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Transcription factor NKX2-1 drives serine and glycine synthesis
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BACKGROUND: One-third of cancers activate endogenous synthesis of serine/glycine, and can become addicted to this pathway to
sustain proliferation and survival. Mechanisms driving this metabolic rewiring remain largely unknown.

METHODS: NKX2-1 overexpressing and NKX2-1 knockdown/knockout T-cell leukaemia and lung cancer cell line models were
established to study metabolic rewiring using ChIP-qPCR, immunoblotting, mass spectrometry, and proliferation and invasion
assays. Findings and therapeutic relevance were validated in mouse models and confirmed in patient datasets.

RESULTS: Exploring T-cell leukaemia, lung cancer and neuroendocrine prostate cancer patient datasets highlighted the
transcription factor NKX2-1 as putative driver of serine/glycine metabolism. We demonstrate that transcription factor NKX2-1 binds
and transcriptionally upregulates serine/glycine synthesis enzyme genes, enabling NKX2-1 expressing cells to proliferate and
invade in serine/glycine-depleted conditions. NKX2-1 driven serine/glycine synthesis generates nucleotides and redox molecules,
and is associated with an altered cellular lipidome and methylome. Accordingly, NKX2-1 tumour-bearing mice display enhanced
tumour aggressiveness associated with systemic metabolic rewiring. Therapeutically, NKX2—1-expressing cancer cells are more
sensitive to serine/glycine conversion inhibition by repurposed anti-depressant sertraline, and to etoposide chemotherapy.
CONCLUSION: Collectively, we identify NKX2-1 as a novel transcriptional regulator of serine/glycine synthesis addiction across
cancers, revealing a therapeutic vulnerability of NKX2-1-driven cancers.
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INTRODUCTION

During tumorigenesis, cancer cells reprogramme their energy
metabolism to facilitate growth and enhance cell survival [1]. For
example, while the majority of normal cells take up serine and
glycine from their environment, a growing list of cancer subtypes
activate intracellular serine/glycine synthesis and become
addicted to this to maintain themselves and their surrounding
niches [2-4]. Serine/glycine synthesis branches from glycolysis via
the glycolytic intermediate 3-phospho-glycerate (3-PG) (Fig. 1a).
3-PG can be converted into serine via three enzymatic reactions
catalysed by 3-phosphoglycerate dehydrogenase (PHGDH), phos-
phoserine aminotransferase (PSAT1) and phosphoserine phospha-
tase (PSPH), respectively. Next, serine can be reversibly converted
into glycine by serine hydroxymethyltransferase (SHMT) 1,
residing in the cytosol, or SHMT2 in the mitochondria. This

enzyme-driven conversion can be inhibited by the repurposed
anti-depressant sertraline [5]. Serine and glycine are required for
important cellular biosynthetic processes such as the production
of phospholipids and redox homeostasis molecules. Moreover,
serine supplies one-carbon units to the folate cycle, which fuels
de novo purine synthesis and facilitates methylation of homo-
cysteine, an essential process for DNA and histone methylation
[2, 4].

Previously, several oncogenic genomic alterations that promote
serine synthesis have been identified. In melanoma and breast
cancer, PHGDH amplifications were described [6, 7]. MYC over-
expression in B-cell lymphoma transcriptionally increases serine
synthesis enzyme levels [8]. In addition, activating KRAS mutations
in non-small cell lung cancer (NSCLC), pancreatic and intestinal
cancers enhance serine synthesis by increasing transcription of
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NKX2-1 overexpression is associated with elevated mRNA expression of serine and glycine synthesis enzymes in T-ALL, LUAD and

NEPC. a Schematic overview of the serine/glycine synthesis pathway. b PSPH mRNA expression levels according to genetic subgroup in 264
T-ALL patients [15] (P = 0.0014; Dunnett’s multiple comparisons test). ¢ PSPH mRNA expression levels correlated to NKX2-1 mRNA expression
levels in 25 NKX2-1 expressing T-ALL samples. Red dots represent NKX2-1 genetically altered samples (Pearson correlation). d The same 264
T-ALL patient samples as in (b) ranked according to mRNA expression levels of the according serine/glycine synthesis enzymes (red = high
expression of the indicated enzyme; green = low expression of the indicated enzyme). Red bars below the mRNA expression scale bar
indicate patient samples with NKX2-1 genomic alterations (Fisher’s exact test). e Serine/glycine synthesis enzyme mRNA expression levels in
NKX2-1 diploid versus NKX2-1 amplified LUAD patients (n = 406; Welch's t test). f Serine/glycine synthesis enzyme mRNA expression levels in
NEPC tumours with high NKX2-1 expression (50% highest expressers) versus low NKX2-1 expression (50% lowest expressers) (n = 49; unpaired
t test). All violin plots show the median and quartiles. Statistical analysis *P value < 0.05, **P value < 0.01, ***P value < 0.001.

NRF2, a master regulator that promotes serine/glycine synthesis
enzyme gene expression through ATF4 activation [9-11]. This
enables KRAS mutant tumours to grow in the absence of available
serine/glycine for uptake [9]. Recently, we showed that the
ribosomal RPL10 R98S mutation enhances serine/glycine synthesis
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in T-cell acute lymphoblastic leukaemia (T-ALL) by elevating both
PSPH transcription and translation [12].

T-ALL is an aggressive haematologic cancer caused by the
accumulation of somatic mutations in developing T cells [13].
T-ALL patients are classified into subgroups based on their
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transcriptional profile and the mutually exclusive ectopic expres-
sion of transcription factors, such as LMO1/2, HOXA, TLX1/3,
NKX2-1 or TAL1/2. Other hallmarks of T-ALL include the
inactivation of the tumour suppressors CDKN2A/CDKN2B, hyper-
activation of the NOTCH1 cascade and mutations in PHF6, PTEN
and the JAK-STAT signalling pathway [13]. Interestingly, we noted
that expression levels of serine/glycine synthesis enzymes,
particularly of PSPH, are elevated by at least fourfold in 80% of
all T-ALL samples, whereas the RPL10 R98S mutation is only
present in 8% of the samples [12, 14, 15]. Moreover, PSPH
knockdown in three RPL10 R98S negative T-ALL cell lines impaired
leukaemic cell proliferation and reduced in vivo expansion
potential of the T-ALL cells in patient-derived xenograft (PDX)
mouse models, demonstrating that also RPL10 R98S negative
T-ALL samples depend on high PSPH expression levels for their
expansion capacity [12]. Accordingly, SHMT inhibition has recently
been identified as a major therapeutic vulnerability in T-ALL
[16, 17]. Altogether, these data support that other causes of
serine/glycine synthesis addiction besides the RPL10 R98S
mutation in T-ALL remain to be discovered.

In this work, we identify NKX2-1 as a transcription factor driving
the overexpression of serine/glycine synthesis enzymes and
causing cell addiction to this pathway in cancer. Genetic
alterations in NKX2-1 are common in cancer. Around 5% of
T-ALL patients display chromosomal rearrangements or amplifica-
tions driving expression of NKX2-1, a homeodomain transcription
factor that is not expressed during normal T-cell development
[15, 18]. Also, 12% of lung adenocarcinoma (LUAD) samples
display gene amplifications in NKX2-1, driving its overexpression
[19, 20]. In addition, 16% of the neuroendocrine prostate cancer
(NEPC) cases overexpress NKX2-1 and this overexpression has
been identified as a driver of prostate adenocarcinoma to NEPC
reprogramming [21, 22].

Here, we demonstrate that NKX2-1 overexpression results in
extensive metabolic rewiring towards serine/glycine synthesis,
enabling these cells to proliferate upon limited serine/glycine
availability. Despite the improved outcomes of T-ALL, LUAD and
NEPC patients, treatment-related toxicity and therapy resistance
remain major problems [23-25]. In this manuscript, we highlight
altered serine/glycine metabolism as key target in NKX2-1-driven
cancers to improve current treatment regimens. Importantly, we
show that PSPH is essential for the proliferation of NKX2-1
expressing cancer cells, and we uncover that NKX2-1 over-
expressing cells are sensitised to metabolic drugs, including the
dual SHMT1/2 inhibitor sertraline and the topoisomerase I
inhibitor etoposide. The latter is of direct clinical relevance and
translates into better survival for NKX2-1 overexpressing cancer
patients receiving etoposide-based treatments and emphasizes
novel future treatment perspectives for NKX2-1-positive cancers
with more specificity and less toxicity using sertraline.

RESULTS

NKX2-1-positive tumours express higher mRNA levels of
serine and glycine synthesis enzyme genes

We previously showed that normal thymocytes and bone marrow
cells display low PSPH expression levels, whereas 95% of analysed
T-ALL cell lines and 80% of T-ALL patients express PSPH mRNA
levels that are at least fourfold higher [12, 14]. In order to identify
the genetic T-ALL subgroups associated with the highest PSPH
expression, we analysed RNA and exome sequencing data from
264 T-ALL samples [15]. The NKX2-1 subgroup presented with the
significantly highest PSPH mRNA expression compared to all other
T-ALL patient subgroups (Fig. 1b) [15]. In addition, we observed a
significant correlation between NKX2—1 and PSPH expression in all
NKX2-1 expressing T-ALL samples (Fig. 1c). NKX2-1 is a home-
odomain transcription factor with a role in the development of the
thyroid, lungs and part of the brain [26]. Although it is not

expressed during normal T-cell development, 5% of T-ALL samples
express high NKX2-1 levels due to chromosomal translocations or
genomic amplifications (referred to as NKX2-1 altered samples
below) [15, 18]. Strikingly, when ranking T-ALL samples according
to mRNA expression level of the different serine/glycine synthesis
enzymes (PHGDH, PSATI, PSPH, SHMT1 and SHMT2), NKX2-1
altered samples clustered on the side of the samples with the
highest expression of all serine/glycine pathway enzymes (Fig. 1d).
Conformingly, besides PSPH, the NKX2-1 subgroup also showed
significantly highest PHGDH, PSAT1 and SHMT2 expression
compared to all other patient samples (Supplementary Fig. 1).

Because NKX2-1 copy number gains also have been identified
in LUAD and NEPC, we investigated whether NKX2-1 associated
elevation of serine/glycine synthesis enzyme expression is
uniformly observed across all cancer types. In LUAD, NKX2-1 copy
number gain was associated with up to 40% increased expression
levels of PHGDH, PSAT1, PSPH and SHMT2 as compared to samples
with a diploid NKX2-1 status (Fig. 1e). NEPC is a rare tumour, and
only 49 samples could be analysed, limiting statistical power.
Nevertheless, PSPH mRNA expression was 1.7-fold elevated in the
50% of NEPC tumours with the highest NKX2-1 expression versus
the 50% with the lowest NKX2—-1 expression (Fig. 1f). These results
show that NKX2-1 overexpression is associated with elevated
mRNA levels of serine/glycine synthesis enzymes in T-ALL, LUAD
and NEPC.

NKX2-1 is a direct transcriptional inducer of serine/glycine
synthesis enzymes

Since NKX2-1 is a transcription factor, we hypothesised that
NKX2-1 may act as a direct transcriptional activator of serine/
glycine synthesis enzyme gene expression. To test this hypothesis,
we consulted available ChIP-Seq data of NKX2-1 overexpressing
A549 LUAD cells [27]. These data revealed NKX2-1 binding at the
PSPH, the PHGDH and the SHMT2 promoter and at two putative
PSPH enhancer regions that correspond to open chromatin
regions as indicated by H3K27 acetylation and ATAC-seq signals
(Fig. 2a) [28]. A smaller NKX2-1 binding peak was found in the
PSAT1 promoter (Fig. 2a). Furthermore, by using Cluster-Buster
(cBust) [29], we identified the occurrence of NKX2 motif clusters in
the sequence of the PHGDH and PSPH promoter and PSPH
enhancer regions (Supplementary Fig. 2a, b).

To confirm these findings, we transduced DND41 T-ALL and
A549 LUAD cancer cell lines with an NKX2-1 overexpression
vector. NKX2-1 ChIP-gPCR on these cells confirmed specific
NKX2-1 binding to the PHGDH, PSAT1, PSPH and SHMT2 promoter
and PSPH putative enhancer region 2 (Fig. 2b and Supplementary
Fig. 2c,d). Furthermore, we observed that the binding of NKX2-1
to the regulatory regions of serine/glycine pathway enzymes
increased up to fourfold in response to serine and glycine
depletion (Fig. 2b).

Since serine/glycine poor cell culture media better reflect the
intra-tumoral state than standard cell culture media and NKX2-1
binding to the regulatory regions of serine/glycine pathway
enzymes increased in response to serine/glycine depletion, we
depleted the cell culture medium from serine and glycine for all
following experiments. In NKX2-1 overexpressing A549 cells,
mRNA and protein expression of all serine/glycine synthesis
enzymes was increased up to 2.5-fold as compared to vector
transduced control cells (Fig. 3a, b and Supplementary Fig. 3a). In
NKX2-1 overexpressing Ba/F3 cells, a mouse lymphoid pro-B-cell
line, mRNA and protein expression of one or more serine/glycine
synthesis enzymes was significantly increased 1.2- to 3.8-fold
(Fig. 3a, b and Supplementary Fig. 3b).

To test our hypothesis in a reverse way, we analysed the impact
of shRNA-mediated NKX2-1 knockdown on serine/glycine synth-
esis enzyme expression in LUAD cell line NCI-H125 that
endogenously expresses NKX2-1. NKX2-1 knockdown in NCI-
H125 cells resulted in a 20-80% decrease of serine/glycine
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Fig. 2 NKX2-1 directly binds regulatory sequences in serine/glycine synthesis enzyme encoding genes. a Genomic loci of the PHGDH,
PSAT1, PSPH and SHMT2 genes downloaded from the UCSC genome browser (hg38). H3K27 acetylation and ATAC-Seq is shown as a marker of
open chromatin. A549 DNA input and NKX2-1 ChIP-Seq peaks obtained from this cell line were downloaded from the Cistrome data browser.
Signals are plotted as normalised read counts. b NKX2-1 ChIP-gPCR results for the PHGDH promoter, PSAT1 promoter, PSPH promoter and
putative enhancer 2 region and SHMT2 promoter obtained in in A549 cells cultured with or without serine and glycine (n=4 technical
replicates). Data are represented as mean + standard deviation. Individual dots represent independent observations. Statistical analysis
*P value < 0.05, **P value < 0.01, ***P value < 0.001, ****P value < 0.0001. P values were calculated using a two-tailed Student’s t test.

synthesis enzyme mRNA and protein expression levels (Fig. 3¢, e
and Supplementary Fig. 3c). Of note, shNKX2-1 #2 was less
effective in decreasing NKX2-1 protein levels, thereby also
resulting in a less pronounced effect on serine/glycine synthesis
enzyme protein expression levels compared to shNKX2-1 #1. In
addition, we knocked out NKX2-1 via CRISPR-Cas9 technology in
T-ALL cell line RPMI-8402 that endogenously expresses NKX2-1.
NKX2-1 knockout in RPMI-8402 cells resulted in an 80% reduction
of serine/glycine synthesis enzyme RNA expression levels,
although without a significant decrease in protein expression
levels (Fig. 3d, e and Supplementary Fig. 3d). RPMI-8402 cells not
only express NKX2-1, but also NKL homeobox genes NKX2-2 and
NKX3-1, which share similar downstream effects [30, 31]. There-
fore, these limited effects of NKX2-1 knockout may be attributed
to some extent to functional redundancy of these transcription

British Journal of Cancer (2023) 128:1862 - 1878

factors. Altogether, our observations support that NKX2-1 is a
direct regulator of serine/glycine synthesis enzyme expression in
various cellular contexts.

NKX2-1 expression induces de novo serine/glycine synthesis
to control ATP supply, nucleotide metabolism and redox
homeostasis

Next, we explored whether the NKX2-1-driven increased expres-
sion of serine/glycine synthesis enzymes causes metabolic
rewiring of cancer cells. We carried out mass spectrometry-
based '>Ce-glucose tracing experiments, in which synthesis of
serine and glycine can be tracked by following carbon-13
incorporation. Serine and glycine synthesised from glucose will
display mass shifts of 3 and 2 units (M + 3 serine and M+ 2
glycine), unlabelled (M + 0) serine and glycine will originate from
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Fig. 3 NKX2-1 expression is associated with increased mRNA and protein levels of serine/glycine synthesis enzymes. a Relative mRNA
expression levels of PHGDH, PSATI1, PSPH, SHMT1 and SHMT2 in empty vector control versus NKX2-1 overexpressing A549 and Ba/F3 cells (n > 3
biological replicates). b Immunoblot analysis of NKX2-1, PHGDH, PSAT1, PSPH, SHMT1 and SHMT2 expression in empty vector control versus
NKX2-1 overexpressing A549 and Ba/F3 cells. The mean fold increase upon NKX2-1 overexpression is indicated on the immunoblot. ¢ Relative
mMRNA expression levels of NKX2-1, PHGDH, PSAT1, PSPH, SHMT1 and SHMT2 in scramble control versus NKX2-1 knockdown NCI-H125 cells (n > 4
biological replicates). Only samples with at least 20% NKX2-1 knockdown on RNA level were considered. d Relative mRNA expression levels of
PHGDH, PSAT1, PSPH, SHMT1 and SHMT2 in NKX2-1 WT versus CRISPR-Cas9 NKX2-1 KO RPMI-8402 cells (n=5 biological replicates).
e Immunoblot analysis of NKX2-1, PHGDH, PSAT1, PSPH, SHMT1 and SHMT2 expression in scramble control versus NKX2-1 knockdown NCI-
H125 and in NKX2-1 WT versus CRISPR-Cas9 NKX2-1 KO RPMI-8402 cells. The mean fold decrease upon NKX2-1 knockdown/knockout is
indicated on the immunoblot. Data are represented as mean + standard deviation. Individual dots represent independent observations.
Statistical analysis *P value < 0.05, **P value < 0.01, ***P value < 0.001, ****P value <0.0001. P values were calculated using a two-tailed
Student’s t test. All western blots shown are representative examples. All cells were cultured in medium without serine/glycine for 4 h or 48 h
(RPMI-8402 cells for immunoblotting experiments) prior to pellet collection.

cellular uptake, and interconversion between serine and glycine
will give rise to partially labelled serine (M 4 1 and M + 2) (Fig. 4a).
As intracellular and extracellular serine levels of NKX2-1 over-
expressing A549 cells were significantly lower compared to
control cells, we were not able to observe a significant increase
in M+ 3 serine and M + 2 glycine in these cells, indicating that
NKX2-1 expressing cells use all produced serine for intracellular
downstream purposes (Fig. 4b and Supplementary Fig. 4a).
NKX2-1 overexpression enabled Ba/F3 cells to synthesise serine
and glycine from glucose, presenting a 1.6-fold increased
M + 3 serine and a 5-fold increased M + 2 glycine as compared
to vector control cells (Fig. 4b). Conversely, the de novo serine/
glycine synthesis potential was significantly decreased by >20%,
upon NKX2-1 knockdown in NCI-H125 cells (Fig. 4c). The NKX2-1
knockdown induced effects on de novo serine synthesis were

NKX2-1 dose dependent, as more profound effects were observed
in shNKX2-1 #1 than in shNKX2-1 #2 (less effective hairpin)
knockdown cells. Also in RPMI-8402 cells, NKX2-1 knockout
slightly reduced the level of M+ 3 serine, but not of M+ 2
glycine (Fig. 4d). Of interest, whereas extracellular levels of serine
were unchanged between NKX2-1 WT and KO RPMI-8402 cells,
extracellular levels of all other amino acids, and most strikingly
alanine, were drastically decreased in NKX2-1 KO RPMI-8402 cells
compared to WT (Supplementary Fig. 5a). This suggests that
NKX2-1 KO cells compensate the loss of serine/glycine synthesis
enzymes via activation of an alternative mechanism. As such,
alanine can be converted into serine via serine-pyruvate
transaminase [32]. In this reaction, the carbons of serine would
be originating from 3-hydroxypyruvate and will also contain three
labelled carbons, which can explain why we only see a slight
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reduction in M+ 3 serine and M+ 2 glycine upon NKX2-1 In addition to the '“Cg-glucose tracing experiments, we
knockout in these cells. In line with this finding, NKX2-1 measured total cellular metabolite levels. No increases in serine

overexpressing A549 cells also presented elevated labelled alanine
levels, indicating an increased de novo production (Supplemen-
tary Fig. 5b).
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or glycine levels were observed in NKX2-1 expressing cells
(Supplementary Fig. 4a—f). This suggests that all produced serine/
glycine in NKX2-1 expressing cells is utilised to generate
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Fig. 4 NKX2-1 expression induces serine/glycine synthesis and downstream metabolic pathways and alters the cellular lipidome and
methylome. a Schematic overview of '*C¢-glucose label distribution into the serine/glycine synthesis pathway. b-d Metabolic tracer analysis
using *Cg-glucose, measuring labelled serine/glycine in empty vector control versus NKX2-1 overexpressing A549 cells (n = 3) and in Ba/F3
cells (n = 3) (b) and in scramble control versus NKX2—1 knockdown NCI-H125 cells (n = 3 for scramble and shNKX2-1 #1; n = 2 for shNKX2-1 #2;
statistics per hairpin are displayed in the corresponding hairpin colour)(c) and NKX2-1 WT versus CRISPR-Cas9 NKX2-1 KO RPMI-8402 cells
(n=5) (d). e-g Total intracellular metabolite levels in empty vector control versus NKX2-1 overexpressing A549 cells (n = 3) and in Ba/F3 cells
(n=3) (e) and in scramble control versus NKX2-1 knockdown NCI-H125 cells (n = 3 for scramble and shNKX2-1 #1; n = 2 for shNKX2-1 #2) (f)
and NKX2-1 WT versus CRISPR-Cas9 NKX2-1 KO RPMI-8402 cells (n=15) (g). h Pie chart reporting the fraction of detected lipids that are
significantly up- or downregulated in NKX2-1 overexpressing A549 cells (n = 3). i Volcano plot of the quantitative lipidomics data comparing
empty vector control and NKX2-1 overexpressing A549 samples (n = 3). The line indicates the cut-off for significance (P < 0.05; t test). The
colours of the dots represent the lipid class to which each individual species belongs. j NKX2-1 overexpression induced fold change in
intracellular lipid classes in empty vector control versus NKX2-1 overexpressing A549 cells (n = 3). k Global DNA methylation rate (Bismark)
and DNA methylation rate at CpG islands in scramble control versus NKX2-1 knockdown NCI-H125 cells (n = 3). | Heatmap representing
methylation rate of differentially methylated regions (250 bp) in scramble control versus NKX2-1 knockdown NCI-H125 cells (n = 3) (g-value
< 0.01, methylation difference >0.2). Only differentially methylated regions without missing CpG counts across all samples are shown for
clarity. m Heatmap representing methylation rate of genes connected to differentially methylated regions in scramble control versus NKX2-1
knockdown NCI-H125 cells (n = 3). Data are represented as mean + standard deviation. Individual dots represent independent observations.
Statistical analysis *P value < 0.05, **P value <0.01, ***P value <0.001, ****P value <0.0001. P values were calculated using a two-tailed
Student’s t test. All cells were cultured in medium without serine/glycine for 4 h prior to pellet collection. ND non-determined, -O 1-alkyl,2-

acyl, -P 1-alkenyl,2-acyl.
<

downstream metabolites. As the serine synthesis pathway is
interconnected with diverse metabolic processes (Fig. 1a) [2-4],
we observed extensive NKX2-1-driven oncogenic metabolic
rewiring. Of note, the most elevated metabolites in NKX2-1
overexpressing versus control and (scramble) control versus
NKX2-1 knockdown/knockout cells were related to ATP synthesis,
nucleotide metabolism and redox homeostasis (Fig. 4e-g and
Supplementary Figs. 6 and 7).

Purine synthesis is tightly connected to the serine/glycine
synthesis pathway since it requires the direct contribution of
carbons and nitrogens from glycine and formate, which both
depend on SHMT1/2 [2, 4]. Correspondingly, the intracellular
purine levels were increased up to 1.5-fold in NKX2-1 over-
expressing A549 cells and up to sixfold in NKX2-1 overexpressing
Ba/F3 cells compared to control (Fig. 4e and Supplementary
Fig. 6a). Also, in NKX2-1 KO RPMI-8402 cells, intracellular levels of
the purines ATP and GTP were decreased by up to 40% (Fig. 4g
and Supplementary Fig. 6¢). Synthesis of purines from serine/
glycine can also be tracked by '*Ce-glucose tracing as '3Ce-
glucose-derived carbon is incorporated into ATP through the
production of ribose (M + 5) and through serine contribution to
the purine ring via 10-formyl-THF (M + 1 or M+ 2) and glycine
(M + 2). Higher-order labelled species of ATP (M + 6-9) from '3Cs-
glucose thus directly originate from de novo produced serine and
glycine. As such, we observed a significant threefold decrease in
M + 5 ATP and increases in higher-order labelled species of ATP
(M + 6-9) in NKX2-1 overexpressing versus control Ba/F3 cells and
a twofold increase in M+ 5 ATP and decreases in M + 6-9 ATP
upon NKX2-1 knockdown with shNKX2-1 #1 in NCI-H125 cells
(Supplementary Fig. 7a, b).

Since increased anti-oxidative capacity enhances tumorigenesis
in various cancer settings, we next focused on cellular redox
homeostasis controlled by glutathione (GSH) [33]. As GSH s
composed of cysteine, glycine and glutamate, its synthesis heavily
relies on the serine/glycine synthesis pathway [2, 4]. Aside from its
conversion into glycine, serine also contributes to cysteine
production through the trans-sulfuration pathway [2]. Strikingly,
upon NKX2-1 overexpression, intracellular GSH levels increased
twofold in Ba/F3 cells (Fig. 4e). In contrast, upon NKX2-1 knockout,
intracellular GSH levels decreased in RPMI-8402 cells (Fig. 4g).
Furthermore, '*C-glucose-derived carbons that are incorporated
into GSH are mainly derived from glycine (M + 2) and glutamate
(M + 2). As such, in A549 and Ba/F3 cells, we observed an NKX2-1-
driven increase in M + 4 GSH (Supplementary Fig. 7d). In line with
this, NKX2-1 overexpressing A549 cells displayed a 50% reduction
in intracellular reactive oxygen species (ROS) levels compared to
control A549 cells (Supplementary Fig. 8a). In contrast, NKX2-1

knockdown in NCI-H125 cells and NKX2-1 knockout in RPMI-8402
cells increased intracellular ROS levels (Supplementary Fig. 8b, c).
Changes in ROS were not detected in NKX2-1 overexpressing Ba/
F3 cells, which are more nucleotide synthesis oriented (Supple-
mentary Fig. 8a). Confirmingly, NKX2—1 overexpressing A549 cells
were more resistant to oxidative stress induction by hydrogen
peroxide (H,0,) compared to control cells, which was again
unchanged in Ba/F3 cells (Supplementary Fig. 8d, e). Taken
together, these observations highlight that NKX2-1-driven
de novo serine/glycine synthesis output depends on the cellular
needs and context. NKX2—-1 overexpression boosts the antioxidant
capacity of LUAD cells, whereas T-ALL cells preferably use NKX2-1
expression to increase nucleotide synthesis.

NKX2-1 overexpression alters the lipidome and methylome of
A549 cells

Serine is important to sustain lipid synthesis. In this regard, serine
is directly used to synthesise phospholipids phosphatidylserine
(PS), phosphatidylethanolamine (PE) and phosphatidylcholine [2].
In addition, together with palmitoyl-CoA, serine serves as building
block of sphingolipids including ceramides and sphingomyelins
and in conditions of limited serine availability, also L-alanine may
serve as a substrate for serine palmitoyl transferase reactions
[2, 34]. Yet, the effect of serine synthesis upregulation on lipid
metabolism in cancer is relatively unexplored. Therefore, we
assessed the impact of NKX2-1 overexpression on lipid metabo-
lism. Strikingly, 11.2% of the 1207 detected lipid species were
significantly upregulated in A549 cells upon NKX2-1 overexpres-
sion, opposed to only 1.1% that were downregulated (Fig. 4h, i).
The lipid classes with the strongest upregulation upon NKX2-1
overexpression were PS, ether-linked PE, and surprisingly,
triglycerides (Fig. 4j). Notably, ceramide levels were not affected,
whereas we observed an increased abundance of sphingomyelins,
which can be derived from ceramide (P = 0.06).

Furthermore, serine/glycine synthesis can regulate cellular
epigenetics by for example fuelling the methionine salvage
pathway, which contributes to the production of S-adenosyl
methionine (SAM), the substrate for methylation of DNA [35, 36].
To characterise the impact of NKX2-1 overexpression on DNA
methylation, we performed low-coverage whole-genome sequen-
cing after enzymatic oxidation and deamination of DNA, thereby
protecting methylated cytosines and converting unmethylated
cytosines into uracils. This analysis demonstrated a trend towards
decreased global DNA and CpG island methylation in NKX2-1
knockdown NCI-H125 cells compared to scramble control cells
(Fig. 4k). Comparison of methylation levels at 250 bp regions
revealed 168 hypermethylated and 206 hypomethylated regions
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in NKX2-1 knockdown cells (g-value <0.01, methylation difference
>0.2) (Fig. 4l). Finally, annotation of the differentially methylated
regions identified two hypomethylated and six hypermethylated
gene promotors in NKX2-1 knockdown cells compared to
scramble control (Fig. 4m). In conclusion, NKX2-1 overexpression
alters both the lipidome and epigenetic landscape of cancer cells.

NKX2-1-driven metabolic independence supports cancer cell
proliferation and invasion

In the presence of serine, NKX2-1 overexpressing A549 and Ba/F3
cells showed a slight proliferation benefit compared to control
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cells. However, as most cell lines require serine supply in the
culture medium for their proliferation [2-4], when cultured
medium lacking serine, control cells were unable to proliferate, as
opposed to NKX2-1 overexpressing cells, for which proliferation
continued (Fig. 5a, b). Notably, NKX2-1 knockdown or knockout
strongly impaired the proliferation of NCI-H125 and RPMI-8402
cells compared to scramble control, both in medium with and
without serine and glycine (Fig. 5¢, d).

To verify whether the NKX2-1 facilitated proliferation benefit in
a serine/glycine-depleted environment is due to increased activity
of the serine/glycine synthesis pathway, we tested the effect of
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Fig. 5 NKX2-1 driven metabolic rewiring supports cancer cell proliferation and invasion. a Cell confluency over time of empty vector
control versus NKX2-1 overexpressing A549 cells cultured with/without serine and/or glycine. A representative experiment (n = 3 biological
replicates) with six technical replicates is shown. b Viable Ba/F3 cell counts/mL after 72 h of culturing in RPMI-1640 with/without serine and/or
glycine. Viability was determined by annexin V-PE/Zombie aqua flow cytometry (n = 3). ¢ Cell confluency over time of scramble control versus
NKX2-1 knockdown NCI-H125 cells cultured with or without serine and glycine. A representative experiment (n = 3 biological replicates) with
six technical replicates is shown. d Viable NKX2-1 WT vs CRISPR-Cas9 NKX2-1 KO RPMI-8402 cell counts/mL over time cultured in RPMI-1640
with or without serine/glycine. Viable cell counts were determined based on scatter measured on a Guava flow cytometer (n=9).
e Immunoblot analysis of empty vector control and NKX2-1 overexpressing A549 cells after transduction with scramble control or PSPH
knockdown vector. Immunoblots are representative examples of at least three replicates. f Cell confluency over time of scramble control
versus PSPH knockdown empty vector and NKX2-1 overexpressing A549 cells cultured with or without serine and glycine. A representative
experiment with six technical replicates is shown. g Cell invasion over time of empty vector control and NKX2-1 overexpressing A549 cells
towards an FCS gradient quantified by measuring the area of invaded cells on the bottom plate of an Incucyte clearview plate (n=4).
h NKX2-1 mutational state according to site of tissue sampling in non-small lung cancer patients [39]. P values were calculated using a Fisher’s
exact test. Data are represented as mean * standard deviation. Individual dots represent independent observations. Statistical analysis
*P value < 0.05, **P value < 0.01, ***P value < 0.001, ****P value < 0.0001. P values were calculated using a two-tailed Student’s t test unless

otherwise indicated.

PSPH shRNA-mediated knockdown on A549 vector and A549
NKX2-1 cell proliferation in normal and serine/glycine-depleted
conditions (Fig. 5e). PSPH knockdown impaired the proliferation of
vector and NKX2-1 overexpressing cells when cultured in control
medium (Fig. 5f). Interestingly, in conditions of serine/glycine
depletion, PSPH knockdown NKX2-1 overexpressing A549 cells
entirely lost their proliferation benefit as compared to A549
vector cells.

It has previously been shown that the serine synthesis pathway
is essential for the proliferation of highly aggressive brain
metastatic cells [37] and breast cancer-derived lung metastases
[38]. As such, we hypothesised that NKX2-1 overexpression might
also confer such a metastasis benefit to cancer cells. Therefore, we
first analysed whether NKX2-1 overexpression is associated with
enhanced metastasising capacity in an in vitro chemotaxis assay.
NKX2-1 overexpression enabled A549 cells to invade through a
membrane towards foetal calf serum, whereas empty vector cells
were not able to do this (Fig. 5g). Next, we analysed sequencing
data of primary lung tumours and metastatic sites of NSCLC
patients [39]. Confirming our in vitro observations and in line with
a recently published study by Huang et al. [40], we found that
NKX2-1 amplifications are enriched in brain, lymph node and liver
metastatic sites compared to the primary lung tumours (Fig. 5h).
Together, these results validate that NKX2-1 overexpression
provides a proliferation benefit to cells in a serine/glycine-
depleted environment by activation of the serine/glycine synth-
esis pathway and that these cells are better adapted to invade and
metastasise.

NKX2-1 fuels redox homeostasis in vivo

Next, we focused on the effects of NKX2-1 expression on in vivo
tumour metabolism. NSG mice were intravenously injected with
GFP-positive vector control or NKX2-1 overexpressing A549 cells
to induce orthotopic lung cancer development (Fig. 6a). In order
to allow maximum development of the NKX2-1 induced
metabolic phenotype, mice received a serine/glycine-free diet
after cancer cell injection. To verify whether NKX2-1 is also driving
serine/glycine synthesis in vivo, we performed targeted metabo-
lite profiling of blood plasma from these mice at 11 weeks after
cancer cell injection. In line with our in vitro metabolomics
experiments, no detectable differences in overall serine/glycine
serum levels between control and NKX2-1 overexpressing tumour-
bearing mice were uncovered. However, as expected, since
tumour cells mainly rely on the downstream metabolites
generated by the serine synthesis pathway, we did detect a
significant NKX2-1 associated increase in downstream GSH levels
accompanied by a decrease in L-cysteine, one of the building
blocks of GSH, thereby recapitulating our in vitro observations
(Fig. 6b). Hence, our data support that NKX2-1 is an important
regulator of redox homeostasis in vitro and in vivo.

In addition, we also monitored lung cancer progression during
the experiment. In the past, NKX2-1 has often been referred to as
a double-edged sword, given its described role as both a tumour
suppressor as well as an oncogene [41]. We also encountered this
enigma in this in vivo experiment. When we compared the
amount of GFP-positive A549 cells present in the lungs at an early
timepoint (5 weeks) after cancer cell injection, we observed a
twofold lower engraftment of NKX2—1 overexpressing cells in the
lungs compared to empty vector control cells, indicating rather a
tumour suppressive role of NKX2-1 (Fig. 6¢c). Remarkably, 11 weeks
after cancer cell injection, mice injected with NKX2-1 over-
expressing A549 cells showed similar HLA staining of the lungs
indicating a phenotypic switch of NKX2-1 cells in the tumour. This
finding was supported by elevated expression of the Ki67
proliferation marker, pointing towards a rather oncogenic role of
NKX2-1 (Fig. 6d, €). Moreover, pathologic examination of H&E
stained tumours, revealed severe bleedings and necrosis in the
lungs infiltrated by NKX2-1 tumours, but not in vector control
tumours, highlighting a more aggressive phenotype of NKX2-1
tumours. (Fig. 6f, g). Yet, NKX2-1 tumours do not show altered
endothelial CD31/PECAM-1 staining patterns (Supplementary
Fig. 9). Overall, these in vivo data together with the patient
observations (Fig. 5i) strongly indicate that NKX2-1 overexpres-
sion mainly contributes to cancer progression and spreading
when the tumour size has become substantial and availability for
nutrients such as serine and glycine is limited.

NKX2-1 overexpressing cells are sensitised to SHMT inhibitor
sertraline and the clinically used chemotherapeutic etoposide
Despite the improved outcomes of T-ALL and LUAD patients over
the last decade, treatment-related toxicity and therapy resistance
remain major problems [23, 25]. Therefore, targeted treatments
that specifically interfere with the cellular processes that are
deregulated in cancer cells, such as an increase in serine/glycine
metabolism, are desirable. Our lab recently identified the widely
clinically used anti-depressant sertraline as a potent SHMT
inhibitor that selectively inhibits proliferation of serine synthesis
addicted breast cancer and RPL10 R98S T-ALL cells [5].

We first examined the effect of sertraline on the cell
proliferation of A549 cells and found that NKX2-1 overexpressing
A549 cells were sensitised to sertraline in serine/glycine-depleted
conditions (Fig. 7a). Next, we examined the effect of sertraline on
the proliferation of a panel of 10 T-ALL cell lines and 1 AML cell
line, the latter as a negative control. As anticipated due to
generalised serine/glycine synthesis pathway upregulation in
T-ALL, the proliferation of most T-ALL cell lines was inhibited by
sertraline (Fig. 7b and Supplementary Fig. 10a). Strikingly, among
all T-ALL cell lines tested, the only NKX2-1 expressing cell line
RPMI-8402 was most sensitive to sertraline treatment. Moreover,
the T-ALL cell line second most sensitive to sertraline, MOLT-16,
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carries a MYC amplification, which has been identified as a serine significantly be enhanced in combination with a serine/glycine-
synthesis inducing genetic alteration [8]. free diet [42], we tested the effects of sertraline in combination

To validate these encouraging in vitro results in vivo, we with a serine/glycine-free diet in this in vivo model. After bone
intravenously injected an NKX2-1 positive T-ALL PDX (XB41) into marrow engraftment and disease progression, mice received
NSG mice. Since the effect of serine synthesis inhibitors can sertraline (15 mg/kg, twice a week) and/or serine/glycine-free diet
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Fig.6 NKX2-1 expression promotes metabolic reprogramming in vivo. a Schematic overview of the in vivo experiment to test the effects of
NKX2-1 overexpression on orthotopic lung cancer development by tail vein injection of 200,000 empty vector control or NKX2-1
overexpressing A549 cells. b NKX2-1 induced fold change in blood plasma levels of tumour-bearing mice on a serine/glycine-free diet,
11 weeks after cancer cell injection (n = 4 for empty vector control and n =5 for NKX2-1). ¢ Percentage of GFP-positive cells in the lungs as
determined by flow cytometry after 5 weeks of in vivo growth after intravenous injection of empty vector control or NKX2-1 overexpressing
A549 cells. The analysis was gated on viable human single cells (n=3). d Representative images of the DAPI, Ki67 and HLA
immunohistochemical stainings in lung sections of mice injected with empty vector control vs NKX2-1 overexpressing A549 cells (n=4
for empty vector control and n =5 for NKX2-1). e Percentage of cells positive for HLA and Ki67 staining as determined by IHC quantification.
f Representative images of H&E stainings in lung sections of mice injected with empty vector control vs NKX2-1 overexpressing A549 cells
(n = 4 for empty vector control and n =5 for NKX2-1). g Representative image of lungs at the disease end stage of mice injected with empty
vector control vs NKX2-1 overexpressing A549 cells (n=4 for empty vector control and n=5 for NKX2-1). Data are represented as
mean * standard deviation. Individual dots represent independent observations. Statistical analysis *P value < 0.05, **P value <0.01,
***p value < 0.001, ****P value < 0.0001. P values were calculated using a two-tailed Student’s t test.

(Fig. 7c). At disease end stage, sertraline had effectively decreased
disease progression shown by decreased spleen size and less
infiltration of leukaemia cells in the bone marrow of the sertraline
treatment group compared to control (Fig. 7d, e). Strikingly, the
combination of a serine/glycine-free diet and sertraline even more
drastically suppressed disease progression (Fig. 7d, e).

Next, since nucleotide synthesis was strongly induced down-
stream of NKX2-1-driven serine/glycine synthesis (Fig. 4e—g), we
reasoned that it may also be beneficial to target this process.
Etoposide, clinically used for the treatment of T-ALL and LUAD, is a
topoisomerase |l inhibitor and as such restrains DNA replication,
which requires nucleotide synthesis. Interestingly, the proliferation
of NKX2-1 overexpressing A549 cells was significantly more
inhibited by etoposide compared to control cells, both in control
and serine/glycine-depleted conditions (Fig. 8a). While most of the
tested T-ALL cell lines were sensitive to etoposide, the NKX2-1
expressing RPMI-8402 cell line again emerged as one of the most
sensitive cell lines (Fig. 8b and Supplementary Fig. 10b).

Lastly, we screened for the impact of NKX2-1 genetic alterations
on LUAD progression and response to therapy. We observed that
LUAD patients with a genetic NKX2-1 alteration present a reduced
progression-free survival (Fig. 8c). However, LUAD patients all
receive different treatment regimens according to their tumour
stage. Retrospective analysis of sertraline was not possible due to
lack of sertraline-treated patients. Using publicly available
datasets, we selected the LUAD patients that specifically received
etoposide treatment, as is the case in Stage lll patients [43]. In this
subset of LUAD patients (n = 46), we analysed the link between
NKX2-1 expression and patient’s survival rates. Remarkably, we
show a better progression-free-survival for patients with high
NKX2-1 mRNA (50% highest) expression levels compared to
patients with low NKX2-1 expression levels (50% lowest), and a
trend for a higher overall survival probability (Fig. 8d). In summary,
these results illustrate the dependence of NKX2-1 expressing cells
on the serine/glycine synthesis pathway for nucleotide metabo-
lism and highlight these processes as promising therapeutic
targets in NKX2-1-driven cancers.

DISCUSSION
De novo serine/glycine synthesis is hyperactivated in numerous
cancer subtypes, including T-ALL and LUAD [12, 44]. Although
several mechanisms driving this hyperactivation have been
identified, it remains unexplained in a large fraction of tumours
[45]. To address this, we analysed public RNA- and ChIP-Seq data
of T-ALL and LUAD patients, which identified NKX2-1 as a
potential novel direct regulator of serine/glycine synthesis
enzymes. Further characterisation by metabolic profiling and
in vivo experiments identify NKX2-1 as a novel oncogenic driver
of serine/glycine synthesis addiction in cancer.

Besides direct regulation of de novo serine/glycine synthesis,
the cyclin D3:CDK4/6 complex has been described as an important
indirect regulator in T-ALL through inhibition of glycolysis

enzymes 6-phosphofructokinase (PFKP) and pyruvate kinase M2
(PKM2). Blocking these enzymes enables the leukaemic cells to
redirect glycolytic intermediates into the pentose phosphate (PPP)
and serine pathway to supply the cells with GSH and NADPH [46].
Yet, this mechanism may be more difficult to target, as cells can
also redirect to the PPP pathway, creating less dependency on
serine and glycine metabolism. This may explain why most T-ALL
cell lines, which typically show Cyclin D3:CDK4/6 complex
activation, are less sensitive to sertraline and etoposide as
compared to the NKX2-1-positive RPMI-8402 cell line. Further-
more, NOTCH1 is mutated in the majority of T-ALL patients. As
MYC is controlled by NOTCH1 and MYC can regulate expression of
the serine/glycine synthesis enzymes [8, 47], we analysed the
impact of NOTCH1 mutations on mRNA expression levels of
serine/glycine synthesis enzymes in T-ALL patients [15]. NOTCH1-
mutated tumours did show higher expression of serine/glycine
metabolism enzymes PHGDH, SHMT1 and SHMT2 (Supplementary
Fig. 11a). However, when we group samples according to both
NOTCH1 and NKX2-1 mutational state, it is clear that NKX2-1-
positive NOTCH1-mutated patients have significantly elevated
expression levels of the serine/glycine synthesis enzymes com-
pared to NKX2-1-negative NOTCH1-mutated patients, supporting
that NKX2-1 is thus an additional and novel inducer of serine/
glycine synthesis enzyme expression (Supplementary Fig. 11b).

Although our RNA-Seq analysis identified NEPC as a cancer
subtype in which NKX2-1 mutations are associated with increased
PSPH mRNA expression (Fig. 1f), we did not further investigate this
cancer subtype, due to the limited availability of prostate cancer
models with neuroendocrine origin. Nonetheless, serine/glycine
synthesis pathway upregulation has been described before in NEPC
as an indirect result of protein kinase C M1 downregulation [48].

We showed that NKX2-1 binding to the regulatory regions of
serine/glycine synthesis enzyme genes increased in response to
serine/glycine starvation. In line with this, ATF3 only promotes
serine/glycine synthesis under serine-restricted conditions [49].
Furthermore, MYC-mediated activation of the serine synthesis
pathway almost exclusively occurs in response to glucose or
glutamine starvation and myeloid leukaemic cells become more
dependent on the serine synthesis pathway in fructose-rich
conditions compared to glucose-rich conditions [8, 50]. These
findings highlight the importance of the microenvironmental
condition to induce metabolic rewiring in times of need. In fact,
standard cell culture media do not recapitulate the complexity of a
human tumour microenvironment and adaptations to better
mimic the physiological situation are needed to better understand
metabolic rewiring in cancer. This prompts us to consider that
besides environmental serine/glycine concentration, other vari-
ables probably also are important to induce the NKX2-1
dependent transcriptional programme, indicating that our obser-
vations might be an underestimation of the human situation,
especially when leukaemic stem cells encounter hypoxic niches in
the bone marrow and subsequent limited availability of many
nutrients.
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Fig. 7 NKX2-1 expressing cells are sensitive to sertraline treatment. a Cell confluency over time of A549 cells in the presence of increasing
sertraline concentrations in DMEM with or without serine/glycine. A representative experiment (n =3 biological replicates) with three
technical replicates is shown. b Relative cell proliferation of T-ALL cells after 72 h of culturing with increasing concentrations of sertraline in
control RPMI-1640 (n = 3). ¢ Schematic overview of the in vivo experiment to test the effects of sertraline treatment (15 mg/kg, twice a week)
and/or a serine/glycine-free diet on T-ALL disease progression following intravenous injection of 1*10° NKX2-1-positive XB41 PDX T-ALL cells.
d White blood cell counts (WBC) measured at disease end stage in a bone marrow (BM) sample taken from the femur of the leukaemic mice
(n =4 for DMSO and diet group; n =5 for sertraline and combo group). e Spleen weight normalised to body weight of the leukaemic mice
measured at disease end stage (n=4 for DMSO and diet group; n=5 for sertraline and combo group). Data are represented as
mean + standard deviation. Individual dots represent independent observations. Statistical analysis *P value < 0.05, **P value < 0.01,
***P value < 0.001, ****P value < 0.0001. P values were calculated using a two-tailed Student’s t test.

To our surprise, NKX2-1 overexpression in A549 cells led to
increased intracellular triglycerides levels (Fig. 4j). Correspond-
ingly, we observed that patients with serine synthesis addicted
RPL10 R98S mutated T-ALL present a trend for increased serum
triglyceride levels compared to patients with RPL10 WT T-ALL
(n=4R98S and n =3 WT cases P = 0.103 (Supplementary Fig. 12)).
Previously, an association between increased methylation levels of
the PHGDH promoter in circulating DNA and a decrease in blood
triglyceride levels was observed, but a more in-depth connection
between serine and triglycerides has not been established [51].
Classically, high triglyceride levels have been reported to be
associated with cancer initiation [52]. However, based on our
findings, we speculate that triglyceride might have a role in
supporting cancer progression as well.

NKX2-1 belongs to the NKL homeobox gene family and it has
been suggested that these genes share similar downstream
effects that can promote tumorigenesis [30]. Interestingly, NKX3-1
has been identified to protect prostate cancer cells from oxidative
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stress [53]. Therefore, it will be worth to explore whether our
finding that NKX2-1 positive cancers are sensitive to sertraline and
etoposide can be extended to cancer types that overexpress other
NKL homeobox genes such as NKX2-2 in Ewing’s sarcoma [54],
NKX2-5 in ovarian yolk sac tumours [55] and NKX3-1 in prostate
cancer and ductal/lobular breast carcinomas [56].

Interestingly, redox stress is an important factor that limits the
survival of metastatic cancer cells and treatment of mice with
antioxidants increases the metastatic disease burden [57, 58].
Within this context, we found that GSH serum levels are increased
in NKX2-1 tumour-bearing mice compared to control tumour-
bearing mice (Fig. 6b). In addition, we discovered that NKX2-1
overexpression enables cancer cells to invade and that NKX2-1
genetic alterations are enriched in metastatic sites compared to
primary tumours (Fig. 5g, h). Therefore, we propose that NKX2-1
overexpression could represent a survival mechanism of cancer
cells to manage oxidative stress during metastasis. In contrast, in
early-stage cancers, oxidative stress is known to promote cancer
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Fig. 8 NKX2-1 expression sensitises cells and LUAD patients to etoposide treatment. a Cell confluency over time of A549 cells in the
presence of increasing etoposide concentrations. A representative experiment (n =3 biological replicates) with three technical replicates is
shown. b Relative cell proliferation of T-ALL cells after 72 h of culturing with increasing concentrations of etoposide in control RPMI-1640
(n=3). ¢ Kaplan-Meier analysis of the progression-free survival of LUAD cancer patients with and without NKX2-1 genetic alteration
(mutations and amplifications, n=21) versus NKX2-1 WT patients (n =240) (cBioportal NSCLC datasets combined, selecting for LUAD
patients). P values were calculated using a Log-rank (Mantel-Cox) test. d Kaplan-Meier analysis of overall survival and progression-free survival
equally divided in high versus lower 50% NKX2-1 expression levels in Stage Il LUAD patients (n = 46). Data were obtained from the cBioportal
platform (TCGA dataset). P values were calculated using a Log-rank (Mantel-Cox) test. Data are represented as mean * standard deviation.
Individual dots represent independent observations. Statistical analysis *P value<0.05, **P value<0.01, ***P value<0.001,
****P yvalue <0.0001.

progression by causing DNA damage, which contributes to the glycine availability or in conditions of increased serine/glycine
formation of oncogenic mutations [57]. As such, at early-disease synthesis demand. The latter can be promoted by, for example,
stage, NKX2-1 overexpression might limit ROS levels needed to combining sertraline with drugs that inhibit mitochondrial
acquire additional oncogenic driver mutations and in this way metabolism [5] or mTORC1 [59].

function as a tumour suppressor, which could explain our In conclusion, we identified the homeodomain transcription
observation that NKX2-1 overexpressing A549 cells engrafted to factor NKX2-1 as a novel direct oncogenic inducer of serine/
a lesser extent in the lungs at early-disease stage (Fig. 6c). glycine synthesis enzymes in cancer, and we characterised

Moreover, these findings could add to a better understanding of downstream consequences on cellular nucleotide, redox and lipid

the cellular contexts in which NKX2-1 functions as either an metabolism and DNA methylation. Our findings identify NKX2-1

oncogene or tumour suppressor. tumours as an extra subset of cancers that can benefit from the
The identification of specific mutations and their association therapeutic targeting of serine/glycine synthesis hyperactivation.

with the deregulation of cellular processes in distinct cancer types

is an important step in the road towards personalised medicine.

Patient stratification is key to predict the most effective treatment MATERIALS AND METHODS

options. We identified that NKX2-1 overexpressing cells are more Analysis of public data

sensitive to both sertraline and etoposide. Interestingly, we Analysed RNA-Seq data for T-ALL (n=264) were from [15], for NEPC

observed that A549 cells were mainly sensitive to sertraline in (7 =49) from [21] and for LUAD (n =566) from TCGA (cancergenome.-

conditions of low serine/glycine availability (Fig. 7a) and that the nih.gov, Lung Adenocarcinoma PanCancer Atlas dataset). Only samples

P g . . : : - without known genetic alterations (amplifications, deletions, point
'Cr:)l}’lg’obae”té;f::cré%e”é; 0: Sseerrtir:('e'/r;yg:e'_ef;‘ek:eg?; Fz;?gfeézg; mutations and translocations) in PHGDH, PSATT, PSPH, SHMT1 and SHMT2

. L . were included for further analysis.
suggesting that the application of sertraline for cancer treatment NKX2-1 ChiP-Sequencing data in A549 cells were from [27] and were

might mainly be beneficial either in conditions of low serine/ visualised with the Cistrome web browser [60]. H3K27ac and ATAC-seq
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peaks were obtained from the ENCODE project [28] and visualised in the
UCSC genome browser [61].

Kaplan-Meier curves were generated with SPSS. Progression-free
survival considering all treatment regimens was analysed using combined
datasets of NSCLC patient samples from [62-65], and selecting for LUAD
cases. NKX2-1 WT (n=240) vs NKX2-1 altered (n=21; mutation,
amplification) were compared (Fig. 8e). Etoposide-specific progression-
free and overall survival data were from (cancergenome.nih.gov, Lung
Adenocarcinoma PanCancer Atlas dataset, n = 566 for total dataset; n = 46
for etoposide treated patients). Median expression was used as cut-off for
high versus low NKX2-1 expression groups (Fig. 8f). Datasets were
downloaded from cBioportal. Statistical analysis was performed with Log-
rank (Mantel-Cox) test.

NSCLC sequencing data according to tissue sampling site were from [39]
and downloaded from cBioportal. Statistical analysis was performed with
Fisher's exact test.

Cell culture

A549 (ACC 107), Ba/F3 (ACC 300), DND41 (ACC 525), RPMI-8402 (ACC 290)
and 293T (ACC 635) cell lines were obtained from the German Collection of
Microorganisms and Cell Cultures GmbH (DSMZ). NCI-H125 were
historically obtained from Molecular Biology Dept. at Maastricht University
(P14). A549 and 293T cells were cultured in DMEM (Gibco) with 10% foetal
calf serum (FCS) (Gibco). For assays in serine/glycine-depleted condition,
cells were plated in DMEM without serine and glycine (US Biological life
Sciences, D9802-01), supplemented with 4.5 g/L glucose (Sigma-Aldrich),
3.7 g/L sodium bicarbonate (Sigma-Aldrich), GlutaMAX™ (Gibco) and 10%
dialysed serum (Life Technologies, A3382001). RPMI-8402 and NCI-H125
were cultured in RPMI-1640 (Gibco) with 10% FCS. Ba/F3 cells were
cultured in RPMI-1640 (Gibco) supplemented with 10% FCS (Gibco) and IL-
3 (Miltenyi, 10 ng/mL). DND41 cells were cultured in RPMI-1640 (Gibco)
supplemented with 20% FCS (Gibco). For experiments in serine/glycine-
depleted condition, cells were cultured in serine-glycine-glucose-free
RPMI-1640 (Teknova) supplemented with 0.5 mg/ml or 2 mg/mL glucose
(Sigma-Aldrich) and with 10% or 20% dialyzed serum (Life Technologies,
A3382001). In experiments where conditions with and without serine and
glycine were compared, serine and glycine (Sigma-Aldrich) were supple-
mented to the serine/glycine-free culture media as indicated in the
dedicated figures (400 pM). Cultured cells were all mycoplasma negative.

Viral vectors

A codon-optimised sequence of human NKX2-1 encoding cDNA sequence
was ordered as gBLOCK and inserted into a pMSCV-IRES-GFP vector
(Supplementary Table 1). shRNA sequences targeting NKX2-1 (Supple-
mentary Table 1) were cloned into pLKO.1 mCherry (Addgene #128073).
shPSPH-pLKO.1 was described before [12]. Retroviral particles were
generated by co-transfection of the pMSCV-IRES-GFP plasmid with
packaging plasmid pCL-Ampho (Bio-Techne), for human cell transduction,
or ecopac (plK6.TMCV.ecopac.Utd) for murine cell transduction, into
293T cells using Geneluice Transfection Reagent (Merck Millipore).
Lentiviral particles were generated by transfecting the pLKO.1 mCherry
plasmid into 293 T cells using a VSV-G envelope and psPAX2 packaging
plasmid. Cells were incubated overnight with viral supernatants in the
presence of 1pg/mL polybrene (Merck Millipore), after which stably
transduced cells were expanded. Fluorophore-expressing cells were sorted
for GFP and/or mCherry on a S3 cell sorter (Bio-Rad) to obtain >80%
vector-enriched cultures. While culturing the cells, the fraction of
transduced cells was regularly verified on a MACS VYB flow cytometer
(Miltenyi).

CRISPR-Cas9 genome editing

RPMI-8402 NKX2-1 KO cells were generated by CRISPR-Cas9 genome
editing. RPMI-8402 cells were electroporated (6 square wave pulses, 0.1 ms
interval, 150 V) with an SpCas9-2A-GFP-encoding pX458 vector (Addgene
#48138) containing an NKX2-1 targeting gRNA (5-AAGATGTCAGACACT
GAGAA-3'). Following electroporation, cells were incubated for 48h in
recovery medium (RPMI-1640 supplemented with 100x non-essential
amino acids (Gibco) and 1 mM sodium pyruvate (Gibco)), followed by
sorting for GFP (BD FACS Aria lll). Cells were both single-cell sorted in 96-
well plates and bulk-sorted. Bulk-sorted cells were subsequently grown to
single-cell colonies in ClonaCell™-TCS (Stem Cell Technologies, # 03814).
Growing clones were expanded and screened for the desired modification
using the Synthego ICE analysis tool (v3.0) on Sanger sequencing results of
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the PCR-amplified NKX2-1 locus (Fw: 5'-CCGTTACGTGTACATCCAAC-3’; Rv:
5-CTGTTCCTCATGGTGTCCTG-3").

ChIP-qPCR

SimpleChlIP Plus Sonication Chromatin IP Kit (Cell Signaling) was used to
perform all ChIP experiments using either anti-TTF1 (Abcam, ab76013) or
anti-lgG (Cell Signaling, #2729) antibodies according to manufacturer’s
instructions using Dynabeads Protein G (Invitrogen) magnetic beads. Cells
were cross-linked for 10 min by adding formaldehyde (final concentration
1%) to a cell pellet (suspension cells) or culture flask (confluent cells) after
washing the cells in PBS. Crosslinking was quenched by adding 1.25M
glycine. Then, cells were washed twice in ice-cold PBS. Sonication of the
samples was performed on a Bioruptor NGS (Diagenode) for ten cycles of
30s activity —30's rest. DNA was purified using PCR purification columns
(Qiagen) and served as template in gPCR (primer sequences, Supplemen-
tary Table 2).

Motif enrichment

Cluster-Buster (cBust) [29] is a tool to better define the occurrence of
clusters of pre-specified motifs in DNA sequences, as individual DNA motifs
are often too short and degenerate. The cBust tool was used to identify
clustered motif occurrences of previously described NKX motifs in the
promoter of PHGDH, PSAT1, PSPH and SHMT2 and putative enhancer
regions of PSPH. The log-likelihood score thresholds were set at 3 for
clusters (-c 3). This resulted in a.gff file that was visualised using TOUCAN
(https://toucanjs.aertslab.org/toucanjs.ntml) [66] without showing the
individual motifs. Since all 14 NKX genes (NKX1-1, NKX1-2, NKX2-1, NKX2-
2, NKX2-3, NKX2-4, NKX2-5, NKX2-6, NKX2-8, NKX3-1, NKX3-2, NKX6-1, NKX6-2,
NKX6-3) belong to the same family of NKL homeobox genes, and are thus
structurally similar and have comparable binding motifs [67], we included
multiple NKX motifs such as motifs for NKX2-1, NKX2-2, NKX2-3, NKX2-5
and NKX2-8 in our analysis (Supplementary Fig. 2d). Position weight
matrices of the different motifs were visualised by the R-package seqLogo
(Version 1.60.0). The motifs included per NKX2 CRM cluster are defined in
Supplementary Table 4. Clusters were defined per genomic region.

Quantitative RT-qPCR

RNA was extracted using the RNeasy kit (Qiagen) followed by cDNA
synthesis of 500 ng RNA using random hexamer primers, and a mix of
ribonuclease inhibitors, dNTPs and GoScript reverse transcriptase (Pro-
mega). Serine/glycine synthesis enzyme mRNA expression levels together
with ACTB1 as a reference gene, were analysed in quadruplicate using
SYBR Green-based gRT-PCR on a CFX Connect instrument (Bio-Rad
Laboratories). Relative mRNA expression from at least three technical
replicates per biological repeat was determined using the AACt method
(primer sequences, Supplementary Table 2). At least three biological
repeats were included in the figures. For NCI-H125 experiments, only
samples with at least 20% NKX2-1 knockdown on RNA level were
considered.

Immunoblotting

Cells were lysed (cell lysis buffer 6, R&D Systems) and denatured in 1x
Laemmli sample buffer (Bio-Rad) containing 2-mercaptoethanol (Sigma-
Aldrich). Proteins were separated on Criterion Tris-Glycine eXtended gels
(Bio-rad), transferred to PVDF membranes, and incubated with primary and
secondary antibodies (Supplementary Table 3). Proteins were visualised
using chemiluminescence on an Azure C600 (Azure Biosystems). Quanti-
fication was performed using LI-COR Image Studio Lite software version
5.2. Vinculin and B-actin were used to normalise for protein input.
Immunoblots were performed on samples from at least three biological
repeat experiments.

13C tracer analysis

Ba/F3 labelling was performed in serine-glycine-glucose-free RPMI-1640
(Teknova) supplemented with 13C6—glucose (Sigma-Aldrich) to a final
concentration of 1 mg/mL and with 10% dialyzed serum (Life Technologies,
A3382001) for 42 h. RPMI-8402 and NCI-H125 labelling was performed 48 h
after NKX2-1 knockdown in serine-glycine-glucose-free RPMI-1640
(Teknova) supplemented with '*Cg-glucose (Sigma-Aldrich) to a final
concentration of 2 mg/mL and with 10% dialyzed serum (Life Technologies,
A3382001) for 48 h. A549 labelling was performed in DMEM (US Biological
life Sciences, D9802-01), supplemented with 4.5g/L '3Cg4-glucose
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(Sigma-Aldrich), 3.7 g/L sodium bicarbonate (Sigma-Aldrich), GlutaMAX™
(Gibco) and 10% dialyzed serum for 48 h. Samples were processed as follows,
10 pl of the cell culture medium was added to 990 pl ice-cold myristic acid
containing 80% methanol-based extraction buffer, and cells were washed in
0.9% NaCl. Cells were lysed in 800 ul or 300 ul of extraction buffer and
extracted suspensions were stored at —80 °C for one day, centrifuged and
sent for mass spectrometry analysis (VIB/KU Leuven metabolomics core
facility). Mass spectrometry was performed as described previously [12].

Lipidomics

A549 cells were cultured in DMEM (US Biological life Sciences, D9802-01),
supplemented with 4.5 g/L *Ce-glucose (Sigma-Aldrich), 3.7 g/L sodium
bicarbonate (Sigma-Aldrich), GlutaMAX™ (Gibco) and 10% dialyzed serum
for 4 h prior to pellet collection. Lipidomics analysis was performed by the
KU Leuven Lipometrix facility, as described previously [68].

Methylation sequencing

NCI-H125 pellet collection was performed 48 h after NKX2-1 knockdown
after culturing the cells for 4 h in serine-glycine-glucose-free RPMI-1640
(Teknova) supplemented with 2 mg/ml glucose (Sigma-Aldrich) and with
10% dialyzed serum (Life Technologies, A3382001). DNA was extracted
using the Nucleopsin Tissue kit (Macherey-Nagel, 10498961) and sheared
with a Bioruptor NGS (Diagenode) for seven cycles of 30 s activity—90 s
rest. Next, enzymatic conversion of cytosine in the sheared DNA was
performed with the NEBNext Enzymatic Methyl-seq conversion module
(New England Biolabs, E7125S) according to the manufacturer’s instruc-
tions. Afterwards, sequencing (paired end, 150 bp) was performed on an
lllumina Novaseg6000 instrument with chemistry V1.5. Sequencing reads
were trimmed using TrimGalore (version 0.4.1), and the trimmed FASTQ
files were subsequently mapped on a bisulfite-converted human genome
(GRCh37) using Bismark (version 0.19.0) [69]. Coverage files were extracted
using Bismark’s methylation extractor to quantify the degree of methyla-
tion of each CpG position. Next, differential methylation analysis was
performed using Methylkit [70] with overdispersion correction and by
tiling windows analysis using a step size and length of 250 bp. Samples
from the same group (scramble, shNKX2-1 #1 or shNKX2-1 #2) were pooled
together. Significantly differentially methylated regions (DMRs) were
selected using a percent methylation difference larger than 20% and a
g-value smaller than 0.01. We annotated the DRMs based on their overlap
with promoter regions, defined as regions starting 1500 base pairs before
the transcription start site and ending 500 base pairs after. Only genes with
more than 100 CpG counts in the overlapping DRM and more than 30%
methylation difference were reported. As we obtained the best NKX2-1
knockdown with shNKX2-1 hairpin #1, these results are the most reliable.
All statistical analyses were performed in R, version 4.2.0.

Incucyte

For cell proliferation assays, A549 cells were plated at 2000 (A549
NKX2-1 cells) or 2500 (A549 empty vector cells) cells per well and NCI-
H125 at 5000 cells per well in 96-well TPP plates in six replicates to obtain a
starting confluence of 10%. Photomicrographs were taken every 2 h using
an Incucyte live cell imager (Sartorius), and the confluence of the cultures
was determined using Incucyte software. For invasion assays, A549 cells
were plated at 750 cells per well in DMEM containing 0.5% FCS in the
upper reservoir of a ClearView migration plate. The bottom reservoir was
filled with 200 ul DMEM containing 10% FCS. Whole-well images of cells on
both sides of the membrane either from the top or from the bottom of the
ClearView migration plate were captured every 2h. Cell invasion was
reported as an increase in the area on the bottom side of the membrane
for adherent A549 cells that migrated down the pores to the
reservoir wells.

Flow cytometry

Total cell counts were measured by FSC/SSC analysis on a Guava easyCyte
HT (Merck) and viability was determined by Annexin V-PE (IQ products,
1:100) and Zombie Aqua (Biolegend, 1:1000) staining. Viable cell counts
were defined as the proportion of total cell counts staining negative for
Annexin V and Zombie aqua. ROS levels were determined using CellROX
Deep Red Reagent or CellROX Green Reagent (Thermo Fisher Scientific)
according to the manufacturer’s instructions. All samples were measured
using a MACSQuant VYB (Miltenyi) or a FACS Canto Il (Beckton Dickinson)
flow cytometer, and data were analysed using FlowJo software.

Xenografts in NOD-SCID/IL2y ’~ (NSG) mice

Animal experiments were approved by the KU Leuven animal ethics
committee (ECD approval P035/2020). NSG breeding pairs were recently
purchased from Charles River laboratories and were bred at the animal
facility at Gasthuisberg (Leuven) to establish a colony. For the orthotopic
model, A549 cells (200 000) were injected in the tail veins of 6-8-week-old
NSG mice of both sexes to form lung tumours. Animals were randomly
distributed into different groups. After cancer cell injection, mice received
an experimental diet: Mod testdiet 5cc7 w/no added serine or glycine
(T-5BJX-1817070-203, TestDiet). Animals were sacrificed after 5 or 11 weeks
by terminal cardiac bleeding under pentobarbital (150 mg/kg) anaesthesia
to obtain blood plasma. Plasma samples were analysed by targeted mass
spectrometry. Dissected lungs from sacrificed animals were preserved in
formaldehyde, followed by paraffin embedding for H&E staining and
immunohistochemistry.

For in vivo treatment studies, 6-8-week-old mice of both sexes were
injected with 10° XB41 T-ALL patient cells via intravenous tail vein
injection. Animals were randomly distributed into different groups. When
engraftment was established 1 week after cell injection, mice were treated
for 4 consecutive weeks. Sertraline (15 mg/kg) was delivered through
intraperitoneal injection twice weekly. The experimental diet: Mod testdiet
5cc7 w/no added serine or glycine (T-5BJX-1817070-203, TestDiet) was
given continuously starting 1 week after cancer cell injection. The
appropriate sample size was estimated upon earlier performed experi-
ments [12].

T-ALL patient samples and patient-derived xenografts (PDX)
Experiments on human samples were approved and supervised by the UZ
Leuven ethical committee. Informed consent was obtained from all
subjects. Peripheral blood samples obtained at diagnosis were collected
from children diagnosed with T-ALL at University Hospital Leuven, as
approved by the local Ethical Committee (S54608).

Immunofluorescence

The following antibodies were used for detecting the respective
proteins: anti-HLA (rabbit, 1:1500, Abcam, ab52922) and anti-Ki67
(rabbit, 1:1000, Fisher Scientific, RM-9106-S0). The Akoya Opal Polaris 7
Colour Automation IHC Detection Kit (Akoya, NEL871001KT) was used for
tyramide signal amplification according to the manufacturer’s protocol.
For the introduction of the secondary-HRP the Envision + /HRP goat
anti-Rabbit (Dako Envision + Single Reagents, HRP, Rabbit, Code K4003)
was used for all antibodies raised in rabbit. The various proteins were
detected by first using the OPAL 520 (HLA), and at last OPAL 780 (Ki67)
reagents according to the manufacturer’s protocol. CD31/PECAM-1 (Cell
signaling #77699) staining’s were performed according to the manu-
facturers’ protocol. Pathologic examination of tumours by H&E was
performed by an experienced mouse pathologist, Marion Gijbels at
Maastricht University.

Microscope image acquisition and image processing

Images were acquired on the Akoya Vectra Polaris using a x20 objective
without binning. Image analysis was processed in QuPath v.0.2.3 [71]. Cell
detection was conducted using QuPath'’s built-in “Positive cell detection”.
For each sample, the total number of cells and cells positive for Ki67 or HLA
was assessed.

Compounds

Sertraline (Sigma-Aldrich, #56319) and Etoposide (Selleckchem, S$1225)
were dissolved in DMSO and stored at —20°C and —80°C. Hydrogen
peroxide was purchased from Sigma-Aldrich (H1009).

Statistics

All statistical analyses were performed using Prism 7/8 (GraphPad). A two-
tailed Student’s t test or nested t test was used to compare empty vector
and NKX2-1 conditions for all in vitro and in vivo measurements based
upon F-test for Equality of Variances unless otherwise stated. All
experiments were performed at least three times.

Figures
For Figs. 6 and 7 and Supplementary Fig. 9, we made use of graphics
designed by Alina Oleynik, Julie Ko and Hui wen from NounProject.com.

British Journal of Cancer (2023) 128:1862 - 1878



DATA AVAILABILITY
The data generated in this study are available within the article and its
supplementary data files.

REFERENCES

1.

20.

21.

22.

23.

24,

Pavlova NN, Thompson CB. The emerging hallmarks of cancer metabolism. Cell
Metab. 2016;23:27-47.

. Geeraerts SL, Heylen E, De Keersmaecker K, Kampen KR. The ins and outs of

serine and glycine metabolism in cancer. Nat Metab. 2021;3:131-41.

. Mattaini KR, Sullivan MR, Vander, Heiden MG. The importance of serine meta-

bolism in cancer. J Cell Biol. 2016;214:249-57.

. Yang M, Vousden KH. Serine and one-carbon metabolism in cancer. Nat Rev

Cancer. 2016;16:650-62.

. Geeraerts S, Kampen K, Rinaldi G, Gupta P, Planque M, de Cremer K, et al.

Repurposing the antidepressant sertraline as SHMT inhibitor to suppress ser-
ine/glycine synthesis addicted breast tumor growth. Mol Cancer Ther.
2020;20:50-63.

. Locasale JW, Grassian AR, Melman T, Lyssiotis CA, Mattaini KR, Bass AJ, et al.

Phosphoglycerate dehydrogenase diverts glycolytic flux and contributes to
oncogenesis. Nat Genet. 2011;43:869-74.

. Possemato R, Marks KM, Shaul YD, Pacold ME, Kim D, Birsoy K, et al. Functional

genomics reveal that the serine synthesis pathway is essential in breast cancer.
Nature. 2011;476:346-50.

. Sun L, Song L, Wan Q, Wu G, Li X, Wang Y, et al. CMyc-mediated activation of

serine biosynthesis pathway is critical for cancer progression under nutrient
deprivation conditions. Cell Res. 2015;25:429-44.

. Maddocks ODK, Athineos D, Cheung EC, Lee P, Zhang T, Van Den Broek NJF, et al.

Modulating the therapeutic response of tumours to dietary serine and glycine
starvation. Nature. 2017;544:372-6.

. Gwinn DM, Lee AG, Briones-Martin-del-Campo M, Conn CS, Simpson DR, Scott Al,

et al. Oncogenic KRAS regulates amino acid homeostasis and asparagine bio-
synthesis via ATF4 and alters sensitivity to L-asparaginase. Cancer Cell.
2018;33:91-107.e6.

. DeNicola GM, Chen P-H, Mullarky E, Sudderth JA, Hu Z, Wu D, et al. NRF2 reg-

ulates serine biosynthesis in non-small cell Nat Genet.

2015;47:1475-81. https://doi.org/10.1038/ng.3421.

lung cancer.

. Kampen KR, Fancello L, Girardi T, Rinaldi G, Planque M, Sulima SO, et al. Trans-

latome analysis reveals altered serine and glycine metabolism in T-cell acute
lymphoblastic leukemia cells. Nat Commun. 2019;10:2542.

. Girardi T, Vicente C, Cools J, De Keersmaecker K. The genetics and molecular

biology of T-ALL. Blood. 2017;129:1113 LP-1123.

. Kalender Atak Z, Gianfelici V, Hulselmans G, De Keersmaecker K, Devasia AG,

Geerdens E, et al. Comprehensive analysis of transcriptome variation uncovers
known and novel driver events in T-cell acute lymphoblastic leukemia. PLoS
Genet. 2013;9:e1003997.

. Liu Y, Easton J, Shao Y, Maciaszek J, Wang Z, Wilkinson MR, et al. The genomic

landscape of pediatric and young adult T-lineage acute lymphoblastic leukemia.
Nat Genet. 2017;49:1211.

. Pikman Y, Ocasio-Martinez N, Alexe G, Dimitrov B, Kitara S, Diehl FF, et al. Tar-

geting serine hydroxymethyltransferases 1 and 2 for T-cell acute lymphoblastic
leukemia therapy. Leukemia. 2021;36:348-60.

. Garcia-Canaveras JC, Lancho O, Ducker GS, Ghergurovich JM, Xu X, da Silva-Diz V,

et al. SHMT inhibition is effective and synergizes with methotrexate in T-cell
acute lymphoblastic leukemia. Leukemia. 2020;35:377-88.

. Homminga |, Pieters R, Langerak AW, de Rooi JJ, Stubbs A, Verstegen M, et al.

Integrated transcript and genome analyses reveal NKX2-1 and MEF2C as
potential oncogenes in T cell acute lymphoblastic leukemia. Cancer Cell.
2011;19:484-97.

. Weir BA, Woo MS, Getz G, Perner S, Ding L, Beroukhim R, et al. Characterizing the

cancer genome in lung adenocarcinoma. Nature. 2007;450:893-8.

Kwei KA, Kim YH, Girard L, Kao J, Pacyna-Gengelbach M, Salari K, et al. Genomic
profiling identifies TITF1 as a lineage-specific oncogene amplified in lung cancer.
Oncogene. 2008;27:3635-40.

Beltran H, Prandi D, Mosquera JM, Benelli M, Puca L, Cyrta J, et al. Divergent
clonal evolution of castration-resistant neuroendocrine prostate cancer. Nat Med.
2016;22:298-305.

Baca SC, Takeda DY, Seo J-H, Hwang J, Ku SY, Arafeh R, et al. Reprogramming of
the FOXAT1 cistrome in treatment-emergent neuroendocrine prostate cancer. Nat
Commun. 2021;12:1979.

Cooper SL, Brown PA. Treatment of pediatric acute lymphoblastic leukemia.
Pediatr Clin. 2015;62:61-73.

Davies AH, Beltran H, Zoubeidi A. Cellular plasticity and the neuroendocrine
phenotype in prostate cancer. Nat Rev Urol. 2018;15:271-86.

British Journal of Cancer (2023) 128:1862 - 1878

E. Heylen et al.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43.

44,

45,

46.

47.

48.

49.

50.

Herbst RS, Morgensztern D, Boshoff C. The biology and management of non-
small cell lung cancer. Nature. 2018;553:446-54.

Lazzaro D, Price M, de Felice M, Di Lauro R. The transcription factor TTF-1 is
expressed at the onset of thyroid and lung morphogenesis and in restricted
regions of the foetal brain. Development. 1991;113:1093 LP-1104.

Guo M, Tomoshige K, Meister M, Muley T, Fukazawa T, Tsuchiya T, et al. Gene
signature driving invasive mucinous adenocarcinoma of the lung. EMBO Mol
Med. 2017;9:462-81.

Dunham |, Kundaje A, Aldred SF, Collins PJ, Davis CA, Doyle F, et al. An integrated
encyclopedia of DNA elements in the human genome. Nature. 2012;489:57-74.
Frith MC, Li MC, Weng Z. Cluster-Buster: finding dense clusters of motifs in DNA
sequences. Nucleic Acids Res. 2003;31:3666-8.

Homminga |, Pieters R, Meijerink JPP. NKL homeobox genes in leukemia. Leu-
kemia. 2012;26:572-81. https://doi.org/10.1038/leu.2011.330.

Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, et al. The
Cancer Cell Line Encyclopedia enables predictive modelling of anticancer drug
sensitivity. Cambridge, Massachusetts: The Broad Institute of Harvard and MIT;
2012. p. 603-7.

Sallach HJ. Formation of serine from hydroxypyruvate and L-alanine. J Biol Chem.
1956;223:1101-8.

Harris IS, Treloar AE, Inoue S, Sasaki M, Gorrini C, Lee KC, et al. Glutathione and
thioredoxin antioxidant pathways synergize to drive cancer initiation and pro-
gression. Cancer Cell. 2015;27:211-22.

Cordes T, Kuna RS, McGregor GH, Khare SV, Gengatharan J, Muthusamy T, et al.
1-Deoxysphingolipid synthesis compromises anchorage-independent growth
and plasma membrane endocytosis in cancer cells. J Lipid Res.
2022;63:100281.

Maddocks ODK, Labuschagne CF, Adams PD, Vousden KH. Serine metabolism
supports the methionine cycle and DNA/RNA methylation through de novo ATP
synthesis in cancer cells. Mol Cell Cell Press. 2016;61:210-21.

Kottakis F, Nicolay BN, Roumane A, Karnik R, Gu H, Nagle JM, et al. LKB1 loss links
serine  metabolism to DNA methylation and tumorigenesis. Nature.
2016;539:390-5.

Ngo B, Kim E, Osorio-Vasquez V, Doll S, Bustraan S, Liang RJ, et al. Limited
environmental serine and glycine confer brain metastasis sensitivity to PHGDH
inhibition. Cancer Discov. 2020;10:1352-73.

Rinaldi G, Pranzini E, Van Elsen J, Broekaert D, Funk CM, Planque M, et al. In vivo
evidence for serine biosynthesis-defined sensitivity of lung metastasis, but not of
primary breast tumors, to mTORC1 inhibition. Mol Cell. 2021;81:386-97.e7.
Jordan EJ, Kim HR, Arcila ME, Barron D, Chakravarty D, Gao J, et al. Prospective
comprehensive molecular characterization of lung adenocarcinomas for efficient
patient matching to approved and emerging therapies. Cancer Discov.
2017;7:596-609.

Huang RSP, Harries L, Decker B, Hiemenz MC, Murugesan K, Creeden J, et al.
Clinicopathologic and genomic landscape of non-small cell lung cancer brain
metastases. Oncologist. 2022;27:839-48.

Yamaguchi T, Hosono Y, Yanagisawa K, Takahashi T. NKX2-1/TTF-1: an enigmatic
oncogene that functions as a double-edged sword for cancer cell survival and
progression. Cancer Cell. 2013;23:718-23.

Tajan M, Hennequart M, Cheung EC, Zani F, Hock AK, Legrave N, et al. Serine
synthesis pathway inhibition cooperates with dietary serine and glycine limita-
tion for cancer therapy. Nat Commun. 2021;12:366.

Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al. Overall
survival with durvalumab after chemoradiotherapy in stage Il NSCLC. N Engl J
Med. 2018;379:2342-50.

Fan TWM, Bruntz RC, Yang Y, Song H, Chernyavskaya Y, Deng P, et al. De novo
synthesis of serine and glycine fuels purine nucleotide biosynthesis in human
lung cancer tissues. J Biol Chem. 2019;294:13464-77.

Sanchez-Castillo A, Vooijs M, Kampen KR. Linking serine/glycine metabolism to
radiotherapy resistance. Cancers. 2021;13:1191.

Wang H, Nicolay BN, Chick JM, Gao X, Geng Y, Ren H, et al. The metabolic
function of cyclin D3-CDK6 kinase in cancer cell survival. Nature. 2017;546:426.
Weng AP, Millholland JM, Yashiro-Ohtani Y, Arcangeli ML, Lau A, Wai C, et al.
c-Myc is an important direct target of Notch1 in T-cell acute lymphoblastic leu-
kemia/lymphoma. Genes Dev. 2006;20:2096-109.

Reina-Campos M, Linares JF, Duran A, Cordes T, L'Hermitte A, Badur MG, et al.
Increased serine and one-carbon pathway metabolism by PKCM deficiency
promotes neuroendocrine prostate cancer. Cancer Cell. 2019;35:385-400.e9.

Li X, Gracilla D, Cai L, Zhang M, Yu X, Chen X, et al. ATF3 promotes the serine
synthesis pathway and tumor growth under dietary serine restriction. Cell Rep.
2021;36:109706.

Jeong S, Savino AM, Chirayil R, Barin E, Cheng Y, Park S-M, et al. High fructose
drives the serine synthesis pathway in acute myeloid leukemic cells. Cell Metab.
2021;33:145-59.e6.


https://doi.org/10.1038/ng.3421
https://doi.org/10.1038/leu.2011.330

E. Heylen et al.

1878

51. Truong V, Huang S, Dennis J, Lemire M, Zwingerman N, Aissi D, et al. Blood
triglyceride levels are associated with DNA methylation at the serine metabolism
gene PHGDH. Sci Rep. 2017;7:11207.

52. Ulmer H, Borena W, Rapp K, Klenk J, Strasak A, Diem G, et al. Serum triglyceride
concentrations and cancer risk in a large cohort study in Austria. Br J Cancer.
2009;101:1202-6.

53. Papachristodoulou A, Rodriguez-Calero A, Panja S, Margolskee E, Virk RK, Milner
TA, et al. NKX3.1 localization to mitochondria suppresses prostate cancer initia-
tion. Cancer Discov. 2021;11:2316 LP-2333.

54. Smith R, Owen LA, Trem DJ, Wong JS, Whangbo JS, Golub TR, et al. Expression
profiling of EWS/FLI identifies NKX2.2 as a critical target gene in Ewing’s sarcoma.
Cancer Cell. 2006;9:405-16.

55. Shibata K, Kajiyama H, Yamamoto E, Terauchi M, Ino K, Nawa A, et al. Establishment
and characterization of an ovarian yolk sac tumor cell line reveals possible invol-
vement of Nkx2.5 in tumor development. Oncology. 2008;74:104-11.

56. Gelmann EP, Bowen C, Bubendorf L. Expression of NKX3.1 in normal and
malignant tissues. Prostate. 2003;55:111-7.

57. Tasdogan A, Ubellacker JM, Morrison SJ. Redox regulation in cancer cells during
metastasis. Cancer Discov. 2021;11:2682-92.

58. Piskounova E, Agathocleous M, Murphy MM, Hu Z, Huddlestun SE, Zhao Z, et al.
Oxidative stress inhibits distant metastasis by human melanoma cells. Nature.
2015;527:186-91.

59. Rathore R, Caldwell KE, Schutt C, Brashears CB, Prudner BC, Ehrhardt WR, et al.
Metabolic compensation activates pro-survival mTORC1 signaling upon
3-phosphoglycerate dehydrogenase inhibition in osteosarcoma. Cell Rep.
2021;34:108678.

60. Mei S, Qin Q, Wu Q, Sun H, Zheng R, Zang G, et al. Cistrome Data Browser: a data
portal for ChIP-Seq and chromatin accessibility data in human and mouse.
Nucleic Acids Res. 2017;45:D658-62.

61. Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al. The
human genome browser at UCSC. Genome Res. 2002;12:996-1006.

62. Hellmann MD, Nathanson T, Rizvi H, Creelan BC, Sanchez-Vega F, Ahuja A, et al.
Genomic features of response to combination immunotherapy in patients with
advanced non-small-cell lung cancer. Cancer Cell. 2018;33:843-52.e4.

63. Arbour KC, Mezquita L, Long N, Rizvi H, Auclin E, Ni A, et al. Impact of baseline
steroids on efficacy of programmed cell death-1 and programmed death-ligand 1
blockade in patients with non-small-cell lung cancer. J Clin Oncol.
2018;36:2872-8.

64. Jamal-Hanjani M, Wilson GA, McGranahan N, Birkbak NJ, Watkins TBK, Veeriah S,
et al. Tracking the evolution of non-small-cell lung cancer. N Engl J Med.
2017;376:2109-21.

65. Vavala T, Monica V, Lo lacono M, Mele T, Busso S, Righi L, et al. Precision medicine
in age-specific non-small-cell-lung-cancer patients: integrating biomolecular
results into clinical practice—a new approach to improve personalized transla-
tional research. Lung Cancer. 2017;107:84-90.

66. Aerts S, Van Loo P, Thijs G, Mayer H, de Martin R, Moreau Y, et al. TOUCAN 2: the
all-inclusive open source workbench for regulatory sequence analysis. Nucleic
Acids Res. 2005;33:W393-6.

67. Nagel S, Pommerenke C, Scherr M, Meyer C, Kaufmann M, Battmer K, et al. NKL
homeobox gene activities in hematopoietic stem cells, T-cell development and
T-cell leukemia. PLoS ONE. 2017;12:e0171164.

68. Nassar ZD, Mah CY, Dehairs J, Burvenich IJG, Irani S, Centenera MM, et al. Human
DECR1 is an androgen-repressed survival factor that regulates PUFA oxidation to
protect prostate tumor cells from ferroptosis. eLife. 2020;9:e54166.

69. Krueger F, Andrews SR. Bismark: a flexible aligner and methylation caller for
Bisulfite-Seq applications. Bioinformatics. 2011;27:1571-2.

70. Akalin A, Kormaksson M, Li S, Garrett-Bakelman FE, Figueroa ME, Melnick A, et al.
methylKit: a comprehensive R package for the analysis of genome-wide DNA
methylation profiles. Genome Biol. 2012;13:R87.

71. Bankhead P, Loughrey MB, Ferndndez JA, Dombrowski Y, McArt DG, Dunne PD,
et al. QuPath: open source software for digital pathology image analysis. Sci Rep.
2017;7:16878.

ACKNOWLEDGEMENTS

We thank the VIB metabolomics core Leuven for performing metabolomics
experiments  (vib.be/labs/vib-metabolomics-core-leuven). Lipidomics experiments
were performed by the KU Leuven lipidomics core facility Lipometrix
(www.lipometrix.be). DNA sequencing was performed by genomics core Leuven.

AUTHOR CONTRIBUTIONS

EH designed and performed research, analysed the data and wrote the manuscript.
PV performed research, generated graphics and edited the manuscript. LVA
performed research and analysed data. SLG designed research. TV performed
analysis of the methylation sequencing. KT generated cell models. DN performed
immunohistochemistry experiments. MG reviewed pathology and immunohisto-
chemistry experiments. DL reviewed the manuscript. AU, HS and JC provided and
analysed patient samples and reviewed the manuscript. JV and JR provided technical
experimental support. KDK designed research, supervised the study, and wrote the
manuscript. KRK designed and performed research, analysed data, supervised the
study and wrote the manuscript.

FUNDING

This research was funded by Stichting tegen kanker (project F/2020/1333), Fonds
Wetenschappelijk Onderzoek (FWO) (GOA4220N), KU Leuven (C14/18/104) and Kom
op tegen Kanker (Stand up to Cancer), the Flemish cancer society (project ID: 13035).
EH received an FWO PhD fellowship fundamental research (1106121 N). SLG received
an SB PhD fellowship from FWO (1S14517N). PV is supported by an FWO PhD
fellowship fundamental research (1116822N). KRK was funded by a research grant
from FWO (FWO KAN2018 1501419 N), the young investigator grant from KWF
(project ID:13486), and the FEBS excellence award 2021.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

Experiments on human samples were approved and supervised by the UZ Leuven
ethical committee. Informed consent was obtained from all subjects. Peripheral blood
samples obtained at diagnosis were collected from children diagnosed with T-ALL at
University Hospital Leuven, as approved by the local Ethical Committee (S54608).

CONSENT FOR PUBLICATION
Not applicable.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541416-023-02216-y.

Correspondence and requests for materials should be addressed to Kim De
Keersmaecker or Kim R. Kampen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

British Journal of Cancer (2023) 128:1862 - 1878


http://www.vib.be/labs/vib-metabolomics-core-leuven
http://www.lipometrix.be
https://doi.org/10.1038/s41416-023-02216-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Transcription factor NKX2–1 drives serine and glycine synthesis addiction in cancer
	Introduction
	Results
	NKX2–1-positive tumours express higher mRNA levels of serine and glycine synthesis enzyme genes
	NKX2–1 is a direct transcriptional inducer of serine/glycine synthesis enzymes
	NKX2–1 expression induces de novo serine/glycine synthesis to control ATP supply, nucleotide metabolism and redox homeostasis
	NKX2–1 overexpression alters the lipidome and methylome of A549 cells
	NKX2–1-driven metabolic independence supports cancer cell proliferation and invasion
	NKX2–1 fuels redox homeostasis in�vivo
	NKX2–1 overexpressing cells are sensitised to SHMT inhibitor sertraline and the clinically used chemotherapeutic etoposide

	Discussion
	Materials and methods
	Analysis of public data
	Cell culture
	Viral vectors
	CRISPR-Cas9 genome editing
	ChIP-qPCR
	Motif enrichment
	Quantitative RT-qPCR
	Immunoblotting
	13C tracer analysis
	Lipidomics
	Methylation sequencing
	Incucyte
	Flow cytometry
	Xenografts in NOD-SCID/IL2γ−/− (NSG) mice
	T-ALL patient samples and patient-derived xenografts (PDX)
	Immunofluorescence
	Microscope image acquisition and image processing
	Compounds
	Statistics
	Figures

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	Consent for publication
	ADDITIONAL INFORMATION




