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Background: Drug resistance in diffuse large B-cell lymphoma (DLBCL)

contributes to poor prognosis in 30–40% of newly diagnosed patients in the

era of first-line rituximab combined with cyclophosphamide, doxorubicin,

vincristine, and prednisone therapy. Targeting Bcl-2 has been shown to target

for improve the prognosis of these patients, based on the clinical trials of its

inhibitor, venetoclax. However, venetoclax resistance in DLBCL remains a

challenge. Methods: The ‘WGCNA’ package was used to comprehensively

screen for Bcl-2 inhibitor-resistant genes (Bcl-2RGs) and the Bcl-2RGs

signature was established using LASSO regression analysis with ten-fold cross-

validation. Results: The Bcl-2 signature is an effective prognostic prediction

model using Gene Expression Omnibus data analysis. In addition, we

demonstrated that the inhibition of alpha protein kinase 1 (ALPK1) decreased

the proliferation of DLBCL cells and increased apoptosis. ALPK1 inhibitor

treatment synergized with venetoclax to suppress the ALPK1/NFkB signaling

pathway. Conclusion: Overall, we showed that the Bcl-2 signature could predict

the prognosis of patients with DLBCL, and that ALPK1 could be a promising target

for sensitizing patients with DLBCL to venetoclax therapy.

Methods: The ‘WGCNA’ package was used to comprehensively screen for Bcl-2

inhibitor-resistant genes (Bcl-2RGs) and the Bcl-2RGs signature was established

using LASSO regression analysis with ten-fold cross-validation. Results: The Bcl-

2 signature is an effective prognostic prediction model using Gene Expression

Omnibus data analysis. In addition, we demonstrated that the inhibition of alpha

protein kinase 1 (ALPK1) decreased the proliferation of DLBCL cells and increased

apoptosis. ALPK1 inhibitor treatment synergized with venetoclax to suppress the

ALPK1/NFkB signaling pathway. Conclusion: Overall, we showed that the Bcl-2

signature could predict the prognosis of patients with DLBCL, and that ALPK1

could be a promising target for sensitizing patients with DLBCL to

venetoclax therapy.

Results: The Bcl-2 signature is an effective prognostic prediction model using

Gene Expression Omnibus data analysis. In addition, we demonstrated that the
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inhibition of alpha protein kinase 1 (ALPK1) decreased the proliferation of DLBCL

cells and increased apoptosis. ALPK1 inhibitor treatment synergized with

venetoclax to suppress the ALPK1/NFkB signaling pathway. Conclusion:

Overall, we showed that the Bcl-2 signature could predict the prognosis of

patients with DLBCL, and that ALPK1 could be a promising target for sensitizing

patients with DLBCL to venetoclax therapy.

Conclusion: Overall, we showed that the Bcl-2 signature could predict the

prognosis of patients with DLBCL, and that ALPK1 could be a promising target

for sensitizing patients with DLBCL to venetoclax therapy.
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1 Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most aggressive

non-Hodgkin lymphoma with a high degree of heterogeneity (1).

Approximately 30–40% of patients with newly diagnosed DLBCL

experience drug resistance and relapse under a first-line rituximab

combined with cyclophosphamide, doxorubicin, vincristine, and

prednisone (R-CHOP) immunochemotherapy regimen. Targeted

therapies for genetic abnormalities have been developed based on

the definition and application of DLBCL genetic subtypes using

cluster analysis. To date, several drugs targeting BTK, PI3K, JAK,

IRF4, EZH2, and BCL2 have been used to improve patient

outcomes (2).

Venetoclax, a Bcl-2 inhibitor, induces apoptosis by inhibiting

Bcl-2 family genes (3). Venetoclax was approved by the U.S. Food

and Drug Administration (FDA) for the treatment of acute myeloid

leukemia (AML) (4) and more recently, has been applied to chronic

lymphocytic leukemia (CLL) leading to improved treatment

outcomes (5). Several ongoing and completed clinical trials of

DLBCL have shown that venetoclax is a promising drug for

improving DLBCL patient outcomes (6, 7). Recently, drug

resistance has been observed in the clinical application of

venetoclax (5). Drug resistance is a complex developmental

phenomenon characterized by abnormal gene expression.

Therefore, screening for key drug resistance genes may identify

new therapeutic targets to reverse drug resistance and

improve prognosis.

Alpha protein kinase 1(ALPK1) is a well-known innate immune

sensor (8) that promotes nuclear factor kappa B (NFkB) expression
(9). As a key gene in the B-cell receptor (BCR) signaling pathway,

NFkB is involved in the development of DLBCL. However, the role

of the ALPK1/NFkB axis in DLBCL has not been reported. In this

study, a Bcl-2 inhibitor resistance gene signature was identified as a

prognostic model for patients with DLBCL, and ALPK1 was found

to be a target for reversing venetoclax resistance using weighted

gene co-expression network analysis (WGCNA) and least absolute

shrinkage and selection operator (LASSO) regression.
02
2 Materials and methods

2.1 Data collection and identification of
differentially expressed Bcl-2 inhibitor-
resistant genes

Gene expression data and the corresponding clinical data were

obtained from the Gene Expression Omnibus (GEO; https://

www.ncbi.nlm.nih.gov/geo/). To identify the key genes involved

in venetoclax resistance, GSE223598 data (from OCI-Ly1 cells) and

GSE252306 data (from SU-DHL-16 cells) were downloaded to

analyze the differentially expressed genes (DEGs) in venetoclax-

resistant cells compared to parental, and DEG threshold was set as: |

log2-fold change (FC)|>2 and an adjusted P-value<0.05. A Venn

diagram was generated showing 214 genes co-regulated in the two

datasets. Among the 214 genes, 175 recorded in the GSE10846

dataset were selected as candidate genes for the prognostic models.

There were 412 cases with complete gene expression and prognostic

information in the GSE10846(training cohort), 470 in the

GSE31312, and 221 in the GES87371 (validation cohort) datasets.

The characteristics of patients in the GEO datasets have been

described previously (10).
2.2 Establishment and validation of the
Bcl-2RG prognostic signature

Gene expression data normalized to RMA in GSE10846 dataset

were downloaded. Then, a LASSO regression analysis with ten-fold

cross-validation recognized 36 of the 175 Bcl-2RGs as candidate

gene sets for the prognostic signature. Multifactor Cox regression

was used to identify the risk model containing Bcl-2RGs which was

used to develop the Bcl-2RG signature. The risk score for patients in

the cohort was calculated by the formula: Risk score  =o
N

i = 1= ( exp � coef ), where N is the number of model genes, exp

represents the gene expression value of each gene, and coef

represents the coefficient index. The ‘time ROC’ package was
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applied to draw the time-dependent receiver operating

characteristic (ROC) curve and determined the area under the

curve (AUC) of the 2-, 3-, and 5-year overall survival (OS) rates.

The risk scores of the GSE31312 and GES87371 datasets were

computed and classified into high and low groups to validate the

prognostic model using Kaplan–Meier survival analysis.
2.3 WGCNA to identify Bcl-2RGs

The ‘WGCNA’ package was used to identify Bcl-2 inhibitor

resistance gene clusters based on the GSE10846 dataset. The

weighted adjacency matrix was converted into a topological

overlap matrix according to the optimal soft threshold (b=10),
and then hierarchical clustering analysis was performed to detect

the correlation between gene modules (minmodulesize=30;

mergecutheight=0.25). Interaction strength was assessed using the

heatmap toolkit, and gene significance and module membership

were calculated to assess the relationship between the module and

resistance characteristics.
2.4 Cell culture, viability, proliferation, and
apoptosis

SU-DHL-8, SU-DHL-4, OCI-Ly3 and OCI-Ly10 cell lines were

procured from Shanghai Zhong Qiao Xin Zhou Biotechnology Co.,

Ltd. Cells were maintained in Roswell Park Memorial Institute 1640

(RPMI) medium (Gibco, Waltham, MA, USA) supplemented with

10% fetal bovine serum (Gibco). Cell cultures were incubated at 37 °

C in a humidified atmosphere containing 5% CO2, following the

standard protocols provided by the supplier. Cell viability was

detected using a Cell Counting Kit-8 (CCK-8; Protein Bio,

Nanjing, China) according to the manufacturer’s protocol.

Optical density was measured at 450 nm using a full-spectrum

microplate reader. Cell proliferation was analyzed using a

BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 594

(C0078L, Beyot ime Biotechnology) according to the

manufacturer’s protocol. Apoptosis was evaluated using an

Annexin V-FITC Apoptosis Detection Kit (C1062L, Beyotime

Biotechnology) as previously described (11).
2.5 Western blotting

Cellular proteins were extracted and homogenized using RIPA

lysis buffer (NCM, Suzhou, China). Protein samples were separated

using SDS-PAGE (Epizyme, Shanghai, China) and transferred onto

polyvinylidene fluoride membranes. Membranes were subsequently

incubated with 5% skim milk to block non-specific binding sites,

treated with primary and secondary antibodies, and protein bands
Frontiers in Oncology 03
were visualized using enhanced chemiluminescence reagents

(NCM, Suzhou, China) and detected using an imaging system.
2.6 Statistical analysis

Data analysis, including basic statistical comparisons and IC50

determination was performed using GraphPad Prism v9.5

(GraphPad Software, CA, USA). Flow cytometry data were

analyzed using FlowJo v10.8.1 (Tree Star, OR, USA).

Bioinformatics analyses, including LASSO regression analysis,

Multifactor Cox regression, Kaplan–Meier survival analysis,

WGCNA analysis, C-index and DCA analysis were performed

using R software v4.4.1 with the limma v3.60.4, survival v3.6-4,

WGCNA v1.73, survcomp v1.54.0, ggplot2 v4.0.1, ggDCA v1.2

package. Western blot images were quantified using ImageJ

software (NIH). GEO2R were used for Screening for DEGs, and

jvenn for Venn diagram drawing. Statistical significance was set at

P< 0.05. significant.
3 Results

3.1 Identification, establishment, and
validation of Bcl-2RG prognostic signature

The differentially expressed gene data from parental and

venetoclax-resistant clonal cell lines (GSE223598 and GSE252306)

were downloaded and analyzed to identify 214 Bcl-2RGs in DLBCL

(Figures 1a, b). To clarify the relationship between Bcl-2RGs and

the prognosis of DLBCL, 175 recorded Bcl-2RGs in the GSE10486

dataset (training cohort) and the OS of patients were analyzed.

LASSO regression and ten-fold cross-validation identified 36 Bcl-

2RGs as candidate gene sets for the prognostic signature (Figure 1c).

Multifactor Cox regression results identified 13 Bcl-2RGs that were

used to construct the prognostic model; their regression coefficients

are shown in Figure 1d. The resistance score was obtained based on

13 Bcl-2RGs.The resistance score was estimated as follows:

Resistance Score = (0.372545 × BRSK1) + (0.304578 × ZNF486) +

(0.293816 *MARCKS) + (0.304109 * ALPK1) + (0.094496 * GABRB2)

+ (0.278475* ZNF43) + (-0.156742 * CYTH4) + (- 0.383886 * XBP1) +

(-0.349471 * ZNF141) + (-0.231252 * GOLGA8A) + (-0.2454 * LRFN3)

+ (- 0.110178 * GPR82) + (-0.083037 * PDE9A).

Patients in the GSE10846 dataset were classified into high- and

low-drug resistance groups according to the median drug resistance

score. Kaplan–Meier survival analysis revealed that patients with a

high score (fen=1) had poorer OS than those with a low score

(fen=0; Figure 1e). The AUCs of the 2-, 3-, and 5-year ROC curves

were 0.667, 0.679, and 0.652, respectively, suggesting that the Bcl-

2RG signature was highly useful for predicting outcomes

(Figure 1f). Kaplan–Meier survival analysis showed that patients

with high scores had shorter OS in the validation cohorts

(GSE31312 and GSE87371; Figures 1g, h).
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3.2 Inhibition of ALPK1 promotes DLBCL
cell apoptosis and decreases proliferation

To further clarify the biological function of Bcl-2RGs in DLBCL,

the WGCNA algorithm was used to identify hub genes associated with

resistance (Figures 1a, b). Thirty gene modules were identified, of

which ME red and ME pink were strongly associated with Bcl-2

inhibitor resistance (Figures 2a, b). Functional enrichment analysis

revealed that genes in this module are primarily involved in B cell

receptor signaling pathway, apoptosis, and cell cycle (Supplementary

Figure S2), highlighting a network-level shift towards B cell growth and

apoptosis. Although these modules contain several highly connected

Hub genes (such as KRAS and BCL2), we focus on ALPK1 because it is

not only strongly associated with Venetoclax resistance, but also serves

as a key prognostic factor in the Lasso-Cox model. A Venn diagram
Frontiers in Oncology 04
was used to identify overlapping genes (ALPK1 and ZNF486) using

WGCNA and LASSO analyses (Figure 2b). The ALPK1/NFkB axis

plays an important role in innate immunity; however, less was known

about the ALPK1/NFkB axis in DLBCL.We conducted experiments to

verify the role of ALPK1 in the development and drug resistance of

DLBCL. ALPK1 expression in DLBCL cell lines and patients with

DLBCL was higher than that in healthy donors (controls; Figure 2c).

The ALPK1 inhibitor, ALPK1-IN2, reduced SU-DHL-8 and OCI-Ly10

cell viability with IC50s of 11.39 and 11.43 uM, respectively (Figure 2d).

Cell proliferation in SU-DHL-8 and OCI-Ly10 cells was evaluated by

EdU incorporation assays, revealing a significantly lower percentage of

EdU+ cells in the ALPK1-IN2 treated cells relative to untreated controls

(Figure 2e; P< 0.05). DLBCL cell apoptosis increased in the ALPK1-

IN2 treatment group compared to that in the control group (Figures 2f,

g; P< 0.05).
FIGURE 1

Identification, establishment, and validation of the Bcl-2RG prognostic signature. (a) Bcl-2RG prognostic signature identification process. (b) Venn
diagram demonstrating that GSE223598 and GSE252306 shared 214 differentially expressed genes. (c) LASSO regression analysis of GSE10846.
(d) The thirteen genes of the Bcl-2RG signature. (e) Kaplan–Meier survival curve of the high- and low-score groups in the training cohort (fen
0= low, fen 1= high). (f) Receiver operating characteristic curve of survival prediction in the training cohort (GSE10846). (g, h) Kaplan–Meier
survival curves of the high- and low-score groups in the validation cohort (fen 0 = low, fen 1 = high). Bcl-2RG, Bcl-2 inhibitor-resistant gene.
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3.3 Targeting ALPK1 enhances Bcl-2
inhibitor sensitivity by suppressing NFkB

To determine whether ALPK1 is involved in venetoclax

resistance in DLBCL and its mechanism of action, inhibitors of

ALPK1 and Bcl-2 were used to treat DLBCL cell lines (SU-DHL-8

and OCI-Ly10). Cell viability was lower in the ALPK1-IN2-treated
Frontiers in Oncology 05
group than the control group The IC50s of venetoclax was reduced

from 5.943 uM to 1.189 uM in SU-DHL-8 cells and from 5049 nM

to 99.07 nM in OCI-Ly10 cells,(Figure 3a), indicating that ALPK1-

IN2 might reverse venetoclax resistance. Venetoclax treatment

significantly increased apoptosis in the ALPK1-IN2 group

compared to the control group (Figure 3b). The percentage of

EdU+ cells did not change after treatment with venetoclax in SU-
FIGURE 2

Inhibition of ALPK1 promotes DLBCL cell apoptosis and decreases proliferation. (a) Gene expression data were categorized into modules. (b)
Association between the modules and clinical traits (left), and Venn diagram to identify overlapping genes from WGCNA and LASSO regression
(right). (c) ALPK1 expression in different DLBCL cell lines (SU-DHL-2, SU-DHL-4, SU-DHL-8, U2932, OCI-LY3, DB, OCI-Ly10), peripheral blood
mononuclear cells (DLBCL) from patients with DLBCL, and healthy donors (Control). (d) SU-DHL-8 and OCI-Ly10 cells were treated with the ALPK1
inhibitor ALPK1-IN2 for 24 h Cell viability was determined using the CCK8 assay. SU-DHL-8 were treated with 15 µM ALPK1-IN2 and OCI-Ly10 were
treated with 10 µM ALPK1-IN2 for 24 hours. (e) Cell proliferation capacity was tested using EdU incorporation in different groups. The quantification
shows the percentage of EdU-positive cells relative to total DAPI-stained cells (n=3 independent experiments). (f, g) Apoptosis detected by flow
cytometry. Data are expressed as mean ± SD (*p<0.05, **p<0.01, ***<0.001). ALPK1, alpha protein kinase 1; DLBCL, diffuse large B-cell lymphoma.
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DHL-8 or OCI-Ly10 cells. Combined treatment with ALPK1-IN2

reduced the percentage of EdU+ cells compared to control group

and venetoclax treatment alone (Figure 3c, d).

ALPK1 is a protein kinase that plays an important role in

activating the innate immune response to bacteria via NFkB
signaling. NFkB is a hub gene in the BCR signaling pathway,

which promotes the occurrence and progression of B-cell

lymphoma by promoting proliferation and inhibiting apoptosis.

Therefore, we hypothesize that ALPK1 might sensitize DLBCL to

venetoclax by regulating NFkB signaling. As hypothesized, the

expression of NFkB and its downstream signaling protein, BCL-

XL, were reduced in the ALPK1-IN2 group compared to the control

group, and significantly lower in the ALPK1-IN2 plus venetoclax

group (P< 0.05; Figure 3e). The proliferation-associated protein

PCNA was significantly downregulated in the ALPK1-IN2 plus

venetoclax group compared to the other groups (P< 0.05; Figure 3e).
4 Discussion

Drug resistance leads to a poor prognosis in approximately 30–

40% of patients with DLBCL undergoing first-line treatment following

the R-CHOP regime. This drug resistance is accompanied by complex

genetic changes and evolution. Identifying abnormally regulated genes

related to drug resistance may provide new targets for predicting the

prognosis of patients with DLBCL and for reversing drug resistance.

Venetoclax, a Bcl-2 inhibitor approved by the FDA in 2017, brought

about revolutionary breakthroughs in the treatment of CLL and AML.

Recently, several clinical trials confirmed the role of venetoclax in

improving the outcomes of patients with DLBCL. However,

venetoclax resistance remains a major challenge in the treatment of

patients with DLBCL. Therefore, it is necessary to explore the impact

of Bcl-2RGs on drug sensitivity and prognosis to identify novel

therapeutic targets, predict DLBCL prognosis, and to overcome

venetoclax resistance. In this study, we uncovered a Bcl-2RGs

signature that could predict the prognosis, and demonstrated that

ALPK1 could be a therapeutic target for sensitizing DLBCL

to venetoclax.

To elucidate the biological plausibility of our risk signature(Bcl-

2RGs signature), we examined the potential roles of the constituent

genes in the context of Venetoclax resistance and B-cell lymphoma

biology. First, several genes are mechanistically linked to pathways

known to confer resistance. ALPK1 is an upstream kinase that

activates the NF-kB signaling pathway via the TIFA-TRAF6 axis

(9). Given that constitutive NF-kB activity drives the expression of

BCL-XL and MCL-1 in activated B-cell (ABC) DLBCL (12), ALPK1

likely functions as a novel upstream regulator of this resistance

phenotype. Similarly, MARCKS, a prominent substrate of Protein

Kinase C (PKC) (13), may reflect hyperactive BCR/PKC signaling,

which supports B-cell survival and drug resistance. And XBP1

(specifically the spliced form, XBP1s) is a critical effector of the

Unfolded Protein Response (UPR). Previous studies have

demonstrated that XBP1s regulates MCL-1, a primary anti-

apoptotic protein responsible for intrinsic resistance to BCL-2

inhibitors in DLBCL (14, 15). Second, our model identified
Frontiers in Oncology 06
several genes, including Zinc Finger proteins (ZNF486, ZNF141,

and ZNF43) and metabolic regulators like PDE9A (16), which have

not been previously reported in the context of venetoclax resistance.

These genes likely represent novel transcriptomic features or

potential biomarkers specific to the resistant cell state, suggesting

new avenues for future mechanistic research.

ALPK1 is a cytosolic pattern-recognition receptor involved in

promoting host cell defense through NFkB signaling, during

bacterial infection (17). Recently, ALPK1 was shown to not only

contribute to initial immunity but also to cancer progression. Lee

et al. reported that ALPK1 regulates oral cancer progression (18),

while Duizer et al. and Martin-Gallausiaux et al. demonstrated its

role in to colorectal cancer(CRC) development (19, 20). Zhang et al.

(9) showed that activating the ALPK1/NFkB signaling axis

promoted extravasation and metastasis in CRC. NFkB being a

crucial gene in the BCR signaling pathway, plays an important

role in B cell lymphoma development. Moreover, NFkB signaling

was chronically activated during the development of activated B-

cell-like (ABC-) DLBCL (1). Thus, we hypothesized that the

ALPK1/NFkB signaling axis may play an important role in

DLBCL. Since this signaling axis is understudied, we focused on

ALPK1 and not ZNF486 when choosing between the potential

targets we identified (Figure 2b).

We conducted experiments to explore the impact of ALPK1 on

DLBCL using its inhibitor, ALPK1-IN2. Following treatment with

ALPK1-IN2, the proliferation of DLBCL cells decreased, and

apoptosis increased (Figures 2d–g). Moreover, ALPK1-IN2

sensitized DLBCL cells to venetoclax (Figures 3a–d). These results

suggest that ALPK1 may be a potential therapeutic target for

reversing venetoclax resistance in DLBCL. Unexpectedly,

venetoclax did not affect DLBCL cell proliferation, which was

consistent with PCNA expression (Figures 3c–e). However,

DLBCL cell proliferation and the level of PCNA expression

significantly decreased when venetoclax was combined with

ALPK1-IN2 compared to venetoclax treatment alone (Figures 3c,

d). There have been no reports on the relationship between ALPK1

and PCNA and this interaction requires further study. In concert,

the expressions of NFkB and BCL-XL were downregulated in cells

treated with venetoclax plus ALPK1-IN2 (Figure 3e) compared to

control cells, which correlated with increased apoptosis in

combination-treated cells.

Ning et al. (21) suggested that the AGK-PTEN-FOXO1

signaling axis is involved in venetoclax resistance, while

Portelinha et al. (22) showed that SETD1B mutations contribute

to venetoclax resistance. In a study by Gomez Solsona et al. (23),

metabolic reprogramming of glutamine was associated with

venetoclax resistance. Although several studies have explored the

mechanism of venetoclax resistance in DLBCL, no standard

protocol for reversing venetoclax resistance has emerged.

Therefore, the signature developed in our study by identifying

Bcl-2RGs and therapeutic targets through the DEGs of different

drug-resistant DLBCL cells (OCI-Ly1 and SU-DHL-16) combined

with clinical prognostic information from multiple datasets

(GES10846, GSE223598, and GSE252306) may provide a new

avenue for the treatment of DLBCL.
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FIGURE 3

Targeting ALPK1 enhances Bcl-2 inhibitor sensitivity by suppressing NFkB and PCNA. (a) SU-DHL-8 and OCI-Ly10 cells were treated with DMSO plus
increasing concentrations of venetoclax or the ALPK1 inhibitor ALPK1-IN2 plus venetoclax for 24 h (ALPK1-IN2 concentration: 15uM for SU-DHL-8
and 10uM for OCI-Ly10). Cell viability was determined using the CCK8 assay. SU-DHL-8 were treated with 15 µM ALPK1-IN2 and/or 1 µM venetoclax,
OCI-Ly10 were treated with 10 µM ALPK1-IN2 and/or 100nM venetoclax for 24 h. (b) SU-DHL-8 and OCI-Ly10 cells were treated with DMSO plus
venetoclax or ALPK1-IN2 plus venetoclax for 24 h. Apoptosis was detected using flow cytometry. (c, d) Cell proliferation capacity was tested using
EdU incorporation in different groups. The quantification shows the percentage of EdU-positive cells relative to total DAPI-stained cells (n=3
independent experiments). (e) NFkB, BCL-XL, and PCNA expression of SU-DHL-8 and OCI-Ly10 cells treated with venetoclax, ALPK1-IN2, and a
combination of venetoclax and ALPK1-IN2 were detected by western blotting. Band intensities were quantified using ImageJ and normalized to
actin. Data are presented as mean ± SD (*p<0.05, **p<0.01, ***<0.001). ALPK1, alpha protein kinase 1; NFkB, nuclear factor kappa B; PCNA,
proliferating cell nuclear antigen.
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Considering the influence of age and sex on genes, a

multivariate Cox regression analysis was performed to adjust age

and sex. The results showed that while the Risk Score maintained a

hazard ratio (HR) > 1, its statistical significance was marginally

affected (P>0.05) (Supplementary Figure S3B), likely due to the

correlation between age-related gene expression and the risk

signature. But the model integrating “Age + Sex + Risk Score”

yielded a higher C-index (0.6414055) compared to the model with

“Age + Sex” alone (0.6256885) (Supplementary Figure S3C). This

indicates that the Risk Score provides incremental predictive value

beyond standard clinical variables. Furthermore, the Decision

Curve Analysis (DCA) demonstrated that the model integrating

the Risk Score (Red line) had a higher net benefit compared to the

base model (Green line) across a wide range of threshold

probabilities (Supplementary Figure S3D). This indicates that the

Risk Score adds valuable clinical utility for patient management.
5 Conclusion

We analyzed the Bcl-2 resistance-associated genes and

established a reliable prognostic gene signature in DLBCL.

Additionally, ALPK1 was identified as a target to reverse

venetoclax resistance through the ALPK1/NFkB signaling axis

and was established as a crucial gene involved in DLBCL

progression and Bcl-2 inhibitor resistance.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding authors.
Author contributions

MJ: Data curation, Formal Analysis, Writing – original draft. YW:

Methodology, Software, Writing – original draft. HL: Methodology,

Software, Writing – original draft. YD: Project administration,

Validation, Writing – review & editing. YS: Data curation,

Supervision, Writing – review & editing. LW: Project administration,

Validation, Writing – review & editing. QC: Funding acquisition,

Resources, Visualization, Writing – review & editing. CW:

Conceptualization, Validation, Visualization, Writing – review &

editing. LY: Conceptualization, Investigation,Writing – review& editing.
Frontiers in Oncology 08
Funding

The author(s) declared that financial support was received for

this work and/or its publication. This research was supported by

grants from the Affiliated Huaian No.1 People’s Hospital of Nanjing

Medical University [grant number QC2022018, GQ202307,

GQ202410], the Huai’an Municipal Science and Technology

Bureau project [grant number HAP202302, HAB2024002] and

the “533” talent project of Huaian city.
Conflict of interest

The author(s) declared that this work was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declared that generative AI was not used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2026.1729158/

full#supplementary-material
References
1. Chapuy B, Stewart C, Dunford AJ, Kim J, Kamburov A, Redd RA, et al. Molecular
subtypes of diffuse large B cell lymphoma are associated with distinct pathogenic
mechanisms and outcomes. Nat Med. (2018) 24:679–90. doi: 10.1038/s41591-018-0016-8

2. Wright GW, Huang DW, Phelan JD, Coulibaly ZA, Roulland S, Young RM, et al. A
probabilistic classification tool for genetic subtypes of diffuse large B cell lymphoma with
therapeutic implications. Cancer Cell. (2020) 37:551–68 e14. doi: 10.1016/
j.ccell.2020.03.015
3. Moyer A, Tanaka K, Cheng EH. Apoptosis in cancer biology and therapy. Annu
Rev Pathol. (2025) 20:303–28. doi: 10.1146/annurev-pathmechdis-051222-115023

4. Kantarjian H, Short NJ, DiNardo C, Stein EM, Daver N, Perl AE, et al. Harnessing
the benefits of available targeted therapies in acute myeloid leukaemia. Lancet
Haematol. (2021) 8:e922–e33. doi: 10.1016/S2352-3026(21)00270-2

5. Chong SJF, Zhu F, Dashevsky O, Mizuno R, Lai JX, Hackett L, et al.
Hyperphosphorylation of BCL-2 family proteins underlies functional resistance
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2026.1729158/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2026.1729158/full#supplementary-material
https://doi.org/10.1038/s41591-018-0016-8
https://doi.org/10.1016/j.ccell.2020.03.015
https://doi.org/10.1016/j.ccell.2020.03.015
https://doi.org/10.1146/annurev-pathmechdis-051222-115023
https://doi.org/10.1016/S2352-3026(21)00270-2
https://doi.org/10.3389/fonc.2026.1729158
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Ma et al. 10.3389/fonc.2026.1729158
to venetoclax in lymphoid Malignancies. J Clin Invest. (2023) 133(22):e170169.
doi: 10.1172/JCI170169

6. Tedeschi A, Frustaci AM, Condoluci A, Coscia M, Chiarle R, Zinzani PL, et al.
Atezolizumab, venetoclax, and obinutuzumab combination in Richter transformation
diffuse large B-cell lymphoma (MOLTO): a multicentre, single-arm, phase 2 trial.
Lancet Oncol. (2024) 25:1298–309. doi: 10.1016/S1470-2045(24)00396-6

7. Melani C, Lakhotia R, Pittaluga S, Phelan JD, Huang DW, Wright G, et al.
Combination targeted therapy in relapsed diffuse large B-cell lymphoma. New Engl J
Med. (2024) 390:2143–55. doi: 10.1056/NEJMoa2401532

8. Kozycki CT, Kodati S, Huryn L, Wang H, Warner BM, Jani P, et al. Gain-of-
function mutations in ALPK1 cause an NF-kappaB-mediated autoinflammatory
disease: functional assessment, clinical phenotyping and disease course of patients
with ROSAH syndrome. Ann Rheum Dis. (2022) 81:1453–64. doi: 10.1136/
annrheumdis-2022-222629

9. Zhang Y, Zhang L, Zheng S, Li M, Xu C, Jia D, et al. Fusobacterium nucleatum
promotes colorectal cancer cells adhesion to endothelial cells and facilitates
extravasation and metastasis by inducing ALPK1/NF-kappaB/ICAM1 axis. Gut
Microbes. (2022) 14:2038852. doi: 10.1080/19490976.2022.2038852

10. Ding Y, Huang K, Sun C, Liu Z, Zhu J, Jiao X, et al. A Bruton tyrosine kinase
inhibitor-resistance gene signature predicts prognosis and identifies TRIP13 as a
potential therapeutic target in diffuse large B-cell lymphoma. Sci Rep. (2024)
14:21184. doi: 10.1038/s41598-024-72121-8

11. Chen Q, Lu C, Li D, Xu L, Wang C, Yu L. CDK1 inhibitor RO-3306 enhances
BTKi potency in diffuse large B-cell lymphoma by suppressing JAK2/STAT3
s igna l ing . Int J B io l Macromol . ( 2025) 297 :139893 . do i : 10 .1016 /
j.ijbiomac.2025.139893

12. Choudhary GS, Al-Harbi S, Mazumder S, Hill BT, Smith MR, Bodo J, et al. MCL-
1 and BCL-xL-dependent resistance to the BCL-2 inhibitor ABT-199 can be overcome
by preventing PI3K/AKT/mTOR activation in lymphoid Malignancies. Cell Death Dis.
(2015) 6:e1593. doi: 10.1038/cddis.2014.525

13. Fong LWR, Yang DC, Chen CH. Myristoylated alanine-rich C kinase substrate
(MARCKS): a multirole signaling protein in cancers. Cancer Metastasis Rev. (2017)
36:737–47. doi: 10.1007/s10555-017-9709-6
Frontiers in Oncology 09
14. Dong L, Jiang CC, Thorne RF, Croft A, Yang F, Liu H, et al. Ets-1 mediates
upregulation of Mcl-1 downstream of XBP-1 in human melanoma cells upon ER stress.
Oncogene. (2011) 30:3716–26. doi: 10.1038/onc.2011.87

15. Bala Tannan N, Manzari MT, Herviou L, Da Silva Ferreira M, Hagen C, Kiguchi
H, et al. Tumor-targeted nanoparticles improve the therapeutic index of BCL2 and
MCL1 dual inhibition. Blood. (2021) 137:2057–69. doi: 10.1182/blood.2020008017

16. Ceddia RP, Liu D, Shi F, Crowder MK, Mishra S, Kass DA, et al. Increased energy
expenditure and protection from diet-induced obesity in mice lacking the cGMP-
specific phosphodiesterase PDE9. Diabetes. (2021) 70:2823–36. doi: 10.2337/db21-0100

17. Lu J, Liu X, Li X, Li H, Shi L, Xia X, et al. Copper regulates the host innate
immune response against bacterial infection via activation of ALPK1 kinase. Proc Natl
Acad Sci U S A. (2024) 121:e2311630121. doi: 10.1073/pnas.2311630121

18. Lee CP, Ko AM, Nithiyanantham S, Lai CH, Ko YC. Long noncoding RNAHAR1A
regulates oral cancer progression through the alpha-kinase 1, bromodomain 7, and myosin
IIA axis. J Mol Med (Berl). (2021) 99:1323–34. doi: 10.1007/s00109-021-02095-x

19. Duizer C, Salomons M, van Gogh M, Grave S, Schaafsma FA, Stok MJ, et al.
Fusobacterium nucleatum upregulates the immune inhibitory receptor PD-L1 in
colorectal cancer cells via the activation of ALPK1. Gut Microbes. (2025) 17:2458203.
doi: 10.1080/19490976.2025.2458203

20. Martin-Gallausiaux C, Salesse L, Garcia-Weber D, Marinelli L, Beguet-Crespel F,
Brochard V, et al. Fusobacterium nucleatum promotes inflammatory and anti-apoptotic
responses in colorectal cancer cells via ADP-heptose release and ALPK1/TIFA axis
activation. Gut Microbes. (2024) 16:2295384. doi: 10.1080/19490976.2023.2295384

21. Ning N, Zhang S, Wu Q, Li X, Kuang D, Duan Y, et al. Inhibition of acylglycerol
kinase sensitizes DLBCL to venetoclax via upregulation of FOXO1-mediated BCL-2
expression. Theranostics. (2022) 12:5537–50. doi: 10.7150/thno.72786

22. Portelinha A, Wang S, Parsa S, Jiang M, Gorelick AN, Mohanty S, et al. SETD1B
mutations confer apoptosis resistance and BCL2 independence in B cell lymphoma. J
Exp Med. (2024) 221(10):e20231143. doi: 10.1084/jem.20231143

23. Gomez Solsona B, Horn H, Schmitt A, Xu W, Bucher P, Heinrich A, et al.
Inhibition of glutaminase-1 in DLBCL potentiates venetoclax-induced antitumor
activity by promoting oxidative stress. Blood Adv. (2023) 7:7433–44. doi: 10.1182/
bloodadvances.2023010964
frontiersin.org

https://doi.org/10.1172/JCI170169
https://doi.org/10.1016/S1470-2045(24)00396-6
https://doi.org/10.1056/NEJMoa2401532
https://doi.org/10.1136/annrheumdis-2022-222629
https://doi.org/10.1136/annrheumdis-2022-222629
https://doi.org/10.1080/19490976.2022.2038852
https://doi.org/10.1038/s41598-024-72121-8
https://doi.org/10.1016/j.ijbiomac.2025.139893
https://doi.org/10.1016/j.ijbiomac.2025.139893
https://doi.org/10.1038/cddis.2014.525
https://doi.org/10.1007/s10555-017-9709-6
https://doi.org/10.1038/onc.2011.87
https://doi.org/10.1182/blood.2020008017
https://doi.org/10.2337/db21-0100
https://doi.org/10.1073/pnas.2311630121
https://doi.org/10.1007/s00109-021-02095-x
https://doi.org/10.1080/19490976.2025.2458203
https://doi.org/10.1080/19490976.2023.2295384
https://doi.org/10.7150/thno.72786
https://doi.org/10.1084/jem.20231143
https://doi.org/10.1182/bloodadvances.2023010964
https://doi.org/10.1182/bloodadvances.2023010964
https://doi.org/10.3389/fonc.2026.1729158
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Bcl-2 inhibitor resistance in diffuse large b-cell lymphoma: establishing a prognostic signature and targeting alpha protein kinase 1
	1 Introduction
	2 Materials and methods
	2.1 Data collection and identification of differentially expressed Bcl-2 inhibitor-resistant genes
	2.2 Establishment and validation of the Bcl-2RG prognostic signature
	2.3 WGCNA to identify Bcl-2RGs
	2.4 Cell culture, viability, proliferation, and apoptosis
	2.5 Western blotting
	2.6 Statistical analysis

	3 Results
	3.1 Identification, establishment, and validation of Bcl-2RG prognostic signature
	3.2 Inhibition of ALPK1 promotes DLBCL cell apoptosis and decreases proliferation
	3.3 Targeting ALPK1 enhances Bcl-2 inhibitor sensitivity by suppressing NFκB

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


