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Abstract

BACKGROUND

Lactate, previously considered a metabolic byproduct, is pivotal in cancer progre-
ssion and maintaining the immunosuppressive tumor microenvironment. Further
investigations confirmed that lactate is a primary regulator, introducing recently
described post-translational modifications of histone and non-histone proteins,
termed lysine lactylation. Pancreatic adenocarcinomas are characterized by in-
creased glycolysis and lactate accumulation. However, our understanding of
lactylation-related genes in pancreatic adenocarcinomas remains limited.

AIM
To construct a novel lactylation-related gene signature to predict the survival of
patients with pancreatic cancer.

METHODS

RNA-seq and clinical data of pancreatic adenocarcinoma (PDAC) were obtained
from the GTEx (Genotype-Tissue Expression) and TCGA (The Cancer Genome
Atlas) databases via Xena Explorer, and GSE62452 datasets from GEO. Data on
lactylation-related genes were obtained from publicly available sources. Differ-
ential expressed genes (DEGs) were acquired by using R package “DESeq2” in R.
Univariate COX regression analysis, LASSO Cox and multivariate Cox regressions
were produced to construct the lactylation-related prognostic model. Further ana-
lyses, including functional enrichment, ESTIMATE, and CIBERSORT, were
performed to analyze immune status and treatment responses in patients with
pancreatic cancer. PDAC and normal human cell lines were subjected to western
blot analysis under lactic acid intervention; two PDAC cell lines with the most
pronounced lactylation were selected. Subsequently, RT-PCR was employed to
assess the expression of LRGs genes; SLC16A1, which showed the highest
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expression, was selected for further investigation. SLC16Al-mediated lactylation was analyzed by immunofluor-
escence, lactate production analysis, colony formation, transwell, and wound healing assays to investigate its role
in promoting the proliferation and migration of PDAC cells. In vivo validation was performed using an established
tumor model.

RESULTS

In this study, we successfully identified 10 differentially expressed lactylation-related genes (LRGs) with
prognostic value. Subsequently, a lactylation-related signature was developed based on five OS-related lactylation-
related genes (SLC16A1, HLA-DRB1, KCNN4, KIF23, and HPDL) using Lasso Cox hazard regression analysis.
Subsequently, we evaluated the clinical significance of the lactylation-related genes in pancreatic adenocarcinoma.
A comprehensive examination of infiltrating immune cells and tumor mutation burden was conducted across
different subgroups. Furthermore, we demonstrated that SLC16A1 modulates lactylation in pancreatic cancer cells
through lactate transport. Both in vivo and in vitro experiments showed that decreasing SLC16A1 Level and its
lactylation significantly inhibited tumor progression, indicating the potential of targeting the SLC16A1/
Lactylation-associated signaling pathway as a therapeutic strategy against pancreatic adenocarcinoma.

CONCLUSION

We constructed a novel lactylation-related prognostic signature to predict OS, immune status, and treatment
response of patients with pancreatic adenocarcinoma, providing new strategic directions and antitumor immuno-
therapies.
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Core Tip: Our article presents the first study on lactylation modification in pancreatic cancer, establishing a lactylation-
related signature that offers new strategic directions for tumor prognosis prediction and combination antitumor immuno-
therapy. It employs an innovative approach, combining both dry lab and wet lab experimental methods, to validate the genes
most closely associated with lactylation.
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INTRODUCTION

Pancreatic cancer is one of the most lethal malignancy worldwide; its incidence has increased drastically in recent years
[1]. Owing to its deep-seated location and swift progression, early detection of pancreatic cancer remains a challenge and
poses considerable therapeutic obstacles. Additionally, several hurdles persist, such as the identification of high-risk
populations for preventive measures, discovery of innovative cancer biomarkers for timely detection, and development of
improved therapeutic strategies to address chemotherapy resistance, along with concerns of recurrence and metastasis
[2]. Therefore, it is imperative to identify effective signatures that can enhance both the diagnostic and therapeutic effi-
cacy.

Lactate, previously regarded as a metabolic byproduct of cancer cell glycolysis, has emerged as a critical regulator of
key functions, such as tumor growth, invasion, metastasis, immunosuppression, and therapeutic resistance[3]. Increasing
evidence suggests that lactate derived from glycolysis is involved in establishing the metabolic cycle between tumors and
non-malignant cells[4,5]. Furthermore, lactate transport in the extracellular environment directly affects neighboring
stromal and immune cells, modulates inflammation, and promotes immune tolerance[6]. In addition, lactate is a signaling
molecule in both regular and tumorous tissues[7]. Recent advances suggest that lactate is not merely an energy source or
signaling molecule; it promotes tumor processes via an emergent epigenetic modification called lysine lactylation (Kla)
[8]. This post-translational regulation involves the addition or removal of lactyl groups from histone and non-histone
proteins, regulated by glycolysis and lactate levels. Given the important roles of lactate in various physiological pro-
cesses, it is important to investigate the potential functions of Kla in various diseases, such as activating gene trans-
cription by concentrating on the promoter region of the gene and altering protein function through direct adjustments.
Moreover, enhanced lactylation significantly affects the expression of immunosuppressive genes in tumor-infiltrating
myeloid cells, facilitating tumor cells” immune escape[9,10]. Additionally, Kla significantly promotes tumor progression,
enhancing macrophage polarization, and advancing pulmonary fibrosis[11-13]. However, the exploration of Kla in
pancreatic ductal adenocarcinoma (PDAC) remains relatively limited, with a notable gap in bioinformatic studies
focusing on lactylation-related genes (LRGs) in PDAC.
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This study constructed a lactylation-associated prognostic model by comparing normal pancreatic and PDAC tissues to
accurately predict the prognosis and immune status of patients with PDAC. After comparing the degree of lactylation
between different cell lines, we focused on two cell lines expressing the highest levels of the LRGs, SLC16A1. We
validated the potential relationship between SLC16A1 and lactylation and its significance in PDAC progression using
various molecular, cellular, and animal experimental methods.

MATERIALS AND METHODS

Data collection and processing

We accessed raw mRNA counts and clinical data for patients with PDAC from the Genotype-Tissue Expression (GTEx)
and The Cancer Genome Atlas Program (TCGA) databases via Xena Explorer (https://xenabrowser.net/datapages/) and
the GSE62452 dataset from Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/). We also compiled 374
genes from lactylation pathways using Molecular Signatures Database, focusing on keywords like “lactate”, “lactic acid”,
and “glycolysis”, and the lactylation-related enzyme family obtained from previous research. Eight relevant pathways
were identified: GOMF_LACTATE_TRANSMEMBRANE_TRANSPORTER_ACTIVITY, HALLMARK_GLYCOLYSIS,
HP_ABNORMAL_LACTATE_DEHYDROGENASE_LEVEL, HP_INCREASED_CIRCULATING_LACTATE_DEHYDRO-
GENASE_CONCENTRATION, HP_INCREASED_SERUM_LACTATE, HP_LACTIC_ACIDOSIS, REACTO-
ME_GLYCOLYSIS, and WP_AEROBIC_GLYCOLYSIS.

Identification of differentially expressed prognostic LRGs

Differentially expressed genes (DEGs) were acquired using the R package “DESeq2” in R (log2 fold change |FC| > 2 and
P < 0.01). Subsequently, we conducted a cross-analysis between the DEGs and a lactylation-related gene set to identify
LRGs that exhibit differential expression. This analysis was visualized as a Venn diagram using Jvenn (jvenn.
XXXoulouse.inra.fr/). Furthermore, we used the network-based tool Metascape (http://metascape.org/) for gene
annotation and functional enrichment analyses.

Construction of the lactylation-related prognostic signature and nomogram

Univariate Cox regression analysis was used to identify prognostically valuable LRGs. We then used ‘glmnet’ in R for
Lasso Cox regression, creating a multivariate Cox model based on these genes[14]. The lactylation score was calculated
using the following formula: Lactylation score = expression level of gene, x coefficient of gene, + expression level of gene,
x coefficient of gene, + ... + expression level of gene, x coefficient of gene,. All samples were categorized into two groups
based on the median lactylation score: Lactyl-high and Lactyl-low. Principal component analysis was used to check the
classification accuracy, and Kaplan-Meier analysis was used to compare the overall and median survival times between
the two groups. In addition, using the R package “timeROC,” we performed the time-dependent receiver operating
characteristic (ROC) curve. Furthermore, we employed a Cox proportional hazards regression model to identify LRGs as
independent prognostic factors for overall survival (OS). A nomogram predicting 1-, 3-, and 5-year survival was created
using “regplot,” and its accuracy and sensitivity were assessed via calibration, ROC, and decision curves.

The correlations between the lactylation and immune scores

Immune scores were calculated through the ESTIMATE algorithm using the “estimate” R package. Furthermore,
Spearman’s correlation test was used to examine the association between lactylation and immune scores. A positive corre-
lation was observed between higher lactylation levels and immune scores.

Assessment of the immune cell infiltration, tumor microenvironment, and immune checkpoint inhibitors in different

subgroups

We analyzed immune infiltration in PDAC samples using the “CIBERSORT” algorithm to assess the fractions of 22
tumor-infiltrating immune cells, visualizing results with “ggplot” in R. Furthermore, we used a classification method that
divides immune cells into four main categories from the previous study, which are total lymphocytes, total dendritic cells
(sum of activated and resting dendritic cell percentages), total macrophages (sum of M0, M1, and M2 macrophage
percentages), and total mast cells (sum of activated and resting mast cell percentages)[15]. We then examined the
expression of these immune subgroups in the different lactylation groups using boxplots for visualization. Additionally,
we compared immune checkpoint gene differences between subgroups to explore the impact of the lactylation score on
immunotherapy using checkpoint genes sourced from a previous study[16].

Cell culture

PDAC cell lines (AsPC-1, Capan-2, MIA-Paca2, PANC-1, and SW1990) and human normal pancreatic ductal epithelial
cells (HPNE) were obtained from the Cell Resource Center of the Chinese Academy of Sciences in Shanghai, China. Cells
were cultured at 37 °C with 5% CO,, and AsPC-1 cells were grown in RPMI-1640 with 10% fetal bovine serum (FBS),
whereas others used high-glucose Dulbecco's modified Eagle medium with 10% FBS. Cells in the logarithmic growth
phase were passaged using 0.25% trypsin.
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Animals

Male BALB/c nude mice, 4-6 wk old, obtained from SLAC ANIMAL (Shanghai, China), were maintained in a specific
pathogen-free facility at Xinhua Hospital, Shanghai Jiao Tong University. The facility had a 12 h light-dark cycle, 25 + 2 °C
temperature, and 65% humidity. The mice had ad libitum access to food and water. The study was approved by the
hospital's Ethics Committee and followed the national animal use guidelines.

Establishment of the tumor model

Mice were injected subcutaneously with 50 pL of a 5 x 10° SW1990 cell suspension near the right dorsal forelimb[17].
From day 5 post-injection, the mice were monitored every two days for general health, weight, and tumor growth. The
tumor size was measured using a caliper, and the volume was calculated (volume = 1/2 x longest diameter x shortest
diameter?). The mice were observed until the tumors exceeded 2 cm, skin ulceration occurred, or their health worsened.
Euthanasia was induced by cervical dislocation, followed by dissection and tumor measurements.

Chemicals and reagents
L-lactate was purchased from Shengon Biotech (Shanghai, China), and a-cyano-4-hydroxycinnamic acid (CHC) was
purchased from Adooq Bioscience (Irvine, CA, United States).

RNA extraction and RT-PCR

Total RNA was extracted from the cells using TRIzol cell lysis reagent according to the manufacturer's instructions.
Following quantification, first-strand cDNA synthesis was carried out for 15 min at 37 °C and 5 s at 85 °C using the
PrimeScript RT Kit (Takara, Shiga, Japan) with 1 pg of total RNA for each sample. Subsequently, RT-PCR was conducted
to detect the gene expression of these newly synthesized cDNAs. The primer sequences utilized are provided in Supple-
mentary Table 1. The specific procedure involved conducting experiments in a reaction volume of 20 pL, with PCR
cycling consisting of an initial denaturation at 95 °C for 30 s followed by 40 cycles of denaturation at 95 °C for 5 s and
annealing/extension at 60 °C for 30 s. The data were then analyzed by comparing the cycle threshold values, and normal-
ization was performed using the reference gene ACTIN.

Western blotting

Total protein was extracted from cells with RIPA buffer and quantified using BCA. Electrophoresis was run at 120 V until
bromophenol blue reached the bottom of the gel. The proteins were transferred onto a polyvinylidene fluoride membrane
in a 'sandwich' setup, followed by blocking and overnight incubation with primary antibodies. After incubation with a
secondary antibody, chemiluminescence was detected using an imaging system to record the bands. The following
antibodies were used: Anti-L-lactyl lysine (PTM BioLab, China), anti-SLC16A1 (Abcam, United Kingdom), and anti-
tubulin (ProteinTech, Shangai, China).

Immunofiuorescence

After reaching the desired confluence, the cells on glass coverslips were fixed with 4% paraformaldehyde for 15 min at
room temperature. After fixation, the cells were permeabilized with 0.1% Triton X-100 for 10 min and blocked with 5%
bovine serum albumin in phosphate-buffered saline (PBS) for 1 h to reduce non-specific binding, Followed by overnight
incubation at 4 °C with primary antibodies in blocking solution. After washing with PBS, cells were incubated with
fluorochrome-linked secondary antibodies for 1 h in the dark at room temperature. Nuclei were stained with 4’,6-
diamidino-2-phenylindole for 5 min, and coverslips were mounted on slides using anti-fade medium. Fluorescence
signals were imaged using a confocal microscope.

Lactate production analysis

Cells in a 6 cm dish were cultured to 70%-80% confluency and detached using trypsin-ethylenediaminetetraacetic acid,
and the pellet was ultrasonicated for lysis. Intracellular lactate was measured using Lactic Acid Detection Kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer's instructions. Lactate values were
normalized to the protein concentration for consistency.

Colony formation assays

First, cells were suspended in 10% FBS and seeded in a six-well plate. The cells were cultured for 10-14 d until visible
single-cell clones of more than 50 cells were formed. The cells were fixed with 4% paraformaldehyde for 20 min, stained
with 0.1% crystal violet for 20 min, and photographed under a microscope.

Transwell assays

In corning transwell migration assays, 2 x 10* cells in 1% FBS medium were seeded in the upper chamber, while 800 pL of
10% FBS medium was added to the lower chamber. After 24-48 h of incubation, the cells in the upper chamber were fixed
with 4% paraformaldehyde for 20 min and stained with 0.1% crystal violet for 20 min. After washing with PBS, non-
migrated cells were removed using a cotton swab. Images of migrated cells on the lower surface were captured in five
random fields and analyzed using Image] software.

Wound-healing assay

Once the pancreatic cancer cells reached 100% confluence in the culture wells, they were transferred to a serum-free
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medium. A scratch was made in each well using a pipette tip, and cell migration was photographed at 0, 24, and 48 h
using a microscope. Migration data were analyzed using the Image] software.

Statistical analysis

All data analyses and visualizations were performed using R software. For non-normally distributed data with uncertain
variance, group differences were analyzed using the Wilcoxon rank-sum test. Cox regression models were used for both
the univariate and multivariate analyses. Survival differences were evaluated using the log-rank test. A P value less than
0.05 indicates significant differences, while values < 0.01 denote highly significant differences.

RESULTS

Identification of LRGs in PDAC

First, we used the DESeq2 algorithm to identify the DEGs in PDAC. By comparing tumors with normal tissues, 48209
DEGs were identified in a cohort of 177 tumors and 172 normal tissues from the GTEx-TCGA dataset, including 3421
upregulated and 2448 downregulated genes. We discuss the differential gene expression profiles using a heatmap and
volcano plot (Figure 1A and B). The intersection genes were identified between DEGs and the lactylation-related gene set
using a Venn diagram, revealing four downregulated genes (B3GALNT2, COX6A2, GYS2, and ALDOB) and 15
upregulated genes (SLC16A1, SLC16A3, SLC5A12, ABCGS, CFH, COL4A1, HLA-DRB1, KCNN4, KIF23, PIK3CG, SLC7A7,
HPDL, MT-TC, PCK1, and SLC52A1) that form LRGs (Figure 1C). Functional enrichment analyses conducted using the
Metascape database revealed that LRGs were closely related to lactate transport, immune response regulation, and the
potential association between LRGs and L-lactyl (Figure 1D and E).

Development of the lactylation-associated prognostic model in PDAC

We performed univariate Cox regression analysis to fit the expression data of the 19 LRGs with prognostic survival data
and to delete redundant genes with high collinearity to determine specific LRGs with prognostic significance in PDAC.
We identified 10 LRGs with potential prognostic value and compared their expression patterns between tumor and
normal tissues (Figure 2A and B). Only five genes (SLC16A1, HLA-DRB1, KCNN4, KIF23, and HPDL) were further
screened using LASSO regression Cox analysis, subjected to multivariate Cox regression analysis, and represented as a
forest plot (Figure 2C-E). Further analysis revealed that the OS curve was associated with lactylation-related prognostic
genes (Figure 2F). High expression levels of these five genes (SLC16A1, HLA-DRB1, KCNN4, KIF23, and HPDL) are
integrally linked to the poor prognosis of PDAC. Additionally, a circular plot was constructed to demonstrate the
chromosomal locations of the five prognostic LRGs (Figure 2G).

Validation of the lactylation-associated prognostic signature

For further robustness, we used an external dataset (GSE62452) as a validation cohort to confirm the universality of
prognostic signatures derived from the primary training cohorts. Patients with PDAC were stratified into two subgroups
based on the median lactylation score: A high lactylation score group and a low lactylation score group. Principal
component analysis was used to determine the accuracy of the subgroups (Figure 3A and B). A heatmap further
illustrates the differential expression of prognostic LRGs between the two defined subgroups (Figure 3C and D). The
lactylation score and survival status of each patient in the cohorts displayed in the distribution plots indicated a notable
trend: An increase in patient mortality correlated with higher lactylation scores (Figure 3E and F). Furthermore, Kaplan-
Meier survival analyses revealed that the high lactylation score group had poorer outcomes than that in the low
lactylation score group in both the training and validation cohorts (Figure 3G and H). Based on the area under curve
(AUCQ), our lactylation-related model predicted values for 1-, 3-, and 5-year OS in the training cohort with the predictive
accuracy 0.722, 0.793, and 0.782, respectively. In contrast, the validation cohort exhibited AUC values of 0.639, 0.930, and
0.897, respectively (Figure 3 and ]). These values underscore the high predictive accuracy and reliability of the prognostic
signatures.

Stratified analysis and independent prognostic analysis of LRGs in PDAC

Given the established predictive value of our model for clinical outcomes in pancreatic cancer, we extended our invest-
igation to explore the correlations between lactylation score and various clinical features using stratified and Cox
regression analyses to assess the accuracy of the lactylation-related model and predict patient outcomes. Based on
different clinical characteristics, we divided the patients into distinct subgroups, including age (> 60 years and < 60
years), T stage (T1-2 and T3-4), N stage (NO and N1), M stage (M0 and Mx), and stage (stages I-II and III-IV). Kaplan-
Meier survival analysis was conducted for each subgroup, revealing that patients in the high lactylation score group
consistently exhibited a poorer prognosis across all subgroups (Figure 4).

In summary, the lactylation signature demonstrated notable efficacy in prognostic forecasting of various clinical
features in patients with pancreatic cancer. However, it is imperative to further explore whether lactylation score can be
considered an independent prognostic factor for survival outcomes. Subsequently, we performed univariate and
multivariate Cox regression analyses for lactylation score, stage, T, N, and M stages, and age, and visualized the results
using a forest plot. In the univariate Cox regression analysis, the lactylation score, stage, T and N stages, and age were
significantly associated with the prognosis of patients with PDAC (P < 0.05; Figure 5A). Based on the univariate Cox
regression analysis results, multivariate Cox regression analysis revealed that the lactylation score and age were
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Figure 1 Identification of lactylation-related genes in pancreatic ductal adenocarcinoma. A and B: The heatmap and volcano plots of the
differentially expressed genes (DEGs); C: The Veen diagram of DEGs and lactylation-related gene set; D and E: The function of the lactylation-related genes in the
Metascape database. LRGs: Lactylation-related genes.
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Figure 2 Construction of the lactylation-related prognostic model. A: Univariate Cox regression analysis screened 10 prognostic lactylation-related
genes (LRGs); B: Expression difference of LRGs between normal and pancreatic ductal adenocarcinoma tissues; C and D: Lasso regression analyses of LRGs using
the overall survival (OS) model; E: Multivariate Cox regression analysis of LRGs was shown using a forest plot; F: The OS curve of the prognostic LRGs; G: Circle
plot of the location of the five LRGs. HR: Hazard ratio.

independent risk factors affecting the prognosis of patients with PDAC (Figure 5B). Furthermore, the above results
indicated that the lactylation score was an independent prognostic risk factor for OS (hazard ratio = 2.297, 95%ClI: 1.702-
3.100, P < 0.001), playing a crucial role in PDAC.

Development of a clinical prognostic nomogram

By incorporating the lactylation score and clinical features, including age, sex, tumor, node, and metastasis staging, we
constructed a nomogram to estimate patient outcomes at 1-, 2-, and 3-year intervals (Figure 5C). A calibration curve was
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Figure 3 Prognostic value of lactylation-related genes in pancreatic ductal adenocarcinoma. A and B: Principal component analysis was used to
assess the accuracy of subgroups based on the lactylation score in training and validation sets; C and D: Heatmap for the expression of the prognostic lactylation-
related genes (LRGs) of two groups in the training set and validation set; E and F: The distribution of lactylation score and survival status of the patients with
pancreatic ductal adenocarcinoma with increasing scores in two sets; G and H: Kaplan-Meier survival analysis between lactylation score-low and lactylation score-
high groups in two sets; | and J: Receiver operating characteristic curves analysis of LRGs on overall survival at 1 year, 3 years, and 5 years in two sets. AUC: The
area under curve.

used to check the predictive accuracy of the nomogram and showed a close match between the predicted and observed
outcomes (Figure 5D). Decision curve analysis demonstrated that the nomogram offered greater clinical benefits than the
prognostic estimates based solely on clinical characteristics (Figure 5E). Moreover, the ROC curve revealed that our
nomogram performed well in differentiating the outcomes, with AUC values for the 1-, 2-, and 3-year predictions of 0.72,
0.67, and 0.76, respectively (Figure 5F). These results demonstrated the robustness of the nomogram for predicting OS.
Consequently, we conclude that the lactylation score may serve as a reliable independent prognostic indicator for
pancreatic cancer.

Diverse immunological landscapes and prognostication of inmunotherapeutic response
In pancreatic cancer, the tumor immune microenvironment, influenced by the lactylation score, affects tumor prolif-
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Figure 4 Kaplan-Meier survival analysis of two subgroups based on clinical characteristics. A: Age (> 60 years and < 60 years); B: T stage (T1-2
and T3-4); C: N stage (NO and N1); D: M stage (M0 and Mx); E: Stages (stage I-Il and stage III-IV).

eration and spread. We calculated the degree of infiltration of 22 immune cell types using the “CIBERSORT” algorithm.
Both the heatmap and boxplot illustrated the immune infiltration landscape, distinguishing the two subgroups
(Figure 6A and B). The high-scoring group had increased numbers of Tregs, MO and M1 macrophages, and activated
dendritic cells; the low-scoring group had more naive B cells, plasma cells, CD8+ and CD4+ memory T cells, and
monocytes. Drawing on previous studies, we categorized the immune cells into four primary clusters and analyzed the
variance in these classifications between the two subgroups (Figure 6C). The result revealed a higher prevalence of
macrophage-type immune cells in the high lactylation score group; the low lactylation score group was enriched in
lymphocyte-type immune cells. We investigated the correlation between the lactylation score and immune cell infiltration
(Figure 6D). There was a positive association between the lactylation score and immune cells such as activated natural
killer cells, MO and M1 macrophages, and memory B cells. Thus, higher lactylation scores in PDAC were associated with
increased macrophage and Treg infiltration, and reduced CD8+ T cells, highlighting the oncogenic and immunosup-
pressive roles of lactylation.

We investigated how immune checkpoint expression correlated with subgroup classification in PDAC to predict
immunotherapy response (Figure 6E). Significant differences in immune checkpoint expression were observed between
high- and low-lactylation groups. Most immune checkpoint inhibitors (ICI), such as CTLA4, TIGIT, CD86, CD28, BTLA,
CD27, ADORA2A, IDO2, and CD200R1 were higher in the low-scoring group, indicating that patients with low
lactylation scores may respond better to immunotherapy and achieve more favorable clinical outcomes.

Mutation profiling and drug sensitivity examination across subgroups

Waterfall plots revealed the mutation landscape in PDAC subgroups based on lactylation scores (Figure 7A). The top five
genes were KRAS, TP53, SMAD4, CDKN2A, and TTN, particularly in the high-scoring group. Tumor mutational burden
(TMB), which indicates potential immunotherapy benefits, was assessed in each PDAC case. As illustrated in the graph,
TMB in the high-scoring cluster was elevated compared to that in the low-scoring cluster (Figure 7B), with a significant
positive correlation between TMB and the lactylation score (Figure 7C). Subsequent Kaplan-Meier analyses evaluated OS
based solely on tumor microenvironment (TME) grouping and lactylation score categorization. The results within the
GTEx-TCGA cohort showed that the difference in OS between patients with high (TMB-high) and low TMB (TMB-low)
levels was not substantial (Figure 7D). However, patients with both high TMB and lactylation scores (H-TMB-high)
exhibited a markedly shorter OS than their counterparts with low TMB and lactylation scores (L-TMB-low) (Figure 7E).

Expression patterns of prognostic LRGs in PDAC

Using the R package of “GGally,” we performed the comprehensive correlation analysis to investigate the intragroup
relationship within LRGs and their intergroup associations with lactylation scores (Figure 8A and B). A strong positive
correlation was observed among these factors. Using RT-PCR, we quantified LRG expression in the normal pancreatic
ductal cell line, HPNE, and five PDAC cell lines (Figure 8C). Differential expression of each gene was observed in
different pancreatic ductal cell lines. However, the expression of HLA-DRB1 was not detected in PDAC cell lines,
suggesting that it is selectively expressed in specific cell lines.

Crucial function of SLC16A1 in the lactylation mechanism

To investigate the role of lactylation in pancreatic cancer, we first performed western blotting to detect L-lactylation levels
in six cell lines and observed high levels in PANC1 and SW1990 cell lines (Figure 9A); we selected the two cell lines for
further experiments. Building on Zhang et al's study[8] of histone lysine lactylation as a gene expression regulator, we
examined intracellular lactate concentrations and L-lactylation levels under various lactate conditions (Figure 9B). The
results indicated that moderate lactate elevation (10 and 20 mmol/L) enhanced intracellular L-lactylation levels in
PANC1 and SW1990 cell lines, respectively. In contrast, excessively high lactate levels reduced L-lactylation, perhaps due
to cellular intolerance to excessively elevated lactate levels. Furthermore, western blotting revealed that lactylation was
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Figure 5 Construction and evaluation of the nomogram. A and B: The univariate and multivariate Cox regression analyses in patients with pancreatic
ductal adenocarcinoma (PDAC); C: The nomogram by combining lactylation score with age for predicting the 1-,3-, and 5-year survival probability of patients with
PDAC; D: The calibration curves of the nomogram for predicting overall survival (OS) probability for 1-, 3-, and 5-years OS probabilities; E: Decision curve analysis of
the nomogram; F: Receiver operating characteristic analysis of the nomogram. 2P < 0.05, °P < 0.01. AUC: The area under curve.

upregulated with increasing lactate levels (Figure 9C). In summary, lactate can enhance overall lactylation levels in
pancreatic cancer.

We used qPCR to assess the expression of all LRGs in the PANC1 and SW1990 cell lines to further investigate the role
of LRGs in pancreatic cancer (Figure 9D). SLC16A1 is highly expressed. SLC16A1 (also known as MCT1) is a lactate
transmembrane transporter that is crucial for modulating cellular metabolic processes, particularly lactate and glycolysis
[18]. Focusing on its association with lactylation, we analyzed its expression in various cell lines using western blotting
and observed increased levels in AsPC, PANC1, and SW1990 cells (Figure 9E). To determine whether SLC16A1 is
associated with lactylation, we treated PANC1 and SW1990 cells with graded doses of CHC, a known inhibitor of
SLC16A1, for 24 h. This treatment led to observable changes in the intracellular lactate levels and lactylation (Figure 9F
and G). Our results indicated a dose-dependent decrease in lactate and lactylation, most notably at 1 uM in PANC1 cells
and 2 pM in SW1990 cells. Therefore, the relationship between SLC16A1 expression and histone lactylation was invest-
igated. Our experiments demonstrated that lactate enhances histone lactylation at H3K9 and H3K18, which can be
attenuated by SLC16A1 inhibition (Figure 9H). Our findings highlight a strong link between SLC16A1 and lactylation,
including nonhistone and histone lactylation.

SLC16A1-mediated lactylation impacts on tumor cell proliferation and migration

EP300, a key player in enhancing lactylation by transferring the lactyl group from lactyl-CoA to histones or proteins, is
inhibited by C646, a p300/CBP inhibitor that affects histone lactylation. Our study investigated how a P300 inhibitor
affects lactate-induced lysine lactylation in pancreatic cancer cells and observed that C646 significantly reduced lactate
lactylation levels (Figure 10A). To further determine the role of SLC16A1-mediated lactylation in PDAC, we performed a
series of assays, including colony formation, transwell, and wound healing assays. The results demonstrated that
inhibition of SLC16A1-mediated lactylation significantly impaired tumor cell proliferation (Figure 10B) and migration
(Figure 10C and D).

To confirm the antitumor potential of SLC16A1-mediated lactylation downregulation in vivo, we used CHC alone to
inhibit the tumor growth of SW1990 cells in xenograft models (Figure 10E). SCL16A1 inhibition sustainably delayed
tumor growth compared to vehicle-injected control animals (Figure 10F and G). Subsequently, western blot analysis was
performed to assess the levels of lactylation modifications resulting from MCT1 inhibition in vivo, which revealed a
significant reduction (Figure 10H). Immunofluorescence corroborated these findings, indicating the importance of
SLC16A1-mediated lactylation in pancreatic cancer cell growth (Figure 10I).

DISCUSSION

Recent studies have emphasized the pivotal role of lactate and its lactylation modifications in disease progression[9,19].
Substantial evidence indicates intracellular accumulation of lactylation modifications in response to stimuli such as
hypoxia, lipopolysaccharides, and other processes that induce lactate production[20,21]. To investigate the function of
lactylation modification in PDAC, we designated the intersecting genes between the lactylation-related gene set and
DEGs as LRGs and demonstrated their correlation with lactylation using Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes analyses. Univariate and multivariate Cox regression analyses identified prognostic LRGs and
formed the basis of a lactylation model with significant prognostic value. This prognostic feature includes five LRGs:
SLC16A1, HLA-DRB1, KCNN4, KIF23, and HPDL. Subsequently, the results of the stratified tests showed that the high
lactylation score subgroup exhibited a worse prognosis across multiple clinical features. Based on the above analysis, we

Beienideng>  VVIG | https://www.wjgnet.com 2588 May 21,2024 | Volume30 | Issuel9 |



Peng T et al. Prognostic model of lactylation-related signature

0.75

Estimated proportion

0.00
Sample
. B cells naive . T cells CD4 naive T cells regulatory Tregs Monocytes . Dendritic cells resting . Eosinophils
Cell . B cells memory . T cells CD4 memory resting T cells gamma delta Macrophages MO . Dendritic cells activated . Neutrophils
e e
typ . Plasma cells . T cells CD4 memory activated NK cells resting Macrophages M1 . Mast cells resting
. T cells CD8 T cells follicular helper NK cells activated Macrophages M2 . Mast cells activated
b a b a a b b, a a
B 0.6 1 oo
o
°
Group
°
o o e i
.8 0.4 1 ° Se . High
s g . o B3 Low
S :
)
Ee) e
% 3 8 ° ° )
£ 0.2 -] o :
£ . ° ° o °
ﬂ oo - ° o -] o o
° 8 . ° o8 o ° ° L4 °
s ol® e ° ° e L
o o 4 8 o S ] 8o 8 °©
o
° 8 ° ' ]
ﬁ “ 38 ai ml TT o2
0.0 - n —_— J u .'.... a L4 -l-‘- “
T T T T T T T T T T T T T T T T T T T T T T
2 g £ 8 2 2 3 g & & 2 3 8 2 = & 2 8 2 3 & g
s 2 868 % 3 5 3 & 3 § &8 3 3 3 3z 3 &8 % £ § %
% o © ® = o = < = @ o = 8 2 o1 ] ] = o 5 e =
= £ £ = a o = > £ 51 c j=2] =] (=] 54 15} = 8
® 7 3 g < S S ] @ S ] < s @ @ » © ?
8 2 © i &) S > ] < £ ] o = £ 5 & ] o ] o S 2
o g o 2 5 s £ 3 & C 3 e 9 9 S 3 £ 3
@ 8 E § € B =2 =z O g 8 & £ ¢ & =2
— 3 £ % ® 8 = = = = s B = ]
S 3 S B 2 3 -
z 2 - =
— 8
—
Cell type
C TCGA-GTEX cohort
Dendritic cell Lymphocytes Macrophage Mast cell
P=0.15 P =6.7e-06 P =0.00013 P=08 .
20 1 . 80 |
60 -
g - 2 e e 9 ’ .
S 154 s ) e
c c c c °
S S 601 3 ko :
b= b= b= b=
o o o o
a a a a
£ £ g 401 £
s 101 o o o
o o o o
= = ol 3 10
O O ) ()
40 |
5 4
20 4
0 20 4 0
High Low High Low High Low High Low
Group Group Group Group
WJG | https://www.wjgnet.com 2589 May 21,2024 | Volume30 |

JBaishideng®

Issue19 |



Peng T et al. Prognostic model of lactylation-related signature

D
. 0.100 = = .
R=-0.32,P=0.00017 S R=-0.3,P=0.00036 R=0.22,P=0.0084
jo4
® 0.100
2 0.075 T : - .
® . 3 B
® > . S 0.075 .
S I} o o . F=1
O £ 0.050 e S A .
e £ : 2 0.050
~ = o
8 0.025 x
2 0.025
5 .
= 0.000 .
0.000
1 2 3 4 1 2 3 4 1 2 3 4
Lactylation score Lactylation score Lactylation score
03 R=-029, p=0.00073 0.6 1 r=03,p=00004d R=0.23, P=0.0073 *
' .. . 0.15 *
: 2 ' g .
=S . =} o 0.10
Q © ©
g { £ £
S o1fe o+ C e I
= . ‘e . ] ]
TSI . s = 0.05
0.0 M
0.00
1 2 3 4 1 2 3 4
Lactylation score Lactylation score Lactylation score
0.15 | Re-026,£=00023 . N 0.12 1 Rr=025,-00036 0.4 R=-837,P=6.46-06
’ . . M o
v o e > . 03¢ , °°
3 0107, - 1 S 0.08 2
[ . 2 = . .
° o T g . 2 02 s
g ® T 3
& S0t S04l ... @ 01
: / 0.0
e
0.00 B e semme o0 o . ‘ o1
1 2 3 4 1 2 3 4 1 2 3 4
Lactylation score Lactylation score Lactylation score
E badabdcaadabaaaaaaadaaaaacaaaaaadaaa ccbhabaaabc
15 | .
.
L]
.® b $ L) .
5 10 . 1 .o . $° .. ° . Group
= 1 . . H
ﬁ N . ® . . : . High
L
g ° ) ki ¢ om, B3 Low
() . [ ] %o °
Q ] ] L] ® [ ] s o
GC) 51 . ] ! . oo
© * o ] s . ¢ ° N ] ° ! o8 °
. b [] H * . . $ '! . ! . 4
] e o ! . “ L L L . . . .
01 oo . —-— oo . ] . . . o o
S EOL IS IR OIS EEHCEITHILEELIIEYSE N T IR
QoQob(o‘(‘\/‘("\/,\Q@/\%Q(/J'\QQ‘\/\&QQ(OQY\.QQQ‘(\/\/YOQ‘ Q Vv Q&L
EFOSSELIESEETE SEOF SFTETIEEIE TG SFIELFIF T
S JFIRS 2 &O S 8 N S SO5 R § &
S g K N IS @) IS IS &QQ YQ N

Figure 6 Different immune landscapes between the two subgroups. A: The heatmap displaying immune infiltration of different subgroups; B:
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0.001.

successfully constructed a lactylation-related prognostic signature, which was thoroughly analyzed and validated, and
observed a significant prognostic value. This method has the potential to accurately predict prognosis in clinical settings.

The PDAC TME encompasses vascular endothelial cells, infiltrating immune cells, and adjacent stromal cells[17]. A
previous study identified immune and stromal cells as prognostic factors for tumor development[22]. Consequently, it is
essential to understand the association between the tumor stoma and lactylation. Our findings on immune cell infiltration
indicated that the subgroup with a high lactylation score was characterized by a lack of intratumoral CTL infiltration.
This group exhibited a high proportion of M1 macrophages and an abundance of immunosuppressive cells (regulatory T
cells), which is compatible with increased lactylation and is typically associated with a poor prognosis. In contrast, the
subgroup with a low lactylation score showed a significant accumulation of cytotoxic CD8+ T cells, which was strongly
linked to improved survival in patients with PDAC.

Tumor immunotherapy is a strategy for treating malignancies by harnessing the immune system, with the primary
goal of inducing as many high-affinity cytotoxic T cells as possible without inducing autoimmunity[23,24]. An immune
checkpoint blockade is an effective therapeutic strategy. Therefore, this study used a signature to investigate ICI
expression across different PDAC subtypes to provide a therapeutic reference for diverse PDAC patient groups. We
examined the correlation between immune checkpoint expression and subgroup classification in patients with PDAC to
predict their responses to immunotherapy. Our findings indicate that several inhibitory ICIs, including CTLA4, TIGIT,
CD86, CD28, BTLA, CD27, ADORA2A, IDO2, and CD200R1 were upregulated in the low-risk subgroup. The expression
level of ICIs is a predictive biomarker for response to immunotherapy. Based on our results, we hypothesized that
patients in the low-risk category have a higher presence of antitumor immune-infiltrating cells and are likely to exhibit
better responses to immunotherapy.

The TMB indicates the number of mutations within cancer cells and is a key factor driving tumor heterogeneity[25]. To
understand the molecular signatures of lactylation-related signatures, we investigated the TMBs in different subgroups.
The results showed that KRAS mutations were prevalent in both subgroups, with a higher gene mutation rate in the high-
risk subgroup than that in the low-risk subgroup. KRAS is the most mutated gene (more than 95%) in PDAC, which not
only plays an important role in driving tumor growth and anti-apoptotic pathways but has been increasingly recognized
in recent years because of its significant role in the intrinsic metabolism of tumor cells and TME[26-29]. The poor
prognosis of the high-lactylation score group may be intricately linked to the higher mutation rate in KRAS. Moreover,
higher TMBs increase the probability of tumor neoantigen production, thereby increasing the likelihood of immune
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Figure 10 Inhibition of SLC16A1 expression reverses lactate-activated proliferation and migration. A: Expression of L-lactylation treated with
C646; B: Colony formation assays of lactate, a-cyano-4-hydroxycinnamic acid (CHC), and C646 in PANC1 and SW1990 cells; C: Transwell assays of lactate, CHC,
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and G: Tumor formation in nude mice treated with CHC; H: Expression of L-lactyl in a xenograft of mice; I: Expression levels of L-lactyl in a xenograft of mice using
immunofluorescence. Scale bar, 200 um. 2P < 0.05, °P < 0.01, °P < 0.001, P < 0.0001. CHC: A-cyano-4-hydroxycinnamic acid; NC: Negative control.

recognition and tumor cell death[30]. Our results showed that the survival rate of the high-TMB group was significantly
higher than that of the low-TMB group. Furthermore, when analyzing the combined effects of TMB and the lactylation
score, it was evident that both factors significantly influenced the prognosis of patients with PDAC.

The roles of these five LRGs in various diseases have been studied previously. As a member of the SLC16 family,
SLC16A1 (MCT1) primarily facilitates proton-linked transport of I-lactate across the plasma membrane[31]. Zhao et al[32]
highlighted SLC16A1 as a prognostic marker in osteosarcoma, where its downregulation inhibited tumor growth and
enhanced chemotherapy efficacy[32]. Further studies have indicated that SLC16A1 influences overall cellular lactate
levels and disease progression[19,33,34]. The HLA system is the major histocompatibility complex in humans, believed to
be related to the occurrence and development of various tumors, and has always been a focal point in tumor immunology
research[35]. In a recent study, HLA-DRB1 (major histocompatibility complex, class II, DR beta 1) was reported to be a
potential prognostic factor for cutaneous melanoma and an indicator of TME remodeling[36]. KCNN4 has been identified
as closely associated with adverse clinicopathologic features and poor survival in patients with PDAC, which activates
nuclear factor kB signaling, leading to enhanced macrophage infiltration[37,38]. In gastric cancer, KIF23 activates the
Wnt/B-catenin signaling pathway, promotes tumor cell proliferation, migration, and invasion, and positively correlates
with poor prognosis of patients[39,40]. HPDL positively regulates mitochondrial bioenergetic processes and ATP
production in a glutamine-dependent manner. Its high expression is closely related to poor prognosis in patients with
PDAC, and promotes the proliferation of PDAC cells.

This study analyzed the expression of five LRGs in a normal pancreatic epithelial cell line (HPNE) and five pancreatic
cancer cell lines (AsPC-1, Capan-2, MIA-Paca2, PANC-1, and SW1990). While HLA-DRB1 did not show significant
variations in expression, other genes exhibited diverse expression levels across the different cell lines. These genes show
increased expression in most pancreatic cancer cell lines. However, because of the specificity of each cell line, we did not
observe a uniformly significant expression across all the pancreatic cancer cell lines mentioned. To identify the LRGs most
closely associated with lactylation, we focused on two cell lines with the most pronounced lactylation (PANCI and
SW1990). Our findings revealed that SLC16A1 showed the highest expression in both the cell lines, suggesting a strong
association with lactylation. These data confirm a significant relationship between SLC16A1, lactate, and lactylation.
Elevated lactate levels correspond to increased lactylation levels. Conversely, the inhibition of SLC16A1 and lactylation
reduced intracellular lactate and lactate levels. These include overall intracellular lactylation modifications and specific
histone lactylation at H3K18 and H3K9, which reduce the proliferation and migration of PDAC cells in vitro and in vivo.

CONCLUSION

In summary, we successfully constructed a prognostic model for lactylation in PDAC. Prognostic characteristics based on
LRGs show an excellent ability to predict OS in patients with PDAC and are closely related to various aspects such as
clinical features, immune cell infiltration, ICI treatment response, and TMB. They offer valuable insights into predicting
responses to immunotherapy and chemotherapy. Our study provides a new perspective for elucidating the mechanisms
underlying PDAC and suggests innovative approaches for its diagnosis and treatment. LRGs have potential as novel
tumor markers or therapeutic targets. Despite the numerous advantages of this study, it had certain limitations must be
acknowledged. Our findings establish a connection between SLC16A1 and the lactylation score in pancreatic cancer;
however, further investigation is required to confirm this correlation. In the future, we intend to monitor additional data
to further validate our proposed signature.
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