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Primary central nervous system lymphoma (PCNSL), a rare
extranodal non-Hodgkin lymphoma, is most commonly a
diffuse large B-cell lymphoma (DLBCL). Although treated
with surgery, radiotherapy, and chemotherapy, its high
recurrence rate leads to an unfavorable prognosis.’ Recent
advances in high-throughput molecular profiling, particu-
larly whole-exome sequencing (WES) and genome-wide as-
sociation studies (GWASs), have significantly transformed
our understanding of the molecular pathogenesis of PCNSL.
Recurrent somatic alterations in genes such as IGLL5, PIM1,
MYD88, BTG2, PCLO, KMT2D, and BTG1 have been impli-
cated in PCNSL oncogenesis. "> However, existing WES and
GWAS in PCNSL have predominantly focused on older pop-
ulations, leaving young patients, particularly those under
40 years of age, markedly under-represented. This data gap
has created a critical barrier to understanding the full
spectrum of molecular heterogeneity across age groups.
This study reviewed the records of 1420 pathologically
confirmed PCNSL patients treated at our hospital from 2015
to 2025. The ages of these patients ranged from 7 to 88
years, with a median age of 56.5 years. Although there is no
universally accepted age range for defining young adults in
neuro-oncology, we adopted a cutoff of 40 years based on
precedents from previous studies on brain tumors,
including PCNSL and glioma.">* Accordingly, only 69 pa-
tients (4.85%) were < 40 years old (Fig. S1A and Table S1).
Of the 69 young patients included in this cohort, compre-
hensive laboratory analyses, WES, and prospective survival
follow-up assessments were successfully completed in 19
rigorously selected cases during the study period. A geri-
atric control cohort (n = 18) was randomly selected from
the eligible population as a control. Based on these find-
ings, this retrospective study included 37 consecutive pa-
tients with histopathologically confirmed PCNSL who
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underwent WES. All patients had confirmed diagnhoses of
PCNSL and no evidence of Epstein—Barr virus (EBV) infec-
tion (Fig. S1B). Follow-up was conducted until January
2025, and sequencing was successfully completed for all
formalin-fixed paraffin-embedded tumor specimens. Base-
line demographic and clinical data—including age, sex, cell
of origin, Ki-67 index, Karnofsky Performance Status (KPS)
score, Eastern Cooperative Oncology Group (ECOG) per-
formance status, Memorial Sloan-Kettering Cancer Center
(MSKCC) score, treatment modality, tumor location, and
extent of resection—were retrospectively collected from
medical records and are summarized in Table S2. Written
informed consent was obtained from all participants, and
the study was approved by the Ethics Committee of Hua-
shan Hospital of Fudan University. In this study, all 9 dis-
ease-related fatalities occurred in patients aged > 40
years. Univariate and multivariate analyses showed that
overall survival (0S) in patients with PCNSL was not signif-
icantly associated with sex, extent of tumor resection, Ki-
67 proliferation index, KPS score, ECOG performance sta-
tus, or radiotherapy. Furthermore, adjuvant chemotherapy
was associated with a significant improvement in OS,
consistent with the existing literature (Fig. 1A). Notably,
patients under 40 years of age demonstrated significantly
longer OS than older patients (Fig. 1B and C).

Based on this observation, the 37 patients were strati-
fied into a younger group (n = 19) and an older group
(n = 18), and WES was performed on their paraffin-
embedded tissue samples (Fig. 1D). Owing to sample size
constraints, the analysis focused on genes mutated in at
least five patients. First, genomic analysis identified several
recurrently mutated genes in PCNSL, including PIM1,
KMT2D, LRP1B, EP300 and CREBBP that showed comparable
mutation frequencies between age groups (Fig. 1E). Strik-
ingly, MYD88 mutations demonstrated significant age-asso-
ciated enrichment and were markedly more prevalent in
elderly patients than in younger individuals (Fig. 1E).

2352-3042/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2025.101934&domain=pdf
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2025.101934
https://doi.org/10.1016/j.gendis.2025.101934
http://creativecommons.org/licenses/by/4.0/

2 Rapid Communication

Age
and Multivariate Cox ion analysis Distribution DLBCL cohort
Variable Reforence Contrast _Number of reforence _ Namber of contrast WRES%C)  Pvalue 0 Age group = Young(19)  Elder(1e)
15
= 1.00
210
&
-1
o 0.75
00 z
20 30 40 50 60 é
2
£ Maximally Selected Rank Statistics = 0.50 P <0001
£ | H
‘Age (Continuous) 3 114(102-127) 0,023 2% ' gps 025
MsKkee Lowrisk  Highrisk 27 9 — 0.16(0.01-3.12) 0226 IE’ 2 ' e
Chemotherapy No Yes 4 32 e 0.28(0.06-1.38) 0.118 = ' . o
T, bk g i .
— 02 1 4 18 ] Cutpoint: 39 ) 0.00
Better Worse § o ' .
D 2 5 = = = 3 [ 1000 200 3000 4000
] Age y

DLBCL cohort
Young - - -
R N
X
(n=18)

Differential mutation map Survival analysis

Wild type Gene mutation status
3] ET
RO OR

I Frameshift Insertion

WES
NZ\Z\'/
N7 NYZN7,
|| .
— - - Time

Survival

E Differential mutation map (Elder vs Young) in DLBCL (n=37) G
0 E
Group Ml Young_rate [l Old_rate L
Pvalue o
. I ven ®
58 ns o g Young 4 [
2 | v -
£EZ P
3E | Eom Classification
g5 I ™ I Frame_Shift_Del
25 | 1 M Frame_Shift_Ins
57 —- I In_Frame_Del
2 ] M In_Frame_Ins
| B Missense_Mutation
| B Nonsense_Mutation
| ' Nonstop_Mutation
|
—] Elder<
|
N
I
I
I
I
= I
5 I T
H LFNG
L] D
H D
g — H LFNG
z —
S 1 Mutation == No frameshift insertion(30) == Frameshift insertion(7)
I
I
[ 1
D
D
I 0.75
T 2
S =
o
— ] p=0021
I — 5050 Hazard Ratio = 4.17
] s i
o § i o H 95% Cl: 1.11 - 15.59
Mutaton ate s
« Wisorso_aton 5
v @
vy ——— 0.25
I R —
« Er - Fomss ® GCB T oo
B R
0.00

- 0 1000 2000 3000 4000
Day
LFNG
Mutation == No missense mutation(33) == missense mutation(4)
Elder [50%; N = 18] LFNG: NM_001040167
S Tagrs
} 1.00
) e300 s73c —||_LLH‘
075 - — e 4
B 2z
-~ . ; :
< =
! oarts isats 8 p=0059
8050 Hazard Ratio = 4.3
g 95% Cl: 0.82 - 22.43
‘ c
Young [10.53%; N = 19] @ 0.25
+ Missense. Mtation
® Frame_Shift_Ins
© Frame_Shift_Del
0.00
0 1000 2000 3000 4000
Day

Figure 1  Clinical characteristics and mutation landscapes between young-onset and elder-onset primary central nervous system
lymphoma (PCNSL). (A) Univariate and multivariate Cox regression analyses identifying age, MSKCC score, and chemotherapy as
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Importantly, survival analysis confirmed that MYD88 muta-
tion was associated with significantly poorer clinical out-
comes (Fig. S2A), corroborating previous reports in the
literature and further reinforcing its value as a predictive
biomarker in PCNSL. In addition to the recurrently mutated
genes, 40 genes showed significant differences in mutation
frequency between the two groups (Fig. 1E). Subgroup
analysis showed that the most commonly mutated genes in
the younger group were NEBL, THSD7B and UNC5D, whereas
in the older group, FLG, UBR4 and FSIP2 were the most
frequently mutated genes (Fig. 1E). These mutations pri-
marily consisted of single-nucleotide variants and in-
sertions/deletions (Fig. S1C). In particular, a significantly
lower mutational burden was detected in younger patients
(Fig. 1D). Gene ontology enrichment analysis further
revealed that the differentially mutated genes were pri-
marily involved in biological processes related to double-
stranded DNA repair and the DNA damage response, sug-
gesting that dysregulation of these pathways may
contribute to the development and progression of PCNSL
(Fig. S1E).

Building on the 40 previously identified differentially
mutated genes, further analysis was conducted to explore
their association with OS in patients with PCNSL. Survival
analysis revealed that mutations in 19 genes (ACACA,
ADAMTS2, APOB, DNMBP, EPPK1, FAT2, FLG, HERCI,
HIST1H1E, LAMA1, LRP2, MYD88, MYH7, PCLO, PCSK5,
SETX, SP100, TECTA, and ZFHX4) were significantly associ-
ated with patient prognosis. Patients harboring these mu-
tations had significantly shorter OS than those without such
mutations (Fig. S2A), suggesting that these genes may
contribute to the pathogenesis and progression of PCNSL
and may serve as potential prognostic biomarkers. Given
the unique immune microenvironment of PCNSL, charac-
terized by infiltrating immune cells (B cells, T cells, mac-
rophages and dendritic cells) and resident stromal
components (oligodendrocytes and meningeal cells) that
collectively regulate tumor progression,® we systematically
investigated the potential immune-related functions of the
40 differentially mutated genes. This analysis identified
four genes involved in immune regulation: MYD88, APOB,
SP100, and LFNG (Fig. S2B). Specifically, MYD88, APOB, and
SP100 mutations are more frequent in older patients and
are associated with significantly shorter OS than those of
non-mutated cases (Fig. 1E; Fig. S2A). In contrast, muta-
tions of LFNG did not exhibit a statistically significant as-
sociation with OS in this cohort (Fig. S2C). We further
investigated whether specific types of LFNG mutations
might influence prognosis. In this cohort, age-related dif-
ferences in LFNG mutation patterns were observed. Among
younger patients, only two (10.5%) harbored LFNG muta-
tions, both of which were frameshift deletions. In contrast,

nine patients (50.0%) in the older group had LFNG muta-
tions, including missense mutations and frameshift in-
sertions (Fig. 1F and G). Notably, survival analysis
demonstrated that the type of LFNG mutation significantly
impacted prognosis. In particular, patients with frameshift
insertion mutations had significantly shorter OS than those
without such mutations (Fig. 1H), whereas missense muta-
tions showed no significant association with OS (Fig. 1I).
These findings suggest that specific LFNG mutation types,
particularly frameshift insertions, may serve as prognostic
markers in PCNSL.

In summary, this study confirms age as an independent
prognostic factor in patients with PCNSL and, for the first
time, systematically characterizes the mutational land-
scape of younger and older PCNSL patients, identifying
several gene mutations significantly associated with OS.
However, the study has several limitations. First, the
relatively small sample size in this cohort may have
influenced the results. Second, although several gene
mutations, particularly in LFNG, were associated with OS,
their functional roles and molecular mechanisms have not
yet been validated through in vitro or in vivo
experiments.
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independent prognostic factors for overall survival. (B) Age distribution of patients with PCNSL, stratified into high-risk (> 40 years)
and low-risk (< 40 years) groups. (C) Kaplan—Meier survival curves demonstrating significantly better overall survival in younger
patients (< 40 years) than in older patients (> 40 years). (D) Overview of the study design, cohort characteristics (n = 37), and
sequencing workflow. (E) Most frequently mutated genes in the PCNSL cohort. (F) Schematic representation of LFNG mutations
across the gene domain. (G) Pie chart illustrating the distribution of LFNG mutation types. The size of the pie representing the
number of mutations. (H) Kaplan—Meier survival curve showing significantly shorter overall survival in patients with LFNG
frameshift insertion mutations. (I) Kaplan—Meier survival curve showing no significant association between LFNG missense muta-

tions and OS.
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