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Abstract

T-cell acute lymphoblastic leukemia (T-ALL) is characterized by ectopic expression of transcription factors, including NKX2-
1, which is over-expressed in 5% of patients. NKX2-1 is associated with a cortical immunophenotype and drives metabolic 
addiction to the serine/glycine synthesis pathway in T-ALL. However, there is still no complete picture of the role of NKX2-
1 in T-ALL pathogenesis. We characterized a CRISPR-Cas9 NKX2-1 knockout model of RPMI-8402, the only known T-ALL cell 
line expressing NKX2-1, and validated the obtained results in patient samples. NKX2-1 knockout caused a less mature im-
munophenotype and promoted cell cycle progression, in line with the direct transcriptional repression of CDK6 by NKX2-1 
that we observed. Furthermore, NKX2-1 protected T-ALL cells from apoptosis and DNA damage. The NKX2-1 protein direct-
ly bound DNA repair factors, such as RPA1 and RPA2, and presence of NKX2-1 resulted in differential expression of gene sets 
related to the repair of DNA damage in RPMI-8402 cells and patient samples. Furthermore, NKX2-1 positive cells showed 
less induction of DNA damage and apoptosis upon treatment with etoposide, a chemotherapy agent that causes DNA dam-
age that is clinically used to treat T-ALL. Mechanistically, our data supported the hypothesis that RUNX1 is an important 
co-factor for NKX2-1 transcriptional regulation in T-ALL cells, and that NKX2-1 modulated the composition of RUNX1 protein 
complexes. Notably, NKX2-1 expressing cells showed higher sensitivity towards RUNX1 inhibition, suggesting a co-operative 
role in regulating T-ALL cell survival. This work reveals a critical role of NKX2-1 in enhancing T-ALL cell survival by protect-
ing against DNA damage and identifies RUNX1 as an important co-factor in T-ALL pathogenesis. 

Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is caused by 
accumulation of somatic mutations that disrupt differenti-
ation, proliferation, and survival of developing lymphocytes.1 

T-ALL cells typically harbor mutations that inactivate cell 

cycle regulators, such as CDKN2A/CDKN2B, as well as muta-
tions that hyperactivate the NOTCH1 and PI3K/AKT or IL7R-
JAK-STAT signaling pathways. This is often accompanied 
by alterations in epigenetic factors, such as the EED, EZH2 
and SUZ12 proteins of the polycomb repression complex 2 
(PRC2), or protein translation factors such as mTOR, CNOT3, 
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RPL10 or RPL22.1-4 Furthermore, T-ALL patients can be clas-
sified into distinct transcriptional subgroups according to 
their ectopic expression of a transcription factor such as 
TAL1, TLX1/3, HOXA, LMO1/2 or NKX2-1.1

While significant progress has been made in understanding 
the pathological processes in various T-ALL subgroups, 
less is known about the NKX2-1 subgroup.5 NKX2-1 (also 
known as NKX2 homeobox 1) is a homeobox transcription 
factor with a critical role in development of the thyroid, 
lungs and ventral forebrain.6 Loss of NKX2-1 expression is 
associated with pathologies affecting one or more of these 
organs, such as brain-thyroid-lung syndrome.7 Moreover, 
aberrant NKX2-1 expression occurs in several cancer types. 
In lung adenocarcinoma (LUAD), 12% of patients display 
NKX2-1 gene amplifications, with a higher prevalence in 
EGFR-positive cases where NKX2-1 acts as an oncogene 
through regulation of ROR1 and LMO3.8-11 Conversely, NKX2-
1 acts as a tumor suppressor in KRASG12D positive LUAD, 
resulting in loss of differentiation and enhanced tumor 
seeding activity by regulating genes implicated in cell-cell 
organization, like claudin-18.9,12 NKX2-1 is, therefore, known 
as a double-edged sword in LUAD, with its function heavily 
dependent on genetic context. Moreover, NKX2-1 is over-ex-
pressed in 16% of neuroendocrine prostate cancers, driving 
reprogramming of prostate adenocarcinoma into the more 
aggressive neuroendocrine subtype.13 
Although NKX2-1 is not expressed during normal T-cell 
development, ectopic NKX2-1 expression occurs in approx-
imately 5% of T-ALL patients due to chromosomal rear-
rangements that juxtapose NKX2-1 to the highly expressed 
T-cell receptor genes or due to NKX2-1 gene amplifications. 
Transcriptional profiling of the NKX2-1 T-ALL subtype has 
revealed a proliferative gene expression signature, charac-
terized by expression of cell cycle regulatory genes and a 
CD1a-positive immunophenotype, with cortical developmen-
tal arrest similar to the TLX1 subgroup.5,14 Furthermore, we 
recently described the transcriptional induction of serine/
glycine synthesis enzymes by NKX2-1 in T-ALL and LUAD, 
which leads to metabolic addiction to the serine/glycine 
synthesis pathway in NKX2-1-positive tumors.15 However, 
understanding of the transcriptional targets of NKX2-1 in 
T-ALL remains incomplete, and it is still unclear whether 
NKX2-1 plays additional roles in T-ALL development. 
We generated an isogenic RPMI-8402 T-ALL NKX2-1 knockout 
model to investigate the role of NKX2-1 in T-ALL. We inte-
grated NKX2-1 chromatin immunoprecipitation sequencing 
(ChIP-seq), RNA-sequencing (RNA-seq), and immunopre-
cipitation (IP)-mass spectrometry datasets from this cell 
model and validated our findings in T-ALL patient samples 
(Figure 1A). Our results demonstrate that NKX2-1 protects 
cells from apoptosis and DNA damage, conferring a lower 
sensitivity to etoposide, a chemotherapeutic agent used 
in clinical practice that causes DNA damage. Additionally, 
we identify RUNX1 as a co-operative co-factor of NKX2-1 in 
T-ALL cells, thereby shedding light on the role of NKX2-1 

in T-ALL pathogenesis.

Methods

Ethics
Genetic analysis and engineering of RPMI-8402 cells, as 
well as experiments on human patient derived xenograft 
(PDX) samples, were approved by the UZ Leuven ethical 
committee (S67079; S54608). Written informed consent 
was obtained from all patients or their parents, according 
to the Declaration of Helsinki. 

CRISPR-Cas9
RPMI-8402 cells were electroporated (6 square wave puls-
es, 0.1 ms interval, 150 V) with a Cas9/GFP-encoding vec-
tor (pX458; Addgene) containing a sgRNA targeting NKX2-1 
(5’-AAGATGTCAGACACTGAGAA-3’). After 48 hours (hr) of 
incubation in RPMI-1640 containing 10% fetal calf serum 
(FCS), non-essential amino acids (Gibco), and 1 mM sodi-
um pyruvate (Gibco), GFP-positive cells were sorted (BD 
FACS Aria III) and grown to single-cell derived colonies in 
ClonaCell-TCS (Stemcell Technologies), followed by expan-
sion in liquid cultures in RPMI-1640 with 10% FCS. NKX2-1 
knockout efficiency was evaluated by Synthego ICE analysis 
(v3.0) on Sanger sequencing results from genomic DNA of 
the targeted NKX2-1 locus. 

RNA-sequencing 
Total RNA was extracted from RPMI-8402 cells with the 
RNeasy kit (Qiagen) and was converted to 3’ mRNA libraries 
with the QuantSeq library prep kit (Lexogen). Single-end, 50 
bp reads were obtained on an Illumina HiSeq4000. RNA-seq 
data from T-ALL patients have been previously described.16 

The 40 samples with the highest NKX2-1 expression from the 
NKX2-1 subgroup were included for analysis and compared 
to 40 random samples with no NKX2-1 expression from 
the TAL1 subgroup. Reads were mapped to the GENCODE 
human reference genome (GRCh38, v44) with STAR-aligner 
(v2.7.11a) and further processed using SAMtools (v1.18). Read 
counts per gene were obtained with FeatureCounts (Sub-
read v2.0.3). Differential expression analysis was performed 
with the Limma R-package (v3.50.3) after removing genes 
with low expression using the FilterByExpression function 
in EdgeR (v3.36.0). Gene Set Enrichment Analysis (GSEA) 
was performed on ranked gene lists (GSEA v4.3.2, Broad 
Institute) with the ranking score calculated as -sign(log2 
fold change)*log(adj. P value).17,18 We conducted separate 
GSEA for each database (KEGG, Reactome, Hallmarks, Gene 
Ontology). From these results, the final plots in our man-
uscript were obtained by performing a final GSEA on the 
pathways with the strongest enrichment. The regulatory 
network was generated using iRegulon (v1.3) in Cytoscape 
(v3.8.2) on the significantly differentially expressed genes. 
Data were analyzed and visualized using RStudio (R v4.1.0). 
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Figure 1. Phenotypic characterization of NKX2-1 in RPMI-8402 cells. (A) Schematic workflow of the study illustrating the NKX2-1 
RPMI-8402 knockout model generation, the experiments performed on this model, and confirmation in patient samples. (B) Im-
munoblot analysis of NKX2-1 in NKX2-1+/+ and NKX2-1-/- CRISPR-Cas9 clones used in this project. The NKX2-1 specific signal is 
indicated with an arrow. The band at 37 kDa is a non-specific signal. Histone 3 (H3) served as loading control. (C) Mean fluores-
cence intensity (MFI) quantification of CD45+ cells based on flow cytometry data of cyCD3, CD5, CD34, CD2, CD7 and CD1a. Data 
are represented as mean ± Standard Deviation (SD) of 4 clones per genotype. Dots indicate values obtained from individual clones. 
Statistics were calculated by an unpaired two-tailed t test. (D) Immunoblot analysis of CD45 in NKX2-1+/+ and NKX2-1-/- RPMI-8402 
clones. Lamin B1 served as loading control. (E) Sashimi plot based on RNA-sequencing (RNA-seq) data illustrating differential 
splicing of PTPRC with exon skipping in NKX2-1-/- RPMI-8402 clones. The plot shows data from one representative clone per gen-
otype. A threshold of minimum 20 junction reads was applied. (F) Percentage of propidium iodide (PI)-positive cells detected by 
flow cytometry in NKX2-1+/+ and NKX2-1-/- RPMI-8402 clones at day 5. Data are represented as mean ± SD of 4 clones per genotype. 
Dots indicate values obtained from individual clones. Statistics were calculated by an unpaired two-tailed t test. (G) (Left) Rep-
resentative cell cycle profiles of NKX2-1+/+ and NKX2-1-/- RPMI-8402 clones using PI staining in flow cytometry. (Right) Quantifica-
tion of G0-G1 and S-G2-M phases at day 5. Data are represented as mean ± SD of 4 clones per genotype. Dots indicate values 
obtained from individual clones. Statistics were calculated by an unpaired two-tailed t test. (H) Proliferation curve of NKX2-1+/+ 
and NKX2-1-/- RPMI-8402 clones. The plotted relative viable cell numbers were determined by PI flow cytometry. Data are repre-
sented as mean ± SD of 4 clones per genotype. hr: hours. *P<0.05, **P<0.01.
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Sashimi plots were generated using ggsashimi v. 1.1.5.19

Immunoprecipitation
Protein extract from each RPMI-8402 NKX2-1+/+ and NKX2-
1-/- clone, or from PDX-XB14, was used for immunoprecipi-
tation in cell lysis buffer (CST, #9803) supplemented with 
5 mM Na3VO4 and cOmplete protease inhibitor (Roche). 
After pre-clearing BSA-blocked Protein G Magnetic Beads 
(Thermo Fisher Scientific, #88847) with rabbit IgG (CST, 
#2729), immunoprecipitation was carried out using 1 µg of 
NKX2-1 (Abcam, #ab67820), 1 µg (for IP) or 5 µg (for IP-MS) 
of RUNX1 (Thermo Fisher Scientific, #PA-19638), 50-fold 
dilution of RPA1 (Cell Signaling Technology,  #2267) or 0.5, 
1 or 5 µg IgG (CST, #2729) antibody. Samples were eluted 
in Novex Tris-Glycine SDS buffer supplemented with 5% 
β-mercaptoethanol, followed by western blotting or mass 
spectrometry analysis.

Statistical analysis 
Statistical analyses were performed in GraphPad Prism 10 
using the statistical tests indicated in the figure legends.
Additional information on the methods used is available 
in the Online Supplementary Appendix.

Results

NKX2-1 promotes maturation and protects T-cell acute 
lymphoblastic leukemia cells from cell death and cell 
cycle progression 
To identify a relevant model to investigate the role of NKX2-1 
in T-ALL, we analyzed NKX2-1 mRNA and protein expression 
in a panel of 18 human T-ALL cell lines. Because RPMI-8402 
was the only cell line expressing NKX2-1 (Online Supplemen-
tary Figure S1),20,21 these cells were CRISPR-Cas9 genome 
edited to generate isogenic NKX2-1 knockout cells (Figure 
1A). Four single-cell-derived RPMI-8402 knockout clones, in 
which no residual NKX2-1 protein was detected on western 
blot, were chosen, along with four single-cell-derived wild-
type control clones (further referred to as NKX2-1-/- and 
NKX2-1+/+ clones, respectively) (Figure 1B). 
To characterize the phenotype of knocking out NKX2-1 in 
RPMI-8402 cells, we first verified the immunophenotype of 
the obtained NKX2-1+/+ and NKX2-1-/- clones. All clones were 
cyCD3+/CD34+/CD1a-/CD5+/CD7low/CD2low (Online Supplemen-
tary Figure S2A), consistent with the described RPMI-8402 
immunophenotype.22 Remarkably, NKX2-1+/+ clones showed 
a significant increase in CD2 and a decrease in CD34 mean 
fluorescence intensity, without altering the percentage of 
positive cells (Figure 1C). Moreover, whereas total CD45 
levels were not affected by NKX2-1 knockout, NKX2-1+/+ 

clones showed expression of lower molecular weight CD45 
isoforms due to exon skipping (Figure 1D, E, Online Sup-
plementary Figure S2B-D). These isoforms are a marker of 
T-cell differentiation status,23 and further underscore the 

more differentiated T-cell phenotype in NKX2-1+/+ cells.24

NKX2-1+/+ clones displayed significantly less apoptotic cell 
death compared to NKX2-1-/- clones, as assessed by propid-
ium iodide (PI), Annexin V, and cleaved caspase 3 staining 
(Figure 1F, Online Supplementary Figure S3). Interestingly, 
NKX2-1+/+ clones also exhibited a higher percentage of cells 
in the G0-G1, and a lower percentage in the S-G2-M phases 
of the cell cycle (Figure 1G). Overall, these apoptosis and 
cell cycle phenotypes resulted in similar cell densities for 
NKX2-1+/+ and NKX2-1-/- clones over consecutive days (Fig-
ure 1H). Collectively, these findings suggest that NKX2-1 
promotes a slightly more mature immunophenotype, while 
also reducing apoptotic cell death and cell cycle progres-
sion in RPMI-8402 cells. 

NKX2-1 is a transcriptional regulator of CDK6
To investigate the mechanistic role of NKX2-1, we performed 
NKX2-1 ChIP-seq on NKX2-1+/+ clones, with NKX2-1-/- clones 
as negative controls. The majority of the 496 identified 
NKX2-1 binding peaks were located in intronic and distal 
intergenic regions, whereas 21% of the peaks were in pro-
moter regions (Figure 2A, Online Supplementary Table S1). 
Interestingly, we identified 25 genes with an adjacent NKX2-1 
ChIP peak that were differentially expressed in RNA-seq on 
NKX2-1+/+ versus NKX2-1-/- RPMI-8402 clones (Online Sup-
plementary Figure S4). Among the genes with NKX2-1 peaks, 
cyclin dependent kinase 6 (CDK6) was identified, essential 
for the progression from G1 to S phase in the cell cycle.25 
Furthermore, an open chromatin and enhancer region was 
observed in the same intronic area in public ATAC-seq and 
H3K27ac ChIP-seq data from RPMI-8402 cells, as well as 
a RUNX1 binding site (Figure 2B). Dual luciferase reporter 
assays in HEK-293T cells showed that NKX2-1 and RUNX1 are 
co-operatively regulating the activity of this CDK6 enhancer 
region (Online Supplementary Figure S5). Interestingly, CDK6 
mRNA and protein levels were significantly reduced in 
NKX2-1+/+ compared to NKX2-1-/- RPMI-8402 clones (Figure 
2C-E). Altogether, these results support the hypothesis that 
NKX2-1 acts as a transcriptional regulator of CDK6, which 
is in line with the impaired cell cycle progression that we 
observed in NKX2-1+/+ cells. 

RNA-sequencing of NKX2-1 RPMI-8402 model reveals 
three clusters of differentially expressed gene sets
To further explore the role of NKX2-1 in T-ALL, we char-
acterized the downstream effects of NKX2-1 by perform-
ing RNA-seq on our NKX2-1+/+ versus NKX2-1-/- RPMI-8402 
clones. Principal component analysis showed that the two 
analyzed genotypes formed separate clusters, and we iden-
tified 96 significantly differentially expressed genes (DEG) 
(Figure 3A, Online Supplementary Figure S6). Using GSEA, 
we confirmed enrichment of cell cycle-related pathways in 
the down-regulated genes in NKX2-1+/+ clones (Figure 3B). 
This GSEA revealed three additional major groups of gene 
sets regulated by NKX2-1, which were related to ribosome 
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biology, epigenetics and DNA damage (Figure 3C, Online 
Supplementary Figure S7A). As follow-up of these findings 
on ribosomal gene sets, we compared the functionality of 
ribosomes in NKX2-1+/+ and NKX2-1-/- RPMI-8402 clones. 
However, no significant differences were observed in ri-
bosomal polysome profiles or nascent protein synthesis 
levels (Online Supplementary Figure S7B-D), suggesting that 
NKX2-1 does not substantially affect ribosomal function.
To further investigate the epigenetic gene set cluster iden-
tified in the GSEA (Figure 3C), we performed western blot 
analysis of several histone marks to examine the impact 
of NKX2-1 expression on the overall epigenetic landscape. 
NKX2-1+/+ clones exhibited lower levels of H3K27ac, a marker 
of active chromatin, as well as reduced levels of H3K4me1 
and H3K4me3, markers of active promoters and enhancers, 
respectively (Figure 3D). We hypothesized that the re-
duced histone mark levels in NKX2-1+/+ clones may cause 
differential sensitivity to epigenetic drugs such as HDAC 
inhibitors (HDACi). Indeed, we observed a significantly 
decreased sensitivity of the NKX2-1+/+ clones against the 
HDACi romidepsin and vorinostat (Figure 3E). This trend 
was confirmed in ex vivo cultured PDX samples exposed 

to romidepsin treatment, showing lower sensitivity on 
NKX2-1 positive samples (Figure 3F, Online Supplementary 
Figure S8). Therefore, we concluded that NKX2-1 reduces 
the levels of histone modifications in T-ALL, making the 
cells resistant to HDACi.

NKX2-1 protects T-cell acute lymphoblastic leukemia 
cells from DNA damage
Interestingly, DNA damage was also identified as a key 
cluster of differentially expressed gene sets in NKX2-1+/+ 
versus NKX2-1-/- RPMI-8402 clones (Figure 3C). This led us 
to hypothesize that NKX2-1 may protect cells from DNA 
damage in T-ALL. To investigate this, we assessed the DNA 
damage status of the NKX2-1+/+ and NKX2-1-/- clones by an-
alyzing the γ-H2AX levels, a marker of DNA double strand 
breaks. NKX2-1+/+ clones had significantly lower γ-H2AX 
levels compared to the NKX2-1-/- clones (Figure 4A). Ad-
ditionally, we measured DNA damage markers H3K27me3, 
H3K56ac and H4K20me3 levels, and we observed the same 
reduction as for γ-H2AX in the NKX2-1+/+ clones (Figure 4A). 
Since induction of DNA damage is often used as a therapeu-

Figure 2. NKX2-1 directly represses CDK6 expression. (A) Peak distribution of NKX2-1 chromatin immunoprecipitation-sequencing 
(ChIP-seq) in NKX2-1+/+ RPMI-8402 cells as defined by ChIPseeker. (B) Genomic locus of the CDK6 gene with NKX2-1 ChIP-seq 
peak, H3K27ac ChIP-seq and ATAC-seq signal in RPMI-8402 cells, and RUNX1 ChIP-seq peaks from 22 hematopoietic cell models 
obtained from chip-atlas.org. (C) Quantification of CDK6 mRNA expression by real-time quantitative polymerase chain reaction 
(RT-qPCR) in NKX2-1+/+ and NKX2-1-/- RPMI-8402 clones at day 5. Individual dots represent 4 biologically independent clones per 
genotype. Data are represented as mean ± Standard Deviation Statistics were calculated by an unpaired two-tailed t test. (D) 
Immunoblot analysis of CDK6 in the NKX2-1+/+ and NKX2-1-/- RPMI-8402 clones. Vinculin served as loading control. (E) Fold change 
of CDK6 protein expression densitometry of western blots from 3 independent experiments on NKX2-1+/+ and NKX2-1-/- RPMI-8402 
clones at day 5. Data are represented as mean ± Standard Error of Mean. Statistics were calculated by two-way ANOVA. *P<0.05.
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tic strategy, we examined the impact of NKX2-1 expression 
on cellular sensitivity to etoposide, a DNA-damaging agent 
used in clinical practice. As expected, following drug treat-
ment, NKX2-1+/+ clones demonstrated higher viability and 
lower levels of DNA damage markers γ-H2AX, H3K27me3 
and olive moment in comet assays (Figure 4B-D, Online 
Supplementary Figure S9). Also, for other clinically used 
DNA-damaging agents, such as doxorubicin and 6-thiogua-
nine (6-TG), NKX2-1+/+ clones showed a significantly higher 
IC50 value as compared to NKX2-1-/- cells (Online Sup-
plementary Figure S10). To corroborate these findings in 
patients, we analyzed public RNA-seq data of T-ALL pa-
tients by utilizing the data sets presented by Pölönen et 
al.16 We selected the 40 samples with the highest NKX2-1 
expression (NKX2-1 positive) as well as 40 samples lacking 
NKX2-1 expression belonging to the TAL1 subgroup (NKX2-1 
negative). These TAL1 samples are an ideal control group, 
since they are not driven by a homeobox transcription fac-
tor but immunophenotypically resemble NKX2-1 positive 
T-ALL (Online Supplementary Figure S11).26 GSEA analysis 
on the RNA expression profiles of NKX2-1 positive versus 
negative samples revealed up-regulated DNA damage repair 
pathways in the NKX2-1 positive group (Figure 4E, F, Online 
Supplementary Figure S12). Interestingly, drug treatments on 
ex vivo cultured PDX samples also showed a trend towards 
more etoposide resistance in NKX2-1 positive samples (Fig-
ure 4G, Online Supplementary Figure S13). Taken together, 
these findings support the hypothesis that NKX2-1 serves 
a protective role against DNA damage in T-ALL cells.

RUNX1 is a co-factor for transcriptional regulation by 
NKX2-1 
To further elucidate the molecular mechanisms underly-
ing NKX2-1 function in T-ALL cells, we identified NKX2-1 
binding partners by IP of NKX2-1 in NKX2-1+/+ RPMI-8402 
cells, followed by MS analysis, using NKX2-1-/- clones and 
IgG IP-MS as controls. Besides NKX2-1 itself, eight inter-
acting proteins were identified (Figure 5A). Among these 
interactors, we identified RUNX Family Transcription Fac-
tor 1 (RUNX1), a critical hematopoietic transcription factor 
implicated in T-ALL.22,27-29 We confirmed binding of NKX2-1 

to RUNX1 by co-IP in our RPMI-8402 cell model and in an 
NKX2-1-positive PDX T-ALL sample (XB14) (Figure 5B, Online 
Supplementary Figure S14).
In addition to the physical interaction between the NKX2-
1 and RUNX1 proteins, our data suggested a co-operative 
role of RUNX1 and NKX2-1 in regulating gene expression in 
T-ALL. First, we used iRegulon to predict the transcrip-
tional regulators of DEG in the RNA-seq on the NKX2-1 
RPMI-8402 cell model, identifying RUNX1 as a major regu-
lator of these transcripts (Figure 5C, Online Supplementary 
Figure S15). Secondly, HOMER motif analysis of our NKX2-1 
ChIP-seq data identified RUNX1 as one of the top-scoring 
motifs, alongside the NKX2 homeobox family (Figure 5D, 
Online Supplementary Table S2). Besides confirming the 
specificity of our NKX2-1 ChIP-seq, this result suggests 
RUNX1 co-binding at NKX2-1 genomic binding sites. Finally, 
iRegulon analysis of public RNA-seq data from T-ALL pa-
tients confirmed RUNX1 as a key transcriptional regulator 
of DEG in NKX2-1 positive versus negative samples, with 
an even higher normalized enrichment score (NES) than 
NKX2-1 itself (Figure 5E, Online Supplementary Figure S16). 
Moreover, GSEA analysis indicated a significant positive 
enrichment of the Reactome pathway of RUNX1-regulated 
genes involved in the differentiation of hematopoietic stem 
cells (HSC) in NKX2-1-positive patient samples (Figure 5F). 
Collectively, these data suggest that RUNX1 functions as 
co-factor of NKX2-1, working in close co-operation in the 
transcriptional regulation of T-ALL.

NKX2-1 modulates the binding partners of RUNX1 and 
cellular sensitivity to RUNX1 inhibition
To better understand the mechanistic interplay between 
NKX2-1 and RUNX1, we investigated the binding partners of 
RUNX1 in the presence and absence of NKX2-1 by IP-MS in 
our RPMI-8402 cell clones (Online Supplementary Figure 
S17). When comparing each condition to its corresponding 
IgG control, the majority (62%; 396/641) of identified RUNX1 
binding partners were not affected by NKX2-1 status (Fig-
ure 6A). Furthermore, 18% of the RUNX1 protein partners 
in NKX2-1+/+ clones were absent in NKX2-1-/- clones, with 
NKX2-1 itself being one of them. Conversely, 29% of the 
RUNX1 protein partners in NKX2-1-/- clones were exclusive 

Figure 3. RNA-sequencing of NKX2-1+/+ and NKX2-1-/- RPMI-8402 clones reveals differentially expressed gene sets related to DNA 
damage and epigenetics, altering the epigenetic landscape and sensitivity towards HDAC inhibitors. (A) Volcano plot showing 
differentially expressed genes detected by RNA-sequencing (RNA-seq) analysis of NKX2-1+/+ and NKX2-1-/- RPMI-8402 clones (4 
clones per genotype). The gray dotted lines indicate the cut-off values for significance (adj.P value <0.05) and fold change (FC>2). 
(B) Gene Set Enrichment Analysis (GSEA) plots showing downregulation of cell cycle-related gene sets in NKX2-1+/+ RPMI-8402 
cells. (C) GSEA dot plot showing the top enriched gene sets belonging to the DNA damage and epigenetic cluster in the NKX2-1+/+ 
RPMI-8402 model. (D) Immunoblots of H3K27ac, H3K4me1 and H3K4me3 in NKX2-1+/+ and NKX2-1-/- RPMI-8402 clones. Lamin B1 
served as loading control. (E) Dose-response curves of NKX2-1+/+ and NKX2-1-/- RPMI-8402 clones treated for 48 hours with ro-
midepsin (left) or vorinostat (right). Data points represent mean ± Standard Deviation (SD) of relative proliferation of 4 biological-
ly independent clones per genotype, normalized to day 0 and DMSO vehicle condition. Least-squares regression fits to the mean 
are shown (solid lines), and IC50 values were determined for each drug and condition. Statistics were calculated by an extra sum-
of-squares F-test.  (F) Relative cell death of NKX2-1-positive and -negative patient derived xenograft (PDX) samples after treatment 
for 72 hours with romidepsin. Data were normalized to DMSO vehicle treated cells. Data are represented as mean ± SD. Statistics 
were calculated by an unpaired two-tailed t test. **P<0.01.
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to this condition (Figure 6A). These results suggest that 
whereas NKX2-1 affects a significant fraction of RUNX1 
binding partners, the majority of RUNX1 interactors are 
insensitive to NKX2-1 presence. 
When we compared the obtained RUNX1 interacting pro-
teins to the previously identified NKX2-1 binding partners, 
we observed that all NKX2-1 interactors also bound RUNX1, 
except for Thymosin Beta 4 X-Linked (TMSB4X) (Figure 
6A). Among these shared binding partners of NKX2-1 and 
RUNX1, we identified Replication Protein A1 and A2 (RPA1 
and RPA2), which are involved in DNA damage recognition 
and nucleotide excision repair.30 Given our previous results 
supporting a role for NKX2-1 in protecting cells from DNA 
damage, we used co-IP experiments to confirm that RPA1 
binds NKX2-1 and RUNX1 in the NKX2-1 RPMI-8402 cell 
model and in NKX2-1-positive PDX samples (XB14) (Online 
Supplementary Figure S18). 
Next, we aimed to evaluate the cellular effects of RUNX1 
inhibition. We tried to reduce RUNX1 expression with shRNA. 
Unfortunately, RUNX1 knockdown was quickly lost in the cells, 
likely due to its toxicity, preventing us from performing the 
intended experiments. Therefore, we examined the effects 
of RUNX1 pharmacological inhibitor Ro5-3335.31 We assessed 
our NKX2-1 RPMI-8402 clones over five days and observed 
a dose-dependent reduction in proliferation and increase 
in cell death (Online Supplementary Figure S19A-D). By day 
5, Ro5-3335 exhibited its most significant effect, causing 
similar levels of cell death at the highest drug concentra-
tions irrespective of NKX2-1 status (Figure 6B). Interestingly, 
the kinetics of drug response was different at lower drug 
concentrations: whereas NKX2-1+/+ cells started to respond 
(induction of PI-positive cells) from 2.5 µM of Ro5-3335 
upwards, drug-induced cell death only became apparent in 
NKX2-1-/- cells when a dose of 10 µM Ro5-3335 was applied 
(Figure 6B). NKX2-1+/+ cells were also sensitized to AI-10-47,32 
another pharmacological RUNX1 inhibitor (Online Supple-
mentary Figure S19E). This difference in drug sensitivity was 
also reflected in the accumulation of DNA damage, with 
NKX2-1+/+ cells showing more Ro5-3335-induced DNA dam-

age as compared to NKX2-1-/- cells in comet assays (Figure 
6C). Finally, Ro5-3335 was also able to induce apoptosis in 
ex vivo cultured NKX2-1+/+ T-ALL PDX samples (Figure 6D, E, 
Online Supplementary Figure S20). Altogether, our results 
with RUNX1 inhibitor Ro5-3335 support the hypothesis that 
RUNX1 is essential for survival of T-ALL cells, irrespective of 
NKX2-1 status. However, the higher relative drug sensitivity 
of NKX2-1+/+ cells, particularly with respect to induction of 
DNA damage, suggests dependence of NKX2-1 on RUNX1 to 
execute its role in protecting T-ALL cells from DNA damage 
and induction of cell death.

Discussion

To better understand the role of NKX2-1 in T-ALL, we de-
veloped an isogenic cell model by knocking out NKX2-1 in 
the RPMI-8402 cell line. We opted for this model instead of 
over-expressing NKX2-1 in other T-ALL cell lines since their 
transcriptional programs are driven by other T-ALL-associated 
transcription factors, potentially confounding the results. 
Depletion of NKX2-1 in RPMI-8402 cells resulted in a slightly 
less mature phenotype, as evidenced by the differentia-
tion-associated shifts in CD2 and CD34 expression. These 
changes suggest that NKX2-1 plays a role in maintaining a 
more differentiated T-cell state. Consistent with these re-
sults, our analysis of public RNA-seq data from T-ALL patients 
revealed that NKX2-1-positive tumors display upregulation 
of gene sets linked to HSC differentiation. Further under-
scoring this role in regulating T-cell differentiation, NKX2-1+/+ 
clones expressed lower molecular weight CD45 isoforms. 
Interestingly, we found Heterogeneous Nuclear Ribonucleo-
protein L Like (HNRNPLL), a gene showing NKX2-1 binding in 
our ChIP-seq, to be up-regulated by NKX2-1 in our RNA-seq 
results (Online Supplementary Figure S4). This gene causes 
CD45 transcript exon-skipping, in line with our results. In 
public patient data, we also observed a significant increase 
of HNRNPL (LogFC 0.45, adj.P value 0.00016), which has a 
similar activity as its paralog HNRNPLL.33 We observed that 

Figure 4. NKX2-1 protects cells against DNA damage. (A) (Top) Immunoblot analysis of γ-H2AX and H3K27me3 in NKX2-1+/+ and 
NKX2-1-/- RPMI-8402 clones. Vinculin served as loading control. (Bottom) Immunoblot analysis of H3K56ac and H4K20me3 in 
NKX2-1+/+ and NKX2-1-/- RPMI-8402 clones. Lamin B1 served as loading control. (B) Dose-response curves of NKX2-1+/+ and NKX2-
1–/– RPMI-8402 clones treated for 48 hours (hr) with etoposide. Data points represent mean ± Standard Deviation (SD) of relative 
proliferation of 4 clones per genotype, normalized to day 0 and DMSO vehicle condition. Least-squares regression fits to the 
mean are shown (solid lines), and IC50 values were determined. Statistics were calculated by an extra sum-of-squares F-test. (C) 
Immunoblot for γ-H2AX and H3K27me3 (short and long exposure) in NKX2-1+/+ and NKX2-1-/- RPMI-8402 samples (mix of 4 clones 
per genotype) after treatment with 200 nM etoposide for 48 hr. Vinculin served as loading control. (D) (Left) Olive moment in 
comet assay on NKX2-1+/+ and NKX2-1-/- RPMI-8402 cells after 48 hr of treatment with 200 nM etoposide. Data represented as 
mean ± Standard Error of Mean (SEM). Statistics were calculated by a Mann-Whitney two-tailed test. (Right) Representative com-
et stained with propidium iodide (PI) obtained from NKX2-1+/+ and NKX2-1-/- RPMI-8402 cells after 48 hr of treatment with 200 nM 
etoposide. (E) Dot plot showing enriched gene sets linked to DNA damage repair identified in the Gene Set Enrichment Analysis 
(GSEA) of differentially expressed genes in NKX2-1-positive versus negative T-ALL (patient data from Pölönen et al.16). (F) GSEA 
enrichment plots showing upregulation of DNA repair gene sets in NKX2-1-positive T-ALL patients. (G) Relative cell death of 
NKX2-1-positive and -negative patient derived xenograft (PDX) samples after treatment for 72 hr with 1 µM etoposide. Data are 
normalized to DMSO vehicle treated cells. Data are represented as mean ± SD. Statistics were calculated by an unpaired two-
tailed t test. **P<0.01, ***P<0.001.
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Figure 5. RUNX1 is a co-factor of NXK2-1. (A) Volcano plot showing differentially detected NKX2-1 binding proteins by immuno-
precipitation-mass spectrometry (IP-MS) in NKX2-1+/+ compared to NKX2-1-/- RPMI-8402 clones and IgG IP. Four clones per gen-
otype were analyzed. The gray dotted lines indicate the cut-off values for significance (qvalue<0.1) and fold change (FC>2). (B) 
Immunoblot for NKX2-1, RUNX1 and histone 3 (H3) of input, IgG control and RUNX1 immunoprecipitated samples of NKX2-1+/+ or 
NKX2-1-/- RPMI-8402 cells (mix of 4 clones per genotype) (left) or NKX2-1 positive patient derived xenograft (PDX) XB14 sample 
(right). (C) iRegulon analysis on significantly differentially expressed genes (DEG) in NKX2-1+/+ RPMI-8402 clones compared to 
NKX2-1-/- clones. NKX6-3 was identified as top-scoring motif for the NKX family but has high similarity to NKX2-1. Normalized 
enrichment score (NES) values for each cluster code are shown from each transcription factor. DEG are colored according to their 
logFC. (D) Representative motifs from two top-scoring motif families, ranked on P value, identified by HOMER motif enrichment 
analysis on NKX2-1 chromatin immunoprecipitation-sequencing (ChIP-seq) from NKX2-1+/+ clones. (E) iRegulon analysis on top 10% 
significantly DEG in NKX2-1-positive compared to NKX2-1-negative T-ALL samples (patient data from Pölönen et al.16). Predicted 
transcription factors are indicated in orange and blue octagons. NES values for each cluster code are shown for each transcrip-
tion factor. DEG are colored according to their logFC. (F) GSEA enrichment plot showing upregulation of RUNX1-regulated genes 
involved in hematopoietic stem cell (HSC) differentiation in NKX2-1-positive T-ALL (patient data from Pölönen et al.16).
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NKX2-1 reduced apoptotic cell death over time, suggesting 
that NKX2-1 plays a role in supporting cell survival. In RP-
MI-8402 cells, we previously showed that NKX2-1 knockout 
increases ROS levels,15 which may explain better survival 
of NKX2-1 positive cells. Our results are consistent with 
previous studies, which showed that NKX2-1 knockdown 
increases expression of apoptosis-related genes in LUAD 
and promotes apoptosis in small-cell lung cancer and neu-
roblasts.34-36 However, other research has demonstrated that 
NKX2-1 can induce cell death through apoptosis in thyroid 
carcinoma cells.37 This aligns with the previously suggested 
idea of NKX2-1 being a double-edged sword, supporting the 
notion that its effects may vary depending on the genetic 
context in which it is expressed.10

To decipher the chromatin binding areas of NKX2-1, we 
performed ChIP-seq on our RPMI-8402 model. Among the 
496 detected peaks, one of them was in CDK6. Our da-
ta support the view that NKX2-1 regulates CDK6 at the 
transcriptional level. Interestingly, the same CDK6 region 
where NKX2-1 binding takes place coincided with a RUNX1 
binding site (Figure 2B). Furthermore, our dual-luciferase 
reporter assays show that NKX2-1 and RUNX1 work togeth-
er to modulate the activity of this CDK6 regulatory region 
(Online Supplementary Figure S5), further underscoring the 
idea of RUNX1 and NKX2-1 being essential co-factors for 
transcriptional regulation in T-ALL. Previous studies have 
shown that NKX2-1 also inhibits CDK6 transcription in LU-
AD.38 The observed CDK6 regulation by NKX2-1 may explain 
the reduction in cell cycle progression that we observed in 
NKX2-1+/+ clones. However, this regulation of CDK6 may also 
have indirect consequences for regulating the metabolism 
of NKX2-1 cells. Indeed, whereas we previously showed that 
NKX2-1 binds and transcriptionally induces the de novo serine 
and glycine synthesis pathway in T-ALL,15 cyclin D3:CDK4/6 
complex has also been identified as an indirect regulator of 
de novo serine and glycine synthesis in T-ALL.39 Thus, our 
findings support the idea that NKX2-1 directly regulates CDK6 
expression, driving cell cycle dysregulation, and potentially 
also contributing to the NKX2-1-dependent induction of de 
novo serine/glycine synthesis addiction in T-ALL. 
Further unraveling the role of NKX2-1 in T-ALL, GSEA on our 
RNA-seq data in the RPMI-8402 model identified three in-

teresting clusters of enriched gene sets regulated by NKX2-
1, including ribosomal gene sets. However, these detected 
transcriptional changes did not result in strong ribosomal 
phenotypes in the polysome profile or global protein syn-
thesis. However, NKX2-1 knockout may modulate ribosomal 
function in a milder fashion, by leading to specialized ribo-
somes with more subtle altered translation phenotypes, 
such as has been described for the RPL10 R98S muta-
tion.40,41 Furthermore, knocking out NKX2-1 may impact the 
extra-ribosomal functions of ribosomal proteins, which have 
been associated with tumorigenesis.42,43 Interestingly, Liu et 
al. previously showed that mutations in ribosomal protein 
genes are highly enriched in cases of NKX2-1 overexpression, 
suggesting a potential synergy.26

Another gene set cluster that was enriched in our NKX2-1 
model was linked to epigenetics, confirmed by a differential 
amount of histone marks. Intriguingly, all the histone modi-
fications that were checked (both activating marks H3K27ac, 
H3K4me3 and H3K4me1, as well as repressive marks like 
H3K27me3) were strongly down-regulated in the presence 
of NKX2-1. In line with this, NKX2-1 did not act purely as a 
repressor or as an activator, and NKX2-1 ChIP-seq targets 
were induced or repressed (Online Supplementary Figure 
S4). Interestingly, HDAC4 was identified as a gene whose 
promoter region is bound by NKX2-1, resulting in transcrip-
tional upregulation in NKX2-1+/+ cells. This may explain the 
detected differences in histone acetylation. Furthermore, 
we previously showed that NKX2-1 regulates chromatin DNA 
and histone demethylases by modifying the ratio between 
succinate and alpha-ketoglutarate in lung cancer, which 
function as co-substrate of various histone demethylase 
enzymes.15,44 From a therapeutic perspective, the down-regu-
lated histone marks in NKX2-1-driven T-ALL were associated 
with decreased sensitivity for HDACi like romidepsin and 
vorinostat, both clinically approved drugs that have been 
investigated for treatment of T-ALL.45-48 
Our observations related to the function of NKX2-1 to protect 
against DNA damage also have clinical relevance. Etoposide, 
doxorubicin and 6-TG are clinically used DNA-damaging 
agents to which NKX2-1-expressing cells showed reduced 
sensitivity.49-51 NKX2-1 presence was associated with lower 
levels of γ-H2AX and reduced apoptosis, suggesting a role in 

Figure 6. NKX2-1 alters RUNX1 binding partners and modulates sensitivity to RUNX1 inhibition. (A) Venn diagram illustrating signifi-
cantly bound proteins to RUNX1 in NKX2-1+/+ (light blue) or NKX2-1-/- (purple) RPMI-8402 clones and to NKX2-1 in NKX2-1+/+ clones 
(orange). (B) Percentage of propidium iodide (PI)-positive dead cells detected by flow cytometry in NKX2-1+/+ and NKX2-1-/- RPMI-8402 
cells after treatment with Ro5-3335 for five days. Data represented as mean ± Standard Deviation (SD). Statistics calculated by an 
ordinary one-way ANOVA followed by a Tukey’s HSD post hoc test. (C) (Left) Olive moment measured in comet assays on NKX2-1+/+ 
and NKX2-1-/- RPMI-8402 cells after five days of treatment with 50 µM Ro5-3335. Data represented as mean ± Standard Error of 
Mean (SEM). Statistics calculated by Mann-Whitney two-tailed test. (Right) Representative comet stained with PI from NKX2-1+/+ and 
NKX2-1-/- RPMI-8402 cells after five days of treatment with 50 µM Ro5-3335. (D) Effect of treatment of NKX2-1-positive patient de-
rived xenograft (PDX) XB41 with 50 µM Ro5-3335 or DMSO vehicle. (Left) Relative proliferation of treated cells normalized to day 0. 
(Right) Absolute percentage of dead cells, identified as PI-positive cells by flow cytometry. Individual dots represent 3 technical 
replicates. Data represented as mean ± SD. Statistics calculated by two-way ANOVA followed by a Šidák test. (E) Flow cytometry 
analysis of cleaved caspase 3/Zombie Aqua of XB47 NKX2-1 positive PDX cells after 72 hours (hr) of treatment with DMSO vehicle or 
50 µM Ro5-3335. (F) Proposed model of the role of NKX2-1 in T-ALL (Created with Servier Medical Art released under the Creative 
Commons Attribution 4.0 International License). *P<0.05, **P<0.01, ***P<0.001. P values were calculated using a two-tailed t test.
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minimizing DNA damage and promoting cell survival. Inter-
estingly, we also found that NKX2-1 binds to RPA1 and RPA2, 
proteins involved in DNA damage repair.30 A role of NKX2-1 
in DNA damage was already reported, as its overexpression 
was found to protect cells from DNA damage from DNA 
replication stress in LUAD by its binding with DDB1, a DNA 
damage response sensor protein found in UV-induced DNA 
lesions, and to RPA32.52 In the context of LUAD and T-ALL, we 
also showed that NKX2-1 lowers ROS levels,15 which may also 
add to the protective role of NKX2-1 against DNA damage. 
Based on the NKX2-1 IP-MS results, we discovered that 
the transcription factor RUNX1 is a co-factor of NKX2-1. In 
addition to physical binding of these two proteins, our data 
also support a co-operative role in transcriptional regula-
tion. HOMER motif analysis on the NKX2-1 ChIP-seq peaks 
identified RUNX1 motifs among the top-scoring motifs, and 
regulatory transcriptional network analysis on DEG from 
RNA-seq of our RPMI-8402 model and from T-ALL patient 
data also showed RUNX1 as a top upstream transcription 
factor together with NKX family members, confirming a tight 
co-operation between these factors. 
Given its different roles during hematopoiesis, RUNX1 is 
known to interact with other transcription factors and to 
recruit various co-factors to the chromatin. In this way, 
RUNX1 modifies the chromatin landscape and the transcrip-
tional activity of its target genes. RUNX1 has been demon-
strated to form a core transcriptional regulatory circuit in 
T-ALL with TAL1 and GATA3, as well as TLX1 and STAT5.28,53 
Here, we show that also NKX2-1 is one of the co-factors 
that co-operates with RUNX1, co-regulating expression of 
gene sets crucial for T-ALL tumorigenesis.22 Additionally, 
the greater sensitivity of NKX2-1+/+ clones to RUNX1 inhi-
bition reinforces the importance of NKX2-1 in supporting 
the cellular mechanisms orchestrated by RUNX1, thus em-
phasizing their interdependent roles in T-ALL progression. 
Given the importance of RUNX1 in hematopoiesis, and its 
known functions independent of NKX2-1, it is not surprising 
that also NKX2-1 negative T-ALL cell lines display RUNX1 
inhibitor sensitivity (Online Supplementary Figure S21), and 
targeting of RUNX1 for therapeutic purposes may have a 
limited therapeutic window. 
In conclusion, the findings in this study (summarized in 
Figure 6F) highlight the critical role of NKX2-1 in regulating 
T-ALL maturation state, protecting cells from apoptosis 
and altering their cell cycle progression. Moreover, NKX2-1 
confers resistance to DNA damage and HDACi. We analyzed 
the binding partners of NKX2-1 and found a novel tight re-

lationship with RUNX1 in co-operatively driving the T-ALL 
transcriptional network.
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