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OPEN A Bruton tyrosine kinase
inhibitor-resistance gene signature
predicts prognosis and identifies
TRIP13 as a potential therapeutic
target in diffuse large B-cell
lymphoma

Yangyang Ding¥*#, Keke Huang*, Cheng Sun?*, Zelin Liu?, Jinli Zhu?, Xunyi Jiao?, Ya Liao?,
Xiangjiang Feng?, Jingjing Guo?, Chunhua Zhu?, Zhimin Zhai'** & Shudao Xiong***

Bruton tyrosine kinase inhibitor (BTKi) combined with rituximab-based chemotherapy benefits
diffuse large B-cell ymphoma (DLBCL) patients. However, drug resistance is the major cause of
relapse and death of DLBCL. In this study, we conducted a comprehensive analysis BTKi-resistance
related genes (BRRGs) and established a 10-gene (CARD16, TRIP13, PSRC1, CASP1, PLBD1,

CARDG6, CAPG, CACNA1A, CDH15, and NDUFA4) signature for early identifying high-risk DLBCL
patients. The resistance scores based on the BRRGs signature were associated with prognosis.
Furthermore, we developed a nomogram incorporating the BRRGs signature, which demonstrated
excellent performance in predicting the prognosis of DLBCL patients. Notably, tumorimmune
microenvironment, biological pathways, and chemotherapy sensitivity were different between high-
and low-resistance score groups. Additionally, we identified TRIP13 as a key gene in our model. TRIP13
was found to be overexpressed in DLBCL and BTKi-resistant DLBCL cell lines, knocking down TRIP13
suppresses cell proliferation, promotes cell apoptosis, and enhances the apoptosis effect of BTKi

on DLBCL cells by regulating the Wnt/B-catenin pathway. In conclusion, our study presents a novel
BRRGs signature that could serve as a promising prognostic marker in DLBCL, and TRIP13 might be a
potential therapeutic target for resistant DLBCL.
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Lymphoma is a group of heterogeneous malignancies caused by the clonal proliferation of lymphocytes, which
are classified into Hodgkin’s lymphoma (HL) and non-Hodgkin’s lymphoma (NHL)'. Diffuse large B-cell lym-
phoma (DLBCL) is one of the most common NHL subtypes, accounting for approximately 30-40% of newly
diagnosed cases®. Currently, rituximab combined with cyclophosphamide, doxorubicin, vincristine, and pred-
nisone (R-CHOP) immunochemotherapy regimen has greatly improved the remission rate of DLBCL. How-
ever, 30-40% of patients still experience drug resistance or relapse, these relapsed/refractory patients have few
treatment options and poor prognosis, and the 2-year overall survival (OS) is only 20-40%>. The development
of drug resistance is a complex process, with gene expression disorders playing a crucial role. Therefore, it is
necessary to screen for key genes associated with drug resistance. Additionally, analyzing the impact of these
genes on prognosis and drug sensitivity is an effective strategy to identify new therapeutic targets to reverse drug
resistance and improve prognosis.
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Bruton’s tyrosine kinase inhibitor (BTKi) was approved by the US Food and Drug Administration (FDA)
for the treatment of several B-cell lymphomas*. BTKi mainly inhibits tumor cell proliferation, adhesion, and
migration by blocking the activity of the B-cell receptor (BCR) and downstream signaling cascades, and it exerts
an inhibitory effect on stromal cells in the tumor microenvironment®~”. Recent clinical trials have shown that
BTKi combined with rituximab-based chemotherapy benefits part subtype of DLBCL and is recommended
for the treatment of relapsed/refractory non-germinal center B (non-GCB) DLBCL patients®. It also has some
efficacy in patients with rare and aggressive primary central nervous system lymphoma, which in 90% of cases
is DLBCL®'!. However, some patients do not benefit from this regimen due to primary and acquired resistance
12 Overall, the generation of BTKi resistance is related to target mutations, gene expression disorders, activation
of bypass pathways, and the tumor immune microenvironment (TiME)". Currently, research on BTKi resist-
ance is limited, and few studies have investigated the important role of BTKi-resistance related genes (BRRGs)
in patient prognosis and drug sensitivity of DLBCL.

Thyroid hormone receptor interactor 13 (TRIP13) belongs to ATPases family, which plays a role in promoting
promotes tumor progression by influencing various biological activities such as chromosome synapsis, check-
point signaling, and DNA break formation and recombination!. Previous studies have indicated that TRIP13 is
overexpressed in various tumors, including lung cancer'®, hepatocellular carcinoma', colorectal cancer'’, and
multiple myeloma'8. However, the exact role of TRIP13 in DLBCL development and drug resistance remains
poorly understood.

With the rapid development of genomics, bioinformatics technology has shown outstanding advantages in
analyzing large-scale clinical data and discovering new key targets and biomarkers. In this study, we comprehen-
sively analyzed the BRRGs and constructed a novel signature that showed good predictive power for prognosis in
DLBCL patients. We further analyzed the differences between TiME, chemosensitivity, and biological pathways
in DLBCL patients with different resistance score groups. Furthermore, we elucidated the substantial impact and
mechanism of the model key gene TRIP13 in promoting the DLBCL development and BTKi resistance via regu-
lating the Wnt/B-catenin pathway. Taken together, our study presents a novel BRRGs signature that could serve as
a promising prognostic marker and identifies TRIP13 might be a potential therapeutic target for resistant DLBCL.

Materials and methods

Data collection

The transcriptome data and corresponding clinical data were downloaded from the Gene Expression Omnibus
(GEO) (https://www.ncbi.nlm.nih.gov/geo/) database. All transcriptome data in Fragments Per Kilobase Mil-
lion (FPKM) format underwent conversion to Transcripts Per Kilobase Million (TPM) normalized format for
subsequent analysis using RStudio software. After excluding cases with missing prognostic information, the
GSE31312 dataset comprised 471 cases and served as the training cohort for the prognostic model. Additionally,
the GSE87371 and GSE10846 datasets, with 121 and 233 cases respectively, were utilized as external validation
cohorts. The baseline characteristics of DLBCL patients from different cohorts are summarized in Table 1.

Training cohort Validation cohort 1 | Validation cohort 2
Characteristic | GSE31312 (n=471) | GSE87371 (n=122) | GSE10846 (n=233)
Gender
Male/female 271/200 59/63 134/99
Age (year)
Mean (range) | 61.86 (18-92) 63.36 (20-87) 60.16 (17-92)
=60 285 (60.51%) 100 (81.97%) 124 (53.22%)
<60 186 (39.49) 22 (18.03%) 109 (46.78%)
(COO) subtypes
ABC 200 (42.46%) 56 (45.90%) 93 (39.91%)
GCB 227 (48.20%) 42 (34.43%) 107 (45.92%)
Other 44 (9.34%) 24 (19.67%) 33 (14.16%)
IPI
=2 255 (54.14%) 104 (85.25%) -
<2 170 (36.09%) 18 (14.75%) -
NA 46 (9.77%) - -
Stage
I-11 - 24 (19.67%) 105 (45.06%)
III-1v - 98 (80.33%) 121 (51.93%)
NA - - 7 (3.00%)

Table 1. The characteristics of the DLBCL patients in GEO datasets. COO: cell-of-origin, IPI: International

Prognostic Index, ABC: activated B-cell-like, GCB: germinal center B-cell-like, NA: not available.
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Identification of differentially expressed BRRGs

To identify key genes associated with ibrutinib resistance, we downloaded the transcriptome data of ibrutinib-
resistant and non-resistant DLBCL cell lines (GSE138126) from the GEO database. All cell line was cultured with
a medium containing ibrutinib for over 8 months, and resistant cell clones were selected. The limma’ package
(version 3.5.1) was used to identify differentially expressed BRRGs (DEBRRGs), and DEGs threshold was set as
follows: |log2-fold change (FC)|>2 and an adjusted P-value <0.05. Volcano Plot and heatmap were conducted
with the ‘pheatmap’ package for visualizing the gene expression differences.

Functional enrichment analysis

The ‘cluster Profiler’ package was used to gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses of DEBRRGs involved in disease progression. The annotated gene sets of GSEA
were selected, c2.cp.kegg.v2023.1.Hs.entrez and ¢5.g0.bp.v2023.1.Hs.entrez sets from the Molecular Signature
Database (MSigDB) (https://www.gseamsigdb.org/gsea/msigdb/index.jsp). The number of permutations was set
to 1,000. The criteria for screening statistically significant pathways were set as adjusted P-value less than 0.05.
Visualization was performed using the ‘enrichplot’ package.

Establishment and validation of BRRGs prognostic signature

The prognostic signature was constructed using the GSE31312 dataset as the training cohort, with the GSE87371
and GSE10846 datasets serving as external validation cohorts. Univariate and LASSO regression analysis was
utilized to screen the risk model containing the BRRGs, and the risk model was defined as the BRRGs signa-
ture. The resistance score for each patient in the training cohort was computed using the following formula:
Resistance score = Zf;l (exp x coef), where N is the number of model genes; exp represents the gene expression
value of each gene; coef represents the coefficient index.

To validate the prognostic model, the resistance score for each individual was calculated through the regres-
sion coeflicients and their expression. All cohorts of DLBCL patients were divided into high- and low-resistance
score groups by the median resistance score. The disparities in overall survival (OS) among the groups were
assessed utilizing the Kaplan-Meier survival analysis. The timeROC’ package was utilized to construct the
time-dependent receiver operating characteristic (ROC) curve and determine the area under the curve (AUC)
of the 2-year, 3-year, and 5-year OS in the DLBCL patients. The predictive efficacy of the model was evaluated
based on the AUC.

Immune infiltration assessment

The ‘GSVA' package was used to perform a gene set enrichment analysis ssGSEA algorithm to unambiguously
present the infiltrating score of 29 tumor-infiltrating immune cells and pathways in each sample (aDCs, APC
co-inhibition, APC co-stimulation, B cells, CCR, CD8+ T cells, Check-point, Cytolytic activity, DCs, HLA, iDCs,
Inflammation-promoting, Macrophages, Mast cells, MHC class I, Neutrophils, NK cells, Parainflammation,
pDCs, T cell co-inhibition, T cell co-stimulation, T helper cells, Tth, Th1 cells, Th2 cells, TIL, Treg, Type I IFN
Response, and Type II IFN Response). Furthermore, we further analyzed the differences between the high- and
low-resistance score groups.

Chemotherapeutic response prediction

The ‘pRRophetic’ package (version 0.5) was used to predict chemosensitivity between different groups, primarily
mainly construct ridge regression model to infer half-maximal inhibitory concentration (IC50) values based
on gene expression levels through ten-fold cross-validation'**. The dataset within the ‘pRRophetic’ package
is derived from the “cgp2016” initiative, encompassing gene expression matrices and drug treatment informa-
tion. We analyzed common chemotherapy drugs and used boxplots to illustrate differences in drug sensitivity
between the two groups.

Weighted gene co-expression network analysis (WGCNA)

The ‘WGCNA' package was used to identify BTKi-resistance gene clusters highly associated with DLBCL based on
the GSE138126 dataset. The weighted adjacency matrix was converted into a topological overlap matrix (TOM)
according to the optimal soft threshold (f=10), and then hierarchical clustering analysis was performed to detect
the correlation between gene modules (minmodulesize = 100; mergecutheight=0.2). Interaction strength was
assessed using the heatmap toolkit, and gene significance (GS) and module membership (MM) were calculated
to assess the relationship between module and resistance characteristics.

Statements, patient samples and cell culture

All experiments were performed in accordance with relevant guidelines and regulations. 20 DLBCL tissues and
5 lymph node reactive hyperplasia tissues were obtained from the Second Affiliated Hospital of Anhui Medical
University. All DLBCL patient’s baseline characteristics were summarized in Supplementary Table 1. This study
was approved by the Ethics Committee of the Second Hospital of Anhui Medical University, and informed con-
sent was obtained from the patients. Human DLBCL cell lines SU-DHL-2 (RRID:CVCL_9550) and SU-DHL-4
(RRID:CVCL_0539) were purchased from the Institute of Biochemistry and Cell Biology of the Chinese Acad-
emy of Science. Cells were cultured in RPMI-1640 (Hyclone, Logan, UT, USA) containing 10% FBS at 37 °C cell
incubators with 5% CO,.
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SiRNA transfection

Cells were transfected with TRIP13 siRNA and negative control siRNA (GenePharma, China) using Lipofectami-
neTM 3000 (Invitrogen, USA) reagent following the manufacturer’s instructions. Briefly, 4 x 10° cells were seeded
in a 24-well plate, dilute 4 uL siRNA (20 uM) with 50 puL Opti-MEM, and dilute 1uL LipofectamineTM 3000 with
50 uL Opti-MEM. Mix the transfection reagent and siRNA diluent and add 24-well plate, continue to incubate for
6 h and then replace the medium, after 24 h of transfection, verify the expression of TRIP13 through subsequent
assays. The sequences of siRNAs are listed in Supplementary Table 2.

RNA extraction and quantitative PCR

Total RNA was extracted using Trizol reagent (sangon Biotech, Shanghai) according to the manufacturer’s proto-
col, and cDNA was synthesized using RevertAid First Strand cDNA Synthesis Kit (Thermofisher, USA). mRNA
levels were measured by qPCR using an ABI 7500 System (Life Technologies, USA). The relative expression was
determined using the 2724 method, with GAPDH as an endogenous control. The primers are listed in Sup-
plementary Table 3.

Western blot

Total protein was obtained as previously described?!. Proteins were separated by SDS-PAGE and transferred to
NC membranes. Incubate the membrane overnight with one of the antibodies listed in Supplementary Table 4.
Then incubate with corresponding HRP-conjugated secondary antibodies. To save costs and reduce antibody
loss, PVDF membranes were cut based on the molecular size of the target protein. Original blots are presented
in Supplementary Fig. 1. Finally, immunoreactive bands were detected with WesternBright ECL kit (Advansta,
USA). Grayscale analysis of WB bands was performed using Image] software.

Cell viability assay
Cell viability was detected using CCK8 reagent (Beyotime, China) according to the manufacturer’s protocol. The
absorbance of the cells was measured using multiscan spectroscopy at a wavelength of 450 nm.

Chemosensitivity assay in vitro

Human DLBCL cell lines SU-DHL-2 and SU-DHL-4 were seeded into 96-well plates at a density of 1 x 10* cells
per well after siRNA transfection. The cells were treated with various concentrations (0, 0.01, 0.1, 1, 2, 5, 10,
20 pg/mL) of ibrutinib (Aladdin) for 24 h. Cell viability was subsequently assessed using the CCK8 assay. The
log(inhibitor) versus response model in GraphPad Prism 6 was employed to generate the fitted curve and cal-
culate the half-maximal inhibitory concentration (IC50).

Apoptosis analysis

Apoptosis was detected by Annexin V-APC/PI Apoptosis Detection Kit (BestBio, China). The fluorescence of
at least 5,000 cells per sample was measured on a Cytomics FC 500 flow cytometer (Beckman Coulter, USA) for
further calculations.

Xenograft mouse model

Female BALB/c nude mice were purchased from Nanjing Jicui Yaokang Biotechnology Co., Ltd. This experi-
ment was undertaken according to the guidelines for the Animal Care and Use Committee of the Anhui Medi-
cal University. The in vivo experiments were authorized by the Animal Care and Use Committee of the Anhui
Medical University. All animal procedures were performed in specific pathogen-free (SPF) barrier facilities. We
used sodium pentobarbital anesthesia to minimize the pain of nude mice during the experiment. 2 x 107 TRIP13
knockdown and control SU-DHL-4 cell lines were injected into subcutaneous of 5-week-old female BALB/c
nude mice (n =3 for each group). The tumor volume was measured every 3 days after injection. After 30 days,
the mice were sacrificed under deep anesthesia induced by intraperitoneal injection of sodium pentobarbital,
and the tumor weights were recorded.

immunohistochemistry testing

The experiment of immunohistochemistry (IHC) was executed as previously described®. All antibodies used
in the study are listed in Supplementary Table 4. Typical images (40x) were captured using a microscope system
(ZEISS, Germany).

Statistical analysis

All statistical analyses were performed using the R software (v.4.2.1). Student’s t-tests were used to compare the
differences between the two groups. The results were presented as the mean + standard deviation (SD) of at least
three independent experiments. P <0.05 was considered statistically significant.

Results

Identification and functional annotation of DEBRRGs

To identify BTKi-resistance related genes in DLBCL, we downloaded and analyzed the transcriptome data of
the parental and ibrutinib-resistant clonal cell line (GSE138126). With a threshold [log,FC|>2 and adjusted
P-value <0.05, the volcano plot revealed a total of 1186 DEGs, with 552 upregulated genes and 634 downregu-
lated genes in the ibrutinib-resistant group. The heatmap presents DEGs that differ between non-resistant and
resistant groups (Fig. 1A,B) (Supplementary Table 5). GO analysis results revealed that the biological processes

Scientific Reports |

(2024) 14:21184 | https://doi.org/10.1038/s41598-024-72121-8 nature portfolio



www.nature.com/scientificreports/

° _—
——
—
Significant e
. Down $ E—— ]
® Not
—
® U

YWSO
YWSO
YWSO
YWSO
YWSO
YWSO
YWSO
YWSO
YWSO
YWSO
YWSO
YNSO
YWSO
YWNSO
YWSO
YWSO

A
20
15
g
s
o
210
g
1
5
0
C

€200
€00
6600
; OV200
Sv200
9v.00
Lv200
8v.00
6700
05200
16200
25200
£6200
600

Fig. 1. Identification and functional annotation of DEBRRGs. (A,B) Volcano plot and heatmap of DEBRRGs.
(C) GO analysis the biological processes involved in DEBRRGs. (D) KEGG pathway enrichment analysis
DEBRRGs.

involved in these BRRGs were enriched mainly in cell-cell adhesion, T cell activation, etc. KEGG analysis results
revealed that these BRRGs were enriched mainly in C-type lectin receptor signaling pathway, FoxO signaling
pathway, and B-cell receptor signaling pathway (Fig. 1C,D). The above results indicate these biological processes
and oncogenic pathways may be involved in BTKi resistance.

Establishment of BRRGs prognostic signature

To investigate the relationship between BRRGs and prognosis in DLBCL and further establish a BRRGs prognos-
tic signature. The GSE31312 dataset was used as the training cohort. Univariate Cox regression results showed
that 247 BRRGs were related to OS (Supplementary Table 6). LASSO regression and tenfold cross-validation
further identified 10 BRRGs to construct the model, as well as their regression coefficients in prognostic signature
(Fig. 2A,B, Table2). The resistance score formula was obtained based on 10-BRRGs = (0.2242 * CARD16) +(0.00
64 * TRIP13) + (0.0174 * PSRC1) + (0.0276 * CASP1) + (0.0118 * PLBD1) + (0.0627 * CARD6) + (-0.0394 * CAPG
)+ (= 0.0661 * CACNA1A) + (- 0.3578 * CDH15) + (0.6447 * NDUFA4). Based on the calculated resistance score
of each patient, patients were divided into high- and low-resistance score groups by median resistance score. As
shown in Fig. 2C, more deaths were observed in DLBCL patients in the high-resistance score group compared
with the low-resistance score group. Kaplan-Meier survival analysis showed that high-resistance score group
patients were associated with poor OS compared to low-resistance score group patients in the training cohort
(HR=2.855, 95%CI 2.243-3.634) (Fig. 2D). PCA analysis results showed that the resistance score was able to
accurately distinguish patients (Fig. 2E). The AUCs of the 2-, 3-, and 5-year ROC curves were 0.731, 0.761, and
0.777 respectively, indicating that the BRRGs signature exhibited high efficacy in predicting the outcome of
training cohort (Fig. 2F).

Validation of BRRGs prognostic signature

To further verify the reliability of the BRRGs prognostic signature, we selected two datasets (GSE87371 and
GSE10846) as external validation cohorts. Based on the same calculation formula as the training cohort, patients
in the two validation cohorts were divided into high- and low-resistance score groups, respectively. Consistent
with the results of the training cohort, more deaths were observed in the high-resistance score group (Fig. 3A,B),
and the BRRGs signature was able to accurately distinguish patients (Fig. 3C,D). Kaplan-Meier survival analy-
sis showed that high-resistance score group was associated with worse OS in the GSE87371 validation cohort
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Fig. 2. Establishment of BRRGs prognostic signature. (A,B) LASSO regression analysis for most suitable A.
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low-resistance score groups in training cohort. (E) PCA plot in the training cohort. The red dots represent high-
resistance score group patients and blue dots represent low-resistance score group patients. (F) ROC curve of 2-,
3-, and 5-year survival prediction in the training cohort.
Gene symbol | Full name Main function Coeflicient
CARDI6 Caspase Recruitment Domain Family Member 16 As a caspase inhibitor, participates in regulating the production and release of cellular inflam- 02242
matory factors
TRIP13 Thyroid hormone receptor interacting protein 13 Invo}ved in cellular processes such as chromosome synapses, checkpoint signaling, DNA break 0.0064
repair and recombination
PSRC1 Proline And Serine Rich Coiled-Coil 1 Plays a role in the regulation of mitotic spindle dynamics 0.0174
CASP1 Caspase 1 Involved in various inflammatory processes and related to apoptosis 0.0276
PLBD1 Phospholipase B Domain Containing 1 Acts as amidase or peptidase, acting on a variety of phospholipids 0.0118
CARD6 Caspase Recruitment Domain Family Member 6 Involved in apoptosis 0.0627
CAPG Capping Actin Protein, Gelsolin Like ‘I;liegll Z Crt(;l;: in regulating cytoplasmic and/or nuclear structures through potential interactions | _ 0.0394
CACNAIA Calcium Voltage-Gated Channel Subunit Alphal A Asa vqltage-sensmve calcium channel, participates in a variety of calcium-dependent cell —0.0661
biological processes
CDH15 Cadherin 15 As a calcium-dependent cell adhesion protein, participates in the connection between cells -0.3578
NDUFA4 NDUFA4 Mitochondrial Complex Associated Component of the cytochrgmg c oxidase, the la§t enzyme in the mitochondrial electron trans- 0.6447
port chain which drives oxidative phosphorylation

Table 2. Overview of BRRGs signature.

(HR=1.69, 95%CI 1.07-2.65) and GSE10846 validation cohort (HR=2.14, 95%CI 1.02-4.50) (Fig. 3E,F). In
addition, meta-analysis results of three cohorts showed an important association between BRRGs signature
and prognosis in DLBCL (HR=2.51, 95%CI 2.04-3.08) (Fig. 3G). Also, the prediction of outcomes in the two
validation cohorts exhibited high predictive power. In the GSE87371 validation cohort, the AUC at the 2-, 3-,
and 5-year ROC curve were 0.654, 0.752, 0.610 (Fig. 3H). In the GSE10846 validation cohort, the AUC at the 2-,
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Fig. 3. Validation of BRRGs prognostic signature. (A,B) The distribution of resistance scores and survival status
of DLBCL in the validation cohort, the dots represent the resistance score, survival time, and outcome for each
patient. (C,D) PCA plot in the validation cohort. The red dots represent high-resistance score group patients
and blue dots represent low-resistance score group patients. (E,F) Kaplan-Meier survival curve of high- and
low-resistance score groups in the validation cohort. (G) Meta-analysis of three datasets. (H,I) ROC curve of

2-, 3-, and 5-year survival prediction in the validation cohort. (J) Nomogram was constructed based on BRRGs
signature. (K) Calibration curve of 2-, 3-, and 5- year OS.

3-, and 5-year ROC curve were 0.606, 0.603, 0.608 (Fig. 3I), which suggests the robustness and reliability of the
BRRGs signature. In addition, we constructed a nomogram based on BRRGs signature (Fig. 3]). The calibration
curve and C-index further verified the accuracy of BRRGs prognostic signature in predicting 2-, 3-, and 5-year
survival rates, and the results showed high consistency with the nomogram predictions (Fig. 3K).

Immune infiltration, biological pathways, and chemotherapeutic sensitivity in high- and
low-resistance score groups
An increasing number of studies have shown that the types and functions of immune cells in TiME are closely
related to tumor progression and chemotherapeutic response. We used ssGSEA algorithm to explore the dif-
ferences in immune cell infiltration between the high- and low-resistance score groups patients. The results
showed significant differences in 4 immune cell types, including CD8+ T cells, Th1 cells, TIL, and Treg, as well
as 7 immune pathways, including APC co-stimulation, Cytolytic activity, inflammation-promoting, MHC class
I, Parainflammation, T cell co-inhibition, and Type II IFN Response, between high- and low-resistance score
groups (Fig. 4A,B). Inflammatory and immunosuppressive factors were significantly increased in high-resistance
score group patients, suggesting the presence of an immunosuppressive microenvironment in these patients.

Subsequently, we used the ‘limma’ package to identify the differentially expressed genes between the high- and
low- resistance score groups (Supplementary Table 7), and GSEA was conducted to investigate the biological
functions and pathways between two groups, As shown in Fig. 4C-F, the biological pathways in the high-resist-
ance group are mainly enriched in cell cycle, cytoplasmic DNA sensing pathways, primary immune deficiencies,
etc., biological processes are mainly enriched in the B-cell receptor signaling pathway;, cell cycle, etc.

We further explored the response of high- and low-resistance score group patients to chemotherapeutic
sensitivity. The lower the IC50, the more sensitive the patient is to chemotherapy drugs. The results showed that
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Fig. 4. Immune infiltration, biological pathways, and chemotherapeutic sensitivity in high- and low-resistance
score groups. (A,B) Difference of immune cells and pathways in high- and low-resistance score groups. (C,D)
GSEA KEGG analysis in high- and low-resistance score groups. (E,F) GSEA GO analysis in high- and low-
resistance score groups. (G-L) Sensitivity to chemotherapy drugs in high- and low-resistance score groups.

patients with high-resistance score were more sensitive to most chemotherapy drugs, including doxorubicin,
etoposide, and gemcitabine (Fig. 4G-I). In addition, patients with high-resistance score are also more sensitive to
other inhibitors, such as BCL2 inhibitors (Obatoclax Mesylate), PI3K inhibitors (ZSTK474), and HDAC inhibi-
tors (MS-275) (Fig. 4J-L). These results suggested that high-resistance score group patients may benefit from
these drugs, and the BRRGs signature may help patients select appropriate chemotherapy regimens.

Knocking down TRIP13 inhibits cell proliferation, promotes cell apoptosis, and enhances BTKi

sensitivity

To further explore the biological function of BRRGs in DLBCL, we applied the WGCNA algorithm to identify
the most critical genes and conducted experimental verification. As shown in Fig. 5A, when the optimal soft
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threshold B is 10, the power of the scale-free topology fitting index reaches 0.98. Next, 8 gene modules were
identified, and brown modules were highly correlated with BTKi resistance (Fig. 5B,C). The Venn diagram further
identified three hub genes, including CARD16, TRIP13, and PSRC1 (Fig. 5D). We verified the expression level
in the GEPIA database (http://gepia2.cancer-pku.cn), and the results showed that TRIP13 was up-regulated in
DLBCL (Fig. 5E). Furthermore, TRIP13 mRNA levels were also up-regulated in DLBCL tissues. In addition,
TRIP13 also upregulated in the ibrutinib-resistant cell lines (Fig. 5F). The above results show that TRIP13 may
be related to the DLBCL progression and BTKi resistance. To clarify the important role of TRIP13, we performed
functional assays in TRIP13-silenced DLBCL cells, and the knockdown efficiency was assessed by qPCR and
western blot (Fig. 5G,H). Cell viability assays revealed that knockdown of TRIP13 inhibited cell proliferation
and resulted in lower resistance and IC50 values (Fig. 5L]). In addition, knockdown of TRIP13 promoted cell
apoptosis and enhanced the apoptotic effect after BTKi treatment (Fig. 5K). In vivo experiments showed that
knockdown of TRIP13 significantly suppressed xenograft tumor growth, evidenced by the tumor images, sizes,
and weight (Fig. 6E-G). IHC testing results showed that knockdown of TRIP13 decreased BCL2 expression and
increased BAX expression (Fig. 6H). These results indicated that TRIP13 plays an important role in the DLBCL
progression and BTKi resistance.

TRIP13 contributes to DLBCL progression and BTKi resistance by modulating the cell cycle
through the regulation of the Wnt/B-catenin pathway

To explore the potential mechanism of TRIP13 in DLBCL, patients were divided into high- and low-expression
groups based on the expression level of TRIP13 in the training cohort, and single-gene GSEA analysis was per-
formed. As shown in Fig. 6A,B, cell cycle and DNA replication were significantly enriched in the high TRIP13
group. TRIP13, a member of the ATPase family, is involved in various cell biological processes, including the
cell cycle. Moreover, TRIP13 regulates cell apoptosis and chemotherapy sensitivity through the Wnt/B-catenin
pathway, particularly by activating the transcription of cell cycle proteins?**. Therefore, we hypothesized that
TRIP13 affects DLBCL progression and BTKi resistance by regulating the Wnt/f-catenin axis. We then assessed
the expression of key proteins involved in cell cycle regulation, such as Wntl, B-catenin, CyclinD1, and CDK4,
as well as the expression of proteins involved in cell proliferation and apoptosis, such as BCL2 and BAX. Western
blot showed that knocking down TRIP13 significantly reduced the expression of Wntl, p-catenin, CyclinDI,
CDK4, and BCL2 proteins, while increased the expression of BAX protein. Furthermore, this effect was enhanced
by BTKi upon TRIP13 knockdown (Fig. 6C,D). Collectively, these results revealed that TRIP13 contributes to
DLBCL progression and BTKi resistance by modulating the cell cycle through the regulation of the Wnt/p-
catenin pathway.

Discussion

DLBCL is the commonest NHL histologic subtype, accounting for roughly 30%-40% of NHL cases®. The cur-
rent first-line treatment for DLBCL is a combination of the anti-CD20 monoclonal antibody rituximab and
chemotherapy. Second-line treatment options for relapsed/refractory patients include anti-CD19 chimeric anti-
gen receptor (CAR) T cell therapy and targeted drugs such as BTKi*?. Ibrutinib, as a typical Bruton’s tyrosine
kinase inhibitor, combined with R-CHOP regimen benefits DLBCL patients and has broad therapeutic applica-
tion prospects. However, the development of BTKi resistance remains a significant challenge during treatment.
Therefore, elucidating the impact of BRRGs on prognosis and drug sensitivity, and further identifying new
therapeutic targets, are effective strategies to reverse drug resistance and improve prognosis. In this study, we
comprehensively analyzed the BRRGs and constructed a robust and feasible signature that could early distin-
guish high-risk patients with potential resistance, aid in the selection of alternative treatments, and predict the
prognosis of DLBCL. In addition, we found that TRIP13 is a potential therapeutic target that regulates the cell
cycle through the Wnt/B-catenin pathway and is involved in DLBCL malignant progression and BTKi resistance.

In this study, we first analyzed the transcriptome data of BTKi-resistant and non-resistant DLBCL cell lines
and identified 1186 DEGs. These DEGs were mainly enriched in cell-cell adhesion, T cell activation, and path-
ways such as the C-type lectin receptor signaling pathway, FoxO signaling pathway, and B cell receptor signaling
pathway. This result aligns with published literature, emphasizing that BTK-mediated B cell proliferation and
survival occur through the B cell receptor signaling pathway and the FoxO signaling pathway*’~?. These stud-
ies suggest that the biological processes and pathways involved may also be key mediators of BTKi resistance.

Numerous prognostic signatures based on immune-related and metabolism-related gene sets have been
developed for DLBCL***, revealing the important role of various gene clusters and enriching the understand-
ing of DLBCL pathogenesis. Resistance genes play an important role in the progression and relapse of DLBCL,
and elucidating their function is of great significance!**>*. In this study, we further found that 247 genes were
associated with the prognosis of DLBCL. Using univariate Cox and Lasso regression analyses, we identified 10
key genes and constructed a new prognostic model. Based on the score of this model, patients with high resist-
ance score were associated with worse OS. Furthermore, the BRRGs prognostic signature has shown consistency
and good predictive performance in multiple independent cohorts, demonstrating its robustness and accuracy.
Nevertheless, the signature still needs further testing in the real world.

As more research is performed to clarify the crucial role of TiME in DLBCL progression®, we further analyzed
the types and functions of infiltrating immune cells between different resistance score groups. The results showed
that inflammatory and immunosuppressive factors were significantly increased in patients with high-resistance
score group, suggesting the presence of an immunosuppressive microenvironment. This finding aligns with previ-
ous studies suggesting that an inflammation and immunosuppressive microenvironment promotes drug resist-
ance and relapse in DLBCL*. Mutations in BTKi or its downstream targets leading to persistent activation of BCR
signaling, which is a crucial factor in drug resistance and relapse®. Our results consistently showed that the B-cell
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«Fig. 5. Knocking down TRIP13 inhibits cell proliferation, promotes cell apoptosis, and enhances BTKi
sensitivity. (A) Soft threshold was identified by scale independence and mean connectivity. (B) Gene expression
data was classified into different modules. (C) Association between the modules and clinical traits. (D) Venn
diagram to identify overlapping genes from WGCNA and LASSO. (E) Expression level of hub genes in GEPIA
database. (F) qPCR detect mRNA level of TRIP13 in tissue samples, FPKM of TRIP13 in non-resistant and
resistant cell lines. (G,H) The efficiency of TRIP13 knockdown by siRNA was confirmed by qPCR and western
blot. (I) SU-DHL-2 and SU-DHL-4 cells were transfected with control or TRIP13 siRNA for 24h, 48h, 72h.
Cellular viability was analyzed by CCK8 assay. (J) SU-DHL-2 and SU-DHL-4 cells were transfected with
control or TRIP13 siRNA for 48h before treatment with increasing concentrations of ibrutinib for 24h. Cellular
viability was analyzed by CCKS8 assay, and the IC50 values were calculated by a nonlinear regression model. (K)
SU-DHL-2 and SU-DHL-4 cells were transfected with control or TRIP13 siRNA for 48h before treatment with 0
or 1 pg/mL ibrutinib for 24h. Cell apoptosis were detected by flow cytometry. Data are expressed as mean +SD
(*p<0.05, *p<0.01, ***<0.001). Original blots are presented in Supplementary Fig. 1.

receptor signaling pathway and cell cycle were enriched in the high-resistance score group. Therefore, screen-
ing candidate drugs for BTKi-resistant patients is crucial. The most promising drugs include BCL2 inhibitors,
PI3K inhibitors, and HDAC inhibitors**-3%. We further explored the chemotherapeutic response to these drugs
in patients with high- and low-resistance score groups. The results showed that patients with high-resistance
score were more sensitive to these inhibitors, such as BCL2 inhibitors (Obatoclax Mesylate), PI3K inhibitors
(ZSTK474), and HDAC inhibitors (MS-275). These results suggest that these drugs may be potential alternatives
for the treatment of BTKi resistant patients. It should be noted that these findings are based on predictive results,
and the effectiveness and adverse reactions of these drugs still need to be further explored in vivo and in vitro.

The functions and mechanisms of genes related to BTKi resistance deserve further exploration. We used the
WGCNA algorithm and identified the key gene TRIP13. TRIP13 has been implicated in carcinogenesis and is
overexpressed in several tumors, such as lung cancer, hepatocellular carcinoma, colorectal cancer, prostate cancer,
and multiple myeloma, and is associated with poor prognosis'>~'®*. Recent studies have shown that high levels
of TRIP13 promote both nonhomologous end joining and homology-directed repair of double-strand breaks,
potentially leading to chromosomal instability, cancer cell survival, and enhanced drug resistance***!. In B cell
malignant tumors, TRIP13 modulates protein deubiquitination and accelerates tumor progression and increases
resistance to proteasome inhibition*?. Furthermore, abnormal activation of the TRIP13-EZH2 signaling axis
was associated with the maintenance of the stem phenotype of myeloma and resistance to bortezomib*. Similar
to these studies, our findings consistently indicate that TRIP13 may be an important oncogene that is highly
expressed in DLBCL and ibrutinib-resistant DLBCL cell lines and is associated with poor prognosis. Further
experiments also showed that knocking down TRIP13 could inhibit cell proliferation, promote cell apoptosis,
and enhance ibrutinib sensitivity. This suggests that targeting TRIP13 may be a potential treatment option for
resistant DLBCL.

Aberrant Wnt signaling activation is a hallmark of many epithelial tumors and is widely involved in important
biological processes, including cell proliferation, stemness formation, and multi-drug resistance**~*. Various
studies have shown increased Wnt signaling and nuclear p-catenin protein levels in some DLBCL patients,
correlating with poor prognosis*’~*. In addition, Wnt signaling is crucial for maintaining the balance among
DLBCL clonal populations, with its inhibition leading to reduced cell growth and colony formation®, while its
activation promotes DLBCL cell growth by regulating -catenin nuclear translocation®'. Furthermore, in mantle
cell lymphoma, studies have demonstrated that Wnt signaling activation and p-catenin deregulation are involved
in chemotherapy resistance, and blocking this pathway enhances sensitivity to chemotherapy drugs®>~>*. In other
tumors, TRIP13 regulates cell apoptosis and chemotherapy sensitivity through the Wnt/f-catenin pathway, par-
ticularly by activating the transcription of cell cycle proteins*?*. In this study, GSEA analysis revealed that cell
cycle and DNA replication are associated with high TRIP13 expression. Subsequent western blot showed that
knocking down TRIP13 significantly reduced the expression of Wntl, B-catenin, Cyclin D1, CDK4, and BCL2
proteins, while increased the expression of BAX protein. Furthermore, this effect was enhanced by BTKi upon
TRIP13 knockdown. These results indicate that TRIP13 contributes to DLBCL progression and BTKi resistance
by modulating the cell cycle through the Wnt/fB-catenin pathway.

In this study, we provide the first evidence that TRIP13 promotes progression and BTKi resistance in DLBCL,
which has potential clinical significance. However, there are several limitations. First, the limited clinical sample
size may impact the accuracy of the results, highlighting the need for a larger sample size to validate and enhance
the reliability of the prognostic signature. Second, we only explored the biological functions and mechanisms of
TRIP13 and did not conduct further research on other genes in DLBCL.
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Fig. 6. TRIP13 contributes to DLBCL progression and BTKi resistance by modulating the cell cycle through the
regulation of the Wnt/B-catenin pathway. (A,B) single-gene GSEA analysis of TRIP13 high expression group.
(C,D) Western blot was performed to detect Wntl, B-catenin, cyclinD1, CDK4, BAX, and BCL2 protein levels

in control or TRIP13 knockdown. (E) Images of subcutaneous tumors in different groups. (F) The volume of
tumors in the different groups was measured every 3 days. (G) The weight of the tumors was measured at the
time of resection. (H) The expression of TRIP13, BAX, and BCL2 in the tumors was detected by IHC. Data are
expressed as mean = SD (*p <0.05, **p <0.01, ** <0.001). Original blots are presented in Supplementary Fig. 1.

Conclusion
We comprehensively analyzed BTKi-resistance related genes and established a feasible gene signature that can
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early distinguish high-risk patients, aid in the selection of alternative treatments, and predict the prognosis of
DLBCL. Additionally, we identified the key gene TRIP13 as a potential therapeutic target and elucidated its
important mechanism in promoting DLBCL progression and BTKi resistance.

Data availability

Transcriptome data of ibrutinib-resistant and non-resistant DLBCL cell lines (GSE138126), as well as data of
DLBCL training and validation cohorts GSE31312 (n=471), GSE87371 (n=121), and GSE10846 (n=233) were
downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo). Other raw data are available from the
corresponding author upon reasonable request.
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