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Background: Mounting studies have sought to identify novel mutation biomarkers having
diagnostic and prognostic potentials. Nevertheless, the understanding of the mutated
pathways related to development and prognosis of B-cell lymphoma is still lacking. We
aimed to comprehensively analyze the mutation alterations in genes of canonical signaling
pathways and their impacts on the clinic outcomes of patients with B-cell lymphoma.

Methods: Circulating cell-free DNA (cfDNA) samples from 79 patients with B-cell
lymphomas were used for targeted sequencing with a 560-gene panel for depicting
mutation landscapes and identifying gene fusion events. Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) functional enrichment analyses of mutated
genes were performed. The associations of mutation status of genes and seven canonical
oncogenic pathways with progression-free survival (PFS) were assessed using Kaplan-
Meier test and multivariate Cox analysis. The variant allele frequencies (VAFs) of genes in
TP53 and Hippo pathways in paired baseline and post-treatment samples from 18 B-cell
lymphoma patients were compared. Finally, the associations of identified fusion genes,
mutated genes, and pathways with treatment response were evaluated based on
objective response rates (ORRs) comparisons of groups.

Results: We identified 666 mutations from 262 genes in baseline cfDNAs from 79 B-cell
lymphoma patients, and found some genes were preferentially mutated in our cohort such
as GNAQ, GNAS, H3F3A, DNMT3A, HLA-A, and HLA-B. These frequently mutated genes
were significantly associated with negative “regulation of gene expression, epigenetic” and
virus infections such as cytomegalovirus, Epstein-Barr virus, human immunodeficiency
virus 1 infections. We detected five fusion genes in at least two patients with B-cell
lymphoma, and among them, TCF7L2_WTT1 gene fusion was most frequently detected in
30.4% of patients (24 of 79 cases). SEPT6_TRIM33 gene fusion, mutated TP53 and
Hippo pathways were significantly associated with poor PFS, and SEPT6_TRIM33 fusion
gene and mutated TP53 pathway were independent prognostic factors for B-cell
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lymphoma. A decreased VAF of TP53 p.Y88C and LATS2 p.F972L was detected in
patients with complete response to treatments. Moreover, a significant difference in ORR
was observed in patients with NPM1_NR4A3 and SEPT6_TRIM33 fusions.

Conclusions: SEPT6_TRIM33 gene fusion and mutated TP53 and Hippo pathways may
serve as prognostic makers for B-cell ymphoma patients.

Keywords: B-cell ymphoma, gene fusion, mutated pathway, TP53 signaling pathway, Hippo pathway, prognosis

INTRODUCTION

B-cell lymphomas are heterogeneous malignancies that vary in
clinical presentations and molecular phenotypes (1, 2), ranging
from highly aggressive to very indolent. The complex
pathogeneses of lymphomas result into various types of
therapies, different treatment responses, and extremely variable
clinical outcomes (3). B-cell lymphomas represent the most
common subgroup of Non-Hodgkin lymphoma (NHL), which
is the 13th most common cancer and the 12th most common
cause of cancer death worldwide with over 544,352 new cases
estimated for 2020 (4), thus posing a significant public health
concern. In clinics, it is of great importance to assess the response
to treatments and monitor clinical outcomes, which may affect
the decision making in the wide range of therapeutic selection.
Although imaging scans, including computed tomography (CT)
and positron emission tomography (PET), are the traditional
standards for initial diagnosis and early indication of treatment
response of lymphoma, they are limited to use after onset of
symptoms (5). With the development of next-generation
sequencing, genomic analysis of circulating tumor DNA
(ctDNA) emerges as an effective non-invasive method for
identifying prognostic and predictive molecular makers in a
broad spectrum of B-cell lymphomas using targeted
sequencing panels (6).

Recently, mounting evidence has sought to identify novel
molecular biomarkers with prognostic value and therapeutic
response potentials in B-cell lymphomas. For example, the
presence of MYC-IG rearrangement was identified as a
predictor for treatment failure in patients with diffuse large B-
cell lymphoma (DLBCL) who received immunochemotherapy
(7). Novel evidence showed that DLBCL patients with MYC
rearrangement, especially MYC double-hit or triple-hit
constellation, had inferior outcomes (8). In addition, the
occurrence of gene mutations like CREBBP and EP300
mutations during disease course may predict worse overall
survival (OS) and progression-free survival (PES) for germinal
center B cell-like DLBCL (9). NFKBIE functions as a NF-xB
inhibitor, and the deletion of which was associated with inferior
survival in primary mediastinal B-cell lymphoma (10). KMD2D
mutation was associated with poor outcomes as well in patients
with mantle cell lymphoma (MCL) (11). Nevertheless, these
findings are only to assess the prognostic significance from the
perspective of genomic alterations, and the comprehensive
knowledge on the deregulated pathways caused by multi-
mutations in B-cell lymphoma has rarely been addressed.

B-cell development and activation are accompanied by a
series of genetic events, and abnormalities in these genetic
events are responsible for the alterations of genes associated
with B-cell proliferation or apoptosis, and consequently
contribute to B lymphomagenesis (12). Usually, hallmarks of
cancers include genetic alterations of gene fusions caused by
chromosomal rearrangements or instability and genetic
alterations in a group of genes in canonical signaling pathways
including cell cycle, Hippo, Notch, PI3-Kinase, RTK-RAS, p53,
and Wnt pathways (13, 14). However, the clinical implications of
gene fusion events and mutated canonical pathways in B-cell
lymphoma prognosis have not yet been fully elucidated. In this
study, we sought to gain a global view of somatic mutations and
gene fusions events, identify mutated pathways, as well as
evaluate their impacts on the clinic outcomes of patients with
B-cell lymphomas.

MATERIALS AND METHODS
Study Population

Seventy-nine patients who were diagnosed as having B-cell
lymphomas in the Union Hospital Affiliated to Fujian Medical
University between December 2017 and April 2021 were included
in this study. Pathological diagnosis was performed by
pathological reviews to confirm subtypes of lymphomas
following the criteria of WHO classification of Tumors of
Hematopoietic and Lymphoid tissue criteria (15). Demographic
and clinicopathologic characteristics and outcomes were collected.
Peripheral blood (10 ml) was drawn from each patient for
circulating cell-free DNA (cfDNA) profiling assays. The study
design was approved by the Ethics Committee of the Union
Hospital Affiliated to Fujian Medical University in accordance
with the Declaration of Helsinki. All patients provided written
informed consent.

Targeted Panel Sequencing

Total DNAs from blood samples were extracted using the
Magnetic Serum/Plasma DNA Maxi Kit (DP710, TIANGEN
Biotechnology, China), following the manufacturer’s
instructions. The extracted cfDNA samples were quantified
using Qubit dsDNA HS Assay Kit (Invitrogen) and sheared
into 150 to 200 bp fragments, and ¢fDNA with input
concentrations (=5 ng) and without overly genomic DNA
contamination was subjected to library construction prior to
fragment length analysis using Qsepl00 (Bioptic, Taiwan,
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China). Fragmented DNA libraries were constructed using nano
DNA library prep kit (for Tlumina®) (Nanodigmbio, Nanjing,
China) for end-repairing, adding A-tailing, and adapter ligation.
DNA libraries were then subjected to PCR amplification and
purification. The fragment quantification was performed using
Qsepl00 automatic nucleic acid analysis system (BiOptic,
Taiwan, China). Subsequently, the lymphoma panel libraries
were captured hybridl(;{ with a designed panel of 560 cancer-
related genes (Pancare~, Oriomics Biotech Inc, Zhejiang, China)
using xGen® Hybridization and Wash Kit (IDT). The barcoded
duplex adapters were eventually blocked by NadPrep
NanoBlockers (for illumine) (Nanodigmbio, Nanjing, China).
The quality control of final libraries was assessed by Qubit 3.0
fluorimeter (Invitrogen) and Qsep100 (Bioptic, Taiwan, China).
The qualified libraries with minimum 10 ng/ul concentration
were sequenced on the Illumina NextSeq 550 Dx platform with a
mean coverage depth of 9,960x for captured regions.

Bioinformatics Analysis

After obtaining the raw sequencing data in the Fastq format, the
fastp 0.20.0 software was utilized to perform quality analysis by
removing adapter sequence, reads containing N base calls, and
low-quality reads (quality reading below 20) (16). All clean
paired-end reads were aligned to the human reference genome
(17) using Burrows-Wheeler Aligner (BWA). Variant calling was
performed using Mutect2 from Genome Analysis Toolkit
(GATK 3.4.0, https://software.broadinstitute.org/gatk/; Broad
Institute, Cambridge, MA, USA). Then, the detected mutations
were further selected following established criteria: (1) variant
allele frequency (VAF) more than 0.5% with at least three
minimum variant supporting reads; (2) dual UMI 2>1; (3)
strand specificity ranging from 0.1 to 0.9; (4) EXAC_EAS or
genomAD_EAS less than 0.05. Final mutations were annotated
using ANNOVAR (18), and only functional mutations, e.g., non-
synonmous, frameshift deletion and insertion were selected for
subsequent bioinformatics analysis. DNAs from leukocytes of
the same patients were sequenced as germline controls. Maftools
package (https://bioconductor.org/packages/release/bioc/
vignettes/maftools/) (19), an efficient tool for comprehensive
analysis of somatic variant for cancers, was applied to analyze
the number of variants in each sample and draw oncoplots for
visualizing the mutation landscape. For fusion gene analysis,
GeneFuse software (version 0.6.1) was used to detect fusions
from fusion file including cancer-related fusions genes from
COSMIC (17). In order to investigate the potential biological
roles of mutated genes, we used ClusterProfiler in R software to
conduct the Gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) functional analyses (12). The
significant enrichment terms were identified by the threshold
value of false discovery rate (FDR) <0.05. For mutated pathway
analysis, one pathway was defined as mutated signaling pathway
when patients harbored one or more mutated gene members of
this pathway.

Statistical Analysis
Statistical analyses were conducted using R package (version
3.61). PFS was defined as time elapsed between first sampling to

disease progression, or death, or last follow-up, whichever came
first. Kaplan-Meier test in survival package (version 3.1-11) was
applied to assess associations of mutation status of genes and
pathways with PFS. Factors significantly associated with PFS in
the univariate analysis were subjected to multivariable Cox
proportional hazards regression analysis. Objective response
rate (ORR) was defined as the percentage of patients who
received complete response (CR) or partial response (PR)
during the treatment using response evaluation criteria in
lymphoma (RECIL) (20). ORRs between groups were
compared to explore the associations of fusion genes, mutated
genes, and pathways with treatment response using Chi-square
test. A P value of < 0.05 was considered statistically significant.

RESULTS

Clinical Characteristics

The demographics and baseline characteristics of 79 B-cell
lymphoma patients are presented in Table 1. The median age
of patients at blood drawn was 56 years, and the numbers of
males and females were comparable (40/39). Histologically, 55
(69.6%) patients were diagnosed with DLBCL, six (7.6%) with
follicular lymphoma (FL), four (5.1%) with marginal zone
lymphoma (MCL), and two (2.5%) with high-grade B-cell
lymphoma (HBL). In addition to three cases without detailed
subtype information, the other 76 patients comprised 85.5%
aggressive B-cell lymphoma (N=65) and 14.5% indolent B-cell
lymphoma (N=11). Among 72 cases with definite staging, 5
(6.3%), 14 (17.7%), 10 (12.7%), and 43 (54.4%) patients had stage
L, IL, III, IV lymphomas, respectively. Majorities of the patients
received R-CHOP (34.2%) or R-COEP (27.8%) as their first-line
therapy. Fifty-seven percentage of patients achieved CR (N=26)
or PR (N=19) to treatments they received, while 8.9% of patient
had a stable (SD, N=2) or progressive disease (PD, N=5), during
a median follow-up of 7.08 months.

Genomic Alterations in Patients With
B-Cell Lymphomas

In order to gain a global view of the genomic variations of B-cell
lymphomas, the somatic mutations and gene fusion events in 79
patients with B-cell ymphomas were identified based on targeted
panel sequencing. In total, we identified 666 mutations, in which
the major mutation types included missense mutation (79.0%),
non-sense mutation (10.4%), frameshift deletion (5.1%), in-
frameshift deletion (2.5%), frameshift insertion (2.4%), and
non-stop mutation (0.6%). In addition, mutations from 262 of
560 cancer-related genes were detected in 59 patients, and among
these mutated genes, 46 genes had a mutation frequency of more
than 5%. The top 30 commonly mutated genes are shown in
Figure 1, and the top 11 preference genes were TP53 (20%),
MSTI1 (19%), KMT2D (18%), GNAQ (16%), MYD88 (15%),
DNMT3A (11%), GNAS (11%), PIMI (11%), ARIDIA (10%),
CREBBP (10%), and H3F3A (10%). Of note, there were nine
preference mutated genes (e.g., TP53, KMT2D, CREBBP, BCL2,
ATM, and PIMI) that were overlapped between the top 30
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TABLE 1 | Patient demographic and clinical characteristics (N=79).

Variables N (%)
Gender
Male 41 (561.9%)
Female 38 (48.1%)
Age, years, median (interquartile range) 56 (47-65)
BMI (kg/m?)
18.5~23.9 45 (57.0%)
<18.5 8 (10.1%)
>24 24 (30.4%)
Unknown 2 (2.5%)
Smoking history
Yes 18 (22.8%)
No 56 (70.9%)
Unknown 5 (6.3%)
Drinking history
Yes 26 (32.9%)
No 52 (65.8%)
Unknown 1(1.3%)
Pathological diagnosis
Diffuse large B-cell ymphoma 55 (69.6%)
Follicular lymphoma 6 (7.6%)
Marginal zone lymphoma 4 (5.1%)
High-grade B-cell lymphoma 2 (2.5%)
Other* 9 (11.4%)
Unknown 3 (3.8%)
Stage
| 5 (6.3%)
1 14 (17.7%)
Il 10 (12.7%)
\% 43 (564.4%)
Unknown 7 (8.9%)
First-line therapy
R-CHOP 27 (34.2%)
CHOP 3 (3.8%)
R-miniCHOP 4 (5.1%)
R-COEP 22 (27.8%)
R-DA-EPOCH 3 (3.8%)
Other” 20 (25.3%)
International Prognostic Index
0-1 27 (34.2%)
2 19 (24.1%)
3 15 (19.0%)
11 (13.9%)
Unknown 7 (8.9%)
Response to treatment
Complete response 26 (32.9%)
Partial response 19 (24.1%)
Stable disease 2 (2.5%)
Progressive disease 5 (6.3%)
Unknown 27 (34.2%)

BMI, body mass index; R-CHOP, rituximab plus cyclophosphamide, doxorubicin,
vincristine, and prednisone; R-miniCHOP, rituximab with low-does CHOP
chemotherapy regimen; R-COEP, rituximab plus cyclophosphamide, vincristine,
etoposide, and prednisone; R-DA-EPOCH, rituximab with dose-adjusted etoposide,
prednisone, vincristine, cyclophosphamide, and doxorubicin.

*Other includes subtypes of mantle cell ymphoma (MCL), marginal zone lymphoma (MZL),
B lymphoblastic lymphoma, large B cell lymphoma, lymphoblastic lymphoma, Burkitt's
lymphoma, lymphoplasmacytic lymphoma, and primary central nervous system large B-
cell ymphoma.

#Other includes regimens of cyclophosphamide, epirubicin, vincristine, and prednisone
(CEOP), rituximab combined with lenalidomide (R2)-CEOP (R2-CEOP), R2-gemox,
rituximab combined with methotrexate, cytarabine and dexamethasone (R-MAD),
hyperfractionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone
(Hyper-CVAD), rituximab plus methotrexate (R-MTX), R2-CHOP and R2-COEP.

frequently mutated genes of our results, and the top 20
frequently mutated genes detected in lymphoid tissues of 413
DLBCL patients from COSMIC database. It also showed that the
frequencies of these overlapped genes were comparable
(Supplementary Table 1), demonstrating the reliability of our
sequencing assays.

Gene fusions are an important class of somatic alterations in
hematological malignancies (21). Thus, we examined the gene
fusion events in our cohort and found that five fusion genes were
detected in at least of two cases, comprising of FAM65B_NTRKS3,
NPMI1_NR4A3, RANBP2_MCPHI1, SEPT6_TRIM33, and
TCF7L2_WTI. There were four patients having
SEPT6_TRIM33 gene fusion, while nine patients harbored
RANBP2_MCPHI1 gene fusion. Notably, TCF7L2_WTI gene
fusion was most frequently detected in 29.1% patients (23 of
79 cases) (Table 2).

Functional Enrichment Analysis of Somatic
Mutated Genes

To better understand the biological roles of mutated genes, GO
and KEGG enrichment analysis were performed. GO enrichment
analysis revealed that the mutated genes were significantly
enriched in regulation of G1/S transition of mitotic cell cycle
(biological process [BP], e.g., CDKN2A, ATM, TP53 and BCL2),
gene silencing (BP, e.g, DNMT3A, RANBP2, and KMT2D),
negative regulation of gene expression, epigenetic (BP, e.g.,
H3F3A and DNMT3A), MHC protein complex (cellular
component [CC], HLA-A, HLA-B, and B2M), and
transcription factor binding (molecular function [MF], e.g.,
ARIDIA, PIMI1, AR, and CREBBP). KEGG pathway analysis
showed that the mutated genes were significantly associated with
virus infections involved pathways such as human T-cell
leukemia virus 1 infection (e.g., HLA-A and HLA-B),
cytomegalovirus infection (e.g., HLA-A, HLA-B, GNAQ, GNAS,
and GNA1I3), Epstein-Barr virus (EBV) infection (e.g., HLA-A
and HLA-B), human immunodeficiency virus 1 (HIV) infection
(e.g., HLA-A, HLA-B, and GNAQ), and papillomavirus infection
(e.g., HLA-A, HLA-B, and GNAS) (Figure 2).

Mutations in Seven Canonical Oncogenic
Signaling Pathways

With the aim of identifying preferentially mutated pathways in
B-cell lymphoma, we evaluated the mutational events of
component genes involved in seven canonical oncogenic
pathways. The mutation profiles of these pathways are shown
in Figure 3. TP53 mutational profile was featured primarily by
TP53 mutations, while CDKN2A, CCND3, FAT1, CREBBP, and
PTEN were the most frequently mutated genes in cell cycle,
Hippo, NOTCH, and PI3K mutational profiles, respectively.
Strikingly, TP53 and NOTCH pathways were both most
commonly mutated oncogenic pathways in B-cell lymphoma
in our cohort. Almost one-fifth of patients harbored mutations in
component genes of each of these two pathways (24.05%, 19 of
79 cases). In addition, we found that 7 (8.86%), 6 (7.59%), and 6
(7.59%) of 79 patients had mutations in Hippo, WNT, and cell
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cycle pathways, respectively (Supplementary Figure 1). There
were 19 and 21 patients harboring mutations in component
genes of at least two mutated pathways and only one mutated
pathway, respectively.

Prognostic Roles of Fusion Genes,
Mutated Genes, and Pathways

To further investigate the clinical influence of genomic
aberrations in groups of fusion genes, the top 30 commonly
mutated genes, and seven canonical oncogenic pathways, we
assessed the associations between the status of these genomic
alterations and PFS in 52 patients with complete data. The
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FIGURE 1 | Mutation plot showing top 30 frequently mutated genes in 79 B-cell lymphoma patients. Color-coded is indicated by type of mutation. Y axis shows the

baseline characteristics of these 52 patients are shown in
Supplementary Table 2. The results revealed that among the
five fusion genes, only patients with SEPT6_TRIM33 fusion gene
had significantly shorter PFS (P<0.0001, Figure 4A). In addition,
patients harboring any of these five fusion genes showed a trend
towards worse prognosis (P=0.034, Figure 4B). Unfavorable
outcome was also observed in B-cell lymphoma patients
(N=52) with mutated TP53 gene (P=0.0086, Figure 4C),
mutated TP53 pathway (P=0.013, Figure 4D), and mutated
Hippo pathway (P=0.0038, Figure 4E). There was no
significant difference in PFS between patients with and without
mutations in other commonly mutated genes or pathways. We
further conducted subgroup analysis in DLBCL patients (N=38),

TABLE 2 | Fusion genes identified from79 B-cell lymphomas.

Fusion genes Types

Detected patients

FAMB5B_NTRK3

NPM1_NR4A3
RANBP2_MCPH1
SEPT6_TRIM33
TCF7L2_WTH

Intron of FAM65B(-):46Kb after exon 1|Intron of NTRK3(-):20Kb
before exon 13

Intron of FAM65B(-):1Kb after exon 22|Intron of NTRK3(-):7Kb
after exon 13

NPM1:exon3-NR4A3:intron7
RANBP2:exon21-MCPH1:intron12
SEPT6:intron2-TRIM33:intron

Intron of TCF7L2(+):24Kb before exon 5|Intron of WT1(-):39bp
after exon 1

Intron of TCF7L2(+):24Kb before exon 5|Intron of WT1(-):74bp
after exon 1

Intron of TCF7L2(+):24Kb before exon 6|Intron of WT1(-):2Kb
before exon 2

TCF7L2:intron5-WT1:intron1

P58

Pt37

Pt9, Pt10, Pt17

Pt4, Pt5, Pt6, Pt7, Pt9, Pt11, Pt14, Pt17, Pt18
Pt2, Pt5, Pt7, Pt16

Pt38, Pt39, Pt69

Pt1, Pt20, Pt22, Pt23, Pt29, Pt31, Pt48, Pt51, Pt54, Pt56, Pt57, Pt60,
Pte7, Pt71, Pt72
pt76

Pt2, Pt5, Pt7, Pt13
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GO-CC:0000228:nuclear chromosome {
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GO-CC:0000790:nuclear chromatin |
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GO-MF:0008134:transcription factor binding
GO-BP:0045814:negative regulation of gene expression, epigenetic {
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GO-BP:0016458:gene silencing
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GO-BP:0035264:multicellular organism growth
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FIGURE 2 | Functional enrichment result reveals the top 10 function terms for GO and KEGG analysis. Gene Ontology (GO) comprises three categories: molecular
function (MF), biological process (BP), and cellular component (CC). X axis represents the count of genes enriched in corresponding terms. Color depth of columns is
positively related with the P value of term. KEGG, Kyoto Encyclopedia of Genes and Genomes.

and the results showed that TP53-mutated DLBCL patients had a
significantly unfavorable prognosis compared to TP53 wild-type
DLBCL patients (P=0.0047, Supplementary Figure 2A).
Similarly, DLBCL patients without mutated TP53 pathway
tended to have prolonged PFS (P=0.061, Supplementary
Figure 2B). However, we could not compare prognosis
between DLBCL patients with and without mutated
SEPT6_TRIM33 fusion gene or Hippo pathway, due to the
small number of patients having this genomic alteration.

To explore whether co-mutations of TP53 and Hippo
pathways could have more significant impact than single TP53
or Hippo pathways mutations on the patients’ survival, we
compared survivals across subgroups with co-mutations, with
any mutations, and without a mutation in these two pathways.
The results revealed that B-cell lymphoma patients with
both wild-type TP53 and Hippo pathways had the best
prognosis, while the patients with the presence of co-mutated
TP53 and Hippo pathways had the worst PFS (P<0.0001,
Supplementary Figure 3).

After identification of SEPT6_TRIM33 fusion genes, mutated
TP53 and Hippo pathways as factors significantly associated with
prognosis of B-cell lymphomas, multivariable Cox analyses
adjusted by clinic covariates [age, gender, BMI, smoking
history, drinking status and treatment (R-CHOP or R-CHOP-
like regimes vs others)] were conducted. The result suggested
that SEPT6_TRIM33 fusion gene [hazard ratio (HR): 242.69,
P=0.046] and mutated TP53 pathway (HR: 14.06, P=0.03) were
independent prognostic factors for B-cell lymphoma
patients (Figure 5).

Altered in 42 (53.16%) of 79 samples.
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FIGURE 3 | Mutation plot of seven canonical oncogenic signaling pathways (cell
cycle, Hippo, Notch, PI3-Kinase, RTK-RAS, p53, and Wnt pathways) in 79 B-cell
lymphoma patients. Color-coded is indicated by type of mutation. Y axis shows
the percentages of patients with at least one mutation in the specified gene.
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by the log-rank test.

VAFs Changes of Mutated Genes in TP53
and Hippo Pathways

Owing to our above findings that mutated TP53 and Hippo
pathways were significantly associated with patient prognosis, we
wondered whether the status of the genes in these two pathways
may be altered after chemotherapy, which may be useful for
guiding subsequent therapies. To that end, we analyzed the VAFs
of genes in the TP53 and Hippo pathways in paired baseline and
post-treatment samples from 18 B-cell lymphoma patients. The
characteristics of these 18 patients are presented in
Supplementary Table 3. As shown in Figure 6, Pt18 (DLBCL
subtype), who achieved PR after four cycles of R-DA-EDOCH
treatment, presented an increased VAF of TP53 p.Y87N
mutation (TP53 pathway; 0 vs 17.86%), but a decreased VAF
of FATI p.E1292K mutation (Hippo pathway; 44.74 vs 0%),
which might be responsible for partial sensitivity or acquired
resistance to R-DA-EDOCH. Interestingly, two CR patients
detected a decreased VAF of TP53 p.Y88C (Pt42, DLBCL
subtype, five cycles of R-miniCHOP) and LATS2 p.F972L (Pt5,
FL subtype, four cycles of R-COEP), respectively. These results
suggested that VAF changes of mutated genes in TP53 and
Hippo pathways might be an indicator for treatment responses.

Genomic Alterations Correlate to
Treatment Response

In order to investigate the relationship between fusion genes,
mutated genes and pathways, and response to treatment, ORRs
were compared between patients with and without a specific

FIGURE 4 | Kaplan-Meier curves of PFS differences between subgroups with and without SEPT6_TRIM33 gene fusion (A), any of five fusion genes detected in at
least of two cases (B), TP53 gene mutation (C), mutated TP53 pathway (D), mutated Hippo pathway (E). PFS, progression-free survival. P values were calculated

genomic alteration. As a result, significant differences in ORR
were observed for patients with NPM1_NR4A3 (33.33 vs. 88%,
P=0.01) and SEPT6_TRIM33 (33.33 vs. 88%, P=0.01) fusions
versus patients without corresponding fusion (Table 3).
Although patients with other fusion genes, TP53 mutation (70
vs. 88.37%, P=0.14), mutated TP53 (69 vs. 90%, P=0.07), and
Hippo pathways (60 vs. 87.5%, P=0.33) trended towards a lower
ORR, the difference was not statistically significant (Table 3).

DISCUSSION

A handful of somatic mutations in B-cell lymphomas has been
identified to participate in cancer development and progression
(22, 23). Notably, the lymphomagenesis and progression caused
by the coordination of multiple mutated genes at the pathway
level are considered more reasonable than at the single gene level
(24, 25). It is known that genomic alterations and their affected
pathways may have diagnostic, prognostic, and therapeutic
implications for B-cell lymphomas (2). However, the
understanding of mutated pathways related to B-cell
lymphoma development and patient prognosis is still
inadequate, especially when genomic biomarkers are detected
using the liquid biopsy approach. To that end, we detected the
mutation landscapes and gene fusion events in cfDNA samples
of 79 B-cell lymphoma patients based on targeted panel sequence
to screen novel biomarkers having prognosis values. In this
study, we found five gene fusions (e.g., TCF7L2_WTI) were
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FIGURE 5 | Prognostic significances of fusion gene, mutated pathways, and
clinic factors by multivariable Cox proportional hazards regression analysis.

frequently detected in B-cell lymphomas. The SEPT6_TRIM33
gene fusion, mutated TP53, and Hippo pathways conferred
unfavorable prognosis. Moreover, SEPT6_TRIM33 fusion gene
and mutated TP53 pathway were prognostic factors independent
of clinical confounders. These findings may provide novel
molecular biomarkers for prognostic stratification and
potential therapeutic targets of B-cell lymphomas.

In this work, we totally identified 666 mutations from 262
genes in cfDNA samples from 79 B-cell lymphomas patients.
Through comparing preferentially mutated genes between our

cohort and 413 DLBCL tissues samples from COSMIC database,
we found some genes were especially mutated with high
frequencies in our cohort such as GNAQ, GNAS, H3F3A,
DNMT3A, HLA-A, and HLA-B, in addition to nine overlapped
genes (e.g., TP53, KMT2D, MYD88, ATM, and BCL2). The
mutations identified in these overlapped genes are responsible
for regulation of G1/S transition of mitotic cell cycle (e.g., ATM
and TP53). Tumor suppressor-associated mutations in TP53 and
ATM may not induce cell cycle arrest and DNA repair (26).
Notably, these frequently mutated genes in our cohort were
significantly associated with functional categories involved
negative regulation of gene expression, epigenetic (H3F3A and
DNMT3A), and virus infections such as cytomegalovirus, EBV,
HIV, and papillomavirus infections (e.g., GNAS, GNAQ, HLA-A,
and HLA-B). GNAS and GNAQ encode G-protein alpha subunit,
and the viruses like cytomegalovirus and EBV have been
identified to encode G proteins and their coupled receptors in
their genomes to induce cancer initiation (27). The variations of
antigen-presentation molecules HLA may alter epitope
recognition by the T-cell receptor, which enables HIV to
escape cytotoxic T lymphocytes responses (28). Of note, NHL
is one of the most common cancers in HIV-positive patients
(29). Collectively, the present work gives insight into the
biological processes and pathways involved in lymphomagenesis.

Fusion genes have been extensively used in cancer diagnosis
and determining prognostic impact (30). Recently, adopting
capture-based panel sequencing approach has enabled the
identification of novel gene fusions in cancer patients (31). In
this study, we identified novel TCF7L2_WT1 gene fusion as one
of the most frequently detected genomic aberrations in B-cell
lymphomas. Transcription Factor 7-Like 2 (T'CF7L2), also
known as TCF4 transcription factor, is a key effector for the
activation of Wnt signaling pathway in adult T cell leukemia cells
(32). Wilms’ tumor 1 (WT1), a tumor-suppressor gene, can
interact with lymphoid enhancer-binding factor 1 (LEF1) to
mediate Wnt signaling activation (33). TCF4/LEF1 DNA
binding effectors can interact with B-catenin to increase cyclin
D1 and c-Myc expression, demonstrating the activation of Wnt

A TP53_TSG

Hippo_TSG

baseline post_treatment

lymphoma patients. VAF, variant allele frequency.

baseline post_treatment

FIGURE 6 | The alterations of mean VAFs of mutated genes in Tp53 (A) and hippo pathways (B) in paired baseline and post-treatment samples from 18 B-cell
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TABLE 3 | Relationship between genomic alterations and clinical response to treatment.

Genomic alterations Group (n) CR+PR
NPM1_NR4A3 Mut (3) 1
Wild (50) 44
FAMB5B_NTRK3 Mut (1) 0
Wild (52) 45
SEPT6_TRIM33 Mut (3) 1
Wild (50) 44
RANBP2_MCPH1 Mut (9) 7
Wild (44) 38
TCF7L2_WT1 Mut (14) iR
Wild (39) 34
TP53 Mut (10) 7
Wild (43) 38
TP53_TSG Mut (13) 9
Wild (40) 36
Hippo_TSG Mut (5) 3
Wild (48) 42

PD+SD ORR (%) P.value
2 33.33% 0.01
6 88.00%

1 0.00% 0.02
7 86.54%
2 33.33% 0.01
6 88.00%
2 77.78% 0.51
6 86.36%
3 78.57% 0.44
5 87.18%
3 70.00% 0.14
5 88.37%
4 69.23% 0.07
4 90.00%
2 60.00% 0.32
6 87.50%

CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; ORR, objective response rate.

signaling pathway (34). In line with the evidence that canonical
Wnt signaling plays an important role in the development and
progression of B-cell lymphomas (35), in our study population,
we inferred the novel TCF7L2_WT1 gene fusion may associate
with B-cell lymphomas progression through triggering the
dysregulation of Wnt signaling. Although TCF7L2_WT1 gene
fusion was not identified as a validated genomic alteration in
tumors, an identified partner gene of EWSRI for WT1 (WT1-
EWSR1) reported in COSMIC database was also found as a
partner gene of TCF7L2 in colon adenocarcinom (36). In
addition, our result revealed the prognostic value of
SEPT6_TRIM33 gene fusion in B-cell lymphomas. Septin 6
(SEPT6), a member of the septin family of GTPases, which
preserves breakpoint at chromosomes Xq24, was found as a
fusion partner with Leukemia gene (MLL1 or KMT2A) related to
leukemia (37). Tripartite Motif Containing 33 (TRIM33), acting
as an E3 ubiquitin-protein ligase, can prevent apoptosis in B
lymphoblastic leukemia though mediating Bim activation (38).
In addition, TRIM33 located at 1p13 region was identified as a
tumor suppressor chronic myelomonocytic leukemia and
associated with the survival of all B cell neoplasms (39).
Combined with our survival results, we suggested that SEPT6-
TRIM33 gene fusion conferred poor prognosis in B cell
neoplasms, which was valuable for prognostication and
therapeutic decision making.

In this study, we analyzed the mutation profiles of seven
canonical oncogenic pathways in B-cell lymphoma and found
TP53 pathway was one of the most frequently mutated
oncogenic pathways in B-cell lymphoma cohort. The
regulation of TP53 governs a multitude of cellular processes,
including cell cycle arrest, apoptosis, and changes in
metabolism (40). Mutations in this pathway may cause
genomic instability and deregulated transcription of genes
involved in cell cycle, DNA repair, and apoptosis (41).
Reportedly, somatic mutations in abnormal TP53 pathway
and TP53 itself are responsible for lymphoma generation,
progression, and invasion (41). We detected mutations in
TP53 pathway genes such as MDM4 and ATM, especially

TP53, which acts as a vital player in the cancer arena, was the
most frequently mutated genes in B-cell lymphomas in our
cohort (20%, 16/79). Mutations in p53 or its modulators such as
MDM4 and ATM may affect p53 tumor suppressor function
(42). In addition, we observed the mutations of TP53 gene and
mutated TP53 pathways were implicated with unfavorable
patient prognosis. This was consistent with a previous study,
in which TP53 was mutated in 23.8% of aggressive B-cell
lymphoma, and mutated TP53 could serve as an adverse
independent predictor for PFS (43).

Hippo signaling is another important tumor suppressor
pathway, in which the core of module comprises of the tumor-
suppressive MST-LATS kinases and downstream oncogenic
effectors YAP and TAZ (44). So far, the mutations of genes in
Hippo pathway have been rarely researched, possibly due to their
low frequencies. Especially, DLBCL patients were reported to
have few somatic alterations in Hippo pathway than other cancer
types (45). In this study in B-cell lymphomas, we also found the
low mutation frequencies of the major components of Hippo
pathway like LATSI (1%), LATS2 (1%), YAPI1 (1%), and FATI
(6%). Nonetheless, our result suggested the poor prognosis of
mutated Hippo pathway for B-cell lymphoma. In addition, our
result revealed that B-cell lymphoma patients with the presence
of co-mutated TP53 and Hippo pathways had the worst
prognosis, compared to patients with mutations in either
pathway or without any mutation in both pathways. This
result can be explained by that there may be a direct cross-talk
between TP53 and Hippo tumor-suppressor pathways in
multiple molecular interfaces such as p53-LATS axis (40) and
p53-PTPN14-YAP axis (46).

Interestingly, a significantly lower ORR was observed in
patients with SEPT6-TRIM33 fusion, which was consistent
with shorter PFS in these patients. Although patients with
TP53 mutation, mutated TP53 and Hippo pathways trended
towards a lower ORR, the difference was not statistically
significant. Notably, PFS was significantly shorter in these
patients. Aberrant activation of YAP/TAZ or loss-of-function
of tumor suppressors in the Hippo pathway enhances tumor cell
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resistance against anticancer therapeutic drugs (47). TP53
mutations are related to poor or no responses to chemotherapy
such as cytarabine, rituximab, and autologous stem-cell
transplant for mantle cell lymphoma (47). In our cohort, we
found TP53 p.Y87N mutation in Pt18 (DLBCL subtype) might
induce resistance against DA-EDOCH. Integrating, these
findings demonstrated that patients with specific mutation
alterations, particularly in tumor-suppressor genes or
pathways, might associate with poor treatment response and
PES. It has revealed that Verteporfin can reverse 5-Fu resistance
in colorectal cancer through targeting the Hippo pathway in a
YAP-dependent manner (48). Thus, identification of alterations
in TP53 and Hippo pathways or novel gene fusions that are
implicated in drug resistance and poor prognosis may guide
pharmacological interventions by targeting the alterations and
thus improve survival of B-cell lymphoma patients.

Despite this study has identified novel genomic biomarkers
associated with prognosis of B-cell lymphoma patients, a major
limitation of this study was a relatively small sample size,
especially the small number of patients with identified fusion
genes or mutated Hippo pathways, which makes subgroup
analyses infeasible. Moreover, although we performed in silico
analyses (GO and KEGG) to indicate the potential functional
roles of mutated genes identified in this study, future in vivo
and in vitro studies may further reveal the biological and
molecular mechanisms underlying the associations between
these genomic biomarkers and outcomes of B-cell
lymphomas, especially DLBCL. Other limitations included
heterogeneous patients with various therapeutic regimens,
relatively short follow-up time, and the lack of important
covariates such as education level, performance status.
Therefore, larger prospective studies are needed to further
verify our present findings.

In summary, we comprehensively analyzed the molecular
profiling of B-cell lymphoma and found that SEPT6_TRIM33
fusion gene, mutations in single TP53 gene, mutated TP53 and
Hippo pathways would together predict inferior prognosis for B-
cell lymphomas. The present work also gives insight into the
potential biological processes and pathways involved in
lymphomagenesis. The study may provide novel genomic
biomarkers of prognostic significance and potential therapeutic
targets of B-cell lymphomas.
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