
employed the ESTIMATE method (https://bioinformatics.
mdanderson.org/estimate/disease.html) using expression
data to estimate stromal cells and immune cells in malig-
nant tumor tissues and compared differences in the estimate
score, immune score, and stromal score between the high
and low KIAA1199 expression groups.

Statistics

The data are presented as the mean+SD of at least three inde-
pendent experiments. Bioinformatics analysis was conducted
using the R software (V.4.0.0; https://www.r-project.org/).
Results were visualized using PRISM V.5.0 (GraphPad Soft-
ware, San Diego, California, USA), and differences between
two groups were analyzed using Student’s t-test. For compar-
isons involving multiple groups, either one-way or two-way
analysis of variance (ANOVA) was performed, with the one-
way ANOVA used to assess statistical significance. Statistical
significance was set at p<0.05.

RESULTS

Low level of pyroptosis is associated with immunotherapy
resistance in patients with GRC

Given that pyroptosis is a known predictor of antitumor
immune response and immunotherapy sensitivity, and
in the absence of a universally recognized pyroptosis-
specific gene set, we curated our gene selection through
a thorough review of relevant literature and online data-
bases. This analysis was conducted using single-ssGSEA
on datasets from TCGA-COAD (461 patients with CRC)
and TCGA-COADREAD (172 patients with CRC) cohorts
(online supplemental table 1). Based on this comprehen-
sive review, we identified and selected the 80 genes most
strongly associated with pyroptosis. Then, we employed
the ssGSEA algorithm of the R package “GSVA” to assess
and quantify the pyroptosis level of each patient sample.
We defined the first one-third of the samples exhibiting
a high pyroptosis level as high pyroptosis, whereas the

lowest one-third of the samples displaying a low pyro-
ptosis level as low pyroptosis (online supplemental figure
1A). Notably, our observations revealed that in CRC with
low levels of pyroptosis, immune cell infiltration, partic-
ularly that of CD8" T cells, was significantly reduced
compared with that in CRC with high levels of pyroptosis
(figure 1A). Microsatellite instability-high (MSI-H) is
increasingly being recognized as the most important
biomarker for identifying patients likely to benefit from
ICIs.”! Our investigation revealed that microsatellite-
stable (MSS) CRC exhibited a lower level of pyroptosis
than MSI-H CRC. Specifically, 69% of the CRC cases char-
acterized by low pyroptosis were MSS, whereas only 29%
of the CRC cases with high pyroptosis belonged to this
category (figure 1B). Patients with CRC with low pyro-
ptosis tended to exhibit a poorer response to anti-PD1,
PD-L1, or PD-L2 immunotherapies (figure 1C).

To validate the clinical correlation between pyroptosis
and immunotherapy sensitivity, we gathered data from
relevant literature and online databases (GSEA and Gene-
Cards). From the identified pyroptosis-related genes, we
selected five key markers—GSDMD, caspase-1, caspase-3,
NLRP3, and GSDME according to published research—
for further investigation.”* These genes were chosen as
the most significant pyroptosis-related markers based on
their relevance and importance. We analyzed a cohort of
42 patients with CRC who received ICIs using IHC and
immunofluorescence (IF) staining (online supplemental
figure 1B). In agreement with the findings of the bioin-
formatics analysis, we observed that in low-level pyroptosis
CRC, CD8" T cell infiltration was reduced in comparison
to that in high-level pyroptosis CRC (figure 1D). Our
investigation revealed that MSS CRC exhibited lower
expression levels of these five genes than MSI-H CRC
(online supplemental figure 1C). Approximately 87% of
the CRC cases characterized by low pyroptosis were MSS,
whereas only 68% of the CRC cases with high pyroptosis
fell into this category (figure 1E). Notably, patients in the
high-pyroptosis group showed a significant improvement
in survival (figure 1F,G). The disease control rate (DCR)
was also higher in the high-pyroptosis group than in the
low-pyroptosis group (figure 1H). Collectively, these
results suggest that low level of pyroptosis is associated
with immunotherapy resistance in patients with CRC.

KIAA1199 contributed to low pyroptosis

Given the differential response to immunotherapy
between high-pyroptosis and low-pyroptosis CRC, we
further explored differential gene expression. Notably,
the expression level of KIAA1199 was significantly
upregulated in CRC cells with low pyroptosis when
comparing the differentially expressed genes (DEGs)
between the low pyroptosis group and the high pyro-
ptosis group (figure 2A). KIAA1199 has garnered signif-
icant interest due to its distinct expression patterns
in tumors and its crucial biological functions. Conse-
quently, our research team has conducted a series of
studies focusing on KIAA1199% ** # %% ' particularly in
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Figure 1 Low level of pyroptosis is associated with immunotherapy resistance in patients with CRC. (A) Comparison immune
cell infiltration between patients with CRC (n=633). (B) Comparison of pyroptosis levels between patients with microsatellite
instability-high (MSI-H) and microsatellite stable (MSS) CRC in tissues (n=633). (C) Comparison of responses to anti-PD1,
PD-L1, or PD-L2 therapies between patients with CRC with high-level pyroptosis and those with low-level pyroptosis (n=633).
(D) Comparison of CD8* T cell infiltration between patients with CRC with high-level pyroptosis and those with low-level
pyroptosis (n=42) through immunofluorescence (IF). (E) Comparison of MSI-H and MSS in high-level pyroptosis patients

with CRC and low-level pyroptosis patients with CRC (n=42). (F) Comparison of overall survival (OS) between patients with
CRC with high-level pyroptosis and those with low-level pyroptosis (n=42). (G) Comparison of progression-free survival

(PFS) with immunotherapy between patients with CRC with high-level pyroptosis and those with low-level pyroptosis (n=42).
(H) Comparison of the rate of disease control rate (DCR) and progression disease (PD) with immunotherapy between patients
with CRC with high-level pyroptosis and those with low-level pyroptosis (n=42). Fisher’s exact test was applied to B, E, and H.
*p<0.05, **p<0.001. CRC, colorectal cancer.
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with CRC with high-level pyroptosis and those with low-level pyroptosis (n=633). (E) The tumor growth curves (left) of the NC
and shKIAA1199 groups were plotted. (F) The tumor growth curves (right) of the NC and shKIAA1199 groups were plotted.
(G) Lactate dehydrogenase (LDH) release of serum from NC and shKIAA1199 groups. (H) Images of HCT116 and LOVO cells
treated with siRNA targeting KIAA1199 are shown. The scale bar represents 50 um, and yellow arrowheads highlight the
large bubbles emerging from the plasma membrane. (l) The release of LDH from the NC and siKIAA1199 groups of HCT116
and LOVO cells was measured. (J) The release of LDH from the NC and KIAA1199 groups of HCT116 and SW480 cells

was measured. All experiments were repeated at least three times. *p<0.05, **p<0.01, ***p<0.001. CRC, *p<0.05, *p<0.01,
***p<0.001. CRC, colorectal cancer.
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relation to immunotherapy resistance.”® Pearson correla-
tion and GSEA also revealed a close relationship between
KIAA1199 and low pyroptosis (figure 2B-D). From the
TCGA (https://portal.gdc.cancer.gov/) and GTEx data-
base (https://www.genome.gov/Funded-Programs-Proj-
ects/Genotype-Tissue-Expression—Project), we observed
anotable upregulation of KIAA1199 expression in various
cancers, especially CRC (online supplemental figure 2A).
Patients with low-KIAA1199 CRC demonstrated short-
ened disease-specific survival (online supplemental figure
2B). Moreover, we conducted IHC analysis of KIAA1199
in a cohort of 42 patients with CRC and observed signifi-
cant upregulation in the expression level of KIAA1199 in
low-pyroptosis CRC (online supplemental figure 2C and
D).

There is widespread evidence that pyroptosis induces
immunogenic cell death (ICD).”*® To gain further insight
into the relationship between KIAA1199 and pyroptosis,
we employed a remote-effect model of ICD. BALB/c mice
were initiallyinjected with either NC-or shKIAA1199-CT26
on the left side. Five days later, all mice were injected with
NC-CT26 on the right side (online supplemental figure
2E). Compared with the NC group, the shKIAA1199
group displayed a significant reduction in tumor growth
on both the left and right sides (figure 2E,F, online
supplemental figure 2E). Remarkably, only two out of five
mice in the shKIAA1199 group developed tumors on the
right side, the release of HMGBI also indicating a spon-
taneous and substantial increase in ICD in shKIAA1199
tumors (online supplemental figure 2F). Subsequently,
we found that the release of LDH into the serum was
elevated in the shKIAA1199 group, providing evidence of
pyroptosis (figure 2G). Moreover, KIAA1199 knockdown
(KIAA1199-KD) resulted in pyroptotic cell morphology,
characterized by large bubbles emerging from the plasma
membrane, cell swelling (figure 2H, online supple-
mental figure 5H), and increased LDH release in a time-
dependent manner (figure 21, online supplemental figure
2G and H). To further verify the impact of KIAA1199 on
pyroptosis, we used rapamycin (Rap), a rapid caspase-3
activator that triggers pyroptosis and is inhibited by
KIAA1199 overexpression (KIAA1199-OE) (figure 2],
online supplemental figure 2H). In summary, our data
strongly suggest that KIAA1199 inhibits pyroptosis.

KIAA1199 promoted immunotherapy resistance

Considering the association among KIAA1199, pyro-
ptosis, and immunotherapy, we explored the effect of
KIAA1199 on immunotherapy. We assessed immune cell
infiltration in CRC using the TCGA database and the
Timer2.0 web tool®’ (http://timer.comp-genomics.org/)
and discovered a predominantly negative association
between KIAA1199 and various immune cells, such as
CDS8' T cells, CD4" T cells, and NK cells (figure 3A, online
supplemental figure 3A). KIAA1199 negatively correlated
with ESTIMA and immune scores (online supplemental
figure 3B and C). Furthermore, our analysis revealed that
patients with MSS CRC had elevated expression levels

of KIAA1199 (online supplemental figure 3D). High-
KIAA1199 CRC tended to exhibit a poorer response
to anti-PD1, PD-L1, or PD-L2 therapies (online supple-
mental figure 3E). Furthermore, in a C57BL/6mouse
model, KIAA1199 facilitated the growth of subcutaneous
tumors and suppressed sensitivity to anti-PD-1 immu-
notherapy (figure 3B, online supplemental figure 4A).
Besides, anti-PD-1 treatment induced CD8" T cell infiltra-
tion and IFN-y" CD8" T cells; however, it was inhibited by
KIAAI199 (figure 2C,D, online supplemental figure 4B
and C). Our previous study reached the conclusion when
CRC cells with knockdown KIAA1199 were inoculated.*

To further validate the clinical relevance of KIAA1199
expression, we analyzed a cohort of CRC tissues using IF
staining and found that compared with low-KIAA1199
CRC, the infiltration of CD8" T cells was decreased in
high-KIAA1199 CRC (figure 3E). Furthermore, IHC anal-
ysis revealed that 97% of the high-KIAA1199 CRC cases
were categorized as MSS (online supplemental figure
4D). Notably, higher KIAA1199 expression was associated
with shorter survival and lower DCR (figure 3F-H). These
results suggest that patients with high-KIAA1199 levels
are resistant to immunotherapy.

KIAA1199 inhibited GSDME-mediated pyroptosis

The GSDM family is an effector mediating cell pyroptosis,
except for DFNB59, which comprises both the C-ter-
minal and N-terminal domains (GSDM-N).* Currently,
GSDMD and GSDME are recognized as key proteins that
mediate pyroptosis; they are cleaved by caspase-1 and
caspase-3, respectively, and release GSDM-N to pierce
the cell membrane, inducing pyroptosis.”” Our findings
revealed that KIAA1199-KD resulted in the cleavage of
GSDME with GSDME-N expression rather than GSDMD
(figure 4A, online supplemental figure 5A and B). In the
mouse model (online supplemental figure 2E), GSDME-N
expression was dramatically elevated in KIAA1199-KD
subcutaneous tumors (figure 4B). Moreover, GSDME
is known to be cleaved by caspase 3. We used ac-DE-
VD-CHO (DEVD), a caspase-3 inhibitor, to hinder the
cleavage of GSDME and observed that DEVD prevented
GSDME-N expression induced by KIAA1199-KD (online
supplemental figure 5D and E). GSDME knockdown
(GSDME-KD) also produced a comparable effect (online
supplemental figure 5F and G). We also employed Rap,
a caspase-3 activator, to induce GSDME cleavage and
found that Rap increased GSDME-N expression, which
was suppressed by KIAA1199-OFE (figure 4C, online
supplemental figures 5C). This supports the hypothesis
that KIAA1199 inhibited GSDME cleavage. Further-
more, treatment with DEVD to inhibit GSDME cleavage
revealed that KIAAI199-KD upregulated both GSDME
mRNA and protein expression in a time-dependent
manner (online supplemental figure 6A and B). Addi-
tionally, we determined a negative correlation between
the expression abundance of KIAA1199 and GSDME in
human and mouse CRC cell lines; our results of clinical
tumors also exhibited that (online supplemental figure
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Figure 3 KIAA1199 could contribute to immunotherapy resistance. (A) KIAA1199 was compared with various significant
immune cell subpopulations using data from the TCGA database. (B) Comparison of responses to anti-PD1, PD-L1, or PD-

L2 therapies between patients with CRC with high-level KIAA1199 and those with low-level KIAA1199 (n=633). (C) The tumor
growth curves of the NC and KIAA1199 groups with PD-1 were plotted. (D) The infiltration of CD 8°T cells was analyzed by flow
cytometry. (E) The infiltration of IFN-y CD 8T cells was analyzed by flow cytometry. (F) Comparison of CD8" T cell infiltration
between patients with CRC with KIAA1199-high and those with KIAA1199-low (n=42) through IF. (G) Comparison of OS with
immunotherapy between patients with CRC with KIAA1199-high and those with KIAA1199-low (n=42). (H) Comparison of PFS
with immunotherapy between patients with CRC KIAA1199-high and those with KIAA1199-low (n=42). (I) Comparison of rate
of PD and DCR with immunotherapy between patients with CRC with KIAA1199-high and those with KIAA1199-low (n=42).
All experiments were repeated at least three times. Fisher’s exact test was applied to panels H. *p<0.05, **p<0.01, **p<0.001.
CRC, colorectal cancer; IF, immunofluorescence; OS, overall survival; PFS, progression-free survival.
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Figure 4 KIAA1199 converts GSDME-mediated pyroptosis to apoptosis in CRC. (A) Western blot analysis for GSDMD and
GSDME expression. (B) Western blot analysis was performed to assess GSDME expression in xenografts from the NC and
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6C-E). In summary, these data support the hypothesis
that KIAA1199 inhibits GSDME expression, subsequently
decreasing its cleavage.

To validate that KIAA1199 inhibited cell pyroptosis
through GSDME, we examined the effect of GSDME
on KIAA1199-inhibited pyroptosis. Our results showed
that KIAAI1199-KD or treatment with Rap increased the
cleavage of GSDME and the release of LDH, especially
combination of KIAAI199-KD and Rap remarkably
did that. However, GSDME-KD aborted the cleavage
of GSDME, and the release of LDH was upregulated
by KIAAI1199-KD and/or Rap (figure 4D-H, online
supplemental figure 7A). Regarding the specific role of
caspase-3 in regulating PCD, for example, apoptosis and
pyroptosis, the expression level of GSDME influenced the
conversion between apoptosis and pyroptosis. Notably,
we observed that KIAA1199-KD increased pyroptosis and
apoptosis when treated with Rap (a caspase-3 activator),
KIAA1199-KD increased pyroptosis and decreased apop-
tosis, but these effects were reversed by GSDME-KD.
Therefore, it provided evidence to suggest that KIAA1199
inhibited pyroptosis by suppressing GSDME-mediated
conversion of apoptosis to pyroptosis.

Additionally, we developed antibodies (anti-KIAA1199)
to bind and inhibit KIAAI199 (online supplemental
figure 8A). The anti-KIAA1199 antibody effectively trig-
gered GSDME-mediated pyroptosis (online supplemental
figure 8B-G, online supplemental figure 9A). We verified
these results in vivo (online supplemental figure 8H-],
online supplemental figure 9B and C). Our findings
strongly suggested that KIAA1199 inhibited GSDME-
mediated pyroptosis.

KIAA1199 inhibited GSDME by stabilizing DNMT1
To explore the underlying mechanism by which
KIAA1199 inhibits GSDME, we conducted co-immu-
noprecipitation (Co-IP) and mass spectrometry (MS)
peptide sequencing to identify KIAAll199-interacting
proteins (online supplemental figure 10A). Our anal-
ysis revealed that DNA methyltransferase-1 (DNMT1) is
a putative KIAA1199-interacting protein (online supple-
mental figure 10B). DNMTI is a member of the DNMT
family and comprises a conserved set of DNA-modifying
enzymes that play central roles in epigenetic gene regu-
lation.”® To confirm the interaction between KIAA1199
and DNMT]1, we performed co-IP experiments. Consis-
tent with the MS results, we demonstrated an interaction
between endogenous and exogenous KIAA1199 and
DNMTTI (figure 5A,B, online supplemental figure 10C).
To confirm the role of KIAA1199 in binding DNMT1, we
constructed six KIAA1199 deletion variants tagged with
C-terminal myc (online supplemental figure 10D). Then,
pull-down assays revealed that KIAA1199-A4 (820-1204aa)
was critical for binding DNMT1 (figure 5C). This indi-
cates that KIAA1199 interacts with DNMT1.

To further investigate the influence of KIAA1199 on
DNMTI1, bioinformatics analysis and clinical tumors
showed that KIAAI199 was positively correlated

with  DNMT1 (online supplemental figure 10E-I).
KIAA1199-KD resulted in a reduction in the protein
level of DNMT1, whereas mRNA levels remained rela-
tively unchanged. Conversely, KIAA1199-OE exerted
the opposite effect by increasing the DNMT1 protein
levels (online supplemental figure 10J]-M). Moreover,
treatment with cycloheximide (CHX) to inhibit protein
synthesis showed that KIAA1199-OE extended the degra-
dation time of DNMT1, whereas KIAA1199-KD shortened
the degradation time of DNMTI1 (figure 5D). Further-
more, compared with chloroquine (a lysosome inhib-
itor), only MG132 (a proteasome inhibitor) prevented
the degradation of DNMT]1 regulated by KIAA1199-KD
(figure 5E). Importantly, ubiquitination assays showed
that KIAA1199-KD led to increased ubiquitination of
DNMTT1 (figure 5F). This suggests that KIAA1199 upreg-
ulated the protein stabilization of DNMT1 by inhibiting
ubiquitin and proteasome degradation.

Promoter methylation is an important reason for the low
expression of GSDME in tumor tissues, thereby limiting
the occurrence of pyroptosis.”® This methylation is intri-
cately linked to the activity of DNMT family proteins.™
Consistently, our bioinformatics and clinical tumor anal-
yses revealed that DNMT1 was negatively correlated with
GSDME and pyroptosis (online supplemental figure 11A
and B). DNMTI1-OE decreased both the protein and
mRNA levels of GSDME (online supplemental figurel1C
and D). Moreover, we found that KIAA1199-KD increased
the expression and cleavage of GSDME and induced
cell pyroptosis. However, this effect was suppressed by
DNMTI-OE treatment (figure 5G, H, online supple-
mental figure 11E). This suggests that DNMT1 is essen-
tial to KIAA1199-inhibited pyroptosis. Collectively, these
findings indicated that KIAA1199 stabilized DNMT1 and
subsequently inhibited the expression and cleavage of
GSDME and cell pyroptosis.

Decitabine reversed KIAA1199-mediated pyroptosis inhibition
and immunotherapy resistance
Our findings proved that DNMTT1 is essential to KIAA1199-
inhibited pyroptosis and immunotherapy resistance. We
used decitabine (DAC, a DNA methyltransferase inhib-
itor) to inhibit DNMTI1 and found that DAC inhibited
both the protein and mRNA levels of DNMT1 in a dose-
dependent manner, leading to an increase in the expres-
sion and cleavage of GSDME (figure 6A and B), which is
consistent with previous studies on breast cancer, mela-
noma, prostate cancer, and lung cancer.” ***> Moreover,
we employed Rap (a caspase-3 activator) to induce pyro-
ptosis and observed that KIAA1199-OFE inhibited the Rap-
induced expression and cleavage of GSDME (figure 6C,
online supplemental figure 12A) and the release of LDH
(figure 6D, online supplemental figure 12B); however,
this effect was reversed by DAC treatment. This demon-
strated that DAC could reverse KIAA1199-inhibited pyro-
ptosis (figure 6E, online supplemental figure 12C-F).
Recently, targeting pyroptosis to activate antitumor
immunity and sensitize patients to immunotherapy
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Figure 5 KIAA1199 inhibits pyroptosis by stabilizing DNMT1, thereby reducing the expression level of GSDME in CRC.

(A, B) Co-IP experiments revealed a direct interaction between KIAA1199 and DNMT1. (C) Pull-down assays demonstrated
that KIAA1199 deletion variants exhibited binding to DNMT1. (D) Comparison of DNMT1 and myc expression levels in
HCT116 cells treated with cycloheximide (CHX) was measured (up). Protein bands were quantified using Image J (down).

(E) Comparison of DNMT1 expression levels in HCT116 cells treated with DMSO, chloroquine, MG132 or siRNA of KIAA1199
was measured. (F) Ubiquitination assays revealed the relationship between KIAA1199 and the ubiquitination level of KIAA1199.
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(A) Comparison of DNMT1 and GSDME expression levels in HCT116 and SW480 cells treated with decitabine was measured.
(B) Comparison of DNMT1 and GSDME mRNA levels in HCT116 and SW480 cells treated with DAC was measured. (C) The
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following treatment with DAC, raptinal, and overexpression of KIAA1199 was analyzed by flow cytometry. (F) The tumor growth
curves of the six groups were plotted. (G) Western blot analysis was performed to assess GSDME expression in xenografts
from the six groups. (H) LDH release of serum from the six groups. Western blot analysis was performed at least three times.

B-actin was used as an internal control for normalization. All experiments were repeated at least three times. *p<0.05, **p<0.01,
***p<0.001.
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has received increasing attention.” ' '* ** Given that
DAC aborts KIAA1199-inhibited pyroptosis by targeting
DNMTI1, we explored whether DAC could counteract
KIAA1199-mediated resistance to immunotherapy. In the
CH7BL/6mouse model, KIAA1199-OF resulted in anti-
PD-1 inhibitor resistance, which was reversed by DAC
treatment (figure 6F, online supplemental figure 12G).
We investigated the reasons for this phenomenon. DAC
increased GSDME cleavage in subcutaneous tumors and
LDH levels in mouse serum (figure 6G,H). This indicated
that DAC reversed KIAA1199-mediated immunotherapy
resistance by inducing pyroptosis in vivo. In summary,
these data suggested that DAC reversed KIAA1199-
mediated immunotherapy resistance by augmenting
pyroptosis. This offers a promising therapeutic approach
for overcoming immunotherapy resistance in high-
KIAA1199 or low-pyroptosis CRC.

Decitabine restored KIAA1199-suppressed CD8" T cell
infiltration by increasing IL-1p release

It has become increasingly evident that pyroptosis has
become a key focus of research owing to its capacity to
reshape the tumor microenvironment by recruiting
immune cells through the release of chemokines,' *** >’
such as IL-1B and 11-18."" * We found that KIAA1199-KD
increased the levels of IL-1B and IL-18 in the presence or
absence of Rap (figure 7A, online supplemental figure
13A). On the contrary, KIAA1199 inhibited the release
of IL-1B and IL-18, whereas DAC reversed this effect,
particularly IL-1B (figure 7B, online supplemental figure
13B). Moreover, we evaluated the level of IL-1f in mouse
serum and the infiltration of CD8" T cells in subcuta-
neous tumors. Our results showed that KIAA1199-OE
decreased the release of IL-1B and the infiltration of
CD8" T cells with or without anti-PD-1 inhibitor treat-
ment. Additionally, a combination of DAC and anti-PD-1
inhibitor dramatically augmented IL-1p release and CD8"
T cell infiltration that were suppressed by KIAAI1199,
compared with either anti-PD-1 inhibitor or DAC alone
(figure 7C, D, online supplemental figure 14A and B).
This suggested that DAC restored KIAA1199-suppressed
IL-1B release and CD8" T cell infiltration.

To elucidate the influence of IL-1f on KIAA1199-
suppressed CD8" T cell infiltration, we employed anti-
IL-1B to block IL-1B, and anti-CD8 to eliminate CD8" T
cells (online supplemental figure 15A). KIAA1199-KD
suppressed the growth of xenograft tumors, which was
reversed by anti-IL-1B or anti-CD8, particularly anti-CD8
(figure 7E, online supplemental figure 15B). Consis-
tent with our previous findings, KIAA1199-KD increased
LDH levels in the mouse serum and GSDME cleavage in
subcutaneous tumors. However, anti-IL-1B and anti-CD8
had no influence on cell pyroptosis (figure 7F,G, online
supplemental figure 15E). This suggests that IL-1B and
CDS8' T cells might be downstream of KIAA1199-inhibited
pyroptosis. Moreover, we observed that KIAA1199-KD
increased the release of IL-1B and the infiltration of
CDS8" T cell, and anti-CDS8 did not affect the release of

IL-1B, but anti-IL-1B diminished the increase of CD8"
T cells (figure 7HI, online supplemental figure 15C
and D). This supported that KIAA1199-KD resulted in
cell pyroptosis and IL-1B release by recruiting CD8" T
cells. In conclusion, our results demonstrated that DAC
restored KIAA1199-suppressed CD8" T cell infiltration by
enhancing pyroptosis-released IL-1p.

DISCUSSION

In this study, we established a model to define high or low
levels of pyroptosis in CRC and revealed that low pyro-
ptosis led to immunotherapy resistance and identified
KIAA1199 as a characteristic protein of low pyroptosis
CRC. We further demonstrated that KIAA1199 contrib-
utes to low pyroptosis, resulting in resistance to immu-
notherapy. Mechanistically, KIAA1199 bound to and
stabilized DNMT1, thereby inhibiting GSDME-mediated
pyroptosis. Importantly, our study highlighted that decit-
abine reversed KIAA1199-mediated immunotherapy resis-
tance by enhancing pyroptosis to restore IL-1B release
and CD8" T cell infiltration.

Numerous investigations have demonstrated that pyro-
ptosis possesses the ability to recruit immune cells, thereby
transforming “cold” tumors into “hot” tumors through the
release of cytokines and is widely acknowledged to induce
ICD.” * * Given the pivotal role of pyroptosis in eliciting
tumor immunity, models based on pyroptosisrelated genes
have emerged to predict patient prognosis and assess the
efficacy of immunotherapy in various solid tumors, including
lung cancer, bladder cancer, glioma, kidney cancer, and
histiosarcomas.”® In this study, we developed a model to
predict clinical outcomes and immunotherapy responses
among patients with CRC, thereby advancing the field of
precision medicine. Interestingly, patients were ranked from
highest to lowest according to their levels of pyroptosis.
Using the median as a cutoff to distinguish between high
and low pyroptosis groups could introduce minimal differ-
ences between patients near the threshold. To address this,
we excluded patients with median pyroptosis levels, following
the approach of several highly cited studies,”” and used the
top and bottom thirds as cut-off values for comparison. This
approach demonstrated that the association between low
levels of pyroptosis and immunotherapy resistance in patients
with CRC is robust within this range. Notably, the stricter the
cut-off, the stronger the observed effect.

Based on our previous studies, KIAA1199 has emerged as
a pivotal suppressor gene implicated in the modulation of
immune responses, enabling CRC cells to evade immune
surveillance.” % Here, we show that KIAA1199 contributes to
immunotherapy resistance by inhibiting pyroptosis. Research
has shed light on the intricate interplay between signaling
pathways governing apoptosis and pyroptosis.” Our findings
underscore the significance of KIAA1199 as a pivotal switch
capable of converting low immunogenic apoptosis into
highly immunogenic pyroptosis. This highlights KIAA1199 as
a promising clinical molecular target for CRC treatment, with
the potential to induce ICD by orchestrating the transition
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Figure 7 Decitabine restores the release of IL-18 and the infiltration of CD8+T cells suppressed by KIAA1199. (A) IL-1p release
was compared in HCT116 and LOVO cells treated with DAC, raptinal, and siRNA of KIAA1199 in tumor culture supernatants.
(B) IL-1B release was compared in HCT116 and LOVO cells treated with DAC, raptinal, and overexpression of KIAA1199 in
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at least three times. *p<0.05, **p<0.01, **p<0.001. LDH, lactate dehydrogenase.

14 Li L, et al. J Immunother Cancer 2025;13:e010000. doi:10.1136/jitc-2024-010000



between apoptosis and pyroptosis. Given its pivotal role, the
development of a KIAA1199 antibody represents a critical
advancement, laying a solid foundation for the clinical trans-
lation and application of KIAA1199 as a therapeutic target.
Previous studies have indicated that GSDME is
frequently subjected to epigenetic silencing through
methylation in a significant proportion of primary gastric
tumors and colorectal adenocarcinomas, shedding
light on the critical mechanism that contributes to the
suppression of GSDME expression in tumor tissues.” *
Our research revealed a potential mechanism whereby
KIAA1199 inhibits the ubiquitination and degradation of
DNMTI in CRC by binding to DNMT1, leading to the
methylation of GSDME and ultimately repressing GSDME
expression. DAC received FDA approval for the treatment
of myelodysplastic syndrome in 2006. Our study revealed
that DAC enhanced pyroptosis in CRC by demethylating
GSDME, thereby reversing immunotherapy resistance
induced by KIAA1199. This study introduces a novel
clinical drug therapy combination, offering a promising
avenue for exploring innovative therapeutic strategies to
enhance immunotherapy efficacy in patients with CRC
who are unresponsive to conventional immunotherapy
approaches. Further clinical trials are warranted to vali-
date the efficacy of DAC and other demethylating agents
in reversing immunotherapy resistance in CRC.
Pyroptosis is known for its ability to recruit immune
cells and modulate the immune microenvironment by
releasing chemokines.” ® Our previous investigations
identified KIAA1199 as a factor that contributes to immu-
notherapy resistance by hindering CD8" T cell infiltra-
tion.? 2° Here, we elucidated the role of KIAA1199 in
inhibiting CD8" T cell infiltration by suppressing pyro-
ptosis and IL-1B release. Furthermore, we found that DAC
could recruit CD8" T cells by inducing cell pyroptosis
and subsequent IL-1B release, thereby reversing immu-
notherapy resistance in CRC. These findings shed light
on the potential mechanism by which pyroptosis acti-
vates the tumor immune microenvironment and further
explore the downstream pathways through which DAC
activates the immune microenvironment via pyroptosis,
consequently reversing immunotherapy resistance.

CONCLUSIONS

In conclusion, our study elucidated the role of pyro-
ptosis in shaping the response of patients with CRC to
immunotherapy and elucidated the underlying mecha-
nisms. We found that KIAA1199 inhibits pyroptosis via
the DNMT1/GSDME pathway, consequently promoting
resistance to immunotherapy (online supplemental
figure 16). Additionally, we explored the clinical signif-
icance of pyroptosis-related genes and KIAA1199 as
potential biomarkers for predicting immunotherapy
responses and proposed a novel clinical treatment
strategy involving the combination of DAC with ICIs.
This approach aimed to reverse KIAA1199-mediated
immunotherapy resistance by augmenting pyroptosis.

Our findings provide valuable insights for enhancing
the efficacy of immunotherapy in patients with CRC
who exhibit resistance to conventional immunotherapy
approaches. In future studies, we plan to address
the limitations of our current study design by using
larger sample sizes to verify our pyroptosis models for
predicting immunotherapy responses. Additionally, we
will design and conduct a phase I clinical trial to eval-
uate the efficacy of decitabine in combination with ICIs,
aiming to validate this method for reversing immuno-
therapy resistance in patients with CRC.
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