
Diffuse large B cell lymphomas (DLBCLs) are neoplasms 
of medium or large B lymphoid cells with a diffuse 
growth pattern. DLBCL encompasses many different 
disease entities with distinct clinical, pathological and 
biological features1 (Supplementary Table 1). DLBCLs 
that cannot be categorized into a specific entity are 
diagnosed as DLBCL not otherwise specified, hereafter 
referred to simply as DLBCL. DLBCL is the most com-
mon form of lymphoma and accounts for 25–35% of 
all non-​Hodgkin lymphomas1. In the past two decades, 
the results of several phase III trials have established the 
regimen of rituximab, cyclophosphamide, doxorubicin, 
vincristine and prednisone (R-​CHOP) as the standard-​
of-care therapy for patients with DLBCL, with 50–70% of  
patients typically being cured using this approach2–4. 
However, the remaining patients are either refractory to 
treatment with R-​CHOP or have relapsed disease after 
a complete response (CR)5. Only 10% of patients with 
refractory or relapsed DLBCL can be cured by con-
ventional salvage immunochemotherapy followed by 
autologous stem cell transplantation6,7, whereas the out-
come of the remaining 90% of patients remains dismal,  
suggesting a major unmet therapeutic need.

Understanding the biology of DLBCL is essential for 
identifying patients who are not, or are unlikely to be, 
cured by R-​CHOP and for uncovering potential alterna-
tive pathways that could be targeted. The identification 

of biologically distinct subtypes of DLBCL was a mile-
stone of research in this area, with the most widely used 
system dividing DLBCL into either germinal centre B cell  
(GCB)-like or activated B cell (ABC)-like subtypes8. 
These two subtypes have distinct genomic profiles and 
are associated with different clinical outcomes8–10. With 
the advent of high-​throughput sequencing platforms, an 
increasing number of driver genes have been shown to 
have a role in the pathogenesis of DLBCL. Data from 
three studies using whole-​exome sequencing in combi-
nation with other high-​throughput techniques to assess 
over 1,800 DLBCLs have defined the genomic landscape 
of DLBCL, thus providing deeper insights into both the 
development of this disease and the identity of potential 
therapeutic targets11–13. Herein, we review the preva-
lence, functional roles and clinical implications of spe-
cific genetic events, including somatic mutations, copy 
number alterations and chromosomal translocations, in 
DLBCL. This Review is focused on de novo DLBCL in 
general, although specific subtypes of DLBCL will be 
mentioned when relevant.

Mechanisms of mutagenesis in DLBCL
Elucidation of the mechanisms that induce the genetic 
alterations observed in DLBCL is helpful in under-
standing the pathogenesis of this disease. An analysis 
of mutational signatures indicates that ageing-​related 
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spontaneous deamination is responsible for ~80% of 
all mutations in DLBCL13,14. Processes specific to B cells 
are also implicated in the generation of genetic altera-
tions in DLBCL. For example, RAG1 and/or RAG2 can 
induce breakpoints in the IGH locus, leading to the 
formation of gene fusions including IGH–BCL2 (ref.15) 
(Fig. 1a). Single-​stranded DNA-​specific cytidine deami-
nase (AID) mediates somatic hypermutation and class-​
switch recombination by converting cytosine residues 
into uracil residues. In addition to immunoglobulin gene 
variable and switch recombination sequences, AID can 
also target transcriptionally active genes including BCL6 
and MYC, thus generating MYC and BCL6 breaks16 

(Fig. 1b). For IGH–MYC and IGH–BCL6 translocations, 
most breaks involve the switch region of IGH, indicat-
ing that these translocations are generated during AID-​
mediated class-​switch recombination17,18. BCL2 breaks 
are also caused by AID in pre-​B cells, in which expres-
sion of AID is lower than that of germinal centre B cells; 
the RAG complex is not involved because the BCL2 
breakpoint region consists of a GC-​rich motif that can-
not be targeted by the RAG complex17. AID-​mediated 
off-​target hypermutation can also be a source of onco-
genic mutations in DLBCL. Hypermutations affecting 
non-​immunoglobulin genes have been reported in 
more than half of patients with DLBCL19,20. The results 
of a study published in 2018 revealed that mutations in 
BCL2, SGK1, PIM1 and IGLL5 are predominantly medi-
ated by AID13. These AID-​induced mutations include a 
predominance of single-​nucleotide substitutions, with 
duplications or deletions being less common, and a 
preference for transitions rather than transversions and 
specific targeting of the RGYW motif — all of which 
suggest a role for somatic hypermutation21.

Genetic alterations in DLBCL
Pathways affected by genetic events in DLBCL include 
those specific to B cell lymphomas, including B cell dif-
ferentiation and B cell receptor (BCR) signalling, as well 
as those common to most forms of cancer, including the 
regulation of cellular proliferation, apoptosis and others 
(Table 1). The genetics of DLBCL are complex; therefore, 

Key points

•	Application of next-​generation sequencing technologies, especially whole-​exome 
sequencing, has helped to define the genomic landscape of diffuse large B cell 
lymphoma (DLBCL).

•	Characterization of genetic events provides important insights into the pathogenesis 
of DLBCL.

•	The genetic events identified in DLBCL have prognostic implications and can also 
enable the molecular classification of DLBCL into specific subtypes.

•	Novel agents have been developed to target the dysregulated signalling pathways 
caused by genetic events in DLBCL, and some of these agents have achieved 
promising efficacies.

•	Several genetic biomarkers are predictive of a response to novel targeted agents in 
patients with DLBCL and could be used in the future to guide patient selection for 
clinical trials.
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Fig. 1 | Genetic aberrations generated by RAG1 and/or RAG2 and AID in DLBCL. Immunoglobulin gene (IG) V(D)J 
recombination, somatic hypermutation and class-​switch recombination all contribute to genetic aberrations in diffuse 
large B cell lymphoma (DLBCL). a | In the bone marrow , RAG1 and RAG2, which mediate V(D)J recombination, cause 
breaks in genes encoding immunoglobulins. For IGH–BCL2, the immunoglobulin breaks are caused by RAG1 and RAG2, 
but the BCL2 breaks are caused by single-​stranded DNA-​specific cytidine deaminase (AID). b | In the germinal centre, AID 
is involved in somatic hypermutation and class-​switch recombination. Aberrant somatic hypermutation can lead to base 
substitutions in some genes, and class-​switch recombination can cause breaks in immunoglobulin or non-​immunoglobulin 
genes, which promotes the generation of gene translocations. AID can cause mutations involving genes including BCL2, 
SGK1, PIM1, IGLL5 and others. C, constant; JH, joining gene segments of immunoglobulin heavy chains; S, switch.
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we focus on key genetic alterations and how they are 
likely to contribute to the pathogenesis of DLBCL.

B cell differentiation
The processes of nonmalignant B cell differentiation 
have been described in detail elsewhere22,23. Disruptions 
in B cell differentiation can contribute to lymphoma-
genesis23. Several genetic alterations that disrupt B cell 
differentiation have been reported in patients with 
DLBCL23. Of the molecules involved in B cell differenti-
ation that are disrupted in DLBCL, BCL-6 is recognized 
as the master regulator of the germinal centre reac-
tion, and PRDM1 (also known as BLIMP1) is the key 
regulator responsible for plasma cell differentiation23. 
Therefore, we discuss genetic alterations affecting BCL-6 
and PRDM1.

BCL-6. Physiologically, BCL-6 recruits the SMRT–
NCOR complex, which results in recruitment of histone 
deacetylase 3 (HDAC3)24. HDAC3 deacetylates the tran-
scriptional enhancers bound by BCL-6, thus resulting in 
reduced levels of gene expression. BCL-6 has an impor-
tant role in germinal centre biology by regulating differ-
ent pathways, including those that regulate the cell cycle, 
DNA damage repair and several others23 (Fig. 2). Genetic 
alterations involving multiple molecules can lead to 
BCL-6 dysregulation in DLBCL. BCL6 translocations 
causing BCL-6 overexpression are present in 19–45% of 
patients with DLBCL and are more common in ABC 
DLBCLs (24–57%) than in GCB DLBCLs (10–31%)25–29.  
Additionally, mutations within the first non-​coding 
region of BCL6 are present in ~16% of patients with 
DLBCL who lack a detectable BCL6 translocation; 
these mutations involve two BCL-6 binding sites, thus 

preventing BCL-6 from binding to its own gene pro-
moter region and thereby impairing negative autoregu-
lation30. Moreover, MEF2B mutations, which can occur 
in both the GCB (11–15%) and ABC (4–10%) subtypes, 
lead to enhanced levels of transcriptional activity, thus 
increasing transcription of BCL6 (refs12,31). FBXO11, 
which mediates the ubiquitylation and degradation 
of BCL-6, is inactivated by either point mutations or 
small insertions or deletions (referred to hereafter as 
mutations) (2–4%) or deletions (2–9%) in a subset of 
DLBCLs12,32. FBXO11 inactivation increases BCL-6 
expression by decreasing the rate of degradation, thus 
stabilizing this protein32. Furthermore, mutations affect-
ing CREBBP or EP300 prevent the acetylation of BCL-6, 
thereby increasing its activity as a transcriptional repres-
sor33. Aberrant BCL-6 expression in B cells promotes GC 
formation and disrupts plasma cell differentiation34. 
Mice with dysregulated BCL-6 expression develop B cell 
lymphomas, most of which resemble human DLBCLs, 
thus underscoring the importance of BCL6 alterations 
in the pathogenesis of DLBCL34.

PRDM1. The physiological function of PRDM1 is to 
suppress the expression of genes responsible for BCR 
signalling and cell proliferation and promote the differ-
entiation of germinal centre B cells into plasma cells35. 
Truncating PRDM1 mutations and homozygous dele-
tions are present only in ABC DLBCLs (in 20–24% and 
3–6%, respectively)12,36,37. Most DLBCLs with a trun-
cating PRDM1 mutation (~90%) also have loss of the 
other PRDM1 allele, suggesting biallelic inactivation 
of PRDM1 (ref.37). Additionally, missense mutations in 
PRDM1 can lead to decreased stability and/or transcrip-
tional function of PRDM1 in some patients38. In mice, 

Table 1 | Frequencies of gene mutations involved in different pathways in DLBCL12,13

Pathways Involved genes (frequency of mutations)

B cell development and 
differentiation

MEF2B (7–12%), IRF8 (8–11%), BCL6 (6–11%), PRDM1 (7–12%), EBF1 (8–11%), ZFP36L1 (8–9%), POU2F2 (6–8%), ETS1 (5–6%), 
YY1 (3–4%), IKZF3 (3–4%) and BCL11A (2–3%)

BCR and TLR signalling MYD88 (18–27%), CD79B (14–15%), CARD11 (11–15%), PRKCB (4–5%), PTPN6 (4–5%), LYN (3–4%), GRB2 (2–3%) and TLR2 (3%)

NF-​κB pathway TNFAIP3 (9–18%), TBL1XR1 (7–13%), KLHL6 (9–10%), NFKBIE (3–8%), ZC3H12A (3–7%) and NFKBIA (5%)

MAPK–ERK pathway BRAF (3–6%) and KRAS (3–4%)

PI3K–AKT–mTOR PTEN (3–4%)

p53 and DNA damage TP53 (21–24%), UBE2A (4–8%) and ZNF423 (0.4–2%)

Cell cycle PIM1 (22–29%), BTG1 (14–16%) and CCND3 (5–11%)

Cell apoptosis BCL2 (10–17%) and FAS (8–10%)

NOTCH pathway DTX1 (12–15%), SPEN (9–11%) and NOTCH2 (7–8%)

Cell migration GNA13 (8–11%), RHOA (4–5%) and CXCR4 (2–3%)

JAK–STAT STAT3 (6–10%), STAT6 (4–5%) and IL6 (2%)

Epigenetic regulators KMT2D (25–33%), HIST1H1E (13–16%), CREBBP (17–18%), HIST1H1C (10–12%), EZH2 (7–9%), HIST1H1B (9%), EP300 (8%), 
HIST1H2BK (4–8%), HIST1H1D (6–7%), HIST1H2BC (5–6%), HIST1H2AC (6%), HIST1H2AM (6%), HIST2H2BE (2–5%) and 
HIST1H3B (1–3%)

Immune escape HL AB (12–22%), B2M (9–17%), HL AA (8–16%), CD70 (9%), CD58 (6–11%), HL AC (4–7%), CD83 (3–6%), CIITA (3–6%), PDL1 
(2–3%) and HL ADMA (1–2%)

Others TNFRSF14 (14%), TMSB4X (12–17%), SGK1 (10–14%), ACTB (9–11%), ETV6 (7–10%), PDE4DIP (6–8%), ZEB2 (4–7%), LTB 
(6–7%), TMEM30A (6%), EEF1A1 (2–6%), TOX (4%), POU2AF1 (3–4%), SIN3A (2–4%), HVCN1 (2–3%), NLRP8 (1–3%), CRIP1 
(1–2%), XPO1 (1–2%), SF3B1 (1–2%), PRPS1 (1%), CCL4 (1%) and COQ7 (0.4–1%)

BCR , B cell receptor; DLBCL , diffuse large B cell lymphoma; TLR , Toll-​like receptor.
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conditional knockout of Prdm1 in B cells results in con-
stitutive NF-κB activation and development of lympho
proliferative disorders, some of which have characteristics  
similar to those of human ABC DLBCLs37. These data 
suggest that PRDM1 alterations promote lymphoma-
genesis by increasing the level of NF-​κB activation and  
thus blocking plasma cell differentiation.

BCR signalling and related pathways
BCR signalling. Physiologically, BCR signalling is 
involved in the regulation of B cell survival, development 
and differentiation39. BCR signalling in patients with 
DLBCL can be categorized into chronic active or tonic 
signalling. Chronic active BCR signalling resembles 
antigen-​dependent active BCR signalling in nonmalig-
nant B cells and is characterized by BCR clustering40–42. 
Tonic BCR signalling is antigen-​independent, and clus-
tering is typically not observed in B cells that depend on 
tonic BCR signalling40. ABC DLBCLs are characterized 
by chronic active BCR signalling, whereas GCB DLBCLs 
are dependent on tonic BCR signalling40,43. Genetic 
events targeting BCR signalling regulators have been 
reported in DLBCL (Fig. 3).

CD79A and CD79B form a heterodimer and con-
stitute important parts of the BCR signalling complex 
(Fig. 3). Following dual phosphorylation by members 
of the SRC family of tyrosine kinases, the intracellular 
immunotyrosine-​based activation motifs (ITAMs) of 
CD79A and CD79B recruit and activate SYK kinase. 
SYK then activates BTK, leading to downstream activa-
tion of BCR signalling. Mutations involving the ITAMs 
of CD79B are detected in ~20% of ABC DLBCLs but 
only in 3% of GCB DLBCLs40. Mutations in the ITAMs 
of CD79A are also detected in a small fraction of ABC 
DLBCLs (3%)40. Most mutations in CD79B affect the 
first tyrosine of the ITAM, resulting in increased cell 
surface IgM expression and reduced LYN kinase activ-
ity, which normally inhibits BCR signalling via negative 
feedback40. Thus, CD79B mutations might promote 

lymphomagenesis by increasing cell surface BCR expres-
sion and reducing the negative feedback-​mediated  
inhibition of BCR signalling40.

Physiologically, activation of BTK by proximal BCR 
signalling leads to PLCγ2 and PKCβ activation (Fig. 3). 
Activated PKCβ phosphorylates the scaffold protein 
CARD11, thus recruiting BCL-10 and the paracaspase 
MALT1 to form a complex that then activates IKK and 
ultimately the NF-​κB pathway40. CARD11 mutations, 
which are mostly located in the coil–coil domain, occur 
in both ABC (7–18%) and GCB (4–17%) DLBCLs12,44,45. 
CARD11 mutations impair the auto-​inhibition con-
ferred by the inhibitory domain of the wild-​type pro-
tein, thus conferring a CARD11-hyperactive state 
that leads to constitutive activation of NF-​κB, which 
becomes intensified during antigen stimulation46. The 
wild-​type scaffold protein BCL-10 can induce apopto-
sis and NF-​κB activation47. Investigators reported that 
BCL10 translocations, which might contribute to BCL-
10 overexpression, were present in both GCB (25%) and 
ABC (11%) DLBCLs28. BCL10 amplifications were also 
identified in 2% of both DLBCL subtypes12. Mutations in 
BCL10 have been reported in both the ABC (10%) and 
GCB (6%) subtypes of DLBCL12. Potentially pathogenic 
mutations in BCL10 are predominantly localized to the 
carboxy-​terminal domain, most of which cause trunca-
tion of the BCL-10 protein48. Truncated BCL-10 loses 
its pro-​apoptotic activities but can still activate the NF-​
κB pathway, which might explain the pathogenic role of 
this protein in DLBCL48. MALT1 paracaspase activity 
is indispensable for the survival of ABC DLBCL cells49. 
Amplifications involving MALT1 have been detected in 
7% of ABC DLBCLs, but rarely in GCB DLBCLs (1%), 
thus supporting a role of MALT1 as an oncogene in ABC 
DLBCLs12.

Toll-​like receptor signalling. Wild-​type MYD88 func-
tions as an adaptor protein that mediates Toll-​like 
receptor (TLR) and/or IL-1 receptor signalling (Fig. 3). 
Mutations in MYD88 are more common in ABC 
DLBCLs (~40%) than in GCB DLBCLs (8–14%)12,50,51, 
and the hotspot MYD88L265P mutation is present exclu-
sively in ABC DLBCLs (~30%)51. DLBCLs harbour-
ing MYD88L265P have distinctly different genomic and 
clinical features to those of DLBCLs harbouring other 
MYD88 mutations51,52. MYD88L265P mutations are more 
common in DLBCLs located at specific extranodal 
sites, including in the central nervous system (CNS; 
primary DLBCL of the CNS; 36–86%)53–56, breast  
(39–59%)57–59, skin (primary cutaneous DLBCL, leg type; 
59–74%)60–63 and testis (79–82%)56,64,65. The MYD88L265P 
mutation promotes the assembly of a complex com-
posed of IRAK1 and IRAK4, resulting in enhanced 
IRAK4 kinase activity and IRAK1 phosphorylation50. 
Hyperphosphorylated IRAK1 causes downstream acti-
vation of NF-​κB and JAK–STAT signalling, even in an 
absence of foreign TLR ligands. MYD88 mutations and 
CD79A or CD79B mutations co-​occur in ~10% of ABC 
DLBCLs12. CD79A or CD79B mutations are more prev-
alent in ABC DLBCLs harbouring MYD88L265P (34%) 
than in those without (18%)50, suggesting that these 
mutations function cooperatively in the development 
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of ABC DLBCLs. Data published in 2018 demonstrate 
that MYD88, TLR9 and BCR form a multiprotein 
supercomplex (the My-​T-BCR supercomplex), which 
colocalizes with mTOR on endolysosomes, thus pro-
moting downstream NF-​κB and mTOR signalling66. The 
survival of MYD88L265P and CD79A-​mutant or CD79B-​
mutant ABC DLBCL cell lines is much more dependent 
on the My-​T-BCR supercomplex than that of other ABC 
DLBCL and GCB DLBCL cell lines66, thus highlight-
ing the importance of the My-​T-BCR supercomplex  
in this form of ABC DLBCL.

NF-​κB regulators. Signalling via the NF-​κB pathway is 
finely tuned by various positive and negative regulators 
(Fig. 3). For example, the proto-​oncogene REL is an NF-​
κB family member that transactivates target genes by 
forming homodimers or heterodimers with other NF-​κB 
family members including p65 and p50 (refs67,68). REL 
is amplified predominantly in a subset of GCB DLBCLs 
(~7%), and amplification is associated with elevated 
levels of REL mRNA69. Increased REL expression might 
promote lymphomagenesis by increasing the level of 
NF-​κB activation. The ubiquitin-​modifying enzyme 
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TNFAIP3 also inhibits the NF-​κB pathway by targeting 
IKK70. TNFAIP3 aberrations can be identified in GCB 
DLBCLs, although biallelic TNFAIP3 inactivation 
owing to deletions and/or mutations is more common 
in ABC DLBCLs (~30%) and leads to hyperactivation of 
the NF-​κB pathway71,72. TNFAIP3 mutations accom-
pany MYD88L265P mutations in 7% of ABC DLBCLs, 
and the loss of TNFAIP3 potentiates signalling driven 
by MYD88L265P, suggesting that TNFAIP3 inactivating 
mutations and MYD88L265P are able to cooperate in the 
pathogenesis of ABC DLBCL73,74.

PI3K–AKT–mTOR. Both the BCR co-​receptor CD19 
and SYK kinase are able to activate PI3K signalling41. 
Activated PI3K triggers AKT activation, leading to 
activation of mTOR and other signalling pathways that 
promote cell survival75 (Fig. 3). Abnormalities involving 
genes encoding PI3K subunits have been reported, and 
preliminary functional studies suggest that these abnor-
malities have a role in the pathogenesis of DLBCL12,76. 
Amplifications or activating mutations involving the 
PI3K subunit PIK3CA have been identified in ~6% of 
ABC DLBCLs but not in GCB DLBCLs12. PTEN deletions 
are detected in 9–11% of DLBCLs, including in both the 
GCB and ABC subtypes12,13,77–79. These PTEN deletions 
promote PI3K–AKT signalling, thereby contributing 
to lymphomagenesis13,77. MIR17HG, which encodes 
a microRNA that targets PTEN mRNA, is amplified 

predominantly in GCB DLBCLs (~8%)12. MIR17HG 
amplification leads to reduced PTEN expression  
and promotes mTOR signalling.

p53 pathway
TP53. TP53 is deleted in 8–24% of all DLBCLs, 
including both the ABC and GCB subtypes80 (Fig. 4a). 
Approximately 20% of both the ABC and GCB subtypes 
of DLBCL harbour mutations in TP53 (refs12,81,82). In 
DLBCL, most TP53 mutations are located in exons 5–8 
and disrupt the DNA-​binding motifs, thus impairing 
p53-mediated transcriptional regulation82. Novel single-​
nucleotide variations (SNVs) within the 3ʹ untranslated 
region (UTR) of TP53 have also been identified in ~30% 
of DLBCLs83. Most of these SNVs cluster in regions that 
are complementary to the seeding sequence of micro
RNAs that could potentially target TP53 mRNA83. A pos-
sible explanation of this mechanism is that mutations in 
the 3ʹ UTR, when co-​occurring with mutations in the 
coding sequence (CDS), impede the inhibitory effects of 
microRNAs on TP53 translation, thus further increasing 
the expression of mutant p53 (ref.83).

Genes encoding proteins modifying p53 expression, sta-
bility or activity. Several genetic alterations that impede 
the expression or activity of p53 have been identified in 
DLBCL84 (Fig. 4a). The E3 ubiquitin ligase MDM2 pro-
motes p53 degradation and inhibits the transcription of 
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Fig. 4 | Genetic events and aberrations in p53, MYC and apoptotic pathways. a | p53 activates the transcription of a group 
of genes, including BAX, CDKN1A and others, which regulate several cellular processes including cell death and cell cycle 
progression. Genetic alterations can impair the activity of p53 by affecting p53 translation (RPL26) and protein stability 
(MDM2) as well as transcriptional activity (MDM2 and MDM4). MDM2 is inactivated by p14ARF; the CDKN2A locus, which 
contains the gene encoding p14ARF, is deleted in 30–40% of activated B cell diffuse large B cell lymphomas (ABC DLBCLs)12,80. 
KDM6B, which transcriptionally activates p14ARF, is also inactivated by deletions (~10% of all DLBCLs)84. b | MAX gene-​
associated protein (MGA) negatively regulates MYC transcriptional activity ; MYC translocations, amplifications and mutations 
leading to MGA inactivation can all result in MYC activation. c | Alterations in FAS that impair extrinsic apoptosis pathways, as 
well as alterations in BCL2, BCL2L1 and MCL1 that impair intrinsic apoptosis pathways, have been identified in some DLBCLs.
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p53 target genes. MDM2 is usually inactivated by p14ARF, 
thereby promoting the stability and transcriptional 
activity of p53. p14ARF is an alternative reading frame 
product of CDKN2A, which also encodes p16INK4A and 
can be deleted in 30–40% of ABC DLBCLs, although 
only in ~5% of GCB DLBCLs12,78,80. Loss of CDKN2A 
might impair the p14ARF pathway, thus contributing to 
decreased p53 expression and function80. A variety of 
other genetic events that affect the expression, stability 
or activity of p53 have also been reported84,85 (Fig. 4a).

MYC
MYC dysregulation contributes to lymphomagenesis by 
modulating many cellular functions, including metabo-
lism and energy regulation, DNA replication, nucleotide 
and protein biosynthesis and cell proliferation86 (Fig. 4b). 
MYC translocations with immunoglobulin gene partners 
(including IGH, IGK and IGL) or non-​immunoglobulin 
partners can occur in 4–14% of DLBCLs and can affect 
both the GCB and ABC subtypes86. IG–MYC transloca-
tions juxtapose MYC to the immunoglobulin enhancers, 
thereby resulting in constitutive MYC expression; such 
fusions account for approximately half of all MYC trans-
locations in DLBCL86,87. DLBCLs harbouring MYC rear-
rangements that do not involve immunoglobulin genes 
have higher levels of MYC expression than those that 
lack MYC translocations but lower levels than those of 
DLBCLs harbouring IG–MYC rearrangements. The 
mechanisms of MYC dysregulation in non-​IG–MYC-​
rearranged DLBCLs remain unclear. MYC gains or ampli-
fications can also be identified in 11–30% of DLBCLs, 

including both the GCB and ABC subtypes, and are 
associated with elevated MYC mRNA expression88–90. 
MYC mutations are found in the CDS or UTRs of ~30% 
of patients with DLBCL and are equally distributed 
across the GCB and ABC subtypes91. The MYCT58 muta-
tion impairs the phosphorylation of T58 and subsequent 
ubiquitylation of the MYC protein, thereby stabilizing the 
MYC protein. Interestingly, data from in vivo and in vitro 
studies have shown that a large proportion of exonic MYC 
mutations result in loss of function91. Less is known about 
the biological implications of mutations in the MYC 
UTRs. Mutations in the 3ʹ UTR are postulated to affect 
MYC expression by impeding inhibition by microRNAs91.

Apoptosis
BCL-2. A lack of BCL-2 activity is essential for inducing 
apoptosis in germinal centre B cells that lack affinity for 
a specific antigen. Constitutive BCL-2 activation enables  
B cells to avoid the germinal centre apoptotic programme, 
thereby contributing to lymphomagenesis. Aberrant 
BCL-2 activation is often driven by genetic aberrations  
in BCL2 itself (Fig. 4c). The t(14;18)(q32;q21) trans
location occurs almost exclusively in the GCB subtype 
of DLBCL and has been identified in 34–44% of GCB 
DLBCLs90,92,93. This translocation juxtaposes BCL2 adja-
cent to IGH, thus leading to constitutive BCL-2 expres-
sion94. BCL2 gains or amplifications, which are also 
associated with BCL-2 overexpression, occur almost 
exclusively in DLBCLs of the ABC subtype (~14%)95–97. 
Somatic mutations involving the promoter and coding 
regions of BCL2 are caused by somatic hypermutation, 
can be detected in ~35% of DLBCLs and are significantly 
enriched in the GCB subtype98. Not all BCL2 mutations  
have functional consequences because somatic hyper
mutation often generates functionally irrelevant mutations.  
Mutations affecting the BCL2 promoter region disrupt 
BCL-6 binding and thereby impair BCL-6-mediated 
repression of BCL2 transcription, resulting in increased 
BCL-2 expression99. Mutations located in the exons of 
BCL2 are distributed mostly in the BH4 domain and flex-
ible loop domain (FLD). Mutations in the BH4 domain of 
BCL2 might prevent interactions with the endoplasmic 
reticulum-​bound inositol-1,4,5-triphosphate (Ins(1,4,5)
P3) receptor, thereby impeding both Ins(1,4,5)P3-
mediated Ca2+ release and apoptosis100. Mutations located 
in a negative regulatory region of the FLD of BCL2 might 
disrupt p53–BCL-2 interactions, thereby enhancing 
the anti-​apoptotic activity of BCL-2 (ref.101). D34H/G 
mutations in the FLD of BCL2 result in alterations at 
the caspase 3 cleavage site, thus preventing proteolysis 
of BCL-2 and subsequent apoptosis98,102. Notably, almost 
all mutations in BCL2 spare the BH3 domain, which is 
the target of the BCL-2 inhibitor venetoclax98,103.

NOTCH signalling
Genetic aberrations that disrupt NOTCH signalling have 
been reported in DLBCL (Fig. 5a). NOTCH1 is exclu-
sively mutated in ABC DLBCL (~6%), and NOTCH2 
mutations are enriched in unclassified DLBCL (~21% 
of this subtype)12. NOTCH1 and NOTCH2 mutations 
result in truncation of the PEST domain, resulting in 
an increase in the stability of this protein104,105. SPEN, 
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Fig. 5 | Genetic events and aberrations in NOTCH signalling and cellular migration 
pathways. a | Both the stability and transcriptional activity of NOTCH have implications 
for the regulation of NOTCH signalling. Mutations affecting the stability of NOTCH 
proteins (in NOTCH1 and NOTCH2) and NOTCH transcriptional activity (in DTX1 and 
SPEN) activate NOTCH signalling. b | G protein-​coupled receptors, including sphingosine 
1-phosphate receptor 2 (S1PR2) and P2Y8 regulate cellular migration. Genetic 
alterations targeting these receptors and their associated downstream signalling 
proteins promote lymphomagenesis by affecting cell migration.
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which encodes a NOTCH pathway inhibitor, is mutated 
in ~11% of DLBCLs, and mutations in this protein occur 
more frequently in unclassified DLBCLs (~18%)12. 
Loss of SPEN inhibitory function leads to activation of  
the NOTCH pathway and is likely to contribute to the 
pathogenesis of DLBCL.

Cell migration and adhesion
Under nonmalignant conditions, germinal centre B cells 
do not enter the circulation and cannot survive outside 
of the germinal centre. Sphingosine 1-phosphate (S1P) 
receptor 2 (S1PR2) and the downstream mediators Gα13 
(encoded by GNA13) and ARHGEF1 are involved in 
Gα13 signalling, which controls the growth of germinal 
centre B cells and confines these cells to the germinal cen-
tre106 (Fig. 5b). Ligation of S1PR2 by S1P activates Gα13 
signalling, thereby inhibiting CXCL12-induced AKT 
phosphorylation and cell migration and maintaining ger-
minal centre homeostasis. Additionally, the P2Y8 receptor 
also inhibits germinal centre B cell growth and promotes 

the confinement of germinal centre B cells via Gα13 sig-
nalling107. Mutations affecting S1PR2, GNA13, ARHGEF1 
or P2RY8 have been identified in ~30% of GCB DLBCLs 
but are rarely detected in ABC DLBCLs108. These muta-
tions disrupt Gα13 signalling, leading to dissemination 
of germinal centre B cells. Furthermore, GNA13 muta-
tions and BCL2 translocations, and possibly activating 
mutations, frequently co-​occur in GCB DLBCL108,109, 
suggesting that these abnormalities are able to synergize 
in promoting the development of GCB DLBCL. Gα13 
deficiencies promote the dissemination of germinal cen-
tre B cells, and BCL-2 overexpression confers a further 
survival advantage to these cells outside of the germinal 
centre niche, thus contributing to lymphomagenesis108.

Epigenetic regulators
Dysregulation of the epigenome is a driving force in 
the pathogenesis of DLBCL. Genes encoding histone 
methyltransferases or acetyltransferases are frequently 
disrupted in DLBCL (Fig. 6).
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EZH2 lead to increased trimethylation of H3K27 , thus inhibiting the expression of genes involved in cell cycle regulation and 
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EZH2. EZH2 encodes the catalytic subunit of Polycomb 
repressive complex 2 (PRC2) and is responsible for 
methylating the Lys27 residue of histone H3 (ref.110). 
(Fig. 6a). EZH2 inactivation in germinal centre B cells 
results in defective germinal centre formation. In ger-
minal centre B cells, EZH2 binds to bivalent promot-
ers, which are characterized by the presence of both 
activating (trimethylation of Lys4 of histone H3) and 
repressing (trimethylation of Lys27 of histone H3) chro-
matin markers; by mediating trimethylation of Lys27 of 
histone H3, EZH2 represses the expression of genes 
involved in cell cycle regulation and plasma cell differen-
tiation, thereby improving B cell proliferation, protecting 
germinal centre B cells from AID-​dependent genotoxic 
damage-​induced apoptosis and restricting plasma cell 
differentiation111–113.

Tyr641 mutations in a single allele of EZH2 have 
been detected in ~20% of GCB DLBCLs but are gener-
ally absent from ABC DLBCLs12,114. Mutant and wild-​
type forms of EZH2 have been reported to cooperate 
in the development of B cell lymphomas115. EZH2Y641F/N 
mutations confer altered substrate specificity, favouring 
the methylation of dimethylated peptides, which con-
sequently improves the transition from dimethylation 
to trimethylation116. Additionally, EZH2Y641 mutations 
abrogate phosphorylation of this protein by JAK2, thus 
impairing the interaction of EZH2 with the E3 ligase 
β-​TrCP and leading to diminished protein degradation 
and increased EZH2 stability117. DLBCLs harbouring 
EZH2Y641 mutations have remarkably higher levels of 
trimethylated histones (H3K27me3) than EZH2 wild-​
type DLBCLs, suggesting enhanced activity of PRC2116.  
EZH2Y641 mutations confer suppression of CDKN1A 
and PRDM1 expression, which contributes to hyper-
proliferation of germinal centre B cells and blockade 
of plasma cell differentiation, respectively113. Although 
EZH2Y641 mutations induce substantial levels of germ cell 
hyperplasia, EZH2Y641N knock-​in alone does not gener-
ate B cell lymphomas, whereas overexpression of BCL-2 
combined with EZH2Y641 mutation induces aggressive  
B cell lymphomas in mice113, suggesting that BCL-2 
aberrations and the mutated EZH2Y641 allele are able to 
synergize in the development of DLBCL.

KMT2D. The histone monomethyltransferase KMT2D 
induces both monomethylated and dimethylated H3K4 
(H3K4me1 and H3K4me2, respectively), thereby pro-
moting transcription (Fig. 6b). Approximately 30% of 
all DLBCLs, including those of both the GCB and ABC 
subtypes, harbour KMT2D mutations, most of which 
are nonsense or frameshift mutations that are likely to 
confer loss of KMT2D function12,109,118. KMT2D missense 
mutations located in the carboxy-​terminal enzymatic 
domains are also able to impair the methyltransferase 
activity of KMT2D119. Reduced KMT2D expression 
can also be observed in a subset of DLBCLs that lack 
KMT2D alterations, suggesting that other mechanisms, 
including epigenetic regulation, might have a role in 
regulating KMT2D function119.

A lack of functional KMT2D delays the involu-
tion of the germinal centre, inhibits B cell differenti-
ation and class-​switch recombination and promotes 

lymphomagenesis in mouse models118,119. Loss of 
KMT2D function in lymphoma cells results in a global 
reduction in H3K4 methylation, which is related to dys-
regulated expression of genes involved in BCR, CD40 
and JAK–STAT signalling118. Notably, a combination of 
data from chromatin immunoprecipitation and RNA 
sequencing studies demonstrates that KMT2D targets 
tumour suppressor genes in DLBCL, such as TNFAIP3, 
SOCS3 and TNFRSF14 (ref.118). KMT2D inactivation 
might also disrupt the expression of genes involved in 
the cell cycle and apoptosis, such as CDK6 and BCL2 
(ref.119). Thus, KMT2D aberrations promote the develop
ment of DLBCL by perturbing genes involved in B cell 
activation, the cell cycle and apoptosis.

CREBBP and EP300. The histone acetyltransferase 
CREBBP mediates H3K27 acetylation, which is impor-
tant for gene enhancer activation (Fig. 6c). CREBBP muta-
tions, including truncating and missense mutations in the 
histone acetyltransferase domain, have been reported in 
~20% of patients with DLBCL120,121 and are more com-
monly associated with the GCB subtype than the ABC 
subtype. CREBBP mutations can be detected in haemato-
poietic stem cells from patients with CREBBP-​mutated 
lymphomas, suggesting that CREBBP mutations are an 
early event in lymphomagenesis122. CREBBP deletions can 
also occur in DLBCL. Such aberrations generally involve 
only one CREBBP allele, suggesting that, in DLBCL, 
CREBBP is a haploinsufficient tumour suppressor123.

CREBBP has an important role in regulating ger-
minal centre physiology in the absence of malignancy. 
Conditional knockout of Crebbp in germinal centre 
B cells in mouse models leads to a remarkable increase 
in the number of germinal centre B cells, resulting in 
enlargement of the germinal centre and promoting the 
development of MYC-​driven lymphoma124. CREBBP 
deficiency promotes lymphomagenesis by remodelling 
the epigenetic landscape. In both lymphoma cells and 
nonmalignant germinal centre B cells, CREBBP defi-
ciency leads to the loss of enhancer H3K27 acetylation 
and decreased expression of genes located near those 
enhancers, including those involved in germinal cen-
tre exit and the immune response123,125. Accordingly, 
CREBBP-​mutant lymphomas have decreased expression 
of genes involved in germinal centre exit, those respon-
sible for plasma cell differentiation and those associated 
with antigen presentation by MHC class II, suggesting 
that CREBBP deficiencies contribute to lymphoma-
genesis by blocking B cell differentiation and facilitat-
ing immune escape125. Most CREBBP-​bound regions 
are also direct targets of BCL-6, suggesting that BCL-6 
and CREBBP have opposing roles in transcriptional 
regulation125. Moreover, CREBBP mediates acetyla-
tion of BCL-6; therefore, loss of CREBBP function 
impairs the acetylation-​mediated inactivation of BCL-6 
(ref.33). CREBBP inactivation also abrogates the acetyl-
ation of p53, thus rendering it unable to undergo post-​
transcriptional activation126. Defects in p53 activation 
by CREBBP attenuate the DNA damage response in 
lymphoid progenitors, allowing more mutations to be 
acquired and favouring the subsequent transformation 
to cells of a malignant phenotype122.
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EP300 is another histone acetyltransferase that main-
tains H3K27 acetylation. EP300 is mutated in ~10% of 
DLBCLs, including both the GCB and ABC subtypes33. 
EP300 and CREBBP mutations are mutually exclusive 
in DLBCL, suggesting that the encoded proteins have 
overlapping functions. Inactivation of EP300 leads to 
decreased H3K27 acetylation, thus resulting in alter-
ations in gene expression that are similar to CREBBP 
mutations124. VavP–Bcl2 transgenic mice deficient 
in EP300 have similar phenotypes to those lacking 
CREBBP, thus providing further support for common 
roles of EP300 and CREBBP in DLBCL123.

Immune evasion
Alterations in genes involved in antigen presentation 
and T cell activation or inhibition have been identified, 
thus improving our understanding of the mechanisms of 
immune escape involved in DLBCL development (Fig. 7).

MHC molecules. The MHC class I complex consists of 
a chain encoded by the HLA genes (HLAA, HLAB and 
HLAC) and β2-microglubulin. Deletions or inactivating 
mutations in HLAA, HLAB and HLAC occur frequently 
in DLBCL, especially in the ABC subtype12. Deletions 
or mutations resulting in inactivation of β2-microglubu-
lin have been detected in 29% of DLBCLs, including 
both the GCB and ABC subtypes127. Loss of functional 
β2-microglubulin results in loss of MHC class I expres-
sion on the cell surface, thus contributing to evasion of 
CD8+ T cell-​mediated cytotoxicity127. HLA-​DMA and 
HLA-​DMB mutations, which disrupt the MHC class II 

complex, have also been reported in DLBCL, predom-
inantly in the GCB subtype (~10%)12. Physiologically, 
MHC class II expression, which is essential for an effec-
tive CD4+ T cell-​mediated antitumour response, occurs 
via transactivation by the MHC class II transactivator 
protein CIITA128. CIITA aberrations, including muta-
tions, deletions and rearrangements, are more common 
in the GCB (~20%) than in the ABC (~10%) subtype and 
typically result in reduced MHC class II expression12. As 
mentioned above, CREBBP and EP300 alterations can 
also contribute to decreased MHC II expression124,125. 
These observations, taken together, suggest that genetic 
aberrations in MHCs and related genes are able to facil-
itate the development of lymphoma, at least in part by 
impairing CD8+ or CD4+ T cell-​mediated antitumour 
immunity.

CD58. As a ligand of the CD2 receptor expressed on 
T cells and natural killer (NK) cells, CD58 regulates 
the adhesion and activation of these cells. CD58 muta-
tions and deletions occur in ~21% of DLBCLs and are 
more common in the ABC subtype (in 68%) than in the 
GCB subtype (32%)127. Both mutations and deletions of 
CD58 cause loss of surface CD58 protein, thus impairing 
cytolysis of DLBCL cells mediated by NK cells.

PD-​L1 and PD-​L2. PDL1 and/or PDL2 copy number 
gains, amplifications and translocations, have been iden-
tified in DLBCL and are more frequent in the non-​GCB 
(27%) than in the GCB (6%) subtype129. These PDL1 
aberrations correlate with programmed cell death 1 
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Fig. 7 | Genetic alterations related to immune escape. Mutations leading to the loss of MHC class I and class II molecules 
abrogate the presentation of antigens to T cells. Other abnormalities result in the failure to activate T cells (CD70 aberrations) 
or natural killer (NK) cells (CD58 aberrations) or lead to increased suppression of T cells and NK cells by tumour cells (PDL1 
aberrations). PD-1, programmed cell death 1; PD-​L1, programmed cell death 1 ligand 1; TCR , T cell receptor.
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ligand 1 (PD-​L1) overexpression, thus facilitating T cell 
exhaustion in the microenvironment. Structural varia-
tions including tandem duplications, inversions, trans-
locations and deletions that disrupt the 3ʹ UTR of PDL1 
mRNA have been identified in ~8% of DLBCLs130. These 
structural variations potentially prevent the binding of 
certain inhibitory microRNAs, thus leading to increased 
PD-​L1 expression131,132. Furthermore, disruption of the 
3ʹ UTR of PDL1 mRNA promotes immune escape and 
tumour growth in mouse models, suggesting a role 
of aberrations in the 3ʹ UTR of PDL1 mRNA in the  
pathogenesis of DLBCL130.

Other molecules
Genetic events involving other pathways have also 
been identified in DLBCL. For example, mutations in 
TNFRSF14 have been identified exclusively in GCB 
DLBCLs (~30%)12. The loss of TNFRSF14 drives the 
cell-​autonomous activation of B cell proliferation and 
promotes the development of germinal centre lympho-
mas in vivo, suggesting that TNFRSF14 is an important 
tumour suppressor in GCB DLBCLs133.

Genetics facilitates prognostication
Prognostic implications of genetic events
Clinical outcomes of patients with DLBCL treated with 
R-​CHOP are heterogeneous; therefore, further research 
with an aim of identifying more efficient prognostic 
tools is warranted. The identification of multiple genetic 
aberrations will enable the risk stratification of patients 
with DLBCL to be refined. Many studies have incorpo-
rated information on genetic aberrations into prognostic 
models of DLBCL, and some of this information will 
provide advantages over risk stratification systems that 
are based solely on traditional clinical parameters.

TP53. The presence of TP53 mutations has long been 
recognized as a negative prognostic factor in patients 
with DLBCL, both in those receiving CHOP and in 
those receiving R-​CHOP. Mutations in the DNA-​binding 
domains of TP53 in particular are associated with un
favourable clinical parameters and a lower CR rate and 
predict worse overall survival (OS) in patients with 
DLBCL134–136. The prognostic value of TP53 mutations 
applies to both the GCB and ABC subtypes of DLBCL82. 
Furthermore, in patients with TP53 mutations in the 
CDS, the presence of 3ʹ UTR variants is linked with 
unfavourable OS83. Mutated p53, which lacks tumour 
suppressor function, also has impaired protein degra-
dation that, remarkably, correlates with increased p53 
expression in DLBCL137. Thus, immunohistochemistry 
with anti-​p53 antibodies can be used as a surrogate to 
facilitate risk stratification in patients with DLBCL if 
investigations for TP53 mutations are not possible82. 
The prognostic value of TP53 deletions seems to be more 
controversial: some studies indicate negative prognostic 
implications138,139, and others do not82.

MYC aberrations. The presence of MYC rearrangements 
is a robust predictor of a poor prognosis in patients 
with DLBCL receiving R-​CHOP, especially when con-
current with BCL2 and/or BCL6 translocations140–144. 

Patients with these translocations also do not respond 
well to second-​line chemotherapy followed by high-​
dose chemotherapy plus autologous haematopoietic 
stem cell transplantation (HSCT)145. Lai et al.146 found 
that MYC rearrangements are not predictive of a poorer 
prognosis in patients receiving the DA-​EPOCH-R 
regimen (comprising etoposide, prednisone, vincris-
tine, cyclophosphamide, doxorubicin and rituximab), 
suggesting that this intensive regimen might mitigate 
the poorer prognosis typically associated with MYC-​
rearranged DLBCL. In another study, in which patients 
from the Groupe d’Etude des Lymphomes de l’Adult–
Lymphoma Study Association (GELA–LYSA) study were 
included, the prognostic significance of a MYC rear-
rangement was found to be affected by the MYC part-
ner, with patients with MYC–IG translocations having 
a substantially worse prognosis than those with other 
MYC translocations87. In this study, patients with non-​
immunoglobulin-containing MYC rearrangements had 
outcomes similar to those of patients with DLBCLs 
without MYC rearrangements87.

The prognostic value of MYC gains or amplifications 
is less well defined, with different studies having con-
flicting results90,147–149. A few attempts have been made to 
investigate the prognostic value of MYC mutations. Xu-​
Monette et al.91 found that MYC mutations in specific 
locations including T58, F138 or the 3ʹ UTR had a neg-
ative effect on prognosis, whereas other MYC mutations  
did not confer worse outcomes.

Other aberrations. In another GELA study80, CDKN2A 
deletions were associated with ABC DLBCL and were 
found to independently predict unfavourable outcomes. 
Similarly, an analysis of data from the SAKK 38/07 
clinical trial cohort demonstrated that the presence of 
CREBBP and EP300 mutations is independently predic-
tive of unfavourable outcomes in patients with DLBCL 
receiving treatment with R-​CHOP, whereas SOCS1 
mutations are associated with improved progression-​
free survival (PFS)150. An analysis of data from an 
LYSA cohort suggests that the presence of mutations in 
TNFAIP3 and GNA13 is associated with an unfavourable 
prognosis in patients with DLBCL receiving R-​CHOP151. 
A study that included 1,001 patients with DLBCL identi-
fied numerous genetic aberrations that have prognostic 
value in patients with DLBCL11. For DLBCL overall, these 
alterations include those involving NF1, SGK1, CD79B, 
MYC and ZFAT. For ABC DLBCL specifically, these 
alterations include CREBBP, CDKN2A, PAX5, BTG1 
and KLHL14; for GCB DLBCL, they involve ARID5B, 
MYD88, EZH2, NCOR1 and NFKBIA11. More data from 
studies incorporating prospective cohorts are needed 
in order to validate the reported prognostic values  
of these various genetic aberrations.

Molecular classification of DLBCL
The current classification system, which is based on 
gene expression profiling results, has, according to 
most study results, improved the risk stratification 
of patients with DLBCL and provided insights into 
both molecular mechanisms and therapeutic targets 
(Fig. 8). Both the ABC and GCB subtypes of DLBCL  
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Fig. 8 | Gene expression profiles and genetic subgroups of DLBCL. 
Approximately 80% of diffuse large B cell lymphomas (DLBCLs) can be 
classified as the activated B cell (ABC) or germinal centre B cell (GCB) 
subtype on the basis of gene expression profiling, leaving the others 
unclassified (referred to as unclassified DLBCL). On the basis of genetic 
aberrations, half of all DLBCLs can be further classified into one of four 
genetic subtypes, referred to as MCD, BN2, N1 and EZB. The MCD and N1 

subtypes almost exclusively comprise ABC DLBCLs, excluding a very small 
fraction (not shown in the figure). The EZB subgroup consists mostly of GCB 
DLBCLs but also contains some unclassified DLBCLs and a small fraction of 
ABC DLBCLs (not shown in the figure). DLBCLs of the BN2 subtype include 
GCB, ABC and unclassified DLBCLs. i indicates inhibitor. Amp, amplification; 
BCR , B cell receptor ; Del, deletion; G, gain; HDAC, histone deacetylase;  
M, mutation; PD-1, programmed cell death 1; Tx, translocation.
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each have distinct characteristic genetic events (Fig. 8). 
Nevertheless, according to the current classification 
system, 10–20% of DLBCLs remain unclassified12,152. 
Additionally, the ABC or GCB subtypes remain hetero
geneous in clinical outcome9,153. In 2018, Schmitz 
et al.12 studied tumour specimens from 574 patients 
with DLBCL using whole-​exome and transcriptome 
sequencing, DNA copy number analysis and deep tar-
geted amplicon sequencing. Using this multiplatform 
approach, the authors showed that unclassified DLBCLs 
were enriched for the co-​occurrence of NOTCH2 muta-
tions and BCL6 translocations, thus distinguishing these 
tumours from both the ABC and GCB subtypes12. By 
implementing an algorithm based on the co-​occurrence 
of genetic aberrations, these investigators identified 
four distinct genetic subtypes of DLBCL12, which 
included MCD (based on the presence of MYD88L265P 
and CD79B mutations), BN2 (based on the presence of 
BCL6 fusions and NOTCH2 mutations), N1 (based on 
the presence of NOTCH1 mutations) and EZB (based 
on the presence of EZH2 mutations and BCL2 trans-
locations) (Fig. 8). Each subtype had unique clinical, 
molecular and transcriptional characteristics12. In the 
ABC subgroup, patients with the MCD and N1 sub-
types had a poorer prognosis, whereas patients with the 
BN2 subtype of ABC DLBCL had better outcomes than 
those of patients with other ABC DLBCLs. A trend was 
observed among patients with GCB DLBCLs, suggest-
ing that patients with tumours of the EZB subtype had 
poorer outcomes than those of patients with non-​EZB 
GCB DLBCLs.

Chapuy et al.13 conducted a comprehensive inves-
tigation of the genomic features of samples from 
304 patients with DLBCLs, of whom 129 were enrolled 
in the prospective RICOVER60 trial. By applying 
a different classification algorithm to that used by 
Schmitz et al.12, the authors identified five subgroups 
of DLBCLs with prominent genetic features (C1–C5). 
The C1 subtype was reported to frequently harbour 
BCL6 translocations and was enriched for NOTCH2 or 
SPEN mutations, suggesting that the C1 and BN2 sub-
types are identical. The C3 subtype mainly comprised 
GCB DLBCLs and was characterized by BCL2 trans-
locations and genetic alterations disrupting the epi
genetic regulators EZH2, CREBBP or KMT2D (in most  
patients), suggesting that the C3 and EZB subtypes are 
similar entities. The C5 subtype featured the frequent 
co-​occurrence of MYD88L265P and CD79B mutations, 
which is a characteristic feature of the MCD subtype 
described by Schmitz et al.12 Regarding clinical out-
comes, patients with the C3 subtype of GCB DLBCL 
(compared with other tumours of the GCB type) 
and the C5 subtype of ABC DLBCL (compared with 
other tumours of the ABC type) had a similar progno-
sis to that of patients with the EZB or MCD subtypes, 
respectively. Therefore, the studies by Schmitz et al.12 
and Chapuy et al.13 demonstrate that the classification 
of DLBCLs on the basis of the co-​occurrence of genetic 
aberrations is of clinical importance. These molecular 
classifications not only provide insights into the patho-
genesis of DLBCL but also can help clinicians to iden-
tify patients in whom standard immunochemotherapy 

is most likely to fail and/or will likely benefit more from 
other therapies.

Targeting dysregulated signalling
Many efforts have been devoted to develop novel agents 
that target oncogenic signalling pathways driven by 
specific genetic events (Fig. 8). Some of these drugs have 
been tested in clinical trials, with some promising results 
(Supplementary Tables 2 and 3).

NF-​κB signalling
Lenalidomide has direct antineoplastic and immuno-
modulatory effects. By targeting the E3 ubiquitin ligase 
component cereblon, lenalidomide blocks the BCR–NF-​
κB pathway and thus exerts its antitumour effects154. 
Lenalidomide has shown substantial levels of activ-
ity in patients with relapsed and/or refractory (R/R) 
DLBCL, either alone or in combination with other reg-
imens, and patients with non-​GCB or ABC DLBCLs 
typically have better responses155–165 (Supplementary 
Table 2). Lenalidomide has also been incorporated into 
first-​line chemoimmunotherapy regimens for patients 
with DLBCL and has an acceptable toxicity profile with 
promising levels of efficacy166–169. In patients with newly 
diagnosed DLBCL, the addition of lenalidomide seems 
to partly overcome the negative prognostic implications 
of the non-​GCB phenotype, thus suggesting that lena-
lidomide plus cyclophosphamide, doxorubicin, vincris-
tine and prednisone (CHOP) is particularly effective 
in patients with non-​GCB DLBCLs169. The phase III 
ROBUST study is currently evaluating the efficacy of 
R-​CHOP plus lenalidomide versus that of R-​CHOP in 
patients with previously untreated ABC DLBCLs170. 
Additionally, lenalidomide maintenance therapy has 
been shown to be effective and can prolong PFS in 
elderly patients (defined as those of 60–80 years of age) 
who respond to R-​CHOP171,172. However, the benefit 
of lenalidomide maintenance therapy has been shown 
only in patients with GCB DLBCL and not in those 
with ABC DLBCL. It should be noted that the efficacy 
of lenalidomide maintenance therapy might reflect an 
immunomodulatory rather than a direct tumoricidal 
effect171.

Bortezomib is a proteasome inhibitor approved for 
the treatment of several haematological malignancies. 
Downregulation of NF-​κB activation through inhibi-
tion of IκB degradation is one mechanism underlying the 
antineoplastic activity of bortezomib173. The effectiveness 
of bortezomib has been evaluated in patients with R/R or 
untreated DLBCL, both as a monotherapy and in combi-
nations174–178. Bortezomib is generally less effective when 
used as a single agent, with only 1 of 12 patients respond-
ing in one trial174. When combined with the EPOCH 
regimen (consisting of etoposide, prednisone, vincris-
tine, doxorubicin and cyclophosphamide), bortezomib 
resulted in a higher response rate in patients with R/R 
ABC DLBCL (partial response (PR) or better in 10 of 12 
patients) than in those with R/R GCB DLBCL (PR or bet-
ter in 2 of 15 patients)176. However, further studies have 
failed to show that the addition of bortezomib improves 
the outcomes of patients with ABC DLBCL compared 
with standard R-​CHOP in the first-​line setting179,180.
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BCR signalling
The observation of the chronically active status of BCR 
signalling in some DLBCLs has established this process 
as an excellent treatment target. The BTK inhibitor ibru-
tinib has been shown to disrupt the interaction of the 
My-​T-BCR complex with the CARD11–BCL-10–MALT1 
complex and mTOR, thus inhibiting BCR-​dependent  
NF-​κB activation66. Ibrutinib has been tested as a sin-
gle agent or in combination with chemoimmuno-
therapy in both the first-​line and salvage settings181–185 
(Supplementary Table 3). The response rate is remarka-
bly better among patients with R/R ABC DLBCL (37%) 
receiving ibrutinib monotherapy than among those with 
R/R GCB DLBCL (5%) and especially in those with con-
comitant MYD88L265P and CD79B mutations (80%)181. 
Additionally, mutations within the coiled-​coil domain 
of CARD11 and TNFAIP3 inactivation are associated 
with inferior responses to ibrutinib in patients with 
ABC DLBCL181. The responses of DLBCLs harbouring 
MYD88L265P and CD79B or CD79A mutations are a result 
of the presence of the My-​T-BCR complex in these condi-
tions66. The dependence of DLBCLs with these character-
istics on the My-​T-BCR complex renders them vulnerable 
to BTK inhibition66. However, the response of DLBCL to 
ibrutinib is not dependent on concurrent MYD88L265P and 
CD79B or CD79A mutations, as patients with DLBCLs 
expressing the wild-​type forms of these genes or with only 
CD79A or CD79B mutations also have My-​T-BCR com-
plexes and respond to ibrutinib66. In patients with R/R 
DLBCL, rituximab, ifosfamide, carboplatin and etoposide 
(R-​ICE) plus ibrutinib produces an even higher response 
rate, with 55% of patients having a CR183. Of note, in this 
phase I study183, all patients with DLBCL of a non-​GCB 
phenotype had a CR to R-​ICE plus ibrutinib. According 
to an abstract presented at the 2018 annual meeting of 
the American Society for Hematology (ASH), a regimen 
consisting of ibrutinib, lenalidomide and rituximab has 
also shown promising levels of activity (overall response 
rate (ORR) 55%; CR rate 30%) and manageable toxicities 
in patients with R/R non-​GCB DLBCL who were not eli-
gible for HSCT184. In one study, the addition of ibrutinib 
to R-CHOP improved the event-​free survival (EFS) and 
OS of patients <60 years of age with non-​GCB DLBCL but  
not of those ≥60 years of age185; these results are encour-
aging, as this is the first time that the addition of a novel 
agent to R-​CHOP has improved both the EFS and OS out-
comes of patients with DLBCL in the first-​line setting. For 
patients with primary DLBCL of the CNS, in whom con-
current MYD88L265P and CD79B mutations are much more 
prevalent, ibrutinib monotherapy has been shown to pro-
duce high response rates (77–83%). Furthermore, com-
bining ibrutinib and immunochemotherapy produced  
CRs in 63–86% of such patients186–188.

PKCβ is a key component of BCR signalling that 
could also be targeted in order to inhibit BCR signal-
ling. However, several clinical trials have failed to show 
any notable level of clinical benefit among patients with 
R/R or newly diagnosed DLBCL receiving the PKCβ 
inhibitor enzastaurin189–191. The efficacy of the SYK 
inhibitors fostamatinib and entospletinib has also been 
evaluated in clinical trials, with limited clinical benefit 
observed192–195.

PI3K–AKT–mTOR
The roles of PI3K–AKT and downstream mTOR signal-
ling in the pathogenesis of DLBCL make these pathways 
attractive treatment targets; small molecules that target 
several components of these pathways have been devel-
oped. The safety and efficacy of PI3K inhibitors, as mon-
otherapies or in combination regimens, have been tested 
in patients with R/R DLBCL, and some agents have 
shown promise196–199. CUDC-907 is a small molecule 
that inhibits both PI3K (class Iα, β and δ) and HDAC 
(class I and II) enzymes. In one study199, patients with 
MYC-​altered DLBCL (owing to MYC translocation or 
amplification and/or MYC overexpression) had a higher 
response rate (7 out of 11; 64%) to CUDC-907 than 
patients with DLBCL without MYC alterations (2 out of 
7; 29%). The AKT inhibitor MK-2206 has been shown to 
be effective in preclinical models of DLBCL200; however, 
none of 11 patients with DLBCL treated with MK-2206 
in a phase II trial had a response, suggesting a lack of 
efficacy201. The safety and efficacy of the mTOR inhibi-
tors temsirolimus and everolimus, as monotherapy or as 
part of combination therapy, have also been evaluated 
in patients with R/R or treatment-​naive DLBCL. Both 
inhibitors showed activity in patients with R/R DLBCL 
when used as single agents or in combination with other 
drugs202–205. In the PILLAR-2 phase III trial206, investi-
gators examined the efficacy of adjuvant everolimus in 
patients with high-​risk DLBCL, with results suggesting 
no benefit of everolimus maintenance therapy among 
patients who were in complete remission but with a high 
risk of relapse. In a cohort of 24 patients with previously 
untreated DLBCL receiving everolimus in combination 
with R-​CHOP-21 (the R-​CHOP regimen delivered over 
a 21-day cycle) as induction therapy, no patients had dis-
ease progression or relapse at 24 months207,208. This result 
is encouraging, although a prospective, randomized con-
trolled trial is needed in order to demonstrate the superi-
ority of R-​CHOP-21 plus everolimus compared with the 
standard R-​CHOP-21 regimen207,208.

Epigenetic pathways
Targeting the dysregulated epigenome might improve 
the outcomes of patients with DLBCL. The highly selec-
tive EZH2 inhibitor tazemetostat has shown promising 
levels of efficacy in both EZH2-wild-​type and EZH2-
mutant R/R DLBCL, with a favourable safety profile209,210. 
According to an abstract presented at the 2018 ASH 
annual meeting, the combination of tazemetostat with 
R-​CHOP in patients with newly diagnosed high-​risk 
DLBCL was well tolerated, and all patients who com-
pleted eight cycles of treatment had a CR211. Frequent dis-
ruptions involving histone-​modifying enzymes provide 
a rationale for the use of HDAC inhibitors in the treat-
ment of DLBCL. Inhibition of HDACs restores the acetyl-
ation of histones located at transcriptional enhancer 
regions and of corresponding genes in CREBBP-​mutant 
DLBCLs and is a potential therapeutic strategy125. Several 
clinical trials have evaluated the safety and efficacy of 
HDAC inhibitors, including panobinostat, vorinos-
tat, mocetinostat and abexinostat, in patients with R/R 
DLBCL as both single agents and in combination and 
have demonstrated some clinical activity212–220. Among 
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patients with R/R DLBCL who received panobinostat, 
the six patients with MEF2B-​mutant disease had a higher 
response rate than those without MEF2B mutations (67% 
versus 18%)217. Other attempts to target the epigenome 
include the incorporation of vorinostat or the hypo-
methylating agent azacitidine into high-​dose regimens 
for patients with R/R DLBCL212,221–223.

BCL-2 signalling
The central role of BCL-2 in the biology of DLBCL 
suggests that these neoplasms are vulnerable to BCL-2 
inhibition. Among 34 patients with R/R DLBCL treated 
with the BCL-2 inhibitor venetoclax as a single agent, 6 
had a response (18%), with 4 (12%) having a CR224. As 
presented at the 2018 ASH annual meeting, the combi-
nation of venetoclax with bendamustine plus rituximab 
resulted in an ORR of 41% in the same disease setting225. 
In another ASH 2018 abstract describing data from the 
phase II CAVALLI study226, the safety and efficacy of 
venetoclax plus R-​CHOP were evaluated in patients 
with newly diagnosed DLBCL. Compared with the 
matched population of patients receiving R-​CHOP in  
the GOYA phase III trial cohort, venetoclax improved the  
CR rate in patients with immunohistochemically con-
firmed BCL-2-positive disease, especially in those 
with BCL2 translocations (confirmed by fluorescence 
in situ hybridization) and in patients with MYC and 
BCL2 double-​hit lymphomas226, suggesting that addi-
tion of venetoclax to R-​CHOP improves the outcomes 
of selected patients with DLBCL. The response rates of 
patients with DLBCL receiving venetoclax monother-
apy are typically low; therefore, identifying reliable bio-
markers that are predictive of a response is an important 
goal for future studies. In vitro studies have shown that 
DLBCL cell lines harbouring amplifications of genes 
encoding the caspase-​activating protein PMAIP1 are 
highly sensitive to BCL-2 inhibitors, while those lacking 
such amplifications are less sensitive; these findings need 
to be confirmed in a clinical trial227.

Bromodomains
Bromodomain inhibitors block the transcription of 
MYC and are therefore potentially a useful method 
of  targeting tumours that are dependent on MYC 
expression. Birabresib specifically binds to the BRD2 
and BRD3 domains of BET proteins, thereby decreasing 
the expression of several oncogenes including MYC228. 
In a phase I trial evaluating the safety and efficacy of 
birabresib228, 3 (18%) of 17 evaluable patients with 
DLBCL had a response, with 2 patients (12%) having 
a CR. MYC expression does not correlate with the effi-
cacy of birabresib in patients with DLBCL, indicating 
that this agent kills tumour cells via mechanisms other 
than MYC downregulation. Further studies are needed 
to determine the efficacy of combination therapies that 
incorporate birabresib in patients with DLBCL.

PD-1 and PD-​L1
The involvement of PD-​L1–programmed cell death 1 
(PD-1) signalling in immune escape in the development 
of a subset of DLBCLs provides a basis for the use of 
anti-​PD-1 antibodies to restore antitumour immunity. 

The anti-​PD-1 antibody nivolumab has shown prom-
ising levels of activity in patients with R/R DLBCL in a 
phase Ib study, with an ORR of 36%229. However, in 
a phase II trial in patients with R/R DLBCL who either 
failed to respond to or were ineligible for autologous 
HSCT230, the ORRs to nivolumab were only 10% and 3%, 
respectively. In this study, among patients who were eval-
uable for 9p24.1 (PDL1 and/or PDL2) aberrations, 16% 
had low-​level copy number gains, and 3% had amplifica-
tions230; thus, the low frequency and magnitude of 9p24.1 
aberrations might account for the low ORRs in this study. 
An analysis of data (presented at the 2018 ASH annual 
meeting) from 29 patients with R/R DLBCL enrolled  
in the KEYNOTE-013 trial demonstrated that alterations in  
PDL1 (including copy number gains, amplifications and 
translocations) are associated with a remarkably higher 
ORR to another anti-​PD-1 antibody, pembrolizumab 
(50% versus 9% in those without PDL1 alterations)231. 
This observation suggests that PDL1 aberrations are 
a useful biomarker that is predictive of a response to 
anti-​PD-1 antibodies in patients with DLBCL231. In a 
study involving four patients with R/R primary CNS 
lymphoma and one patient with CNS relapse of pri-
mary testicular lymphoma, all patients responded to 
nivolumab, and three patients remained in continuous 
remission232. The efficacy of nivolumab in these patients 
might be attributable to the frequent PDL1 and/or 
PDL2 gains, amplifications and translocations observed 
in patients with primary CNS lymphoma (~60%)  
and in those with primary testicular lymphoma (~60%)56,232.  
Several clinical trials are now evaluating the safety and 
efficacy of the combination of an anti-​PD-1 antibody 
with other agents in patients with R/R DLBCL.

Genetically guided patient selection
Novel agents targeting aberrant signalling pathways 
have shown some promise in the treatment of DLBCL; 
however, only a small proportion of patients with 
R/R DLBCL respond when treated with single agents. 
Furthermore, patients who do respond often do not 
have durable responses. Therefore, identifying patients 
who are most likely to benefit from certain therapies and 
sustaining these responses using other strategies will be 
crucial. Understanding the cell of origin can help predict 
a response to novel agents, and patients with R/R ABC 
DLBCL have been shown to have a better response to 
ibrutinib, lenalidomide and bortezomib than those with 
R/R GCB DLBCL155,165,176,181. Several genetic biomark-
ers have been identified that enable the prediction of a 
response to novel agents (Supplementary Table 4). Several 
ongoing studies are using genetics to guide patient selec-
tion. For example, in a phase II study, researchers are 
investigating the efficacy of mocetinostat in patients 
with R/R DLBCL and follicular lymphoma harbouring 
CREBBP and/or EP300 mutations (NCT02282358). 
The co-​occurrence of genetic aberrations has been 
shown to be predictive of prognosis in patients receiving 
R-CHOP or R-​CHOP-like regimens12,13; therefore, the 
co-​occurrence of genetic aberrations rather than indi-
vidual alterations could be used to predict the outcomes 
of patients who received novel therapies or to guide the 
selection of patients for enrolment in clinical trials.
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Future directions
The application of genetic analysis in the management 
of DLBCL has facilitated a better understanding of the 
biology of lymphoma. Although several elegant studies 
have elucidated the functional roles of many genetic 
aberrations, including those involving BCL6, CREBBP, 
KMT2D and others, the exact functional relevance of 
many genetic aberrations remains less well defined. 
Limited information is currently available on the stages 
of B cell maturation at which these aberrations occur. 
Data from mouse models might be helpful in address-
ing these issues. Moreover, most sequencing data cur-
rently available are from patients with untreated DLBCL, 
and the genetic aberrations occurring in patients with 
R/R disease are generally less well delineated233–237. 
Sequencing of tumour material from patients with R/R 
DLBCL, especially sequential samples, will be impor-
tant for elucidating the mechanisms underlying ther-
apeutic resistance and delineating the role of clonal 
evolution in tumour refractoriness and disease relapse. 

Understanding the biology of patients with R/R disease 
will also likely provide insights regarding the effects of 
specific aberrations that could potentially be targeted by 
novel therapies. The advent of single-​cell sequencing will 
also help to define intratumoural genetic heterogeneity 
in DLBCL and provide insights into clonal evolution 
during treatment.

Conclusions
In this Review, we have summarized the genetic events 
that occur in DLBCL and how they contribute to the 
development of this type of lymphoma. We have also 
discussed the clinical significance of these aberrations 
and the available data on the efficacy of novel thera-
pies designed to target these aberrant signalling path-
ways. Further delineation of the genetics and biology of 
DLBCL will enable the development of novel and, more 
importantly, precise therapies for patients with DLBCL.
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