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ABSTRACT
Structural genomic variants leading to anaplastic lymphoma kinase (ALK) gene fusions and aberrant expression of the ALK 
tyrosine kinase are the hallmark of subtypes of T-  and B- lineage neoplasms, namely ALK- positive anaplastic large lymphoma 
(ALCL) and ALK- positive large B- cell lymphoma (LBCL). The latter is a rare aggressive lymphoma, which has been initially 
identified as a variant of diffuse LBCL (DLBCL) with plasmablastic features. Here, we performed comparative DNA methyl-
ation profiling of human and murine ALK- positive B- cell neoplasms. Array- based DNA methylation data from ALK- positive 
LBCL samples of eight patients were compared to that of DLBCL (n = 75), multiple myeloma (MM, n = 24), ALK- positive ALCL 
(n = 12) and normal B- cell populations (n = 93). ALK- positive LBCLs share a distinct DNA methylation signature similar to that 
of MM, characterized by lower global DNA methylation levels compared to DLBCLs and normal B- cell populations. DNA meth-
ylation alterations in ALK- positive LBCL were predominantly located in heterochromatic and polycomb- repressed regions. The 
epigenetic age and relative proliferative history of ALK- positive LBCL were intermediate between MM and DLBCL. B- cell ne-
oplasms in NPM::ALK transgenic mice showed a similar hypomethylated signature when compared to normal murine B cells. 
Cross- species comparison indicated conservation of chromatin states and pathways affected by hypomethylation. Together, the 
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findings suggest that in line with their phenotypical appearance human and murine ALK- positive B- cell lymphomas share an 
epigenetic profile more closely resembling that of plasma cell neoplasias than that of DLBCLs.

1   |   Introduction

Anaplastic lymphoma kinase (ALK)- positive large B- cell lym-
phoma (LBCL) is a mature B- cell lymphoma, which based on its 
typical morphology, has been assigned as a definitive entity to the 
group of LBCL in the Fifth Edition of the WHO Classification of 
haematolymphoid tumors [1]. It is a diffuse, monomorphic neo-
plasm of large B cells with a plasmablastic immunophenotype, 
negative for typical T-  and B- cell markers and CD30, but positive 
for plasma cell markers such as MUM1, CD38, and CD138 [1, 2]. 
The most common ALK fusion partner is clathrin heavy chain 
(CLTC), leading to activation of the STAT3/STAT5, PI3K/AKT, 
PLCG2, and ERK pathways due to constitutive ALK tyrosine ki-
nase activity [1, 2].

Despite the rarity of ALK- positive LBCL, recent reviews report 
a poor prognosis with a 5- year survival rate of only 28%, and 
a male predominance with most cases diagnosed in individu-
als under 40 years, which contrasts with typical LBCLs, which 
usually affect older adults [2, 3]. Nevertheless, ALK inhibitors 
have been proven effective in ALK- positive LBCL patients with 
subsequent marrow transplantation [4–6].

Originally, ALK fusions were first discovered in anaplastic 
large cell lymphoma (ALCL), which is a distinct T- cell lym-
phoma characterized by strong CD30 expression and frequent 
NPM::ALK fusions [1, 7]. Interestingly, different NPM::ALK 
mouse models, besides T- cell lymphomas, also develop a spec-
trum of clonal B- cell neoplasms, indicating that ALK fusion is 
also an efficient driver in B- cell lymphomagenesis [8, 9].

To provide further insights into the pathogenesis of ALK- positive 
B- cell neoplasms, we performed comparative DNA methylation
profiling of human and murine ALK- positive B- cell neoplasms.
Comparison to the DNA methylation profiles of DLBCL, multi-
ple myeloma (MM), and ALK- positive ALCL suggests an ALK- 
positive LBCL group with plasma cell neoplasms in line with its
phenotype.

2   |   Material and Methods

2.1   |   Human Lymphoma and Control Samples

The study cohort included formalin- fixed paraffin- embedded 
(FFPE) lymphoma samples from seven patients with ALK- 
positive LBCL (Table  S1), one of which was from a relapse 
after Crizotinib treatment. A patient- derived xenograft 
(PDX) model from this relapse sample was also profiled [5]. 
Additionally, the ALK- positive LBCL cell line LM1, derived 
from the bone marrow of a 13- year- old girl with a systemic 
relapse of CLTC::ALK- positive DLBCL, was studied [4]. The 
study was approved by the Ethics Committee of the Medical 
Faculty of the Christian- Albrechts- Universität Kiel (D447/10, 
Amendment 2.11.2015).

For comparison, published DNA methylation data of 75 DLBCLs 
[10], 24 MMs [11], and 12 ALK- positive ALCL [12], and various nor-
mal B- cell populations (n = 93) were included (Table S2) [13–16].

2.2   |   Murine Lymphoma and Control Samples

ALK- positive B- cell neoplasms named herein NPM::ALK positive 
plasmacytomas were obtained from NPM::ALK transgenic mice 
(C57BL/6J) previously described by Chiarle et al. [8] In total, FFPE 
tissue sections from six NPM::ALK plasmacytomas were included, 
and DNA methylation profiles were generated in duplicate for 
each sample. Animals were housed and maintained in the Animal 
Facility of the Department of Molecular Biotechnology and Health 
Sciences of the University of Torino. Animal experiments were 
performed under protocols approved by the Italian Ministry of 
Health for the University of Torino (approval n. n 560/2022- PR).

For comparison, flow- sorted germinal center B cells (gcBCs) 
were collected from three Rag2cgKO mice, whose lymphoid sys-
tem had been successfully reconstituted after transplantation 
of bone marrow cells isolated from Cγ1- cre, R26StopFLeYFP 
animals [17]. Viable splenic gcBCs were sorted at day 10 post- 
immunization (using sheep red blood cells) based on CD19+, 
B220+, CD38 low, FAS high, and YFP+ markers (Table  S3). 
Animal care and procedures for the latter mice were approved 
by the Regierungspräsidium Karlsruhe (G- 119/17).

2.3   |   DNA Methylation Analysis by Illumina 
Methylation Arrays

For human samples, in- house generated and publicly avail-
able DNA methylation data were evaluated from both Infinium 
HumanMethylation450 (450k) or Infinium MethylationEPIC 
(EPIC) BeadChips (Illumina Inc., San Diego, CA, USA). Raw in-
tensity signals were normalized (intrinsic controls, no background 
correction) with the minfi package, including 441 870 CpGs [18].

Raw DNA methylation values of murine samples were custom- 
generated by a service provider (Life & Brain GmbH, Bonn, 
Germany) using the Infinium Mouse Methylation BeadChip 
(Illumina Inc., San Diego, CA, USA). Raw intensity signals were 
normalized with GenomeStudio (v2011.1; methylation module 
1.9.0; Illumina Inc., San Diego, CA, USA) applying default set-
tings and internal normalization controls, resulting in 266 961 
CpGs. For details refer to Data S2.

2.4   |   Segmentation of Chromatin States in 
Humans and in Mice

Chromatin states in human gcBCs were based on the data from 
Kretzmer et  al., with raw sequencing data publicly available 
from the European Nucleotide Archive (ENA) [16].



3 of 8

For murine data, publicly available ChIP- Seq data for H3K27ac, 
H3K27me3, H3K4me1, H3K4me3, and H3K36me3 marks from 
the spleen and thymus of 8- week- old mice were sourced from 
ENCODE (Lab: Bing Ren, UCSD, Tables S4 and S5) [19]. For de-
tails, refer to Data S2.

2.5   |   Bioinformatic and Statistical Analyses

All statistical analyses were performed in R (version 4.3.0). 
Differentially methylated loci were identified using the 
limma package (version 3.58.1), with multiple comparison 
correction via the Benjamini- Hochberg method (FDR) [20]. 
CpGs with FDR < 0.01 and mean |Δβ| > 0.3 were considered 
significantly different. To identify genes affected by hyper-  
or hypomethylation in both species, the mouse gene names 
were converted into human gene names using the online tool 
Biomart. Fisher's exact test was applied to categorical vari-
ables to calculate odds ratios and p values, while the Wilcoxon 
rank sum test was used for pairwise comparisons of contin-
uous variables. Multiple comparisons were corrected using 
Benjamini- Hochberg.

3   |   Results

3.1   |   The DNA Methylation Profile Groups Human 
ALK- Positive LBCL Apart From DLBCL

We investigated DNA methylation data obtained by Illumina 
BeadChip arrays from seven ALK- positive LBCLs, a PDX 
model derived from one of these tumors and the ALK- positive 
LBCL cell line LM1. Considering also the LM1 cell line [4], 
the median age at diagnosis of all eight patients was 43 years 
(range: 9–68 years), with six cases being male. The ALK fu-
sion partner has been proven to be CLTC in five cases, while 
also the others showed the granular- cytoplasmic immunohis-
tochemical pattern of ALK expression typical for the same 
fusion.

In its initial description, ALK- positive LBCL was considered 
as variant of DLBCL [3, 21, 22]. Therefore, and because of its 
LBCL morphology, we initially compared the DNA methyla-
tion profiles of the ALK- positive LBCL to that of 75 DLBCLs. 
Hierarchical clustering of 441 870 CpGs distinctly separated 
ALK- positive LBCL and LM1 from DLBCL, with two DLBCL 
cases clustering within the ALK- positive LBCL branch 
(Figure 1A).

3.2   |   The DNA Methylation Profile of Human 
ALK- Positive LBCL Shows Similarities to Plasma 
Cell Neoplasias

Having shown that ALK- positive LBCL segregate apart of 
DLBCL we asked whether the plasmablastic features or con-
stitutive ALK- signaling might be reflected by the methylation 
profile. Therefore, we compared the methylation profile of the 
ALK- positive LBCL with the one of 24 MMs, 12 ALK- positive 
ALCLs and non- neoplastic B- cell populations (n = 93).

UMAP analysis using data from all 441 870 CpGs across all neo-
plasms revealed a clear separation of ALK- positive LBCL from 
DLBCL, ALK- positive ALCL and also from MM (Figure  S1). 
ALK- positive ALCLs, except one case, clustered clearly apart 
from the ALK- positive LBCL. Therefore, and taking into ac-
count their T- cell origin, they were not further considered in the 
subsequent analyses.

Focusing on the 10 000 most variable CpGs (mvCpGs) within 
the neoplastic B- cell samples, two distinct clusters emerged: 
one containing the ALK- positive LBCL and MM, and the 
other comprising all DLBCLs (Figure 1B and S2). Moreover, 
we investigated the median DNA methylation levels across the 
441 870 CpGs. This demonstrated a prevalent low median DNA 
methylation in MM (0.26 [0.13–0.41]) and in ALK- positive 
LBCL (0.39 [0.26–0.46]). Conversely, DLBCL, independent 
of their cell of origin gene expression signature (Figure  S3), 
along with normal B- cell populations, demonstrated median 
DNA methylation levels ranging from 0.28 to 0.72 (Figure 1C). 
Notably, the two DLBCL cases clustering within the ALK- 
positive LBCL branch (Figure 1A) showed also a low median 
DNA methylation in the range of that of ALK- positive LBCL 
(annotated in Figure 1C).

Next, we investigated the epigenetic age by the Horvath clock 
and evaluated the relative proliferative history utilizing the 
epigenetically- derived cumulative mitotic clock (epiCMIT), 
leading to congruent findings. The highest median epigene-
tic age and proliferation history was observed in MM (median 
[range]; age: 102 [53–170] years; proliferation: 0.8 [0.7–0.9]) fol-
lowed by comparable values between ALK- positive LBCL (age: 
68 [43–103] years; proliferation: 0.6 [0.5–0.7]) and DLBCL (age: 
76 [19–128] years; proliferation: 0.6 [0.4–0.9]), although in all en-
tities high variances were observed (Figure S4A,B). Decreasing 
median DNA methylation levels in tumor and normal B cells 
show a strong correlation with relative proliferation history 
(R = −0.88, p value < 0.001) and epigenetic age (R = −0.73, p 
value < 0.01) (Figure S4C,D).

Given the distinct separation of ALK- positive LBCL and MM 
from DLBCL, we further analyzed the 10 000 mvCpGs using 
K- means clustering, identifying two clusters: Cluster 1 (4861
CpGs) and Cluster 2 (5139 CpGs) (Figure  1D). Both clusters
(all 10 000 mvCpGs) showed low DNA methylation levels in
ALK- positive LBCLs (median [range]: 0.42 [0.35–0.50]) and
MM (median [range]: 0.17 [0.07–0.33]), with slightly higher
DNA methylation levels in Cluster 2 for ALK- positive LBCLs
(median [range]: 0.49 [0.42–0.59]) compared to MM (median
[range]: 0.25 [0.09–0.40]; adj. p value = 0.0022). Although 
DLBCLs showed somewhat higher DNA methylation levels in
Cluster 1 (median [range]: 0.51 [0.05–0.86]), overall, Cluster 2
exhibited high DNA methylation levels (median [range]: 0.84
[0.51–0.89]), similar to normal B- cell populations (median
[range]: 0.90 [0.82–0.92]) (Figure  1E). Consistent with these
findings, differential DNA methylation analysis between ALK- 
positive LBCL and MM versus DLBCL identified a widespread
hypomethylated signature (FDR < 0.01 and mean |Δβ| > 0.4,
9198 CpGs) in heterochromatic regions (Figure S5), with MM
showing a more pronounced hypomethylation compared to
ALK- positive LBCL (Figure S6).
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FIGURE 1    |     Legend on next page.

A

C
hr

om
at

in
 s

ta
te

 (g
cB

C
)

Ku
lis

 m
od

ul
es

DNA methylation (β-value)

0 0.5 1

MM

CL ALK+ LBCL
DLBCL

ALK+ LBCL
Tumor

PDX ALK+ LBCL

Benign B-cell populations

naive B cells
pre B cells

germinal center B cells

tonsillar plasma cells
post germinal center B cells

bone marrow plasma cells

HPC
Chromatin states (gcBC)

Enhancer
Promoter

Transcription

Unknown
Heterochromatin

Poised Promoter
Kulis modules

M13-14 (III)
M10-12 (II)

M15-20 (IV)
Unknown

M1-9 (I)

Benign B-cell populationsTumor

C
lu

st
er

 2
C

lu
st

er
 1

(4
,8

61
 C

pG
s)

(5
,1

39
 C

pG
s)

0.0

4115001
4163639

0.2

0.4

0.6

0.8

M
ed

ia
n 

D
N

A 
m

et
hy

la
tio

n 
(b

et
a 

va
lu

e)

D E
ALK

+ L
BCL

MM

DLB
CL

HPC

pre
 B ce

lls

na
ive

 B
ce

lls

gc
BCs

po
st 

gc
BCs

t−P
C

bm
−P

C

Benign B-cell populationsTumor

CL ALK+ LBCL
PDX ALK+ LBCL

-7.5

-5.0

-2.5

0.0

2.5

-4 -2 0 2
UMAP1

U
M

AP
2

B

0
10

0
20

0
30

0
40

0

D
LB

C
L

D
LB

C
L

AL
K+

 L
BC

L
AL

K+
 L

BC
L

AL
K+

 L
BC

L
AL

K+
 L

BC
L

AL
K+

 L
BC

L
C

L 
AL

K+
 L

BC
L

PD
X 

AL
K+

 L
BC

L
AL

K+
 L

BC
L

AL
K+

 L
BC

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L
D

LB
C

L

C

0.0

0.2

0.4

0.6

0.8

1.0

M
ed

ia
n 

D
N

A 
m

et
hy

la
tio

n 
(b

et
a 

va
lu

e)

0.0

0.2

0.4

0.6

0.8

1.0

M
ed

ia
n 

D
N

A 
m

et
hy

la
tio

n 
(b

et
a 

va
lu

e)

DLBCL

ALK+ LBCL
MM

CL ALK+ LBCL
PDX ALK+ LBCL

CL ALK+ LBCL
PDX ALK+ LBCL

ALK
+ L

BCL
MM

DLB
CL

HPC

pre
 B ce

lls

na
ive

 B ce
lls

gc
BCs

po
st 

gc
BCs

t−P
C

bm
−P

C



5 of 8

3.3   |   Functional Analysis of the 10 000 Most 
Variable CpGs

Next, we mapped the CpGs within the two clusters to chro-
matin states defined in gcBCs, as well as sets of CpGs known 
to undergo dynamic DNA methylation during B- cell differen-
tiation (Kulis modules M1- M20) (Figure S7 and Table S6) [14]. 
CpGs in Cluster 2, which showed low DNA methylation in 
MM and ALK- positive LBCLs but high methylation levels in 
DLBCL and normal B- cell populations, were predominantly 
localized in heterochromatin (OR = 13.0, p value < 0.001) and 
associated with Kulis module M9 (OR = 4.8, p value < 0.001). 
Conversely, CpGs within Cluster 1 were mainly localized within 
polycomb- repressed regions (OR = 24.6, p value < 0.001), CpG 
islands (OR = 9.9, p value < 0.001) and assigned to modules M19 
(OR = 2.4, p value < 0.001) and M20 (OR = 29.1, p value < 0.001).

In conclusion, DNA methylation profiles of ALK- positive LBCL 
exhibit similarity to MM, marked by DNA methylation alter-
ations in non- functional genomic elements such as heterochro-
matic and polycomb- repressed regions.

3.4   |   Hypomethylated Epiphenotype in B- Cell 
Neoplasms of NPM::ALK Transgenic Mice

In order to investigate whether B- cell tumor induction by the 
NPM::ALK transgene in mice enforces similar DNA methylation 
changes as seen in human ALK- positive LBCL, we evaluated the 
DNA methylation levels across the 266 961 CpG sites in duplicates 
of six samples of B- cell neoplasias from NPM::ALK transgenic mice 
compared to three samples from sorted cells with a gcBC phenotype. 
Consistent with our findings in human ALK- positive LBCLs, the B- 
cell neoplasms of the NPM::ALK transgenic mice showed a signifi-
cantly lower DNA methylation (median [range]: 0.42 [0.26–0.45]) 
than the benign B cells (median [range]: 0.66 [0.64–0.66]; Wilcoxon 
rank sum test: p = 0.024) (Figure 2A). Examination of 10 000 mvCpGs 
demonstrated clear differentiation between tumor and normal B cells 
in a PCA (PC1: 90% variance) (Figure 2B). Moreover, a predominantly 
low methylated signature (9167 of the 10 000 CpGs) was observed 
within the tumors of the NPM::ALK transgenic mice (Figure 2C), 
similar to the hypomethylation seen in ALK- positive LBCL.

3.5   |   Cross- Species DNA Methylation Analysis 
of ALK- Positive B- Cell Neoplasms

As similar DNA methylation patterns were seen in human 
and murine ALK- positive B- cell neoplasms, we aimed for a 

cross- species epigenetic comparison to identify potential con-
served mechanisms of lymphomagenesis. To this end, signifi-
cantly differentially methylated CpGs (DMCs) between tumor 
and non- malignant gcBCs as control group were identified from 
the samples of both species (FDR < 0.01, mean |Δβ| > 0.3). Similar 
numbers of DMCs were detected in both human and mice, namely 
54 006 CpGs in human and 54 407 CpGs in mice (Tables S7 and 
S8). Consistent with our previous results, a predominantly hy-
pomethylated pattern was observed in the ALK- positive neo-
plasms as compared to controls in both species (human: 49 426 
CpGs; mice: 51 909 CpGs, Figure  S8). Chromatin mapping 
unveiled that hypomethylated DMCs were predominantly lo-
calized within heterochromatic regions (OR mouse: 8.0, adj. 
p value < 0.001; OR human: 13.9, adj. p value < 0.001), whereas 
hypermethylated DMCs were localized in promoter (OR mouse: 
2.5, adj. p value < 0.001; OR human: 1.4, adj. p value < 0.001) and 
enhancer regions (OR mouse: 7.7, adj. p value < 0.001; OR human: 
5.6, adj. p value < 0.001) (Figure 2D and Table S9). Tumors from 
both species share 3829 genes with hypomethylated DMCs 
(33%) and 324 genes with hypermethylated DMCs (12%) in 
ALK- positive B- cell neoplasms (Figure 2E). From these, 177 hy-
pomethylated and 215 hypermethylated genes were found to be 
affected by DMCs in regulatory regions, including promoters and 
enhancers, and were subsequently used for pathway enrichment 
analysis. Enrichment analysis revealed that hypermethylated 
genes were enriched in immune system- related pathways, while 
hypomethylated genes were primarily enriched in signal trans-
duction pathways (Figure 2F and Table S10).

4   |   Discussion

Our comprehensive DNA methylation profiling of human and mu-
rine ALK- positive LBCLs, human DLBCL, MM, and ALK- positive 
ALCL reveals that ALK- positive LBCL shares several DNA meth-
ylation features with MM. This is consistent with the lympho-
ma's plasmablast- like morphology and expression of plasma cell 
markers such as CD138, VS38C, and MUM1, the latter being a 
key plasma cell differentiation factor encoded by the IRF4 gene 
[2, 23]. These findings suggest that ALK- positive LBCL is more 
closely aligned with plasma cell neoplasms than DLBCL, although 
the slightly higher DNA methylation levels in ALK- positive LBCL 
compared to MM suggest a cellular counterpart that is transi-
tioning toward plasma cells but not yet fully differentiated. This 
observation indicates that the normal cellular counterpart may in-
fluence the methylation profile, but not the oncogenic driver ALK.

Both ALK- positive LBCL and MM exhibit global DNA hy-
pomethylation compared to DLBCL and normal B- cell 

FIGURE 1    |    DNA methylation profiling of human ALK- positive LBCLs. (A): Hierarchical clustering (ward.d2) dendrogram of 441 870 CpGs. 
The analysis includes seven ALK- positive LBCL cases, the LM1 cell line (CL), the patient- derived xenograft (PDX) model, and 75 DLBCLs. Cluster 
relationships highlight the epigenetic similarities and differences across these samples. (B) UMAP analysis of B- cell lymphomas based on the 10 000 
most variable CpGs (20 neighbors). (C) Median DNA methylation of various lymphomas and benign B- cell populations across the 441 870 CpGs 
entered downstream analyses. (D) Heatmap displaying the 10 000 most variable CpGs across ALK- positive LBCLs, DLBCL, and multiple myeloma 
(MM). Rows represent CpGs and columns represent samples. Tumor samples are clustered using hierarchical clustering (ward.d, dendrogram are 
not shown). Benign B- cell populations are only displayed and ordered according differentiation status. K- means clustering on the CpGs revealed 
two clusters (Cluster 1: 4861 CpGs, Cluster 2: 5139 CpGs). CpGs are further annotated according chromatin states defined in germinal center B cells 
and Kulis modules. (E) Box plots showing median DNA methylation levels of Cluster 1 (top) and Cluster 2 (bottom). bm- PC: plasma cells from bone 
marrow; HPC: hematopoietic stem cells; t- PC: plasma cells from tonsils.
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populations, reflecting the differentiation status of the tumor 
cells [11]. The most variable CpGs between ALK- positive 
LBCL, MM, and DLBCL distinctly separated ALK- positive 
LBCL from DLBCL, with a predominant hypomethylated  
phenotype associated with the Kulis module M9, which   
involves heterochromatin demethylation during late B- cell 
differentiation [14].

Despite the widespread use of transgenic and knock- out mouse 
models to study cancer biology, comparative DNA methyla-
tion studies between human and murine models driven by the 
same oncogene are limited [24, 25]. Taking advantage of the on-
cogenic driver potential of ALK- fusion in mouse and men, we 
here performed a cross- species comparison of B- cell neoplasms 
induced by ALK fusions in human and mouse samples [8]. Our 

FIGURE 2    |    Comparative DNA methylation profiling of human and murine ALK- positive B- cell neoplasms. (A) Global median DNA methyla-
tion was calculated for NPM::ALK plasmacytoma and benign B cells (germinal center phenotype) from mice. (B) Principal component analysis of 
the murine samples based on the 10 000 most variable CpGs. (C) Heatmap showing the DNA methylation levels of the 10 000 most variable CpGs 
identified within the murine samples. (D) Chromatin state mapping of the significant differentially methylated CpGs found in human and murine 
ALK- positive B- cell neoplasms compared to their corresponding benign B cells (germinal center phenotype). As background comparison all CpGs 
entered the analysis were used (array: Human 441 770 CpGs; mouse 266 961 CpGs). Statistical analysis is summarized in Table S9. (E) Overlap of 
genes affected by differential DNA methylation in human and murine ALK- positive B- cell neoplasms (blue: Hypomethylation in tumor, yellow: 
Hypermethylation in tumor). (F) Gene ontology enrichment analysis (top ten according to adjusted p value) of hypermethylated and hypomethylated 
genes shared in human and murine with CpGs associated to regulatory regions (enhancer, promoter regions).
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comparative findings show a conserved pattern of DNA methyl-
ation alterations in the ALK- driven B- cell tumors. Rather than at 
the single gene level, there seems to be functional conservation of 
the ALK- activation induced effects in malignant B cells, as can be 
seen from the common hypomethylation, the affected chromatin 
states, and the involved pathways jointly altered in both species. 
These findings not only highlight the relevance of the NPM::ALK 
mouse model for studying ALK- driven lymphomagenesis but also 
support the value of cross- species analyses in lymphoma research.

In summary, ALK- positive LBCL, both in humans and 
mice, shares epigenetic features with plasma cell neoplasms. 
Therefore, ALK- positive LBCL might be based on differentiation 
stage better grouped with plasma cell neoplasms rather than 
based on morphology as LBCL. Moreover, our findings showed 
conserved functional patterns between tumors induced by the 
same strong oncogenic driver in humans and corresponding 
mouse models, emphasizing the potential of cross- species DNA 
methylation profiling in both research and diagnostics.
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