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Acute myeloid leukaemia (AML) is a clonal haematological malignancy
affecting the myeloid lineage, with generally poor patient outcomes owing
to the lack of targeted therapies. The histone lysine demethylase 4A
(KDM4A) has been established as a novel therapeutic target in AML, due
to its selective oncogenic role within leukaemic cells. We identify that the
transcription factor nuclear factor of activated T cells 2 (NFATC?2) is a
novel binding and transcriptional target of KDM4A in the human AML
THP-1 cell line. Furthermore, cytogenetically diverse AML cell lines,
including THP-1, were dependent on NFATC2 for colony formation in
vitro, highlighting a putative novel mechanism of AML oncogenesis. Our
study demonstrates that NFATC2 maintenance of cell cycle progression in
human AML cells was driven primarily by CCNDI. Through RNA
sequencing (RNA-seq) and chromatin immunoprecipitation sequencing
(ChIP-seq), NFATc2 was shown to bind to the promoter region of genes
involved in oxidative phosphorylation and subsequently regulate their gene
expression in THP-1 cells. Furthermore, our data show that NFATC2
shares transcriptional targets with the transcription factor ¢c-MYC, with
MYC knockdown phenocopying NFATC2 knockdown. These data suggest
a newly identified co-ordinated role for NFATC2 and MYC in the mainte-
nance of THP-1 cell function, indicative of a potential means of therapeu-
tic targeting in human AML.

1. Introduction

Acute myeloid leukaemia (AML) is a haemopoietic
malignancy of clonal origin with poor outcomes; 5-year
survival is as low as 13% [1], and while most AML
patients are over 60 years of age, there is incidence of
AML at all ages [2]. Despite improvements to patient
outcomes over recent years, most of these have been

Abbreviations

observed in patients under 60, due to generally poorer
tolerance of chemotherapy in older patients [3] and the
significant cytogenetic heterogeneity between patients’
disease, the latter of which makes it challenging to
develop effective targeted therapies. As such, novel tar-
geted therapies which can successfully eliminate
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pathogenic AML cells in stratified groups of patients
are necessary.

Epigenetic modifiers have been characterised as hav-
ing key roles in the pathogenesis of AML [4]. Histone
lysine demethylase 4A (KDM4A), which regulates tran-
scriptional activity via demethylation of histone 3 lysine
residues, including 9, 27 and 36, has been characterised
as a ‘master’ regulator of AML cell survival mecha-
nisms. Massett et al. [5] demonstrated that genetic
depletion of KDM4A or small molecule inhibition of
KDM4 family proteins was detrimental to AML cell
survival, while sparing healthy/normal haemopoietic
stem cells (HSCs). Supporting this, other studies showed
that small molecule pan-inhibition of KDM4 and
KDMG6 family proteins was detrimental to cell survival
[6]. Furthermore, another member of the KDM family,
KDMI1A, was shown to be essential for the survival of
AML cells driven by MLL-AF9, a leukaemogenic
gene fusion product, through maintenance of a pro-
oncogenic transcriptional signature [7]. There is also
value in exploring the transcriptional mechanisms
downstream of KDM4A, to understand its mechanisms
of oncogenesis and identify novel targetable leukaemo-
genic pathways, which may support the development of
novel precision medicine approaches; for example, for
stratifying patients that have differing responses to
KDMA4A inhibitors or demethylase-targeting therapies.

The Nuclear Factor of Activated T cells (NFAT)
family consists of five members, in which NFATcl-4
proteins function downstream of calcium signalling,
while NFATS is responsive to osmotic stress. Physiolog-
ically, inactive NFAT proteins reside in the cytoplasm
in a heavily phosphorylated state, and activation of
calcium-coupled surface receptors triggers a signalling
cascade via phospholipase C (PLC), which promotes
calcium influx and subsequent dephosphorylation of
NFAT, primarily by the phosphatase calcineurin.
Dephosphorylated NFATs then translocate to the
nucleus, where they bind DNA as a monomer and acti-
vate transcription; the most well-characterised example
of this being at the IL-2 promoter in T cells [§]. How-
ever, their role in myeloid cells has received limited
attention. NFAT expression is downregulated during
the differentiation of CD34" HSCs towards mature
myeloid cells, and different NFAT family members have
been found to have divergent roles in cell fate [9,10] and
regulation of the cell cycle [11,12]. There is also growing
evidence that NFAT signalling can enable therapy resis-
tance in myeloid leukaemias [13,14] and enable AML
development, such as in AML cells with the internal
tandem duplication in FLT3 (FLT3'™) [15]. In this
study, we identified the NFATC2 promoter as a novel
binding and transcriptional target of KDM4A. We used
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genetic knockdown (KD) and global sequencing
approaches in human AML cell lines, including a num-
ber of cytogenic AML subtypes, to characterise novel
mechanisms of NFATC2-regulated oncogenic mainte-
nance in AML, indicative of a putative targetable mech-
anism for further study.

2. Materials and methods

2.1. Cell culture

The suspension cell lines THP-1, HL-60, MV4-11,
MOLM-13, Kasumi-1 (all ATCC, Teddington, UK;
RRIDs: CVCL_0006, CVCL_0002, CVCL_0064,
CVCL_2119, CVCL_0589, respectively) and OCI-AML3
(DSMZ, Braunschweig-Sud, Germany; RRID: CVCL_
1844) were cultured in HEPA-filtered incubators at 37 °C
and with 5% CO,, in RPMI supplemented with 2 mm
L-glutamine and 10-20% (V/V) FBS, as recommended
by the supplier. The adherent cell lines HEK-293T
(ATCC; RRID: CVCL_0063) and HEK-293T/phoenix-
AMPHO (ATCC; RRID: CVCL_H716) were main-
tained in DMEM with 2 mM L-glutamine and 10% FBS,
and sub-cultured using Trypsin-EDTA (0.25%; Thermo
Fisher Scientific, Paisley, UK). HEK-293T/phoenix-
AMPHO cells were selected for stable expression of ret-
roviral vectors using Hygromycin B (200 pg-mL~") and
Diphtheria toxin (2 pg-mL~'; Merck, Gillingham, UK)
[16]. All cell lines were authenticated in the previous
3 years by monitoring growth curves and cell morphol-
ogy; further information is provided below. All cultures
were regularly validated to be mycoplasma-negative.

2.2. Cell line authentication

To authenticate cell lines, these were cultured at the
recommended conditions and growth curves monitored
by cell counts, with a comparison to the supplier’s sug-
gested doubling time. Morphology was also examined
under an inverted-light microscope and, after methanol
fixation on glass slides, with May—Griinwald—Giemsa
staining, and compared with supplier-suggested
morphology.

2.3. Plasmid preparation

Stb13™ chemically competent Escherichia coli were trans-
formed with lentiviral and retroviral plasmid vectors
(Addgene, Watertown, MA, Sigma-Aldrich, Gillingham,
UK) and subsequently expanded using LB agar plates
and Terrific broth, with ampicillin (100 pg-mL~"; Merck)
selection. Plasmids were extracted using a QIAprep Spin
Miniprep Kit or Plasmid Maxi Kit (Qiagen, Manchester,

2 Molecular Oncology (2024) © 2024 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

95U8017 SUOLIIOD AIERID 3|qedl|dde au) Aq pausenob afe sopilie O ‘9sn JO SajnJ 4o} Aleiq1 8UlUQO A8]1/ UO (SUONIPUOD-pUe-SWB)W0Y A3 | ATe1q 18Ul UO//:SdNY) SUONIPUOD PUe SWS | 84} 89S " [20z/y0/70] o Arelqiauliuo A8|Im ‘S9L A 0E9ET T920-828T/Z00T OT/I0p/Wod’ A8 i Alelq 1 puluo'SgR //:Sdy Wolj pepeojumoq ‘0 ‘T920828T



S. D. Patterson et al.

UK) as per the manufacturer’s instructions. Expected
plasmid sequences were confirmed using restriction diges-
tion with 0.8% (W/V) agarose gel electrophoresis and
DNA sequencing (Eurofins Genomics, Ebersberg,
Germany).

2.4. Virus generation

Lentiviral supernatants were generated by transfection
of HEK-293T cells in 6-well plates using PEI-mediated
transfection. In brief, for lentivirus generation, PEI was
complexed with plasmids in a total mass ratio of 12 pg
PEIL: 4 pg DNA/well in serum-free DMEM (1.8 pg
shRNA (pLKO.1):1.8 pg packaging (psPAX2):0.4 ug
envelope (pMD2.G) plasmids). These were incubated
for 30 min at RT, before adding dropwise to each well,
which contained HEK-293T culture media. Media were
changed after 24 h and lentiviral supernatants were har-
vested subsequently at two 24 h intervals and filtered
using 0.45 um filters. Retroviral supernatants were gen-
erated in the same manner, using HEK-293T/phoenix-
AMPHO cells, with 1.8 pg shRNA (pLKO.1)/well.

Cell lines were transduced with lenti/retrovirus by
mixing cell suspension (density 1-2 x 10° mL™',
depending on manufacturer-suggested minimum seeding
density) with lenti/retroviral supernatantina 1 : 1 volu-
metric ratio and 8 ug-mL~' hexadimethrine bromide
(Merck), before centrifugation at 900 g for 30 min and
returning to incubation at 37 °C with 5% CO,. At 24
and 48 h post-transduction, lentivirus-transduced cell
suspensions were selected using puromycin (concentra-
tion determined empirically per cell line; Merck). Exper-
imental timepoints are referred to as ‘post-selection’,
relative to the first addition of puromycin (0 h).

KD was achieved at 24 h post-puromycin treatment,
as determined by cell killing experiments, which deter-
mined that shRNA-transduced cells were efficiently
selected by puromycin at this timepoint. A timepoint
of 24 h post-selection was used to harvest RNA for
NFATC2 KD RNA-seq, as this timepoint most effi-
ciently captures the direct targets of NFATc2 binding,
as opposed to intermediary pathways. As is described
later in the text, 144 h post-selection was pursued as a
later timepoint, based on the data obtained during the
study. Finally, retrovirus-transduced cells were selected
at 48 h post-transduction for positive GFP expression
using fluorescence-activated cell sorting.

2.5. Colony-forming cell assay

For each condition, 1000 cells were seeded in
MethoCult™ H4230 semi-solid media, supplemented with
IMDM to 20% (V/V) in technical triplicate, and a
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minimum of three independent biological replicates, and
lentivirus-transduced cells were seeded with puromycin
also. Assays were then incubated at 37 °C with 5% CO,.
Colonies were counted and imaged at 7-10 days post-
seeding using an EVOS cell imaging system.

2.6. RNA extraction, cDNA synthesis, and qRT-
PCR

RNA was extracted using an RNeasy® Mini Plus Kit
or an RNeasy® Micro Plus Kit (Qiagen). cDNA was
synthesised from RNA wusing a SuperScript™ IV
Reverse Transcriptase first-strand  synthesis kit
(Thermo Fisher Scientific).

Gene expression was quantified by qRT-PCR using
PowerUp™ SYBR™ Green Master Mix and gene-
targeting primers (500 nM in reaction; IDT, Coralville,
Iowa) on a QuantStudio™ 7 Pro (Thermo Fisher Scien-
tific). Primer sequences are shown in Table SI. gRT-
PCR data were analysed using the AAC; method, which
compares mean C, values (from technical triplicates) to
those of selected housekeeping genes (C; average of
ACTB and GAPDH), and then compares these values
for test samples to those for control samples. Changes
in expression are shown as —log, fold changes.

2.7. RNA-seq

For RNA sequencing (RNA-seq), the cDNA libraries
were prepared from prepared RNA by Novogene
using a Next® Ultra™ RNA Library Preparation Kit
(NEB, Hitchin, UK) and sequenced using a NovaSeq
6000 platform (Illumina, Cambridge, UK). Reads were
aligned to the hg38 human genome build using STAR
and expression was quantified using the HTseq pack-
age; reads are referred to in the units Fragments Per
Kilobase of transcript per Million mapped reads
(FPKM). Differential expression between samples
transduced with shKDM4A or shNFATC2 and the
NTC was conducted in a pairwise manner, using the
DESEQ2 R package, which utilised three biological repli-
cates in the calculation. Next, parsing and filtering of
differential expression data, and production of most
diagrams were conducted in RSTUDIO.

2.8. RNA-seq data analyses

The SPIA R package provided access to the ‘signaling
pathway impact analysis’ (SPIA) platform, which
detects enrichment of known pathways based on both
the presence of genes in the data, and the strength of
their deregulation relative to their position in the path-
way. Other databases, such as KEGG and PANTHER
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were also used to establish enrichment of known path-
ways in the data, using their web tools as appropriate.

Scatterplots (including volcano plots) were drawn
using ggplot2 and Venn diagrams with the package Venn-
Diagram, both in r. The STRING database provided
information on protein—protein interactions, based on
known interactions, co-expression, co-occurrence in the
literature and other means of prediction.

2.9. Chromatin immunoprecipitation coupled
with sequencing (ChIP-seq)

NFATC2-bound DNA was precipitated from untreated
THP-1 cells (11 x 10° cells per IP). Cells were fixed
using formaldehyde (1% V/V in H,0O) for 10 min at
RT before supplementation with 125 mm glycine solu-
tion (Merck) and agitation for 5 min. Cytosolic lysate
was generated from fixed cells using cytoplasmic lysis
buffer (10 mm Tris pH 8.0/10 mm NaCl/0.4% (V/V)
IGEPAL CA-630/1x protease inhibitor cocktail/10 um
DIFP; Merck) and removed, before generation of
nuclear lysate using nuclear lysis buffer (50 mm Tris pH
8.0/EDTA 50 mm/SDS 0.8% (W/V)/1x protease inhibi-
tor cocktail/10 um DIFP; Merck), which was then soni-
cated using an EpiShear™ Probe Sonicator (Active
Motif, Waterloo, Belgium), with 18 bursts at 30%
amplitude for 30 s per burst. Sheared lysates were pre-
cleared using 2 pg rabbit IgG antibody (Thermo Fisher
Scientific) per sample for 1 h at 4 °C, before removing
IgG-bound lysate by incubating with protein G mag-
netic Dynabeads® (Thermo Fisher Scientific) for 1 h
and then removal by incubation with a magnetic stand.
Next, 2 pg antibody targeting either NFATc2 or rabbit
IgG was added to pre-cleared supernatants and incu-
bated overnight at 4 °C.

Following this, bead-bound DNA was magnetically
isolated, washed and then eluted using an Ipure V2 Kit,
as per protocol, and sequencing libraries were prepared
using a MicroPlex Library Preparation Kit (both Diag-
enode, Denville, NJ, US). The libraries were purified
using AMPure® XP beads (Beckman Coulter, High
Wycombe, UK) and sequenced by Novogene (Cambridge,
UK) using a NovaSeq 6000 platform (Illumina).

Raw data were processed using tools in the Galaxy
platform and subsequent analyses were performed in
RSTUDIO (version 4.3).

2.10. ChiIP-seq analyses

The ChlPseeker package was used in Galaxy to gener-
ate plots showing the distribution of peaks across the
genome. This package also annotated peaks with
Ensembl gene IDs and gene loci information. Genes
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were further annotated manually using the Ensembl
database.

Functional enrichment in the genes containing peaks
was conducted on GSEA using a pre-ranked analysis.
Ensembl gene IDs were uploaded with their associated
(peak) enrichment scores, which were used to rank
genes. Standard settings were used and inclusion of
gene sets in the range of 5-500 genes.

2.11. Metabolic assays: MitoSOX, CeliTiter-Glo,
Alamar blue

For the MitoSOX assay, cells were incubated with
1 mL 500 nm MitoSOX red (Thermo Fisher Scientific)
in HBSS for 30 min at 37 °C and with 5% CO,,
before washing in HBSS and staining with DAPI
(1 pg-mL~"). Using flow cytometry, live (DAPI") and
GFP" cells were subset and gated for MitoSOX
positivity.

To assess ATP content, cell suspensions (plated at
equivalent cell densities) were incubated with an equiva-
lent volume of CellTiter-Glo (Promega, Chilworth, UK)
working reagent, in technical triplicate, in an opaque
96-well plate for 10 min. The luminescent signal was
measured using a SpectraMax® M5 Plate Reader.

For the Alamar Blue assay, Alamar Blue dye
(Merck) was incubated with cell suspensions (plated at
equivalent cell densities) at 50 um, in technical tripli-
cate, at 37 °C with 5% CO, for 4 h. The absorbance
was measured at excitation 535 nm and emission
590 nm using a SpectraMax® M35 Plate Reader.

2.12. Flow cytometry

All flow cytometry assays were conducted on a
FACSCanto™ 1II flow cytometer and data were
acquired using BD FACSDIVA™ software, with analyses
conducted on FrLowso software (v10.7.2, BD Bio-
sceinces, Wokingham, UK). Apoptosis: Cells were
incubated with Annexin V conjugated to FITC or
APC (1 : 100 dilution in HBSS; BD Biosciences) and
DAPI (1 pgmL™'; Thermo Fisher Scientific) for
15 min at RT. Using this staining, cells were gated
into either Annexin' or Annexin~ fractions.

Cells were stained with CFSE (CarboxyFluoroscein
Succinimidyl Ester) and CTV (CellTrace™ Violet; both
Thermo Fisher Scientific) at 5 um in the appropriate
base medium for the desired cell line and incubated at
37 °C with 5% CO, for 20 min, before staining with
DAPI (1 pgmL~"), washing and subsequent data
acquisition. The geometric mean for CFSE (in the
488-530/30 channel) was established at the point of
staining and subsequent timepoints.
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In the Ki67/DAPI assay, harvested cells were
washed and fixed in cold 70% ethanol before over-
night storage at —20 °C. Cells were then washed in
PBS/1% (V/V) FBS and stained with anti-Ki-67-PE
(1:100 dilution; BD) for 30 min at RT, prior to
5 min incubation with DAPI (1 pg-mL™!). Using the
Ki-67-PE and DAPI flow cytometry distribution, cells
were categorised into the following phases of the cell
cycle: GO/G1, S, G2, and M.

2.13. Immunoblotting

To obtain whole cell lysates, cells were lysed in RIPA
buffer (25 mm Tris—=HCI (pH 7.4)/150 mm NaCl/1%
(V/V) IGEPAL CA-630/0.5% (W/V) sodium deoxycho-
late/0.1% (W/V) SDS/1x protease and phosphatase
inhibitor cocktails/10 pm DIFP; Merck) for 30 min on
ice and the protein quantified using a Bradford assay
(Thermo Fisher Scientific). Equal quantities of protein
were loaded into a NuPAGE™ 4-12%, Bis-Tris, 1 mm
protein gel and run at 120 V for 90 min in MOPS-SDS
running buffer, alongside a PageRuler™ Plus Prestained
Protein Ladder (Thermo Fisher Scientific). The protein
was transferred onto a nitrocellulose membrane at 10 V
for 1h in tris-glycine transfer buffer (50 mwm
tris/383 mm glycine/10% (V/V) methanol; Merck).
After blocking in TBST (10 mm tris-HCl, pH
8.0/150 mm NaCl/1% (V/V) Tween20; Merck) with 5%
(W/V) BSA (Merck) for 1 h, membranes were incubated
overnight at 4 °C with antibody in a 5% (W/V)
BSA/TBST solution, with dilutions based on the manu-
facturer’s recommendations. The antibodies used were
raised against NFATc2, total histone 3, B-actin, COXIV
and c-Myc (Table S2). Subsequently, membranes were
washed in TBST and incubated in TBST containing sec-
ondary antibodies with fluorescent conjugates
(1 : 10 000 dilution; LI-COR, Cambridge, UK) for 1 h
at RT. Membranes were visualised using a LI-COR®
Odyssey Imager and analysed using IMAGESTUDIO Soft-
ware (LI-COR). Re-probing of membranes was con-
ducted by stripping using ReBlot Plus Strong Antibody
Stripping Solution (Merck), as per the manufacturer’s
recommendations, and re-blocking and re-probing with
the appropriate antibodies as described. The antibodies
used are given in Table S2.

2.14. Statistical analyses and software

For the statistical testing of differences between multi-
ple groups, a one-way analysis of variance (ANOVA)
test with post-hoc Dunnett’s tests for a comparison of
means between the treatment group and control was
used. A two-way ANOVA with post-hoc Dunnett’s
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tests for a comparison of means between the treatment
group and control was used for inter-group compari-
sons with multiple factors. For multiple comparisons
at differing timepoints, a repeated measures ANOVA
test was used. In the case of comparing only two
groups, an unpaired, two-sided #-test was used.
P < 0.05 was considered significant. For the analyses
of RNA-seq and ChIP-seq data, the tests are specific
to the package used and are stated in the figure leg-
ends. In each case, appropriate correction for multiple
hypothesis testing was applied by the package used.

Graphs were assembled and the associated statistical
tests were conducted using GRAPHPAD PRISM software
(version 10.0; Boston, MA). RNA-seq and ChIP-seq
data, in addition to the patient datasets, were analysed
using a combination of the Galaxy platform and RSTU-
DIO (version 4.3).

3. Results

3.1. NFATC2 is a downstream transcriptional
target of KDM4A in THP-1 cells

We have previously demonstrated that human AML
cells, including THP-1 cells, are dependent on KDM4A
for survival [5]. RNA-seq was performed in THP-1
cells with KDM4A4 KD to identify the pathways that
were deregulated by depletion of KDM4A. Analysis of
this dataset (GSE125374) using SPIA, a signalling
pathway enrichment tool, yielded 137 pathways, 32 of
which were included for downstream analyses, to focus
specifically on the elucidation of intracellular signalling
perturbations; the topmost deregulated pathways are
shown in Fig. 1A. The ‘Wnt signalling pathway’ was
the most inhibited pathway after shKDM4A transduc-
tion, according to the descriptors of SPIA (total accu-
mulated perturbation of the pathway (tA) = —7.457;
false discovery rate for pathway perturbation
(pGFdr) < 0.001), compared to the non-targeting con-
trol (NTC) shRNA.

Of the possible genes in the SPIA Wnt signalling
pathway, seven were significantly deregulated after
KDM4A4 KD in THP-1 (Fig. 1B) and validated with a
second KDM4A4 KD construct (P,q; < 0.05 for both
constructs; Fig. S1). This included downregulation of
two members of the NFAT family of transcription fac-
tors NFATC2 and NFATC3. Using ChIP-seq peak calls
for KDM4A chromatin binding in THP-1 cells
(GSE125375), it was also found that KDM4A binds the
NFATC?2 gene locus at six sites with statistical signifi-
cance (Fig. 1C; ¢ < 0.001). Two of these were within the
promoter (< 5 kb of the transcription start site (TSS)),
indicating that it may regulate NFATC?2 transcription
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Fig. 1. KDM4A transcriptionally regulates NFATCZ2 and binds the NFATCZ2 gene locus in THP-1 cells. THP-1 cells were transduced with
short hairpin RNA (shRNA) constructs non-targeting control (NTC) or KDMA4A-targeting shRNA (shKDM4A). RNA-seq data were generated
from cells harvested 48 h post-puromycin selection (n = 3 biological replicates). (A) RNA-seq data from transduced THP-1 cells were
analysed using the Signaling Pathway Impact Analysis (SPIA) pathway enrichment tool. Shown are the enrichment statistics (total
accumulated perturbation of the pathway (tA) and false discovery rate for pathway perturbation (pGFdr)) from SPIA for the top four most
enriched downregulated and upregulated datasets, for the differential expression between NTC vs. shKkDMA4A. Pathways with a false
discovery rate (FDR/pGFdr) < 0.05 were included and ordered by tA. (B) The expression of genes from the 'Wnt signalling pathway’ from
SPIA (A), which had P,q; < 0.05 in the RNA-seq dataset for NTC vs shKDM4A, are shown as a heatmap, given as z-scaled Fragments Per
Kilobase of transcript per Million mapped reads (FPKM) (z-scaling across NTC and two shKDM4A constructs; full heatmap shown in
Fig. S1). (C) DNA/protein complexes were immunoprecipitated from untreated THP-1 cells using an anti-KDM4A antibody, and DNA was
fragmented and sequenced (n = 3 biological replicates). Shown are the KDM4A binding peaks within the NFATC2 gene region meeting a
significance threshold g < 0.05, as determined by epic2.

more directly; the remainder were in distal intergenic or datasets for paediatric AML patient samples (n = 199)
intronic regions. One KDM4A binding peak was identi- showed that NFATC2 and NFATC3 expression were
fied for NFATC3 (Fig. S2A), also < 5 kb from the TSS, correlated (P < 0.0001; Fig. S2B). Given the stronger
suggesting a potential regulatory role in transcription. evidence for NFATC2 as a KDM4A binding target and
Analysis of the TARGET open-source gene expression the correlation with NFATC3 expression, NFATC2 was
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pursued as a transcriptional target of KDM4A of signif-
icant interest.

3.2. THP-1 cells are dependent on NFATC2
expression for survival in vitro

Three AML cell lines of diverse cytogenetic origin,
THP-1 (MLL-AF9, TP53™"), HL-60 (amplified MYC,
TP53%Y) and MV4-11 (FLT3''°, MLL-AF4), lost
colony-forming capacity after transduction with siRNA
targeting NFATC2 (sShNFATC2-1 and shNFATC2-2),
compared to an NTC shRNA (Fig. 2A; P < 0.05). In
contrast, MOLM-13 (FLT3"™, MLL-AF9) colony for-
mation was not significantly deregulated by NFATC2
KD with either construct ssNFATC2-1 or SANFATC2-2
(Fig. 2A). These data suggest that NFATC? is required
for AML cell survival in some, but not all, cytogenetic
contexts, and independently of M LL-AF9 expression.

The cell lines in which the effect of NFATC2 KD on
colony formation was the greatest and least—THP-1
and MOLM-13, respectively—were taken forward for
further study. Supporting the above data, stable over-
expression (OE) of NFATC2 (hNFATC?2) increased the
colony-forming capacity of THP-1, but not MOLM-13
(Fig. 2B, P < 0.05 for THP-1). Validation of NFATC?2
KD and OE by qRT-PCR is shown in Fig. 2C,D,
respectively. KD of NFATc2 protein in THP-1 was
confirmed by immunoblot (Fig. 2E). In parallel, THP-
1 expansion in liquid culture was reduced after
NFATC2 KD and increased with hNFATC2 OE
(Fig. 2F,G, respectively).

3.3. NFATC2KD in THP-1 cells led to CCND1
downregulation and G1/S transition arrest

Next, we explored the mechanism by which NFATC2
expression is required for THP-1 cell growth and
colony-forming potential in vitro. Ki-67/DAPI staining
of THP-1 cells demonstrated that the proportion of
cells in the G1 phase of the cell cycle was increased
and the proportion in the G2-M phases was reduced
after ShRNA NFATC2 KD, relative to NTC shRNA
at 72 h post-selection. In addition, the proportion of S
phase cells was reduced after shNFATC2-1 transduc-
tion, indicating a G1/S transition arrest (Fig. 3A;
P < 0.05). Reinforcing this, proliferation tracing with
CFSE demonstrated a significant reduction in THP-1
proliferation after NFATC2 KD in the 96-144 h post-
selection time window, with a trend towards reduction
between 24 and 72 h (Fig. 3B; P < 0.05 for 96-144 h).
Cell surface expression of Annexin V was not signifi-
cantly increased after NFATC2 KD at 72 h or 144 h
post-puromycin selection, suggesting that apoptosis

NFATC2 and MYC regulate cyclin D1 in AML

was not a major contributing mechanism for the
observed loss of expansion in THP-1 cells after
NFATC2 KD (Fig. S3).

Analysis of the expression levels of selected cyclin
genes measured at 144 h post-selection, in accordance
with the phenotype demonstrated by CFSE staining by
144 h post-selection, showed that CCNDI was signifi-
cantly downregulated after NFATC2 KD (Fig. 3C left;
P,q; < 0.05). Preliminary data indicated that there was
a greater downregulation of CCND/ at the later time-
point post-NFATC2 KD, compared with earlier (48 h;
data not shown). This was validated in a separate
cohort of THP-1 cells (Fig. 3C right; P < 0.05), which
indicates that cell cycle arrest upon NFATC2 KD in
THP-1 cells is, at least in part, due to CCNDI
downregulation.

3.4. NFATC2 KD led to global downregulation of
MYC transcriptional targets in THP-1 cells

RNA-seq was used to reveal the most immediate tran-
scriptional targets of NFATC2 KD, at 24 h post-
selection, relative to NTC shRNA (Fig. 4A;
GSE173394). GSEA revealed that two of the top path-
ways deregulated by both shRNA constructs were
‘MYC_TARGETS VI’ and ‘'HALLMARK_OXIDA-
TIVE_PHOSPHORYLATION’ with FDR < 0.001
(Fig. 4B). The full list of GSEA hallmark pathways
which were significantly enriched in the differential
genes for NTC vs. ShNFATC2-1 and shNFATC2-2 is
shown in Table S3. These data indicate that NFATC?2
and MYC are upstream of some shared gene targets
and that NFATC?2 targets are involved in regulating
oxidative phosphorylation, amongst other cellular
processes.

3.5. NFATc2 protein binds to key mitochondrial
genes in THP-1 cells

ChIP-seq analysis for NFATc2 chromatin binding in
untreated THP-1 (GSE241260) revealed 517 peaks
with statistical significance (FDR < 0.05 and log, fold
change > 1) and 8 peaks were removed due to being in
‘blacklisted” genome regions. The distribution of
NFATc2-bound peaks, relative to the TSS, is shown
in Fig. 5A,B. GSEA applied to NFATc2-bound peaks
showed enrichment of the gene set ‘DANG._-
BOUND_BY_MYC’ (Fig. 5C; FDR = 0.05), which is
consistent with the finding of ‘MYC_TARGETS VI’
GSEA enrichment from previous NFATC2 KD RNA-
seq data in THP-1 (Fig. 4B). PANTHER analysis of
the NFATc2-bound ChIP peaks also revealed that the
GO pathway ‘Oxidative phosphorylation’ was enriched
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Fig. 2. NFATC2 knockdown (KD) in AML cell lines led to a loss of colony-forming capacity. THP-1 cells were transduced with short hairpin
RNA (shRNA) constructs non-targeting control (NTC) or NFATCZ2-targeting shRNA (shNFATC2-1 or shNFATC2-2), or either of expression
vectors Empty or hNFATC2. (A) Colony formation capacity of shRNA-transduced AML cell lines, 7-8 days post-puromycin selection. Mean
and individual data replicate numbers of total colonies (n = 3 biological replicates). (B) Colony formation capacity of THP-1 or MOLM-13
cells, expressing either Empty or hNFATC2 vectors, 7-8 days post-seeding. Mean and individual data replicate numbers of total colonies
(n = 4 biological replicates). (C) NFATC2 expression as measured by quantitative real-time polymerase chain reaction (qRT-PCR) (n =3
biological replicates) in AML cell lines, 48 h post-puromycin selection. Shown as a mean —log, fold change of expression (with individual
replicate points), relative to NTC, using the AAC; method, relative to BACTIN and GAPDH housekeeping genes. (D) NFATC2 expression as
measured by gRT-PCR (n = 3 biological replicates) in vector-expressing THP-1 or MOLM-13, presented as in (C) and relative to Empty
vector. (E) Immunoblot of shRNA-transduced THP-1 cells, 72 h post-puromycin selection. Left: Mean signal intensity (with individual
replicate points) as measured by densitometry (n = 4 biological replicates). Right: representative immunoblot, with size markers indicated
(kDa). (F) Mean cell densities (with individual replicate points) of shRNA-transduced THP-1 in liquid culture at intervals post-puromycin
selection as shown on the x-axis (n = 3 biological replicates). (G) Mean cell densities (with individual replicate points) of vector-expressing
THP-1 in liquid culture at intervals post-seeding as shown on the x-axis (n = 3 biological replicates). Statistical tests used were two-way
ANOVA (A-C), two-sided, unpaired t-test (D), one-way ANOVA (E), and repeated measures ANOVA (F, G). P-values shown for ANOVA tests
are derived from post-hoc Dunnett's tests for comparison of treatment with control means. P-values: *< 0.05, **< 0.01, ***< 0.001,

**%%< (0.0001, ns, not significant.

(Fig. 5D; FDR = 0.028), consistent with enrichment of
‘HALLMARK_OXIDATIVE_PHOSPHORYLA-
TION’ from the RNA-seq data analyses. In addition,
ChIP peak analysis revealed that the GO pathway
‘Mitochondrial complex IV’ was enriched relative to
the input DNA (Fig. 5D; FDR = 0.041), consistent
with the enrichment of the GSEA pathway ‘HALL-
MARK_OXIDATIVE_PHOSPHORYLATION’ from
the RNA-seq data analyses.

The overlap of genes included in the leading-edge
subsets of the enriched GSEA pathways ‘MYC_TAR-
GETS_VI’ and ‘HALLMARK_OXIDATIVE_PHOS
PHORYLATION’ after NFATC2 KD and the ChIP-
seq NFATc2-bound genes is shown in Fig. 5E (left).
These overlaps were statistically significant by hypergeo-
metric test (P < 0.05; Fig. SE (bottom)), indicating that
these genes found from separate analyses are of signifi-
cance, beyond statistical chance. Of the 13 overlapping
genes, the corresponding proteins were found to form
two clusters using the STRING protein database
(Fig. SE, right), of which all 10 proteins in the primary
cluster were mitochondrial components. This suggests
that key transcriptional targets of NFATC?2, which are
also published targets of MYC and components of oxi-
dative phosphorylation, are components of mitochon-
drial function.

3.6. MYC is upstream of NFATC2 expression

KD of MYC in THP-1 cells with either shMYC-1 or
shMYC-2 constructs led to a complete loss of colony-
forming capacity (Fig. 6A; P <0.05). MYC KD was
validated by qRT-PCR (Fig. 6B; P < 0.05). Similar to
NFATC2 KD, Ki-67/DAPI staining of THP-1 cells
with MYC KD demonstrated that proportions of

cells in the G1 phase of the cell cycle were increased
and those in the S and G2-M phases were reduced
after sShARNA MYC KD, relative to NTC shRNA at
72 h post-selection (Fig. 6C). Consistent with this
observation, proliferation tracing with CTV showed a
reduction in the expansion of THP-1 cells after
shM YC transduction, relative to NTC (Fig. 6D).

Furthermore, CCNDI was downregulated after
MYC KD in THP-1 cells (Fig. 6E; P <0.05).
Together, these data suggest that KD of MYC pheno-
copies that of NFATC2 in THP-1 cells.

MYC (hMYC) OE in THP-1 cells was shown to sig-
nificantly increase the expression of NFATc2 protein
(Fig. 6F; P < 0.05) and transcript (Fig. S4A; P < 0.05),
rendering M YC as a plausible transcriptional or transla-
tional regulator of NFATc2 expression. Conversely,
shRNA MYC KD in THP-1 did not lead to significant
NFATC?2 downregulation (Fig. S4B), which could sug-
gest that NFATC?2 expression is not entirely dependent
on elevated MYC in these cells. In addition, THP-1
cells overexpressing NFATC2 displayed significantly
downregulated c-Myc protein expression, suggesting
that there may be a bidirectional relationship (Fig. S4).
Together these data indicate that there is a MYC-
NFATC? regulatory axis in which MYC can upregulate
NFATC2, but is not necessary for basal NFATC2
expression, and, in addition, there may be negative
feedback from NFATC2 towards MYC in THP-1 cells.

3.7. NFATC2 maintains oxidative
phosphorylation as a mechanism of survival in
THP-1 cells

To build on the data from the RNA-seq and ChIP-seq
studies, some functional assays were used to elucidate
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the contribution(s) of NFATC2 and MYC to basic MitoSOX™ red fluoresces upon interaction with
mitochondrial function in THP-1 cells. The specific mitochondrial superoxide, a type of reactive oxygen
features of mitochondrial and/or cellular metabolic species (ROS) that arises due to electron leakage from
activity measured by the assays described here are the mitochondrial electron transport chain, and can
highlighted in Fig. 7A. serve as a marker of mitochondrial respiratory activity.
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Fig. 3. THP-1 cells undergo proliferation arrest after NFATC2 knockdown (KD). THP-1 cells were transduced with short hairpin RNA (shRNA)
constructs non-targeting control (NTC) or NFATC2-targeting shRNA (shNFATC2-1 or shNFATC2-2). (A) Transduced THP-1 cells stained with
Ki67-PE and DAPI and cell cycle phases were quantified by flow cytometry. Left: Mean proportions of cells (with individual replicate points)
within each gate after the exclusion of dead cells (n = 3 biological replicates). Shown are cells within gates determined to be Gq, G4, S, Ga
and M phases of the cell cycle. Right: representative flow cytometry plots with gating strategy. The proportion of cells recorded within each
gate is shown as a percentage of single cells. (B) shRNA-transduced THP-1 cells stained with carboxyfluorescein succinimidyl ester (CFSE)
for 48 h (at either 24 or 96 h post-puromycin selection; n = 3 biological replicates) were quantified by flow cytometry. Left: Mean log, fold
changes in CFSE intensity of DAPI-negative live cells (with individual replicate points) at the point of staining and 48 h post-staining. Right:
representative flow cytometry histograms showing CFSE signal stained at 96 and 48 h later (144 h timepoint). The CFSE mean
fluorescence intensity (MFI) is shown in the plots, comparing 144 vs. 96 h. (C) Left: Heatmap showing gene expression data as determined
by quantitative real-time polymerase chain reaction (qRT-PCR) from shRNA-transduced THP-1 cells 144 h post-puromycin selection, for
selected genes. Expression is shown as —log, fold changes for each replicate as compared to NTC, using the AAC,; method, normalised to
BACTIN and GAPDH. The expression range is shown by a colour legend. Right: CCND1 expression was validated in an independent cohort
of shRNA-transduced THP-1 cells (n = 3 biological replicates). Shown is CCND1 expression 144 h post-puromycin selection as mean —log,
fold change (with individual replicate points) compared to NTC using the AAC; method, normalised to BACTIN and GAPDH housekeeping
genes. Statistical tests used were two-way ANOVA (A) and one-way ANOVA (B and C, right), both with post-hoc Dunnett's tests for
comparison of treatment mean against control mean. In C (left), for testing differences of means between NTC (not shown; values are zero)
and each treatment group, for each gene, multiple two-sided, unpaired t-tests were used, with correction for multiple testing using the two-

stage step-up method of Benjamini, Krieger and Yekutieli. P-values: *< 0.05, **< 0.01, ***< 0.001, ****< 0.0001.

Cells overexpressing hNFATC2, but not hMYC, had a
significantly larger subset of MitoSOX" cells than
those expressing the empty vector (Fig. 7B). GFP posi-
tivity was used to confirm the true expression of the
retroviral vector and doxorubicin was applied as a
positive control for superoxide release (Fig. 7C). These
data indicate that hNFATC2 OE in THP-1 results in a
higher basal level of superoxide.

Levels of ATP, which can be a surrogate marker
of mitochondrial respiration, were not increased in
THP-1 expressing hNFATC2, compared to the Empty
vector-expressing THP-1, as measured by CellTiter-
Glo® in cell suspensions with equivalent densities
(Fig. 7D). This suggests that the ATP output of mito-
chondria was not altered by hNFATC2 OE in THP-1
cells. In contrast, THP-1 expressing hM YC had a lower
value of CellTiter-Glo®, indicating lower ATP levels
(Fig. 7D). Using an AlamarBlue™ assay in cell suspen-
sions with equivalent densities, no observable enhance-
ment in resazurin reduction in THP-1 expressing
hNFATC2 or hMYC was seen, compared to empty vec-
tor (Fig. 7E; n = 3), indicating similar levels of viability
and basal global cellular metabolism.

NFATC2 KD in THP-1 led to a trend towards
reduced MitoSOX™ red staining at 72 h post-
selection, but this was below statistical significance
(Fig. 7F; P,qj = 0.246 and 0.352, for SANFATC2-1 and
-2, respectively). MYC KD in THP-1 led to reduced
MitoSOX™ red staining at 72 h post-selection, but
only after transduction with shMYC-1 construct
(Fig. 7G; P = 0.020).

These data alone do not offer a clear view of the
role of MYC in this context and further study is

required. However, the data do indicate that NFATC2
regulates processes which contribute to mitochondrial
superoxide accumulation, but not overall ATP synthe-
sis or cellular metabolism.

4. Discussion

In this study, we demonstrated that AML cell lines of
diverse cytogenetic backgrounds are dependent on
NFATC? for colony formation, which, at least in the
case of THP-1 cells, is due to NFATC2 maintenance
of the G1/S phase cell cycle transition. The roles of
NFATSs in cell cycle regulation are well-described; for
example, pan-NFAT inhibition using cyclosporine A
(CsA) led to increased proliferation of the myeloid
compartment [11], indicating a cell cycle-suppressive
role for NFATSs in these cells. Consistent with this,
constitutively active NFATC2 exhibited a pro-arrest
and pro-apoptosis phenotype in NIH-3T3 fibroblasts
[17]. This is contrary to our finding, which implies that
NFATC2 maintains cell proliferation in the THP-1
model.

Cyclin D1 is a well-known regulator of the Gl1-to-S
transition in the cell cycle [18,19] and so our finding of
CCND|I downregulation after NFATC2 KD is consis-
tent with the arrest phenotype in this context. Else-
where, NFAT-binding DNA motifs have been
characterised within the CCNDI promoter, and
NFATcl, specifically, has been demonstrated to regu-
late CCNDI-mediated proliferation in vascular tissues
[20-22]; a relationship between NFATC2 and CCNDI
has not yet been described, to our knowledge. How-
ever, CCNDI downregulation was not significantly
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Fig. 4. Oxidative phosphorylation and targets of MYC are downregulated after NFATC2 knockdown (KD) in THP-1 cells. THP-1 cells were
transduced with short hairpin RNA (shRNA) constructs non-targeting control (NTC) or NFATC2-targeting shRNA (shNFATC2-1 or shNFATC2-
2). RNA sequencing (RNA-seq) data were generated from cells harvested 24 h post-puromycin selection (n = 3 biological replicates). (A)
Volcano plots show —log, fold changes and —logqo Pag; Values as calculated by pesea2 for all genes with mean normalised read counts > 10.
Values are as calculated from three pooled replicates. Red dotted lines indicate cut-off thresholds of |-log, fold change| > 1 and —log10 P
value > 1, with gated genes highlighted in red. N.S., not significant. (B) RNA-seq data from transduced THP-1 cells described in (A) were
analysed using the Gene Set Enrichment Analysis (GSEA) platform. Shown are the GSEA plots for the datasets
HALLMARK_MYC_TARGETS_V1 and HALLMARK_OXIDATIVE_PHOSPHORYLATION, for the differential expression between NTC vs.
shNFATC2-1 and shNFATC2-2 as indicated. False discovery rate (FDR) values are shown.

demonstrated prior to 144 h post-puromycin selection, relationship is not the result of direct transcriptional
despite NFATC2 being downregulated at the 48 h activity. To support this, CCNDI was not found to be
timepoint, which suggests that the NFATC2-CCNDI an NFATc2-bound gene from the ChIP-seq data and,

Fig. 5. NFATc2 binds genes involved in oxidative phosphorylation and mitochondrial respiration in THP-1 cells. DNA/protein complexes were
immunoprecipitated from untreated THP-1 cells using an NFATc2 antibody, and DNA was fragmented and sequenced (n = 3 biological
replicates). (A) Output from the ChlPseeker package analysis of NFATc2 binding peaks meeting the significance threshold (FDR < 0.05 and
log, fold change > 1), and without blacklisted regions, as determined by epic2. The distribution of binding sites relative to the transcription
start site (TSS) of the nearest gene (n = 138) is given as a pie chart in (A); as a bidirectional plot given in the 5’3’ direction in (B). (C)
Protein-coding genes were isolated from the NFATc2-bound epic2 peaks and analysed using the GSEA platform. Shown is the enrichment
plot for the pathway ‘'DANG_BOUND_BY_MYC’ with the FDR statistic given. (D) Protein-coding genes in (C) were used to find enriched
gene ontology (GO) pathways with the PANTHER web tool. Shown are two pathways with the enrichment and false discovery rate (FDR)
statistics. (E) Genes from the leading-edge subsets of the pathways enriched in the NFATC2 RNA-seq KD data, which were present in the
subset for both shRNA constructs, and overlapped with NFATc2-bound genes from ChIP-seq analysis; represented by Venn diagram (left). A
hypergeometric test was conducted to test pairwise overlaps and the statistics of these are given (bottom). The overlapping genes were
also entered into the STRING database and the interaction clusters are also shown (right).
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as such, there are likely to be intermediate regulatory
players which we have not characterised here.

The regulation of CCNDI is complex; its expression
and activity are dependent on epigenetic regulation,
transcription factors, post-translational modification,

S. D. Patterson et al.

However, in the THP-1 model, we demonstrated that
both OE and KD of NFATC?2 either increased or
decreased cell expansion, respectively, suggesting that
NFATC2 has a rate-limiting effect on the cell cycle,
for which CCNDI may be a critical factor. In contrast,

and degradation, as covered in several reviews [23-26]. effects on cell expansion were not observed in
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Fig. 6. MYC knockdown (KD) in THP-1 cells phenocopies KD of NFATC2. (A) Colony formation capacity of non-targeting control (NTC) or
MYC-targeting short hairpin RNA (shMYC)-transduced THP-1 cells, 7-8 days post-puromycin selection (n = 3 biological replicates). Mean
number of total colonies (with individual replicate points). (B) MYC expression measured in shRNA-transduced THP-1 cells using quantitative
real-time polymerase chain reaction (QRT-PCR) at 48 h post-puromycin selection. Differential expression is shown, as compared between
either NTC vs. shMYC-1 and NTC vs. shMYC-2 and are shown as mean —log, fold changes (with individual replicate points; n = 3 biological
replicates). (C) THP-1 cells transduced with shRNA constructs NTC, shMYC-1 and shMYC-2 were stained with Ki67-PE and DAPI (n =3
biological replicates). Mean proportions of cells shown (with individual replicate points) within each gate: Go, G, S, G, and M phases of the
cell cycle (Fig. 3A). (D) shRNA-transduced THP-1 cells stained with CellTrace™ Violet (CTV) and 7-AAD with quantification by flow
cytometry. Mean log, fold changes in CTV intensity of 7-AAD-negative cells (with individual replicate points) at the point of staining to 48 h
post-staining. Shown are changes from 24 to 72 h (n = 3 biological replicates) post-puromycin selection. (E) CCND1 expression measured in
shRNA-transduced THP-1 cells using gRT-PCR at 48 h post-puromycin selection. Differential expression is shown, as compared between
either NTC vs. shMYC-1 and NTC vs. shMYC-2 and are shown as mean —log, fold changes (with individual replicate points; n = 3 biological
replicates). (F) c-Myc and NFATc2 protein expression were measured by immunoblot in THP-1 cells expressing either of the vectors Empty
or hMYC. Quantitative densitometry results are shown (n = 3 biological replicates), expression relative to total histone 3 (H3), and the
representative immunoblot is shown with size markers indicated (kilodaltons (kDa)). The statistic for overall difference between groups is
given from a one-way ANOVA. Statistical tests used were one-way ANOVA (A, B, D, E), two-way ANOVA (C) and two-sided, unpaired t
tests (F); P-values shown for ANOVA tests are for post-hoc Dunnett’s tests between control and treatment group means (A-D) or the

ANOVA test for differences across all groups (E). P-values: *< 0.05, **< 0.01, ***< 0.001, ****< 0.0001.

MOLM-13 cells with either NFATC2 OE or KD.
While THP-1 and MOLM-13 cells share an MLL-AF9
rearrangement, there are some key mutational differ-
ences (e.g., THP-1 carries FLT3"7, MOLM-13 carries
FLT3'™P), highlighting the importance of the muta-
tional profile-specific context to the observed
mechanism(s).

The heterogeneity of NFAT activity is partly due to
their interactions with a myriad of transcriptional part-
ners [27], which depends on the cell-specific signalling
landscape. For example, transcriptional complexes
formed by NFAT(c1-4) and AP-1 heterodimers leads
to the integration of calcium and MAPK signalling
pathways at the DNA-binding level [28,29]. Such com-
plexes may also be drug-targetable [30], which could
enable the targeting of NFAT complexes in AML cells
where a specific combination of signalling pathways is
activated. We identified significant enrichment of c-
Myec targets within NFATC?2 transcriptional targets, in
addition to co-enrichment of c-Myc and NFATc2
DNA-binding targets, via our sequencing experiments.
These data suggest that c-Myc could be a
transcriptional partner of NFATc2, by which they
form DNA-binding complexes to regulate pro-
oncogenic signalling, akin to NFAT:AP-1 complexes.

To support this hypothesis, MYC KD in THP-1
cells phenocopied NFATC2 KD, as cells displayed
reduced proliferation with evidence of G1/S phase
arrest and CCNDI downregulation, in addition to loss
of colony-forming capacity. However, we found that
MYC OE in THP-1 was accompanied by NFATc2
upregulation, but not vice versa, which suggests that
the NFATC?2 is likely a transcriptional target of c-Myc
itself; this would be useful to explore with further

ChIP-Seq with c-Myc complex precipitation. While
our evidence suggests likely DNA co-binding of
NFATCc2 and c-Myc at common loci, there appears to
be a MYC-NFATC?2 regulatory axis which may con-
tribute to the observed effects, and the underlying rela-
tionship is more complex.

MYC has ubiquitous cellular functions and has been
characterised as a pro-leukaemogenic oncogene in
AML,; for example, it may drive drug resistance [31,32]
and its expression can be prognostic for patient out-
come [33]. It can also be targeted therapeutically using
inhibition of upstream BET signalling [34]. c-Myc has
not been described as a transcriptional partner of
NFATc2 previously, although one study has shown
NFATc2 to upregulate MYC by binding its promoter
[35]; while we did not find this from ChIP-seq or
NFATC2 OE experiments, the context of this study
was in non-AML cells.

In addition, we identified genes which regulate oxi-
dative phosphorylation (OxPhos) as enriched in
NFATC2-regulated and NFATc2-bound genes, in
THP-1 cells. In support of this, the genes which were
in the GSEA leading-edge subsets common to both
ShNFATC2 constructs for the overlaps between
‘MYC_TARGETS VI’, ‘HALLMARK_OXIDATI-
VE_PHOSPHORYLATION’, and also ChIP-seq bind-
ing sites, were primarily mitochondrial, and clustered
together using STRING analysis (Fig. SE).

OxPhos is a highly complex respiratory process with
many components (reviewed in [36]) and often cancer
cells are described as being more dependent on glycoly-
sis than OxPhos (reviewed in [37]), while some studies
have shown AML cells to be vulnerable to inhibition of
mitochondria-dependent  respiration  [38,39]. We
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functionally demonstrated that NFATC2, but not
MYC, OE led to an increase of mitochondrial superox-
ide levels in THP-1, suggesting that there is a role for
NFATC2 in maintaining mitochondrial activity. In
addition, it is known that the accumulation of ROS can
drive mutagenesis in AML cells (reviewed in [40]),
which could support a hypothesis that NFATC2-driven
superoxide accumulation is an enabling mechanism for

S. D. Patterson et al.

further leukaemogenesis and may have a role in AML
progression.

The results from NFATC2 and MYC KD are less
clear, though there may be a trend towards downregu-
lated superoxide with either KD. From these data, a
role for MYC in OxPhos cannot be discerned directly,
although it may have some input via its maintenance
of NFATC?2 expression.
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Fig. 7. Overexpression (OE) of NFATC2, but not MYC, leads to increased mitochondrial superoxide in THP-1 cells. (A) Schematic diagram
depicting metabolic activity at the mitochondrial membranes, with complexes |-V indicated. Green arrows highlight points where the distinct
assays measure specific outputs of mitochondrial/cesllular metabolism, namely: MitoSOX™, measuring mitochondrial superoxide; CellTiter-
Glo®, measuring ATP; AlamarBlue™, measuring general redox activity from mitochondrial and cellular sources. (B) THP-1 cells
overexpressing Empty vector, hNFATC2 or hMYC were stained with mitoSOX red dye and DAPI. Viable (DAPI-negative) Mitosox" were
quantified initially as a fraction of GFP" cells, and this is shown as mean % Empty vector (with individual replicate points; n = 3 biological
replicates). (C) The flow cytometry gating strategies for MitoSOX assays are shown, with the number of cells recorded within each gate
shown as a percentage of events gated in the parent population. The plots shown are representative of the replicates conducted using this
assay in (B). Top: gating on the green fluorescent protein-positive (GFP*) fraction for each cell line, as a percentage of single cells; Middle:
gating on mitoSOX™ cells, shown as a percentage of GFP™ cells; Bottom: gating on MitoSOX" cells using data for cells treated with 5 pm
doxorubicin, as a positive control, shown as a percentage of GFP™ cells. SSC-A = side scatter area. (D) THP-1 cells overexpressing hNFATC2
or hMYC were incubated with CellTiter-Glo® and luminescence measured after 30 min, which is given as mean % Empty vector (with
individual replicate points; n = 3 biological replicates). (E) THP-1 cells overexpressing hNFATC2 or hMYC were incubated with AlamarBlue™
and absorbance measured after 4 h, which is given as % Empty vector (with individual replicate points; n = 3 biological replicates). (F, G)
short hairpin RNA (shRNA)-transduced THP-1 cells with either non-targeting control (NTC), NFATC2 KD (D) and/or MYC KD shRNA were
stained with MitoSOX red dye and DAPI. Viable (DAPI-negative) GFP™ MitoSOX" cells are quantified as a % GFP" cells and are expressed
as mean % Empty vector (with individual replicate points; n = 3 biological replicates). Statistical tests used were one-way analysis of
variance (ANOVA) (B, D-G); P-values shown are for post-hoc Dunnett's tests between control and treatment group means. P-values:

*< 0.05, **< 0.01, ns, not significant.

Clearly the role(s) of NFATC2 and MYC in OxPhos
and, more generally, mitochondrial function require
further characterisation in future study, and these data
underpin a rationale for doing so. THP-1 cells have
been demonstrated to be highly OxPhos-dependent
[41], and so this model may be biased; as such, further
study should expand beyond this model alone. In addi-
tion, KDM4A enzymatic activity is known to be
highly oxygen sensitive [42], which could imply that
the KDM4A-NFATC?2 axis has specific roles (or a lack
thereof) to play across the variably hypoxic environ-
ments within the bone marrow microenvironment, at
the site of AML residual disease; again, more sophisti-
cated in vitro models should be used to assess this
further.

Inhibition of NFAT activation is well-established
pre-clinically and clinically using drugs such as CsA,
tacrolimus and VIVIT peptide, but these drugs have
been associated with significant toxicity, in part due to
their non-specificity towards individual NFAT iso-
forms [43-45]. There are experimental compounds
which can target individual NFAT isoforms by bind-
ing specific domains [46], but these are in their infancy.
As such, multi-pathway inhibition at the level of the
NFAT transcriptional complex—such as the putative
NFATc2—c-Myc complex—or dual upstream pathway
inhibition may enable the administration of sub-toxic
doses, while retaining specificity to cells with such an
active oncogenic mechanism.

The nature of lentiviral sShARNA transduction limits
the point at which the phenotypic effects of NFATC2
depletion can be assessed. The model we used relies
upon puromycin selection of transduced cells and, as

such, any phenotype measured is conducted at least
24 h post-puromycin treatment. This is particularly
relevant when considering any impact of NFATC2 KD
on mitochondrial function, which may have occurred
earlier than this timepoint. Given the absence of an
available NFATc2-specific inhibitor, it was not possi-
ble to assess the immediate effects of inhibiting
NFATc2 function. However, it would be valuable to
assess the impact of NFATc2 inhibition, regarding its
impact upon the cell cycle, at an earlier timepoint
using small molecule inhibition, in order to evaluate
its immediate effects and delineate its functional effects
within AML cells.

In addition, the timepoints used to measure pheno-
types within shRNA-transduced cells were altered
based on the evolving data throughout this study;
however, this may create challenges in interpreting
some of the data taken from the different approaches
used, highlighting this is as a limitation of our study.

Consider also that this study was conducted primar-
ily in THP-1, a cell line derived from infant AML with
MLL-AF9, meaning that the results are not generalisa-
ble to patients from older cohorts or with differing
molecular profiles. Although NFATC2 KD impaired
colony formation in two other models (HL-60 and
MV4-11), the specific mechanism was not investigated
here. In addition, the effects of NFATC2 depletion in
healthy haemopoietic stem cells should be investigated
further, to determine its role in these cells specifically
and the potential for a therapeutic window.

Finally, we should consider the role of KDM4A in
the mechanisms identified; whether it, too, regulates
OxPhos/mitochondrial function and/or CCNDI, so as
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to identify the comparative specificity of its inhibition
against that of the NFAT family. While a specific
inhibitor for NFATc2 is not currently available, there
are more specific KDM4 family inhibitors. Alterna-
tively, there may be specific epigenetic markings
which correspond to NFATC2 transcription in AML
specifically, and these should be profiled more exten-
sively, to further identify leukaemogenic epigenetic
rewiring which may represent points of therapeutic
vulnerability.

5. Conclusion

In this study, we have identified NFATC2 as a novel
player in AML cell pathobiology, downstream of the
histone demethylase KDM4A4, which has previously
been characterised as a master regulator of oncogene-
sis in AML cells, and highlighted the role of MYC as
a potential co-regulatory gene. In addition, we have
started delineating some putative mechanisms of
NFATC2-led oncogenesis in this context, which opens
avenues for further mechanistic studies and the devel-
opment of novel therapeutic strategies for AML.
Firstly, these cells were found to be dependent on
NFATC?2 expression for proliferation, which was medi-
ated by G1/S cell cycle transition and, at least in part,
by CCNDI expression. Secondly, NFATC2 and MYC
shared significantly enriched sets of transcriptional and
DNA-binding targets, and NFATc2 protein was found
to be downstream of M YC expression. Thirdly, oxida-
tive phosphorylation genes were enriched in NFATC2
transcriptional and NFATc2-binding targets, and a
subset of mitochondrial genes were common to MYC
targets also. Of note, M YC KD phenocopied NFATC2
KD in THP-1 cells, together suggesting shared geno-
mic and functional properties. However, while
NFATC?2 expression was found to be linked with mito-
chondrial superoxide levels in these cells, this was not
found for MYC expression, indicating divergent roles
in the nuanced regulation of metabolic activity.
Together, these data provide a foundation for further
investigation of the novel role(s) of NFATC2, its rela-
tionship with MYC, and dual-targeting possibilities, in
the context of other models of AML.
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THP-1 cells after NFATC2 knockdown (KD).

Fig. S4. NFATC?2 overexpression (OE) in THP-1 cells
leads to downregulation of c-Myc.
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Table S3. Five Gene Set Enrichment Analysis (GSEA)
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(KD) in THP-1 cells.
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