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ETS1 phosphorylation at threonine 38 is associated with the cell of 
origin of diffuse large B cell lymphoma and sustains the growth of 
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Summary
The transcriptional factor ETS1 is upregulated in 25% of diffuse large B cell lym-
phoma (DLBCL). Here, we studied the role of ETS1 phosphorylation at threonine 
38, a marker for ETS1 activation, in DLBCL cellular models and clinical specimens. 
p-ETS1 was detected in activated B cell-like DLBCL (ABC), not in germinal centre B-
cell-like DLBCL (GCB) cell lines and, accordingly, it was more common in ABC than 
GCB DLBCL diagnostic biopsies. MEK inhibition decreased both baseline and IgM 
stimulation-induced p-ETS1 levels. Genetic inhibition of phosphorylation of ETS1 at 
threonine 38 affected the growth and the BCR-mediated transcriptome program in 
DLBCL cell lines. Our data demonstrate that ETS1 phosphorylation at threonine 38 
is important for the growth of DLBCL cells and its pharmacological inhibition could 
benefit lymphoma patients.
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BACKGROU N D

Diffuse large B cell lymphoma (DLBCL) is the most com-
mon form of aggressive lymphoma, comprising 30%–40% of 
all newly diagnosed cases.1 Gene-expression profiling (GEP) 
identified two main distinct DLBCL subtypes, the activated B 
cell-like (ABC) and germinal centre B cell-like (GCB) DLBCL, 
which have been better subdivided into genetically defined 
subclusters.1–4 GCB DLBCL has tonic B cell receptor (BCR) 
signalling and expresses genes found in normal germinal cen-
tres, while ABC DLBCL is driven by chronically active BCR 
signalling,2 which leads to constitutive stimulation of the nu-
clear factor κB (NF-κB) pathway. ABC DLBCL patients display 
inferior outcomes following standard R-CHOP treatment but 
a better response to novel agents (ibrutinib or lenalidomide) 
than patients with GCB DLBCL.1 We previously identified a 
recurrent gain mapping to chromosome 11q24.3 in 23% of 166 
analysed DLBCL cases, and the transcription factors ETS1 and 
FLI1, located within the 11q24.3 region, have higher expres-
sion in clinical samples carrying the gain.5 These two tran-
scription factors largely co-regulate a series of genes involved 
in B cell signalling, differentiation and cell cycle.5–7 FLI1 is 
expressed at a higher level in GCB than ABC DLBCL,7 while 
ETS1 levels are higher in ABC than GCB DLBCL.5,6

ETS factors family shares a unique DNA binding domain 
called the ‘ETS’ domain; in addition, several ETS proteins, 
including ETS1 and FLI1, contain a conserved region known 
as the ‘Pointed’ domain that is involved in protein–protein 
interactions. In ETS1, the Pointed domain serves as a dock-
ing site for extracellular regulated kinases (ERKs), which 
subsequently phosphorylate the protein at threonine (Thr) 
38 located upstream of the Pointed domain.8 The phos-
phorylation of this conserved residue leads to enhanced 
transcriptional activity of ETS19 by promoting the recruit-
ment of co-activators such as p300/CREB binding protein 
(CBP).10,11 These findings underscore the functional role 
of Thr38 phosphorylation in ETS1 transcriptional activity. 
Here, we studied the pathogenetic role of this specific ETS1 
phosphorylation in DLBCL.

M ETHODS

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed, 
paraffin-embedded sections from three cohorts of cases, 
two derived from the International DLBCL Rituximab-
CHOP Consortium Program Study12 (n = 14 and n = 315) 
and one from the BC Cancer Agency (BCCA) Lymphoid 
Cancer13 (n = 230). Following a deparaffinization/rehydra-
tion step and washing slides in serial baths with Xylene 
100%, EtOH (100%–95%–80%–70%) and H2O MilliQ, im-
munostaining with anti-phospho-ETS1 (Thr38; no. 59179, 
Abcam) was performed with an automated immunostainer 
(Benchmark XT, Ventana Medical Systems) after heat-
induced epitope retrieval, which was carried out using 

Ventana cell conditioning buffer 1 (CC1) for 60 min. Cases 
were scored as positive whenever more than 10% of neoplas-
tic cells were immunoreactive for the marker. All patients 
provided informed consent in accordance with the hospital's 
institutional review board and the Declaration of Helsinki.

Cell lines

A total of 19 human established cell lines were used: 11 from 
GCB DLBCL (SU-DHL-4, Farage, DoHH2, Karpas-422, 
OCI-LY-1, OCI-LY-8, SU-DHL-6, VAL, OCI-LY-7, Pfeiffer 
and Toledo) and seven from ABC DLBCL (RCK-8, RIVA, 
HBL-1, OCI-LY-3, OCI-LY-10, SU-DHL-2, TMD8 and U2932) 
(Table S1). All culture media were supplemented with foetal 
bovine serum (10%), penicillin–streptomycin–neomycin 
(approximately 5000 units penicillin, 5 mg streptomycin and 
10 mg neomycin/mL, Sigma) and l-glutamine (1%). Cell line 
identity was confirmed by short tandem repeat (STR) DNA 
profiling, as previously described.14 All experiments were 
performed within 1 month from thawing, and the cells were 
regularly tested to be free from Mycoplasma contamination 
using MycoAlert (Lonza).

Immunoblotting

Protein extraction, separation and immunoblotting were 
performed as previously described.7 Anti-IRF4 (no. 4964, 
Cell Signaling Technology), anti-ERK (sc-93, Santa Cruz 
Biotechnology), anti-phospho-ERK (tyr204; sc-7383, 
Santa Cruz Biotechnology), anti-ETS1 (sc-350, Santa Cruz 
Biotechnology), anti-phospho-ETS1 (Thr38; no. 59179, 
Abcam), anti-HA (no. A01244, GenScript) and anti-GAPDH 
(no. 100242, Sino Biologicals) antibodies were used for im-
munoblotting. For rescue experiments, lysates were run on 
15-well precast 4–20% gradient gel (no. 4561096, BioRad).

BCR stimulation and drugs treatment

U2932 and TMD8 cells were seeded at 1 × 106/2 mL/well 
in a 6-well plate and were cultured either unstimulated or 
stimulated with 5 μg of μ chain specific anti-human IgM (no. 
2022-01, Southern Biotech) for 20′, followed by treatment 
with either solvent, dimethyl sulphoxide (DMSO) or 0.5 μM 
pimasertib (Selleckchem), for 30′ or 2 h prior to harvest.

Molecular dynamics simulation

Molecular dynamics simulations were performed starting 
from the structure of Ets-1 PNT domain (PDB ID code 
2JV3). The T38V mutation was prepared using the Maestro 
graphic interface. The protonation state of protein histidine 
residues at pH 7 was assigned using Propka.15 The protein 
structures were then solvated in box of water with minimal 
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distance from the protein surface of 10 Å. The neutrality 
of the system was ensured by adding the proper number of 
counter ions. All the non-solvent molecules were described 
by the OPLS316 force field, while TIP3P model17 was used 
for water molecules. The pressure and the temperature 
were fixed at 300 K and 1 atm by the Martyna-Tobias-Klein 
NPT thermostat scheme. The entire systems were simu-
lated for 1 μs and the secondary structure of the protein 
over the trajectory was analysed by VMD software.18

Viral transduction

HEK293T cells were seeded in 10 cm2 dishes at 2 × 106 den-
sity, cultured in 10 mL of 1× DMEM +4.5 g/L d-glucose 
(no. 61965-059, Invitrogen) supplemented with 10% FBS 
1% penicillin/streptomycin/dish. Cells were transfected 
with viral plasmids along with third-generation packag-
ing vectors using jetPRIME reagents (no. 114-07, Polyplus 
Transfection) according to the manufacturer's instructions. 
Medium was replaced with culture medium for either 
U2932 or Karpas-422 16 h post-transfection. Three infec-
tions were performed 48 h after the medium change, with 
the first, second and third infection spanning 5, 16 and 
5 h respectively. Viral supernatants were filtered through 
0.45 μM filters followed by supplementation with polybrene 
(4 μg/μL) at 1–500 dilution. Infection occurred at a ratio of 
0.5 × 106 target cells/3 mL of viral supernatant. U2932 and 
Karpas-422 cells were first infected with either wild-type 
(WT) or Thr38Val mutant (MUT) ETS1 HA_pMx-ires-
GFP. Cells were sorted to enrich for >90% GFP positivity 
prior to secondary infection with ETS1-specific shRNA, 
pRS19-U6-(shETS1)-UbiC-TagRFP-2A-Puro. Flow cytom-
etry was used to assess infection efficiency according to 
the percentage of GFP and RFP double-positive U2932 and 
Karpas-422 cells; transduced cells were maintained in 1 and 
0.8 μg of puromycin/ml of culture medium, respectively.

Proliferation assay

Proliferation of transduced cells in vitro was determined using 
cell proliferation reagent WST-1 (no. 11644807001, Roche). 
Cells were seeded at 4 × 103 cells per well in triplicates with 
100 μL culture medium/well in a 96-well plate. Proliferation 
status was determined every 24 h by incubating with 10 μL 
of cell proliferation reagent WST-1 for 4 h. Absorbance of the 
treated samples was measured against blank control (medium 
alone) at 450 nM using Cytation 5 microplate reader.

Statistical analysis

The data are presented as mean ± standard deviation (SD) of 
three or more independent results unless otherwise noted. A 
two-tailed Student's t-test was performed to determine the 
statistical significance. Categorical variables were compared 

by χ2 test and Fisher's exact test when appropriate. p value 
<0.05 was considered significant.

RNA-Seq

Samples were obtained from U2932 cells transduced with 
either WT or MUT ETS1 HA_pMX-ires-GFP and pRS19-
U6-(shETS1)-UbiC-TagRFP-2A-Puro. Cells were either un-
stimulated or stimulated with μ chain-specific IgM for 1 h prior 
to RNA harvest. Three independent biological experiments 
were performed. Initial RNA quality control was performed 
on the Agilent BioAnalyzer (Agilent Technologies) using the 
RNA 6000 Nano kit (Agilent Technologies) and concentration 
was determined with the Invitrogen Qubit (Thermo Fisher 
Scientific) using RNA BR reagents (Thermo Fisher Scientific). 
Total RNA samples were prepared for RNA-Seq with the 
NEBNext rRNA Depletion kit, the NEBNext Ultra Directional 
RNA Library Prep Kit for Illumina and NEBNext Multiplex 
Oligos for Illumina (New England BioLabs Inc.). Sequencing 
was performed using a NextSeq 500 with the NextSeq 500/550 
High Output Kit v2 (150 cycles PE; Illumina).

Data-mining

All bioinformatic processing was performed using R/
Bioconductor software packages in RStudio. RNA-Seq raw 
reads were quality assessed using fastqc.19 For each sample 
the distribution of unique, multi- and unmapped reads were 
checked for a high proportion of unmapped or multi-mapped 
reads. Reads obtained from RNA sequencing were mapped 
against the human hg38 genome build using the Genecode 
version 22 annotation.20 Alignment was done with STAR 
(v2.4.0 h)21 and counting of reads overlapping gene features 
with HTSeq-Count.22 Transcripts with a count-per-million 
greater than one in at least three samples underwent differen-
tial gene expression analysis was performed using the voom/
limma23 R package. Functional annotation was performed 
with g:Profiler on transcripts bearing a p < 0.05, using gene 
sets from the Molecular Signatures Database (MSigDB v5.1)24 
(Hallmark, c2.all, c5.bp, c6), SignatureDB25 and from differ-
ent publications as indicated, using default analysis settings 
for g:Profiler.26 Heatmaps of normalized expression values 
(log2 CPM) of the genes modulated (p < 0.05) and belonging 
to specific genesets were plotted using edgeR,27 limma23 and 
made428 with alphabetical sorting of columns and rows based 
on the log2 fold-change of the comparison of interest.

Publicly available gene-expression profiling (GEP) data 
from clinical specimens, produced using the HG-U133 
Plus 2.0 GeneChips (Affymetrix), was retrieved from the 
GSE31312 dataset.29

Differential gene expression analysis was performed 
using the voom/limma23 R package, followed by functional 
annotation with preranked GSEA (Gene Set Enrichment 
Analysis) on fold change-ranked values, using the same gene 
sets collection as for RNA-Seq.
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R E SU LTS

ETS1 is phosphorylated at threonine 38 in 
diffuse large B cell lymphomas

ETS1 expression is upregulated in DLBCL bearing the chro-
mosomal gain at 11q24.3.5 We assessed the phosphorylation 
of the conserved threonine 38 residue, known to enhance the 
transactivation activity of ETS1,9,10 in DLBCL cases with 11q 
gain. Nuclear expression of p-ETS1-Thr38 was seen in four 
out of four DLBCL clinical specimens (Figure 1) previously 
reported to overexpress ETS1 due to the 11q gain.5

Subsequently, we evaluated p-ETS1-Thr38 levels in a 
panel of 19 DLBCL cell lines (Figure 2A). All cell lines ex-
pressed total ETS1. We found that p-ETS1 was detected in 
all (8/8) ABC DLBCL cell lines, with high expression in 
most of them, and only in 18.2% (2/11) of GCB DLBCL cell 
lines (Pfeiffer and Toledo) (100% vs. 18.2% p-ETS1-Thr38+, 
p = 0.0024). Interferon Regulatory Factor 4 (IRF4), also 
known as MUM1, a key transcription factor in B cell dif-
ferentiation and activation,30 is a marker for ABC DLBCL31 
and ERK has been known as the upstream kinase of ETS1 
in other cellular systems.9,10,32 Hence, we studied the pro-
tein expression of IRF4 and of the total and phosphorylated 
forms of ERK. IRF4 was expressed in all 8/8 ABC DLBCL 
(100%) and 0/11 GCB cell lines (0%). While all 19 cell lines 
expressed total ERK, p-ERK-Tyr204 was detectable in 6/8 
ABC (75%) and 2/11 GCB (18.2%) (75% vs. 18.2% p-ERK-
Tyr204+, p = 0.037), very similarly to p-ETS1.

Based on these data, since ETS1 is a transcription fac-
tor and p-ETS1-Thr38 is a marker for its activation, we in-
vestigated the expression patterns with the nucleus and 

cytoplasm distribution in five ABC DLBCL cell lines. The 
presence of total ETS1 and especially of p-ETS1-Thr38 was 
predominantly in the nucleus of all cell lines (Figure 2B).

B cell receptor signalling mediates ETS1 
phosphorylation at threonine 38

To understand the mechanisms sustaining the presence of 
p-ETS1-Thr38 in ABC DLBCL, we stimulated BCR signal-
ling with anti-IgM in two ABC DLBCL cell lines (U2932 and 
TMD8) expressing relatively low p-ETS1-Thr38 levels com-
pared to other ABC DLBCL cell lines. BCR stimulation led 
to an increase in p-ETS1-Thr38 and p-ERK-Tyr204 in both 
cell lines, although with different kinetics in the two cell 
lines (Figure  2C). Conversely, the pharmacological inhibi-
tion of MEK, an upstream kinase of ERK, with pimasertib 
decreased the baseline levels of p-ETS1-Thr38 and counter-
acted the upregulation of Thr38 induced by IgM stimulation 
(Figure 2C). These data demonstrate that ETS1 phosphoryla-
tion at Thr38 is downstream of MEK/ERK in DLBCL cells.

Absence of ETS1 phosphorylation at threonine 
38 impairs growth of both GCB and ABC 
DLBCL cell lines

To understand the function of p-ETS1-Thr38 in DLBCL, we 
created two ETS1 constructs, one wild type (WT) and one 
with a Thr38Val mutation ETS1 (MUT). The Thr38Val muta-
tion cannot be phosphorylated due to the replacement of the 
hydroxyl group in the threonine with a methyl substituent 

F I G U R E  1   ETS1 Thr38 phosphorylation is detected in DLBCL clinical specimens bearing chromosome 11q24.3 gain. (A) Immunohistochemistry 
staining showing ETS1 Thr38 phosphorylation in two representative DLBCL clinical specimen bearing 11q gain. (B) Two DLBCL clinical samples with no 
ETS1 Thr38 phosphorylation at immunohistochemistry.
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in the valine, although it does not impact the normal pro-
tein folding as verified by molecular dynamics simulation 
for 1 microsec (Figure  S1). Both constructs also contained 
a silent mutation in the ETS1 shRNA-targeting site, allow-
ing the shRNA-mediated silencing of the endogenous, but 
not of the exogenous, ETS1 in one ABC (U2932) and one 
GCB (Karpas-422) DLBCL cell line (Figure 3A; Figure S1). 
In agreement with previous reports,5,6 the absence of ETS1 
decreased the growth of both GCB and ABC DLBCL cell 
lines (Figure  3B). The growth impairment due to endog-
enous ETS1 knockdown was restored by ETS1 WT but not 
by Thr38Val construct (Figure 3B). These results underlined 
the contribution of ETS1 phosphorylation at threonine 38 to 
the growth of both GCB and ABC DLBCL cell lines.

Next, a transcriptome analysis was performed in wild 
type and Thr38Val mutant ETS1 U2932 after knockdown 
of endogenous ETS1, with and without IgM stimulation 
(Table S2). Genes involved in signalling regulated by NF-κB, 
IL2/STAT5 and mTORC1 and downregulated by ibrutinib 
were enriched among the transcripts upregulated after IgM 
stimulation in WT U2392. A similar pattern was observed 
for ETS1 targets (Figure  3C; Figure  S2 and Table  S2). IgM 
stimulation in mutant cells led to similar changes seen in 
WT cells, but without the upregulation of ETS1 targets, 
which were not affected in the cells lacking the phosphoryla-
tion at Thr38 (Figure 3C; Table S2). Collectively, these results 

showed that, in DLBCL, phosphorylation at Thr38 is funda-
mental for the transcriptional activity of ETS1 and that part 
of the transcriptional changes induced by IgM stimulation 
are mediated by this transcription factor.

ETS1 phosphorylation at threonine 
38 is associated with ABC DLBCL in 
clinical specimens

Since our cell lines data indicated an association between  
p-ETS1-Thr38 and the ABC DLBCL phenotype, we assessed 
p-ETS1-Thr38 by immunohistochemistry on DLBCL clini-
cal specimens. In a small, earlier series of 14 DLBCL cases 
classified for cell of origin using the Hans algorithm, the 
percentage of p-ETS1-Thr38 positive cells was higher in 
non-GCB (5/7) than in GCB DLBCL cases (2/7) (p = 0.023; 
Table  S3), in agreement with the cell line data. Positive 
cases most frequently displayed nuclear p-ETS1-Thr38 
(Table S3).

We then extended the analysis to two additional co-
horts of DLBCL. The presence of p-ETS1-Thr38 was con-
firmed to be more frequent in ABC than in GCB cases 
[79% (123/155) vs. 57% (91/160) (p < 0.001)] among the 315 
GEP-classified de novo DLBCL cases from the International 
DLBCL Rituximab-CHOP Consortium Program Study12 

F I G U R E  2   ETS1 Thr38 Phosphorylation is more common in ABC than in GCB DLBCL cell lines and downstream to B cell receptor signalling and 
MEK. (A) ETS1 and ERK1 are phosphorylated in the majority of ABC DLBCL cell lines. Protein lysates harvested from GCB and ABC DLBCL cell lines 
were immunoblotted for IRF4, ERK (total and p-Tyr204), and ETS1 (total and p-Thr38) with GAPDH serving as loading control. (B) Nuclear localization 
of ETS1 (total and p-Thr38); Actin and H2AX were used as markers for cytoplasm and nucleus respectively. (C) p-ETS1-Thr38 is effectively inhibited by 
the MEK inhibitor pimasertib in two ABC DLBCL cell lines. U2932 and TMD8 cells were either unstimulated or stimulated with anti-IgM for 20 min 
followed by treatment with pimasertib (500 nM), or DMSO as solvent control in the absence or presence or anti-IgM. Protein lysates were harvested at 0.5 
and 2 h postdrug treatment.
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      |  249CHUNG et al.

F I G U R E  3   Mutation at p-ETS1-T38V impedes growth in both ABC and GCB DLBCL cells. (A) Immunoblot performed on protein lysates harvested 
from ABC DLBCL U2932 cells and GCB DLBCL Karpas422 cells expressing exogenous ETS1 constructs with and without knockdown of endogenous 
ETS1. (B) WST growth assay performed in ABC DLBCL U2932 cells and GCB DLBCL Karpas422 cells expressing exogenous ETS1 constructs with and 
without knockdown of endogenous ETS1 over the time course from 0 to 96 h. Experiments were performed in four biological replicates. *p-value ≤0.05. 
(C) Heatmap of ETS1 targets regulated in wild type and not in Thr38Val mutant ETS1 U2932 after knockdown of endogenous ETS1, with and without 
IgM stimulation.
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(Figure 4A). These findings were not confirmed in 230 GEP-
classified de novo DLBCL cases from the BC Cancer Agency 
(BCCA) Lymphoid Cancer13 (Figure S3).

The presence of p-ETS1 was associated with infe-
rior progression free survival (PFS) at univariate analysis 
(p = 0.034) in the GCB-DLBCL of the International DLBCL 
Rituximab-CHOP Consortium Program Study (Figure 4B). 
The prognostic impact was also maintained in a multivar-
iate analysis including the International Prognostic Index 
(IPI) (Table S4). No effect on the outcome was seen in ABC 
DLBCL (Figure 4C).

ETS1 phosphorylation at threonine 38 is 
associated with oncogenic signatures

ETS1 Thr38 phosphorylation was associated with high 
proliferation gene expression signatures in both GCB 
(n = 91) and ABC (n = 123) clinical specimens compared 
to p-ETS1 negative GCB (n = 69) or ABC (n = 32) DLBCL. 
Genes involved in mitotic spindle, signalling regulated 
by mTORC1, E2F and G2M, together with MYC targets 
and genes downregulated by dasatinib were enriched 
among the transcripts upregulated in p-ETS1 positive 

F I G U R E  4   p-ETS1 is more common in ABC DLBCL tumours but is associated with inferior outcomes in GCB DLBCL cases, provided by 
The International DLBCL Rituximab-CHOP Consortium Program Study. (A) Percentage of p-ETS1 positive cases in GEP classified DLBCL cases. 
(B) Progression Free Survival (PFS) Kaplan–Meier curve, based on ETS1 Thr38 phosphorylation status, of 160 R-CHOP treated GCB and (C) 155 R-
CHOP treated ABC DLBCL patients (X-axis, months; Y-axis, percentage of patients free of progression).
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samples (Table S5). Statistically significant gene expres-
sion enrichment of hallmark signatures, related to cell 
cycle, were also confirmed by GSEA analysis: E2F targets 
(NES 1.91 FDR <0.001 in ABC and NES 1.75 FDR 0.002 
in GCB), mTORC1 signalling (NES 1.74 FDR 0.006 in 
ABC and NES 1.49 FDR 0.037 in GCB), mitotic spindle 
(NES 1.82 FDR 0.003 in ABC and NES 1.77 FDR 0.005 
in GCB), G2M checkpoint (NES 1.75 FDR 0.005 in ABC 
and NES 1.61 FDR 0.060 in GCB) and MYC targets (NES 
1.64 FDR 0.041 in ABC and NES 1.53 FDR 0.190 in GCB; 
Figure 5).

DISCUSSION

Herein, our data indicate that the BCR-mediated ETS1 
phosphorylation at threonine 38 is associated with the 
ABC DLBCL phenotype and may predict inferior outcomes 
among GCB DLBCL. In addition, we provide evidence that 
p-ETS1-Thr38 also sustains DLBCL cell growth and that the 
phosphorylation of ETS1 can be blocked with drugs target-
ing the MEK/ERK axis.

We demonstrate ETS1 Thr38 phosphorylation by im-
munochemistry on diagnostic specimens of patients with 
DLBCL carrying genomic gain on chromosome 11q24.3. 
Immunoblotting of a panel of DLBCL cell lines showed that 
p-ETS1-Thr38, along with p-ERK expression, is readily de-
tected in ABC DLBCL compared to GCB DLBCL cells. Since 
ETS1 is a transcription factor and p-ETS1 is marker for its 
activation, we defined its subcellular pattern of expression 
(i.e. nuclear and/or cytoplasmic) in some ABC DLBCL cell 
lines. According to the functionality, p-ETS1 was present 
predominantly in the nucleus of all cell lines, while total 
ETS1 was in both cytoplasm and nucleus.

To evaluate the mechanisms sustaining phosphorylation 
of ETS1, two ABC DLBCL cell lines (U2932 and TMD8) were 
exposed to the MEK inhibitor pimasertib after or without 
stimulation with anti-IgM. The inhibition of MEK abolished 
the increase in p-ETS1 induced by IgM engagement. Similar 
changes were seen for p-ERK. These findings confirmed that 
MEK–ERK signalling regulates p-ETS1-Thr38 in DLBCL.

ETS1 was important for growth in both ABC DLBCL 
and GCB DLBCL, as confirmed by hampered growth 
with shRNA-mediated knockdown of ETS1 in U2932 and 
Karpas-422. To elucidate the functional significance of p-
ETS1-Thr38 in DLBCL, we knocked down endogenous ETS1 
in both cell lines, followed by ectopic expression of shRNA re-
sistant wild type (WT) or Thr38Val mutant (MUT) ETS con-
structs. Our results demonstrate that the growth mechanism 
attributed to ETS1 is mediated by Thr38 phosphorylation 
in both types of DLBCL. Moreover, transcriptome analysis 
showed that, differently from WT ETS1 cells, Thr38Val mu-
tant ETS1 cells were not able to upregulate the ETS1 targets.

To understand the clinical implications of our findings, 
we assessed p-ETS1 expression in clinical DLBCL biopsies. 
The presence of p-ETS1 was confirmed to be more frequent 
in ABC than in GCB cases in two of three series of DLBCL 

cases. In the large series of 315 de novo DLBCL cases treated 
with R-CHOP regimen collected by the International 
DLBCL Rituximab-CHOP Consortium Program Study,12 
unexpectedly, only the p-ETS1 positive GCB DLBCL pre-
sented a shorter PFS when compared with p-ETS1 negative 
cases, while no association with outcome was detected in 
ABC DLBCL, although the p-ETS1-Thr38 was associated 
with signatures for high cell cycle-related gene expression 
in both ABC and GCB DLBCL patients in agreement with 
the observed effect on cell growth in DLBCL cell lines. This 
observation might be explained by the balance among dif-
ferent transcription factors, including ETS1 and FLI1, in 
the various DLBCL subtypes. Focusing on ETS1 and FLI1, 
despite being both expressed, the two genes show different 
patterns of expression in GC B cells33 and in DLBCL sub-
types, in which they regulate important shared genes and 
orchestrate different pathways based on the COO.5–7 Here, 
we showed a higher ETS1 phosphorylation in ABC DLBCL, 
but also that it is present in a subset of GCB DLBCL, in 
which the transcription factor would act in a different cel-
lular context. Based on recent DLBCL classifications, ETS1 
somatic mutations are found mainly in the BN2 genetic sub-
type (comprising both GCB and ABC DLBCL but enriched 
for unclassified tumours).4 In the BN2 cluster, constitu-
tive BCR signalling is confirmed by knockdown of IgM or 
CD79A, which does not decrease phosphorylation of LYN, 
SYK, and BTK.34 Furthermore, ETS1 somatic mutations 
are associated with significantly shorter survival.35 More 
in general, in B cells ETS1 can activate the Igμ heavy chain 
enhancer36–39 and lead to PAX5 up-regulation,40 in this way 
negatively regulating plasmacytic differentiation. In several 
cancer types there, is a significant higher or exclusive ETS1 
expression when compared to normal tissues as a demon-
stration of a direct involvement in tumorigenesis and/or 
drug resistance.41–45 Interfering with ETS1 phosphorylation 
could be worth of being investigated in DLBCL as well in 
other tumours.

In conclusion, with our study, we provide further evidence 
of the biological and clinical relevance of BCR-mediated ETS 
phosphorylation in DLBCL lymphoma.

AU T HOR C ON T R I BU T ION S
Elaine Y. L. Chung, Giulio Sartori: acquisition, analy-
sis and interpretation of data, drafted the work. Maurilio 
Ponzoni, David W. Scott, Ken H. Young: acquisition and 
analysis of data (collected and characterized tumour sam-
ples), provided oversight and helpful advice for the study. 
Luciano Cascione: data mining. Valdemar Priebe, Zijun 
Y. Xu-Monette, Xiaosheng Fang, Mingzhi Zhang: acquisi-
tion and analysis of data. Carlo Visco, Alexandar Tzankov, 
Giorgio Inghirami: acquisition and analysis of data (col-
lected and characterized tumour samples). Andrea Rinaldi: 
acquisition of data. Jacopo Sgrignani, Andrea Cavalli: 
modelling. Emanuele Zucca, Davide Rossi: provided over-
sight and helpful advice for the study. Francesco Bertoni: 
conception and design of the work, drafted the work. All au-
thors reviewed the manuscript.

 13652141, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bjh.19018 by B

iblioteca universitaria di L
ugano, W

iley O
nline L

ibrary on [28/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



252  |      p-ETS1-Thr38 IS IMPORTANT FOR DLBCL

 13652141, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bjh.19018 by B

iblioteca universitaria di L
ugano, W

iley O
nline L

ibrary on [28/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  253CHUNG et al.

F I G U R E  5   ETS1 phosphorylation at threonine 38 is associated with cell cycle-related and oncogenic signatures. GSEA plots for gene expression 
signatures were obtained in ABC (left column) and in GCB DLBCL (right column) based on the presence of p-ETS1. Green line, enrichment score; bars 
in the middle portion of the plots show where the members of the gene set appear in the ranked list of genes; Positive or negative ranking metric indicate 
respectively correlation or inverse correlation with p-ETS1; FDR, false discovery rate; NES, normalized enrichment score.
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