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Co-shared genomic alterations within tumors from

patients with both myeloproliferative neoplasms and

lymphoma

Myeloproliferative neoplasms (MPN) and lymphomas are
generally considered to be distinct malignant diseases. MPN
are clonal hematopoietic stem cell disorders characterized
by proliferation of one or more of the myeloid-derived cell
lineages. Lymphomas comprise a wide range of B- or T/
NK-cell-derived malignancies.”> However, in patients di-
agnosed with both malignancies, some lymphoid entities
are overrepresented.®* In a nationwide cohort of patients
presenting with both MPN and lymphoma, we observed
that the occurrence of T-follicular helper cell lymphoma,
angioimmunoblastic type (AITL), was five to seven times
higher than in the general population.® This, together with
observations of similarities at genomic and proteomic
level in patients with concurrent MPN and lymphoma,®’
has contributed to the hypothesis that MPN and some
lymphoma subtypes may share common pathogenetic
steps. To further explore this hypothesis, we investigated
the mutational landscape in archival tumor samples from
patients with both diagnoses.

We performed whole exome sequencing (WES) of paired
bone marrow (BM) and lymphoma tissue samples from pa-
tients diagnosed, either simultaneously or metachronously,
with both MPN and lymphoma, of either AITL or diffuse
large B-cell lymphoma (DLBCL) type. To our knowledge,
the present study is the first to report the occurrence of
shared genomic alterations within the disease-specific
tumor samples from patients diagnosed with MPN and
either AITL or DLBCL.

A Danish cohort of patients diagnosed with both MPN and
lymphoma between 1990-2015 was previously described.®
Diagnostic tumor samples from 14 patients with MPN,
diagnosed prior or synchronous to either AITL (N=5) or
DLBCL (N=9), were identified through the Danish National
Pathology Registry (DNPR).2 We excluded patients with
MPN diagnosed >6 months after lymphoma to reduce the
probability of therapy-induced MPN. Clinicopathological
characteristics are summarized in Table 1.

The study was approved by the Danish National Com-
mittee on Health Research Ethics (record no. 1609521)
and the Danish Data Protection Agency (record no. 1-16-
02-420-15) and was performed in compliance with the
principles of the Helsinki Declaration. Before inclusion,
written informed consent was obtained. Exception was
made in cases where the patient had died at the time of
the study, to which separate permission was granted in
the ethics approval.

All patients were diagnosed with MPN based on BM sam-

ples, while the lymphoma diagnoses were based on either
lymph node or extra-nodal tissue biopsies. Non-neoplas-
tic tissue from archived specimens in the DNPR or saliva
(in cases where no archived non-neoplastic tissue was
available) were used as germline control. All specimens
were reviewed by an experienced hematopathologist at
a tertiary-care center. Immunohistochemical character-
izations were performed to verify the adequacy of study
specimens regarding the presence of MPN and lymphoma
in relation to tumor content and to assess for any recip-
rocal infiltration of MPN into lymphoma or vice versa. A
DNA library triad encompassing the 3-way paired MPN,
lymphoma, and non-neoplastic tissue specimens was con-
structed for WES following standard protocols. Captured
targets were paired-end sequenced according to standard
protocols. Raw sequencing data was quality checked. We
observed a high level of indels and C:G-T:A substitutions,
probably induced by formalin-fixation of the specimens.
To reduce the false-positive rate, the data was processed
on two independent mutation-calling pipelines. Variants
with allele frequencies (VAF) <10% were excluded from the
analyses, and only somatic variants reported in COSMIC?®
were retained for downstream evaluation. Variants within
genes with a well-established relevance for the diseases
addressed in the present study, were manually curated
regardless of VAF. This involved variants in DNMT3A, TET2,
IDH2, RHOA, and JAK2."? Alleles with depth coverage of
>20 reads were evaluated. Variants present in the gnomAD
database (version 2.11),° European non-Finnish population,
at a frequency above 0.01 were removed. Quality and read
depth assessment were complemented with the inspection
of focus variants in Integrative Genomics Viewer."

In patients diagnosed with MPN and AITL, the fraction of
myelopoietic tissue in the MPN BM samples varied between
40-95% (Table 1). Tumor cell content in the AITL samples
was estimated ranging between 60-90%. In patients diag-
nosed with MPN and DLBCL (patients #6-14), the fraction
of myelopoietic tissue in the MPN BM samples varied be-
tween 80-95%. Tumor cell content in the DLBCL samples
was estimated in the range 70-90%, except for patient #7
in which there was a low content of 15% due to adjacent
salivary gland tissue.

Figure 1 shows an overview of the identified mutations with
VAF 210% for both MPN/AITL and MPN/DLBCL patients.
Specific mutations, well characterized in the literature as
being associated with MPN and AITL are presented in Ta-
ble 2 in more detail. Shared mutations were defined by an
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. - Figure 1. Overview of shared and private mutations in the stud
MPN/AITL (patients #1-5) I.=unct|on coghort. Shared and private mutztions with variant allele fre¥
Genes L 2 3 4 5° impact® | ;yencies (VAF) 210% identified by whole exome sequencing.
MLIMLIM|LIMLIM| L Canonical myeloproliferative neoplasm (MPN) and lymphoma-en-
SF1 il Medium tity associated mutations are also reported at lower VAF levels.
DNMT3A 75 || 2 Medium The numbers in the individual boxes indicate VAF (%). (A) Mu-
TET2 8 Bl 2 33 High tations identified in patients with angioimmunoblastic T-cell
IDH2 15 B icdium lymphoma (AITL) and MPN. SIn patient #5, MPN and AITL were
= diagnosed simultaneously. The bone marrow was morphologi-
RHOA 29 9 Medium . . . e
# = " - cally and immunohistochemically found to be infiltrated by both
JAk2 9" 417 |36 72 Medium | ooplasms. The mutational findings in this patient should there-
NOTCH2 25 Medium | fore be interpreted with caution. (B) Mutations identified in
NCOR1 33 18110 Medium | patients with diffuse large B-cell lymphoma (DLBCL) and MPN.
ABL1 13 Medium #ldentical variant found in non-neoplastic tissue (germline mu-
NSD1 10 Medium tation). *According to International Cancer Genome Consortium
IRF4 17 Medium terminology, www.dcc.icgc.org. AITL: angioimmunoblastic T-cell
INVS 11 Medium lymphoma; DLBCL.: diffuse large B-cell lymphoma; M: myeloid
DICER] 0 Medium sample; L: lymphoid sample.
TAF1 63 Medium
BCOR 13 Medium
MTOR 22 Medium
SMCI1A 20 Medium
BCL2 21 High
NRAS iz 80 Medium
STAT3 16 | Medium
PTEN [35] High
CDC73 29 Medium | B Frameshift mutation
TETY 21 Medium | | Missense mutation
BCOR 16 Medium - Stop-gain mutation
B
MPN/DLBCL (patients #6-14) Function impact*
Genes 6 7 8 9 10 11 12 13 14
M LIM|L|M L MLIML|M|LIM|L|IM|L|M|L
NRAS 16 Medium
MYD88 6 High
JAK2 92% | 15% | 12 727 14% | 13 20 Medium
MPL 10 10 High
TP53 26 High
POUZ2F2 i3 Medium
TET2 [15] High
PIM1 30 26 Medium
DUSP2 24 82 22 Medium
D58 [20] High
B2M High
EZH2 a7 Medium
TBLIXR1 29 Medium
ETV6 34 Medium
S0CS1 15 Medium
HISTIHIE 14 Medium
NFKBIA i Medium
BCL2 44 High
CCND3 49 Medium
SPEN | 48 | High
TNFAIP3 High
NFKBIE High
PIK3R1 High " Frameshift mutation
IKBKB Sl Medium Missense mutation
PAX5 28 Medium - Stop-gain mutation
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Table 2. Detailed representation of selected mutations identified in the study cohort.

Somatic mutations MPN Lymphoma Present in
. . germline
Fatient® Gene Position N‘::::;Lde M':;:T" A:::Ii:o VAF % VAF % (‘i;’::';’l
change )
AITL patients
DNMT3A chr2:25470979 G>A Missense p.T261M 12 - No
DNMT3A chr2:25470521 C>T Missense p.R318Q - 7 No
1 TET2 chr4:106157053 C>T Stop gain p.Q673 21 38 No
IDH2 chr15:90631839 T>C Missense p.R172G - 15 No
RHOA chr3:49412973 C>A Missense p.G17V - 29 No
DNMT3A chr2:25462017 T>G Missense  p.N797T 29 31 No
: JAK2 chr9:5073770 G>T Missense  p.V617F 9 31 Yes (15)
TET2 chr4:106164778 C>T Stop gain  p.R1237 48 33 No
° JAK2 chr9:5073770 G>T Missense  p.V617F 36 - Yes (34)
4 JAK2 chr9:5072541 G>A Missense  p.R64Q 72 - No
5 IDH2 chr15:90631838 C>A Missense = p.R172M 2 2 No
RHOA chr3:49412973 C>A Missense p.G17V 9 - No
DLBCL patients
6 JAK2 chr9:5073770 G>T Missense  p.V617F 92 15 Yes (22)
8 JAK2 chr9:5073770 G>T Missense  p.V617F 72 14 Yes (8)

Identical mutations shared between the myeloproliferative neoplasm (MPN) and lymphoma, within the same patient, are highlighted in grey.
Several shared mutations were identified in the MPN/angioimmunoblastic T-cell lymphoma group while shared mutations were identified in
only two MPN/diffuse large B-cell lymphoma patients involving exclusively p.V617F JAK2 mutation canonical for MPN. SIn patient #5, MPN and
lymphoma were diagnosed simultaneously. The bone marrow was infiltrated by both neoplasms. The mutational findings in this patient should
therefore be interpreted with caution. AITL: angioimmunoblastic T-cell lymphoma; DLBCL: diffuse large B-cell lymphoma; MPN: myeloprolif-

erative neoplasm; VAF: variant allele frequency.

identical position and nucleotide change within the given
gene sequence. In four of five AITL patients, mutations in
either of the epigenetic modifier genes DNMT3A, TET2, or
IDH2 were identified. Notably, a mutation in /DH2 leading
to amino acid change at position R172 was found in two of
five patients. A RHOA mutation resulting in the G17V change
was found in the AITL sample of patient #1. In patient #5,
MPN and AITL were simultaneously diagnosed. This patient
had discrete lymphoma infiltration in the BM, where a RHOA
mutation was identified. The same mutation could not be
detected in the lymph node biopsy.

Both AITL patients with /DH2 mutations had a concurrent
RHOA mutation. Mutations in the JAK2 gene were found in
three of the MPN samples. Two cases harbored the JAK2
V617F amino acid change, while the third was JAK2 exon
12 mutation-positive.

In the nine DLBCL patients, mutations in genes commonly
associated with lymphoid neoplasms (B2M, BCL2, CCND3,
EZH2, TP53, NKFBIE, PAX5 and MYD88), were identified with
high allelic burdens (Figure 1). JAK2 mutations resulting in
V617F amino acid change were found in five of these pa-

tients’ MPN samples. One patient harbored a MPL mutation
in the MPN sample.

Shared mutations were found in three of five (60%) MPN/
AITL patients and involved DNMT3A, JAK2 and TET2. IDH2
was found in both tissue samples of patient #5, but due
to simultaneous diagnosis of MPN and AITL and BM infil-
tration of lymphoma, this mutation could not confidently
be classified as shared. Shared mutations were found in
two of nine (22%) MPN/DLBCL patients involving only JAK2
(Table 2).

DNMT3A and TET2 play essential roles in hematopoietic
stem cell differentiation and abnormal function of these
genes may lead to impaired hematopoietic differentiation
capacity and to the accumulation of clonal hematopoiesis
(CH))>“Shared mutations of DNMT3A (patient #2) and TET2
(patients #1 and #3) were present with high allelic burdens
(range 19-49%), supporting the hypothesis that these mu-
tations may be involved in the early common pathogenetic
steps of both MPN and AITL. The allelic burden of DNMT3A
and TET2 mutations were higher than those of IDH2 and
RHOA in the AITL samples, suggesting that the latter mu-

Haematologica | 109 December 2024
4070



LETTER TO THE EDITOR

tations could represent more downstream events
These observations support the possible parallel evolution
of two distinct neoplastic proliferations, a myeloid and a
lymphoid, from a common hematopoietic progenitor cell
population that carry CH features such as TET2 and DN-
MT3A mutations. These findings extend previous reports
of the development of metachronous AITL and myeloid
neoplasms from a common TET2/DNMT3A-mutated stem
cell population in patients with CH.®

Eight of the 14 patients harbored JAK2 mutations: three of
five (60%) of the MPN/AITL patients and five of nine (56%)
of the MPN/DLBCL patients. In patient #2 (AITL) and pa-
tients #6 and #8 (DLBCL), the JAK2 mutation was shared.
The non-neoplastic tissue of these patients also carried
the same JAK2 variant with a low allele frequency (Table 2).
While this may represent in vivo tumor cell contamination
of the samples, another possible interpretation is that the
presence of a JAK2 germline mutation predisposed to the
subsequent development of MPN and lymphoma.

The risk of cross-contamination between MPN and lym-
phoma cannot be excluded with certainty, as demon-
strated by the findings in patient #5. However, this risk is
mitigated by factors such as: (i) expert specimen review
by a tertiary-center hematopathologist; (ii) the diagnosis
of MPN dating several years before the lymphoma diag-
nosis in most patients (10/14), reducing the probability of
lymphoma cells being present in the MPN samples. Of the
five patients with shared mutations (3 MPN/AITL and 2
MPN/DLBCL), four had an interval between the diagnosis of
MPN and lymphoma of 22.6 years. In the last of these five
patients (patient #1), AITL was diagnosed simultaneously
with MPN, but without evidence of lymphoma in the BM;
(iii) a high tumor cell content in most specimens, increas-
ing the probability that the DNA extracted and sequenced
from MPN and lymphoma tissue is representative of the
respective neoplasm.

For future investigations, the application of single-cell and
spatial multi-OMICS will likely improve the level of precision
of clonal recognition and development.

In conclusion, we identified shared and private mutations
in patients with co-occurrent MPN and lymphoma. Some
of these mutations, particularly in the setting of MPN/AITL,
may reflect ancestral pathogenetic alterations related to CH
(e.g., TET2, DNMT3A), while others (e.g., IDH2, RHOA) may
facilitate downstream clonal divergence and expansion.
These events seem to be less frequent in DLBCL than AITL.
However, additional data from larger, independent studies
are required to provide support for these hypotheses.

Authors

Johanne M. Holst,'? Martin B. Pedersen,? Marie B. Enemark,?
Marcus C. Hansen,?® Patrick R. Noerhave,-? Trine L. Plesner,* Henrik
Frederiksen,® Michael B. Moeller,® Stephen J. Hamilton-Dutoit,®

Peter Noergaard,” Bo K. Mortensen,® Hans B. Ommen,-? Jesper
Stentoft,? Wayne Tam,® Maja Ludvigsen,"? Wing C. Chan,° Nicolai J.
Birkbak," Giorgio Inghirami® and Francesco d’Amore?

'Department of Hematology, Aarhus University Hospital, Aarhus,
Denmark; 2Department of Clinical Medicine, Aarhus University,
Aarhus, Denmark; *Department of Hematology, Odense University
Hospital, Odense, Denmark; *Department of Pathology,
Rigshospitalet, Copenhagen, Denmark; *Department of Pathology,
Odense University Hospital, Odense, Denmark; ¢ Department of
Pathology, Aarhus University Hospital, Aarhus, Denmark;
"Department of Pathology, Herlev Hospital, Copenhagen, Denmark;
8Department of Hematology, Herlev Hospital, Herlev, Denmark;
®Department of Pathology and Laboratory Medicine, Weill Cornell
Medicine, New York City, NY, USA; “Department of Pathology, City of
Hope Medical Center, Duarte, CA, USA and "Department of

Molecular Medicine, Aarhus University Hospital, Aarhus, Denmark

Correspondence:
F. D’AMORE - frandamo@rm.dk

https://doi.org/10.3324/haematol.2023.283798

Received: June 21, 2023.
Accepted: July 15, 2024.
Early view: July 25, 2024.

©2024 Ferrata Storti Foundation
Published under a CC BY-NC license

Disclosures
No conflicts of interest to disclose.

Contributions

JMH, MBP, WCC, GlI, and FdA conceptualized the study. TLP, JMH,
Gl, and SJHD validated tissue specimens. JMH, TLP, HF, MBM,
SJHD, PN, and BKM collected the samples. JMH, MCH, and NJB
performed the biostatistical analyses. JMH, MBP, MBE, MCH, PRN,
TLP, HF, MBM, SJHD, PN, BKM, HBO, JS, WT, NJB, ML, WCC, Gl, and
FdA made substantial contributions to the acquisition and
interpretation of data. JMH, MBP, PRN, MBE, NJB, and FdA drafted
the original manuscript. All authors critically revised and

contributed to the completion of the final manuscript.

Acknowledgments

The authors would like to thank the collaborating pathology and
hematology departments for the retrieval of tissue samples and
collection of clinical data. Special thanks for technical assistance
to Kristina Lystlund Lauridsen, Laboratory of Molecular Pathology
at Aarhus University Hospital, Jenny Zhaoying Xiang, Genomics
Resources Core Facility at Weill Cornell Medicine, and Joelle
Racchumi, Department of Pathology and Laboratory Medicine at
Weill Cornell Medicine.

Funding
This investigation was supported by grants from Aarhus University,

Haematologica | 109 December 2024
4071



LETTER TO THE EDITOR

iLymph, SEB Pension, the Danish Lymphoma Group, and the regulations, original clinico-pathological and genomic data (including

@lufgaard P. N. Kristensen Foundation. raw sequencing data) cannot be made publicly available. However,

data can be shared upon reasonable request and in accordance

Data-sharing statement with GDPR and current national legislation.

Due to patient confidentiality and Danish data protection

References

1. Arber DA, Orazi A, Hasserjian RP, et al. International Consensus
Classification of Myeloid Neoplasms and Acute Leukemias:
integrating morphologic, clinical, and genomic data. Blood.
2022;140(11):1200-1228.

2. Campo E, Jaffe ES, Cook JR, et al. The International Consensus
Classification of Mature Lymphoid Neoplasms: a report from
the Clinical Advisory Committee. Blood. 2022;140(11):1229-1253.

3. Landtblom AR, Bower H, Andersson TM, et al. Second
malignancies in patients with myeloproliferative neoplasms: a
population-based cohort study of 9379 patients. Leukemia.
2018;32(10):2203-2210.

4. Marchetti M, Carobbio A, Capitoni E, Barbui T.
Lymphoproliferative disorders in patients with chronic
myeloproliferative neoplasms: a systematic review. Am J
Hematol. 2018;93(5):698-703.

5. Holst UM, Plesner TL, Pedersen MB, et al. Myeloproliferative and
lymphoproliferative malignancies occurring in the same patient:
a nationwide discovery cohort. Haematologica.
2020;105(10):2432-2439.

6. Kennedy JA, Medeiros JJF, Dobson SM, et al. Distinct patterns
of clonal evolution in patients with concurrent myelo- and
lymphoproliferative neoplasms. Blood. 2018;132(20):2201-2205.

7. Holst JM, Enemark MB, Pedersen MB, et al. Proteomic profiling
differentiates lymphoma patients with and without concurrent
myeloproliferative neoplasia. Cancers (Basel). 2021;13(21):5526.

10.

11.

12.

13.

14.

15.

. Erichsen R, Lash TL, Hamilton-Dutoit SJ, Bjerregaard B, Vyberg

M, Pedersen L. Existing data sources for clinical epidemiology:
the Danish National Pathology Registry and Data Bank. Clin
Epidemiol. 2010;2:51-56.

. Tate JG, Bamford S, Jubb HC, et al. COSMIC: the catalogue of

somatic mutations in cancer. Nucleic Acids Res.
2019;47(D1):D941-D947.

Karczewski KJ, Francioli LC, Tiao G, et al. The mutational
constraint spectrum quantified from variation in 141,456
humans. Nature. 2020;581(7809):434-443.

Robinson JT, Thorvaldsdéttir H, Winckler W, et al. Integrative
genomics viewer. Nat Biotechnol. 2011;29(1):24-26.

Lunning MA, Vose JM. Angioimmunoblastic T-cell lymphoma:
the many-faced lymphoma. Blood. 2017;129(9):1095-1102.
Challen GA, Sun D, Jeong M, et al. Dnmt3a is essential for
hematopoietic stem cell differentiation. Nat Genet.
2011;44(1):23-31.

Yao WQ, Wu F, Zhang W, et al. Angioimmunoblastic T-cell
lymphoma contains multiple clonal T-cell populations derived
from a common TET2 mutant progenitor cell. J Pathol.
2020;250(3):346-357.

Lewis NE, Petrova-Drus K, Huet S, et al. Clonal hematopoiesis in
angioimmunoblastic T-cell lymphoma with divergent evolution to
myeloid neoplasms. Blood Adv. 2020;4(10):2261-2271.

Haematologica | 109 December 2024

4072





