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SUMMARY

Cancer cells sustain glycolysis despite oxygen availability, creating an acidic microenvironment via proton
and lactate export, but how they survive acid stress is unclear. We show that severe acidification (pH 5.6) in-
duces necroptosis, whereas moderate acidity (pH 6.8) prevents death and enables anchorage-independent
survival and tumor initiation. RNA sequencing of suspended cells at pH 6.8 revealed activation of respiratory
chain complex and complement pathways, consistent with adaptation to this pH. A genome-wide CRISPR-
Cas9 knockout screen in PANC1 cells under chronic acidity identified FAM129C as a regulator of acid toler-
ance and survival. In xenografts, FAM129C overexpression reduced PIGR expression, implicating this axis in
tumor growth and immune infiltration. Anti-PD-L1 plus a complement inhibitor showed synergistic anti-tumor
activity in PIGR-overexpressing tumors. Thus, acidic stress engages a pathway that allows cancer cells to
evade necroptosis and promote tumor plasticity, providing potential avenues for therapeutic intervention tar-
geting pH-dependent cell-death pathways.

INTRODUCTION

The tumor microenvironment significantly influences cancer pro-
gression and cellular plasticity through various stressors,
including hypoxia, nutrient deprivation, and acidic extracellular
pH (pHe).' Hypoxia has been extensively studied for its role
in tumor development and its impact on cellular plasticity.* Hyp-
oxia-inducible factors (HIFs) regulate genes associated with
angiogenesis (VEGF-A), glucose metabolism (GLUT1 and
PKM2), and cancer stemness®’ while promoting epithelial-to-

mesenchymal transition (EMT) through transcription factors
such as TWIST, SNAIL1/2, and ZEB1/2.% Although the role of
hypoxia in regard to HIFs has been previously studied,” the influ-
ence of acidic pHe on cancer cell plasticity remains unclear. In
acidic pH environments, oxidative phosphorylation is activated
alongside glycolysis.® Within tumor tissues, pHe typically rea-
ches approximately 6.8, resulting from enhanced proton and
lactate secretion due to the Warburg and Pasteur effects,
respectively.’®"" Moreover, pH levels within tumors are hetero-
geneous, and the tumor core may reach a pH as acidic as
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5.6.">"'° Rather than merely being a downstream consequence
of hypoxia, acidic pHe actively enhances metastatic potential
by inducing angiogenic factors, including VEGF-A and
interleukin-8 (IL-8)."°"'® The mechanism through which acidic
pH induces cell death and survival remains unclear.® It has
been reported that acidic pH induces caspase-dependent
apoptosis in chondrocytes,”' ferroptosis in breast cancer,
and pyroptosis in liver injury.?® However, our previous research
also demonstrated that an acidic pH environment promotes
cell survival,***° indicating the presence of complex adaptations
to environmental stress.

There are distinct cellular responses to an acidic extracellular
environment. An acidic pHe activates SREBP2 through nuclear
translocation and enhances promoter binding, accompanied by
intracellular acidification.’* In tumor-associated neutrophils,
extracellular acidification facilitates N1-acetylspermidine accu-
mulation through SAT1 regulation, promoting tumor progres-
sion.?® In pancreatic cancer, tumor acidosis has been shown to
enhance stem-like properties and in vivo metastatic potential.*®
Acid adaptation of pancreatic organoids also increased viability
and chemotherapy resistance.?” Furthermore, acidic pH has
been reported to confer reliance through oxidative phosphoryla-
tion (OXPHOS) genes in cancer cells.® Acidic environments also
trigger comprehensive metabolic reprogramming, such as
changes in glutamine metabolism and fatty acid utilization,”®
and induce p21-mediated senescence.?® Metabolic reprogram-
ming for adaptation to an acidic pH tumor microenvironment is
a key cellular response. Despite the growing understanding of
acute responses to acidic pHe, the mechanisms enabling long-
term survival under chronic acidic conditions remain poorly char-
acterized, partly because of the technical challenges in maintain-
ing stable pH levels in culture systems. Most studies have
focused on transient responses to acidic pH, leaving critical
gaps in our understanding of cancer cell survival strategies in
acidic tumor microenvironments. Here, we demonstrated that
extreme acidification (pH 5.6) induces necroptotic cell death,
while modulated acidity (typical acidity in tumor microenviron-
ments, pH 6.8) triggers an alternative pathway to evade necrop-
totic cell death by transitioning into a floating state, enhancing
respiratory activity, and inducing complement activation. Using
genome-wide CRISPR knockout screening, we identified key
regulators of cancer cell survival in chronically acidic environ-
ments and investigated their association with patient prognosis.
Our findings reveal mechanisms of acid tolerance in cancer cells
and suggest potential therapeutic strategies that target pH-
dependent cell-death pathways. This study contributes to our
fundamental understanding of cancer cell adaptation to acidic
environments, a crucial step in the development of treatments
targeting acid-resistant tumors.

RESULTS

Necroptosis was induced in cancer cells under extreme
acidity

Acidic pH may induce cell death through caspase-dependent
apoptosis,?’ ferroptosis,?”> and pyroptosis®®; however, the
mechanism of cell death induced by acidic pH has not been
fully characterized. We investigated the correlation between
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clinical outcomes and the expression levels of functional
executioner genes involved in different cell-death pathways
(MLKL for necroptosis, CASP3 for apoptosis, GPX4 for ferrop-
tosis, and GSDMD for pyroptosis). Although the expression
levels of MLKL, CASP3, GPX4, and GSDMD were elevated in
patients with cancer (Figure S1A), higher GPX4 expression
was associated with prolonged disease-free survival (DFS)
(Figure 1A). Moreover, CASP3, GPX4, and GSDMD expression
levels were significantly correlated with both overall survival
(OS) and relapse-free survival in pancreatic adenocarcinoma
(PAAD) (Figure S1B). However, expression of key genes in
necroptosis (RIPK1, RIPK3, MLKL, FADD, TNFR1, and
TRADD), apoptosis (BAX, BAK, CYCS, CASP9, CASP3, and
TP53), ferroptosis (GPX4, SLC7A11, ACSL4, ALOX15, TFRC,
and FTHT), and pyroptosis (CASP1, GSDMD, NLRP3, IL-1B,
CASP4, and ASC) was associated with reduced OS in patients
with pancreatic cancer (Figure S1C), indicating a correlation
of cell-death pathways with cancer progression and
malignancy.

Recent high-resolution, MRI-based in vivo pH imaging studies
have reported localized tumor regions in which the pHe ap-
proaches 5.6.">7'° We therefore monitored pH within pancreatic
tumor xenografts (MIA-PaCa2 and SU86.86) in our system using
electron paramagnetic resonance (EPR) and found regions with
pH values as low as ~6.0 (Figure S1D). Moreover, relative to the
tumor periphery, the core exhibited more hypoxic and acidic re-
gions (Figures S1D-S1H).

Therefore, we investigated the mechanism underlying cell
death induced by acidic conditions (pH 5.6 and 6.8) in cancer
cells. Live-cell imaging using calcein AM staining revealed that
MIA-PaCa2 cells exposed to extremely acidic conditions (pH
5.6) exhibited membrane rupture within 6 h (Figure 1B). This
cellular damage was rarely observed under moderately acidic
(pH 6.8) or neutral (pH 7.4) conditions (Figures 1B and S2A).
Quantitative assessment of membrane destruction using lactate
dehydrogenase (LDH) release assays in multiple cancer cells
(PANC1, MIA-PaCa2, and Hela) demonstrated significant
cellular content release specifically under pH 5.6 conditions
(Figure 1C), corresponding with substantial reduction in cell
viability (Figure 1D).

We examined the executioner markers for various programmed
cell-death mechanisms to elucidate the cell-death pathways
induced under acidic conditions. While markers for apoptosis
(caspase-3), ferroptosis (GPX4), and pyroptosis (GSDMD)
showed no significant changes (Figures 1E, 1F, and S2B), we
observed marked increases in the phosphorylation of necroptotic
proteins RIP1 and MLKL, specifically at pH 5.6, in both PANC1
and MIA-PaCa2 cells (Figures 1E and 1F). The predominant
involvement of necroptosis was further confirmed using the
RIP1 inhibitor, necrostatin-1 (Nec1), which significantly reduced
LDH release (Figure 1G) and improved cell viability (Figure 1H) at
pH 5.6. Notably, prolonged treatment with multiple cell-death in-
hibitors (necroptosis, Nec1; apoptosis, zZVAD-FMK; and ferropto-
sis, ferrostatin-1) under moderately acidic conditions (pH 6.8) did
not affect cell proliferation (Figure S2C). Furthermore, MLKL-pos-
itive necroptosis was induced in the tumor core in vivo
(Figures S2D and S2E). These findings suggest that necroptosis
observed at pH 5.6 may not occur at pH 7.4 or pH 6.8.
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Figure 1. Necroptosis was induced in cancer cells under extreme acidity

(A) Heatmap illustrating disease-free survival (DFS) stratified by MLKL, CASP3, GPX4, and GSDMD expression levels (excluding null values from n = 196) in the
Genomic Data Commons TCGA Pancreatic Cancer dataset. DFS probabilities were assessed using the log-rank test.

(B) Time-lapse images of calcein AM-stained MIA-PaCa2 cells exposed to different pH conditions. Stained cells indicate living cells, and arrowheads indicate
sites of membrane rupture. Scale bars, 10 pm.

(C) Quantification of LDH release in three cell lines following 24-h incubation under varying pH conditions (pH 7.4, 6.8, and 5.6). Data are presented as means +
SEM (n = 3 biological replicates). Statistical analysis was performed by one-way analysis of variance (ANOVA). *p < 0.05, *p < 0.01, ***p < 0.005, ****p < 0.001.
(D) Cell viability of three cell lines cultured under different pH conditions (pH 7.4, 6.8, and 5.6), assessed by sulforhodamine B (SRB) staining. Data are presented
as means + SEM (n = 3 biological replicates). Statistical analysis was performed by one-way ANOVA. ***p < 0.001.

(E and F) Western blot analysis of key cell-death markers in PANC1 (E) and MIA-PaCa2 (F) cells cultured under different pH conditions. Protein levels of cleaved
caspase-3, caspase-3, GPX4, phosphorylated RIP1 (pRIP1), RIP1, phosphorylated MLKL (pMLKL), and MLKL were analyzed over 24-96 h for pH 7.4 and 6.8 and
over 0-12 h for pH 5.6. Cisplatin treatment for 24 h served as a positive control for apoptosis.

(G) LDH release assay in PANC1 and MIA-PaCa2 cells cultured under different pH conditions in the presence or absence of necrostatin-1 (Nec1), a necroptosis
inhibitor. Cells were pretreated with vehicle or Nec1 for 1 h prior to exposure to acidic conditions. LDH release was measured after 6 h. Data are presented as
means + SEM (n = 3 biological replicates). Statistical analysis was performed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.

(H) Cell viability of PANC1 and MIA-PaCaz2 cells under different pH conditions in the presence or absence of Nec1 treatment. Cell viability was determined by SRB
staining. Data are presented as means + SEM (n = 3 biological replicates). Statistical analysis was performed by one-way ANOVA. **p < 0.01, **p < 0.005,
****p < 0.001.

Cancer cell adaptation to acidic conditions (pH 6.8)

While pH 6.8 did not induce typical programmed cell death,
many floating pancreatic cancer cells were observed following
exposures to pH 5.6 and pH 6.8. For PANC1 cells, 15.8% transi-
tioned to a floating state at pH 6.8 and 45.3% at pH 5.6, whereas
the remaining cells remained adherent (84.2% at pH 6.8 and
54.7% at pH 5.6) (Figures 2A and S3A). To examine whether

floating cells at acidic pH survive or adhere, we developed a frac-
tionation experiment in which floating cells from acidic condi-
tions were collected and reintroduced to milder pH (pH 6.8, pH
6.8/pH 7.4, and pH 5.6 to pH 5.6/pH 6.8/pH 7.4) (Figure 2B).
Both PANC1 and MIA-PaCa2 cells demonstrated recovery of
adherence when transferred from pH 6.8 to pH 7.4 compared
to those maintained under acidic conditions at pH 6.8 but not
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when transferred from pH 5.6 to pH 6.8 or 7.4 (Figures 2C and
S3B), suggesting that acidic pH 6.8 induces EMT. Indeed, this
adhesive transition correlated with increased expression of the
EMT-related transcription factors, SNAIL and ZEB1, especially
at pH 6.8 (Figure 2D).

Comprehensive RNA-sequencing (RNA-seq) analysis of
adherent and floating PANC1 cells cultured at pH 7.4 or pH
6.8 for 24 h revealed distinct transcriptional profiles
(Figure 2E), including 664 upregulated and 581 downregulated
genes that were specific to floating cells at pH 6.8 (Figure 2F).
Pathway analysis demonstrated activation of cholesterol
biosynthesis pathways in adherent cells at pH 6.8 compared
to those at pH 7.4 (Figure 2G). Meanwhile, extracellular matrix
organization pathways were downregulated in floating cells at
pH 6.8 compared to pH 6.8 adherent cells (Figure S3C). Both
floating cells under pH 7.4 and pH 6.8, compared to adhesive
cells under pH 7.4 and pH 6.8, enhanced ATP synthesis and
respiratory electron transport (Figures 2H and S3D), while the
cell-cycle regulation pathway was suppressed in pH 7.4
floating cells (Figures S3E and S3F). Moreover, a complement
pathway was activated, including upregulation of C3 and C5
in pH 6.8 floating cells compared to floating cells at pH 7.4
(Figure 21).

Specifically, the mRNA expression of cholesterol biosyn-
thetic genes, such as HMGCS1 and MSMO1, was upregulated
in adhesive cells at pH 6.8 (Figure 2K), agreeing with previous
studies.?*?® In addition, metabolic genes involved in respira-
tory electron transport, such as DHRS2 and PGAM2, were up-
regulated in pH 6.8 floating pancreatic cancer cells (Figure 2L).
Upstream transcription factor analysis also indicated amplifica-
tion of nuclear factor kB (NF-xB) signaling in floating cells at pH
6.8 (Figure S3G). mRNA expression of C1R, C1S, C3, and C5
was elevated in floating cells at pH 6.8 (Figures 2J and 2M).
Other complement-pathway-related genes, including F2RL2
and SERPINA1, were also upregulated (Figures S4A and
S4B), whereas CD59 and SERPINE1 expression was reduced
(Figure S4B). Consistent with these transcriptional changes,
C3 and C5 protein levels increased in PANC1 floating cells at
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pH 6.8 (Figure S4C) along with enhanced production of the acti-
vated fragments C3a and Cb5a (Figure S4D). Notably, genes
within pathways activated under acute acidic conditions
(Figures 2G-2l) remained similarly elevated or were further up-
regulated under chronic acidic pH conditions (Figures 3A, 3B,
and S5A).

These results suggest that metabolic reprogramming involving
the respiratory chain complex, and activation of the complement
pathway may contribute to the survival of floating cells under
acidic conditions (pH 6.8).

Tumorigenicity was preserved in floating cells under pH
6.8 conditions

To further investigate whether floating cells had tumorigenicity
at pH 6.8, floating PANC1 and MIA-PaCaz2 cells (pH 7.4 and pH
6.8) were subcutaneously injected into SCID/SCID mice, and
tumor initiation was observed only in xenograft mice with pH
6.8 floating cells (7 out of 8 mice in pH 6.8 floating vs. 0 out of
8 mice in pH 7.4 floating) (Figures 3C and 3D). These findings
suggest that the pH 6.8 floating cells maintained their viability
and tumorigenicity. Furthermore, tumor size was measured
over a 21-day period. Tumor formation was observed in floating
cells at pH 6.8; in comparison, a limited tumor-forming ability
was observed in cells at pH 7.4 (Figures 3E and S5B). Im-
mune-cell infiltration within the tumors was assessed by immu-
nostaining (Figure 3F). The analysis revealed an increase in
CD11b-positive cells (monocytes, natural killer [NK] cells, gran-
ulocytes, and macrophages), F4/80-positive cells (macro-
phages), Ly6G-positive cells (neutrophils), and CD31-positive
blood vessel cells in tumors derived from pH 6.8 floating cells
in the MIA-PaCa2 xenograft model (Figure 3G). The surviving
floating cells at pH 6.8 demonstrated immunomodulation,
potentially through the activation of the complement pathway.
In summary, at pH 7.4, most cells remained adherent and
viable, while floating cells were largely non-viable. In contrast,
floating cells at pH 6.8 remained viable and retained tumori-
genic potential. At pH 5.6, most cells detached and underwent
necroptosis (Figure 3H).

Figure 2. Cancer cell adaptation to acidic conditions (pH 6.8)

(A) Proportion of floating cells in PANC1 and MIA-PaCa2 cultures under different pH conditions. Cells were counted after medium replacement for 24 h to
determine the number of adherent (ad) and floating (fl) cells. The percentage of floating cells and the total cell numbers are shown below each pie chart.

(B) Schematic of the experimental design for the adhesion recovery assay. Floating cells derived from acidic conditions were collected and reintroduced into the
same or different pH environments (pH 6.8 to pH 6.8/pH 7.4; pH 5.6 to pH 5.6/pH 6.8/pH 7.4). Cells were cultured for 48 h, and proliferation was assessed by SRB
assay.

(C) Quantification of adhesion recovery in PANC1 cells based on proliferation assays. Data are presented as means + SEM of n = 6 biological replicates. Statistical
analysis was performed by one-way ANOVA. ***p < 0.001.

(D) Western blot analysis of EMT markers in PANC1 and MIA-PaCaz2 cells. Protein expression was evaluated after 24 h of culture at pH 5.6, pH 6.8, and pH 7.4.
Adherent (ad) and floating (fl) cell populations were separated prior to analysis.

(E) Principal-component analysis of RNA-seq showing distinct transcriptomic patterns between cellular floating and adhesive states at pH 6.8 and pH 7.4.

(F) Venn diagram showing genes upregulated (left) and downregulated (right) in cells exposed to different conditions for 24 h, compared with adherent cells at pH
7.4.

(G-1) Gene Ontology (GO) enrichment analysis of molecular function terms for upregulated differentially expressed genes (DEGs) between pH 6.8 adhesion (ad)
and pH 7.4 adhesion (G), pH 6.8 adhesion and floating (fl) (H), and pH 6.8 floating and pH 7.4 floating (I). Dotplots display GO terms enriched among upregulated
DEGs. Dot color represents the p value, and dot size indicates the count of DEGs associated with each GO term.

(J) Heatmap of transcript abundance in enriched genes from 20 respiratory systems and seven complement pathways in floating (fl) and adherent (ad) cells of pH
6.8 and pH 7.4. Genes labeled in red were validated by RT-qPCR.

(K-M) mRNA expression levels of the cholesterol biosynthetic pathway (K), metabolic enzymes (L), and the complement pathway (M) in PANC1 adherent (ad) and
floating (fl) cells under pH 7.4 and pH 6.8. Data are presented as means + SEM of n = 3 biological replicates. Statistical analysis was performed by one-way
ANOVA. *p < 0.05, **p < 0.01, **p < 0.005, ***p < 0.001.
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Figure 3. Floating cells under pH 6.8 retain tumorigenic potential

(A) Schematic of acute and chronic culture of PANC1 cells under normal (pH 7.4) and acidic (pH 6.8) conditions. For acute exposure, cells were cultured for 24 h at
pH 7.4 or pH 6.8. For chronic exposure, cells were cultured at pH 6.8 for 14 days, with intermittent recovery at pH 7.4 to maintain cell numbers. After each
condition, adherent and floating cells were separated and collected.

(B) mRNA expression of genes involved in cholesterol biosynthesis (HMGCS1 and MSMO1), cellular energy metabolism (DHRS2 and PGAM2), and the com-
plement pathway (C1R, C1S, C3, and C5) in adherent (ad) and floating (fl) PANC1 cells cultured at pH 7.4 or pH 6.8 under acute and chronic exposure. n = 3
biological replicates. Data are presented as means + SEM. Statistical analysis was performed by unpaired two-tailed Student’s t test. *“p < 0.01, ***p < 0.005,
****p < 0.001.

(C) Schematic of the subcutaneous tumor model using floating MIA-PaCaz2 cells cultured at pH 7.4 or pH 6.8. Floating cells were isolated from each condition and
injected subcutaneously at 5 x 10° cells in 100 pL of PBS (n = 8 per group).

(D) Tumor formation ratio at 7 days post injection for floating cells cultured at pH 7.4 or pH 6.8 (n = 8 per group).

(E) Tumor growth curves for mice injected with floating cells cultured at pH 7.4 or pH 6.8 (n = 8 per group). Data are presented as means + SEM. Statistical analysis
was performed by unpaired two-tailed Student’s t test. ***p < 0.005.

(legend continued on next page)
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FAM129C functions as a pH-dependent tumor
suppressor

Acidic pH stimulates anchorage-independent cell survival, plas-
ticity, and tumor initiation. To identify regulators of chronic acid
tolerance, we established a chronic acidic culture system by
reducing the bicarbonate concentration in the culture medium
to maintain an pHe of 6.8 at 37°C under 5% CO, conditions.
To maintain cell viability during long-term culture, cells were
incubated at pH 6.8 for 24 h, followed by recovery culture at
pH 7.4 for 48 h. We then conducted genome-wide CRISPR
knockout screening using the Toronto Knockout CRISPR Library
version 3, which was introduced into pancreatic cancer cells,
PANCH1, using a lentiviral system® (Figure 4A). The enrichment
rate of the guide RNAs (gRNAs) was determined using MA-
GeCK.®" The counts of each gRNA were obtained from fastq files
in count mode, and significantly altered gRNAs were extracted in
the comparison mode (Figure 4A).

The variation in the counts was calculated as the robust rank
aggregation score for each gene. The top gRNA-targeted genes
that significantly increased under acidic pH conditions included
MED12, TADA1, PBX4, MYO1A, PDGFRA, FAM129C, and TA-
DA2B (Figure 4B). The top ten gRNA-targeted genes associated
with acidic pH screening were significantly correlated with poor
prognosis in patients with PAAD (Figure 4C) and various other
cancer types (Figure S6A). To identify which of these top ten
genes contributed most to patient prognosis, prognostic anal-
ysis was performed on the genes identified by gRNA screening
based on gene-expression changes in clinical specimens from
patients with pancreatic cancer in The Cancer Genome Atlas
(TCGA) (Figures 4D and S6C). FAM129C was identified as the
top contributing gene associated with improved patient survival
in PAAD and lung adenocarcinoma (Figures 4D, S6B, and S6C).

To investigate the potential contribution of FAM129C to cell
survival under acidic pH of 6.8, we generated stable FAM129C
knockout PANC1 cells (Figure 4E). We cultured FAM129C
knockout cells at pH 6.8 for 72 h and performed proliferation as-
says. FAM129C knockout cells exhibited significantly enhanced
proliferation compared to the control cell line at pH 7.4 and
particularly at pH 6.8, indicating the essential role of FAM129C
in cell survival under prolonged acidic pH stress (Figure 4F). To
further investigate the function of FAM729C in cancer cells, we
generated stable FAM129C-overexpressing PANC1 and MIA-
PaCaz2 cells by lentiviral infection using the pMX-FAM129C vec-
tor and confirmed their protein levels (Figures 4G and S6D). No
significant differences in proliferation were observed in
FAM129C-overexpressing PANC1 or MIA-PaCa2 cells
compared to control cells (Figure 4H). To examine the role of
FAM129C in mouse pancreatic tumors, we generated murine
pancreatic cancer (Pan02) cells overexpressing FAM129C, sub-

¢? CellPress

OPEN ACCESS

cutaneously transplanted them into immunocompetent C57BL/
6NJcl mice, and monitored tumor growth over time. FAM129C
overexpression significantly suppressed tumor growth in synge-
neic Pan02 tumors (Figure 4J). Significant tumor suppression
due to FAM129C overexpression was observed in xenografts
of both PANC1 and MIA-PaCa2 cells (Figures 4K and S6F), indi-
cating that FAM129C acts as a tumor suppressor at an acidic pH.
Furthermore, FAM129C knockout resulted in reduced expres-
sion of phosphorylated RIP1 (pRIP1) and phosphorylated
MLKL (pMLKL), suggesting that FAM129C potentially played a
role in regulating necroptosis avoidance at pH 5.6 (Figure SEE).

FAM129C regulates tumor immunity through PIGRs
FAM129C expression was negatively correlated with the expres-
sion of acidic pH-responsive HMGCS1 and MSMO1 genes in
TCGA pancreatic cancer patients, both of which are upregulated
at pH 6.8 (Figure S7A). Given that FAM129C overexpression did
not inhibit cell growth in vitro but significantly suppressed tumor
growth in vivo, we employed a PANC1 xenograft mouse model to
further investigate this phenomenon and downstream targets of
FAM129C. To explore the key regulator of immunomodulation,
the transplanted tumor was excised approximately 20 days after
transplantation, and the extracted RNA was subjected to RNA-
seq. Compared to the control group, genes with altered expres-
sion in FAM129C-overexpressing groups are represented in a
volcano plot based on p values and fold-change ratios
(Figure 5A). Overexpression of FAM129C was confirmed within
tumor tissues, and altered expression of genes such as
PNMA2, DLG1, LAMB3, and PIGR was observed (Figure 5A).
Genes that were significantly up-/downregulated (2-fold) were
subjected to pathway analysis.>* In FAM129C-overexpressing
tumor tissues, downregulation of cytokine-related pathways
was observed owing to decreased expression (Figure 5B). Addi-
tionally, a significant reduction in the mRNA expression of PIGR,
as well as CCL5, CCL16, IL10, and IL10RA, was observed
(Figure 5C) along with downregulation of the IL-6 signaling
pathway (Figure S7B) and NF-xkB1 expression (Figure S7C).
These transcriptional changes in immunosuppressive remodel-
ing may demonstrate similarity to those observed in tumors
derived from surviving floating cells at pH 6.8, where inflamma-
tory gene expression was also upregulated.

PIGR has been identified as a potential regulator of tumor im-
munity.>® Therefore, we focused on the role of PIGR in tumor im-
munity. To analyze the role of PIGR in mouse tumor tissues, cells
stably overexpressing PIGR were established by transfecting
PANC1 cells with the pMX-PIGR vector via viral infection
(Figure 5D). PIGR-overexpressing PANC1 cells were subcutane-
ously transplanted into CB17/Icrdcl-Prkdcscid mice, and the tu-
mor volume was measured. A significant increase in tumor

(F) Immunostaining of tumors excised from mice bearing MIA PaCa-2 xenografts derived from floating cells cultured at pH 7.4 or pH 6.8. Vascular endothelial cells
were labeled with CD31, myeloid cells with CD11b, macrophages with F4/80, and neutrophils with Ly6G. Nuclei were counterstained with DAPI. Scale bar,

100 pm.

(G) Quantification of CD11b*, F4/80*, and Ly6G™ cells (left) and CD31* area (right) shown in (F). Data are presented as means + SEM. Statistical analysis was

performed by unpaired two-tailed Student’s t test. ***p < 0.005, ***p < 0.001.

(H) Model of cellular responses under different pH conditions. At pH 7.4 (left), most cells remained adherent, whereas floating cells underwent apoptosis. At pH
6.8 (middle), a subset of cells persisted in a floating state, continued to proliferate, and retained tumorigenic potential. At pH 5.6 (right), most cells detached and

underwent necroptosis.
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Figure 4. FAM129C functions as a pH-dependent tumor suppressor
(A) Experimental schematic of CRISPR knockout screening in PANC1 cells cultured under normal (pH 7.4) and acidic (pH 6.8) conditions, followed by gRNA-
sequencing analysis. To maintain cell viability under pH 6.8 treatment, cells were cultured at pH 6.8 for 24 h, then switched to pH 7.4 for 48 h, and subsequently

returned to pH 6.8.

(B) gRNA screening results showing a robust rank aggregation (RRA) score of 18,053 genes calculated by MAGeCK-VISPR. Lower RRA scores indicate greater
essentiality under acidic conditions. The top ten enriched genes under pH 6.8 are highlighted.

8 Cell Reports mm, 117226, um, 2026

(legend continued on next page)



10.1016/j.celrep.2026.117226

Please cite this article in press as: Hasegawa et al., Tolerance to extracellular acidic pH facilitates tumor plasticity, Cell Reports (2026), https://doi.org/

Cell Reports

growth due to PIGR overexpression was observed in PANC1 xe-
nografts (Figure 5E). Immunohistochemical staining of immune-
cell markers was performed on frozen sections. The analysis re-
vealed an increase in CD11b-positive cells, F4/80-positive cells,
Ly6G-positive cells, and CD31-positive blood vessel cells in
PIGR-overexpressing tumor tissues in PANC1 xenograft tumor
(Figures 5F and 5G). We next investigated immunocompetent
mice (C57BL/6JJcIC57BL/6NJcl). To further investigate whether
overexpression of PIGR regulates immune modulation within tu-
mors, PIGR-overexpressing Pan02 cells were generated and
subcutaneously inoculated into C57/BL6 immune-proficient
mice (Figure 5H). PIGR-overexpressing Pan02 cells exhibited
increased tumor growth (Figure 5I) and enhanced immune-cell
recruitment, consistent with our observations in PANC1 and
HSML cells (Figures 5E and S8A-S8D). Immune profiling further
showed that PIGR overexpression increased macrophage
(CD45%F4/80*CD11b") infiltration while reducing infiltration of
monocytes (CD45'F4/80 Ly6C"9"Ly6G ), dendritic cells,
CD8* T cells, and B cells within tumors (Figures 5J-5M). Howev-
er, no significant changes were observed in exhaustion-associ-
ated or stemness-associated (stem-like) T cell phenotypes, nor
in macrophage polarization, upon PIGR overexpression
(Figures S8F-S8H). This suggests that the inhibition of the infil-
tration of macrophages through complement inhibitors may
reduce PIGR-overexpressing tumors.

Anti-PD-L1 and complement inhibition synergistically
suppressed PIGR-overexpressing tumors

Increased PIGR expression through FAM129C loss is one of the
key factors for acidic pH adaptation and tumor progression.
Given that the complement pathway was strongly activated in
floating cells at pH 6.8 for increased macrophage infiltration
and that PIGR-overexpressing tumors also exhibited increased
macrophage infiltration, we hypothesized that targeting the
combination of the complement and immune checkpoint sys-
tems might enhance therapeutic outcomes. Therefore, we
administered PMX-53, a synthetic cyclic peptide antagonist of
the C5a receptor (C5aR1/CD88), combined with the anti-pro-
grammed cell-death ligand 1 (PD-L1) antibody. This combination
treatment exerted a synergistic anti-tumor effect in PIGR-over-
expressing Pan02 and HMSL tumors, suggesting that dual
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blockade of PD-L1 and complement signaling (C5aR1) may
represent a therapeutic strategy for tumors adapted to acidic en-
vironments (Figures 6A, 6B, S9A, and S9B).

To examine the infiltration of immune cells following PD-L1 and
complement signaling (C5aR1) blockade, we performed immune
staining of the tumor tissues (Figure 6C). The frequency of CD8"
T cells was higher in the control group compared to all PIGR-over-
expressing groups. Notably, the proportion of interferon-y (IFN-
y)*CD8* T cells was significantly elevated in the PIGR-overex-
pressing combination group relative to the other groups
(Figures 6C, 6D, S6C, and S6D). Additionally, infiltration of F4/
80" macrophage was significantly suppressed in the PIGR-over-
expressing combination group (Figures 6C, 6D, S6C, and S6D).

These results indicate that in PIGR-overexpressing tumors,
the combination of PD-L1 blockade and inhibition of the comple-
ment pathway—activated in floating cells at pH 6.8—elicits a
pronounced synergistic anti-tumor effect (Figure 6E).

DISCUSSION

Acidic extracellular pH is a hallmark of the tumor microenviron-
ment, yet cellular responses to severe acidosis are highly
context dependent. Several cell-death pathways have been re-
ported under acidic conditions, including caspase-dependent
apoptosis in chondrocytes,”’ ferroptosis in breast cancer,
and pyroptosis in liver injury.>® In contrast, our study identifies
necroptosis as the predominant cell-death pathway induced
by acidic pH in pancreatic cancer cells. The ability of Nec1 to
prevent cell death by disrupting RIP1-RIP3-MLKL signaling sup-
ports a mechanistic role for necroptosis and suggests potential
therapeutic relevance. This is particularly notable given accumu-
lating evidence that pharmacological induction of necroptosis
can exert anti-tumor activity in multiple cancer types, including
pancreatic cancer and triple-negative breast cancer.®**
Notably, necroptosis appears to be suppressed under moder-
ately acidic conditions (pH 6.8) representing a commonly
observed pH in solid tumors, indicating that pancreatic cancer
cells may adopt alternative survival strategies under these
conditions.

Consistent with this notion, a key finding of our study was the
identification of survival mechanisms that enable pancreatic

(C) Overall survival (OS) of patients with pancreatic cancer, calculated using the TCGA PAAD dataset. Patients were stratified into high-risk (log risk > 0) and low-
risk (log risk < 0) groups based on the Cox proportional hazards model, using the expression levels of the top ten upregulated gRNA genes under acidic pH
conditions identified in CRISPR knockout screening (MED12, TADA1, PBX4, MYO1A, PDGFRA, FAM129C, TADA2B, SUPT20H, CATSPERD, and NACCT).
(D) Prognostic analysis of the top six gRNA-targeted genes in pancreatic cancer.

(E) Western blot analysis of FAM129C knockdown in PANCT1 cells. Actin is shown as a loading control in the lower panel.

(F) Results of cell growth measurements in FAM129C knockdown PANCH1 cells cultured under pH 7.4 (left) or pH 6.8 (right) conditions at 24, 48, and 72 h after
seeding. Cell viability was quantified by SRB staining. Data are presented as means + SEM (n = 3 biological replicates). Statistical analysis was performed by
unpaired two-tailed t test. *p < 0.05.

(G) Western blot analysis of FAM129C-overexpressing PANC1 cells (top) and MIA-PaCaz2 cells (bottom). Actin is shown as a loading control.

(H) Results of cell growth measurements in control and FAM129C-overexpressing PANC1 (left) and MIA-PaCa2 cells (right) cultured under pH 7.4 or pH 6.8
conditions at 24, 48, and 72 h after seeding. Cell viability was quantified by SRB staining. Data are presented as means + SEM (n = 3 biological replicates).
Statistical analysis was performed by unpaired two-tailed t test. *p < 0.05.

() Schematic of subcutaneous tumor models established using control or FAM129C-overexpressing PANC1 cells. 5 x 108 cells in 100 plL of PBS were sub-
cutaneously injected into SCID mice. n = 5 per group.

(J and K) Tumor growth curves of control and FAM129C overexpressing Pan02 syngeneic (n = 5 biological replicates) (J) and PANC1 xenograft tumor models (n =
5 biological replicates) (K). Tumor cells (1 x 107 control or FAM129C knockout PANC1 or Pan02 cells suspended in 100 pL of PBS) were subcutaneously injected
into SCID or C57BL/6J mice, respectively. Data are presented as means + SEM. Statistical analysis was performed by Student’s t test. ***p < 0.005, ****p < 0.001.
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cancer cells to persist in an anchorage-independent state under
moderate tumor acidosis (pH 6.8). However, our data challenge
this assumption by showing that, at pH 6.8, a subset of PANC1
and MIA-PaCa2 cells remain viable despite loss of attachment
and also acquire increased tumorigenicity. Survival in this
floating state may be supported by upregulation of EMT-associ-
ated gene programs, consistent with an adaptive response to
acidic stress. This extends prior reports of acid-induced
EMT®5” by demonstrating that acidosis induces a reversible,
survival-promoting state that preserves proliferative capacity
even in floating cells.

Previous studies have highlighted the importance of
OXPHOS® and have reported differential expression of choles-
terol biosynthetic genes in adherent cells.?* However, in contrast
to adherent cells, we found that floating cancer cells exhibit a
distinct transcriptional program, including enrichment of com-
plement-related pathways (e.g., activation of C3 and C5), which
we consider an additional finding of this study. Notably, trans-
plantation of these cells into SCID/SCID mice resulted in robust
tumor formation accompanied by increased immune-cell infiltra-
tion. Consistently, activation of the classical complement
cascade has been shown to promote tumor-associated macro-
phage recruitment and establish an immunosuppressive
niche.*® Together, these findings suggest that anchorage-inde-
pendent cancer cells adapted to pH 6.8 may actively shape
the immune microenvironment through complement signaling.

Through genome-wide CRISPR screening, we identified
FAM129C as a critical regulator of acid tolerance under long-
term acidic pH of 6.8. FAM129C was originally characterized
as a B-cell-specific plasma membrane protein (BCNP1) contain-
ing a pleckstrin homology domain, proline-rich motifs, and an
SH2 binding motif.*® Our findings extend the understanding of
FAM129C function in tumor suppression under acidic conditions
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by the significant suppression of tumor growth observed in xeno-
graft experiments with FAM129C-overexpressing PANC1 cells.
FAM129C may also contribute to the evasion of necroptosis,
highlighting its potential role in acidic-pH-induced cell death un-
der acidic tumor microenvironments.

Transcriptome analysis of these tumors revealed regulatory
networks involving PIGR, PNMA2, DLG1, and LAMB3, with
PIGR being particularly notable as it exhibits context-dependent
functions in pancreatic cancer. In pancreatic cancer cells
exposed to pancreatic stellate cells, PIGR upregulation pro-
motes poor patient prognosis, ‘° whereas its downregulation oc-
curs through cytokine-dependent mechanisms within the tumor
microenvironment,*"**> which is consistent with our observed
reduction in tumor-promoting cytokines in FAM129C-overex-
pressing tissues between FAM129C and PIGR. Furthermore,
our findings suggest that within the FAM129C tumor, PIGR me-
diates complement signaling and macrophage infiltration.
Consistent with this notion, tumors overexpressing PIGR ex-
hibited increased macrophage infiltration accompanied by
reduced infiltration of CD8" T cells as well as decreased infiltra-
tion of monocytes, dendritic cells, and B cells (Figure 5M). Our
analyses showed no significant changes in the proportions of
exhaustion-associated or stemness-associated CD8* T cell sub-
sets. These observations indicate that PIGR-dependent macro-
phage regulation may influence the immune landscape without
markedly altering the phenotypic states of anti-tumor CD8*
T cells. Further detailed studies will be required to more carefully
assess whether, and to what extent, PIGR-dependent macro-
phage modulation influences CD8* T cell function and differenti-
ation within the tumor.

We found that the dual targeting of PD-L1 and the comple-
ment pathway has a synergistic anti-tumor effect on the over-
expression of PIGR, a downstream effector of pH 6.8

Figure 5. FAM129C regulates tumor immunity through PIGRs

(A) Volcano plot showing DEGs in FAM129C-overexpressing tumor tissues. Upregulated genes (log, fold change > —1, p < 0.05) are shown in red, downregulated
genes (logs fold change < —1, p < 0.05) in blue, and non-significant genes (|log, fold change| < 1, p > 0.05) in black.

(B) Pathway enrichment analysis of downregulated genes (log, fold change < —1, p < 0.05) in FAM129C-overexpressing tumor tissues.

(C) Transcripts per million (TPM) values of PIGR and cytokine-related gene-expression levels within control and FAM129C-overexpressing tumor tissues. Data
are presented as means + SEM of n = 3 biological replicates. Statistical analysis was performed by unpaired two-tailed Student’s t test.

(D) Western blot analysis confirming the establishment of PIGR-overexpressing (OE) PANC1 cells.

(E) Tumor growth curves of control and PIGR-OE PANC1 xenografts. 5 x 10 cells in 100 uL of PBS were subcutaneously injected into SCID mice. n = 5 per group.
Data are presented as means + SEM of n = 5 biological replicates. Statistical analysis was performed by unpaired two-tailed Student’s t test. **p < 0.005.

(F) Immunofluorescence staining of PANC1 tumors derived from control and PIGR-OE PANC1 xenografts described in (E). Markers are shown as follows: CD31
(endothelial cells), CD11b (myeloid cells), F4/80 (macrophages), and Ly6G (neutrophils). Nuclei were counterstained with DAPI. Scale bar, 100 pm.

(G) Quantification of cell number of CD11b™ cells, F4/80" cells, and Ly6G™ cells (left) and CD31* area (right) in (F). Data are presented as means + SEM of n = 3
biological replicates. Statistical analysis was performed by unpaired two-tailed Student’s t test. **p < 0.01, ***p < 0.005; ****p < 0.001.

(H) Western blot analysis confirming the establishment of PIGR-OE Pan02 cells.

(1) Tumor growth curves of syngeneic control and PIGR-OE Pan02 tumors. Tumor cells (1 x 107 control or PIGR-OE Pan02 cells suspended in 100 pL of PBS) were
subcutaneously injected into C57BL/6J mice. Data are presented as means + SEM of n = 8 biological replicates. Statistical analysis was performed by unpaired
two-tailed Student’s t test. ***p < 0.005.

(J) Immunofluorescence staining of syngeneic Pan02 tumors collected from mice described in (1). Vascular endothelial cells were labeled with CD31, myeloid cells
with CD11b, macrophages with F4/80, and neutrophils with Ly6G. Nuclei were counterstained with DAPI. Scale bar, 100 pm.

(K) Quantification of cell number of CD11b* cells, F4/80* cells, and Ly6G™* cells (left) and CD31* area (right) in (J). Data are presented as means + SEM of n = 3
biological replicates. Statistical analysis was performed by unpaired two-tailed Student’s t test. *p < 0.05, **p < 0.01, ****p < 0.001.

(L) Schematic of the experimental workflow and gating strategy for fluorescence-activated cell sorting (FACS) of CD45* immune cells isolated from syngeneic
Pan02 tumors. CD45* cells were further gated to identify monocytes (CD45*F4/80 Ly6CM9"Ly6G ), tumor-associated macrophages (CD45F4/80*CD11b™"),
neutrophils (CD45*F4/80Ly6C*Ly6G"), dendritic cells (CD45*F4/80-CD11c*I-Ab*), CD4* T cells (CD45"F4/80~CD4"), CD8" T cells (CD45"F4/80-CD8*), NK
cells (CD45*F4/80 NK1.1%), and B cells (CD45*F4/80~B220*). Representative gating plots are shown for control and PIGR-OE syngeneic Pan02 tumors.

(M) Quantification of the proportions of CD45* immune-cell subsets in control and PIGR-OE syngeneic Pan02 tumors. Data are presented as means + SEM of n =
3 biological replicates. Statistical analysis was performed by unpaired two-tailed Student’s t test. *p < 0.05, **p < 0.01; ns, not significant.
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Figure 6. Anti-PD-L1 and complement inhibition synergistically suppressed PIGR-overexpressing tumors

(A) In vivo experiment scheme. Tumor cells (1 x 107 control or PIGR-overexpressing Pan02 cells suspended in 100 pL of PBS) were subcutaneously injected into
C57BL/6J mice. The control group received PBS from day 4, while PIGR-overexpressing (PIGR-OE) groups were treated with either PBS daily from day 4, anti-
PD-L1 antibody on days 4 and 7, PMX53 (a complement inhibitor) every day from day 4, or a combination of anti-PD-L1 antibody and PMX53 intraperitoneally.
(B) Tumor growth curves of syngeneic Pan02 tumors described in (A). Tumor growth was monitored every 2 days (n = 5 mice per group). Tumor samples were
collected for further analyses on day 10. Data are presented as means + SEM of n = 5 biological replicates. Statistical analysis was performed by two-way ANOVA.
*p < 0.05, ***p < 0.001; ns, not significant.

(C) Immunofluorescence staining of syngeneic Pan02 tumors collected from mice described in (A). The indicated markers are shown as follows: CD31 (vascular
endothelial cells), CD11b (myeloid cells), F4/80 (macrophages), Ly6G (neutrophils), CD8 (cytotoxic T cells), and IFN-y (IFN-y-producing cells). Nuclei were
counterstained with DAPI. Scale bar, 100 pm.

(legend continued on next page)
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adaptation. PIGR has been shown to mediate the uptake of
immunoglobulin A dimers and promote macrophage infiltra-
tion,*®> which is supported by our data. Given that with the
infiltration of tumor-associated macrophages (TAMs), anti-
PD-L1 can bind to the surface of TAMs—thereby limiting its
availability to effector T cells*—we propose that complement
inhibition reduces macrophage infiltration,*> thus enhancing
the delivery of anti-PD-L1 to CD8" T cells and improving ther-
apeutic efficacy.

In conclusion, this study identified necroptosis as the pre-
dominant cell-death mechanism under extremely acidic con-
ditions (pH 5.6) and highlighted the role of FAM129C- and
PIGR-mediated regulation of tumor immunity in facilitating
cancer cell survival at moderate acidity (pH 6.8). Our findings
provide evidence that FAM129C functions as a potential tu-
mor suppressor under chronic acidic conditions. We propose
a therapeutic strategy combining anti-PD-L1 antibody and
complement inhibition for the treatment of acid-tolerant tu-
mors. These findings highlight a therapeutic strategy of co-
targeting immune checkpoints and the complement pathway
in tumors that have adapted to acidic stress and have retained
tumorigenic potential.

Limitations of the study

In this study, we demonstrated the mechanisms by which cancer
cells evade cell death in acidic tumor microenvironments. Howev-
er, several limitations should be acknowledged. First, the in vitro
acidic pH culture system used here could not fully mimic the het-
erogeneous pH conditions in tumors in vivo. Second, validation in
human clinical samples would be performed, and the characteris-
tics of the tumor microenvironment in human pancreatic cancer
require further investigation. Third, we have not established the
immunomodulatory effects of combining anti-PD-L1 therapy
with complement inhibitors in clinical studies of pancreatic can-
cer. Fourth, although we assessed overall immune-cell infiltration,
we could not comprehensively characterize the differentiation
states and phenotypic heterogeneity of tumor-infiltrating CD8*
T cells, including stemness-associated and exhaustion-associ-
ated phenotypes, within the tumor. Further studies incorporating
markers related to stemness (e.g., TCF-1, Ly108, and CD62L)
and exhaustion markers (e.g., TOX, TIM-3, and LAG-3) would
enable a more refined evaluation of CD8" T cell populations. Ad-
dressing these limitations will be essential for translating our find-
ings into therapeutic strategies for pancreatic cancer patients.
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® Any additional information required to reanalyze the data reported in this
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Detailed methods are provided in the online version of this paper and include
the following:

® KEY RESOURCES TABLE

(D) Quantification of cell numbers of CD8* T cells, IFN-y* CD8" T cells, CD11b* cells, F4/80" cells, and Ly6G" cells, as well as CD31" area, in (C). Data are
presented as means + SEM of n = 15 biological replicates. Statistical analysis was performed by one-way ANOVA. *p < 0.05, ***p < 0.005, ****p < 0.001; ns, not
significant.

(E) Graphical summary illustrating the key findings of this study. Under acidic conditions (pH 6.8) that mimic the tumor microenvironment, cancer cells maintained
viability and tumor-forming ability even in a floating state. Genes associated with pH resistance were linked to poor prognosis, and the FAM129C-PIGR axis was
identified as a key contributor to this resistance. Combination therapy with an anti-PD-L1 antibody and a complement inhibitor exerted synergistic anti-tumor
effects against these acid-adapted tumors.
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?page=trimmomatic
https://daehwankimlab.github.io/hisat2/
http://subread.sourceforge.net/

https://github.com/kevinblighe/
EnhancedVolcano

https://bioconductor.org/packages/TCC/
https://maayanlab.cloud/Enrichr/
http://impala.molgen.mpg.de/
https://cran.r-project.org/package=gplots
http://kmplot.com/analysis/

https://sourceforge.net/p/mageck/wiki/
Home/

N/A

https://www.flowjo.com

N/A

https://fiji.sc
https://www.graphpad.com/
https://cran.r-project.org/

Other

Confocal microscope (STELLARIS 5)

Leica Microsystems

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Cytation 5 multimode plate reader BioTek Instruments, Winooski, VT, USA N/A

ARVO microplate reader PerkinElmer, Waltham, MA, USA N/A

Fusion FX imaging system Vilber Lourmat N/A
LSRFortessa™ Flow Cytometer BD Biosciences N/A
Cryostat CM1950 Leica Microsystems N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Human pancreatic carcinoma cell lines PANC1 and MIA-PaCa2, along with the human cervical cancer cell line Hela, were sourced
from the American Type Culture Collection (ATCC, Manassas, VA, USA). The mouse pancreatic cancer cell line Pan02 was obtained
from Dr. Kuribayashi (Kawasaki Medical School, Japan). The mouse cervical cancer cell line HSML was obtained from Dr. Kudoh
(Hirosaki University, Japan). Cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) (Nacalai Tesque, Kyoto, Japan)
with 10% fetal bovine serum (FBS) under standard conditions (37°C, 5% CO,), except for PANC1, HSML, and Pan02 cells, which
were maintained in RPMI 1640 medium (Nacalai Tesque, Kyoto, Japan). All human cell lines were authenticated by short tandem
repeat (STR) profiling by the supplier (ATCC). Cell lines were routinely tested for mycoplasma contamination using PCR-based detec-
tion methods and were confirmed to be negative.

Animals

Male C57BL/6 mice and C.B-17/Icr-scid/scidJcl mice aged 8 weeks were purchased from CLEA Japan, Inc. The animals were
housed in individual cages in a temperature- and light-controlled environment and had ad libitum access to chow and water. All
mouse experiments were approved by the University of Tokyo Animal Care and Use Committee. Only female mice were used in
this study. Therefore, potential sex-based differences were not evaluated and represent a limitation of this study.

METHOD DETAILS

Acidic pH cell culture conditions
To simulate acidic environments (pH 5.6 or 6.8), the concentration of sodium bicarbonate was reduced or hydrochloric acid (HCI) was
supplemented to Dulbecco’s Modified Eagle Medium (DMEM; Nissui, Tokyo, Japan). Autoclaved base DMEM was supplemented
with 10% fetal bovine serum (FBS) and 584 mg/L L-glutamine. Sodium bicarbonate was then added at a final concentration of
6.86 mM to prepare the pH 7.4 medium, or at 1.72 mM to prepare the pH 6.8 medium. For the pH 5.6 medium, sodium bicarbonate
(6.86 mM final) and 6 M HCI (9.0 mM final) were added. The pH of each medium was confirmed to be stable for at least 24 h under 5%
CO, at 37°C.

Unless otherwise noted, cells were cultured under each pH condition for 24 h prior to downstream assays. For the LDH assay and
the inhibitor-treated cell viability assay shown in Figures 1G and 1H, cells were incubated at the indicated pH for 6 h before analysis.

For the RT-gPCR analyses shown in Figures 3A and 3B, cells were cultured under chronic acidic conditions. Specifically, PANC1
cells were maintained at pH 6.8 for 14 days; during this period, 24-h recovery cultures at pH 7.4 were intermittently introduced to
maintain sufficient cell numbers.

After culture under each condition, unless otherwise indicated, adherent and floating cells were collected together. When speci-
fied, cells were fractionated and collected separately as adherent (“ad”) or floating (“fI”’) populations.

In vivo pH mapping by EPR

In vivo pH mapping was performed using continuous-wave EPR imaging, as previously described by Komarov et al.*® Briefly, MIA-
PaCa2 and SU.86.86-bearing mice were anesthetized with isoflurane, and the pH-sensitive nitroxyl radical dR-SG was injected intra-
venously via the tail vein. EPR imaging was initiated 2 min after probe injection under temperature- and respiration-controlled
conditions.

Ratiometric measurements of tumor pHe

Tumor extracellular pH (pHe) was measured using the radiometric fluorescent pH indicator Dextran, SNARF-1, 70,000 MW, anionic
(Invitrogen, D3304), based on the method described by Estrella et al.*® with minor modifications.
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SNARF-1 Dextran was administered via tail vein injection at 44 mg/kg to SCID mice bearing MIA PaCa-2 tumors (~1,000 mm?3).
Four hours after injection, mice were euthanized, and tumors were immediately harvested, embedded, and processed for frozen
sectioning. Tissue sections were mounted with DAPI-containing mounting medium and imaged using a confocal microscope
(STELLARIS 5, Leica Microsystems).

SNARF-1 fluorescence was detected at emission wavelengths corresponding to the acidic (580 nm) and alkaline (640 nm) forms of
the dye. Images were acquired from both the tumor core and periphery (n = 5 fields per region). Ratiometric images were generated,
and pHe values were calculated from fluorescence intensity ratios using in vitro calibration curves. Conversion of intensity ratios to pH
values was performed using the equation described previously.*®

In vivo hypoxia imaging

Pimo-yne,*° provided by the Sando Laboratory, was used for hypoxia labeling. Experiments were performed in SCID mice bearing
MIA PaCa-2 tumors or C57BL/6 mice bearing Pan02 tumors, each with an approximate tumor volume of 1,000 mm?>. Pimo-yne was
prepared at a concentration of 6 mg/mL in vehicle (5% DMSO, 45% PEG400, and 50% PBS) and administered to mice at a dose of
5 pL per gram of body weight.

Two hours after Pimo-yne administration, mice were euthanized, and tumors were immediately harvested and processed for frozen
sectioning. Tumor sections were subjected to click chemistry labeling using a reaction mixture containing 25 pM Cy5-dye-azide,
1 mM CuSQOy4, 2 mM BTTAA, and 5 mM sodium ascorbate (NaAsc) in 10% DMSO/PBS and incubated at room temperature for 1 h.

After labeling, sections were washed three times with PBS containing 0.2% Triton X-100 (10 min each), followed by blocking with
DAKO Protein Block at room temperature for 30 min. Sections were then washed three times with PBS-T, mounted with DAPI-con-
taining mounting medium, and imaged by fluorescence microscopy. Images were acquired from both the tumor core and periphery,
with three fields analyzed per region (n = 3).

Excitation for Cy5 and DAPI was provided by a 633- and 405-nm laser, respectively. Cy5-positive areas were determined with Fiji
software.®' Each positive area was binarized and quantified using the Analyze Particle tool. 3 or 5 random fields per section were
imaged.

Live-cell staining, confocal time-lapse imaging, and image analysis

MIA-PaCaz2 cells were stained with Calcein AM (Thermo Fisher Scientific, Waltham, MA, USA; excitation/emission: 480/515 nm) at a
final concentration of 1 pg/mL in PBS for 30 min at 37°C. After staining, cells were washed twice with PBS, and the medium was
replaced with pH-adjusted culture media (pH 7.4, 6.8, or 5.6). Time-lapse imaging was then performed using a confocal microscope
(STELLARIS 5, Leica Microsystems) at 5-min intervals.

Cell lysis, membrane rupture, and LDH release
Cell lysis and membrane rupture were evaluated by measuring lactate dehydrogenase (LDH) activity in the extracellular medium us-
ing an LDH Cytotoxicity Detection Kit (Nacalai Tesque, Kyoto, Japan), following the manufacturer’s instructions. PANC1, MIA-PaCa2,
and Hel a cells were seeded into 96-well plates at a density of 6.0 x 10 cells per well and cultured for 24 h. The cells were then incu-
bated for an additional 24 h in culture media adjusted to pH 7.4, 6.8, or 5.6. Following incubation, LDH release was quantified. The
absorbance of the medium alone was subtracted as background, and LDH release at each pH condition was normalized to the value
at pH 7.4 to determine the relative LDH release.

For the inhibitor treatment shown in Figure 1G, 7-CI-O-Nec1 (a metabolically stable RIP1 inhibitor; Abcam, ab221984) was used at
a final concentration of 50 pM. Cells were pre-incubated with Nec1 in standard medium for 1 h before pH adjustment. The pH-
adjusted media also contained Nec1 at the same final concentration (50 uM), and cells were cultured under these conditions for 6
h. LDH activity was monitored using a Cytation 5 multimode plate reader (BioTek Instruments, Winooski, VT, USA).

Cell viability assay

Cells were suspended in either control (pH 7.4) or acidic culture medium (pH 6.8 or 5.6), then seeded at a density of 6x 102 cells per
well into 96-well flat-bottom microtiter plates (100 pL per well), and incubated overnight at 37°C. Cell viability was assessed using the
sulforhodamine B (SRB) assay. Briefly, cells were fixed with 10% (w/v) trichloroacetic acid, stained with 0.4% (w/v) SRB in 1% acetic
acid, washed, and air-dried. Subsequently, 100 pL of 10 mM Tris base solution (pH ~10.5) was added to each well and incubated at
room temperature for 20 min. Absorbance was measured at 570 nm using an ARVO microplate reader (PerkinElmer, Waltham,
MA, USA).

In Figures 1D-1H, cells were cultured under the indicated pH conditions (pH 7.4, 6.8, or 5.6) for 24 h prior to viability assessment.
For Nec1 treatment (7-Cl-O-Nec1, a metabolically stable RIP1 inhibitor; Abcam, ab221984), cells were pre-incubated with Nec1 at a
final concentration of 50 pM for 1 h before medium replacement. The pH-adjusted media also contained 50 pM Nec1, and cells were
then cultured for an additional 24 h.

In Figure S1F, zZVAD-FMK (BD Biosciences, BD305664), Necrostatin-1 (Enzo Life Sciences, BML-AP309-0020), and Ferrostatin-1
(MedChemExpress, HY-100579) were dissolved in DMSO and administered accordingly. Culture medium was removed from each
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well, and 100 pL of drug-containing medium was added. Six replicates were prepared for each drug concentration. Plates were incu-
bated for 1 h at 37°C. After drug exposure, the medium was replaced with fresh complete growth medium, and cells were further
incubated for 3 days. Cell viability was assessed every 24 h.

Immunoblotting

Cells were cultured under the indicated pH conditions for 24 h or treated with cisplatin (final concentration: 33.3 uM) for 24 h. For the
immunoblotting shown in Figure 2D, after incubation under each pH condition, cells were separated into adherent (ad) and floating (fl)
populations before lysis.

Cells were lysed in RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.5% SDS, 1% NP-40, 2 mM EDTA, and 1x cOmplete Pro-
tease Inhibitor Cocktail (Roche)) and incubated on ice for 30 min. Lysates were centrifuged at 15,000 rpm for 10 min, and the super-
natants were collected for protein quantification using the Bio-Rad Protein Assay. Equal amounts of protein were denatured in SDS
sample buffer, resolved by 10% SDS-PAGE, and transferred to nitrocellulose membranes at 100 V for 1.5 h.

Membranes were blocked with 5% skim milk in TBS-T for 1 h at room temperature (approximately 25°C) and incubated overnight at
4°C with the following primary antibodies:

anti-FAM129C (Abcam, #ab113755), anti-PIGR (Abcam, #ab96196), anti-B-actin (Sigma-Aldrich, #A5441), anti-GPX4 (CST,
#52455), anti-RIP (CST, #3493), anti-phospho-RIP (CST, #65746), anti-MLKL (CST, #14993), anti-phospho-MLKL (CST, #91689),
anti-cleaved Caspase-3 (CST, #9661S), anti-Caspase-3 (CST, #9662S), anti-GSDMD (CST, #97558S), anti-ZEB1 (CST, #D80D3),
anti-E-cadherin (CST, #24E10), anti-Vimentin (CST, #D21H3), anti-Snail (CST, #C15D3), anti-C3 (CST, #97425), and anti-C5 (Abcam,
# ab202039).

After three washes in TBS-T, membranes were incubated for 1 h at room temperature (approximately 25°C) with HRP-conjugated
secondary antibodies: donkey anti-mouse IgG (Sigma-Aldrich, #A4416) or anti-rabbit IgG (CST, #7074P2). After an additional three
washes, signal detection was performed using Chemi-Lumi One Ultra (Nacalai), and images were acquired with Fusion FX (VILBER).

Quantitative real-time PCR

The total RNA of cells was isolated using Isogen reagent (Nippon Gene) and converted to cDNA using PrimeScript reverse transcrip-
tase (Takara) in accordance with the manufacturer’s instructions. The converted cDNA was subsequently utilized for quantitative
real-time PCR amplification with Thunderbird SYBR Green gPCR Mix (Toyobo) and primers (Table S1). mRNA expression levels
were then normalized to ACTB. The threshold cycle (CT) was used to estimate the amount of target mRNA. The comparative CT
method with the formula for relative fold-change = 27AACT was used to quantify the amplified transcripts.

Quantification of floating cells

PANC1 and MIA-PaCa2 cells were seeded into 6-cm dishes at densities of 1.0 x 10° and 3.0 x 10° cells per dish, respectively, and
incubated under standard conditions for 24 h. The medium was then replaced with medium adjusted to pH 7.4, pH 6.8, or pH 5.6, and
cells were further incubated for an additional 24 h. Subsequently, floating and adherent cells were collected and counted separately.
The percentage of floating cells was calculated relative to the total number of cells.

Assessment of cell adhesiveness

PANC1 and MIA-PaCa2 cells were seeded into 10-cm dishes at a density of 5.0 x 10° cells per dish and cultured for 24 h. The culture
medium was then replaced with medium adjusted to pH 6.8 or pH 5.6, followed by an additional 24-h incubation. Floating cells were
subsequently collected and reintroduced into medium adjusted to either pH 7.4 or pH 6.8 and cultured for an additional 48 h. Cell
viability was assessed using the SRB assay, and absorbance values were normalized to evaluate the relative number of adherent
viable cells.

Enzyme-linked immunoassay (ELISA)
Levels of human C3a and C5a were measured using commercially available ELISA kits (Human C3a ELISA Kit, BMS2089; Human
Cba ELISA Kit, BMS2088; Thermo Fisher Scientific) according to the manufacturer’s instructions.

Cells cultured under acidic (pH 6.8) or physiological (pH 7.4) conditions were separated into adherent or floating fractions. Each
fraction was lysed using an SDS-free lysis buffer, and the resulting cell lysates were subjected to ELISA analysis.

RNA-sequencing data analysis

Excised mouse tumors were homogenized at 2800 rpm in Sepasol-RNA | Super G (Nakalai) and lysed by sonication. RNA was ex-
tracted following the manufacturer’s protocol. Extracted RNA was denatured with HT1 Hyb Buffer 1 and 1M NaOH at 25°C for 5 min
and subjected to RNA sequencing using the MiSeq v2 Reagent Kit (lllumina). Quality control of the 300 bp paired-end reads was per-
formed using FastQC, and sequence trimming was conducted with Trimmomatic. Reads were mapped to the reference genome
(hg38) with HISAT2, and raw read counts for each gene were calculated using featureCounts. Expression levels (FPKM and TPM)
were computed from the fragments counted by featureCounts. RNA from three independent tumor samples per group (control
and comparison) was analyzed. Volcano plots of TPM values were generated using the EnhancedVolcano package in R. Genes
with a p value < 0.05 and more than a 2-fold decrease in expression were subjected to pathway analysis using IMPaLA (version
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13).%° DEGs were performed using a method outlined in a previous study.®? In brief, DEGs were identified using R (TCC library)/Bio-
conductor software (version 4.0.4; FDR < 0.05, |log2FC| > 1). Calculated DEGs were used for the downstream analysis, such as Gene
Ontology analysis and TRRUST analysis by Enrichr (https://maayanlab.cloud/Enrichr/)>® as a hub for further GO analyses. In addition,
dot plots and a heatmap with a dendrogram were generated using R software (gplots).

gRNA screening

HEK293T cells were seeded into 15-cm dishes and transfected with the Toronto KnockOut (TKO) CRISPR Library Version 3, pMD2.G,
and psPAX2 using a standard calcium phosphate or lipofection method. Culture supernatants were collected 24 h after transfection,
centrifuged at 1,000 rpm for 5 min, supplemented with 0.1 pg/mL polybrene, and filtered through a 0.45 pm membrane to prepare
lentiviral supernatants.

PANCH cells were seeded into 6-well plates at a density of 3 x 108 cells per well and infected with 400 pL of viral supernatant per
well (multiplicity of infection [MOI] = 0.3). After 24 h, cells were transferred to 10-cm dishes and selected with 2 ug/mL puromycin for
7 days. On day 15 post-infection, puromycin was removed, and cells were cultured in pH-adjusted media. For each pH condition,
cells were distributed into forty 15-cm dishes.

Under the pH 7.4 condition, cells were continuously cultured for 24 days. Under the pH 6.8 condition, in order to maintain sufficient
cell numbers, the culture medium was temporarily switched to normal-pH (pH 7.4) on days 3, 9, and 19 and reverted to acidic-pH (pH
6.8) after 3 days. Passaging was performed twice during the normal-pH periods and once during acidic-pH culture to maintain a total
of >2.4 x 108 cells, thereby ensuring a coverage of >1000 cells per sgRNA throughout the screening.

Genomic DNA was extracted from cells cultured under acidic pH conditions on days 0 and 24 using the NucleoSpin Tissue Kit
(Takara). Amplification of sgRNA cassettes was performed according to the TKOv3 protocol (Addgene), using 2.5 ug of gDNA per
50 pL PCR reaction with the KAPA HiFi Reaction Mix (KAPA Biosystems). PCR products were separated on 1% agarose gels,
and the appropriate bands were excised and purified using the Fast Gene Gel/PCR Extraction Kit (NIPPON Genetics).

The resulting libraries were sequenced using the MiSeq v2 Reagent Kit (lllumina) to quantify sgRNA abundance. Sequencing reads
were demultiplexed and processed using the MAGeCK Flute pipeline (v0.5.8), which performed read alignment to the TKOv3 refer-
ence library (Addgene) in count mode, followed by normalization and identification of significantly enriched or depleted sgRNAs using
the test module in RRA mode. Day 0 samples served as controls, and day 24 samples as experimental conditions. The analysis was
conducted in "control" mode, which performs normalization using non-targeting control sgRNAs.>*

Gene-level significance was evaluated using the Robust Rank Aggregation (RRA) algorithm implemented in MAGeCK. The RRA
score integrates the ranks of multiple sgRNAs targeting each gene to estimate the likelihood that the gene is significantly selected
under the screening condition. Lower RRA scores indicate higher statistical confidence in the gene’s involvement.*®

Generation of knockout and overexpression cell lines

sgRNAs targeting FAM129C (sequences: #1 GAGCCGAGGAACGCAGGCGG; #2 AAGGCAGGAAGTTCCTCAGC) were extracted
from the TKOvV3 library and cloned into CRISPRv2 backbones. Constructs (empty vector, FAM129C-targeting sgRNA vectors #1
and #2, or pMx puro with FAM129 or PIGR cDNA), along with pMD2.G and psPAX2, were transfected into HEK293T cells. After trans-
fection, culture supernatants were collected, centrifuged at 1000 rpm for 5 min, supplemented with polybrene (0.1 pg/mL), and
filtered (0.45 pm) to produce viral supernatants. PANC1, MIA-PaCa2, Pan02, and HSML cells were infected and selected with
2 pg/mL puromycin for 1 week. For knockout cell lines, PANC1 and Pan02 cells were plated in 96-well plates at limiting dilution to
obtain single-cell-derived colonies, which were subsequently expanded and cloned.

Fluorescence-activated cell sorting (FACS)

Tumor-derived cells were enzymatically dissociated at 37°C for 1 h with gentle agitation (180 rpm) in a digestion buffer containing
collagenase (0.75 pg/mL; Roche), DNase | (40 pg/mL; Roche), and dispase (0.5 pg/mL; Thermo Fisher Scientific). The resulting
cell suspensions were passed through a 40 pm BD Falcon strainer to remove debris and aggregates, followed by red blood cell
(RBC) lysis using an RBC lysis buffer (Invitrogen). After washing with PBS, cells were incubated with anti-CD16/32 antibody
(BioLegend) on ice for 5 min to block Fc receptors.

For surface marker staining, cells were incubated for 20 min on ice in PFE buffer (PBS supplemented with 2% FBS and 1 mM EDTA)
with fluorochrome-conjugated antibodies against the following markers: CD4 (RM4-5; BV480), CD8 (53-6.7; BUV395), CD11b (M1/
70; PerCP-Cy5.5), I-A/I-E (25-9-17; BUV395), B220 (RA3-6B2; APC), Ly6C (HK1.4; PE), CD11c (N418; BV421), NK1.1 (S17016D;
BV421), F4/80 (BM8; FITC), Ly6G (1A8; BV480), CD45 (30-F11; APC-Cy7), PD-1 (29F.1A12; APC), CD44 (IM7; APC-Cy7), CD62L
(MEL-14; PerCP-Cy5.5), Sca-1 (D7; PE-Cy7), and CD122 (TM-p1; FITC). Using these panels, T cell exhaustion and stemness, as
well as macrophage polarization, were quantified by flow cytometry (FACS). Antibodies were purchased from BioLegend or BD Bio-
sciences, as indicated.

Where applicable, viability dye staining was performed to exclude dead cells. After staining, cells were washed and analyzed using
a BD LSR Fortessa flow cytometer (BD Biosciences). Data were acquired with FACSDiva software (BD Biosciences) and analyzed
using FlowdJo software (v10.2; BD Biosciences). Gating strategies are provided in Figure 5L. Quantification was performed using sam-
ples from four independent tumors (n = 4).
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Immunohistochemistry analysis of tumor tissue

Tumors were isolated, directly embedded in optimal cutting temperature (OCT) compound, and stored at —80°C until analysis.
Frozen tumor tissues were cut 15 pm thick by using Cryostat CM1950 (Leica). For pMLKL, CD11b, F4/80, Ly6G, and CD31 staining,
tissues were fixed with 4% PFA for 10 min at room temperature, blocked by Dako Protein Block (serum-free, X0909, Agilent Tech-
nologies) for 30 min at room temperature, and stained with antibodies against pMLKL (Abcam, ab187091), CD11b (550282, BD Bio-
sciences), CD31 (MAB1398Z, Millipore), F4/80 (MCA497GA, Bio-Rad), and Ly6G (127602, BioLegend) overnight at 4°C. Primary an-
tibodies were diluted 1:100 in Dako Protein Block. The sections were then incubated for 60 min at room temperature with Alexa Fluor
488-conjugated goat anti-rat (A11006, Thermo Fisher Scientific), Alexa Fluor 488-conjugated goat anti-rabbit (A11008, Thermo Fisher
Scientific), and Alexa Fluor 568-conjugated goat anti-hamster (127-165-160, lwai Chemicals) secondary antibodies, which were
diluted at 1:1,000 in PBS. After three 10-min washes with PBS-T, slides were mounted with DAPI-Fluoromount-G (0100-20, Southern
Biotech) and analyzed using a confocal microscope (STELLARIS 5, Leica).

For CD8 and IFN-y staining, tissues were fixed with cold acetone for 10 min at —20°C and blocked by Dako Protein Block. PerCP-
Cy5.5 anti-CD8 mAb (53-6.7, 100733, Biolegend) and Alexa Fluor 647 anti-mouse IFN-y mAb (505816, Biolegend) were diluted 1:100
in Dako Protein Block and incubated for 60 min at room temperature. After two 10-min washes with PBS-T and a 10-min wash with
PBS, slides were mounted with DAPI-Fluoromount-G (0100-20, Southern Biotech) and analyzed using a confocal microscope
(STELLARIS 5, Leica). Excitation for DAPI, Alexa 488, Alexa 568, and Alexa 647 chromophores was provided by 405-, 488-, 568-,
and 647-nm lasers, respectively, and a Plan-Apochromat oil objective (x63, NA 1.4). The Lightning mode (Leica) was used to
generate deconvolved images. Microscope acquisitions were controlled by LAS X (v. 4.2.1) software from Leica. FL-IHC images,
pMLKL, CD31-, CD11b-, F4/80-, Ly6G-, CD8~, and IFN-y positive areas were determined with Fiji software.®’ Each positive area
was binarized and quantified using the Analyze Particle tool. 3 or 5 random fields per section were imaged.

Tumor xenograft and allograft models

Mice were anesthetized and injected subcutaneously with cancer cells suspended in 100 pL of PBS per mouse on day 0. In MIA-
PaCaz2 floating cell xenograft models, 5 x 10° MIA-PaCa2 floating cells at pH 7.4 and 6.8 were injected into 8-week-old female
C.B-17/Icr-scid/scidJcl mice. Tumors were isolated on day 21.

In FAM129C- or PIGR-overexpressing xenograft models, 1 x 107 control or FAM129C- or PIGR-overexpressing PANC1 MIA-
PaCaz2 cells were injected into 8-week-old female C.B-17/Icr-scid/scidJcl mice. Tumors were isolated on day 31 (FAM129C-over-
expressing PANC1 models), day 28 (FAM129C-overexpressing MIA-PaCa2 models), and day 19 (PIGR-overexpressing PANC1
models).

In FAM129C- or PIGR-overexpressing allograft models, 4 x 10° control or FAM129C- or PIGR-overexpressing murine pancreatic
cancer cell line Pan02 or uterine cancer cell line HSML were injected into 8-week-old female C57BL/6 mice. Tumors were isolated on
day 12 in Pan02 allograft models and on day 18 in HSML allograft models. In anti-PD-L1 and complement inhibitor treatment models,
control group mice were treated with PBS from day 4, while PIGR-overexpressing groups were treated with either PBS from day 4,
10 mg/kg anti-mouse PD-L1 antibody (#A2115, Selleck) on days 4 and 7, 1 mg/kg complement inhibitor PMX53 (S6293, Selleck) daily
from days 4-9, or a combination of anti-PD-L1 antibody and PMX53. All treatments were administered intraperitoneally. Tumors were
isolated on day 9 after injection. Tumor growth was monitored every 2-3 days and analyzed using the Student’s t-tests. To estimate
the tumor volume, the long (L) and short (S) axes of the tumor were measured, and the tumor volume was calculated as L x S x S/2°°

QUANTIFICATION AND STATISTICAL ANALYSIS

Survival analysis

We selected the top 10 enriched genes from the gRNA sequencing data (VED12, TASA1, PBX4, MYO1A, PDGFRA, FAM129C, TA-
DA2B, SUPT20H, CATSPERD, and NACCT) and used them for Cox proportional hazards regression analysis. Models were con-
structed using RNA-seq expression profiles from TCGA via the Broad GDAC Firehose portal (http://gdac.broadinstitute.org/),
including 705 glioma, 534 kidney renal clear cell carcinoma (KIRC), 263 sarcoma, 1100 breast invasive carcinoma (BRCA), 185
esophageal carcinoma, 95 rectum adenocarcinoma, and 509 thyroid carcinoma cases. In addition, microarray data of 102 pancreatic
ductal adenocarcinoma (PAAD) patients were obtained from the Gene Expression Omnibus (GEO) dataset GEO: GSE21501.

To evaluate the prognostic relevance of cell-death-related genes, we performed Kaplan-Meier survival analyses of PAAD patients
from the GEO dataset, stratified into high- and low-risk groups based on the expression of necroptotic (RIPK1, RIPK3, MLKL, FADD,
TNFR1, TRADD), apoptotic (BAX, BAK, CYCS, CASP9, CASP3, TP53), ferroptotic (GPX4, SLC7A11, ACSL4, ALOX15, TFRC, FTH1),
and pyroptotic (CASP1, GSDMD, NLRP3, IL1B, CASP4, PYCARD) genes. For each patient, a risk score was calculated using the
linear predictor from the Cox proportional hazards model.

Pan-cancer analysis was based on the previous report.*” In brief, the heatmap of DFI time and MLKL, CASP3, GPX4, and GSDMD
expression was drawn by UNSC xena (https://xena.ucsc.edu) filtered “null” data. Pan-cancer analysis of MLKL, CASP3, GPX4, and
GSDMD gene expression across pancreas and lung tumors available normal and tumor RNA-seq data was performed using the KM
plot algorithm (https://kmplot.com/analysis/).*”*>” Then, the hazard ratio was drawn by GraphPad PRISM (ver. 10.5). The overall sur-
vivals of each gene from the top 10 genes of knockout screening were also determined using the TNM plot algorithm from pancreas
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and lung tumors. The correlation of two selected genes was analyzed via the TNM plot “Correlation analysis” (https://tnmplot.com/
analysis)®® using RNA-seq data of TCGA choosing pancreatic adenocarcinoma.

Statistics

Subjective bias was minimized when allocating animals/samples to treatment using a randomization procedure. No data points were
excluded or omitted from analysis. Plotted values are shown as means + SEM throughout this study. Indicated p values were ob-
tained using one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls multiple comparisons for post hoc tests,
paired Student’s t tests, or Mann-Whitney U test. p values are denoted as *p < 0.05; **p < 0.01; *p < 0.001; ***p < 0.0001; ns:
not significant.
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