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PIM1 genetic alterations associated with distinct molecular
profiles, phenotypes and drug responses in diffuse large

B-cell lymphoma

Dear Editor,

Diffuse large B-cell lymphoma (DLBCL) is a highly het-
erogeneous disease,! and the high-throughput sequenc-
ing has facilitated our understanding of genetic aber-
rations in DLBCL.>* The proviral integration site for
Moloney murine leukemia virus 1 (PIMI), which encodes
serine/threonine protein kinase, is identified as a target of
aberrant somatic hypermutation in DLBCL® and involved
in tumorigenesis in hematopoietic malignancies®’ and
solid cancers.® Recent studies have revealed PIM1 muta-
tion frequencies ranging from 20 to 30%.%'° However, there
are few studies focused on its genetic alterations, molecu-
lar profiles, drug responses, and clinical significance. Here,
we integrated targeted sequencing and transcriptome anal-
ysis to explore the pathogenic role of PIM1 mutations
and as a personalized therapeutic target in PIMI-mutated
DLBCL patients.

A total of 188 patients underwent targeted sequencing
using a 307 lymphoma-related gene panel, and 162 patients
were included in the analysis. A workflow chart is pre-
sented in Figure SI1. Baseline characteristics are found
in Table S1, and all variants identified are described in
Table S2. See detailed methods in the Supporting Informa-
tion. We found PIMI to be mutated in 46 (28.4%) patients
(Figure 1A), with 164 genetic alterations (Table S3). Variant
classifications showed that missense mutations occurred
most frequently (84.1%); almost half of them (48.7%) are
predicted to be deleterious (SIFT score < .05) (Figure 2A,B
and Table S4). Besides, the C>T transition was the predom-
inant type (54.4%) (Figure 2C). Of the 46 mutant patients,
all samples harboured nonsynonymous alterations, with
more than three mutations detected in a single sample
from half of the patients (Figure 2D). We observed exon
4 to most often be mutated, and 57% (84/164) of mutations
are located in the serine/threonine protein kinase domain
(Figure 2E). Comutation and mutual exclusivity analysis
identified 72 statistically significant interaction pair genes

(Table S5 and Figure 2F), of which PIMI mutations sig-
nificantly co-occurred with SETDIB (p < .001), CD79B
(p =.001) and MYD88 (p < .001) but not with SPEN muta-
tions (p = .024) (Figure 2G). We also found that patients
with PIMI1 mutations had higher mutation frequencies in
PRDM1 (p < .001) and CD79B (p = .001) involved in the
NF-xB pathway and B-cell receptor pathway (Figure 2H).
The important signalling pathway-related genes are listed
in Table S6.

Compared with wild-type patients, those with muta-
tions had significantly higher IPI scores (p = .031), espe-
cially in the high-risk subgroup (17.4% vs. 4.3%), and were
more likely to relapse (50% vs. 32%, p = .031); there was
a trend toward a higher proportion in the non-GCB sub-
type (52% vs. 39%) (Table S7). In particular, patients har-
bouring PIMI mutations more frequently had testis and/or
CNS involvement (73% (8/11) vs. 25% (38/151), p = .001)
(Figure S2). Of the 126 patients with available survival data,
progression-free survival (PFS) and overall survival (OS)
were significantly shorter in the mutation group than in
the wild-type group (PFS, p = .022; OS, p = .0022), which
was confirmed in the external validation cohort (p = .0022)
(Figure 1B-D). In multivariate Cox analysis, PIMI1 muta-
tion remained an independent unfavourable prognostic
factor (p = .004) (Table S8). In short, PIM1 mutations iden-
tify a molecular subgroup of DLBCL with inferior progno-
sis.

By using RNA sequencing, we first revealed that PIM1
mutation led to a significantly higher level of gene expres-
sion (p < .001) (Figure 3A). Furthermore, several upreg-
ulated genes (n = 175) involved in the immune response
(IGLCs, IGLJ6, CLEC4C), posttranslational modification
(ADPRHLI, NEURLI), nuclear RNA export (NXF3), car-
cinogenesis (WIFI, WNT9A), and transcription factors
(HMX3, ZNF320) (Figure 3B; Table S9) were enriched in
patients with PIM1 mutation. The markedly upregulated
and downregulated genes are shown in Figure 3C. GO
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FIGURE 1 Genomic landscape and survival according to PIMI status in 162 diffuse large B-cell lymphoma (DLBCL) patients. (A) The

mutational heat map of top 60 high-frequency mutation genes in 162 patients. Each row represents one gene and each column represents one
patient. The bar at top represents the number of mutations a patient has. The vertical plot on the right depicts the number of mutations in
each gene. Each mutation type is color coded as indicated by the legend. Clinical features, including age, stage, International Prognostic
Index (IPI) score and GCB versus non-GCB DLBCL subtype were provided. (B) The Kaplan-Meier survival curves of PFS for mutant and
wild-type PIMI patients (p = .022). (C) The Kaplan-Meier survival curves of overall survival (OS) for mutant and wild-type PIMI patients
(p = .0022). (D) The Kaplan-Meier survival curves of OS for mutant and wild-type PIMI patients from publicly available data (p = .0022;
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PIMI variants, structure, and interaction analysis of mutations. (A) The number of PIM1I variant classifications detected. (B)

Counts of PIMI variant types detected. (C) Summary of PIM1 base substitutions. (D) Variants of PIMI per mutant patient. (E) Schematic
representation of the domain structure and locations of the somatic mutations within PIMI observed. The lines represent the position of the

mutations. (F) Co-mutational and mutually exclusive patterns in gene pairs based on the top 50 most frequently mutated genes. The green
squares represent co-occurring mutations, and pink represent mutually exclusive mutations. The intensity of the color is correspondent to the
-logl0 (p-value). (G) Significant examples of co-occurring mutations (PIM1 and SETDIB, PIMI and CD79B) and mutual exclusivity (PIM1 and
SPEN). (H) Overview of the distinct profiles of mutant PIM1 and wild-type PIM1 diffuse large B-cell lymphoma (DLBCL). Each column
represents one sample, and each line represents one gene. Genes (in rows) are grouped according to their involvement in the signalling

pathway with a color code and ordered according to their mutation frequencies within each group
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FIGURE 3

CXCL5 CXCL3 CXCLEX3CR1

Biological function analysis mediated by mutant PIM1 (MUT-PIMI) compared to wild-type PIMI1 (WT-PIMI). (A)
Comparison of PIMI gene expression between MUT-PIMI and WT-PIMI.

(B) Volcano plot and (C) heat map (top 30 upregulated and top 30

downregulated genes with fold change >1.0 and p < .05) revealed different gene expression patterns between the MUT-PIM1 and WT-PIM1
groups. (D) GO plots of the differentially expressed genes (DEGs). (E) KEGG analysis results of the DEGs

analysis results are depicted in Figure 3D (Table S10).
Kyoto Encyclopedia of Genes and Genomes (KEGG) anal-
ysis revealed disorder of the tumour microenvironment
(e.g., cytokine—cytokine receptor interaction, chemokine
signalling, TNF signalling), JAK-STAT and NF-xB path-
ways in patients with PIM1 mutation (Figure 3E). We then
constructed a protein—protein interaction (PPI) network
of five significant modules (Figure S3A,B), and the most
significant module (Cluster 1, MCODE score 11.286)
was also mainly involved in the cellular response to
chemokines, the TNF and the NF-xB signalling pathway
(Figure S3C,D).

Through multivariate analysis, three genes, P2RY14,
KRT80 and OSM, were identified as independent prognos-
tic factors among 427 differentially expressed genes (DEGs)
(Table S11). We then established the PIM1 mutation-related
gene signature based on their expression levels (Table S12)
and stratified patients into low- and high-risk subgroups

by the median risk score (Figure 4A), which showed
independent prognostic significance (p = .002; Figure
S4A,B). We found that high-risk patients had significantly
unfavourable OS (p = .0016) (Figure 4B) and PFS (p < .001)
(Figure S4C,D). The areas under the curve (AUCs) sug-
gested that the risk score had satisfactory sensitivity and
specificity (Figure 4C). Similar results were obtained in the
external validation cohort (Table S13, Figure 4D-F). More-
over, patients with high-risk scores in both the age > 60
year and high IPI groups had significantly shorter OS and
PFS, and also validated in the external cohort (Figure S5).
There were 17 patients with PIMI mutations in the high-
risk group, and patients in this group had higher PIMI
mutation rates (Figure S6). In particular, when PIMI muta-
tion status was combined with the risk score, we found
that patients with mutation and high risk had the poor-
est PFS (p = .0003) and OS (p < .0001) (Figure S7). Based
on the GDSC database, patients with high risk scores
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exhibited higher sensitivity to some drugs targeting the
immune microenvironment, including the TGFg receptor
inhibitors SB525334 (p < .0001) and the immunomodula-
tor lenalidomide (p = .041), as well as the NF-xB inhibitors
parthenolide (p < .0001) and the JAK inhibitors ruxoli-
tinib (p = .014)(Figure 4G). Other chemotherapeutic drugs
are provided in Figure S8. Our findings suggest that the
novel signature not only improves prognostic stratification
but also provides personalized therapeutic decisions for
patients with high risk.

In summary, our study reveals that PIM1 mutation is
involved in the pathogenesis of DLBCL, suggesting that
detection of PIM1 mutations with incorporation of our
PIMI mutation-related gene signature will be helpful for
identifying DLBCL patients at high risk of progression and
might provide predictive information for the design of per-
sonalized therapeutic strategies.
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