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Abstract 35 

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological cancer 36 

characterized by skewed epigenetic patterns, raising the possibility of therapeutically targeting 37 

epigenetic factors in this disease. Here we report that among different cancer types, epigenetic 38 

factor TET1 is highly expressed in T-ALL and is crucial for human T-ALL cell growth in vivo. 39 

Tet1 knockout mice and knockdown in human T-cells did not perturb normal T-cell proliferation, 40 

indicating that TET1 expression is dispensable for normal T-cell growth. The promotion of 41 

leukemic growth by TET1 was depending on its catalytic property to maintain global 5-42 

hydroxymethylcytosine (5hmC) marks, thereby regulating cell cycle, DNA repair genes and T-43 

ALL associated oncogenes. Furthermore, overexpression of the Tet1 catalytic domain was 44 

sufficient to augment global 5hmC levels and leukemic growth of T-ALL cells in vivo. We 45 

demonstrate that PARP enzymes, which are highly expressed in T-ALL patients, participate in 46 

establishing H3K4me3 marks at the TET1 promoter and that PARP1 interacts with the TET1 47 

protein. Importantly, the growth related role of TET1 in T-ALL could be antagonized by the 48 

clinically approved PARP inhibitor Olaparib, which abrogated TET1 expression, induced loss of 49 

5hmC marks and antagonized leukemic growth of T-ALL cells, opening a therapeutic avenue for 50 

this disease.  51 
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Introduction 52 

Aberration in DNA methylation patterns are hallmarks of most human cancers and recent studies 53 

demonstrate that loci specific hypomethylation can transcriptionally activate oncogenes in 54 

various cancers 1-6. Ten Eleven Translocation dioxygenase (TET1-3) enzymes, actively mediate 55 

DNA hypomethylation via oxidation of DNA 5mC marks to 5-hydroxymethylcytosine (5hmC), 56 

and consequently impact gene expression and chromosomal stability 7-12. Several lines of 57 

evidence suggest that TET family members (TET1-3) and 5hmC marks safeguard DNA integrity 58 

and act as tumour suppressors 13-15. TET1 has been reported as lower expressed in colon tumours 59 

16 and in B-cell malignancies, while global loss of 5hmC marks has been reported in multiple 60 

cancers 17. Loss of Tet1 and combined loss of Tet1 and Tet2  promotes B-cell malignancies 18-20. 61 

Tet1 knockout mice suffer loss of 5hmC marks at promoters and gene bodies of DNA repair 62 

genes 20. Moreover, 5hmC marks are significantly enriched at damaged DNA sites 21, 63 

substantiating the significance of TET enzymes and 5hmC marks for tumour suppression.  64 

Conversely, TET genes and in particular, TET1, also exhibit an oncogenic role in several 65 

malignancies 22-25, as shown for acute myeloid leukemia (AML)20, 26. Although TET1 is 66 

translocated in rare cases in AML 27, the aberrant and high expression of the TET1 protein 67 

regulates the expression of critical oncogenic pathways in AML cells 26, 28. These studies suggest 68 

that TET1 has dichotomous and context dependent roles in hematological malignancies. In the 69 

case of T-ALL, TET1 has been found mutated 1 in 264 T-ALL cases 29. Nevertheless, the role of 70 

TET1 in T-ALL is poorly understood.  71 

T-ALL is an aggressive hematological cancer originating from  the malignant transformation of 72 

immature T-cell progenitors 30, 31. Therapy outcome for T-ALL is significantly inferior compared 73 

to that for precursor B-ALL 32. Relapse of the disease is the most common cause of treatment 74 

failure and is often linked to epigenetic mechanisms 33, pointing to the potential of therapies 75 
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targeting epigenetic factors for treating this malignancy. Recent studies in healthy human CD4+ 76 

naïve T-cells indicate that TET1 negatively regulates Th1/Th2 differentiation by suppressing the 77 

expression of pro-differentiation genes such as GATA3, CD69 and IFNG in vitro growth 78 

promoting. In this study, we now demonstrate that in human T-ALL cells, high TET1 expression 79 

maintains global hydroxymethylome which positively regulates gene expression, safeguards 80 

genome integrity, and thereby promotes leukemic growth. Furthermore, our data indicate that the 81 

growth promoting activity of TET1 can be pharmacologically targeted via inhibition of PARPs, 82 

which act as TET1 upstream regulators, opening a potential treatment modality for T-ALL 83 

patients. 84 

  85 
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Materials and Methods 86 

Patient samples and leukemic cell lines  87 

Mononuclear cells isolated from diagnostic BM or PB samples from patients with T-ALL, B-88 

ALL and AML, were analyzed. T-All and B-ALL samples were obtained from the University 89 

Hospital Ulm at diagnosis from pediatric patients (<18 yrs old) with de novo BCP-ALL after 90 

informed consent was given in accordance with the institution’s ethical review board. For further 91 

information, see Supplementary information (SI).   92 

 93 

Xenograft experiments (NSG) 94 

All mice experiments were conducted according to the national animal welfare law 95 

(Tierschutzgesetz) and were approved by the Regierungspräsidium Tübingen, Germany. For 96 

assessing the impact of TET1 KD on T-ALL cell lines, NSG (NOD.Cg-PrkdcScid 97 

Il2rgtm1Wjl/SzJ) mice were injected intravenously, sacrificed 8 weeks hence and engraftment 98 

was confirmed by flow cytometry using anti-human CD45+ and CD3+ antibody.  99 

For further information, see SI.   100 

 101 

Olaparib treatment of cell lines and primary cells 102 

For liquid culture assays, 1x105 T-ALL cell lines were treated with Olaparib (5uM) or DMSO 103 

and growth kinetics were assayed over 6 days. For colony assays, 500 input cells were seeded 104 

into methylcellulose (H4330) containing Olaparib (5uM) or DMSO. The colonies were scored 14 105 

days later.  106 

Additional Materials and methods are described in Supplementary Methods 107 



7 
 

Results  108 

TET1 is highly expressed in majority of T-ALL patients 109 

Our initial analysis of TET1 expression in published gene expression data sets of human cancer 110 

cell lines and leukemia patients revealed that TET1 is highly expressed in T-ALL cell lines  and 111 

highest in T-ALL patients  among all leukemia types  (Fig. S1A-B) 34, 35. Our quantitative real 112 

time PCR (qRT-PCR) and gene expression microarray confirmed that TET1 is several fold 113 

higher expressed in T-ALL patients and cell lines compared to other acute leukemia (Fig. 1A-B; 114 

Fig. S1C; Suppl. Table 1-2). Furthermore, our data and re-analysis of publically available cDNA 115 

microarray and RNA-seq data sets indicated that TET1 is overexpressed in T-ALL patients 116 

compared to healthy bone marrow (BM) derived CD34+ hematopoietic stem progenitors 117 

(HSPCs), BM derived CD3+ T-cells and naïve T-cells (Fig. S1D-E) 29, 36. Furthermore, western 118 

blots confirmed that TET1 protein is overexpressed in T-ALL cell lines compared to CD3+ T-119 

cells (Fig. 1C). 120 

Adolescent and young adult T-ALL patients exhibited a trend towards higher TET1 expression in 121 

comparison to elderly patients (Fig. S1F). Within the cohort of childhood cases, TET1 was 122 

significantly higher expressed in the medium and high risk group compared to standard risk T-123 

ALL (Fig. 1D). Expression levels of TET1 were independent of the molecular cytogenetic 124 

subgroups or stages of maturation (Fig. S1G-H). However, in published RNA-seq data TET1 was 125 

higher expressed in the subgroup harboring HOXA-rearrangements and in post-cortical stages of 126 

maturation (Fig. S1I-J) 29. TET1 expression was independent of the mutation status of recurrently 127 

mutated genes in T-ALL patients, such as NOTCH1 (Fig. S1K). Of note, the TET1 paralogues - 128 

TET2 and TET3 – were not higher expressed in human T-ALL compared to other leukemia types 129 

or healthy BM (Fig. S1L-O).  130 

 131 
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TET1 is required for leukemic growth of human T-ALL cells but not critical for normal T-132 

cell differentiation 133 

Next, we sought to evaluate the functional relevance of high TET1 expression in T-ALL cells. 134 

shRNA mediated depletion of TET1 in T-ALL cell lines induced reduction of cell growth (70-135 

80%) and colony numbers (50-95%) compared to scrambled control in liquid culture and colony 136 

forming unit (CFU) assays, respectively (Fig. S2A; Fig. 2A-B). NSG mice transplanted with 137 

TET1 depleted T-ALL cell lines showed a marked decrease in leukemic engraftment (Fig. 2C). 138 

Histopathological analysis revealed a sharp decrease in infiltration of human CD3+ T-ALL cells 139 

in liver and lung (Fig. 2D). In T-ALL patient derived xenograft (PDX) cells, TET1 depletion 140 

caused a decrease in leukemic engraftment in BM and spleen, reflected in the reduced spleen 141 

sizes and spleen weight of xenografts (Fig. 2E-F).  142 

To negate the possibility of an off-target effect of the shRNA, fist we transduced a TET1 143 

expression lacking lymphoma cell line RAJI with shRNA against TET1. Second, we knocked out 144 

TET1 by lentivirally overexpressing Cas9 and sgRNA targeting TET1 (sgTET1) in T-ALL cell 145 

lines. The overexpression of shTET1A-B in RAJI did not impact proliferation or colony 146 

formation (Fig. 2A-B). However, as observed in our knockdown study, TET1 knockout in the 147 

bulk T-ALL cells induced a significantly reduction in CFU of T-ALL cell lines (Fig. S2B) and 148 

liquid culture proliferation (data not shown). The knockout of TET1 was evidenced by the 149 

reduction of TET1 protein in western blot (Fig. S2C), T7 endonuclease assay and sanger 150 

sequencing (data not shown).  151 

 152 

To assess whether TET1 also has an important role in healthy T- cells, we knocked down TET1 153 

in human T-cells and utilized Tet1 knockout (ko) mice to analyze the effect on normal T-cell 154 

distribution 37. In Tet1 ko mice, no significant differences were observed in the absolute cell 155 
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numbers of the DN1-4 subpopulations or in CD4+, CD8+, CD4+ CD8+ (DP) subpopulations, 156 

albeit a trend towards a decrease in DN1, DN2 and particularly CD4+ CD8+ (DP) cells was 157 

observed (Fig. S2D-E). Notably in the spleen, BM and peripheral blood (PB) of young (8-12 158 

weeks) ko and wt mice, no differences were observed in the distribution of CD4+, CD8+ and 159 

CD4+CD8+ T-cells, indicating that Tet1 is not essential for early T cell development in the 160 

thymus or for the formation of mature T-cells (Fig.2G) 37. Furthermore, to test whether the 161 

absence of Tet1 expression impairs expansion of T cells, we harvested splenic CD3+ T-cells from 162 

wt and ko mice and subjected them to in vitro IL-2 stimulation. In the absence of Tet1 163 

expression, T-cells did not show any significant change in expansion in vitro (Fig. S2F). 164 

Moreover, we extended this analysis to human T-cells by knocking down TET1 in CD3+ T-cells 165 

enriched from PB. Similar to murine T-cells, TET1 depletion also did not exhibit any impact on 166 

IL-2 stimulated expansion of human T-cells (Fig. S2G).  167 

Taken together our data suggests that high TET1 expression is required to sustain leukemic 168 

growth of T-ALL cells but is not crucial for normal T-cell differentiation and growth.   169 

 170 

The enzymatic domain of Tet1 is sufficient to rescue TET1 depleted cells and augment 171 

leukemic growth of human T-ALL  172 

Next, we sought to examine whether the growth promoting function of TET1 in T-ALL cells is 173 

dependent on its enzymatic function. For this, we overexpressed only the catalytic domain of 174 

Tet1, (Tet1-CD) in the TET1 depleted T-ALL cell line JURKAT. The catalytic activity of Tet1 175 

was sufficient to rescue TET1 depleted T-ALL cells in vitro and in vivo (Fig. 3A-C).  176 

We previously performed gene expression analysis on primary T-ALL patient samples (n=5) pre 177 

and post-xenograft transplantation 38: analysis of TET1 expression in this dataset revealed a 178 

higher expression of TET1 post-transplantation in 4 out of 5 xenografts compared to cells pre-179 
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transplantation (Fig. S2H). Moreover, in a published microarray analysis of T-ALL cell lines 180 

transplanted into xenografts, a similar increase in TET1 expression was observed (Fig. S2I), 181 

suggesting that high TET1 expression is associated with leukemic growth in vivo 39.  Indeed, 182 

forced expression of Tet1-CD in T-ALL cell lines significantly augmented leukemic growth in 183 

vitro and in vivo (Fig. 3D-E). These data clearly suggest that the growth-promoting role of TET1 184 

in T-ALL is at least partly dependent on its enzymatic activity. 185 

 186 

TET1 depletion induces loss of 5hmC marks at promoters and gene bodies of genes 187 

involved in cell cycle, DNA repair and NOTCH pathway 188 

Next we analyzed 5hmC levels in T-ALL cells via Intracellular fluorescence (IF) in our 189 

knockdown, rescue and overexpression experiments. IF-flow cytometry for 5hmC marks in 190 

TET1 depleted JURKAT cells, primary T-ALL patients and TET1 knockout bulk T-ALL cell 191 

lines revealed a significant decrease in global 5hmC levels (Fig. 4A-B and Fig. S3A-B) and 192 

increase in 5mC levels (Fig. S3C). Conversely, overexpression of Tet1-CD in TET1 depleted 193 

cells or wild type T-ALL cells induced a global increase in 5hmC levels (Fig. 4C-D).  194 

Furthermore, we performed hydroxymethylated DNA immunoprecipitation (hMeDIP)-seq in 195 

TET1 depleted JURKAT cells. In hMeDIP-seq, TET1 depletion resulted in more than a 59% 196 

reduction of global 5hmC enrichment at the promoter (-5kbTSS), gene body (GB) and intergenic 197 

regions compared to scrambled control (referred to as TET1 dependent 5hmC or T1-5hmC 198 

regions from here) (Fig. 4E-F). In detail, a total of 2,404 and 6,115 5hmC enriched promoters 199 

and GB were observed in the scrambled arm, respectively, out of which more than 50% of the 200 

promoters and GB lost 5hmC marks upon TET1 depletion (Suppl. Table 3). On the contrary, in 201 

the absence of TET1, the majority of enhancers and superenhancers gained 5hmC marks, while 202 

only 206 enhancers and 75 superenhancers lost 5hmC marks (Suppl. Table 3). Collectively, these 203 
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data indicate that a large number of 5hmC enriched promoters are dependent on TET1 204 

expression in T-ALL, particularly since TET2 and TET3 expression remained unchanged in 205 

TET1 depleted and knockout bulk JURKAT and MOLT-4 cells (Fig. S3D-E).  206 

Nearly 50% of T1-5hmC genes were known targets of TET1 in human embryonic stem cells 40 207 

(Fig. 4F). 56% of T1-5hmC promoters and GB also harbored H3K4me3 marks on their 208 

promoters and less than 14% were associated with repressive H3K27me3 marks, reaffirming a 209 

functional role of TET1 in positive gene regulation (Fig. 4F-G; Suppl. Table 4). Notably, 210 

H3K4me3 associated T1-5hmC genes were enriched for cell cycle and DNA repair (Fig. 4H). 211 

Moreover, RBPJ, NOTCH2 and NOTCH3 - NOTCH signaling pathway genes, which play a 212 

critical role in the pathobiology of T-ALL, also lost 5hmC marks upon TET1 depletion. Of note, 213 

the majority (90%) of T1-5hmC promoters and gene bodies found in the JURKAT cell line were 214 

also enriched for 5hmC marks in healthy human naïve T-cells (Fig. S3F-G) 41.  215 

 216 

TET1 and T1-5hmC marks are associated with gene expression of oncogenic and DNA 217 

repair pathways  218 

To understand the relationship between T1-5hmC marks and gene expression, we reanalyzed the 219 

published microarray data of T-ALL patients (n=174) based on TET1 expression 35. We grouped 220 

patients into four quartiles based on TET1 expression levels and compared the gene expression 221 

pattern in the highest expressing group (TET1high) versus the lowest expressing group (TET1low): 222 

1,659 genes were differentially expressed in TET1high vs TET1low patients of which 82% of the 223 

genes showed a positive association with high TET1 expression (Fig. S4A-C). Genes positively 224 

associated with TET1 expression in T-ALL were involved in regulation of cell cycle 225 

(dimerization partner, RB-like, E2F and multi-vulval class B (DREAM) complex targets), G2M 226 

checkpoint repair and breast cancer associated pathways (Fig. 5A, Fig. S4D-E; Suppl. Table 4). 227 
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314 genes that positively correlated with TET1 expression in patients, lost 5hmC marks 228 

(promoter/GB) in the TET1 depleted T-ALL cell line, JURKAT. Again, these genes were 229 

significantly enriched for cell cycle and DNA repair pathways (Fig. 5B; Suppl. Table 5). In 230 

RNA-seq analysis of TET1 depleted JURKAT cells, 1,145 genes were differentially expressed, 231 

of which 70.8% were downregulated compared to the scrambled control (Fig. 5C; Suppl. Table 232 

6). “Hypoxia” and “mTORC1” signaling pathways, which drive leukemic growth in T-ALL and 233 

IL2-STAT5 signaling which is important for the TET1 driven oncogenic program in AML cells 28 234 

were significantly downregulated upon Tet1 depletion (Fig. 5D) 42, 43. (Suppl. Table 6). Notably, 235 

89 genes associated with high TET1 expression in patients also exhibited differential expression 236 

in our RNA-seq dataset (Suppl. Table 6). Amongst these were cell cycle, DNA repair genes 237 

(RNF168, DTL, DCK, GINS3, AJUBA, CDK18, CDK19, RFC3 and TDG) and oncogenes 238 

NOTCH3. Importantly, DNA repair genes (such as BRCA1-2, RNF168, RAD51C, CDK18, 239 

CDK19, DTL, DCK) and oncogenes (such as NOTCH3) that exhibited positive correlation with 240 

high TET1 expression in T-ALL patients and lost 5hmC marks upon TET1 depletion, also 241 

exhibited deregulated expression in our RNA-seq and/or in qRTPCR data Fig. S4F). Moreover, 242 

DNA repair genes in TET1 knockout T-ALL cell lines and primary T-ALL patient cells showed 243 

a trend towards decreased expression (Fig. S4G-H). The decrease in expression was confirmed at 244 

the protein level in TET1 depleted JURKAT cells (Fig. S4I).  245 

Our hMeDIP-seq and gene expression  data in TET1 knockdown/knockout T-ALL cells, T-ALL 246 

patient microarray dataset and published TET1 ChIP-seq data, together strongly indicated that 247 

NOTCH3 is a downstream target of TET1 in T-ALL cells (Fig. S4F-H, Suppl. Table 3 and 6) 40. 248 

Moreover, the depletion of NOTCH3 in T-ALL cell lines also induced a marked reduction in 249 

colony forming ability in vitro (Fig. S4J).  250 

 251 
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Depletion of TET1 impairs DNA repair in T-ALL cells 252 

Since our data showed a link between expression of TET1 and DNA repair genes in T-ALL, we 253 

analyzed whether TET1 depletion induces DNA damage in T-ALL cells. We observed an 254 

increase in total γH2AX protein levels and significantly increased numbers of γH2AX foci in 255 

TET1 depleted and bulk knockout T-ALL cells (Fig. 5E-F; Fig. S4K). Furthermore, neutral 256 

comet assays in cell lines and primary patient samples showed a significant increase in mean tail 257 

moment, indicating increased DNA damage induced by TET1 depletion (Fig. 5G-H). BrdU-Cell 258 

cycle analysis in TET1 depleted and bulk knockout T-ALL cells revealed a block in the G2/M 259 

phase compared to the scrambled arm (Fig. 5I; Fig. S4L). Exposure of T-ALL cell lines to DNA 260 

damage inducing γ-radiation triggered an increase in TET1 expression by 50% (±11%, n=3) 261 

within 30 minutes post-exposure. TET2 and TET3 expression levels remained unchanged (Fig. 262 

5J; Fig. S4M). Furthermore, depletion of TET1 rendered T-ALL cell lines sensitive to γ-radiation 263 

at ow dose of 0.5Gy and higher dose of 2Gy at a greater order than scrambled transduced cells 264 

(Fig. 5K). Taken together, these data strongly suggest that high TET1 expression protects T-ALL 265 

cells from DNA damage.  266 

 267 

The PARP inhibitor Olaparib antagonizes TET1 induced T-ALL growth  268 

We previously showed that the PARP enzyme activity (PARylation) positively regulates TET1 269 

expression via the epigenetic marks H3K4me3 44. Interestingly, several members of the PARP 270 

gene family are overexpressed in T-ALL patients compared to B-ALL patients and exhibit a 271 

trend towards higher expression compared to healthy T-cells (Fig. S5A). Furthermore, in 272 

JURKAT, the promoter of TET1 displayed high enrichment for H3K4me3, H3Ac marks and 273 

lower enrichment levels for repressive H23K27me3 marks (Fig. S5B). Moreover, a CpG island 274 

in the TET1 promoter region was hypomethylated in the T-ALL cell lines and hypermethylated 275 
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in the low TET1 expressing B-ALL cell lines (Fig. S5C). Based on these data we reasoned that 276 

high PARP expression in T-ALL could regulate TET1 expression via euchromatic epigenetic 277 

marks. Therefore, we blocked PARP enzymatic activity via treatment of T-ALL cell lines with 278 

Olaparib, an inhibitor of PARylation. Olaparib treatment lead to a significant reduction in TET1 279 

transcription and a concomitant decrease in H3K4me3 and H3Ac levels on the TET1 promoter 280 

(Fig. 6A-B). Of note, TET2-3 expression was not affected (Fig. S5D-E). Olaparib treatment also 281 

resulted in reduced TET1 protein levels (Fig. 6C). Furthermore, co-immunoprecipitation (co-IP) 282 

assay showed that TET1 physically interacted with PARP1 in the T-ALL cell line JURKAT (Fig. 283 

6D). In light of our observations, we reasoned that PARP mediated PARylation could also 284 

impact TET1 protein expression post-transcriptionally. To test this hypothesis, we transiently 285 

overexpressed Myc-tagged TET1 and Myc-tagged-Tet1-CD under the CMV promoter in HEK 286 

293T cell and treated the cells with Olaparib for 72h. Olaparib treatment lead to the decrease of 287 

exogenous tagged protein levels compared to the DMSO control (Fig. 6E-F), suggesting that 288 

PARylation and PARP-1 interaction with TET1 impacts the protein stability of both the full 289 

length as well as Tet1-CD. These data indicate that TET1 is regulated transcriptionally and post-290 

transcriptionally via PARylation, opening up a therapeutic opportunity to test whether the 291 

inhibition of PARylation via Olaparib could be used to target TET1 function in T-ALL.  292 

Treatment with Olaparib induced marked reduction in colony formation of T-ALL cell lines 293 

accompanied by increased apoptosis of primary T-ALL primary patient samples compared to the 294 

DMSO control (Fig. 7A-B). JURKAT cells treated with Olaparib in vitro for 48h and 295 

transplanted into NSG mice showed a significant reduction in BM engraftment (Fig. 7C). 296 

Histopathology analysis showed visible decrease in infiltration of human CD3+ T-ALL cells in 297 

liver and lung of the drug treated arm (Fig. 7D). The treatment of PDX cells with Olaparib nearly 298 

abolished leukemic growth in vivo which was reflected in significantly reduced engraftment in 299 
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BM and spleen and reduced spleen sizes and weight (Fig. 7E-F). Furthermore, TET1 depleted T-300 

ALL cells were more sensitive to Olaparib treatment and exhibited virtually no clonogenic 301 

potential in CFC assays (data not shown).  302 

The block of PARylation activity via Olaparib induced a significant reduction in global 5hmC 303 

levels in T-ALL cell lines (Fig. 7G). Similar to shRNA mediated TET1 depletion, Olaparib 304 

treated JURKAT cells exhibited a trend towards a block in the G2M phase of the cell cycle and 305 

increased accumulation of γH2AX foci (Fig. 7H, Fig. S5F). Importantly, depletion of PARP1 via 306 

shRNA reduced TET1 expression and markedly affected T-ALL cell line growth, indicating that 307 

PARP genes function upstream of TET1 in T-ALL cells (Fig. S5G-H). Lastly, we attempted to 308 

rescue the impact of Olaparib with overexpression of Tet1-CD in JURKAT cells. The ectopic 309 

overexpression of Tet1-CD marginally rescued the impact of Olaparib on T-ALL cell growth in 310 

vitro (Fig. S5I). Olaparib did not affect the exogenous expression of Tet1-CD (Fig. S5J). 311 

However, as shown before, Olaparib reduced the stability of the Tet1-CD protein contributing to 312 

the limited effect of Tet1-CD overexpression on the impact of Olaparib treatment (Fig. 6E-F).  313 

Taken together, our data show that Olaparib is highly effective in counteracting the growth 314 

promoting effect of TET1 in human T-ALL.  315 
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Discussion  316 

TET1 has dual roles in myeloid and lymphoid hematological malignancies 20, 26. Our study 317 

showed that even within lymphoid leukemias, TET1 plays dichotomous roles as we 318 

demonstrated that TET1 exerts a growth-promoting role in T-ALL in contrast to B-cell 319 

malignancies in which TET1 acts as a tumor suppressor 20: first we observed that among 320 

leukemias TET1 is highly expressed in the majority of T-ALL patients. TET1 was found higher 321 

expressed in patients compared to healthy thymic progenitors, adult naïve T-cells and BM 322 

derived T- cells, although we could not compare the expression levels in patients to primitive 323 

normal human double negative and double positive thymocytes, as these cells were not 324 

accessible. Secondly, leukemic growth of primary human T-ALL was dependent on high TET1 325 

expression, in contrast to normal T-cells as our characterization of young Tet1 ko mice (8-12 326 

weeks) and published data of older mice (24 weeks) indicated that Tet1 is not critical for in vivo 327 

T-cell development. Thirdly, the enhancement of the leukemic potential via overexpression of 328 

the Tet1 enzymatic domain and the increase in TET1 expression in clonally expanded primary T-329 

ALL cells in vivo indicated that high TET1 enzymatic activity is advantageous for the leukemic 330 

growth of T-ALL cells.  331 

Mechanistically, TET1 achieves this growth promoting function in T-ALL by regulating 5hmC 332 

marks and thereby maintaining gene expression of factors required for growth and genomic 333 

integrity of T-ALL cells. TET1 depletion leads to loss of 5hmC marks (T1-5hmC) at cell cycle, 334 

DNA repair and gene expression associated genes, while the majority (70%) of differentially 335 

expressed genes upon TET1 depletion are downregulated, especially genes coding for factors 336 

required for cell cycle, DNA repair and oncogenic pathways. Furthermore, TET1 expression in 337 

patients and also correlates with the cell cycle and DNA repair pathways.  Thus, these data 338 
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indicate an active growth promoting role of TET1 in T-ALL, in contrast to healthy human T-339 

cells, in which TET1 has been suggested to largely perform a repressive function 41.    340 

Another known mechanism of cancer cells to maintain oncogenic growth and chemoresistance is 341 

to protect the cell from DNA damage 45, 46. Indeed, in line with hMeDIP-seq and gene expression 342 

analysis, our data confirmed that TET1 protects the genomic integrity of T-ALL cells as 343 

depletion of TET1 resulted in DNA damage and enhanced sensitivity to IR exposure. 344 

Furthermore, induction of DNA damage via IR exposure prompted increase in TET1 expression 345 

and an expression pattern reminiscent of the kinetics of γH2AX levels in radiation exposed cells 346 

47, 48. It is known that 5hmC marks also exhibit similar kinetics in response to IR, are 347 

significantly enriched at the sites of DNA damage and vital for ensuring genome integrity 21, 49, 348 

50. Therefore, the TET1 depletion induced loss of 5hmC marks in T-ALL cells could also render 349 

T-ALL cells more susceptible to DNA damage.  Furthermore, we demonstrated that PARP1 350 

induced TET1 expression and interacts with the TET1 protein. Of note PARP1 itself has a known 351 

role in single strand DNA damage repair 15, 51. Therefore, high TET1 expression and T1-5hmC 352 

marks could also promote growth of T-ALL cells by not only regulating expression of DNA 353 

repair genes but also by protecting the genome from damage by maintaining 5hmC marks at 354 

DNA lesions 52, 53.  355 

Several studies indicate that  TET genes have grossly unique functions in normal and malignant 356 

hematopoiesis 18-20, 37, 54-56. Our data also suggests that the DNA repair function of TET1 is not 357 

compensated by other TET family members in T-ALL; for instance, TET2-3 expression was not 358 

altered in our knockdown experiments, 5hmC levels remained low upon TET1 depletion and 359 

exposure to radiation did not prompt changes in expression of TET2-3.  360 

One of the major challenges is to translate these biological insights into new therapeutic 361 

strategies: in this context, PARP enzymes that are highly expressed in T-ALL patients and 362 
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regulate TET1 expression transcriptionally and post-transcriptionally, can be targeted using 363 

inhibitors  51, 57. Inhibition of PARPs via Olaparib antagonizes the enzymatic activity of TET1, 364 

thereby abrogating leukemic growth of T-ALL cells in vivo opening a therapeutic avenue in this 365 

subtype of aggressive leukemias. The fact that Olaparib is clinically approved and T-ALL cells 366 

are sensitive to PARP inhibition should facilitate the initiation of clinical trials to test this 367 

therapeutic concept 58. Interestingly, PARP inhibitors are highly effective in combating 368 

neuroblastoma and small lung cancer 59-63. TET1 is highly expressed in both of these cancers 369 

(Fig. S1A) 34.  370 

Based on our study we propose a model that high TET1 expression sustains and promotes 371 

leukemic growth of transformed T-ALL cells via two proposed mechanisms (Fig. S6): high 372 

TET1 levels in T-ALL are transcriptionally and post-transcriptionally regulated by enzymatic 373 

activity of PARP family members. PARylated TET1 establishes 5hmC marks and positively 374 

regulates the expression of genes required for the growth and maintenance of genomic integrity 375 

of T-ALL cells (A). Furthermore, based on our own data and published studies we propose that 376 

the PARP1-TET1 complex and T1-5hmC marks also act as sensors at DNA lesions to promote 377 

DNA repair in T-ALL cells (B). Based on this, inhibition of PARylation will impair 378 

establishment of 5hmC marks, transcription of growth promoting genes and will induce an 379 

accumulation of DNA damage in T-ALL cells (A-B). 380 

 381 

 382 

 383 
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Figures Legends:  659 

Fig. 1 TET1 is highly expressed in T-ALL patients  660 

(A) TET1 mRNA expression values in human leukemia patients and healthy cells, determined by 661 

TaqMan qRT-PCR. Dots represent expression levels corresponding to independent biological 662 

replicates indicated as ‘n’. Each box plot shows mean and range of expression. Fold values were 663 

obtained through normalization to expression of the housekeeping gene TBP. Statistical 664 

differences were calculated using one way-ANOVA (B-D) TET1 expression assessed via cDNA 665 

microarray of (B) human leukemia patients from the Munich-Berlin data set: GSE66006 and 666 

GSE78132; statistical differences were calculated using one way-ANOVA (C) Western blot for 667 

TET1 protein in T-ALL cell lines compared to PB derived CD3+ T-cells. β-Actin was used as an 668 

endogenous control. (D) TET1 expression in standard versus medium and high risk T-ALL 669 

patients, obtained using cDNA microarray (Munich-Berlin gene expression data set GSE66006 670 

and GSE78132) *p<0.05; **p<0.001; ***p<0.0001   671 

 672 

Fig. 2 TET1 is required for leukemic growth for human T-ALL  673 

(A) Total cell number at day 6 in liquid culture expansion assay of T-ALL cell lines transduced 674 

with scrambled or shRNA. Bars represent mean cell number and error bars indicate standard 675 

error of mean (sem.); ‘n’ represents number of independent experiments performed for each cell 676 

line. Statistical differences were calculated using Kruskal–Wallis test (B) Colony assay of TET1 677 

depleted T-ALL cells versus scrambled control with 500 cells initially plated at day 0; Colonies 678 

were scored on day 14. Bars represent mean number of colonies and error bars indicate sem.; ‘n’ 679 

represents number of independent experiments. Statistical differences were calculated using 680 

Kruskal–Wallis test (C) Percentage of engrafted CD45+ T-ALL cells in the BM of sacrificed 681 

NSG mice transplanted with scrambled control (Scr) or shRNA transduced T-ALL cell lines. 682 
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Each dot indicates percentage of CD45+ cells in the BM of a single NSG mouse. Horizontal lines 683 

indicate mean; statistical differences were calculated using two tailed t-test. (D) 684 

Immunohistochemical staining of liver and lung tissue sections of NSG mice, verifying presence 685 

of CD3+ human T-ALL cells in sacrificed mice 8 weeks post-transplantation (E) Percentage of 686 

human CD45+ T-ALL cells in the BM and spleen of NSG mice transplanted with two separate 687 

patient derived xenograft (PDX) samples, PDX#1-2, after transduction with scrambled control or 688 

TET-1 shRNA. Each dot indicates percentage of CD45+ cells in a single NSG mouse BM. 689 

Horizontal lines indicate mean (F) Spleen weight (in milligrams) of NSG mice transplanted with 690 

scrambled control or shRNA transduced PDX cells sacrificed 8 weeks post-transplantation (G) 691 

Percentage distribution of murine T-cell subpopulations in BM, spleen and peripheral blood of 692 

aged matched Tet1 wt and ko mice, analyzed by FACS. Bars indicate mean percentage and error 693 

bars indicate stdev. ‘n’ represents biological replicates. Significant differences were calculated 694 

using Mann Whitney test. *p<0.05; **p<0.001; ***p<0.0001   695 

 696 

Fig. 3 The enzymatic activity of TET1 is required for sustenance of T-ALL cells  697 

(A-B) JURKAT cells double-transduced with shTET1-B + Tet1-catalytic domain (CD) versus 698 

shTET1-B + empty vector control (pCDH) (A) Total cell number at day 6 in liquid culture 699 

expansion assay (B) Total number of colonies in the primary CFU assay per 500 input cells; bars 700 

represent mean values, error bars indicate stdev; ‘n’ represents independent experiments, 701 

significant differences were calculated using Mann Whitney test. (C) Percentage of CD45+ T-702 

ALL cells in the BM, spleen and liver of NSG mice transplanted with FACS sorted shTET1-B + 703 

Tet1-CD versus shTET1-B + pCDH transduced JURKAT cells. Each dot indicates percentage of 704 

CD45+ cells in a single NSG mouse. Horizontal bars represent average engraftment. Statistical 705 

differences were calculated using t-test. (D) Total number of colonies in the CFU assay per 500 706 
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input cells in Tet1-CD or pCDH transduced JURKAT and MOLT-4 cell lines. Bars represent 707 

mean values; error bars indicate stdev; individual experiments are indicated as ‘n’. Statistical 708 

differences were calculated using Mann Whitney test. (E) Percentage of CD45+ T-ALL cells in 709 

the BM of NSG mice transplanted with pCDH and Tet1-CD transduced JURKAT cells. Each dot 710 

indicates percentage of CD45+ cells in a single NSG mouse bone marrow. Horizontal bars 711 

represent average engraftment. Statistical differences were calculated using t-test. 712 

 713 

Fig. 4 TET1 regulates 5hmC marks in T-ALL cells 714 

(A) IF-flow cytometry of 5hmC in T-ALL cell line JURKAT. Bars represent mean values; error 715 

bars indicate standard deviation; independent experiments are indicated as ‘n’. Statistical 716 

differences were calculated using one-way ANOVA (B) IF-confocal microscopy analysis of 717 

5hmC in primary T-ALL patient cells. The plot represents the combined results of three 718 

independent experiments. The box plot represents the intensity of 5hmC marks in single cells. 719 

Horizontal bars indicate median intensity and vertical lines represent range of intensity. White 720 

line show 10µm. Statistical differences were calculated using Mann-Whitney test. (C) Total 721 

5hmC content of shTET1-B + Tet1-CD versus shTET1-B + pCDH transduced JURKAT cells, as 722 

observed via IF-flow cytometry. Bars represent mean values; error bars indicate standard 723 

deviation; individual experiments are indicated as ‘n’. Statistical differences were calculated 724 

using two tailed t-test. (D) IF-confocal microscopy analysis of JURKAT cells transduced with 725 

empty vector or Tet1-CD. IF-confocal microscopy analysis of 5hmC in primary T-ALL patient 726 

cells. The plot represents the combined results of three independent experiments. The box plot 727 

represents the intensity of 5hmC marks in single cells. Horizontal bars indicate median intensity 728 

and vertical lines represent range of intensity. White line show 10µm. Statistical differences were 729 

calculated using Mann-Whitney test. (E) hMeDIP-seq- percentage of losses and gains across 730 
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genomic regions in TET1 depleted JURKAT cells versus scrambled control. (F) Heatmap shows 731 

centered 5hmC peaks, histone marks (activating marks H3K4me3 and repressive marks 732 

H3K27me3) and TET1 occupancy in the region of ±5kb TSS. In heatmaps (in green), the upper 733 

panel represents loci enriched with 5hmC marks in the scrambled arm but reduced or absent in 734 

the shRNA arm, while the lower panel shows regions enriched in the shRNA arm but reduced or 735 

absent in the scrambled arm. Blue heatmaps represent corresponding loci enriched with 736 

H3K4me3 and H3K27me3 marks in JURKAT cells, and TET1 occupancy (ChIP-seq) 40 in 737 

human ESC (G) Overlap of TET1 dependent 5hmC promoters and gene bodies (T1-5hmC) with 738 

H3K4me3 and H3K27me3 enriched promoters in JURKAT cells (H) Top five Enrichr, 739 

Reactome 2016 pathways associated with T1-5hmC-H3K4me3 and T1-5hmC-H3K27me3 genes; 740 

p-value<0.05, FDR<0.05.  741 

 742 

Fig. 5 High TET1 expression protects T-ALL cells from DNA damage, accompanied by 743 

expression of cell cycle and DNA repair pathways  744 

(A) Heatmap representing the expression of cell cycle and dimerization partner, RB-like, E2F 745 

and multi-vulval class B (DREAM) complex genes in high TET1 expressing T-ALL patients 746 

(n=44) versus low TET1 expressing patients (n=44) (Table S4A). (B) Reactome pathway 747 

analysis of T1-5hmC genes in JURKAT cells which correlated with TET1 expression in T-ALL 748 

patients (FDR<0.05, p<0.05). (C) Heatmap showing selected differentially expressed genes in 749 

RNA-seq of TET1 depleted JURKAT cells (n=2, FDR<0.05, p<0.05) (D) GSEA analysis of 750 

RNA-seq of TET1 depleted JURKAT cells showing pathways downregulated after TET1 751 

depletion. (E) Western blot of total phosphorylated H2AX (Ser139) levels in TET1 depleted T-752 

ALL cell line JURKAT. H2A.X represents the endogenous control. (F) Representative IF image 753 

and summary of the percentage of cells harboring >5 phosphorylated H2AX (Ser139) foci in 754 
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scrambled vs shRNA transduced JURKAT cells. The graph represents the combined results of 755 

three independent experiments. Bars represent mean values and error bars represent stdev; White 756 

line represents distance of 10µm. Statistical differences were calculated using one-way ANOVA 757 

(G) Neutral comet assay in TET1 depleted JURKAT cells. The plot represents the combined 758 

results of three independent experiments. Horizontal lines represent the median and vertical lines 759 

represent range. Statistical differences were calculated using Mann-Whitney test. The 760 

representative figure shows comet tails highlighted by white arrows. (H) Neutral comet assay in 761 

TET1 depleted primary T-ALL patient samples. The plot represents the combined results of three 762 

independent experiments. Horizontal lines represent the median and vertical lines represent 763 

range. Statistical differences were calculated using Mann-Whitney test. (I) Cell cycle analysis of 764 

TET1 depleted JURKAT cells versus scrambled control 48h post-transduction using BrdU 765 

staining. Bars represent mean values and error bars represent stdev; ‘n’ represents number of 766 

independent experiments. Statistical differences were calculated using Kruskal-Wallis test (J) 767 

qRT-PCR gene expression analysis of TET 1-3 in 2Gy γ-radiation exposed T-ALL cell lines, 30 768 

mins post-exposure. Bars represent mean values and error bars represent stdev. ‘n’ represents 769 

number of independent experiments. Statistical differences were calculated using Kruskal-Wallis 770 

test (K) Viable cell number of TET1 depleted vs scrambled control JURKAT cell line, 24h and 771 

96h post-exposure to 0.5 and 2Gy γ-radiation analyzed by trypan blue exclusion. Dotted line 772 

depicts cell number at day 0 (1x105). Bars represent mean values and error bars represent stdev. 773 

‘n’ represents number of independent experiments. Statistical differences were calculated using 774 

Kruskal-Wallis test.  *p<0.05; **p<0.001; ***p<0.0001; ns. – not significant.  775 

 776 

Fig. 6 Enzymatic activity of PARPs regulates TET1 mRNA expression and protein stability 777 

in T-ALL cells 778 
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(A) TET1 mRNA expression in T-ALL cell lines, quantified via qRT-PCR, 72h post-treatment 779 

with the PARylation inhibitor Olaparib versus DMSO control. Bars represent mean values, error 780 

bars represent stdev and ‘n’ represents independent experiments. Statistical differences were 781 

calculated using Mann-Whitney test (B) ChIP-qRT PCR of histone marks on the promoter of 782 

TET1 72h post Olaparib treatment vs. DMSO control in JURKAT cells (position from 783 

transcription start site (TSS): A (-200 to-100), B ( -100 to +1) and C (+1 to +200). Bars represent 784 

mean values, error bars represent stdev and ‘n’ represents independent experiments. Statistical 785 

differences were calculated using Mann-Whitney test (C) TET1 protein levels in DMSO versus 786 

Olaparib treated JURKAT cells, 72h post-treatment assayed by Western blot and summarized via 787 

densitometry analysis. Bars represent mean values, error bars represent stdev and ‘n’ represent 788 

independent experiments. Statistical differences were calculated using paired t-test (D) Co-789 

immunoprecipitation of endogenous PARP-1 with TET1 in JURKAT cells (E-F) TET1 protein 790 

levels in Olaparib or DMSO treated and transiently transfected HEK 293T cells expressing (E) 791 

Myc tagged full length TET1 construct and (F) Myc tagged Tet1-CD, 72h post-treatment, 792 

assayed by western blot using antibody against Myc tag. *p<0.05; **p<0.001; ***p<0.0001     793 

 794 

Fig. 7 Olaparib treatment antagonizes TET1 expression and abrogates T-ALL cell growth 795 

in vitro and in vivo   796 

(A) Total number of colonies in primary CFU assay per 500 input cells of Olaparib treated T-797 

ALL cell lines vs DMSO control. Bars represent mean values, error bars represent stdev and ‘n’ 798 

represent independent experiments. Statistical differences were calculated using a two tailed t-799 

test. (B) Annexin-V and 7-AAD staining of primary T-ALL patient cells, 72h post-treatment 800 

with Olaparib or DMSO. Bars represent mean values, error bars represent stdev and ‘n’ 801 

represents biological replicates. Statistical differences were calculated using Mann-Whitney test. 802 
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(C) Percentage of CD45+ T-ALL cells in the BM of NSG mice transplanted with JURKAT cells 803 

treated in vitro with Olaparib or DMSO for 72h. Each dot indicates percentage of CD45+ cells in 804 

a single NSG mouse. Horizontal bars represent average engraftment. Statistical differences were 805 

calculated using t-test. (D) Immunohistochemical staining of liver and lung tissue sections of 806 

NSG mice injected with Olaparib or DMSO treated JURKAT cells for quantifying CD3+ human 807 

T-ALL cells (400X and 630X magnification). (E) Percentage of CD45+ T-ALL PDX cells in the 808 

BM and spleen of sacrificed NSG mice transplanted with DMSO or Olaparib treated PDX 809 

sample, 8 weeks’ post- transplantation. Each dot indicates percentage of CD45+ cells in a single 810 

NSG mouse BM. Horizontal bars represent average engraftment. Statistical differences were 811 

calculated using t-test. (F) Spleen weight (in milligrams) of NSG mice transplanted with DMSO 812 

or Olaparib treated PDX cells, sacrificed 8 weeks’ post- transplantation. Each dot indicates the 813 

spleen weight of a single mouse. Horizontal bars represent average spleen weight. Statistical 814 

differences were calculated using t-test. (G) Analysis of total 5hmC content in Olaparib vs 815 

DMSO treated JURKAT and CCRF-CEM cells, using DNA dot blot assay using anti-5hmC 816 

monoclonal antibody. (H) Cell cycle analysis of Olaparib treated JURKAT cells versus DMSO 817 

control 72h post-transduction using BrdU staining. Bars represent mean values, error bars 818 

represent stdev and ‘n’ represent independent experiments. Statistical differences were calculated 819 

using Mann-Whitney test.   *p<0.05; **p<0.001; ***p<0.0001    820 
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