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Background: Diffuse large B-cell lymphoma (DLBCL) is characterised by substantial heterogeneity in phenotype and genetics.
Recent studies have demonstrated that senescence-associated secretory phenotype (SASP) is both a tumor suppressor and a promoter
of tumorigenesis and progression. However, reports on the effects of SASP on DLBCL remain limited. This study aimed to identify
the SASP-related indicator of DLBCL, thereby providing new insights into the pathology of DLBCL.

Methods: Differential analysis and weighted co-expression network analysis (WGCNA) were applied to identify differentially
expressed genes (DEGs) and key gene modules of DLBCL. Univariate Cox regression analysis was employed to identify SASP-
related genes that serve as independent risk factors for DLBCL prognosis. Overlapped among three methods to obtain the hub gene
and explore its potential mechanisms in DLBCL. The association between PCK2 and disease heterogeneity in DLBCL was further
analyzed. We constructed a co-expression network centered on PCK2 and validated their expression and prognostic performance.
Finally, 30 cases of tumour tissues were utilized to validate the expression of PCK2 in DLBCL patients by immunohistochemistry.
Results: In this study, through integrated bioinformatics methods, PCK2 was identified as a SASP-related gene in DLBCL. PCK?2 can
be regarded as a candidate indicator with good prognostic performance (AUC=0.953, Hazard Ratio (HR) =1.89, 95% CI=1.488-2.399,
p<0.001). PCK2 was notably associated with multiple disease characteristics in DLBCL, particularly the immunosuppressive
microenvironment and SASP signal. Furthermore, genes exhibiting high correlation with PCK2 demonstrated significant predictive
value for DLBCL prognosis. Through immunohistochemistry, it was verified that PCK2 was markedly upregulated in DLBCL
compared to normal controls.

Conclusion: As a SASP-related gene, PCK?2 serve as a candidate indicator providing supplementary information for DLBCL disease
monitoring and prognostic assessment.
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Introduction
DLBCL, as the predominant subtype of non-Hodgkin lymphoma (NHL)," around 40% of patients with DLBCL develop
refractory or relapsed disease, which is considered as the ultimate cause of mortality in this population.® Despite
extensive investigations into various risk factors, the exact etiology, optimal therapeutic strategies, and prognostic
outcomes of DLBCL remain elusive.* In the face of these challenges, identifying more delicate biomarkers of DLBCL
is crucial.

The progression and prognosis of DLBCL are influenced by multiple factors. Based on cell of origin classification
and oncogenic mechanisms, DLBCL is divided into three subgroups: germinal-center B-cell-like (GCB), activated
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B-cell-like (ABC), and unclassified subtypes.’ Patients with GCB subtype exhibit both superior overall survival (OS) and
progression-free survival compared with ABC subtype patients.® Tumor cells have implemented certain metabolic
adjustment to shield themselves from nutrient scarcity. Even in the presence of oxygen, glucose is still converted by
a cascade of enzymes into lactate instead of being fully oxidized to carbon dioxide, a process termed aerobic glycolysis,
or the Warburg effect,” which also constitutes a core metabolic hallmark of DLBCL. Recent study has uncovered
metabolic and immune microenvironmental heterogeneity in DLBCL. Tumors with high glycolytic activity display an
immunosuppressive milieu, and seven glycolysis-related genes with robust prognostic value have been identified.
Moreover, highly aggressive DLBCL is characterized by abundant infiltration of interferon activated tumor associated
macrophages (IFN_TAMs), which portends poor prognosis, and recognized their specific molecular markers.®

Several studies have indicated that Cellular senescence (CS) is implicated in various critical processes, particularly in cancer.”
Senescent cells are not quiescent, they develop a complex senescence-associated secretory phenotype (SASP), characterized by
the sustained release of numerous bioactive molecules.'® Based on the function of factors, SASP can be broadly grouped into the
five categories: cytokines (eg, IL-6, IL-1p), chemokines (eg, CXCL1, CXCL16), proteases (eg, MMP-12, MMP-14), growth
factors (eg, VEGF-A, GDF-15), and membrane proteins/receptors (eg, DPP4, ICAM-1)."" It was confirmed that the effect of
SASP on tumors is dual-edged.'? SASP exerts protective effects against tumorigenesis by maintaining cell cycle arrest and
recruiting immune cells to eradicate defective or oncogenic cells.'™"*™'> However, emerging evidence suggests that SASP
functions as a tumor driver by promoting tumor cell proliferation and inducing epithelial-mesenchymal transition (EMT).'®'®
The essential pro-tumor function of SASP lies in its reshaping the tumor immune microenvironment (TIME). SASP can
accumulate immunosuppressive cells to avert immune purging of tumor cells while also modulating the expression of immune
checkpoints that further construct an immunosuppressive microenvironment.'*2 Interestingly, in tumor cells, lactate accumu-
lated through Warburg effect induced DNA damage via the NOXI1-ROS axis, thereby activating NF-kB and driving the
SASP2'?? Despite substantial progress in SASP-tumor research, the precise mechanisms mediating its impact on DLBCL
pathogenesis remain incompletely characterized. In our analysis, SASP signal was markedly elevated in DLBCL patients
compared with controls. However, SASP program is heterogeneous, and its composition is shaped by cell type, genetic
background, and senescence inducing stimuli.>> Therefore, investigating SASP-related genes in DLBCL is of great significance.

PCK?2 is one of the isoform of phosphoenolpyruvate carboxykinase (PEPCK), it’s an essential gluconeogenic catalyst,
exerts pivotal control over cellular energy homeostasis.”* PCK2 had been consistently linked to the progression of
multiple solid tumors. Under glucose deprived conditions, PCK2 can stimulate the anaplerosis of the tricarboxylic acid
(TCA) cycle, and drove the production of phosphoenolpyruvate (PEP) from glutamine to achieve glucose independent
tumor growth.”> Moreover, PCK2 can modulate the mTOR pathway, serine metabolism, and remodel of TIME to drive
the tumor growth and invasion.”®%*

Considering the importance of SASP in DLBCL, recognizing SASP-related genes could be highly meaningful. This
study utilized integrated bioinformatics approaches, combining immune infiltration analysis and clinical sample valida-
tion, to identify the SASP-related genes and elucidate its association with disease characteristics, which provided
a candidate indicator of DLBCL and furnish testable hypotheses for follow up mechanistic studies.

Methods

Data Acquisition and Processing

In this study, we systematically searched for microarray research of DLBCL from the public Gene Expression Omnibus
(GEO) dataset. Gene expression profiles of DLBCL and normal controls were obtained from GSE12453 (comprising 11
DLBCL patients and 25 normal controls).”’ GSE10846 (contained 414 DLBCL patients)® and GSE181063°° (contained
1170 DLBCL patients) were used as the validation sets to investigate the relationship between SASP-related genes and
prognostic characteristics of DLBCL. All cohorts have been normalized. The detailed processing pipeline was as follows:
we downloaded the series matrix files from the GEO database, confirmed that the submitters had already performed
normalization, applied a Log2 transformation, and used the “removeBatchEffect” function in the “Limma” package to
correct for batch effects before including the data in downstream analyses. The SASP gene set was acquired from
Genecards (https://www.genecards.org/). We retrieved gene list by searching the keyword “senescence-associated
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secretory phenotype” and filtered candidates using a relevance score > 1.>'? Finally, 440 SASP-related genes were
selected for subsequent analyses.

Differential and Enrichment Analyses

Applying R software to analyze the microarray profiles. GSE12453 was used to investigate the differential expression
signature of DLBCL. Utilizing “FactoMineR” and “Factoextra” packages to conduct the principal component analysis
(PCA).** The differentially expressed genes (DEGs) of DLBCL were explored using the package “Limma”.** Employing
the package “ClusterProfiler” to perform the enrichment analysis.>> The “ggplot2” package was used to generate images
for visualization.

WGCNA Analysis

Using the “WGCNA” package to conduct the WGCNA analysis, which was used to clarify the crucial gene module of
DLBCL.*® A total of 5290 genes, ranked in the top 25% by variation, were analyzed. A soft threshold of 20 (R*=0.9) was
chosen as the optimal value for constructing a stable scale-free network. Dynamic tree-cutting algorithm was employed
to aggregate genes with similar biological characteristics into the same module. Based on the correlation coefficients, we
selected the top two modules for further investigation.

Univariate Cox Regression Analysis

Univariate analysis was employed to assess the effect of individual covariates (predictor variables) on survival time using
by “survival” package. We used Cox analysis to explore the significance of SASP-related gene set on the prognosis of
DLBCL in GSE10846, and selected genes with Hazard Ratio (HR) >1.6 for subsequent analysis.

Identified the SASP-Related Gene of DLBCL

Genes obtained from the above three methods were intersected, and the result was visualized using a Venn diagram. The
overlapping gene PCK2 was regarded as the SASP-related gene of DLBCL. GEPIA database was utilized to clarify the
PCK2 expression between normal controls and DLBCL in TCGA dataset. Human Protein Atlas (HPA) dataset was
applied to investigate the subcellular localization of PCK2. Package “pROC” was applied to construct the ROC curve.?’

Prognostic Character Analysis

GSE10846 and GSE181063 were employed to validate the prognostic value of hub gene in DLBCL. Package “ggrisk”
was employed to construct the risk score scatterplot. Using the “timeROC” package to construct the time-dependent ROC
curve. The “Survival” package was utilized to generate the KM survival curve.

Identification the Potential Role of Hub Gene in DLBCL

Using median expression level of PCK2 as the stratification threshold, the GSE10846 cohort was divided into two
distinct subgroups (PCK2-High and PCK2-Low). We identified DEGs between two groups and conducted enrichment
analysis. In the GO and KEGG analyses, items with adjusted p-value < 0.05 were considered significantly enriched. For
GSEA analysis, items with FDR< 0.25 were regarded as critical enriched.

Immune Microenvironment Analysis
“Estimate” algorithm was utilized to investigate the relevance of PCK2 and the overall immune landscape.*® Further
evaluation of immune score was conducted between the PCK2-High and PCK2-Low groups.

Single-Sample GSEA (ssGSEA) Based Quantification of Pathway Activities

Using the ssGSEA approach, we quantified the enrichment of three gene sets across the samples. The SASP and immune-
related signatures were obtained from the Molecular Signatures Database (MSigDB), the IFN_ TAMs gene set were
obtained from the literature.® Using the “GSVA” package, ssGSEA was conducted to calculate enrichment scores from
rank transformed gene expression data, thereby estimating pathway activity in each samples.”
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Construct the Correlation Network of Hub Gene

Correlation analysis was performed using the “Corrplot” package. We used the Spearman test to assess the correlation of

each gene with PCK2, and the top 50 (positive and negative) genes were incorporated into the subsequent analysis.
Through STRING database, we systematically mapped interaction networks among 50 gene-encoded proteins, with

subsequent visualization conducted in Cytoscape. The top five hub genes within the network were subsequently

determined through the utilization of the cytohubba embedded.

Collection of Clinical Samples

The acquisition and utilization of the samples were in accordance with the principles of the declaration of Helsinki. 30
cases of DLBCL tumour tissues and 30 cases of reactive hyperplastic tissues from 2024 to 2025 were collected by
pathology department at Central People’s Hospital of Zhanjiang, which were used to verify the differences in PCK2
expression between the two groups.

Immunohistochemical (IHC) Staining

After excising the tissue specimen, proceed with dehydration, clearing, and infiltration. Fix the specimen in 4%
paraformaldehyde, then place it in an automatic dehydrator for dehydration. Paraffin embedding and tissue sections:
The sections are approximately 3 micrometers thick. Antigen exposure: Incubate with sodium citrate buffer under high
pressure for 15 minutes. Blocking, primary antibody incubation, and secondary antibody incubation. Counterstain cell
nuclei with hematoxylin solution. Observe the samples under an optical microscope, capture images at appropriate
magnifications and fields. Perform statistical analysis using Image Pro Plus software for data quantification. The
antibodies used for immunohistochemistry and their working concentrations are as follows: PCK2 antibody
(Proteintech, Cat No:67676-1-1g):1:500.

Statistical Analysis

Statistical analyses in R were performed using the “corr.test” function, and images were generated by “ggplot2”. SPSS
19.0 was used for statistical analysis. Selection of independent samples #-test or Mann—Whitney U-test based on whether
the sample conformed to a normal distribution and the variances between groups were equal. All data were presented as
mean + standard error of the mean (SEM). The images were edited using Adobe Photoshop (PS) 2022 software.

Results
The Workflow of Study

The workflow of this study is as follows: differential analysis and WGCNA were performed to obtain DEGs and key gene
modules of DLBCL. Univariate Cox regression analysis was applied to identify SASP-related genes with independent
prognostic values on DLBCL. The hub gene was recognized through the overlap of the three methods and its correlation
with DLBCL disease characteristics was explored, including TIME, clinical traits, and SASP program. Additionally,
through correlation analysis and protein-protein interaction (PPI) screening, we identified five genes highly associated
with PCK2 and validated their expression and prognostic effects in DLBCL. Finally, we evaluated the expression of
PCK2 in DLBCL clinical samples by immunohistochemistry (Figure 1).

Analysis of DEGs and Their Potential Effect in DLBCL

GSE12453 was used to identify the DEGs between DLBCL and normal controls. Initially, PCA algorithm inferred that
the global gene expression profiles of the two groups showed biological differences (Figure 2A). Genes that were
characterized by adjusted p-value < 0.05 and |log2 FC| >1 were regarded as DEGs. A total of 1,110 DEGs were explored,
with 974 upregulated and 136 downregulated (Figure 2B and C). GO analysis supported that these DEGs were implicated
in multiple biological pathways, like “respiratory electron transport chain”, and “oxidative phosphorylation” (Figure 2D).
KEGG analysis defined significant enrichment in pathways such as “Thermogenesis”, “Ribosome”, and “Oxidative
phosphorylation” (Figure 2E).
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Figure | Flowchart of the study.

Identified the Essential Gene Modules of DLBCL by WGCNA

Critical gene modules associated with DLBCL were identified by WGCNA. Sample clustering tree without outliers
(Figure 3A). In this study, genes with a coefficient of variation within the top 25% (totaling 5290 genes) were selected as
input data for network construction. A robust co-expression network was established using the power of 20 (Figure 3B).
Dynamic tree cutting algorithm was applied to identify and merge the similar modules, ultimately obtained 7 distinct
gene modules (Figure 3C and D). Correlation analysis further revealed that MEgreen (cor=0.7) and MEyellow module
(cor=0.66) were markedly related to DLBCL(Figure 3E and F). Therefore, genes that were characterized by gene
significance (|GS|) >0.7 and module membership (MM]) >0.7 in two modules were used for the subsequent analysis .

Identification the PCK2 as a Indicator of SASP Signature in DLBCL

Given the pivotal role of SASP in cancer, ssGSEA was utilized to assess the enrichment of SASP in DLBCL samples.
Compared with the normal controls, SASP signal was markedly elevated in DLBCL (Figure 4A). To assess the
prognostic significance of the SASP-related genes in DLBCL, univariate analysis was conducted using the GSE10846
dataset, and a forest plot was generated for the top 50 genes with the highest hazard ratios (HR) (Figure 4B). This study
employed HR >1.6 as the statistical criterion to verify clinically significant risk factors associated with DLBCL
progression. PCK2 was identified by overlapping the upregulated of DEGs, genes in critical modules, and SASP-
related genes with HR>1.6, which was considered to be a SASP-characterized indicator in DLBCL (Figure 4C). In
TCGA dataset, PCK2 was similarly found to be highly expressed in DLBCL (Figure 4D). ROC curve proved that PCK2
had a good evaluate performance for DLBCL (Figure 4E). We used the HPA database to examine the subcellular
localization of PCK2 in cells. PCK2 is mainly located in mitochondria (Figure 4F).
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DEGs (upregulated and downregulated). (D and E) Enrichment analyses indicated the function of DEGs.

Validation the Prognostic Value of PCK2 in DLBCL

Above study has shown that PCK2 could serve as a candidate indicator for DLBCL. We systematically validated the
prognostic characteristics of PCK2 in DLBCL through multi-methodological assessments, including risk factor
analysis, time-dependent ROC evaluation, and survival analysis constructed from the GSE10846 dataset
(Figure 5A—C). Validation in cohort GSE181063 (n=1,170 DLBCL patients) confirmed PCK2 prognostic significance
in DLBCL, demonstrating consistent associations with outcomes as observed in training cohort GSE10846
(Figure 5D-F).

PCK2 Was Strongly Associated with Multiple Clinical Traits of DLBCL

Using the GSE10846 dataset, we confirmed correlations between PCK2 expression and multiple molecular character-
istics of DLBCL. Age > 60 years and ABC subtype constitute unfavorable prognostic indicators for DLBCL in the
clinic.**** Compared with patients aged <60 years, PCK2 expression was notably upregulated in those older than 60
years (Figure 6A). Notably, compared with ABC subtype, PCK2 levels were substantially lower in GCB subtype
(Figure 6B). The current study showed that R-CHOP significantly improves prognosis versus CHOP alone® Relative
to CHOP treatment, PCK?2 was significantly down-regulated in the R-CHOP group (Figure 6C). Furthermore, PCK2 was
associated with survival outcome and was markedly elevated in patients whose overall survival status was documented as
deceased (Figure 6D). However, no significant association was observed between PCK?2 and sex (Figure 6E).
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High Correlations Between PCK2 and SASP Signal in DLBCL

Using median expression level of PCK2 as the stratification threshold, the GSE10846 cohort was divided into two
distinct subgroups (PCK2-High and PCK2-Low). Differential expression analysis revealed 1123 genes with significant
transcriptional changes, of which 417 were upregulated and 706 downregulated (Figure 7A). To examine the potential
contributions of PCK2 in DLBCL, enrichment analysis was conducted. GO and KEGG pathway enrichment analysis
indicated that PCK2 was markedly associated with “cellular senescence” pathway in DLBCL (Figure 7B and C). Given
that the cellular senescence pathway is a principal driver of SASP and PCK?2 is an SASP-related gene, we next examined
the relationship between PCK2 and SASP signal in DLBCL. SASP enrichment score was markedly elevated in the
PCK2-High group compared with the PCK2-Low group by ssGSEA, consistent with SASP activation in DLBCL patients
(Figure 7D). Correlation analysis further revealed a significant positive correlation between PCK2 and SASP signal
(Figure 7E). What’s more, PCK2 showed robust associations with multiple canonical SASP markers (Figure 7F). The
results established PCK2 as tightly linked to the SASP program in DLBCL.

Relationship Between PCK2 and Immune Environment in DLBCL

Notably, immune-related pathways were significantly enriched by GSEA analysis (Figure 8A). We observed that PCK2
was positively correlated with immune score by using the Estimate algorithms (Figure 8B). The immune score of the
PCK2-High group was found to be markedly higher than PCK2-Low group (Figure 8C). As the important part of TIME,
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served as the validation set. (D) PCK2 expression distribution and corresponding survival status. (E) Time-dependent ROC curves for PCK2 expression in DLBCL.
(F) Kaplan-Meier survival curve for PCK2 expression in DLBCL.

immune checkpoints can make an impact on DLBCL by regulating the activity of immune cells.** The outcome indicated
a salient elevation in some of the immunosuppressive molecules (LAG3, PD-L1, VISTA, SIRPA, CD39, CD47) in
PCK2-High group, while the expression of co-stimulatory molecules ICOS was reduced (Figure 8D).

Correlation Between PCK2 and Immune Cell Infiltration in DLBCL

The immune score can only reflect the intensity of immune response, but not the precise immune cell infiltration status in
TIME. Furthermore, ssGSEA algorithm was used to elucidate the complex interactions between PCK2 and various of
immune cells of TIME in DLBCL. Compared with the normal controls, activated CD8" T cell, activated dendritic cells,
macrophage, regulatory T cell (Tregs), and type I T helper cell (Thl) were significantly up-regulated in DLBCL, while
the activated B cells and immature B cells were down-regulated (Figure 9A). Notably, contrasted with the PCK2-Low
group, the immune landscape of PCK2-High group was highly consistent with DLBCL (Figure 9B). Furtherly, the results
confirmed a direct association between PCK2 and immunosuppressive cells, such as Myeloid-Derived Suppressor Cells
(MDSCs), macrophages and Tregs. Nevertheless, PCK2 showed a negative association with some immune-promoting
cells (activated CD4" T cells, natural killer cells) (Figure 9C). Lollipop plot displayed the correlations between PCK2 and

28 type of immune cells (Figure 9D). These findings confirmed that PCK2 showed an evident correlation with the TIME
of DLBCL.
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PCK2 Positively Correlated with IFN_TAMs Infiltration in DLBCL

Our results demonstrated that both IFN-y and glycolytic pathways exhibited an overall upregulation trend in the PCK2-
High group using GSEA (Figure 10A and B). Enhanced glycolysis has been clarified as a core catalyst of
tumorigenesis.*> Compared with the PCK2-Low group, multiple glycolysis-related genes were highly expressed in
PCK2-High group (Figure 10C). IFN _TAMs, a newly identified subset of tumor-associated macrophages (TAMs),
integrate interferon response and immune regulatory features. Their phenotype and functions vary across tumor types,
reflecting marked heterogeneity.*® Recent study reported the specific signatures and roles of IFN TAMs in DLBCL.
These cells displayed high glycolytic metabolism and actively shaped an immunosuppressive microenvironment. They
were tightly associated with highly malignant B cells and predicted poor prognosis.® Given the enrichment of IFN -y and
glycolysis pathways, we next explored the relationship between PCK2 and IFN_TAMSs. The results showed that PCK2-
High group had a high infiltration of IFN TAMs (Figure 10D), and PCK2 was notably positively correlated with

IFN_TAMs (Figure 10E).

Analysis of PCK2-Interacting Transcriptional Networks in DLBCL

Constructing a co-expression network of PCK2 to provide new insights for further understanding of its regulatory
mechanism and identification of new indicators for DLBCL. Spearman correlation analysis was utilized to explore the
top 50 genes related to PCK2, both positively and negatively. STRING database and Cytoscape were utilized to perform
Protein-Protein Interaction (PPI) network analysis of the top 50 PCK2-related genes (Figure 11A). Based on the PPI
Network, we next used the MCODE plugin to explore the top 5 hub genes (SCO2, ISG15, BCS1L, HAUS2, and
IFITM3) (Figure 11B). Validation revealed significant overexpression of SCO2, ISG15, BCSIL, and HAUS2 in DLBCL
tumor tissues compared to the normal controls, except for IFITM3 (Figure 11C). The evaluate efficacy of 5 hub genes in

DLBCL was substantiated by ROC analysis. (Figure 11D).
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Validation the Prognostic Value of Genes Exhibiting High Correlation with PCK2 in
DLBCL

We further investigated whether the PCK2-centered co-expression network exhibited prognostic significance in DLBCL.
Univariate analysis of five hub genes confirmed four risk factors (excluding IFITM3) with significant prognostic
implications (Figure 12A). Furthermore, the elevated expression of SCO2, ISG15, BCSIL, and HAUS2 correlated
with adverse prognosis in DLBCL patients (Figure 12B-F).

Validate the Expression of PCK2 in DLBCL Patients

The exploration of precise biomarkers is aimed at clinical translation. To validate the potential significance of PCK2 in
DLBCL, we further applied the immunohistochemical analysis to evaluate the expression of PCK2 in clinical samples.
Compared with normal controls, PCK2 was distinctly upregulated in DLBCL, which was highly consistent with our
expectation (Figure 13).

Discussion

DLBCL is the most prevalent malignant lymphatic tumor in adults globally. Even with progress in targeted therapies,
many patients experiencing relapsed disease still succumb to lymphoma or its complications.”” Recent studies have
shown that the biological and clinical characteristics of DLBCL are affected by both molecular changes within the
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DLBCL cells and their interactions with the surrounding microenvironment. Studies on DLBCL patients have shown that
signal from microenvironmental cells is crucial in disease development and therapeutic effect.**>°

SASP includes inflammatory factors, chemokines, proteases, and other substances released by senescent cells. These
alter the microenvironment, causing chronic inflammation, which accelerates aging and disease progression.”' Recent

studies show that SASP creates an immune escape environment by attracting immunosuppressive cells and causes
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chronic inflammation through the release of pro-inflammatory factors, ultimately promoting tumor growth.>>>* Multiple
studies have established the SASP program as a functional effector that drives tumor progression. SASP drove
progression of IDH wild type glioma by orchestrating the functional states of malignant cells and TAMs.>
Furthermore, SASP was critical in driving the progression of obesity-associated hepatocellular carcinoma (HCC) in
murine models.>® The influence of SASP on the immune microenvironment in DLBCL and its subsequent impact on the
development of DLBCL remains unclear.

This research identified PCK2 as an independent prognostic indicator with SASP-associated characteristics in
DLBCL through a comprehensive analysis. Recent studies have indicated that PCK2 might contribute to the progression
of disease.”*>” We found a distinct association between elevated PCK2 expression and poor prognosis in DLBCL.

Research indicated that patient age was positively correlated with various features associated with poor DLBCL
prognosis.*® Event-free survival at 24 months (EFS24) serves as a robust indicator for evaluating overall survival in
DLBCL.*' Multivariate analysis revealed that age >60 years remained a significant determinant of post-EFS24 OS
relative to the general population.*? Patients with GCB subtype exhibit both superior OS and progression-free survival
compared with ABC subtype patients.® Therefore, age >60 years and ABC subtype can be regarded as adverse prognostic
features of DLBCL in clinical. We found that PCK2 was markedly elevated in patients with age>60 and ABC subtype. In
treatment aspect, compared with CHOP group, R-CHOP markedly increases the complete remission rate, event-free
survival, and overall survival in patients.*> PCK2 was markedly lower under R-CHOP treatment than under CHOP alone.
These findings indicated that high PCK2 expression might be linked to the clinically malignant phenotype of DLBCL.

Our results revealed that SASP was significantly elevated in DLBCL patients, suggesting its potential role in the
disease. Additionally, PCK?2 was found to be significantly associated with cellular senescence pathway in DLBCL. Given
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that PCK2 had been identified as an SASP-related gene, the correlation between PCK2 and SASP program in DLBCL
was further investigated. Our results suggested that SASP was markedly activated in PCK2-High group. PCK2
expression was found to be positively related to SASP program, and exhibited distinct associations with multiple core
SASP molecules, further indicating a tight linkage between PCK2 and SASP in DLBCL. Similarly, Tang et al employed
bioinformatic approaches to establish a link between PCK2 and oxidative stress—induced senescence in lung
adenocarcinoma.”® Functional assays by Ma et al confirmed that modulating PCK2 knockdown in breast cancer cells
induced a senescent phenotype and altered the expression of SASP-associated molecules, further substantiating the
potential link between PCK2 and the SASP.>®

This study found that several glycolysis and immune related pathways were highly enriched in the PCK2-high group,
indicating that PCK2 was closely linked to high glycolytic metabolism and TIME in DLBCL. Moreover, the immune
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score of the PCK2-High group was appreciably higher than PCK2-Low group. Enhanced glycolysis is recognized as
a key driver of tumor development and progression, influencing malignant growth through various mechanisms.®*>°

TIME plays a crucial role in governing the pathogenesis and therapeutic responsiveness of DLBCL.*¢! The dynamic
interplay between immune cell infiltration and neoplastic immunoediting mechanistically drives tumor microenvironment
(TME) remodeling through spatial reorganization of stromal-immune networks and metabolic crosstalk. Immunotherapy,
a cutting-edge anticancer approach, works by improving the immune function to eradicate tumor cells. In contrast to
traditional cancer treatments like surgery, radiotherapy, and chemotherapy, it has proven to be a highly effective
strategy.®> ** Despite marked therapeutic innovations, current immunotherapeutic modalities for DLBCL remain con-
strained by intrinsic barriers, including tumor heterogeneity and immune evasion mechanisms, which necessitate
comprehensive dissection of the multidimensional crosstalk within the lymphoma-associated immune niche. This
study identified a marked association between PCK2 and immune-related pathways, especially emphasizing the impact
of PCK2 on DLBCL by modulating immune cell activity and the expression of immune checkpoints. We observed that
several immunosuppressive molecules, including LAG3, PD-L1, VISTA, SIRPA, CD39, and CD47, were markedly
increased in the PCK2-High group. The excessive production of these immunosuppressive molecules is directly linked to
tumor cells avoiding immune detection.®> *® To investigate the connection between PCK2 and tumor immunity, we
assessed immune cell infiltration within the TIME of DLBCL. The immune profile of the high PCK2 expression group
closely matches that of DLBCL, indicating that PCK2 may notably influence the tumor microenvironment in DLBCL.
Further analysis revealed that the expression of PCK?2 is directly associated with the infiltration of immunosuppressive
cells, such as MDSCs and Tregs, while it is negatively correlated with some immune-promoting cells, such as activated
CD4" T cells and natural killer cells. DLBCL immune escape and disease progression are promoted through multiple
mechanisms mediated by MDSCs, macrophages, and Tregs, with their levels closely correlated with disease stage,
subtype, and prognosis.®”® The findings highlight the prospective significance of PCK2 in the TIME of DLBCL. In
addition, our study uncovered a correlation between PCK2 and IFN_TAMs infiltration. As a highly heterogeneous TAMs
subset, IFN_TAMs in DLBCL were characterized by high glycolytic metabolism, intimate interaction with malignant
B cells, and potent immunosuppressive function.® Using ssGSEA, we observed a strong positive association between
PCK2 and IFN_TAMSs abundance, and PCK2-High group exhibited marked enrichment of IFN TAMs infiltration,
further highlighting the link between PCK2 and the heterogeneous TIME of DLBCL.

We conducted PPI networks analysis for the top 50 PCK2-related genes, identifying five central genes—SCO2,
ISG15, BCS1L, HAUS2, and IFITM3—with strong prognostic potential in DLBCL. Further analysis indicated that
elevated expression of SCO2, ISG15, BCSIL, and HAUS2 is linked to a poorer prognosis in DLBCL patients. Recent
studies have revealed that SCO2 fuels tumors through aerobic glycolysis.”* ISG15 enhances the progression of pancreatic
cancer cells, as well as their resistance to Gemcitabine, a standard chemotherapeutic for pancreatic cancer.”’ Collectively,
our results indicated that the prognosis of DLBCL may be influenced through synergistic interactions between PCK2 and
the identified hub genes.

Meanwhile, our results suggested that the expression of PCK2 was highly upregulated on tumour tissues, which was
further elucidated the potential significance of PCK2 as a candidate indicator for DLBCL.

In conclusion, our findings suggested that PCK2 might constitute an important molecular feature of DLBCL and
could support disease detection and prognostic evaluation. Additionally, although PCK2 has been implicated in various
cancers, this study established its association with the specific features of DLBCL, including SASP program, clinical
traits and heterogeneous TIME, implying that its function in DLBCL might differ from that in other contexts.

Nevertheless, this study had several limitations. First, the use of publicly available transcriptomic data could have
introduced bias attributable to unmeasured confounders. Second, the link between PCK2 and SASP was inferred solely
from bioinformatic analyses; functional assays to establish a direct causal relationship were still lacking and should be
prioritized in future work. Finally, although PCK2 had been identified as a key driver in multiple solid tumours, no PCK2
targeted agent had yet entered pre-clinical or clinical evaluation. Consequently, its therapeutic efficacy and safety
remained undefined. The absence of PCK2 directed strategies and clinical experience represented a major bottleneck

for translating experimental observations into clinical applications.
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Conclusion

Using comprehensive bioinformatics approaches, we ultimately identified PCK2 as a SASP-related molecular feature of
DLBCL, whose high expression denoted a poor prognosis. Our analyses revealed PCK2 to be tightly linked to multiple
pathogenic processes in DLBCL. On the one hand, Higher PCK?2 levels were markedly enriched among DLBCL patients
exhibiting poor prognosis characteristics (eg, ABC subtype, age>60 years). Additionally, SASP signal was markedly
elevated in DLBCL patients by ssGSEA, and PCK2 showed a robust correlation with the SASP program in DLBCL.
What’s more, PCK2 was positively correlated with immunosuppressive cell infiltration, particularly the heterogeneous
IFN-TAMs. PCK2 showed negative connected with certain immunostimulatory cell populations. Through the PPI
analysis, we identified five hub genes significantly associated with PCK2: SCO2, ISG15, BCS1L, HAUS2, and
IFITM3. Elevated expression of SCO2, ISG15, BCS1L, and HAUS2 was linked to poorer prognosis in DLBCL.
Finally, through clinical sample validation, compared with healthy controls, the protein expression of PCK2 was
significantly elevated in DLBCL patients. In summary, our findings tightly linked PCK?2 to both disease features and
prognostic assessment in DLBCL. Notably, these conclusions were bioinformatically inferred, not mechanistically
validated, functional assays were still needed to confirm any direct effects.
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