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Simplifying genetic classifiers by six
mutated genes in diffuse large
B-cell lymphoma
Although diffuse large B-cell lymphoma (DLBCL) is consid-
ered as a curable disease after standard immunochemo-
therapy, approximately 30% of patients would succumb to
short survival. To date, clinical presentations and gene
expressions have been used to identify these high-risk pa-
tients. Recently, genetic alterations are used to model their
proposed classifiers. For example, four, five and seven ge-
netic subtypes were respectively found by Schmitz,1 Cha-
puy2 and George3 colleagues as a method for tailored
treatment. However, these classifiers were calculated using
the complex tools such as the LymphGen classifier and
consensus clustering algorithm.2,3 Besides, mutated genes
were not enough to estimate their genetic subtypes by their
proposed tools, which need additional data such as copy
number alteration and chromosome translocations. What’s
more, there is still not a consistent classifier to validate
predefined subtypes. Thus, it is difficult to apply these
genetic tools in clinical practice. In order to translate into
clinical practice easily, a smaller gene-set using the easy-
to-implement method will be practical instead of
measuring genome-wide sequencing. In this context, we
searched for a small number of genes using targeted next-
generation sequencing, and established its predictive abil-
ity for DLBCL patients.

This study was approved by the Institutional Review
Board (No. IIT20210082B-R2) and registered at chictr.org.cn
(ChiCTR2100046974). The study design is seen in Figure 1A.
The median age was 58 years (interquartile range, 50e66
years), and 46 (45.5%) patients older than 60 years were
included. Clinical characteristics are shown in Table S1. The
patients with a higher level of IPI, Non-GCB, or DEL had
shorter progression-free survival (PFS) and overall survival
(OS) (Fig. S1eS3). A total of 446 genes (Fig. 1B, Table S2)
were measured in 101 patients. Additionally, 1210 somatic
mutations, including non-sense, missense, splice site, and
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frame shift mutations were found along with a median of 11
(range: 1e42) mutations per sample (Fig. S4). The most
recurrently mutated genes were PIM1 (35.6%), KMT2D
(26.7%), CD79B (22.8%), MYD88 (22.8%), KMT2C (21.8%)
(Fig. 1C and Table S3). Sixty-five genes with the mutated
frequency more than 5% were enriched in 72 KEGG path-
ways such as B cell receptor signaling pathway, NF-kB
signaling pathway, Notch signaling pathway and so on
(Table S4).

We also detected 13 driver genes: EP300, MYD88,
CD79B, BCL10, IKZF3, CCND3, MEF2B, BCL2, DTX1, PIM1,
IRF4, SYK and CDKN2A (Table S5). Notably, DTX1 coexisted
with PIM1 mutations, and excluded with BCL2 mutations
(Fig. S5). Additionally, most of them were frequently
predominant in the patients with cell-of-origin (COO),
double expresser lymphoma (DEL), rearrangements of
BCL2, MYC, and BCL6 (Fig. S6eS10), respectively. These
results implied genetic sequencing can further improve
classifications of DLBCLs. Nevertheless, there is no
consensus classification in clinical practice now. The un-
derlying reason of the discrepancy might be the differ-
ences in sequencing strategies, sequencing panel, biopsy
material, statistical methods, sample size and studied
population. When we compared significantly enriched
genes across studies, some subtypes shared the same
founder genes. For example, BCL2 fusion and EZH muta-
tions had contribution respectively from EZB subtype of
Schmitz1 and George W. Wright et al,3 C3 cluster of Cha-
puy et al,2 and BCL2 subtype of Stuart E. Lacy et al.4

Based on these overlapping genes across different classi-
fiers, Lucia Pedrosa et al created the “2-step” method to
construct five genetic subtypes (ST22�S, N12�S, MCD2�S,
BN22�S, EZB2�S; Table S6).5 Owing to BTG1, PIM2 and
UBE2A mutations were not included in our sequencing
panel, we modified this classifier by replacing BTG1 with
BTG2, PIM2 with IRF4, UBE2A with ETS1, respectively; and
added MYC translocations into EZB2�S subtype and named
it as EZB2�S MYCþ. Although genes, even of very similar
behalf of KeAi Communications Co., Ltd. This is an open access
censes/by-nc-nd/4.0/).
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Figure 1 Six-gene classifier with prognostic significance was identified in DLBCL. We set up a simplified classifier using the
training and validation study design (A). A total of 101 DLBCL patients were enrolled to perform targeted sequencing. The simplified
classifier was studied in our patients and then validated in 928 UK patients. The founder genes were analyzed in this study (B). A
total of 446 predefined cancer-related genes (black lines in chromosomes) were used to search for genetic mutations, and 222
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function (for example, BTG2 is very biologically similar to
BTG1), should not be used interchangeably for compari-
sons, and the reasons that we modified the “2-step”
Classifier were as following. Firstly, genes with the
frequent mutations were selected for replacement of
those undetected genes in the same predefined subtypes;
secondly, the addition of MYC translocation was not only
because it was most enriched within the BCL2 cluster,4

but also it contributed to the worse prognosis for the EZB
subtype; thirdly, compared with the AIC cluster algo-
rithms, the modified subtypes had the highly sensitive and
specific classification for their respective genetic risk
groups (Fig. S11). As a result, 19 (18.8%) patients in
BN22eS like, 12 (11.9%) EZB2�S MYCþ, 33 (32.7%) MCD2�S like,
7 (6.9%) N12eS, 8 (7.9%) ST22�S and 22 (21.8%) unclassified
subgroups were found (Fig. 1C). Consistent with previous
reports,1 MCD2�S like and N12eS subtypes were dominated
by non-GCB cases, and EZB2�S MYC þ subtype mostly
enriched in GCB cases (Fig. S12; Fig. 1D). The similar
relationship was also observed in DEL subgroups (Fig. S13).
Finally, we got five subtypes whose PFS and OS are
significantly different. The survival of ST22�S, MCD2�S like

and BN22eS like, N12eS and EZB2�S MYC þ decreased in turn
(Fig. S14). This modified “2-step” classifier was indepen-
dent of COO classification but not IPI (Table S7, 8). How-
ever, approximately 20%e50% of patients could not be
assigned to the modified “2-step” and LymphGen classi-
fiers based on our mutated data (Fig. 1C). Additionally,
some of genetic subtypes were related to COO classifica-
tions, which will confound their prognostic significances.
Therefore, we conducted stratified analyses by COO
classifications. Here, we found out MYC translocation,
KLHL6, STAT3, BCL6, IRF4, and TBL1XR1 mutations with
the prognostic significance (Table S9 and Fig. 1E). MYC
fusion is known to be associated with poor prognosis of
DLBCLs; KLHL6 mutation favors DLBCL cell growth; BLC6
alterations could promote the development of lymphoma;
STAT3, IRF4 and TBL1XR1 mutations were detected in
refractory/relapsed DLBCLs. Next, using the hazard ratio-
weighted scoring, we incorporated prognostic information
from these six genes to devise a prognostic scoring model.
Specifically, one point was assigned to each patient if one
of the 6 signatures was present (Table S9). The score of
each patient was then calculated as the sum of afore-
mentioned signatures present in each case. Subsequently,
each patient was assigned a sum score of 0e3 points:
0 (n Z 68), 1 (n Z 23), 2 (n Z 5), and 3 (n Z 5). These 4
groups were divided into two risk-groups based on the
similarity of the intergroup survival curves (Fig. S15).
Finally, this genomic scoring system can distinguish low-
mutated genes (blue boxes along the chromosomes) were identified
STAT3, BCL6, IRF4, and TBL1XR1) used to devise the six-gene classifi
“2-step” classifier. Heat map illustrates top 10 mutated genes alo
classified subtype account for 21.8% and 50.5% by the modified “2-
The relationships among different genetic subtypes, COO classifi
stratified analysis of PFS by COO classification was used to identify
exist in the GCB subgroup, the stratified analysis was not conducted
for PFS (F) and OS (G) by the six-gene classifier. Survival curves of P
DLBCL patients. LCR, Long term responses. RRD, relapse and refra
(score 0) and high-risk (score:1e3) disease with significant
differences in PFS and OS (Fig. 1F, G). Notably, this clas-
sifier can further stratify GCB and Non-GCB patients into
two groups with distinct outcomes (Fig. 1H, I). In multi-
variate analysis, we found this novel genetic classifier was
independently associated with OS [HR (95%CI),
3.655(1.603, 8.33), p Z 0.002] and PFS [HR (95%CI),
2.482(1.396, 4.414), p Z 0.002] after adjusting IPI, COO
and DEL in our cohort (Table S10, 11). Notably, AUC values
increased from 0.66 to 0.71 with lengthening follow-up
times, implying this novel classifier had the moderate
ability to predict long-term PFS (Fig. S16).

Furthermore, this simple classifier was validated in a
contemporary UK “real-world” population-based patient
cohort (Fig. S17, S18).4 Even considering the underlying
confounders like IPI and COO classification, the presence of
6-gene alterations was independently associated with poor
OS [HR (95%CI), 1.31(1.093,1.571), P Z 0.003] and PFS [HR
(95%CI), 1.284(1.047, 1.574), P Z 0.016] in the 928 DLBCL
patients (Table S10, S11). Taken together, our 6-gene
classifier and its prognostic scoring system are applicable
to predict clinical outcomes in the large independent
cohort of DLBCLs. In order to investigate essential pathways
related to the high risk group, we reanalyzing the TCGA
dataset with 37 DLBCL patients. We found 628 genes
downregulated and 1352 genes upreguated in 16 patients as
the high risk group (Fig. S19). Notably, the immune health
related pathways such as ECM-receptor interaction, he-
matopoietic cell lineage, rheumatoid arthritis, systemic
lupus erythematosus, tuberculosis and autophagy were
downregulated in the high-risk group (Fig. S20), implying
the anti-lymphoma immunity and autophagy should be
defective in these patients. Therefore, these patients
might benefit from bispecific T-cell engager therapy and/or
chimeric antigen receptor (CAR) T cells to restore effective
anti-tumor immunity. However, autophagy has a divergent
role in lymphoma, and caution should be taken when the
modulation of autophagy is considered as a therapeutic
strategy.

In conclusion, we set up a 6-gene panel as an effective
tool to predict clinical outcome for DLBCL patients.
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