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Abstract:
TET2-mediated DNA demethylation plays a pivotal role in regulating pre-leukemic clonal expansion in
acute myeloid leukemia (AML), where TET2 mutations are also linked to AML progression. However, its
function in other types of leukemias, including T-cell acute lymphoblastic leukemia (T-ALL),
remains unclear. Here, we used two different T-ALL mouse models to study the possible tumor
suppressor role of Tet2 in pre-leukemic T-ALL. Overexpression of Tet2 resulted in a mild but
significant increase in T-ALL latency in the immature CD2-Lmo2tg T-ALL mouse model, but no effect
on survival was observed in the mature Lck-Cretg/+ Ptenfl/lf T-ALL mouse model. In contrast to the
pre-leukemic thymocytes from CD2-Lmo2tg mice, Lck-Cretg/+ Ptenfl/fl thymi do not display self-
renewal suggesting that the anti-leukemic effect of Tet2 occurs mainly in the pre-leukemic phase of
T-ALL. In conclusion, we demonstrated that the Tet2 tumor suppressor function is dependent on the
differentiation stage of T-ALL and limited to the pre-leukemic phase.
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T-cell acute lymphoblastic leukemia (T-ALL) is a rare but aggressive leukemia 
affecting the T-cell lineage. During the malignant transformation of immature T-cells, 
a clonal expansion of progenitor cells is selected via the gradual accumulation of 
advantageous genetic mutations and epigenetic changes (1). Alterations in the DNA 
methylome are suggested as one of the potential initiating mechanisms that allow this 
gradual oncogenic transformation to occur (2). During DNA methylation, a methyl 
group is covalently attached to a cytosine in CpG-rich dinucleotide sequences by 
DNA methyltransferases (DNMTs) (3). It is a plastic and reversible process, where 
active demethylation is catalyzed by the ten-eleven translocation (TET) oxydase 
enzymes (4,5). Tet2 knockouts are not only predisposed to myeloid malignancies, but 
are also prone to develop lymphoid malignancies, including T-ALL (6,7). Although 
TET2 mutations in T-ALL are rare (0.7%), TET2 is transcriptionally repressed or 
silenced in 71% and 17% of T-ALL, respectively. This silencing is often associated 
with hypermethylation of the TET2 promotor (8,9).  Based on these observations, 
restoration of the TET2 tumor suppressor function was proposed as a potential 
effective therapeutic strategy.  
 
Long-lived pre-leukemic stem cells (pre-LSCs) were uncovered as an initiating event 
in various blood-born cancers (10). Pre-LSCs are phenotypically normal, but 
molecularly poised to transform. Their self-renewing capacity allows clonal expansion 
and subsequent acquisition of extra oncogenic driver mutations, eventually leading to 
the onset of a full-blown leukemia. Of interest, these pre-LSCs have a competitive 
advantage compared to untransformed progenitors and are more chemo/radio-
resistant (11-12). As a result, they are considered to reflect the population that 
potentially can give rise to relapse (13-15). In T-ALL, the existence of a pre-LSC 
population has first been described and identified in a spontaneous T-ALL mouse 
model overexpressing LMO2, CD2-Lmo2tg/+ mice (16-18). Unlike the thymus of 
normal mice, which is continuously replenished by progenitors from the bone marrow, 
the preleukemic thymus of CD2-Lmo2tg/+ mice is self-sustaining from young age and 
many months before leukemia development. Similar thymocyte transplantation 
experiments, to demonstrate presence of a pre-LSC self-renewing thymocyte 
population, have not been reported for other spontaneous T-ALL mouse models. To 
investigate presence/absence of pre-LSCs in an unrelated second T-ALL model, 
thymocytes from Lck-cretg/+Ptenfl/fl mice (19) or their Cre-negative wildtype (WT) 
littermate controls were transplanted into sublethal irradiated syngeneic Ly5.1 
(CD45.1+) recipients. CD2-Lmo2tg/+ thymocytes and WT bone marrow cells were 
used as a positive control. Via flow cytometric analysis, we analyzed how many of the 
donor versus recipient cells contributed to the repopulation of the thymus 6 weeks 
after transplantation. In contrast to CD45.2+ CD2-Lmo2tg/+ thymocytes, none of the 
CD45.2+ Lck-cretg/+Ptenfl/fl thymocytes could be detected in the recipient mice, 
demonstrating the absence of a preleukemic phase in the Lck-cretg/+Ptenfl/fl model 
(Fig 1A). 
 
Currently, detailed molecular insights are lacking in how thymocytes can gain this 
aberrant self-renewal and whether altered DNA methylation plays a pivotal role in this 
initiation event. Of interest, in our previous study (20) we already demonstrated that 
CD2-Lmo2tg/+ and Lck-Cretg/+Ptenfl/fl murine T-ALLs have significantly different DNA 
methylation profiles. To investigate a potential role for Tet2 in pre-LSCs, we started 
with an expression analysis for Tet2 in thymocytes isolated from preleukemic CD2-
Lmo2tg/+  and WT littermate mice at the age of 8 and 24 weeks. Tet2 mRNA levels 
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were significantly downregulated after 8 weeks and almost completely absent after 
24 weeks (Fig 1B). A similar Tet2 mRNA expression analysis was performed in 
preleukemic Lck-Cretg/+Ptenfl/fl thymocytes. Since these mice develop T-ALL faster 
(Supplemental Fig 1), we could only collect thymocytes of non-leukemic Lck-
Cretg/+Ptenfl/fl mice at the age of 8 weeks. In contrast to the CD2-Lmo2tg/+ mice, no 
difference in Tet2 levels could be observed between WT and Lck-Cretg/+Ptenfl/fl mice 
(Fig 1C).  Based on these findings, we hypothesized that a gradual loss of Tet2 
during the preleukemic expansion of self-renewing CD2-Lmo2tg/+ pre-LSCs may 
contribute to the progression of overt leukemia in this model. 
 
To functionally investigate the Tet2 tumor suppressor role in T-ALL initiation, we 
developed a conditional Tet2 gain-of-function mouse model using our previously 
reported transgenic pipeline (Fig 2A) (21). We crossed this newly developed R26-
Tet2tg with the CD2-iCre transgenic line (22), expressing the Cre recombinase from 
the common lymphoid progenitor stage onward. In the resulting R26-Tet2tg/tg;CD2-
iCre mice, Cre-mediated deletion of the floxed transcriptional stop cassette enabled 
expression of a bicistronic mRNA encoding for TET2 and an eGFP/luciferase fusion 
reporter in lymphoid progenitors and their progeny (Fig 2A). Next, we crossed the 
R26-Tet2tg with the CD2-Lmo2tg/+ T-ALL model (18) and generated an aging cohort of 
CD2-Lmo2tg/+ animals without (Cre-,CD2-Lmo2tg/+R26-Tet2tg/tg, hereafter named 
Lmo2) and with Tet2 overexpression (CD2-iCretg/+CD2-Lmo2tg/+R26-Tet2tg/tg, 
hereafter named Lmo2-Tet2) to evaluate the effects of TET2 gain on T-ALL initiation. 
Mice were sacrificed when signs of hematological malignancy were observed. Lmo2-
Tet2 mice showed a significant delay in T-ALL formation (median survival of 266 
days) compared to Lmo2 mice (median survival of 201 days), which confirmed the 
role of TET2 as tumor suppressor in T-ALL (Fig 2B). Tet2 overexpression in Lmo2-
Tet2 leukemia samples was confirmed by qPCR (Fig 2C) and was in line with gain of 
GFP (Supplemental Fig 2A) and loss of the transcriptional stop cassette 
(Supplemental Fig 2B). Luciferase activity (Supplemental Fig 2C-D) confirmed the 
conditional expression of the transgene transcript in Lmo2-Tet2 mice. Endogenous 
Tet2 mRNA levels did not differ between both groups (Supplemental Fig 2E), 
indicating that the observed increase in T-ALL latency is exclusively caused by the 
Rosa26-driven Tet2 overexpression. 
Next, we wondered if TET2 could act as a tumor suppressor in a mouse model that 
lacks pre-LSCs. For this, we crossed the R26-Tet2tg/tg mice with the Lck-cretg/+Ptenfl/fl 
T-ALL model and generated an aging cohort of mice with (Lck-Cretg/+Ptenfl/lfR26-
Tet2tg/tg, hereafter named Pten-Tet2) or without Tet2 overexpression (Lck-
Cretg/+Ptenfl/flR26-Tet2wt/wt, hereafter named Pten). No significant difference in overall 
survival was observed (Figure 2D), although gain of Tet2 mRNA expression was 
confirmed (Figure 2E) in obtained leukemia samples. Similar as for the LMO2 aging 
cohort, the increased Tet2 mRNA levels corresponded with gain of the GFP-
Luciferase reporter gene and loss of the STOP codon (Supplemental Fig 3A-D) in the 
Pten-Tet2 mice. Endogenous Tet2 levels did not differ between both groups 
(Supplemental Fig 3E). 
 
Currently, the tumor suppressor role of TET2 in T-ALL has only been studied in 
knockout models and rescue experiments using vitamin C or 5-azacitidine (9). Here, 
for the first time, we investigated the effects of gain of TET2 in T-ALL making use of 
genetically overexpressing mouse models. We demonstrated a tumor suppressor 
role of TET2 in the preleukemic phase of T-ALL, while no effects were seen on T-ALL 
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maintenance. The difference in the effect of Tet2 overexpression between the Pten 
and Lmo2 T-ALL mouse models can be correlated with our previous observations 
and reported differences in the DNA methylation profile of these two models (20). The 
observed decrease in Tet2 mRNA levels in preleukemic Lmo2 mice, is associated 
with an increase in methylation at CpG islands, while this is not seen in the Pten 
model (20). Based on these findings, we hypothesize that a critical TET2 threshold is 
necessary to protect preleukemic cells from obtaining secondary mutations that in the 
end will lead to the formation of T-ALL.  
 
All in vivo experiments were approved by the ethical committee for animal experimentation of the 
Faculty of Medicine and Health Sciences of Ghent University. 

 
 

Authorship 

Conceptualization: SDC, JR, DC, SG, PVV; Methodology: SDC, BL, STS; Formal analysis: SDC, JR; 

Investigation: SDC, BL, STS; Resources: TT, DC, TP, SG, PVV; Data curation: SDC; Writing original draft: 

SDC, JR, TP, SG, PVV; Writing - review and editing: SDC, JR, BL, STS, TT, DC TP, SGS; Visualization: SDC; 

Supervision: SG, PVV; Project administration: SDC, SG, PVV; Funding acquisition: SG, PVV. 

 

The authors declare no conflict of interest. 

 

 

References 

1. Joni Van der Meulen NVR, Pieter Van Vlierberghe, Frank Speleman. The 
epigenetic landscape of T-cell acute lymphoblastic leukemia. The International 
Journal of Biochemistry & Cell Biology. 2014;53:547-557. 

2. Gabriella Ficz JGG. Loss of 5-hydroxymethylcytosine in cancer: cause or 
consequence? Genomics. 2014;104(5):352-357. 

3. Aniket V Gore BMW. DNA methylation in hematopoietic development and disease. 
Experimental Hematology. 2016;44(9):783-790. 

4. Kasper Dindler Rasmussen KH. Role of TET enzymes in DNA methylation, 
development, and cancer. Genes & Development. 2016;30(7). 

5. Jungeun An ARMK. TET family dioxygenases and DNA demethylation in stem 
cells and cancers. Experimental & Molecular Medicin. 2017;49:e323. 

6. Feng Pan TSW, Zhigang Zhao, Rui Gao, Hideki Makishima, Guangbo Qu, Li Lin, 
Miao Yu, Janice R. Ortega, Jiapeng Wang, Aziz Nazha, Li Chen, Bing Yao, Can Liu, 
Shi Chen, Ophelia Weeks, Hongyu Ni, Brittany Lynn Phillips, Suming Huang, 
Jianlong Wang, Chuan He, Guo-Min Li, Tomas Radivoyevitch, Iannis Aifantis, 
Jaroslaw P. Maciejewski, Feng-Chun Yang, Peng Jin & Mingjiang Xu. Tet2 loss leads 
to hypermutagenicity in haematopoietic stem/progenitor cells. Nature 
Communications. 2017;8:15102. 

7. Cyril Quivoron LC, Véronique Della Valle, Cécile K Lopez, Isabelle Plo, Orianne 
Wagner-Ballon, Marcio Do Cruzeiro, Francois Delhommeau, Bertrand Arnulf, Marc-

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2023011970/2220001/bloodadvances.2023011970.pdf by guest on 27 M

ay 2024



Henri Stern, Lucy Godley, Paule Opolon, Hervé Tilly, Eric Solary, Yannis Duffourd, 
Philippe Dessen, Hélène Merle-Beral, Florence Nguyen-Khac, Michaëla Fontenay, 
William Vainchenker, Christian Bastard, Thomas Mercher, Olivier A Bernard. TET2 
inactivation results in pleiotropic hematopoietic abnormalities in mouse and is a 
recurrent event during human lymphomagenesis. Cancer Cell. 2011;20(1):25-38. 

8. Ambroise Marçais LW, Julie Bruneau, Katia Hanssens, Vahid Asnafi, Philippe 
Gaulard, Felipe Suarez, Patrice Dubreuil, Antoine Gessain, Olivier Hermine and 
Claudine Pique. Adult T cell leukemia aggressivenness correlates with loss of both 5-
hydroxymethylcytosine and TET2 expression. Oncotarget 2017;8(32):52256-52268. 

9. Maike Bensberg OR, Aida Selimović, Cathrine Lagerwall, Mikael Benson, Mika 
Gustafsson, Hartmut Vogt, Antonio Lentini and Colm E. Nestor. TET2 as a tumor 
suppressor and therapeutic target in T-cell acute lymphoblastic leukemia. PNAS. 
2021;118(34):e2110758118. 

10. Aparna Vasanthakumar LAG. On the Origin of Leukemic Species. Cell Stem Cell. 
2014;14(4):421-422. 

11. Cedric S. Tremblay, J.S., Sung Kai Chiu, Nicholas C. Wong, Kirill Tsyganov, 
Sarah Ghotb, Alison N. Graham, Feng Yan, Andrew A. Guirguis, Stefan E. 
Sonderegger, Nicole Lee, Paul Kalitsis, John Reynolds, Stephen B. Ting, David R. 
Powell, Stephen M. Jane & David J. Curtis. Restricted cell cycle is essential for clonal 
evolution and therapeutic resistance of pre-leukemic stem cells. Nature 
Communications, 2018;9(1): 3535.  

12. B J Shields, R.A., C Nasa, C Bogue, W S Alexander, M P McCormack, Hhex 
regulates Kit to promote radioresistance of self-renewing thymocytes in Lmo2-
transgenic mice. Leukemia, 2015;29(4): 27-938.  

13. M Ryan Corces-Zimmerman W-JH, Irving L Weissman, Bruno C Medeiros, 
Ravindra Majeti. Preleukemic mutations in human acute myeloid leukemia affect 
epigenetic regulators and persist in remission. Proceedings of the National Academy 
of Sciences of the United States of America. 2014;111(7):2548-2553. 

14. Carmen Vicente JC. The origin of relapse in pediatric T-cell acute lymphoblastic 
leukemia. Haematologica. 2015;100(11):1373-1375. 

15. Yoshikane Kikushige TM. Pre-malignant lymphoid cells arise from hematopoietic 
stem/progenitor cells in chronic lymphocytic leukemia. International journal of 
hematology. 2015;102(5):528-535. 

16. Matthew P McCormack LFY, Sumitha Vasudevan, Carolyn A de Graaf, Rosalind 
Codrington, Terence H Rabbitts, Stephen M Jane, David J Curtis. The Lmo2 
Oncogene Initiates Leukemia in Mice by Inducing Thymocyte Self-Renewal. Science. 
2010;327(5967):879-883. 

17. Cedric S Tremblay DJC. The clonal evolution of leukemic stem cells in T-cell 
acute lymphoblastic leukemia. Current opinion in hematology. 2014;21(4):320-325. 

18. Stephen Smith RT, Charnise Goodings, Susan Cleveland, Elizabeth Mathias, J 
Andrew Hardaway, Natalina Elliott, Yajun Yi, Xi Chen, James Downing, Charles 
Mullighan, Deborah A Swing, Lino Tessarollo, Liqi Li, Paul Love, Nancy A Jenkins, 
Neal G Copeland, Mary Ann Thompson, Yang Du, Utpal P Davé. LIM domain only-2 

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2023011970/2220001/bloodadvances.2023011970.pdf by guest on 27 M

ay 2024



(LMO2) induces T-cell leukemia by two distinct pathways. PLoS One. 
2014;9(1):e85883. 

19. T J Hagenbeek HS. T-cell lymphomas in T-cell-specific Pten-deficient mice 
originate in the thymus. Leukemia. 2008;22(3):608-619. 

20. Juliette Roels MT, Bronisława Szarzyńska, Mattias Landfors, Stien De Coninck, 
Lisa Demoen, Lien Provez, Anna Kuchmiy, Steven Strubbe, Lindy Reunes, Tim 
Pieters, Filip Matthijssens, Wouter Van Loocke, Büşra Erarslan-Uysal, Paulina 
Richter-Pechańska, Ken Declerck, Tim Lammens, Barbara De Moerloose, Dieter 
Deforce, Filip Van Nieuwerburgh, Laurence C. Cheung, Rishi S. Kotecha, Marc R. 
Mansour, Bart Ghesquière, Guy Van Camp, Wim Vanden Berghe, Jerzy R. 
Kowalczyk, Tomasz Szczepański, Utpal P. Davé, Andreas E. Kulozik, Steven 
Goossens, David J. Curtis, Tom Taghon, Małgorzata Dawidowska, Sofie Degerman, 
Pieter Van Vlierberghe. Aging of Preleukemic Thymocytes Drives CpG Island 
Hypermethylation in T-cell Acute Lymphoblastic Leukemia Blood Cancer Discovery. 
2020;1(3):274-289. 

21. Tim Pieters STS, Lisa Demoen, André Almeida, Lieven Haenebalcke, Filip 
Matthijssens, Kelly Lemeire, Jinke D’Hont, Frederique Van Rockeghem, Tino 
Hochepied, Beatrice Lintermans, Lindy Reunes, Tim Lammens, Geert Berx, Jody J. 
Haigh, Steven Goossens & Pieter Van Vlierberghe. Novel strategy for rapid functional 
in vivo validation of oncogenic drivers in haematological malignancies. Scientific 
Reports. 2019;9:10577. 

22. Jasper de Boer AW, George Skavdis, Nicola Harker, Mark Coles, Mauro Tolaini, 
Trisha Norton, Keith Williams, Kathleen Roderick, Alexandre J Potocnik, Dimitris 
Kioussis. Transgenic mice with hematopoietic and lymphoid specific expression of 
Cre. European journal of immunology. 2003;33(2):314-325. 

  

 

Figure legends 

Figure 1 

(A) %CD45.2 in thymi of sublethal irradiated CD45.1 mice injected with bone 

marrow of wild type mice (n=4), thymus of wild type mice (n=4), thymus of 

CD2-Lmo2tg/+ mice (n=4) and thymus of Lck-Cretg/+ Ptenfl/lf mice (n=4) 

(B) Normalized Tet2 mRNA expression in thymi of WT (n=4) and CD2-Lmo2tg/+ 

(n=4) mice at 8 (p=0.0286) and 24 weeks (p=0.0286) of age 

(C) Normalized Tet2 mRNA expression in thymi of WT (n=4) and Lck-Cretg/+Ptenfl/lf 
(n=4) mice at 8 weeks of age (p=0.2900) 

Figure 2 

(A) Schematic overview of breeding scheme resulting in CD2-iCretg/+;R26-Tet2tg/tg 
mice 

(B) Aging cohort of CD2-Lmo2tg/+ (=Lmo2) (n=13, median survival 201 days) and 

CD2-iCretg/+CD2-Lmo2tg/+R26-Tet2tg/tg (=Lmo2-Tet2) (n=13, median survival 

266 days) mice (p=0.0226) 
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(C) Tet2 mRNA expression in thymi of Lmo2 (n=12) and Lmo2-Tet2 mice 

(n=11)(p=0.0045) 

(D) Aging cohort of Lck-Cretg/+Ptenfl/flR26-Tet2wt/wt  (=Pten) (n=11, median survival 

75 days) and Lck-Cretg/+Ptenfl/flR26-Tet2tg/tg  (=Pten-Tet2) (n=11, median 

survial 87 days) mice (p=0.4508) 

(E) Tet2 mRNA expression in thymi of Pten (n=10) and Pten-Tet2 (n=10) mice 

(p=0.0138) 
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