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Abstract 

Acute myeloid leukaemia (AML) is a malignancy affecting the myeloid lineage of 

haemopoietic cells and has poor patient outcomes. Chemotherapy is poorly 

tolerated in a high proportion of patients and targeted therapies have limited 

impact at present. Additionally, relapse and/or resistance to existing therapy are 

common. High (cyto)genetic heterogeneity within and between AML patients make 

the development of effective, long-term targeted therapies highly challenging. As 

such, there is an unmet clinical need for the identification of novel oncogenic 

mechanisms and pathways which can be targeted therapeutically, in order to 

improve the clinical outcomes for larger groups of AML patients. 

Previously, the histone lysine demethylase KDM4A was identified as a putative 

‘master regulator’ of leukaemogenic signalling in models of AML, which was not 

essential for healthy haemopoietic cell survival. One of the key targets of KDM4A 

identified in AML was the nuclear factor of activated T cells (cytoplasmic) 2 

(NFATC2). The wider NFAT family of transcription factors (TFs) has been 

attributed roles in normal myelopoiesis, in which it is thought to regulate elements 

of the cell cycle and differentiation, which are key processes that become 

deregulated in AML. NFATs are also characterised as contributing to oncogenesis 

and drug resistance in myeloid leukaemias, however much of the evidence focuses 

on NFATC1. In light of the identification of the KDM4A-NFATC2 axis in AML, it was 

hypothesised that NFATC2 is essential for the oncogenic function and survival of 

AML cells. 

Prior to testing this hypothesis, NFATC2 was first characterised in cell line models 

of AML. Using established compounds, it was found that the MLL-AF9 TP53mut THP-

1 AML cell line was sensitive to depletion/inhibition of calcium and calcineurin, 

which are both upstream regulators of NFATs in T cells. Next, shRNA knockdown 

(KD) of NFATC2 led to the loss of colony-forming capacity in a number of AML cell 

lines, highlighting that numerous subtypes of AML cells are dependent on NFATC2. 

In addition, increased apoptosis and cell cycle arrest were individually observed 

in some of these AML models, but not others, indicating that the mechanisms 

affected by NFATC2 depletion are dependent on the (cyto)genetic landscape. 

Global transcriptome profiling of THP-1 cells with NFATC2 KD identified a list of 

deregulated genes, of which a subset was validated in several other cell lines with 
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NFATC2 KD. These included genes involved in intracellular transport and 

membrane protein function. Enrichment analyses also highlighted targets of 

oncogene MYC and serine/threonine kinase 33 (STK33) as enriched in the genes 

perturbed by NFATC2 depletion. Chromatin immunoprecipitation sequencing 

(ChIP-Seq) found NFATc2 gene binding targets to be enriched with a c-Myc DNA 

consensus binding sequence. Additionally, a number of novel NFATc2 DNA binding 

motifs were identified. 

The expression of NFATC2 was found to stratify patient outcomes in the TARGET-

AML dataset, from paediatric AML patients. Of the genes identified by sequencing 

analyses as putative NFATC2/NFATc2 targets, the expression levels of 13 genes 

were found to be prognostic for patients in the TARGET-AML dataset, also. 

Together these data have shown that NFATC2 is essential for the survival of 

multiple AML cell lines and that it likely regulates elements of the cell cycle 

and/or apoptosis, depending on the cellular context. Newly-identified 

transcriptional and binding targets suggest that the oncogene MYC cooperates 

with NFATC2 and it could be hypothesised that they maintain an oncogenic 

transcriptional program together in THP-1 cells. These findings require translation 

into patient cells, which is challenging given the lack of NFATc2-specific inhibitors 

available. However, findings from open-source patient datasets indicate that 

NFATC2 and its targets have a significant role to play in clinical outcome and so 

warrant further investigation to elucidate some of the cellular mechanisms 

involved.  
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1 Introduction 

1.1 Acute myeloid leukaemia: background 

AML is a haemopoietic malignancy of clonal origin with dismal outcomes; 5-year 

survival is as low as 15% (Haematological Malignancy Research Network, 2016). 

Improvements to patient outcomes have been made over the last 50 years through 

the implementation of specific chemotherapy regimens and, in the cases of 

disease subtypes including acute promyelocytic leukaemia (APL), the development 

of non-chemotherapeutic treatments. Most of these improvements have been 

observed in patients under 60 years old, while outcomes for older patients remain 

extremely poor, partly due to the challenges in administering chemotherapy to 

patients in this cohort (Kantarjian et al., 2021). This is significant as the majority 

of AML patients tend to fall into the >60 age group, although there is incidence of 

AML in all age groups from infancy (Sasaki et al., 2021). 

AML results from an accumulation of mutations within cells of the myeloid lineage, 

leading to the expansion of immature and dysfunctional blasts, rapid clinical 

sequelae and often rapid death. Many of the genetic and epigenetic lesions 

responsible for driving AML pathogenesis are well-characterised, enabling 

sophisticated patient stratification into molecular subgroups and a shift towards 

the development of targeted therapies for smaller strata of patients (De 

Kouchkovsky and Abdul-Hay, 2016). 

Targeted therapies in clinical use include inhibitors of the Fms related tyrosine 

kinase receptor 3 (FLT3), which carries a gain-of-function mutation in a proportion 

of AML (Chan, 2011, Lagunas-Rangel and Chávez-Valencia, 2017). However, the 

continuous mutational evolution of AML means that resistance to FLT3-targeted 

therapy is not uncommon (Tyner et al., 2018, Morita et al., 2020), which is a 

general concern in the development of novel AML therapies. Newer therapies 

include B-cell lymphoma protein (BCL-2)-targeting venetoclax (Juárez-Salcedo et 

al., 2019) and CD33-targeting gemtuzumab ozogamicin (Juliette et al., 2019). 
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1.2 Haemopoiesis: normal and malignant 

1.2.1 Physiological haemopoiesis 

A rare population of multipotent haemopoietic stem cells (HSCs) possess a high or 

near-unlimited capacity for self-renewal and give rise to all types of mature blood 

cells. HSCs divide ‘asymmetrically’, meaning that one of the progeny cells 

becomes more lineage-committed, while the other retains its multipotent 

capacity. At steady state, HSCs and progenitors differentiate sequentially into 

more lineage-committed cells, while losing self-renewal capacity, until eventual 

terminal differentiation into effector cells (Reya et al., 2001), as illustrated in 

Figure 1-1. 

In this classic paradigm a clear distinction is made between populations of HSCs, 

progenitor cells and mature cells in the haemopoietic hierarchy. More 

sophisticated approaches, including single-cell transcriptomics, have revealed 

that differentiation and lineage commitment is a continuous process, and that 

haemopoietic cells are considerably more heterogeneous than traditionally 

illustrated (Laurenti and Göttgens, 2018, Zhang et al., 2018). 

HSCs can be sub-classified by their ability to maintain self-renewal over time. 

While long-term (LT)-HSCs retain their multipotency, intermediate-term (IT)- and 

short-term (ST)-HSCs differentiate more readily, and a continuum exists between 

these subtypes. Definitions of these cells have been made based on their ability 

to reconstitute the blood cells of recipient immunodeficient mice over set periods 

of time. Downstream of HSCs a number of multipotent progenitor (MPP) subtypes 

have also been defined. Typically, differentiating MPPs ‘bifurcate’ early, in that 

they commit towards the lymphoid or myeloid lineages, although it is thought that 

some more primitive HSCs are already biased towards a particular lineage despite 

retaining apparent multipotency (Ema et al., 2014). 

Alternatively, some models have proposed a downstream lymphoid-primed MPP 

(LMPP) which can give rise to progenitors of the myeloid or lymphoid lineages, 

demonstrating the complexity of this hierarchy (Laurenti and Göttgens, 2018). In 

the classical model myeloid cells differentiate from progenitors towards either 

the monocyte/granulocyte phenotype, megakaryocytes or erythroid cells, 

gradually acquiring functional properties of these effector cells. However, the 
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concept of common oligopotent progenitor subtypes has been challenged by Notta 

et al., who have shown that differentiated cell populations are derived directly 

from heterogeneous populations of multipotent cells, without the involvement of 

a lineage-restricted progenitor intermediate (Notta et al., 2016). Types of blood 

cell are usually identified by surface antigen expression profiles, which for HSCs 

includes CD34+CD38-CD90+CD45RA- (Seita and Weissman, 2010), though more 

specific markers have been identified for some subtypes (Laurenti and Göttgens, 

2018). However, due to the heterogeneity and often rarity of some cell types, 

defining cell types by their immunophenotype alone is challenging. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1. Schematic diagram representing the haemopoietic hierarchy. 

This diagram represents the classical depiction of the haemopoietic hierarchy. This is 

simplified and omits several layers of progenitor development. At the top is shown the 

‘tiers’ of HSCs, by which each gives rise to HSCs with gradually reducing self-renewal 

capacity. A bifurcation occurs, whereby HSCs give rise MPPs, LMPPs and later common 

myeloid or lymphoid progenitor cells (CMP or CLP). The CMP can give rise to a 

megakaryocyte-erythroid progenitor (MEP) and a granulocyte-macrophage progenitor 

(GMP) which then give rise to mature blood cells as shown. Megakaryocytes further 

develop into mature thrombocytes (platelets) by fragmentation. Monocytes differentiate 

further into macrophages within tissues. The CLP gives rise to 3 primary lymphocyte types 

as shown. Dendritic cell (DC) development is highly complex, with subtypes arising from 

myeloid and lymphocyte backgrounds, so it is not attached to any specific progenitor 

population here. The diagram was produced using images from biorender.com. 
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More sophisticated single-cell approaches have suggested that the haemopoietic 

hierarchy exists as a continuum of branching cellular differentiation states, as 

opposed to discrete cell types shown here. These differentiation states are driven 

by oscillations of TF expression and activity, and characterised by their surface 

immunophenotype and transcriptional profile (Pellin et al., 2019). The expression 

patterns of some TFs have been identified previously as key markers of specific 

lineages, including TFs of the GATA family and C/EBPα (Akashi et al., 2000). In 

fact, the specific order of expression and interplay of these TFs are important in 

defining lineage commitment. For example, GATA-2 expression in GMPs was shown 

to drive eosinophil-committed progenitor differentiation, while in CLPs it favoured 

bipotent basophil/mast cell progenitor development (Iwasaki et al., 2006). During 

development, in the yolk sac and/or foetal liver, TFs such as SCL, GATA-2 and 

LMO2 are essential for haemopoiesis. In adults, differentiation of haemopoietic 

cells and control of self-renewal are heavily regulated by the homeobox (HOX) 

gene family, isoforms of Ikaros and NOTCH1, amongst others (Zhu and Emerson, 

2002). 

Epigenetic remodelling is also known to be important in HSC differentiation in 

haemopoiesis. Methylation of DNA and of histone residues, such as histone 3 lysine 

27 (H3K27), are key features in determining cell fate and are often regulated by 

TF activity (Brown and Ceredig, 2019). 

1.2.2 Clonal evolution of AML 

The AML cells within a patient harbour 13 gene mutations on average, which is a 

low mutational burden compared to some other cancers, although thousands of 

individual somatic mutations have been identified by AML cell profiling (Ley et al., 

2013, Tyner et al., 2018). Single-cell analyses have also shown that several distinct 

clones can exist within the same patient, with divergent patterns of evolution. A 

number of the mutations in these clones were found to be functionally redundant 

(Morita et al., 2020), suggesting that common aberrant signalling pathways drive 

AML transformation. 

The accumulation of mutations in AML likely originates in HSCs, or progenitors 

which acquire self-renewal capacity through the mutation(s) themselves. Analyses 

of HSCs and leukaemia cells from selected AML patients showed that some HSCs 

exist in a pre-leukaemic state, whereby they possess some of the mutations found 
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in the AML clone but do not exhibit a fully leukaemic phenotype or clonal 

advantage (Jan et al., 2012). It is suggested that subsequent clones acquire 

mutations which confer a phenotypic advantage, such as a differentiation block, 

until eventual transformation to AML. This process fits with the classic description 

of malignant evolution from an early single cell (Nowell Peter, 1976). A number 

of mutations in AML cells are also likely to be passenger mutations, meaning that 

they do not confer a cellular advantage and have arisen in the pre-leukaemic clone 

over time and by chance (Welch et al., 2012). 

The concept of ‘clonal haemopoiesis of indeterminate potential’ (CHIP) describes 

the presence of somatic mutations in cells of the blood or bone marrow (BM), 

without other malignant features or cytopenia (Heuser et al., 2016). The 

prevalence in the population is considerably higher with age and increases the risk 

of neoplastic transformation in these older patients (Jaiswal et al., 2014). The 

skewing of haemopoietic cells towards mutation-carrying clones, which have a 

clonal advantage, has been described as age-related clonal haemopoiesis (ARCH) 

(Shlush, 2018). Such mutations are most commonly found in DNMT3A and TET2, 

encoding epigenetic regulators, in addition to ASXL1, JAK2 and TP53. 

However, some of these mutations are unable to transform cells into overt AML, 

indicating that these alone are ‘weak drivers’ of leukaemogenesis (Steensma, 

2018). Various passenger mutations are found in the general ageing population 

and may have no contribution to AML development, since they are often not 

associated with known driver mutations. Suggestions for such mutations arising 

include inherited epigenetic features of the DNA and ‘neutral drift’, which 

describes the stochastic expansion of stem cell clones where no existing mutation 

confers a clonal advantage at the stem cell level. (Klein and Simons, 2011, Zink 

et al., 2017). It should also be noted that the development of paediatric AML is 

driven by a distinct set of transcriptional, epigenetic and cytogenetic factors to 

adult AML (Chaudhury et al., 2018), and so the ARCH model is less relevant. 

Studies in pre-leukaemic cells have revealed that the earliest mutational events 

tend to be in genes encoding epigenetic modifiers, which can change chromatin 

structure, modify DNA methylation and alter histone residues. Subsequent events 

tend to occur in ‘proliferative’ genes such as NPM1, NRAS or FLT3, in order for 

AML transformation to occur (Corces-Zimmerman et al., 2014). Kelly et al. 
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demonstrated that expressing internal tandem duplication of FLT3 (FLT3ITD) in an 

in vivo model initiated a myeloproliferative disease, but not penetrant AML (Kelly 

et al., 2002), supporting the idea that such proliferative oncogenes are 

insufficient for leukaemogenesis on their own. 

The two-hit model of leukaemic transformation separates mutations into class I, 

which lead to enhanced cell proliferation, and class II, which limit cell 

differentiation capacity and/or ability to undergo apoptosis. Mutations in both 

classes are required for full oncogenic transformation, under this model (Gilliland 

and Griffin, 2002, Kelly et al., 2002). Lesions within epigenetic regulator genes 

are often reported as an additional ‘class’ of mutations which is involved in the 

multi-hit model (Shih et al., 2015). DNA methylation at specific loci is also thought 

to be important in the ongoing evolution of AML but is not well characterised in 

this context (Li et al., 2016).  

Mutations in AML can be classified by broad function, including TF fusions (most 

often caused by chromosomal translocation), signalling genes and spliceosome 

complex genes. Some gene mutations are also known to co-occur frequently – such 

as FLT3ITD and NPM1, but the heterogeneity of other gene mutations between 

patients makes targeting specific pathways challenging (Ley et al., 2013). 

Additionally, some mutations, such as in TP53 and ASXL1, can make AML cells more 

resistant to a broad range of existing inhibitors (Tyner et al., 2018). 

In addition, the mutational profile of AML cells can change from the clone found 

at diagnosis and that found at relapse. There is evidence to suggest that pre-

leukaemic HSCs may persist following induction chemotherapy and, while these 

may not be overtly leukaemic, they could acquire (an)other distinct mutation(s) 

and undergo subsequent leukaemic transformation (Corces-Zimmerman et al., 

2014). Alternatively, an originating leukaemic clone may be resistant to 

chemotherapy and expand following withdrawal of therapy. It has also been 

suggested that the chemotherapy itself could induce mutagenesis through its 

effects on DNA replication and so is a contributing factor in the development of 

relapsed AML (Ding et al., 2012). 
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1.2.3 The leukaemia stem cell (LSC) 

Persistence of minimal residual disease (MRD) after chemotherapy is a major 

driver of AML relapse and is often attributed to treatment-resistant leukaemia 

stem cells (LSCs), which exhibit distinct phenotypic and genomic properties to the 

bulk of AML blasts. The LSC is the mutated HSC clone which is capable of 

reconstituting the pool of immature AML blasts, which then carry these mutations. 

LSCs are often thought to be quiescent, so they are less susceptible to cell cycle-

targeting chemotherapeutic agents. As such, therapeutics research and 

development is driven towards finding novel LSC vulnerabilities (Jordan, 2007). 

LSCs reside within the CD34+CD38-CD123+ cell population, although identification 

of novel surface markers which differentiate LSCs from normal HSCs is an ongoing 

challenge. Other antigens regarded as LSC markers include CD96 (Hosen et al., 

2007) and TIM3 (Kikushige et al., 2010). Often the presence of LSCs is identified 

by their ability to fully reconstitute AML within a recipient immunocompromised 

murine host, and can be quantified using limiting dilution analyses. For this reason, 

they may also be termed leukaemia-initiating cells (LICs) (Lapidot et al., 1994, 

Bonnet and Dick, 1997, Pollyea and Jordan, 2017, Haubner et al., 2019). They 

localise to a BM niche, which can protect them further from chemotherapy, but 

were also found to home to spleen tissue in a model of MLL-AF9 AML (Somervaille 

and Cleary, 2006). 

Proposed therapeutic modalities to target LSCs include targeting of LSC-specific 

metabolic pathways, LSC surface antigens, features of the BM microenvironment 

and unique epigenetic features (Ishikawa et al., 2007, Pollyea and Jordan, 2017). 

For example, BCL-2 inhibitor ABT-199 was shown to block engraftment after serial 

transplantation of IDH1mut AML cells in vivo, suggesting that it impacts upon LIC 

activity specifically. The mechanism driving BCL-2 dependence in these cells may 

secondary to the rewired metabolic landscape downstream of IDH1mut (Chan et al., 

2015). In another study, blockade of hedgehog signalling with SMO inhibitor 

glasdegib led to quiescent LSCs entering the cell cycle, which might facilitate their 

elimination them using cell cycle-targeting agents (Kent et al., 2020). 

However, few definitive LSC-targeting modalities have emerged in a clinical 

setting to date, although venetoclax has been postulated to have enhanced LSC-

targeting activity. Additionally, AML patients often present with LSC clonal 
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diversification at relapse as a result of selection pressure and/or enhanced DNA 

damage, presenting an even further challenge in developing effective therapy in 

these patients (Vetrie et al., 2020). 

1.3 Classification of AML 

1.3.1 The French-American-British (FAB) Classification 

AML can be classified using the FAB Classification, which groups patient disease 

based on the overall morphology of BM blasts. Broadly speaking, classes M0-M5 

define blasts of increasing differentiation status from ‘minimally differentiated’ 

AML in M0 towards a monocytic morphology in M5. Blasts in M6 and M7 resemble 

the more differentiated cells of the erythroid and megakaryocytic lineages, 

respectively. Mixed lineage (myeloid and lymphoid) morphologies have also been 

described. The description of each FAB classification category is shown in Table 

1-1 (Schiffer, 2003). 

 

 

 

 

 

 

 

 

 

 

 

However, some studies have shown that the FAB classification is not prognostic, 

highlighting that patients within the same classification are heterogenous 

regarding cytogenetics and immunophenotypes (Keating et al., 1996, Tallman et 

al., 2004), which may be more prognostically significant than morphology alone. 

In contrast, the M6 and M7 classes can provide prognostic information for post-

bone marrow transplant (BMT) patients if combined with NPM1 and/or FLT3ITD 

status (Canaani et al., 2017). 

Table 1-1. Description of the categories in the FAB Classification 

system. These headings are as described by Schiffer et al. 
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1.3.2 The World Health Organization (WHO) classification 

A model of AML classification was developed by the WHO, which aims to link 

(cyto)genetic features more closely with clinical features and potential 

therapeutic modalities. This system classifies AML using ‘recurrent genetic 

abnormalities’, which includes chromosomal translocations and gene mutations.  

It also introduces a category of AML ‘not otherwise specified’ (NOS) which uses 

morphological features, primarily derived from the FAB classification, to group 

patient disease (Arber et al., 2016). However, Walter et al. have shown that 

morphology is not useful for prognosis in the NOS group when information on NPM1 

and CEBPA mutational status is available (Walter et al., 2013). Further adaptations 

to the system are likely as more is understood about the AML genomic landscape 

and clinical correlates. Additionally, the threshold for a diagnosis of AML under 

the WHO classification is ≥20% blasts in the blood or BM, with exceptions, which 

is lower than the ≥30% threshold defined under the FAB classification (Vardiman 

et al., 2002). Selected WHO classification groups for AML are shown in Table 1-2. 
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Group Sub-group Additional Notes (Summarised in (Hwang, 2020)) 

AML with recurrent genetic 

abnormalities 

AML with t(8;21)(q22;q22.1);RUNX1-RUNX1T1  

  AML with inv(16)(p13.1q22) or 

t(16;16)(p13.1;q22);CBFB-MYH11 
No blast threshold for AML diagnosis if t(8;21) present 

  APL with PML-RARA No blast threshold for AML diagnosis if t(8;21) present 

  AML with t(9;11)(p21.3;q23.3);MLLT3-KMT2A  

AML with t(6;9)(p23;q34.1);DEK-NUP214  

  AML with inv(3)(q21.3q26.2) or 

t(3;3)(q21.3;q26.2); GATA2, MECOM 
 

  AML (megakaryoblastic) with 

t(1;22)(p13.3;q13.3);RBM15-MKL1 
 

  Provisional entity: AML with BCR-ABL1 Distinct to blast phase chronic myeloid leukaemia (BP-CML) 

  AML with mutated NPM1 Good prognosis, depending on FLT3 mutational status 

  AML with biallelic mutations of CEBPA Good prognosis, does not reply to monoallelic 

  Provisional entity: AML with mutated RUNX1 Diagnosis secondary to other diagnosis categories 

AML with myelodysplasia-related 

changes 
- 

Blast count in blood or BM should be ≥20% 

Poorer prognosis than other subtypes 

Therapy-related myeloid 

neoplasms 
- Occurs secondary to cytotoxic therapy or radiation therapy 

 AML, NOS 

AML with minimal differentiation 

Morphology and immunophenotype, as highlighted in the 

FAB classification, serves as a basis for sub-group 

classification. 

 

  AML without maturation 

  AML with maturation 

  Acute myelomonocytic leukaemia 

  Acute monoblastic/monocytic leukaemia 

  Pure erythroid leukaemia 

  Acute megakaryoblastic leukaemia 

  Acute basophilic leukaemia 

  Acute panmyelosis with myelofibrosis 

Table 1-2. WHO Classification of Myeloid Neoplasms: AML.  
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1.4 Therapeutic intervention 

Often the mainstay of treatment in AML is chemotherapy ± BMT. The European 

LeukemiaNet (ELN) expert panel guidance recommends that patients should be 

selected for first-line intensive chemotherapy based on a balance of age (<65-

year-olds have generally better outcomes), patient fitness and co-morbidities. 

This regimen usually includes anthracycline for 3 days and cytarabine for 7 days 

(known as a ‘7+3’ regimen) followed by consolidation therapy, which is guided by 

cytogenetics and age. Patients with a more adverse cytogenetic profile are more 

likely to be recommended for haemopoietic cell transplantation after intensive 

chemotherapy. 

Non-chemotherapeutic regimens include inhibitors of FLT3 and gemtuzumab 

ozogamicin, usually combined with chemotherapy (Döhner et al., 2017). A number 

of therapies have also been approved in various regions for clinical use since the 

ELN guidelines were last updated. These include venetoclax, tyrosine kinase 

inhibitor (TKI) midostaurin, hedgehog pathway-targeting glasdegib and IDH1-

targeting ivosidenib, though fewer of the novel medicines are approved by the 

European Medicines Agency (EMA), compared with the US Food and Drug 

Administration (FDA). Further clinical trials are required to identify and refine the 

strata of patients who can optimally benefit from these treatments, and guidelines 

should be updated accordingly (Estey et al., 2020). However, recent clinical trials 

show promising results for novel therapies in AML, such as improved outcomes 

with venetoclax/azacitidine combination therapy (DiNardo et al., 2020) and FLT3 

inhibitor gilteritinib (Perl et al., 2019). 

A number of other strategies are being investigated for the treatment of AML. 

These include inhibition of DNA damage molecule Poly[ADP-ribose] polymerase 1 

(PARP1), which has been shown to have synergy with FLT3 inhibition. Other 

modalities include blocking reactive oxygen species (ROS) formation by targeting 

NADPH oxidases (NOX) or the induction of differentiation. Strategies to overcome 

drug resistance, which is a major driver of relapse, are also key to improving 

outcomes (Nair et al., 2021). Chimeric antigen receptor (CAR) T cells are a novel 

therapeutic modality by which the patient’s T cells can be engineered to target 

malignant cells and re-infused to the patient. A number of target antigens for the 
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use of CAR-T cells in AML have been proposed, including CD33 and CD123 (Marofi 

et al., 2021). 

While there is a promise of novel targeted therapies for AML, the ongoing issues 

of resistance to therapy and inter-patient heterogeneity remain as barriers to 

effective treatments. Clearly there is an unmet clinical need for AML therapeutics 

which have long-term efficacy and/or can be combined with existing treatments. 

1.5 Key mutations and aberrant signalling in AML 

1.5.1 Mixed lineage leukaemia 1 (MLL)-rearranged (MLLr) AML 

Chromosomal translocations are common in AML and only around 40-50% of de 

novo cases have been reported as being cytogenetically normal (CN). Fusions of 

the MLL1 gene have been reported in 2.5-10% of all AML cases (Schoch et al., 2003, 

Krivtsov and Armstrong, 2007), but are considerably more common in paediatric 

cases at 15-20% (Balgobind et al., 2011). The normal MLL protein regulates TFs 

including the HOX gene family, which they positively regulate during normal 

development. MLL also regulates acetylation and methylation of histone residues, 

such as histone 3 lysine 4 (H3K4) and histone 3 lysine 9 (H3K9) in the regulation of 

gene transcription, partly through its methyltransferase SET domain. 

Translocation resulting in the fusion of MLL to another gene at the MLL N-terminal 

results in MLL truncation, loss of its SET domain and usually a gain of function. 

The MLL fusion protein can dimerise, giving it enhanced affinity for HOX gene 

promoter binding and activation of the HOX co-factor MEIS1, amongst several 

other known mechanisms (Hess, 2004). 

Over 50 MLL fusion partners have been identified, though transcriptional 

regulators account for the majority, including AF4, AF9, AF10, ENL and ELL. The 

most common MLL fusion in childhood and adult leukaemia is with AF9 (also known 

as MLLT3), comprising around 1 in 3 cases of MLL fusion. A number of these fusions 

have been shown to regulate transcription by chromatin remodelling. In particular, 

MLL fusion proteins can recruit the histone methyltransferase DOT1L to 

transcriptional complexes, which can activate gene transcription by methylating 

lysine 79 of histone 3 (H3K79). This is one proposed mechanism by which MLL 

fusions can aid leukaemogenic transformation of haemopoietic cells (Krivtsov and 

Armstrong, 2007). 
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In addition, MLL fusions have roles in LSCs. Expression of MLL-AF9 in lineage-

committed granulocyte-macrophage progenitor (GMP) cells was shown to confer a 

self-renewal transcriptional signature akin to that found in HSCs, and recapitulate 

an AML phenotype in vivo which was transplantable to secondary recipients with 

low cell input (Krivtsov et al., 2006). Further work by Krivtsov et al. demonstrated 

that the leukaemic cell of origin, whether HSCs or downstream progenitors, is 

significant to prognosis. HSC-derived leukaemia had a similar immunophenotype 

to GMP-derived leukaemia but had a stronger stem cell-like transcriptomic 

signature, altered methylation status, caused faster leukaemia development in 

vivo and reduced sensitivity to chemotherapy in vitro (Krivtsov et al., 2013). 

Another model of MLL-AF9 expression in murine cells generated AML LSCs which, 

despite sharing the self-renewal properties of HSCs, actually expressed an 

immunophenotype more similar to lineage committed cells (Somervaille and 

Cleary, 2006). MLL-ENL expression can also confer self-renewal properties to 

committed progenitor cells (Cozzio et al., 2003). In summary, MLL fusion 

oncoproteins have the capacity to transform haemopoietic cells at multiple levels 

of the hierarchy in vitro, by upregulating a self-renewal expression programme 

including genes such as HOX. 

While clinical outcomes for paediatric MLL-AF9 AML have been reported as 

favourable, outcomes vary dramatically for other fusion partners. A variety of 

therapeutic strategies are under investigation for MLL-rearranged (MLLr) AML, 

including inhibition of histone deacetylases, proteasome inhibition, and 

hypomethylating agents (Winters and Bernt, 2017). Pinometostat, an inhibitor of 

the histone lysine methyltransferase DOT1L, is under clinical investigation as a 

treatment for adult MLLr AML (Stein et al., 2018). 

1.5.2 Fms-like tyrosine kinase 3-internal tandem duplication 

(FLT3ITD) 

FLT3ITD is one of the most common mutations in AML, occurring in 25-30% of all 

cases and it is often associated with a particularly poor outcome (Haematological 

Malignancy ResearchNetwork, 2016, Lagunas-Rangel and Chávez-Valencia, 2017). 

FLT3ITD can arise at the level of the LSC or it may be found in subclones, which 

can be eliminated by chemotherapy; its contribution to clonal evolution is not 

clear (Levis et al., 2005). It is a gain-of-function mutation which leads to 
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constitutively active downstream signalling, independent of the FLT3 ligand 

(FLT3-L) and can activate signalling pathways driven by phosphoinositide 3-kinase 

(PI3K), signal transducer and activator of transcription 5 (STAT5) and extracellular 

signal-related kinase (ERK) (Choudhary et al., 2007, Chan, 2011). There are a 

number of effective TKIs against FLT3, such as sorafenib, quizartinib and the novel 

gilteritinib, however patients often develop resistance to these and so long-term 

benefit is limited (Fathi and Chabner, 2011, Daver et al., 2021). 

1.5.3 Nucleophosmin 1 (NPM1) 

Mutation of the NPM1 gene is one of the most common perturbations found in AML 

occurring in 25-30% of cases (Thiede et al., 2006). The normal NPM1 protein 

functions in the nucleolus where it regulates ribosome synthesis, in addition to 

other functions in DNA repair regulation and modulation of the centrosome. When 

mutated it resides exclusively in the cytoplasm, which leads to a number of 

aberrant functions, including dysregulated p53 activity, genomic instability and 

upregulation of HOX genes. Vassiliou et al. reported that Npm1mut did not 

efficiently initiate AML on its own in vivo, though did lead to upregulation of the 

self-renewal Hox gene program (Vassiliou et al., 2011). A more recent study had 

a similar finding, in addition to suggesting that Npm1mut could be an earlier pre-

leukaemic event than Dnmt3amut in the sequential initiation of AML (Uckelmann 

et al., 2020). 

NPM1mut is actually associated with improved outcomes in AML. Additionally, 40% 

of NPM1mut AML also have co-occurring FLT3ITD, which has a poorer survival than 

NPM1mut alone but better than FLT3ITD alone (Thiede et al., 2006). Interestingly, 

the genesis of both NPM1mut and FLT3ITD may result from aberrant activity of the 

enzyme terminal deoxynucleotidyl transferase (TdT) (Borrow et al., 2019). While 

NPM1mut AML is generally responsive to chemotherapy, the specific clinical course 

may be determined by co-occurring (cyto)genetic abnormalities which sometimes 

override the good prognosis conferred by NPM1mut alone (Zarka et al., 2020, Falini 

et al., 2021). 

1.5.4 DNA methyltransferase 3α (DNMT3A) 

As highlighted previously, DNMT3Amut is one of the earliest mutations to arise in 

AML and occurs in over 20% of AML patients, though it is considerably more 
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common in CN AML (40-50%). Known mutations can increase or decrease its 

methyltransferase activity at some known promoter regions; for example, 

hypermethylation of the CDKN2B promoter, leading to a reduction in CDKN2B 

tumour suppressive activity. DNMT3Amut AML has poorer outcomes compared to 

wild type (WT) DNMT3A (Sandoval et al., 2019, Park et al., 2020). Some 

hypomethylating agents which inhibit DNMT3A, such as azacitidine, are in ongoing 

clinical investigation for AML (Wong et al., 2019).  

1.5.5 TP53 

The ‘guardian of the genome’ TP53 is very frequently mutated in cancers of 

various tissues, however it occurs in just 8% of adult de novo AML, making it one 

of the less prevalent (but still recurrent) gene mutations. However, these 

mutations are associated with a significantly poorer outcome. The role of TP53 in 

HSCs is to constrain self-renewal and mediate responses to DNA damage. Somatic 

mutations of TP53 in AML are often dominant negative and loss-of-function, 

resulting in clonal expansion of transformed haemopoietic cells, although some 

gain-of-function mutations are possible. Clinical investigation into some small 

molecule inhibitors targeting mutated TP53 have been initiated (Barbosa et al., 

2019, Dutta et al., 2020). 

However, dysregulation of the TP53 pathway has been reported in the presence 

of TP53WT in AML. For example, p53 (protein) negative regulator MDM2 was found 

to be overexpressed in one-third of AML. As such, inhibition of the MDM2/p53 

interaction is a promising therapeutic target. Other p53-interacting proteins are 

being reviewed as targets in a similar manner (Quintás-Cardama et al., 2017, 

Barbosa et al., 2019).  

1.5.6 NRAS and KRAS 

The RAS gene family code for membrane-associated GTPase proteins which are 

responsive to ligand activation and activate various downstream pathways. 

Mutations in 2 of these genes, NRAS and KRAS, are found in approximately 11% 

and 5% of AML cases, respectively, while HRAS mutations are uncommon in AML. 

RAS mutations can lead to activation of signalling pathways such as PI3K and MAPK 

and the impact of these mutations on patient outcomes is unclear, if not 

insignificant (Bowen et al., 2005, Bacher et al., 2006, Ball et al., 2021). 
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1.5.7 The transcriptome 

It is not solely mutations or cytogenetic lesions which offer clues about AML 

prognosis: transcriptional profiling can be used to risk stratify AML patients and 

identify potential novel therapeutic strategies (Docking et al., 2021). Interestingly, 

the Cancer Genome Atlas (TCGA) analysis found that 200 primary AML samples 

could be clustered by global expression data into groups similar to the FAB classes, 

concluding that the transcriptome is closely linked to AML cell differentiation 

status (Ley et al., 2013). Disordered transcription might be expected in AML, since 

recurrent mutations are often in transcriptional regulators including CEBPA, 

RUNX1 and ASXL1. 

In normal myelopoiesis, RUNX1 regulates C/EBPα and its substrates/interaction 

partners, including AP-1, in maintaining the balance of monocyte and granulocyte 

development. In AML, RUNX1 point mutations or fusions (e.g. RUNX1-ETO) can 

result in downregulated CEBPA, while CEBPA mutations (in up to 15% of AML) lead 

to dysfunctional C/EBPα proteins. The result(s) of these events include reduced 

myeloid differentiation, increased proliferation and/or suppression of apoptosis 

(Paz-Priel and Friedman, 2011). Somatic mutations of RUNX1 occur in ~15% of 

adult AML and are associated with a characteristic expression profile (Sood et al., 

2017). Mutations of ASXL1 are found in an estimated 6.5% of AML and associated 

with significantly poorer outcomes. A frameshift mutation is the most common, 

which leads to a dysfunctional truncated protein (Gelsi-Boyer et al., 2012). 

A number of TFs with known roles in leukaemia are under investigation as putative 

drug targets for AML, including RUNX1 and c-Myc (Takei and Kobayashi, 2019). 

1.5.8 The KDM4A-PAF1-NFATC2 axis 

More recently the KDM (also known as JMJD) families have become more 

significant in the pathogenesis of AML. One member, KDM4A, is known to regulate 

histone methylation at residues including H3K9 and H3K36, which are generally 

markers of inhibited or activated transcription at specific loci, respectively. In 

addition, KDM4A can also impair DNA repair and contribute to genome instability 

in some cancers (Berry and Janknecht, 2013). More recently, it was shown that 

KDM4A may regulate H3K27 methylation directly, in AML cells (Massett et al., 

2021). In AML, small molecule inhibition of KDM4 and KDM6 was detrimental to 
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cell survival, and H3K27 was also identified as a key target of these demethylases 

(Boila et al., 2018). Activity of the related KDM1A was shown to be essential for 

the survival of MLL-AF9 AML cells, in which it maintained a pro-oncogenic 

transcriptional signature (Harris et al., 2012). 

Knockdown (KD) of KDM4A and inhibition with a pan-KDM4 inhibitor both resulted 

in impaired AML cell survival, while sparing HSCs. In addition, the RNA polymerase 

II associated factor (PAF1) was identified as a key co-factor of KDM4A activity in 

various models of MLLr AML, which together maintain the expression of MLL-fusion 

gene targets (Massett et al., 2021). Subsequently NFATC2 was identified as a 

transcriptional target of KDM4A and PAF1, whereby an axis of KDM4A-PAF1-

NFATC2 was established (unpublished data). 

The Nuclear Factor of Activated T Cells (NFAT) family of TFs has been 

demonstrated to have roles in the pathology of myeloid leukaemias (Gregory et 

al., 2010, Metzelder et al., 2015). NFAT signalling has been well-characterised in 

various solid and lymphoid cancers, in addition to the mechanics of the innate 

immune system. Their role in pathology is often dependent on regulation of cell 

type-specific cytokine signalling networks, cell cycle progression and apoptosis 

(Mancini and Toker, 2009, Fric et al., 2012b, Qin et al., 2014, Mognol et al., 2016). 

However, there is currently no published primary evidence outlining the 

contribution or role(s) of NFATC2 in AML. 

  



42 

 

1.6 The NFAT family in AML 

1.6.1 The NFAT family: background 

The general structure and function of the NFAT family have been reviewed 

extensively (Rao et al., 1997b, Macián et al., 2001, Macian, 2005, Qin et al., 2014). 

To summarise, the NFAT family consists of five members, in which NFATc1-4 

function downstream of calcium signalling – denoted as ‘NFATc’, although other 

nomenclature is often used - while NFAT5 is responsive to osmotic stress. NFATc1-

4 are referred to here as ‘NFAT’ collectively. Additionally, each NFAT gene can 

undergo alternative splicing, giving rise to a number of transcript and protein 

variants per family member; these protein variants vary structurally at their N- 

and C-terminals. Differential expression of NFAT splice variants has been 

described in neurological tissues but the functional significance of these is not 

well understood (Vihma et al., 2008). Here, each of NFATC1-4 is referred to as an 

NFAT ‘family member’, while each protein arising from alternative splicing is a 

‘protein variant’. 

NFAT proteins have high sequence homology in a conserved DNA-binding Rel 

homology domain, which is shared with the Rel superfamily of TFs (including NFκB) 

(Graef et al., 2001). At the N-terminus is the NFAT homology domain (NHD), which 

contains phosphorylation sites that are targeted by upstream regulatory kinases. 

Critically this region possesses docking sites for regulatory phosphatase 

calcineurin, which dephosphorylates most of these phospho-sites. The N- and C- 

termini are flanked by transactivation domains (TADs) which are non-homologous 

between family members and are a key interaction point with transcriptional 

partner proteins (Hogan et al., 2003, Vihma et al., 2008). Figure 1-2 shows some 

of the nomenclature (Fig 1-2A), protein regions with sequence alignment between 

differing NFAT family members (Fig 1-2B) and alignment amongst protein variants 

of NFATc2 (Fig 1-2C). Regions of high sequence homology and functional regions 

of the protein are derived from the literature (Rao et al., 1997b, Macián et al., 

2001, Macian, 2005, Qin et al., 2014, Mognol et al., 2016, Kitamura and Kaminuma, 

2021). 
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Name 
Alternative 

Name(s) 

Number of Known 

Protein Variants 

Protein Length 

(Amino Acids) 

NFATc1 NFAT2, NFATc 10 353-943 

NFATc2 NFAT1, NFATp 6 688-917 

NFATc3 NFAT4, NFATx 3 1065-1075 

NFATc4 NFAT3 9 782-965 

Figure 1-2. Nomenclature of NFAT and schematic diagrams of NFAT protein alignment. 

A: Table highlighting alternative nomenclature for NFATC1-4. The number of protein 

variants (as arises from alternative splicing) is highlighted per NFAT family member. The 

protein length, given in amino acids, is shown as a range from the shortest to longest 

protein variant, per NFAT family member. These data were extracted from the NCBI 

database, based on the GRCh38 genome. B: Protein alignment diagram for NFATc1-4. 

Protein sequences for each of NFATc1-4, for the longest protein variant per family 

member, were aligned and scored for strength of alignment using the online PRALINE 

multiple sequence alignment tool (via Centre for Integrative Bioinformatics VU, University 

of Amsterdam). Sequences were obtained as in A. A central region of high sequence 

homology was defined at a similar position as in the literature (amino acid position 400-

698, relative to NFATc1 in this case, shown in green) and showed a higher mean alignment 

score amongst all NFATc1-4 than other regions (7.84 for the central homologous region; 

3.58 for the N-terminal; 2.64 for the C-terminal; maximum possible score is 10). 

Highlighted are approximate locations for key functional regions as described in the 

literature. C: Schematic diagram showing the protein sequence alignment between 

protein variants of NFATc2. Sequences were obtained and aligned as in B. Shown are all 

6 variants ‘B’-‘G’ with the amino acid position given (relative to variant ‘B’). Regions of 

100% sequence homology are shown in green. 
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Inactive NFAT proteins reside in the cytoplasm in a heavily phosphorylated state. 

Activation of calcium-coupled surface receptors (e.g. receptor tyrosine kinases) 

triggers a signalling cascade via phospholipase C (PLC), which promotes calcium 

influx in a process known as store operated calcium entry (SOCE). In response to 

elevated calcium the messenger calmodulin activates multiple target enzymes, 

which include calcineurin and calmodulin kinase (CAMK) isoforms. Activated 

calcineurin docks on NFAT at conserved PxIxIT peptide motifs and subsequently 

dephosphorylate at up to 14 known serine-rich motifs on the NHD (Macian, 2005, 

Gwack et al., 2007). 

The conformational change which follows NFAT dephosphorylation exposes a 

‘nuclear localization signal’ enabling its nuclear import. The subcellular location 

of NFAT is carefully balanced by opposing calcineurin phosphatase activity and 

that of numerous kinases, which mask these localization signals to facilitate 

nuclear export in the absence of raised intracellular calcium. Examples of these 

kinases include GSK3, CK1 and JNK. Additionally, p38 MAPK has been found to 

regulate NFAT transactivation in the nucleus through phosphorylation at a motif 

separate to those regulated by calcineurin (Hogan et al., 2003, Villar et al., 2006, 

Leung-Theung-Long et al., 2009). 

Once inside the nucleus NFAT binds DNA as a monomer, unlike other Rel 

superfamily members. The core NFAT DNA consensus binding sequence has been 

defined as 5’-GGAA(A)-3’ in T cells, but variations have been described with 

differing binding affinities (Rao et al., 1997b, Badran et al., 2002, Hogan et al., 

2003). Lone NFAT DNA binding is often weak and it must bind in tandem with other 

factors at composite sequences to regulate transcription, as has been shown with 

AP-1 proteins Fos and Jun (Chen et al., 1998). In the case of NFκB proteins, NFAT 

could either compete with them or bind cooperatively, depending on the DNA 

motifs (Badran et al., 2002). One proteomics study described hundreds of putative 

NFAT interaction partners in T cells (Gabriel et al., 2016), raising the notion that 

NFAT proteins function as part of large transcriptional complexes and so are 

master integrators of upstream signalling pathways. A schematic diagram of NFAT 

function in the cell is shown in Figure 1-3.  
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Figure 1-3. Schematic diagram of calcium-NFAT signalling. 

1. Engagement of a calcium-coupled surface receptor by its ligand leads to activation of 

PLC. 2. A cascade of signalling events is initiated by PLC which leads to the movement of 

calcium from the endoplasmic reticulum (ER) into the cytoplasm. 3. Following depletion 

of ER calcium stores surface calcium release-activated calcium (CRAC) channels are 

opened, enabling influx of calcium to the cell. 4. Raised calcium levels triggers activation 

of calmodulin, which binds calcineurin. 5. A conformational change in calcineurin allows 

it to bind to NFAT at the PxIxIT docking motif and dephosphorylate NFAT at ~14 phospho-

sites. 6. Dephosphorylation of NFAT – with the exception of some residues not targeted 

by calcineurin – exposes a nuclear localization signal and enables its import to the nucleus. 

7. Once in the nucleus NFAT can bind to consensus DNA sequences – including 5’-GGAAA-

3’ – and activate (or inhibit) transcription. It may do so in cooperation with various 

transcriptional partners, which can include C/EBPα, RUNX1 and/or NFκB. NFAT’s position 

in the nucleus is balanced by the activity of import and export kinases. Note that 

inhibitors cyclosporine A (CsA) and VIVIT peptide can inhibit activation of the calmodulin-

calcineurin complex or binding of calcineurin to NFAT, respectively. 
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Inhibition of NFAT activation can be achieved by targeting calcineurin, using either 

of the small molecule inhibitors cyclosporine A (CsA) or tacrolimus. These are both 

used clinically to prevent graft rejection after organ transplantation, primarily 

due to the immunosuppressive effects on T and B cell activation secondary to 

inhibited NFAT-dependent cytokine transcription. While different in structure and 

target, they both form complexes with cellular immunophilins which can inhibit 

calcineurin phosphatase activity (Bierer et al., 1993). Calcineurin has numerous 

targets in addition to NFAT (Li et al., 2011a), making this a relatively non-specific 

means of inhibiting NFAT activity. Subsequently a more selective peptide inhibitor 

‘VIVIT peptide’ was developed, which directly binds the calcineurin docking motif 

PxIxIT on NFAT, thus more selectively inhibiting NFAT activity (Aramburu et al., 

1999). These inhibitors are useful tool compounds to study NFAT function. 

1.6.2 NFATs in the myeloid lineage 

NFAT expression in differentiated myeloid cells is generally lower than in T cells 

and CD34+ HSCs. Kiani et al. demonstrated that NFATC1-3, but not NFATC4, are 

well expressed in CD34+ blood cells and altered within myeloid lineages. NFATC2 

is downregulated in most differentiated myeloid cells, while NFATC1 is 

upregulated during the course of erythroid and megakaryocyte differentiation. 

NFATC3 is upregulated during erythroid but not megakaryocyte or eosinophil 

differentiation. Furthermore, inhibition of calcineurin-NFAT signalling with CsA 

was found to be permissive of CD34+ HSC differentiation into neutrophils (Kiani et 

al., 2004, Kiani et al., 2007). These data suggest that NFATs are responsible for 

regulating differentiation in healthy cells and that the NFAT family members are 

non-redundant in determining cell fate. This also suggests that specific NFAT 

members could be more important in the development of some morphological 

subtypes of AML. 

AML cells are characteristically poorly differentiated (Olsson et al., 1996) and it 

is worth considering whether NFAT could have a role in maintaining the stem cell-

like properties of blasts, given the observed gene expression profiles in healthy 

myeloid tissue. 

NFAT proteins regulate genes which determine proliferation and lineage 

commitment in the myeloid lineage. In murine GMP cells Nfat was found to 

negatively regulate genes which determine cell cycle entry such as Cdk4 and Cdk6. 
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This activity was dependent on Flt3-L signalling and PLCγ1-dependent calcium 

influx (Fric et al., 2014). Another study found that CsA inhibition of Flt3-L 

stimulated murine DCs led to upregulation of genes which progress the cell cycle, 

suggesting that targets of calcineurin block Flt3 receptor-mediated cycling. 

Additionally, blockade of the calcineurin-Nfat interaction with VIVIT also led to 

the expansion of the myeloid compartment in vivo (Fric et al., 2012a). These 

studies suggest that the NFAT/Nfat proteins inhibit proliferative signalling in 

myeloid development and interact with FLT3 receptor signalling. 

In normal physiology the growth factors macrophage- and granulocyte- colony 

stimulating factor (M-CSF and G-CSF) trigger HSCs to differentiate into either 

macrophages/monocytes or granulocytes, respectively. Nfatc1 expression was 

found to increase in murine BM cultures stimulated with M-CSF, but not G-CSF. 

Differentiation triggered by M-CSF was partially blocked by VIVIT, suggesting that 

it is dependent on calcineurin-NFAT interaction. Furthermore, distinct from the 

Flt3-L-stimulated GMPs described above, stimulation with either M-CSF or G-CSF 

was found to induce PLCγ2 (but not PLCγ1) activity (Barbosa et al., 2014). 

Therefore it appears that the regulatory function of NFAT in myelopoiesis, in the 

balance of proliferation and differentiation, is dependent on specific upstream 

signalling networks. 

NFAT proteins are well characterised in T cell effector function and also play a 

role in the myeloid cell response to pathogens. Pattern recognition receptors 

(PRRs), such as TLR4, respond to structural elements of invading microbes to 

trigger an immune response. Engagement of PRRs in a number of differentiated 

myeloid cell types can stimulate the calcineurin-NFAT interaction via calcium 

influx initiated by Syk and PLCγ (Bendickova et al., 2017). NFAT can also bind the 

canonical 5’-GGAAA-3’ DNA motif and regulate the expression of various cytokines 

in DCs and macrophages, including IL-2, IL-10 and IL-12, which influence immune 

responses (Elloumi et al., 2012, Yu et al., 2014). There is limited evidence 

suggesting that systemic CsA treatment in transplant patients could worsen 

outcomes due to a greater risk of fungal infection, secondary to inhibition of 

myeloid effector cell function specifically (Bendickova et al., 2017). Some of these 

roles of NFATs are shown schematically in Figure 1-4. 
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The evidence discussed highlights that NFAT activity can direct myeloid 

progenitors towards quiescence by inhibiting the cell cycle or favour 

differentiation, depending on the specific upstream pathways activated. 

Leukaemic transformation to AML is dependent on deregulation of these processes 

in steady state myelopoiesis and these changes are often promoted through TFs 

(Olsson et al., 1996). As such, NFAT proteins could influence AML initiation or 

maintenance downstream of mutated signalling proteins. For example, the FLT3 

receptor is commonly mutated in AML, leading to enhanced proliferation. 

Figure 1-4. Schematic diagram of putative roles for NFAT in myeloid lineage cells. 

Roles for NFAT inferred from aforementioned studies are shown as putative roles in human 

myeloid cells, schematically as a myeloid cell in different ‘stages’ of differentiation. Left: 

in mature dendritic cells pathogens trigger pattern recognition receptors (PRRs) such as 

TLR4, which is thought to be upstream of NFAT-driven cytokine transcription. Middle: in 

progenitor cells NFAT is downstream of a FLT3-PLCγ1 axis, whereby it inhibits regulators 

of the cell cycle. NFAT may also act downstream of FLT3 in dendritic cells. Right: in GMPs 

NFAT activates myeloid differentiation in response to M-CSF receptor engagement, which 

also signals via PLCγ2. 
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Understanding the relationship between FLT3-L and NFAT activity in healthy 

myeloid cells could therefore provide insight into this relationship in leukaemia. 

In parallel, TLR4 participates in HSC regulation and is overexpressed in some types 

of AML (Rybka et al., 2015, Monlish et al., 2016) and so it is worth considering 

whether a TLR-NFAT axis is as important in oncogenesis as in mature myeloid cell 

function. 

Broadly speaking, NFAT proteins have a greater role in less differentiated myeloid 

cells (see Figure 1-4) and might also be important in the differentiation status of 

AML. It could also be inferred that each family member is non-redundant and so 

further investigation into individual roles is warranted. Ultimately, given the 

distorted nature of the haemopoietic hierarchy in AML (Pollyea and Jordan, 2017) 

these are only inferences from healthy cells and should be examined more closely 

in leukaemia tissue. 

1.6.3 NFATs in AML 

There is growing evidence that NFAT signalling cooperates with mutations of the 

FLT3 receptor in AML. FLT3ITD is present in around 25% of AML cases and confers 

particularly poor outcomes for patients compared to other AML subtypes (Lagunas-

Rangel and Chávez-Valencia, 2017). This is a gain-of-function mutation which 

causes ligand-independent proliferative signalling (Chan, 2011). 

Exogenous expression of Flt3ITD/FLT3ITD in haemopoietic cells has been shown to 

induce a myeloproliferative disease and it is understood to require other driver 

mutations to induce overt AML (Kelly et al., 2002, Solovey et al., 2019). In one of 

these models co-expression of Flt3ITD with a constitutively active form of human 

NFATC1 led to the rapid development of myeloid leukaemia and expansion of 

immature blasts in vivo. Interestingly the expression of constitutive NFATC1 alone 

inhibited the colony forming capacity of sorted Lin-Sca1+c-kit+ (LSK) BM cells, but 

Flt3ITD co-expression increased colony formation dramatically, more than Flt3ITD 

alone (Solovey et al., 2019). 

The observed phenotypes imply that NFATc1 has an inhibitory effect on expansion 

of primitive LSK cells, in parallel to the studies conducted in GMPs (Fric et al., 

2012a, Fric et al., 2014). Constitutively active FLT3 signalling appears to 

supersede this and the cooperativity with NFAT induces a distinct transcriptional 
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program permissive of AML development (Solovey et al., 2019). Signalling 

downstream of FLT3ITD is different from that of the normal FLT3 receptor, as has 

been demonstrated in murine haemopoietic cells with aberrant activation of 

STAT5 (Rocnik et al., 2006). One possibility is that engagement of pathological 

signalling by FLT3ITD may influence the recruitment of other factors to 

transcriptional complexes containing NFATc1. However, this model is an artificial 

representation of AML and does not reflect on the true ontogeny of leukaemia. 

Evidence from relapsed AML patients suggests that FLT3ITD often arises as a later 

event and is not consistently found in the founding LSC clone (Levis and Small, 

2003), which should be borne in mind when considering NFAT as an effective 

therapeutic target. 

NFATc1 activity can also mediate resistance to TKI. FLT3ITD AML can be treated 

with TKIs such as sorafenib and quizartinib but point mutations and/or ‘escape’ 

signalling pathways often lead to resistance and relapse (Fathi and Chen, 2011). 

Metzelder et al. demonstrated that depletion of NFATC1 by shRNA or NFATc1 

functional inhibition with CsA or VIVIT treatment could increase sensitivity of 

FLT3ITD AML cells to sorafenib. Expression of a constitutively nuclear NFATc1 with 

FLT3ITD in myeloid progenitor cells increased resistance to sorafenib and also 

induced morphological signs of de-differentiation (Metzelder et al., 2015). It is 

not clear whether NFATc1 and FLT3ITD cooperativity activate a specific resistance 

mechanism, which permit FLT3ITD blasts to escape sorafenib-mediated cell death. 

The reversal of cell maturation may also highlight a pathogenic role of NFATc1 in 

maintaining stem cell-like properties, akin to the high expression of NFATc1-3 

observed in in normal HSCs (Kiani et al., 2004, Kiani et al., 2007). 

Resistance to TKIs in CML was also found to be linked to NFAT activity. CML is 

characterised by the BCR-ABL1 fusion oncogene, which is effectively targeted by 

the TKI imatinib. As with FLT3 inhibitors, resistance to imatinib can arise through 

a number of mechanisms, including BCR-ABL mutations and receptor-independent 

means (Valent, 2007). Gregory et al. identified NFAT-stimulated autocrine IL-4 

signalling as a mechanism of imatinib resistance and the effect was modulated 

primarily by NFATc1 (Gregory et al., 2010). IL-4 is an established regulatory target 

of NFAT in the function of various immune cells (Fric et al., 2012b). Sung et al. 

found that AML cells can increase resistance to FLT3ITD inhibition by autocrine 

stimulation with various cytokines, including IL-6 and GM-CSF, which are also 
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targets of NFAT in some myeloid lineage cells (Fric et al., 2012b, Sung et al., 

2019). Based on the evidence available investigation into the role of NFAT in 

autocrine cytokine signalling in AML may yield further insight into the mechanism(s) 

of resistance to FLT3 inhibitors. 

Resistance to therapy, be it FLT3 inhibitors or otherwise, is a common cause of 

relapse in AML (Yeung and Radich, 2017), with evidence so far focusing on TKIs 

and FLT3ITD AML. 

Chemotherapy primarily targets cycling cells and so is often evaded in AML by 

subclones that are more quiescent and/or plastic in their state of differentiation, 

like the LSC population. However, the ability of the LSCs to persist through 

treatment and regenerate AML blasts is highly multi-dimensional, depending on 

the interaction of epigenetic and transcriptional regulators, evasion of the 

immune response and interaction with BM microenvironment (Yeung and Radich, 

2017, van Gils et al., 2021). The evidence discussed shows that NFAT can regulate 

cycle genes and stem cell properties in myeloid physiology and pathology, and so 

could plausibly have roles in mediating chemotherapy resistance or LSC 

development, but its precise role in this complex interplay is not yet clear. 

The role of NFAT transcriptional partners may aid the generation of a more 

complete picture of the active regulatory networks in AML. For example, RUNX1 

may cooperate with FLT3ITD in the development of AML (Behrens et al., 2017) and 

is also known to regulate key oncogenes, such as p53 (Takei and Kobayashi, 2019). 

RUNX1 somatic mutations and chromosomal translocations are well characterised 

in AML (Sood et al., 2017). Masuda et al. demonstrated that RUNX proteins 

regulate NFATC2 transcription and this was inhibited by the RUNX inhibitor Chb-

M’ in their models of AML, particularly in APL (Masuda et al., 2020), suggesting 

that NFATC2 could play a role in the mechanism of RUNX-driven oncogenesis here. 

NFAT was also found to interact with promyelocytic leukaemia (PML) protein - a 

tumour suppressor frequently disrupted in APL – in fibroblasts (Mu et al., 1994, Lo 

et al., 2008). Further investigation of these transcriptional partners may also 

highlight a novel role for NFAT in APL pathogenesis. Various other transcriptional 

partners of NFAT are known to be deregulated in AML, such as AP-1 proteins 

(Takahashi, 2006, Ptasinska et al., 2019) and C/EBPα (Paz-Priel and Friedman, 

2011), although their intrinsic involvement with NFAT has not been demonstrated 
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in this context. A focused investigation into their relationship with NFAT in AML 

may yield novel mechanisms of action and/or means of targeting NFAT activity. 

At present there is a lack of evidence around whether NFAT proteins mediate 

leukaemia initiation or participate in maintenance in tandem with other 

mutational drivers. Existing models focus on FLT3ITD-driven signalling and are 

based primarily on synthetic models of AML, which do not necessarily reflect the 

complex clonal architecture or molecular heterogeneity of de novo 

leukaemogenesis. Additionally, most studies present evidence for NFATc1 activity 

or are based on inhibition of all NFAT or calcineurin activity, in the absence of 

more specific compounds. Evidence from solid tumours suggests that individual 

members of the NFAT family have distinct and sometimes opposing roles in 

regulation of the cell cycle (Mognol et al., 2016). It is reasonable to postulate that 

each NFAT family member may contribute differentially to AML pathogenesis, and 

should be investigated as such. It should also be noted that functional variants of 

NFAT genes are not commonly found, although not absent, as shown by mutational 

profiling of large AML patient datasets (Ley et al., 2013, Tyner et al., 2018). In 

light of the evidence available, there are some considerations for future 

therapeutic strategies to target NFAT signalling in AML. 

1.6.4 Therapeutic targeting of NFATs 

CsA, tacrolimus and VIVIT peptide have served as key inhibitors for experimental 

research into NFAT but their clinical application is quite limited. Calcineurin, the 

target of CsA, has a number of targets other than NFAT which are less well 

characterised (Li et al., 2011a). Clinical use of CsA in organ transplant patients is 

associated with significant nephrotoxicity and neurotoxicity, due to some of these 

other targets and the role of NFAT proteins in the nervous and cardiovascular 

systems (Tedesco and Haragsim, 2012). Tacrolimus has even higher toxicity but 

some evidence suggests that lower doses could be well-tolerated by patients 

(Klintmalm, 1994, Spiekerkoetter et al., 2017), although this would still carry the 

issue of non-specificity towards NFAT. CsA is also known to inhibit P-glycoprotein 

(Pgp), which can increase cellular efflux of some chemotherapeutics and reduce 

their efficacy. One randomised controlled trial of patients with poor risk AML 

(n=226) found that intravenous CsA treatment improved overall survival, although 

this was linked with inhibition of Pgp and so potentially not connected to NFAT 
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activity (List et al., 2001). However, highly toxic chemotherapy regimens are not 

well tolerated by cohorts of older AML patients and so more targeted drugs would 

be advantageous. 

VIVIT has the advantage of targeting the calcineurin-NFAT interaction specifically. 

It has been developed to be cell permeable, stable in the circulation (half-life = 

30 hr) and is capable of inhibiting T cell function in mice (Noguchi et al., 2004). 

There is currently no clinical data regarding VIVIT, however some in vivo data in 

cardiovascular disease models suggest that its pharmacological properties are 

undesirable for application to patients (Yu et al., 2007). There are various 

experimental compounds which target other elements of NFAT function. The 

salicylic acid derivative UR-1505 specifically blocks NFAT binding to DNA and was 

found to be an effective immunosuppressant (Román et al., 2007), but its efficacy 

translated poorly to the clinic as a dermatitis therapy, particularly when compared 

with tacrolimus (Vives et al., 2015). Based on extremely limited clinical 

information there is clearly a need to develop NFAT-targeted therapy further in 

order to progress research into its viability. 

Recent research has identified novel means of targeting specific NFAT family 

members. A novel calcineurin-binding region (CNBR) is present in the N-terminus 

of some NFATs, while other binding regions have variable binding affinities for 

calcineurin between NFATc1-4, meaning that it could be possible to preferentially 

target some of the NFAT family members therapeutically. For example, it may be 

possible to specifically inhibit the interaction of calcineurin with either NFATc1 

and NFATc4 by targeting CNBR3, but no such inhibitor exists presently (Kitamura 

and Kaminuma, 2021). More broadly, therapeutic targeting of TFs has been shown 

to be challenging, although inhibitors of the related Rel protein NF-κB are in early 

clinical trials for the treatment of AML and other cancers (Ramadass et al., 2020). 

Some of these inhibitors target nuclear shuttling, DNA binding and downstream 

targets of NF-κB, which could be applied similarly for inhibition of NFAT in a 

clinical setting. It may therefore be possible to target nuclear import/export 

kinases, targets of NFAT and/or transcriptional partners of NFAT, but further 

evidence is needed. 

Given that NFAT has roles in a number of immune cells the effect(s) of NFAT 

inhibition on the wider AML microenvironment must also be considered. T cell-
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driven immune surveillance is a major defence against the development of cancers, 

including leukaemias. Often the interface between AML blasts and T cells within 

the BM microenvironment is distorted in such a way that allows the AML cells to 

escape immune recognition (Vago and Gojo, 2020). In vitro studies have 

demonstrated either AML cell supernatant or direct AML cell contact suppresses T 

cell activation, via NFAT signalling specifically (Buggins et al., 2001, van Galen et 

al., 2019). If suppressed NFAT signalling in T cells is permissive of AML immune 

evasion, then significant caution should be taken when developing global NFAT 

inhibition as a means of therapy. This further stresses the need to elucidate the 

contribution of differing NFAT family members to each of the biological processes 

relevant in AML development, to allow more targeted therapies to be developed. 

1.6.5 Hypothesis 

At present there is intriguing evidence to implicate NFAT proteins in AML. By 

looking at their roles in normal myeloid physiology and in other types of cancer it 

is conceivable that NFAT regulates the transcription of key cell cycle and/or 

differentiation programs in leukaemogenesis. Furthermore, NFAT has been 

observed to play a role in resistance to TKIs in myeloid leukaemias and may 

mediate patient relapse. However, it is still to be ascertained whether NFAT is 

important in the context of some mutational profiles – as with FLT3ITD – or if its 

oncogenic properties are applicable across numerous AML subtypes. 

Recent evidence identified NFATC2 as a key target of KDM4A, which is known to 

be essential for AML cells, in a model of MLL-AF9 AML. Together with the available 

data it seems plausible that NFATC2 could be essential for the survival and 

oncogenic function of AML cells of this subtype and other subtypes. This study was 

designed to test this hypothesis. 
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1.6.6 Study aims 

1. Identify suitable in vitro models to investigate the relationship of NFATC2 

and AML cell pathobiology by characterising NFATC2/NFATc2 expression 

and basic function in selected AML cell lines. 

2. Determine the phenotype of AML cells after overexpression of NFATC2 as a 

method of elucidating its function in these cells. 

3. Assess the dependence of AML cells on calcineurin-NFAT signalling by 

treating cell lines with established inhibitors of this pathway. 

4. Measure the dependence of AML cells on NFATC2 specifically by shRNA KD 

of NFATC2 in AML cell lines. Determine the function(s) of NFATC2 in these 

cells by measuring the cell phenotype after NFATC2 KD. 

5. Characterise the global transcriptional consequences of NFATC2 KD in AML 

cells using RNA sequencing (RNA-Seq). 

6. Identify DNA binding targets of NFATc2 in AML cells using ChIP sequencing 

(ChIP-Seq). Combine with RNA-Seq data to ascertain functional targets of 

NFATC2. 

7. Determine the relationship of NFATC2 expression with AML patients’ 

clinical outcome and disease subtype using open-source datasets. 

Additionally, investigate these relationships for the putative NFATC2 

targets identified in aims 5&6.  
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2 Materials and Methods 

2.1 Materials 

Detailed lists of suppliers and external sequencing providers are given in the 

digital appendix. A list of general plasticware and glassware used is also given. 

2.1.1 Equipment 

Equipment Supplier 

SpectraMax® M5 Plate Reader Molecular Devices 

Eppendorf® Thermomixer Compact Merck 

NanoDropTM 1000 Spectrophotometer LabTech 

Mini-Sub Cell Gel Tank Systems Bio-Rad 

PowerPacTM Basic/HC Power Supply Bio-Rad 

Mini Gel Tank TFS 

Odyssey Imaging System LI-COR® 

Zeiss Axioimager M1 Epifluorescence and 

Brightfield Microscope 
Zeiss 

MidiMACSTM Separator Miltenyi Biotec 

MACS® magnetic stand Miltenyi Biotec 

FACSCantoTM II BD Biosciences 

FACSAriaTM III BD Biosciences 

ProFlexTM Thermal Cycler TFS 

QuantStudioTM 7 Pro TFS 

BiomarkTM HD Fluidigm® 

BiomarkTM IFC Controller MX Fluidigm® 

2100 Bioanalyzer Instrument Agilent 

EpiShearTM Probe Sonicator ActiveMotif® 
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2.1.2 Web tools and software platforms 

Tool/software name Version Function Additional information 

Microsoft Office 2110 
Word processing (Word), image design 

(PowerPoint), data processing (Excel) 
- 

GraphPad Prism 8.0.2 Data analysis, graphic design - 

SnapGene® Viewer 5.0.6 Chromatogram visualisation - 

EMBOSS Needle - Global alignment of paired DNA sequences 
(Needleman and Wunsch, 1970) 

https://www.ebi.ac.uk/Tools/psa/emboss_needle/ 

ImageJ 1.53k Measure object area in images - 

FACSDivaTM - Acquire and analyse flow cytometry data - 

SoftMax® Pro Software - Acquire plate spectrophotometer data - 

FlowJo 10.5.3 Analysing flow cytometry data - 

ImageStudio Lite 5.2 
Analyse imaging data from LI-COR Odyssey 

Imaging System  
- 

RStudio 1.1.456 Various functions: see 2.1.4 - 

Galaxy - Various functions: see 2.1.4 http://heighliner.cvr.gla.ac.uk/  

Protein Molecular 

Weight (MW) 
- Estimate protein MW from sequence https://www.bioinformatics.org/sms/prot_mw.html  

ENSEMBL Gene ID to 

Gene Symbol Converter 
- Convert ENSEMBL gene IDs to gene symbols 

https://www.biotools.fr/human/ensembl_symbol_conv

erter  

STRING Database 11.5 
Predicts protein-protein interactions through 

known associations 

https://string-db.org/  

(Szklarczyk et al., 2021) 

DAVID Bioinformatics 

Resources 
6.8 

Multiple, including functional annotation and 

conversion of gene IDs between nomenclatures 
https://david.ncifcrf.gov/  

Gene Set Enrichment 

Analysis (GSEA) 
4.1.0 

Identify pathways containing genes which are 

enriched in a set of data 
(Subramanian et al., 2005) 

KEGG - Repository of known molecular pathways https://www.genome.jp/kegg/pathway.html  

https://www.ebi.ac.uk/Tools/psa/emboss_needle/
http://heighliner.cvr.gla.ac.uk/
https://www.bioinformatics.org/sms/prot_mw.html
https://www.biotools.fr/human/ensembl_symbol_converter
https://www.biotools.fr/human/ensembl_symbol_converter
https://string-db.org/
https://david.ncifcrf.gov/
https://www.genome.jp/kegg/pathway.html
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PANTHER Classification 

System 
- 

Identifies enrichment of a gene list in known 

PANTHER, gene ontology (GO) or Reactome 

pathways 

http://www.pantherdb.org/  

Reactome - 

Identifies enrichment of a gene list in known 

pathways, which some visual interactive 

features 

https://reactome.org/  

MEME-ChIP 
5.4.1 (MEME 

Suite) 

Identification of novel DNA motifs in a set of 

provided sequences 

https://meme-suite.org/meme/tools/meme-chip  

(Machanick and Bailey, 2011) 

TOMTOM 
5.4.1 (MEME 

Suite) 
Aligns a set of motifs to known motifs https://meme-suite.org/meme/tools/tomtom  

Axiovision Rel 4.8 - 
Acquisition and imaging from Zeiss Axioimager 

microscope 
- 

Fluidigm® Real-Time 

PCR Analysis Software 
3.0.2 

Analysis of multiplex qRT-PCR data from 

Fluidigm® BioMarkTM 
- 

BioMark HD Data 

Collection Software 
3.1.2 

Acquisition of multiplex qRT-PCR data from 

Fluidigm® BioMarkTM 
- 

NCBI Primer-BLAST - 
Designs primers to specifications against a 

specified sequence 
https://www.ncbi.nlm.nih.gov/tools/primer-blast/  

NCBI BLAST® (BLASTn) - 
Matches query nucleotide sequences to known 

sequences 
https://blast.ncbi.nlm.nih.gov/Blast.cgi  

2100 Expert 
B.02.10.SI76

4 
Analysis of data from 2100 Bioanalyzer platform - 

Biorender - Provision of cartoons/icons for diagrams https://biorender.com/  

Inkscape 1.0.2 Open-source graphics editor - 

  

http://www.pantherdb.org/
https://reactome.org/
https://meme-suite.org/meme/tools/meme-chip
https://meme-suite.org/meme/tools/tomtom
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://biorender.com/
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2.1.3 R and Galaxy Packages 

Package name 
R/Galaxy 

access 
Version (Galaxy or R) 

dplyr R 1.0.7 

stats R 4.0.3 

VennDiagram R 1.7.1 

ggplot2 R 3.3.5 

SPIA R 2.42.0 

edgeR R 3.32.1 

SummarizedExperiment R 1.20.0 

Readxl R 1.3.1 

stringr R 1.4.0 

gplots R 3.1.1 

RColorBrewer R 1.1-2 

Trimmomatic Galaxy (G) 0.36.5 

BWA-MEM Galaxy (G) 0.7.17.1 

samtools Galaxy 1.3.1 

SortSam Galaxy (G) 2.18.2.0 

MACS Galaxy (G) 2.1.1.20160309.3 

ChIPseeker 
Galaxy 

R 

(G) 1.18.0+galaxy1 

(R) 1.26.0 

GenomicRanges R 1.42.0 

ChIPQC R 1.26.0 

DiffBind R 3.0.15 

metagene2 R 1.6.1 

GenomicFeatures R 1.42.3 

Biostrings R 2.58.0 

corrplot R 0.92 

 

2.1.4 Databases 

Database source(s) Dataset Means of access 

GDC Database 

(https://portal.gdc.cancer.gov/), 

(Ley et al., 2013) 

TCGA-LAML 

TCGABiolinks R package and 

publication supplementary 

information 

(Tyner et al., 2018) BEAT-AML 
Publication supplementary 

information 

GDC Database 

(https://portal.gdc.cancer.gov/) 
TARGET-AML 

TCGABiolinks R package and 

GDC portal directly 

Gene expression omnibus (GEO) 

https://www.ncbi.nlm.nih.gov/geo/ 
GSE83533 

Downloaded from GEO 

directly 

  

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo/
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2.1.5 Cells, reagents and other consumables 

2.1.5.1 Cell culture 

Reagent Supplier Catalogue # 

Roswell Park Memorial Institute (RPMI) 1640 

Medium, no glutamine 
TFS 31870025 

Dulbecco’s Modified Eagle Medium (DMEM), 

high glucose, pyruvate, no glutamine 
TFS 21969035 

Iscove’s Modified Dulbecco’s Medium (IMDM) TFS 12440053 

Trypsin-EDTA (0.25%), phenol red TFS 25200072 

Fetal Bovine Serum, qualified, heat 

inactivated, Brazil 

TFS 
10500064 

L-glutamine (200 mM) TFS 25030024 

Penicillin-Streptomycin (10,000 U/mL) TFS 15140122 

Hygromycin B (50 mg/mL) TFS 10687010 

Diphtheria Toxin from Corynebacterium 

diphtheriae 
Merck D0564 

MycoAlertTM Mycoplasma Detection Kit Lonza LT07-418 

MethoCultTM H4230 Methylcellulose-Based 

Medium 

StemCellTM 

Technologies 
04230 

MethoCultTM M3231 Methylcellulose-Based 

Medium 

StemCellTM 

Technologies 
03231 

Recombinant Murine (m)IL-3 PeproTech 213-13 

Recombinant mIL-6 PeproTech 216-16 

Recombinant mGM-CSF PeproTech 315-03 

Recombinant mSCF PeproTech 250-03 

 

 

2.1.5.2 Chemical reagents 

Reagent/material Supplier Catalogue # 

Ethanol (Absolute) VWR 20821.330 

2-Propanol (Absolute) Fisher Scientific 24137 

Methanol (Absolute) Fisher Scientific 24229 

Dimethyl sulphoxide (DMSO) Merck D8418 

N,N-Dimethylformamide (DMF) Merck D-4551 

Phosphate-buffered saline tablets (PBS) TFS BR0014G 

Hanks-buffered saline solution (HBSS) 10X TFS 14065-049 

Potassium acetate (CH3CO2K) Merck P1190 

Calcium chloride (CaCl2) dihydrate Merck C8106 

Manganese(II) chloride (MnCl2) tetrahydrate Merck M3634 

Rubidium chloride (RbCl) Merck R2252 

Glycerol (C3H8O3) Merck G5516 

MOPS (C7H15NO4S) Merck M1254 

Glacial Acetic acid (CH2O) VWR 20104.334 
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Potassium hydroxide (KOH) Merck 221473 

Magnesium sulfate (MgSO4) heptahydrate Merck 230391 

Potassium chloride (KCl) Merck P9541 

D-(+)-Glucose Merck G7528 

Sodium hydroxide (NaOH) Merck S5881 

Agarose (C24H38O19) Merck A9539 

Sigma 7-9® (C4H11NO3) Merck T1378 

EDTA (C10H16N2O8), anhydrous Merck EDS 

Polyethylinimine (PEI) Fisher Scientific 23966 

Polybrene Infection / Transfection Reagent 

(hexadimethrine bromide) 
Merck TR-1003-vG 

Trypan Blue Merck T6146 

Bovine serum albumin (BSA) Fraction V Merck 10735086001 

May-Grünwald stain Merck MG500 

Giemsa stain Merck 48900 

Pertex® Mounting Medium Histolab 00801 

β-mercaptoethanol Merck M6250 

Diisopropyl fluorophosphate (DIFP) Merck D0879 

HEPES 1M TFS 15630-080 

Magnesium chloride (MgCl2) Hexahydrate Merck M2393 

Triton X-100 Merck 93443 

IGEPAL CA-630 (NP-40) Merck I8896 

Sodium deoxycholate Merck D6750 

Sodium dodecyl sulphate (SDS) Merck L5750 

Sodium chloride (NaCl) Merck 1.06404.1000 

Sodium fluoride (NaF) Merck S7920 

cOmplete™ ULTRA Tablets, EDTA-free, glass 

vials Protease Inhibitor Cocktail (PIC) 
Merck 5892953001 

PhosSTOPTM Merck 4906837001 

TWEEN® 20 Merck P2287 

Ovalbumin Merck A5503 

Lithium chloride (LiCl) Merck L9650 

Agar Merck A1296 

Formaldehyde solution Merck 47608 

Puromycin dihydrochloride Merck P9620 

Ampicillin sodium salt Merck A0166 

Rely+OnTM Virkon Powder VWR 148-0202 

Dithiothreitol (DTT) Merck 10708984001 

Resazurin salt Merck R7017 

Ponceau S Merck 141194 

Monopotassium phosphate (KH2PO4) Merck 60229 

Disodium phosphate (Na2HPO4) Merck 1.06585 

Dipotassium phosphate (K2HPO4) Merck P3786 

DNase I, Bovine Pancreas Merck 260913 

Saponin Merck 558255 



62 

 

2.1.5.3 Restriction enzymes 

 

 

2.1.5.4 Molecular biology and virus production 

  

Enzyme Cut site Supplier Catalogue # 

BamHI-HF®  NEB R3136 

EcoRI-HF®  NEB R3101 

NdeI 
 

NEB R0111 

NotI-HF®  NEB R3189 

Reagent/material Supplier Catalogue # 

SYBRTM Safe DNA Gel Stain TFS S33102 

1 kb Plus DNA ladder NEB N3200 

Gel Loading Dye, Purple (6X) NEB B7024 

Polybrene Infection/Transfection Reagent Merck TR-1003 

Plasmid Mini Kit QIAGEN 12123 

Plasmid Maxi Kit QIAGEN 12162 

QIAquick PCR Purification Kit QIAGEN 28104 

RNeasy Plus Mini Kit QIAGEN 74104 

RNeasy Plus Micro Kit QIAGEN 74034 

QIAshredder QIAGEN 79656 

SuperScriptTM IV Reverse Transcriptase TFS 18090010 

Random Hexamers (50 µM) TFS N8080127 

deoxynucleoside triphosphate (dNTP) Mix 

(10 Mm) 
TFS R0191 

DTT (dithioethreitol) (0.1 M) TFS Y00147 

RNaseOUTTM Recombinant Ribonuclease 

Inhibitor (40 U/µL) 
TFS 10777019 

Proteinase K, recombinant, PCR grade TFS EO0492 

PowerUp SYBRTM Green Master Mix TFS A25743 
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2.1.5.5 Multiplexed qRT-PCR 

 

2.1.5.6 Agilent kits 

 

2.1.5.7 ChIP-Seq 

 

 

 

 

Reagent/material 
Supplier Catalogue # 

96.96 Dynamic ArrayTM IFC for Gene 

Expression 
Fluidigm® BMK-M-96.96 

GE 96.96 Dynamic Array DNA Binding Dye 

Reagent Kit with Control Line Fluid 
Fluidigm® 100-3415 

2X SsoFast EvaGreen Supermix 

with Low ROX 
Bio-Rad 172-5211 

20X DNA Binding Dye Sample Loading 

Reagent 
Fluidigm® 100-0388 

QIAGEN Multiplex PCR Plus Kit QIAGEN 206152 

T7 Exonuclease NEB M0263 

 

Reagent/material 
Supplier Catalogue # 

RNA 6000 Nano Kit Agilent 5067-1511 

DNA 1000 Kit Agilent 5067-1504 

 

Reagent/material 
Supplier Catalogue # 

IPure kit V2 Diagenode C03010015 

AMPure XP for PCR 

Purification 
Beckman Coulter A63880 

MicroPlex Library 

Preparation Kit v2 (12 

indexes) 

Diagenode C05010012 

Dynabeads® Protein G TFS 10003D 

Qubit® dsDNA HS Assay Kit TFS Q32851 

NFAT1 (D43B1) XP® Rabbit 

mAb 
CST 5861 

Rabbit IgG antibody Diagenode C15410206 

Anti-Histone H3 antibody 

(Rabbit pAb) 
Abcam ab1791 
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2.1.5.8 Compounds and inhibitors 

Inhibitor 
Solvent 

required 
Supplier Catalogue # 

cyclosporine A (CsA) DMSO Merck 30024 

NFAT Inhibitor, Cell 

Permeable (VIVIT-11R) 
H2O Tocris 592517-80-1 

INCA-6 DMSO Tocris 3519-82-2 

U73122 DMF* Tocris 112648-68-7 

ionomycin calcium salt DMSO Merck I3909 

phorbol 12-myristate 13-

acetate (PMA) 
DMSO Fisher Scientific BMLPE1350005 

cytarabine (U-19920A) DMSO SelleckChem S1648 

*U73122 was dissolved in DMF in a water bath at 50°C. 

 

2.1.5.9 Flow cytometry antibodies and reagents 

 

  

Reagent/material Supplier Catalogue # 

BD PharmingenTM FITC Annexin V BD Biosciences 556420 

BD PharmingenTM APC Annexin V BD Biosciences 550474 

BD PharmingenTM 4’,6-diamidino-2-

phenylindole (DAPI) Solution 
BD Biosciences 564907 

Annexin binding buffer (10X) BD Biosciences 51-6612EBD 

Propidium iodide (PI) TFS P1304MP 

Ribonuclease (RNase) A from bovine 

pancreas 
Merck R6513 

UltraComp eBeadsTM Plus Compensation 

Beads 
TFS 01-3333-41 

CellTraceTM CFSE (carboxyfluorescein 

succinimidyl ester) Cell Proliferation Kit 
TFS C34554 

PerCP-Cy™5.5 Rat Anti-Mouse CD117, Clone 

2B8 (RUO) 
BD Biosciences 560557 

5-Bromo-2’-Deoxyuridine (BrdU) TFS B23151 

BrdU Monoclonal Antibody (BU20A), APC, 

eBioscienceTM 
TFS 17507141 
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2.1.5.10 Primary antibodies for Western blot or IF 

**Already described for ChIP-Seq 

2.1.5.11 Secondary antibodies for Western blotting 

 

2.1.5.12 Secondary antibodies for IF 

 

  

 

Reagent/material 
Supplier Catalogue # 

NFAT1 (D43B1) XP® Rabbit monoclonal antibody 

(mAb)** 
CST 5861 

NFATc1 mAb (7A6), Mouse TFS MA3-024 

Phospho- (p-)NFATC2 (Ser54) polyclonal antibody 

(pAb), rabbit 
TFS 44-944G 

Β-actin (8H10D10) Mouse mAb CST 3700 

Β-actin (D6A8) Rabbit mAb CST 4970 

Β-tubulin Antibody, Rabbit CST 2146 

Lamin A/C Antibody, Rabbi CST 2032 

Tri-Methyl-Histone H3 (Lys9) (D4W1U) Rabbit mAb CST 13969 

Tri-Methyl-Histone H3 (Lys27) (C36B11) Rabbit mAb CST 9733 

Histone H3 (1B1B2) Mouse mAb CST 14269 

PARP (46D11) Rabbit mAb CST 9532 

Cleaved PARP (Asp214) (D64E10) XP® Rabbit mAb CST 5625 

Histone H2AX (D17A3) XP® Rabbit mAb CST 7631 

Phospho- (p-)H2AXser139 Rabbit mAb CST 2577 

STK33 (D3S4R) Rabbit mAb CST 95343 

c-Myc (N-262), Rabbit pAb Santa Cruz sc-764 

 

Reagent/material 
Supplier Catalogue # 

IRDye® 680RD Goat anti-Rabbit IgG (H+L) LI-COR Biosciences 926-68071 

IRDye® 800RD Donkey anti-Mouse IgG (H+L) LI-COR Biosciences 926-32212 

 

Reagent/material 
Supplier Catalogue # 

Goat anti-Mouse IgG (H+L), Cross-Adsorbed 

Secondary Antibody, Alexa Fluor® 488 
TFS A-11001 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor® 488 
TFS A-11008 
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2.1.5.13 Other materials for protein-based work 

  

 

Reagent/material 
Supplier Catalogue # 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, Mini 

Protein Gel, 10-well 
TFS NP0321BOX 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, Mini 

Protein Gel, 12-well 
TFS NP0322PK2 

NuPAGE™ 4 to 12%, Bis-Tris, 1.5 mm, Mini 

Protein Gel, 15-well 
TFS NP0336BOX 

Nitrocellulose Membrane, 0.45 μm, 30 cm x 

3.5 m 
TFS 88018 

Western Blotting Filter Paper TFS 84784 

NuPAGETM LDS Sample Buffer (4X) TFS NP0007 

NuPAGE™ Sample Reducing Agent (10X) TFS NP0009 

NuPAGE™ MOPS SDS Running Buffer (20X) TFS NP0001 

ReBlot Plus Strong Antibody Stripping 

Solution, 10x 
Merck 2504 

ProLongTM Diamond Antifade Mountant with 

DAPI 
TFS P36962 

Carl Zeiss™ Immersol™ Immersion Oil 518F Zeiss 10690586 

CD117 MicroBeads, mouse Miltenyi Biotec 130-091-224 

PierceTM Coomassie (Bradford) Protein Assay 

Kit 
TFS 23200 

Pierce™ BCA Protein Assay Kit TFS 23225 

Poly-L-lysine Merck P4832 
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2.1.6 Buffer and solution preparations 

2.1.6.1 General and miscellaneous buffers/solutions 

Tris-acetate-EDTA (TAE) buffer (10X) 

Reagent Concentration for 10X 

Sigma 7-9® 400 mM 

Acetic acid 1.14% (v/v) 

EDTA (solution at pH 8.0) 10 mM 

 

‘MACS’ buffer 

Reagent Final concentration 

BSA 0.5% (w/v) 

EDTA 2 mM 

These were dissolved in PBS (pH 7.2). 

Sorensen’s phosphate buffer (CSH, 2010) 

Reagent Buffer concentration (each) 

Monopotassium phosphate (KH2PO4) 0.133 M 

Disodium phosphate (Na2HPO4) 0.133 M 

These were dissolved in H2O and mixed in a 3:7 volumetric ratio to achieve pH 7.2. 

2.1.6.2  Bacterial growth (buffers and cells) 

 

LB growth medium 

Reagent Final concentration 

Tryptone 1% (w/v) 

Sodium chloride (NaCl) 0.5% (w/v) 

Yeast extract 0.5% (w/v) 

Growth medium was then autoclaved to 121°C for 20 min. 

 

Stbl3TM buffer 1 

Reagent Final concentration 

Potassium acetate (CH3CO2K) 30 mM 

Calcium chloride (CaCl2) 10 mM 

Manganese(II) chloride (MnCl2) 50 mM 

Rubidium chloride (RbCl) 100 mM 

Glycerol 15% (v/v) 

Final buffer was adjusted to pH 5.8 using acetic acid (CH3COOH) and filter 

sterilised using a 0.45 µM Filtropur vacuum filtration unit (Sarstedt).  

Reagent/material Supplier Catalogue # 

One ShotTM Stbl3TM Chemically Competent E. 

coli 
TFS C737303 
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 Stbl3TM buffer 2 

Reagent Final concentration 

MOPS 10 mM 

Calcium chloride (CaCl2) 75 mM 

Rubidium chloride (RbCl) 10 mM 

Glycerol 15% (v/v) 

Final buffer was adjusted to pH 6.5 using potassium hydroxide (KOH) and filter sterilised 

using a 0.45 µM Filtropur vacuum filtration unit (Sarstedt). 

 

SOC medium 

Reagent Final concentration 

Tryptone 2% (w/v) 

Yeast extract 0.5% (w/v) 

Sodium chloride (NaCl) 0.05% (w/v) 

Potassium chloride (KCl) 2.5 mM 

Magnesium chloride (MgCl2) 10 mM 

Glucose 20 mM 

This medium was made in the following order: 

1. Tryptone, yeast extract and sodium chloride were dissolved in 80% final 

volume of H2O. 

2. KCl solution was added and adjusted to pH 7.0 using 5N NaOH. 

3. Solution autoclaved at 121°C for 20 min. 

4. MgCl2 solution, which had been autoclaved to 121°C for 20 min, was added 

to the solution. 

5. Glucose solution, which had been filter sterilised using a 0.22 µM syringe 

filter (Fisher ScientificTM), was added. 

6. H2O added to final volume. 

 

LB agar plates (with ampicillin) 

Reagent Final concentration 

Tryptone 0.50% (w/v) 

Yeast extract 0.25% (w/v) 

Sodium chloride (NaCl) 0.50% (w/v) 

Agar 0.75% (w/v) 

Ampicillin 100 µg/mL 

The solution was autoclaved to 121°C for 20 min and then allowed to cool to no less than 

55°C, to prevent setting, before the addition of ampicillin. Note that ampicillin was 

prepared as a 1000X solution, dissolved in ethanol. Agar solution was poured into 10cm2 

Petri dishes (Greiner Bio-One) and allowed to set inside a laminar flow hood. Dishes were 

stored at 4°C for a maximum of 4 weeks. 
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Terrific broth growth medium (with ampicillin) 

Reagent Final concentration 

Tryptone 1.2% (w/v) 

Yeast extract 2.4% (w/v) 

Glycerol 0.4% (v/v) 

Monopotassium phosphate (KH2PO4) 17 mM 

Dipotassium phosphate (K2HPO4) 72 mM 

Ampicillin 100 µg/mL 

Terrific broth was prepared as follows: 

1. Tryptone, yeast extract and glycerol were dissolved in 90% the final volume 

of H2O. 

2. Both potassium phosphates were dissolved in 1/10th the final volume of H2O. 

3. Both solutions were autoclaved at 121°C for 20 min. 

4. The solutions were combined to make up the final volume. 

5. Ampicillin was added once the broth had cooled to room temperature (RT). 

Broth was stored at 4°C for a maximum of 4 weeks 

 

2.1.6.3 Protein lysis 

RIPA buffer for protein lysis 

Reagent Final concentration 

NP-40 1% (v/v) 

Sodium deoxycholate 1% (w/v) 

SDS 0.1% (w/v) 

Tris (pH 7.4) 25 mM 

Sodium chloride (NaCl) 150 mM 

Sodium fluoride (NaF) 10 mM 

Protease inhibitor cocktail (PIC) 1X 

PhosSTOPTM 1X 

Diisopropyl fluorophosphate (DIFP) 0.1 mM 

 

Hypotonic buffer for protein lysis (cytoplasmic fraction) 

Reagent Final concentration 

HEPES 20 mM 

Potassium chloride (KCl) 10 mM 

Magnesium chloride (MgCl2) 1 mM 

Triton X-100 0.1% (v/v) 

Glycerol 20% (v/v) 
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2.1.6.4 Flow cytometry (BrdU buffers) 

Fixation/permeabilisation buffer for BrdU staining 

Reagent Final concentration 

Formaldehyde 4% (v/v) 

Saponin 1% (w/v) 

 

Freezing buffer for BrdU staining 

Reagent Final concentration 

FBS 90% (v/v) 

DMSO 10% (v/v) 

 

Wash/permeabilisation buffer for BrdU staining 

Reagent Final concentration 

TWEEN® 20 0.05% (v/v) 

BSA 1% (v/v) 

Dissolved in PBS. 

2.1.6.5 Western blotting 

Transfer buffer (20X) 

Reagent Final concentration 

Tris-HCl (pH 7.6) 25 mM 

Glycine 192 mM 

After diluting stock Transfer buffer in H2O in 85-90% final volume, methanol was 

added to a final concentration of 10-15% (v/v), due to its volatile nature. 

 

Ponceau S solution (stock) 

Reagent Final concentration 

Ponceau S 0.5% (w/v) 

Glacial acetic acid 1% (v/v) 

*Stock was diluted 5X in H2O for use. 

Tris-buffered saline (TBS) (10X) 

Reagent Final concentration 

Sigma 7-9® 200 mM 

NaCl 1500 mM 

After dissolving in H2O the pH was adjusted to 7.6 using up to 1N HCl. 

Additionally, to make TBST (1X), TBS was first diluted to 1X solution with TWEEN® 

20 added to a final concentration of 0.1% (v/v). 
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2.1.6.6 Immunofluorescence 

IF blocking/antibody solution 

Reagent Final concentration 

BSA 5% (w/v) 

Ovalbumin 1% (v/v) 

Triton-X100 0.2% (v/v) 

These reagents were diluted in 1X TBS. 

2.1.6.7 ChIP-Seq 

All buffers were dissolved in H2O, then protease inhibitor cocktail (PIC) and diisopropyl 

fluorophosphate (DIFP) were added immediately before use. 

PBS with protease inhibitors 

Reagent Final concentration 

Protease inhibitor cocktail (PIC) 1X 

Diisopropyl fluorophosphate (DIFP) 0.1 mM 

 

Cytoplasmic lysis buffer (CLB) 

Reagent Final concentration 

Tris pH 8.0 10 mM 

NaCl 10 mM 

NP-40 0.4% (v/v) 

PIC 1X 

DIFP 0.1 mM 

 

Nuclear lysis buffer (NLB) 

Reagent Final concentration 

Tris pH 8.1 50 mM 

EDTA 10 mM 

SDS 0.8% (w/v) 

PIC 1X 

DIFP 0.1 mM 

 

Dilution buffer (DB) 

Reagent Final concentration 

Tris pH 8.1 20 mM 

NaCl 150 mM 

EDTA 2 mM 

Triton-X100 1% (v/v) 

SDS 0.01% (w/v) 

PIC 1X 

DIFP 0.1 mM 

Note: a modified dilution buffer (DBMOD) was created by mixing DB and NLB in a 4:1 ratio. 
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Wash buffer 1 (WB1) 

Reagent Final concentration 

Tris pH 8.1 20 mM 

NaCl 150 mM 

EDTA 2 mM 

Triton-X100 1% (v/v) 

SDS 0.1% (w/v) 

PIC 1X 

DIFP 0.1 mM 

 

Wash buffer 2 (WB2) 

Reagent Final concentration 

Tris pH 8.1 20 mM 

NaCl 500 mM 

EDTA 2 mM 

Triton-X100 1% (v/v) 

SDS 0.1% (w/v) 

PIC 1X 

DIFP 0.1 mM 

 

Wash buffer 3 (WB3) 

Reagent Final concentration 

Tris pH 8.1 10 mM 

LiCl 250 mM 

EDTA 1 mM 

NP-40 1% (v/v) 

Sodium deoxycholate 1% (w/v) 

PIC 1X 

DIFP 0.1 mM 
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2.1.7 Primers 

2.1.7.1 Plasmid sequencing primers 

Name 

Forward Primer Reverse Primer 
Backbone/vector 

target(s) Sequence 
Melt Temp 

(°C) 
Sequence 

Melt Temp 

(°C) 

LNCX AGCTCGTTTAGTGAACCGTCAGATC 58.5 - - pMD2.G (VSVG) 

pCAG-F GCAACGTGCTGGTTATTGTG 55 - - psPAX2 

SV40pro-F TATTTATGCAGAGGCCGAGG 54.4 - - 

pMD2.G (VSVG) 

psPAX2 

All pLKO.1 

pMIG (o/e mNfatc2) 

pMIG (o/e hNFATC2) 

pCDH - - GCATTCCTTTGGCGAGAG 53.9 pMIG (empty) 

EXFP-R - - GTCTTGTAGTTGCCGTCGTC 55.8 

pMIG (empty) 

pMIG (o/e mNfatc2) 

pMIG (o/e hNFATC2) 

hU6 (LKO.1 5') GACTATCATATGCTTACCGT 48.9 - - All pLKO.1 
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2.1.7.2 qRT-PCR primers: human target genes 

Target  RefSeq 

Forward Primer Reverse Primer 
Intron / 

exon 

junction 

Product 

Length 

(bp) 

T. 

Variant 

Coverage 

# 

possible 

variants Sequence 

Melt 

Temp 

(NCBI) 

Sequence 

Melt 

Temp 

(NCBI) 

NFATC2 NM_001258296.2 TGAATCCGAACGAAGAACCTC 58.04 TTGGCACCAGGCGATGAG 60.05 Y/Y 123 7, 8 8 

NFATC2 NM_001136021.3 CTGGAGTAAGCCGGATCGC 60.30 GTTTGTATCGACCAGCAGCC 59.27 N/N 157 3- 6 8 

NFATC2 NM_001258296.2 AAGACGAGCTTGACTTCTCCA 59.04 AGGCTGGTTCGAGGTGACAT 61.19 Y/Y 90 1, 2, 7, 8 8 

NFATC2 NM_012340.5 AGACGAGCTTGACTTCTCCATC 59.83 
AGACTAGCAAGGGGGCTGT

A 
59.96 Y/Y 159 1, 2 8 

NFATC2 NM_001136021.3 TCTGTGGACCAAGAAGAGCC 59.31 
GACATCATCGGGGTATGCG

G 
60.67 Y/Y 75 3, 4 8 

NFATC2 NM_001258294.2 GCGGTAGAGAAGACGGCG 60.28 ATTGGCGAGGTTCTTGGTCC 60.32 Y/Y 171 5, 6 8 

NFATC2 NM_001258296.2 CCAAGACGAGCTTGACTTCTC 58.67 TTGGCGAGGTTCTTCGTTCG 60.94 Y/Y 70 7, 8 8 

NFATC2 NM_012340.5 ACCCTTGGAGCCCAAAAACA 60.03 CTTTCCGCAGCTCAATGTCG 59.90 Y/N 89 1-8 8 

NFATC2 NM_173091.4 AAGTATTACCTGCGGGGGTG 59.46 
GTCTGATTTCTGGCAGGAGG

T 
59.72 Y/N 118 1-8 8 

NFATC2 

(74050 

vector) 

N/A AAGCCACGGTGGATAAGGAC 59.75 ACAGGTGTGCGGATATGCTT 59.75 N/A 88 N/A 8 

NFATC1 NM_006162.5 
TGT CTG GGA GAT GGA AGC 

GA 
60.61 

GTT TTT ATA ATT GGA ACG 

TTG GCG G 
59.94 Y/Y 195 2-6, 10 10 

NFATC1 NM_172390.3 TGCAAGCCGAATTCTCTGGTG 61.22 AAAGATGGCGTTACCGTTGG 58.84 Y/Y 156 1, 9 10 

NFATC1 NM_172387.3 TTCGAGTTTAACCAGCGCGA 60.32 
GAGGTCTGAAGGTTGTGGC

A 
59.89 Y/Y 143 3, 5, 8, 9 10 

NFATC1 NM_001278669.2 AGTCCTGGAGATCCCACTCC 60.03 CGTGTGTTCTTCCTCCCGAT 59.75 Y/N 132 1-10 10 
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NFATC1 NM_001278669.2 AAAACTGACCGGGACCTGTG 60.18 TCTTCCCGTTGCAGACGTAG 59.76 Y/N 115 1-10 10 

CCNA2 NM_001237.5 TGGCGGTACTGAAGTCCGG 61.64 
CAAGGAGGAACGGTGACAT

GC 
61.54 Y/N 121 1 1 

CCNB1 NM_031966.4  
CAGCTCTTGGGGACATTGGTAA

C 
61.43 

ACTGGCACCAGCATAGGTAC

C 
61.86 Y/N 148 1-3 3 

CCNC NM_005190.4 CCCCTTGCATGGAGGATAGT 58.86 TCTGCTGTACAACACAGGCT 59.24 Y/Y 112 1-3 3 

CCND1 NM_053056.3 GATCAAGTGTGACCCGGACTG 60.67 CCTTGGGGTCCATGTTCTGC 60.97 Y/Y 101 1 1 

CCND2 NM_001759.4 ACCAACACAGACGTGGATTGT 60.13 CTCCGACTTGGATCCGTCAC 60.18 Y/Y 111 1 1 

CCND3 NM_001760.5 CCTCCTACTTCCAGTGCGTG 60.11 AGGCCAGGAAATCATGTGCA 59.96 Y/N 363 2, 3, 6 6 

CCNE1 NM_001238.4 CAACGTGCAAGCCTCGGA 60.66 
AAAGTGCTGATCCCTTAAGT

ATGTC 
58.88 Y/N 131  1, 3-5 5 

CCNE2 NM_057749.3  ATCCTTCACCTTTGCCTGATTT  58.22 
CCTCATCTGTGGTTCCAAGT

CA 
59.96 Y/N 134 1 1 

CDK1 NM_001170406.1 ATGAAGTGTGGCCAGAAGTG 58.10 
CAGAAATTCGTTTGGCTGGA

TCA 
59.81 Y/N 159 1, 2, 6 6 

CDK2 NM_001798.5 CCCTGGATGAAGATGGACGG 59.89 
GATGGGGTACTGGCTTGGT

C 
60.11 Y/N 126 1-3 3 

CDK4 NM_000075.4 CCCATCAGCACAGTTCGTGA 60.32 
AACACCAGGGTTACCTTGAT

CTC 
59.99 Y/N 131 1 1 

CDK6 NM_001259.8 CCGAAGTCTTGCTCCAGTCC 60.39 
GTTGATCAACATCTGAACTT

CCACG 
60.62 Y/N 120 1, 2 2 

CDC25A NM_001789.3 
GTCTAGATTCTCCTGGGCCATT

G 
60.50  

CAGAATGGCTCCTCTTCAGA

GC 
60.74  Y/N 120 1, 2 2 

CDC25C NM_001790.5 
CACTCAGCTTACCACTTCTGCA

G 
 61.41 

GGGCTACATTTCATTAGGTG

CTGG 
61.76 Y/N 117  1, 3-7 8 

PRR7 NM_030567.5 CCGCGCCAAGCGGAAT 60.92 GTCCGTGAGCACCTCGCTAT 62.01 Y/Y 99 1-5 5 

FAM216

A 
NM_013300.3 GACGGAGCGTAGCTCTTCTG 60.25 CAGCTGATCCGCCGCC 60.66 Y/Y 71 1 1 
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CD3EAP NM_001297590.3 GTGAGGATGCTGCTCGGTT 60.08 
CCAAGGAGAAACGAGGGGA

C 
60.04 Y/Y 81 1, 2 2 

EEF1AK

MT1 
NM_174928.3 GAGGCGTTTTGGACTGGGTT 60.82 CTGCTAAGGCATGGGCAGAA 60.39 Y/Y 91 1 3 

VDAC1 NM_003374.3 GACTCACGCAGGTCCTCCC 62.01 CAAGATCGGCATACGTGGGT 60.18 Y/N 118 1 3 

EEF1E1 NM_004280.5 GGCGAGCGACAGATTCCAG 60.88 
TGTTGGCTTGCTTGACTAGA

TGA 
60.24 Y/Y 94 1, 2 2 

ISOC2 NM_001136201.2 CGCCTACTTCCCACAGATCG 60.25 ATGACTGGCACCTCAAGCAG 60.32 Y/N 75 1, 2 3 

PRR3 NM_025263.4 AGCGGGAAGAGACTGGAGAT 60.03 TGACTTAGGGTCGCCAGGTT   60.83 Y/N 104 1 2 

QTRT1 NM_031209.3 CTGCCTGGGCAATACCTACC 60.18 TTCATGAAGCCGTGGAGACC 60.04 Y/N 84 1 1 

EXOSC5 NM_020158.4 CCGAGGTGAAGGTCAGCAAA 60.25 TCTTCTCTGCAACACCAGGC 60.25 Y/Y 93 1 1 

NOP16 NM_001256539.4 TACTCTGTCTCGGGACCTCATT 60.03 
ACTCTGCTTATAGTCCTCCC

CG 
60.75 Y/Y 73 1-4, 6-8 10 

SNRPA NM_004596.5 ACCCGCCCTAACCACACTAT 60.62 
GGATCTGGCCAAACTGGGA

G 
60.39 Y/N 106 1 1 

PHB2 NM_001144831.2 GAAAATTGTGCAGGCCGAGG 60.11 CAGGGTTCTTGCTCAGTGCT 60.25 Y/N 71 1 3 

RRP9 NM_004704.5 GTGGGGTCTCTCCAAGAAGC 60.04 CCGACGATATCCAGAAGGGC 60.04 N/N 98 1 1 

MYC NM_002467.6 CAAGAGGCGAACACACAACG 60.04 CAACTCCGGGATCTGGTCAC 60.11 N/N 90 1, 2 2 

SNX16 NM_022133.4 GGTTTAACCGTCACCGGGAA 60.25 
CCCTTCTGAAGCTTTATTCC

ATGC 
60.20 Y/N 94 1, 4 8 

RAB12 NM_001025300.3 AAGTCCACCGTGGGTGTTG 60.15 TCTCTCCTGACCTGCTGTGT 60.18 Y/Y 96 1 1 

GBP3 NM_018284.3 CCAGCGATCCAGCGAAAGAA 60.74 GGGCCTGTCATGTGGATCTC 60.18 Y/N 120 1-4 5 

ANKRD4

0 
NM_052855.4 GGAGGTGCAGAAACTGGTGG 60.89 ACAAGTCCAGCCGTTGACC 60.23 Y/Y 70 1 1 

RNF19A NM_183419.4 TTGTGGCAACTGGGAACACT 60.03 GCGATTGTGAATCTTGCGGC 60.86 Y/Y 120 1-5 5 

NBEAL1 NM_001114132.2 TTCAGCTGGGCAAAGAACCA 60.11 CCCAGGAGGCTGATGACAGA 60.98 N/N 119 1, 2 2 



77 

 

ACVR1 NM_001105.5 TTTGGAGAGAGGCAGCAAGC 60.61 
TCACTGGGGTACTCGGAGA

G 
60.03 Y/Y 116 1 6 

PANX1 NM_015368.4 CTGGAGCTGGCTGTGGAC 60.05 
ACAGCTTATCTGTGTACCAA

TCGAG 
60.68 Y/Y 111 1 1 

SPNS3 NM_182538.5 CACCTCCTGGAGCCTGCC 62.11 CCAGCAGCACTCCTGCAAT 60.68 Y/Y 110 1, 2 2 

HPDL NM_032756.4 CCTCGAAATGACAGCAGGGT 60.04 GGAAGGGACTCAGCCAGAAC 60.04 
Single 

exon 
105 1 1 

KLRG2 NM_198508.4 CAGGCTTTCTGCTCAGCCT 60.00 TGGGTATCTGCCCAGGAAGT 60.25 
Single 

exon 
75 1 1 

ALOX5 NM_000698.5 CCGGCACTGACGACTACATC 60.53 TATGAATCCACCGCGCCAC 60.52 Y/Y 115 1-4 5 

STK33 NM_030906.4 CCTTCCAGCTGAAATCAAGGGA 60.29 AGCAGGGTACTTGGTTGCTG 60.25 N/N 79 1-13, 17 17 

YES1 NM_005433.4 TGGGAAGCAAGATCAATCGCT 60.07 
AGCATCTTTTCTCCCCATTTT

GC 
60.06 Y/N 120 1 1 

VLDLR NM_003383.5 CAACAACCTGAATGATGCCCAA 59.70 
TGGCAGGCATAGGTATTCAC

AT 
59.56 Y/N 118 1-4 4 

UBE3C NM_014671.3 AGTCCAGAGACACGAGGAGA 59.31 TGCTGGCACATAGAGCTGAG 59.82 Y/N 101 1 1 

TULP3 NM_003324.5 GACTTCAGGAGCGTCTCCAA 59.40 
TGGCTTGATGCAGAATTGGG

T 
60.55 Y/N 115 1, 2 2 

TGFBR2 NM_001024847.2 CCCCTGTGTCGAAAGCATGA 60.32 TCACACACCATCTGGATGCC 60.04 Y/N 102 1, 2 2 

SNX16 NM_022133.4 ACTGCCTTGCAGTGAGAGAAT 59.65 
TCTGTAAGCGGTAGTTTGTC

TCT 
59.17 Y/Y 117 1-4 4 

SFXN3 NM_030971.6 TGGGGACAGCCTATGTGAGT 60.25 GCACAAATCTGCCGACCAAG 60.11 Y/N 102 1, 3-11 11 

S1PR3 NM_001395848.1 GAGGAGCCCTTTTTCAACGC 59.76 
GCCCCAGGAACATTCATTTC

AA 
59.43 Y/Y 105 1 1 

RNF19A NM_183419.4 ACTGGGAACACTGGTTGGTG 60.11 GATTGTGAATCTTGCGGCCC 59.90 Y/Y 110 1-5 5 

RASA1 NM_002890.3 AGGAGAAACTCCAGAACAAGCA 59.56 
TGACCTGACGAAGGCGTTTA

T 
59.73 Y/Y 107 1, 2 2 
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RAB15 NM_001308154.2 ATGAGTACGCACCAGAAGGC 60.11 TCCATGCCATACTCCTTCGC 59.89 Y/Y 118 1-3 3 

RAB12 NM_001025300.3 TGCAGGTCATCATTATCGGCT 59.58 AACACCCACGGTGGACTTG 60.15 Y/Y 104 1 1 

PRRG4 NM_024081.6 AGCATGCGGGAGAAGAAGTG 60.39 TTTCTAGGTTGCCGGGAGTG 59.68 Y/Y 114 1 1 

PANX1 NM_015368.4 GTCTGGAAACCTCCCACTGT 59.23 
TATGAGGAGCAGCTGCGAAA

C 
52.38 Y/N 113 1 1 

OCRL NM_000276.4 GAAAACCAGCGACCACAAGC 60.32 
TCTGTCCATGATGCGTACAC

T 
59.18 Y/N 112 a, b, c 3 

NPEPPS NM_006310.4 CCCCAACCAGGCCAAACTAA 60.18 
TCCGATAAAACCCAACTGTT

CCT 
59.93 Y/N 119 1, 2 2 

KDELC2 NM_024089.3 AGAAATATGCCGAGCGCCAG 60.88 
TTGAAGGCTTTTTCCTGTGG

C 
59.59 Y/Y 114 1-3 3 

GCNT2 NM_145649.5 TCCTGATGAGCATTTCTGGGTG 60.36 
TGTCTGTCTTCCATGTCACT

CC 
59.70 Y/N 120 1-4 4 

GBP3 NM_018284.3 CCAGCGATCCAGCGAAAGAA 60.74 GGGCCTGTCATGTGGATCTC 60.18 Y/N 120 1-4 4 

CCNYL1 NM_001330218.2 GCAAGCACAATTTTCCTGAGCA 60.55 
TTTTTCTCGCTGTTCTTTAT

GTGGT 
59.70 Y/Y 117 1-3 3 

BRWD3 NM_153252.5 CCTCAGAGTGTTCCTGGGGT 60.84 CTATGCAGAGCCGCAAAAGC 60.25 Y/N 119 1 1 

BIN1 NM_139343.3 ACACGTTCCAGAGCATCGC 60.74 GAAGGTGTTGCTCCCGTGTT 60.82 Y/N 119 1-16 16 

ATG9A NM_001077198.3 
TTGACCTCTTCTTCTCTCGAGT

TT 
59.41 

GGAAGGTAGTGAAGGCAAC

CA 
59.93 Y/Y 120 1, 2 2 

ANKRD4

0 
NM_052855.4 GGCCTTAGGGGACATTCGG 59.85 

CCATGGTTTCGTTTACATGC

CC 
60.42 Y/N 117 1 1 

AHNAK NM_001620.3 GACCGAGATTCCCGACGAG 59.64 
GGTTGTCTCCTCCTTCTCCA

TC 
59.83 Y/Y 115 1-4 4 

TMEM9

2 
NM_153229.3 GGCTAAGTGCTTCTGTCGCA 60.67 

AGAAAGGGATACTCTGACCC

TCT 
59.73 N/N 118 1, 2 2 
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SPNS3 NM_182538.5 AAGTGGTCTGGGCTACGTG 59.33 
CCAGCAGGATAAGCAGGATC

A 
59.58 Y/Y 119 1, 2 2 

SH2D3A NM_005490.3 CCCATGGTTCGCCTACTGG 59.10 TGCGGAATTTGGGTGCGT 60.60 N/N 120 1-8 8 

RGL4 NM_153615.2 
GTGACAAAGAGAGCTACAAGCT

G 
59.57 GGTGCAGAGCCGGTGTT 59.93 Y/Y 118 1, 2 2 

PRR7 NM_030567.5 ACATGTCCAAACCACCGTGT 60.11 GCGTGACGATCTTGCGGTA 60.52 N/N 111 1-5 5 

KLF15 NM_014079.4 GTGAGAAGCCCTTCGCCTG 60.74 CACACAGGACACTGGTACGG 60.32 Y/N 118 1 1 

HSH2D NM_001382417.1 CATCAGGGTCAGTCACAGCC 60.39 CCCGGGGATCATGAAAGTCC 60.18 Y/N 112 1, 5-8, 15 15 

EXOSC6 NM_058219.3 ATTCCTGGAAGGGCCCTGAT 60.63 CAGGGGCTGTTGAGTTTTGC 59.97 
Single 

exon 
116 1 1 

COMTD

1 
NM_144589.4 CCTTGGAGACCCTGGACGA 60.61 CAGGCAGCGCTCGTAGTAG 60.30 Y/Y 110 1 1 

SHISA5 NM_016479.6 GAGACCCTGGCTGGAGGA 59.96 GAGAGGCCAGGGAATGCTC 59.85 Y/Y 110 1-6 7 

ETFRF1 NM_001001660.3 GCGTGCCGGAAAGTATGTTATG 60.29 
TCTCGTCCAAGATACAGCAG

ATTT  
59.84 Y/Y 120 1 1 

PPP1R1

4C 
NM_030949.3 AGCAGGGAAAAGTGACAGTGAA 60.09 

GGCATTTCTTCTTCCTCGCA

G 
59.60 Y/Y 118 1 1 

DGUOK NM_080916.3 
AGACCTCATGAGAGAGGTAAAC

AC 
59.54 

TGGTTGGGAGACACAACATT

TTT 
59.23 Y/Y 120 1-7 13 

ELL2 NM_012081.6 TGTGAAGCTCACCGAGACG 59.71 TGGGAATTTTGACAAGCCCG 59.03 Y/Y 119 1 1 

ADGRE5 NM_078481.4 AAATTAAAGAAGGCGAGGGCG 59.26 ATAGGTCAGCACCAAGCTCC 59.46 Y/Y 117 1-3 3 

LMO2 NM_005574.4 CTGGACCCTTCAGAGGAACC 59.38 ATGGCCTTCAGGAAGTAGCG 59.82 Y/Y 110 1-3 3 

PIGW NM_178517.5 
CATTTGGAGTACGTGAGGAAGA

AA 
59.01 GAAAGCACAATCCCTGGGTG 59.11 Y/Y 110 1 3 

CUL4A NM_001008895.4 CTGCCCTCCATCTGGGATATG 59.72 TCCTCTCGCGCTCGATCA 60.51 Y/Y 115 1-3, 5-9 11 
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FAM192

A 
NM_024946.4 

AGCTGTGAAGCATAAGAGCTCA

G 
60.68 

GTTTCCGAGAGACTTGCAGG

A 
60.00 Y/Y 112 

1-15, 17-

27 
27 

H2AFX NM_002105.3 CAGGCCTCCCAGGAGTACTAA 60.34 AGCTCTTTCCATGAGGGCG 59.78 
Single 

exon 
110 1 1 

BZW2 NM_014038.3 ACAGCAGTGATTGGTCTTCTGT 59.89 
GGGGAGCATATTGCTTCAGG

T 
60.13 Y/Y 112 1-5 5 

RAC3 NM_005052.3 GAATGTTCGTGCCAAGTGGT 59.05 CCGCTCAATGGTGTCCTTGT 60.61 Y/Y 112 1, 2 2 

STAT5B NM_012448.4 TCCGAGAAGCCAACAATGGTA 59.37 CTCTGTGTCCTGCGTGACC 60.37 Y/Y 119 1 1 

MAGEF1 NM_022149.5 GGGGTGCAACCCTCAAAGTA 59.89 
CTGGTGGATTGGTGTGAGG

C 
60.96 

Single 

exon 
118 1 1 

FAM216

A 
NM_013300.3 GACTGGACGGAGCGTAGC 59.90 

TCAGAACCTTTGGAATTCTG

GTAAC 
59.23 Y/Y 110 1 1 

SLC25A

22 
NM_001191061.2 CTACTTCGGCATGTACCGGG 60.25 GCTTCTGCCCGTCCTTAGAG 60.18 Y/Y 119 1-3 3 

ADGRG

5 
NM_001304376.3 TGCTGAATAACTACGTCCTGGG 59.83 GGTGTAGCCTTCCAGGCTTT 59.96 Y/Y 110 1-3 3 

CTPS1 NM_001905.4 TGCTCATGGAGTGCTGGTTC 60.32 CCTAAGCACACGCCCAAAAA 59.33 Y/Y 114 1, 2 2 

RRM2 NM_001034.4 TGGTCGACAAGGAGAACACG 59.97 
CAGCTGCTTTAGTTTTCGGC

T 
59.46 Y/Y 111 1, 2 2 

CDKN1A NM_000389.5 CTCAAATCGTCCAGCGACCT 60.11 AGCCTCTACTGCCACCATCT 60.33 N/N 112 1-10 10 

SVIP NM_001320340.1 AATTCGGCGCGAAAAGACATT 59.80 
CCCGAGATGCAGCCTCTTTT

T 
60.95 Y/Y 120 1 3 

CALHM6 NM_001010919.3 GGCTCAGTCGCAGGTGTT 59.97 
TTCAGCTGCAGAAAACTAAC

TGG 
59.43 Y/Y 111 1 2 

CD3EAP NM_012099.3 GTGAGGATGCTGCTCGGTT 60.08 
CCAAGGAGAAACGAGGGGA

C 
60.04 Y/Y 81 1, 2 2 

VDAC1 NM_003374.3 GACTCACGCAGGTCCTCCC 62.01 CAAGATCGGCATACGTGGGT 60.18 Y/N 118 1 1 

https://ensembl.org/Search/Results?q=HPDL
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EEF1E1 NM_004280.5 GGCGAGCGACAGATTCCAG 60.88 
TGTTGGCTTGCTTGACTAGA

TGA 
60.24 Y/Y 94 1, 2 2 

ISOC2 NM_001136201.2 CGCCTACTTCCCACAGATCG 60.25 ATGACTGGCACCTCAAGCAG 60.32 Y/N 75 1, 2 3 

PRR3 NM_025263.4 AGCGGGAAGAGACTGGAGAT 60.03 TGACTTAGGGTCGCCAGGTT   60.83 Y/Y 104 1 2 

KLRG2 NM_198508.4 GGGCAGATACCCAGTCTCCA 60.69 CCGTCCTCAGGGAGTAGCTG 61.39 Y/Y 111 1 1 

HPDL NM_032756.4 CCTCGAAATGACAGCAGGGT 60.04 GGAAGGGACTCAGCCAGAAC 60.04 
Single 

exon 
105 1 1 

ALOX5 NM_000698.5 CCGGCACTGACGACTACATC 60.53 TATGAATCCACCGCGCCAC 60.52 Y/Y 115 1-4 5 

NFATC3 NM_173165.3 CAGCGGTCTGCTCAAGAACT 60.32 TGAGGTCGTCCATCTTGTCC 59.10 Y/Y 152 1-3 3 

KDM4A NM_014663.3 TCCTTTGCTTGGCACACTGA 60.11 
GGAAAAAGCCTTTGGCGAG

G 
60.04 Y/Y 133 1 1 

PAF1 NM_019088.4 GGCTCAGATGAGGAGCAGGA 61.05 TCACCACTGCCACTCTTGTC 59.89 Y/Y 131 1 3 

MCU NM_138357.3 GGATGCAATTGCTCAGGCAG 59.90 
CCAGGATTCAGAGGCTTTTT

GC 
60.09 Y/Y 119 1-3 3 

SLC16A

9 
NM_194298.3  TGGCATTGTTGTAGGTCTTGGA 59.89 

CCTGTTGAAATCAGGCCAAG

C 
60.07 Y/Y 111 1-6 6 

CLCN3 NM_001829.4 
TCTTTTTAGCCTGGAAGAGGTT

AGC 
60.80 

CGGCTGTTACCAAATGGATT

GA 
59.25 Y/Y 120 b, c, e 4 

PTK2  NM_001352699.2 GTGTGCTCTTGGTTCAAGCTG 60.00 
AAGTCAGCAAGATGTGTGGG

A 
59.58 Y/Y 111 

(123 

variants) 
>140 

ADAM9 NM_003816.3 GAAGTGTGCCACTGGGAATG 59.12 GTGCCTCGACTAGGCGTTT 60.08 Y/Y 111 1 4 

AMPH NM_001635.4 GACTTTGATCCTTTCAAGCCCG 59.84 
CCAAATCAGTGCTTGTCGTC

C 
59.80 Y/Y 112 1, 2 2 

TMEM1

4A 
NM_014051.4 AGGTGGTGTTCCGTCTTTGAT 59.58 

AGGAAGAAAGCTGTAAACAG

TGAC 
59.18 Y/Y 120 1 1 

SDK2 NM_001144952.2 GGCTGAGCTTACCTCCATGT 59.46 CACGCTCATCCGTATCTCGT 59.69 Y/Y 112 1 1 

ARID4A NM_002892.4 TACCTGACAGTGGGAACCGA 60.18 
ATCCTGTTTCAGGAGTACCT

TAACT 
59.21 Y/Y 111 1-3 3 

https://ensembl.org/Search/Results?q=PRR3
https://ensembl.org/Search/Results?q=KLRG2
https://ensembl.org/Search/Results?q=ALOX5
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IST1 NM_001270975.2 CTGCCAAAGGGACCATCAGA 59.67 
ACAGATTCATACGATGGGGG

AG 
59.37 Y/Y 110 1-3, 5, 6 6 

RGS20 NM_170587.4 TTGTAGCTGCTCGTGTCTCAC 60.34 
GTAGGAGCAGGGCTTTCTTC

C 
60.41 Y/Y 111 1-3 6 

UBE2D2 NM_181838.2 CCATGGCTCTGAAGAGAATCC 58.15 
GATAGGGACTGTCATTTGGC

C 
58.42 Y/Y 302 1, 2 5 

B2M NM_004048.4 GTCTTTCAGCAAGGACTGGTCT 60.22 
CTTACATGTCTCGATCCCAC

TT 
57.61 Y/Y 140 1 1 

ATP5B NM_001686.4 TCCATCCTGTCAGGGACTATG 58.32 
ATCAAACTGGACGTCCACCA

C 
60.54 Y/Y 110 1 1 

TYW1 NM_018264.4 
CTCCTGATAGCACACAGAAAGT

TTA 
58.83 

TGCGCTGAACGTTTTTGATC

C 
60.33 Y/Y 123 1 2 

ENOX2 NM_006375.4 GAGCTGGAGGGAACCTGATTT 59.72 
CACTGGCACTACCAAACTGC

A 
61.08 Y/Y 123 

1, 2, 4, 

6, 7, 10 
10 

GAPDH NM_002046.7 GACAGTCAGCCGCATCTTCT 60.11 
GCCCAATACGACCAAATCCG

T 
61.02 Y/Y 102 1, 3, 4, 7 7 

ACTB NM_001101.5 CGCCGCCAGCTCACC 60.56 CACGATGGAGGGGAAGACG 59.86 Y/Y 120 1 1 

GAPDH NM_002046.7 GTCAACGGATTTGGTCGTATTG 58.00 
TGTAGTTGAGGTCAATGAAG

GG 
57.71 Y/Y 106 1-4, 7 7 

ACTB NM_001101.5 CACAGAGCCTCGCCTTT 56.78 GCGGCGATATCATCATC 52.58 Y/N 76 1 1 

 

Note: some primer targets are duplicated due to isoform-specific versions, or more optimised primers were generated for the Fluidigm® BioMarkTM 

platform. 
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2.1.7.3 qRT-PCR primers: mouse target genes 

Target 

(mouse) 
RefSeq 

Forward primer Reverse primer 

Intron/exon 

junction 

Product 

length 

(bp) 

Transcript 

variant 

coverage 

# 

Possible 

variants Sequence 

Melt 

temp 

(°C) 

Sequence 

Melt 

temp 

(°C) 

Nfatc2 NM_001136073.2 GAAGGGTGATGAGGGTTCGG 60.11 CCCTCATGTGCAAAACGTGG 60.04 N/N 73 
1, 4-8, 

10-15 
18 

Nfatc2 NM_001037177.2 AGCGGAGTCCAAGGTTGTGT 61.7 AAGACAGAGCCAGGAGGGTTT 61.05 Y/N 147 
2, 3, 9, 

16 
18 

Nfatc2 

(11100 

vector) 

N/A AGCGGAGTCCAAGGTTGTGT 61.7 AGGCTGGCTCTTGTCTTTATCC 60.09 N/A 94 N/A 18 

Nfatc1 NM_016791.4 ACCGATAGCACTCTGGACCT 60.03 GTCAGAAGTGGGTGGAGTGG 59.96 N/N 135 1- 6 6 

Actb NM_007393.5 CACTGTCGAGTCGCGTCC 60.5 CGCAGCGATATCGTCATCCA 60.39 Y/N 102 1 1 

Gapdh NM_001289726 GGGTCCCAGCTTAGGTTCATC 60.13 AATCCGTTCACACCGACCTT 59.6 Y/Y 87 1 2 

Hoxa9 NM_010456.3 GTATATGCGCTCCTGGCTGG 60.67 CCGAGAGCGGTTCAGGTTTA 59.75 N/N 98 1 2 

Meis1 NM_010789.3 GTCCCCATGCAACAACAACC 59.97 GCTCCAAGGTGGGACTATGG 59.82 N/N 155 A, B 2 

Ccna2 NM_009828.3 TCTGGGATTAAAGGCGCCAC 60.39 CTGCCGGAGCCGCTG 60.2 Y/Y 118 1 1 

Ccnb1 NM_172301.3 ACAACGGTGAATGGACACCA 59.82 GAGGCCACAGTTCACCATGA 59.96 Y/Y 113 1 1 

Ccnd1 NM_001379248.1 CCATGCTCAAGACGGAGGAG 60.18 CACAGACCTCCAGCATCCAG 60.11 Y/Y 117 1, 2 2 

Ccnd2 NM_009829.3 GCAGTGTGCATGTTCCTAGC 59.55 TACCAGTTCCCACTCCAGCA 60.47 Y/Y 120 1 1 

Ccnd3 NM_007632.2 GCCCTCTGTGCTACAGATTACA 59.83 GTGAGCTCATCCGCAGACAT 60.18 Y/Y 119 1-3 3 

Ccne1 NM_007633.2 CCATGCCAAGGGAGAGAGAC 59.82 TGCAAAAACACGGCCACATT 59.82 Y/Y 112 1 1 

Ccne2 NM_001037134.2 TGTGCATTCTAGCCATCGACT 59.52 CATCCCATTCCAAACCTGAAGC 59.83 Y/Y 117 1-3 3 
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Bin1 NM_009668.2 CCCTGATATCAAGTCGCGCA 60.25 TTCTCAAGCAGCGAGACAGG 60.04 Y/Y 141 1, 3 3 

Cd3eap NM_145822.2 GATGTCGCCAGACTCGGAAC 60.8 CCGCCCATTGAGACATTGTG 59.55 Y/Y 118 1 1 

Hsh2d NM_197944.1 ACACCCTTTCCTACAAAGCCC 60.2 AGAGAGGCGTGGGTCATGTG 61.89 Y/Y 106 1 1 

Spns3 NM_029932.3 GCTGCAGCTGTTCTCTGTTAC 59.54 TGTCTGCAGCAAACCAGCAT 60.82 Y/Y 125 1 1 

Vldlr NM_013703.2 TGCAAGGCAGTAGGCAAAGA 59.89 GAGCCACCGTGTTCCTTAGT 59.68 Y/Y 121 1-3 3 

Yes1 NM_009535.3 TGGAGCGAGCGGATTTGATA 59.25 AATGACTGGCACTTGGGCTT 60.18 Y/Y 114 1 3 

Lmo2 NM_008505.4 GATTGCCTCAGCTGTGACCT 60.04 ATCCTGACCAAAAAGCCTGAGA 59.62 Y/Y 117 1-4 4 

Cdkn1a NM_007669.5 TATCCAGACATTCAGAGCCACA 58.89 CACGGGACCGAAGAGACAAC 60.67 Y/Y 100 1 2 

Cul4a NM_146207.3 AGAACTTCCGAGGCTGTTGA 58.95 TCTGAATGGGAGGATCTGGGC 61.32 Y/Y 114 1 3 

Npepps NM_008942.3 ACTCTGCAAACAGGTACAGGA 58.95 TGTGTGACAGCAGCATAGCG 60.68 Y/Y 134 1 1 
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2.2 Methods 

2.2.1 Cell culture 

2.2.1.1 Culture of human cell lines 

All cell culture work was carried out under aseptic conditions, using sterilised 

materials and reagents. Cell lines were maintained at 37°C and 5% CO2 incubation 

and were tested for mycoplasma using a MycoAlertTM detection kit. Culture media 

for all cell lines contained a base medium (RPMI, DMEM or IMDM) and FBS as shown 

in Tables 2-1, 2-3 and 2-4, in addition to 2mM L-glutamine. Biological and clinical 

information on human AML cell lines is given in Table 2-2. Suspension cell lines 

were sub-cultured by centrifugation of cell suspension at 300g for 5 min and 

resuspension in the appropriate medium to the suggested cell density (Tables 2-

1&2-3, density not standardised for murine cells). 

Adherent cell lines (Table 2-3) were sub-cultured by rinsing cells in PBS and 

incubation in Trypsin-EDTA (0.25%) Solution for 10 min at 37°C. The trypsin 

reaction was inhibited by adding 1.5X volumes of culture medium and a single cell 

suspension was obtained by gentle pipetting. Cell suspension was centrifuged at 

300g for 5 min and resuspended in an appropriate volume of medium, before re-

seeding in tissue culture flasks. 

Two adherent cell lines were used: HEK-293T or phoenix-AMPHO, which is a 

modified version of HEK-293T, stably expressing amphotropic retroviral envelope 

and retroviral gag-pol proteins for the generation of retrovirus using a helper-free 

protocol. Phoenix-AMPHO cells were maintained in culture with Hygromycin B (200 

µg/mL) and Diphtheria toxin (2 µg/mL) to select for envelope and gag-pol 

expression (Pear et al., 1993). HEK-293T were maintained in antibiotic-free media.  

Biological and clinical information on AML cell lines is given in Table 2-11, below. 
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2.2.1.2 Human suspension cell lines 

Cell Line Supplier 
Catalogue 

# 

Base 

media 

FBS 

(% v/v) 

Doubling 

time 

Cell 

density 

THP-1 ATCC® TIB-202TM RPMI 10.0 26 hr 0.1-1.0x106 

MOLM-13 DSMZ ACC-554 RPMI 10.0 50 hr 0.1-1.0x106 

MV4-11 ATCC® CRL-9591TM RPMI 10.0 50 hr* 0.1-1.0x106 

NOMO-1 DSMZ ACC-542 RPMI 10.0 35-40 hr ~0.5x106 

HL-60 ATCC® CCL-240TM IMDM 10.0 40 hr* 0.1-1.0x106 

Kasumi-1 ATCC® CRL-2724TM RPMI 20.0 48-72 hr* 0.3-2.0x106 

OCI-AML3 DSMZ ACC-582 RPMI 20.0 30-40 hr 0.5-2.0x106 

 

Table 2-1. Human suspension cell lines used in the study. 

The base medium conditions used to culture cell lines used in the study, together with 

supplier, are shown. The doubling time given for is either from the manufacturer, where 

available, or from DSMZ where not available from ATCC® (indicated by *) Cell density is 

the range in which they were maintained, based on suppliers’ guidance. 

 

 

Table 2-2. Biological and clinical summary of AML cell lines. 

This table summarises the reported clinical features of the patient from which the cell 

line models of AML were derived. This includes the patient’s age at time of cell acquisition, 

the FAB classification of disease and a descriptor of whether their disease was a new 

diagnosis, relapse or other key features about its progression. Also shown are key 

mutations, which highlights lesions in genes well-documented in AML pathology. ‘mut’ = 

mutation and ‘del’ = deletion. 

 

 

Cell Line 

Age of 

Patient 

(Years) 

FAB 

Class. 

Disease 

stage 

Key Cytogenetic and Molecular 

Features 

THP-1 1 M5 Relapse MLL-AF9; NRASmut; TP53mut 

MOLM-13 20 M5a 

Relapse, 

progressed 

from prior 

MDS 

FLT3ITD (heterozygous); MLL-AF9 

MV4-11 10 M5 Diagnosis 
FLT3ITD (homozygous); MLL-AF4; 

KDM4Amut 

NOMO-1 31 M5a Relapse MLL-AF9; TP53mut; KRASmut 

HL-60 35 M2 Diagnosis 
Amplified MYC and NRAS; TP53del; 

NRASmut 

Kasumi-1 7 M2 Relapse AML1-ETO; TP53mut 

OCI-AML3 57 M4 Relapse NPM1mut; DNMT3amut; NRASmut 
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2.2.1.3 Human adherent cell lines 

Cell Line Supplier Catalogue # 
Base 

media 

FBS 

(% v/v) 
Antibiotic 

Subculture 

Ratio 

(HEK-)293T ATCC® CRL-3216TM DMEM 10.0 No 1:3-1:8 

Phoenix-

AMPHO 
ATCC® CRL-3213TM DMEM 10.0 Yes 1:5-1:8 

 

Table 2-3. Human adherent cell lines used in the study. 

As above for suspension cells, but the recommended ratio of sub-cultivation is given, 

instead of a cell density. The need for selection antibiotics is also suggested, with further 

detail given in Section 2.2.1.1. 

 

2.2.1.4 Mouse (suspension) cells 

Cells 
Base 

media 

FBS 

(% v/v) 
Cytokines 

Relevant 

publication(s) 

MLL-AF9 

murine BM 
RPMI 10.0 X63/mIL-3 media (10%) 

(Somervaille and 

Cleary, 2006) 

Primary 

murine BM 
RPMI 20.0 

mIL-3 (10 ng/mL) 

mIL-6 (10 ng/mL) 

mSCF (20ng/mL) 

mGM-CSF (10 ng/mL) 

- 

X63-omIL-3 RPMI 10.0 - (Mitchell et al., 1991) 

 

Table 2-4. Murine cells used in the study. 

As for human suspension cells. Publications describing the cells’ uses or culture are shown. 

 

2.2.1.5 Culture of murine (suspension) cells 

MLL-AF9 murine BM cells were derived from C57BL/6J mice, with stable retroviral 

expression of the MLL-AF9 oncogene, as described by Somervaille and Cleary 

(Somervaille and Cleary, 2006). Culture media for these cells was supplemented 

with murine IL-3 (mIL-3) derived from a modified mouse hybridoma cell line 

expressing mIL-3; named ‘X63-omIL-3’. MLL-AF9 murine BM were maintained as 

for other suspension cell lines, in the appropriate medium (Table 2-4). 

  



88 

 

2.2.1.6 Cryopreservation of cells 

Cells were cryopreserved in liquid nitrogen storage, held at approximately -196°C, 

for long-term storage. For shorter-term storage cells were retained at -80°C. To 

cryopreserve cells the suspension was centrifuged at 200g for 10 min. The pellet 

was resuspended in room-temperature freeze media (RPMI with 30% (v/v) FBS and 

5% (v/v) DMSO) to a density of 5-10x106 cells/mL and left to equilibrate for 10-20 

min inside a laminar flow hood. The suspension was then pipetted into cryogenic 

vials and placed in a Mr FrostyTM Freezing Container part-filled with absolute 

isopropanol and pre-chilled to 4°C. The container was placed in a -80°C freezer 

to allow gradual freezing of the cell vials at a rate of approximately 1°C/min. 

After cooling to -80°C these vials were transferred to liquid nitrogen storage. 

2.2.2 Derivation of primary murine BM tissue 

2.2.2.1 Animal husbandry and maintenance 

Experiments using mice were approved by the local animal ethics review board 

and performed under a project licence issued by the Home Office, in keeping with 

the Home Office Animal Scientific Procedures Act 1986 (PPL No. PD40605B1). 

C57BL/6J mice (The Jackson Laboratory, strain #000664) were kept in animal 

housing facilities at the Beatson Institute of Cancer Research (BICR). Mice were 

culled using an approved Schedule 1 method. Technical support for in vivo work 

was provided by Mrs Karen Dunn and the facility staff. 

2.2.2.2 Processing of BM tissue 

Long bones from hind limbs were removed from culled mice and flushed using 

designated wash buffer (PBS with 1% FBS and 0.1 mM EDTA) and a 26G needle, to 

release BM tissue. BM cells were washed twice by resuspending in wash buffer and 

centrifuging at 300g for 5 min. A single cell suspension was obtained by 

resuspending the final cell pellet in the final culture media and filtration through 

a 70 µm cell strainer. 
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2.2.2.3 Enrichment of CD117+ cells 

CD117+ BM cells were enriched from primary murine BM tissue using CD117 MACS® 

MicroBeads, MACS® LS Columns, a MidiMACSTM Separator and a MACS® magnetic 

stand, using the protocol supplied. A ‘MACS’ buffer was made containing PBS (pH 

7.2), 0.5% (w/v) BSA, 2mM EDTA for washing and column flowthrough. 

In summary, a maximum of 2x109 cells was suspended in 80 µL MACS buffer and 20 

µL CD117 MicroBeads per 107 cells. After a 15 min incubation at 4°C cells were 

washed in MACS buffer and applied to a pre-washed LS column, while on the 

magnet. These were washed with MACS buffer and finally removed from the 

magnet before flushing out CD117 bead-labelled cells. The volumes of buffer for 

cell suspension and column washes are given in the protocol for LS columns. 

To assess enrichment, CD117 bead-labelled cells, unlabelled cells from the 

flowthrough and a CD117- cell line were stained with anti-CD117-PerCP-Cy5.5 

antibody and assessed by flow cytometry. 

2.2.3 Bacterial culture and plasmid generation 

2.2.3.1 Stbl3TM competent bacterial cell propagation 

Stbl3TM Chemically Competent E. coli were propagated using a protocol by Green 

& Sambrook  (Green, 2012). Briefly, Stbl3TM cells were thawed on ice and 

incubated overnight in 2.5 mL LB growth medium at 37°C, with shaking at 225 

rpm. The culture was then diluted into 1 L LB medium with 20 mM MgSO4 and 

incubated as above until the culture absorbance reached OD600 in the range 0.4-

0.6, as measured by a SpectraMax® M5 Plate Reader. Cultures were centrifuged 

at 4500g for min, at 4°C.  

Bacterial pellets were initially resuspended in 200 mL Stbl3TM buffer 1 and 

incubated on ice for 5 min and centrifuged again, using the same settings. Pellets 

were then resuspended in 40 mL Stbl3TM buffer 2 and incubated on ice for 2 hr. 

Finally, these cell suspensions were snap frozen in 100 µL aliquots using liquid 

nitrogen. 
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2.1.1.1. Transformation of Stbl3TM competent bacterial cells with 

plasmid 

100 µL Stbl3TM competent cells were thawed on ice for 20-30 min. 5 µL appropriate 

plasmid was added to the cell suspension, mixed by flicking the tube, and 

subsequent incubation on ice for 30 min. Cells were heat shocked at 42°C for 45 

sec, using a thermoblock, before returning them to the ice for a 2 min incubation. 

300 µL SOC medium was added to the cell suspension, and this was incubated at 

37°C with shaking at 225 rpm for 1 hr. Finally, 150 µL cell suspension was spread 

on a LB agar plate, with ampicillin (100 µg/mL), and incubated overnight at 37°C 

with 5% CO2. 

2.1.1.1. Growth and purification of plasmids from Stbl3TM 

competent bacterial cells 

After overnight incubation a single colony was picked from each LB agar plate, for 

the relevant plasmid. This was mixed with 5 mL Terrific broth (with ampicillin, 

100 µg/mL) and incubated at 37°C with shaking at 225 rpm for up to 8 hr. After 

this, 1 mL cell suspension was mixed with glycerol to a final concentration of 15% 

(v/v) and stored at -80°C as a stock.  

3mL cell suspension was centrifuged at 3500g for 10 min to obtain a cell pellet for 

initial plasmid preparation and restriction digestion. If required, the remaining 

cell suspension was diluted ~1:500 in Terrific broth (with ampicillin, as above) and 

incubated overnight, in conditions as above. This larger cell culture was 

centrifuged at 3500g for 10 min to obtain cell pellets for larger scale plasmid 

preparation. 

Plasmid was extracted from the initial cell pellet for restriction digestion using a 

QIAprep Spin Miniprep Kit as per the manufacturer’s instructions. In summary, this 

process consisted of RNase digestion, bacterial cell alkaline lysis and 

neutralisation, DNA precipitation and a series of wash steps using QIAprep 2.0 spin 

columns and a microcentrifuge. For larger cell pellets (e.g. from the second 

culture) a Plasmid Maxi Kit was used to extract plasmid DNA, as per the 

manufacturer’s instructions, following a similar process to the Plasmid Mini Kit. 
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Harvested DNA was quantified using a NanoDropTM 1000 Spectrophotometer. DNA 

quality was assessed using the given A260/A280 and A260/A230 ratios given, 

whereby an A260/A280 ratio ≥1.8 was considered pure. 

2.2.3.2 Restriction digest and gel electrophoresis of plasmids 

To assess whether plasmid preparations contained the expected vector, 

restriction enzymes were used to digest plasmids at known cut sites. Enzymes used 

in each restriction digest are specified in Table 2-5, with the expected fragment 

sizes after digestion. 

Construct Backbone 

Restriction digest 

Enzyme 1 Enzyme 2 
Expected fragments 

(kilobases) 

VSVG pMD2.G BamHI EcoRI 3.0, 1.5, 0.8 

PAX2 psPAX2 BamHI EcoRI 4.0, 3.0, 1.0 

Scrambled 

control 
pLKO.1 BamHI EcoRI 6.3, 0.8 

shNFATC2-143 pLKO.1 BamHI EcoRI 6.3, 0.8 

shNFATC2-144 pLKO.1 BamHI EcoRI 6.3, 0.8 

shNFATC2-145 pLKO.1 BamHI EcoRI 6.3, 0.8 

shNFATC2-146 pLKO.1 BamHI EcoRI 6.3, 0.8 

shNfatc2-356 pLKO.1 BamHI EcoRI 6.3, 0.8 

shNfatc2-357 pLKO.1 BamHI EcoRI 6.3, 0.8 

Empty vector pMIG NdeI EcoRI 4.5, 2.0 

o/e mNfatc2 pMIG NdeI NotI 7.3, 2.1 

o/e hNFATC2 pMIG NdeI NotI 4.5, 2.8, 2.1, 0.5 

Table 2-5. Restriction enzymes used per plasmid vector for validation. 

The expected fragment sizes observed on gel electrophoresis are indicated. 

 

An agarose gel was made by dissolving 0.8% agarose into Tris-acetate-EDTA (TAE) 

buffer and heating in a microwave until just below its boiling point. After cooling 

for 10-15 min, SYBRTM Safe DNA Gel Stain was added to a final 1X concentration 

(1:10,000 dilution) and the solution was poured into a gel case, which contained 

a well comb. After setting, the gel was bathed in TAE buffer in a gel tank. 500 ng 

digested plasmid was mixed with Purple Loading Dye to 1X concentration (1:6 

dilution) and loaded into one well per plasmid. 5 µL 1 kb Plus DNA Ladder was 

loaded into the final well of the gel. 
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The gel tank was run at 120 V for 30-60 min, until the distal bands in the loading 

buffer had moved ~2/3 the length of the gel.  The gel was imaged using a LI-COR® 

Odyssey Imaging System, using the 600 nm channel. Image parameters were 

adjusted and images saved using ImageStudio Lite software. 

2.2.3.3 Plasmid sequencing 

For confirmation that plasmid preparations contained the expected sequences, 

plasmid DNA was sequenced externally by Eurofins Genomics. The primers used 

are detailed in Section 2.1.7.1. Sequencing quality was assessed visually by 

inspection of chromatograms using SnapGene® Viewer.  Example chromatogram 

plots are shown in Figure 2-1. Sequences were aligned to the expected sequences, 

provided by Addgene and/or Merck, using the EMBOSS Needle web tool.  

 

 

 

 

 

  

Figure 2-1. Example chromatograms from plasmid DNA Sanger Sequencing. 

Two examples from Sanger Sequencing conducted on plasmid DNA, derived from 

SnapGene® Viewer. A: An example of good-quality sequencing, where base call peaks are 

sharp and evenly spaced per base. B: An example of poor-quality sequencing, as base call 

peaks are overlapping, irregular and not well-defined. 

A 

B 
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2.2.4 Generation of lentivirus and retrovirus 

2.2.4.1 Lentivirus production using PEI-mediated transfection 

Lentivirus was produced by transfection of HEK-293T cells either in 6-well plates 

or 10 cm2 cell culture dishes, depending on the volume of lentiviral supernatant 

required. 

For 6-well plate transfection HEK-293T cells were harvested from cell culture 

flasks using trypsin, as per the described procedure. After resuspension in culture 

media the cell suspension was passed through a 70 µm cell strainer, then seeded 

into wells at a density of 8x105 cells/2 mL culture media/well. After 18-24 hr in 

culture the confluence of cells was inspected visually; transfection proceeded if 

cells were approximately 70-90% confluent in the well. 

Around 1 hr prior to transfection the media was gently replaced with 1.5 mL 

culture media/well. Plasmids were complexed with PEI (1 mg/mL) in a total mass 

ratio of 12 µg PEI to 4 µg total DNA/well of HEK-293T for transfection. Plasmid 

details are in Table 2-6. The 4 µg plasmid mix contained: 1.8 µg transgene 

(pLKO.1/shRNA), 1.8 µg packaging (psPAX2) and 0.4 µg envelope (pMD2.G) 

plasmids. The total volume of PEI/DNA mix/well was 250 µL. These were 

incubated for 20-30 min at RT, before adding dropwise to each well. Note that 1 

well was transfected with a scrambled control expressing GFP as a positive 

transfection control. 

After a maximum of 18 hr post-transfection media was gently changed to 2 

mL/well and supernatant discarded. Following another 24 hr the viral supernatant 

was harvested and replaced with culture media, with reduced FBS to prevent over-

growth of cells (DMEM with 5% FBS and 2 mM L-glutamine). At this point the GFP 

scrambled control well was visualised using a Zeiss microscope to observe 

fluorescence and estimate transfection efficiency. Finally, viral supernatant was 

harvested again after 24 hr. Viral supernatant from different timepoints was 

pooled and centrifuged at 1000g for 10 min, to pellet cells and debris. The 

supernatant was harvested again and stored at 4°C for up to 1 week, or -80°C for 

long-term storage. 

For transfection in 10 cm2 dishes the process was similar, but with differing DNA 

and PEI quantities, and volumes of supernatant. Each plate was transfected with 
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48 µg PEI and 16 µg plasmid (8 µg transgene, 6µg packaging and 2 µg envelope). 

Cells were seeded in 7.5 mL culture media per well and transfected in 5 mL media, 

with 1 mL of PEI/DNA mix. Supernatant was replaced with 7.5 mL culture media 

for subsequent viral harvests. 

2.2.4.2 Retrovirus production using PEI-mediated transfection 

Retrovirus was produced in the same manner as lentivirus, using the phoenix-

AMPHO cell line instead of HEK-293T. Phoenix-AMPHO cells were seeded in culture 

media (DMEM with 10% FBS and 2 mM L-glutamine) excluding selection antibiotics. 

There was no requirement for transfection of packaging or envelope plasmids due 

to endogenous expression. Retroviral plasmid details are in Table 2-6. PEI/DNA 

quantities used were as follows: 5.4 µg PEI and 1.8 µg transgene plasmid per well 

of a 6-well plate, or 24 µg PEI and 8 µg transgene plasmid per 10 cm2 dish. 

Otherwise, the transfection process was the same as for lentivirus.
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Table 2-6. Table of lentiviral and retroviral plasmid vectors used in the study.

Construct 
Retro/ 

lentivirus 
Function Backbone Supplier Catalogue #/ID 

shRNA sequence (if 

applicable) 

VSVG Lentivirus Viral envelope pMD2.G Addgene 12259 N/A 

PAX2 Lentivirus Viral packaging psPAX2 Addgene 12260 N/A 

Scrambled control Lentivirus Non-targeting shRNA pLKO.1 Merck SHC002 N/A 

Scrambled control 

(with GFP) 
Lentivirus 

Non-targeting 

shRNA/GFP control 
pLKO.1 Merck SHC001 N/A 

shNFATC2-143 Lentivirus 
hNFATC2-targeting 

shRNA 
pLKO.1 Merck TRCN0000016143 CCGAGTCCAAAGTTGTGTTTA 

shNFATC2-144 Lentivirus 
hNFATC2-targeting 

shRNA 
pLKO.1 Merck TRCN0000016144 CGCCAATAATGTCACCTCGAA 

shNFATC2-145 Lentivirus 
hNFATC2-targeting 

shRNA 
pLKO.1 Merck TRCN0000016145 GCACATCATGTACTGCGAGAA 

shNFATC2-146 Lentivirus 
hNFATC2-targeting 

shRNA 
pLKO.1 Merck TRCN0000016146 CCTCTTCGACTATGAGTATTT 

shNfatc2-356 Lentivirus 
mNfatc2-targeting 

shRNA 
pLKO.1 Merck TRCN0000012356 GCCCGTGAAAGTCAACTTCTA 

shNfatc2-357 Lentivirus 
mNfatc2-targeting 

shRNA 
pLKO.1 Merck TRCN0000012357 CCCTATCGAAGAAGAACCGAT 

Empty vector Retrovirus 
Overexpression (empty) 

backbone 
pMIG Addgene 9044 N/A 

o/e mNfatc2 Retrovirus 
Overexpression of 

mNfatc2 
pMIG Addgene 11100 N/A 

o/e hNFATC2 Retrovirus 
Overexpression of 

hNFATC2 
pMIG Addgene 74050 N/A 
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2.2.5 Transduction of cell lines with shRNA-containing lentivirus 

Cells for lentiviral transduction were sub-cultivated 1 day prior to transduction, 

to allow cells to enter a log-growth phase. On the day of transduction 1 mL 

lentiviral supernatant was added to each well of a 6-well plate and incubated at 

37°C for up to 1 hr, to allow equilibration of temperature and coating of the wells. 

Cell suspension was centrifuged at 300g for 5 min and resuspended in transduction 

medium, which consisted of standard culture media with double the 

recommended concentration of FBS and 16 µg/mL of hexadimethrine bromide 

(also known as Polybrene). 1 mL cell suspension was added to each well containing 

lentiviral supernatant (1:1 volumetric ratio; final Polybrene concentration 8 

µg/mL). Plates were wrapped in Parafilm® and centrifuged at 900g for 30 min, 

before returning to incubation at 37°C with 5% CO2. 

After 18-24 hr the cell suspensions with lentivirus were centrifuged at 300g and 

resuspended in an equivalent volume of standard cell culture media plus 

puromycin, for selection of transduced cells, as indicated in Table 2-7. The 

concentration of puromycin used was determined empirically using kill curves 

(Figure 2-2). The puromycin concentration for THP-1 had been determined in 

previous work by Dr. Matthew Massett. 

 

 

 

 

 

 

 

 

 

Table 2-7. Puromycin concentrations used for selection in each cell line. 

The concentration of puromycin required to achieve ‘0’ cell count 24 hr after 

treatment for each cell line (or for MLL-AF9 murine bone marrow (BM)). 

 

Cell line / cells 
Puromycin 

concentration (µg/mL) 

THP-1 2.5 

MOLM-13 1.0 

MV4-11 1.5 

NOMO-1 3.0 

HL-60 4.5 

OCI-AML3 2.0 

Kasumi-1 3.0 

MLL-AF9 murine BM 1.5 
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Cells were counted (see Section 2.2.8.1) immediately prior to resuspension in 

puromycin media (‘0 hr post-selection’) and counted 24 hr later, to determine the 

selection and efficiency of transduction. The puromycin media was replaced again 

at 24 hr post-selection, as above, and counted again at 48 hr post-selection. If 

measurement at timepoints later than 72 hr post-selection were required, the 

puromycin media was replaced again at 72 hr post-selection, as above. 

 

 

 

Figure 2-2. Puromycin kill curves for selected 

cell lines. Cells were treated with varying 

concentrations and counted after 24hr in culture. 

(mean of n=2, technical duplicates). 
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2.2.6 Establishment of stable vector expression in cell lines 

2.2.6.1 Transduction of cell lines with retrovirus 

After 24 hr of transduction, cells were resuspended in the appropriate culture 

media for the cell line, without antibiotics. 

48 hr from centrifugation, cells were assessed for GFP expression using flow 

cytometry. If >0.1% GFP expression was observed in the live cell population, GFP+ 

cells were selected using either a dilution method or fluorescence-activated cell 

sorting (FACS), to achieve a homogenous GFP+ population. 

In the dilution method, cell suspensions 

were diluted to 5 cells/mL and pipetted 

into a 96-well plate at 100 µL/well with 

the aim of achieving 1 cell/2 wells and 

therefore maximise the likelihood of any 

well being inoculated with single cells. 

Cells were incubated at 37°C with 5% CO2 

for 2-4 weeks, during which time the 

media was refilled to prevent drying out.  

Upon observation of cell growth, using an 

inverted light microscope, wells 

containing expanded cell populations were sampled for flow cytometry. These 

samples were assessed for GFP expression and any population exhibiting >90% 

positivity in their live population was taken forward for further incubation and 

expansion in culture. 

Alternatively, samples were sorted to isolate the GFP+ population by flow 

cytometry. GFP-selected cells, using either method, were expanded in culture and 

validated for GFP expression using flow cytometry, before cryopreservation in 

freezing media (RPMI with 30% FBS and 5% DMSO) for liquid nitrogen storage. These 

methods of GFP+ cell selection are shown schematically in Figure 2-3.  

Figure 2-3. Schematic of GFP+ cell 

selection. Made in Biorender. 
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2.2.7 Phenotypic cell assays and measurements 

2.2.7.1 Cell counting 

Cells were counted using Trypan Blue dye exclusion. Trypan Blue (Merck) solution 

(0.4% v/v) was mixed with cell suspension in a 1:1 ratio and incubated for up to 5 

min. 10µL of the mix was pipetted into a haemocytometer and visualised using an 

inverted light microscope with phase contrast (Figure 2-4). The number of cells 

counted in one 4x4 grid (each highlighted in blue) gives the density in 100 nL of 

liquid. In each 4x4 grid, cells overlapping the edges must only be counted on 2 of 

the edges (e.g., the outer edges only), to avoid double counting. To calculate the 

cell density in the original sample an average of counts from all 4 corner grids is 

taken, then corrected for the 1 in 2 dilution with Trypan Blue. Multiplying this 

value by 1x104 provides the cell density/mL. 

 

 

 

 

 

 

 

 

 

 

  

Figure 2-4. Example haemocytometer grid for cell counting. 

The diagram represents the haemocytometer grid layout. The cells were counted in the 

numbered (blue) 4x4 grids. In grid 1 there are some example cells, whereby green cells 

can be included in the count and red cells cannot - cells overlapping the inner edges of 

the 4x4 grid are not counted.  
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2.2.7.2 Colony-forming cell (CFC) assays 

For seeding human cells, MethoCultTM H4230 was used as a semi-solid medium, 

while MethoCultTM M3231 was used for murine cells. Both medias were cytokine-

free. Prior to use, MethoCultTM was mixed with IMDM to a final concentration of 

20% (v/v) IMDM. After cell counts, 1000 cells were mixed with 100 µL RPMI. If 

required for the experiment, puromycin was added at the desired concentration 

and mixed using a 1 mL syringe and a 19G needle. The 100 µL cell suspension was 

later added to 900 µL of MethoCultTM/IMDM mix. Each mix was then left for 5 min 

to allow bubbles to rise to escape the solution. A summary of the cell/media mix 

is shown in Figure 2-5. 

Each of 6 wells of a 24-well plate was scored along the bottom using a scalpel, to 

create a grid for counting colonies against (Figure 2-5). Each 1 mL of cell/media 

mix was divided between 3 wells using the syringe (~300 µL/well), providing 

technical triplicates/condition. The surrounding wells were filled with 1 mL PBS. 

The plate was incubated at 37°C with 5% CO2 until sufficient colonies had formed, 

at least in control samples. This period was determined for each cell line and 

ranged from ~7-12 days post-seeding. 

 

Colonies were imaged and counted using an EVOS cell imaging system.  Scale bars 

were added retrospectively using a reference size image. Cell clusters with >50 

cells were counted as colonies and their morphology used to classify the type of 

colony. 

Figure 2-5. Schematic diagram of CFC assay setup. 

On the left-hand side is a representative diagram of the cell/media mix used in each CFC 

assay. On the right-hand side is a plate layout, showing scored wells and position of PBS-

filled wells. Each condition is laid out in technical triplicate. 



101 

 

2.2.7.3 Cytospin preparation for cell morphology 

For visualisation of individual cell morphology, cells were centrifuged onto slides 

using a Shandon Cytoclip system. The sample chamber was attached to a 

SuperFrost® slide using the cytoclip and a piece of filter card was inserted between 

the slide and sample chamber. Cell suspension was diluted to 2x105/mL and 100 

µL was loaded into the sample chamber. The assembled slide/clips were inserted 

to a cytospin centrifuge and centrifuged at 450g for 5 min, then allowed to air-

dry at RT. 

Each slide was fixed in methanol for 10 min and allowed to air-dry for 5 min. May-

Grünwald and Giemsa stains were diluted in Sorensen’s phosphate buffer (Section 

2.1.6.1), 2X and 10X respectively. Both stains and Sorensen’s buffer were poured 

into separate glass chambers. Slides were incubated in diluted May-Grünwald stain 

for 30 min and then immediately incubated in diluted Giemsa stain for 30 min. 

Next, slides were gently rinsed in tap water and incubated in Sorensen’s buffer 

for 3 min, prior to further gentle rinsing in tap water and air-drying overnight at 

RT. 

Finally, a drop of Pertex® mounting medium was added over the cells on each slide, 

and a glass coverslip placed on top. These were allowed to set overnight before 

imaging using an EVOS cell imaging system at 40X magnification. Scale bars were 

added retrospectively using a reference size image. 

May-Grünwald and Giemsa stains were used to identify morphological features of 

cells. Basic dye components, such as methylene blue, stain acidic structures in 

the cell such as DNA. Acidic dye components, which includes eosin, stain basic 

proteins such as those found in cytoplasmic granules (Mopin et al., 2016). For 

example, a typical monocyte would show a large, round nucleus and a pale 

granular appearance in the cytoplasm (Young, 2006). 

The area of individual cells was quantified using ImageJ software. Each image size 

was quantified using the scale bar as a reference. The ‘Analyze Particles’ feature 

was used to highlight cells and area quantification was produced automatically. 

Cells on the image edges or those with a highly irregular appearance were removed 

from analysis. Technical replication was not used in cytospin analyses. 
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2.2.7.4 Alamar Blue assay 

Alamar Blue dye contains resazurin, which is non-toxic to cells and cell-permeable 

in addition to being non-fluorescent in its native state. Resazurin readily accepts 

electrons from cellular metabolic activity and is also reduced by various enzymes, 

which leads to formation of the highly fluorescent resorufin (Rampersad, 2012). 

As such, Alamar Blue was used to measure the metabolic activity and so viability 

of cells in culture after various treatments. 

At the experimental timepoint cell suspensions were mixed with Alamar Blue to 

50µM and pipetted into a 96-well flat-bottomed plate, with each condition in 

technical triplicate. A media-only control was used on each plate. Cells were 

incubated at 37°C with 5% CO2 for 4 hr. Finally, the fluorescence was measured 

using a SpectraMax® M5 Plate Reader at 535nmEx and 590nmEm. The reading for 

each well was corrected using the media-only control. 

2.2.7.5 Treatment of cells with compounds 

Inhibitors were pre-diluted in the appropriate diluent so that each condition would 

contain the same final concentration of solvent. A vehicle control was included 

for every experiment. Pharmacological information on calcineurin-NFAT inhibitors 

are shown in Table 2-8. 

The control and treatments were added to cell suspensions and mixed thoroughly. 

The cell phenotype was then assessed using various assays, including Alamar Blue 

viability assays to estimate the IC50. To estimate the IC50 the fluorescence 

measured per condition was normalised to the vehicle control as a %. Using the 

‘[Inhibitor] vs. normalized response – Variable slope’ algorithm in GraphPad Prism 

a sigmoidal curve was fitted to the data, constrained between 0% and 100%. The 

IC50 was calculated using this curve.
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Table 2-8. Inhibitors of calcineurin-NFAT signalling. 

The molecular targets of selected inhibitors of the calcineurin-NFAT signalling axis, their mechanism(s) of action and any licensed uses in the clinic 

(UK only) are shown. Publications evidencing these are given. 

 

Inhibitor Target Molecule Mechanism of Action 
Licenced Clinical Uses 

(UK) 

Cyclosporine A 
Calcineurin (CnA 

and CnB subunits) 

Formation of a ternary complex with cyclophilin A 

and calcineurin. Binding blocks access of phosphatase 

site to substrates. (Huai et al., 2002) 

Organ and BM 

transplantation; severe 

inflammatory conditions 

VIVIT-11R 
Calcineurin (NFAT 

docking site) 

Mimics PxIxIT domain of NFAT1-4. Binds to 

calcineurin at NFAT-docking site and blocks 

calcineurin-NFAT interaction. (Aramburu et al., 

1999) 

None 

INCA-6 
Calcineurin (NFAT 

docking site) 

Shown to displace VIVIT from calcineurin binding in 

vitro: blocks calcineurin-NFAT interaction (putative). 

(Roehrl et al., 2004) 

None 
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2.2.8 Flow cytometry 

2.2.8.1 General data acquisition and gating strategies 

Analyses of cells using flow cytometric assays was conducted on a FACSCantoTM II. 

Data were acquired using BD FACSDivaTM software and analysed using FlowJo 

software. The appropriate machine settings were determined using unstained, 

single stained and isotype controls as indicated.  Compensation matrices were 

determined using single stained cell samples, or compensation beads. 

To analyse the fully stained cells, doublets were first excluded using the FSC-A vs. 

FSC-H plot, where for single cell events these parameters should have a linear 

relationship. The FSC-A vs. SSC-A plot was then used to identify homogenous 

population(s) and gate on these, excluding debris. If required, live cells were 

gated by excluding cells which absorbed a viability dye, such as DAPI (Figure 2-6). 

Note also that technical replication was not used for any flow cytometry assays. 

2.2.8.2 Annexin V apoptosis assay 

1-5x105 cells were pelleted at 300g for 5 min. Cells were washed by resuspending 

in 0.5 mL HBSS and after aspirating HBSS, the cell pellet was resuspended in a 

solution with 1 L Annexin V (conjugated to FITC or APC) per 100 L 1X annexin 

binding buffer and 1 µg/mL DAPI. Annexin V-APC was used instead of Annexin V-

FITC when assessing cell lines expressing GFP. 

Cells were incubated in the staining solution for 15 min at RT and then pelleted 

as above, before resuspending in 100 µL HBSS and transferring to a tube for 

analysis. 

Figure 2-6. General gating strategy for flow cytometry. 

Plots from FlowJo illustrate the general gating strategy for DAPI-stained THP-1 cells. Left 

to right: selecting single cells, excluding debris, excluding dead (DAPI+) cells. 
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Events were gated by isolating single cells using the FSC-A vs. FSC-H plot, as 

described previously. Cells were gated by size (FSC-A vs. SSC-A) to capture all live 

and dead cells but exclude debris. The DAPI vs. Annexin V plot was used to divide 

cells into four quadrants; whereby DAPI discriminates live and dead cells, and 

Annexin V discriminates apoptotic cells. DAPI+ Annexin V- cells were denoted as 

necrotic. This gating strategy is shown in Figure 2-7. 

2.2.8.3 PI staining for cell cycle analysis 

0.5-1.x106 cells were harvested and pelleted at 300g for 5 min. Cells were then 

washed twice in PBS. To fix cells, the cell pellet was resuspended in 500 µL ice 

cold 70% ethanol/PBS solution, by dropwise addition with vortexing, to prevent 

aggregation. 

The cell fixation mix was incubated for a minimum of 24 hr at -20°C. Cells were 

washed twice by centrifuging at 850g for 5 min and resuspending in PBS. The final 

cell pellet was resuspended in 250µL 40 µg/mL PI and 20 µg/mL RNase A in H2O 

and mixed by pipetting. The staining cells were incubated at 37°C for 20-30 min. 

Finally, 150µL HBSS was added and cells transferred to cytometry tubes for 

analyses. 

A 

B 

Figure 2-7. Gating strategy for Annexin V apoptosis assay. 

A: FlowJo plots illustrate the gating strategy for THP-1 cells. To generate dying cells as 

a positive control, THP-1 cells were heated at 95°C for 5 min, and then stained with 

Annexin V-FITC and DAPI. Left to right: selecting single cells (FSC-A vs. FSC-H), excluding 

debris (FSC-A vs. SSC-A), quadrant gating for Annexin V+/DAPI+ cells. B: Quadrant plots as 

described in A: unstained cells (left), DAPI stain only (middle), Annexin V stain only 

(right). 
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PI-stained cell data was acquired on the flow cytometer at the lowest flow rate, 

for optimal signal acquisition. Cells were gated as described above. The cell size 

was different from native cells, due to fixation. 

Gated cells were plotted using a histogram in the PE channel, on a linear scale. 

The signal/cell represents the quantity of DNA present, thereby allowing 

separation of cells by phase of the cell cycle. Gates were set on each region of 

the plot, corresponding to these (Figure 2-8). 

 

2.2.8.4 BrdU assay for cell cycle analysis 

BrdU is a thymidine analogue and can incorporate into DNA when cells are 

undergoing mitosis, during the S-phase. Detection of incorporated BrdU is another 

means of determining cell cycle status of cells, in a cumulative manner. 

The buffers used in this assay are detailed in Section 2.1.6.4. BrdU stock (in DMSO) 

was added to cell suspension (2x105 cells in 1 mL/condition) to 10 µM and 

incubated at 37°C with 5% overnight. Cells without BrdU were incubated also, as 

a negative control. Next, cells were washed 2x by centrifuging at 500g for 5 min 

and resuspending in PBS with 3% (v/v) BSA. To permeabilise and fix, the pellet was 

resuspended in 250 µL permeabilisation/fixation buffer and incubated in the dark 

for 30 min, on ice. 

Cells were centrifuged at 800g for 5 min and washed again with PBS/3% BSA, 

before resuspension in 1 mL freezing buffer. Cells were left overnight at -80°C. 

These were thawed rapidly at 37°C in a water bath and pelleted again by 

Figure 2-8. Cells stained with PI were gated into 

cell cycle phases. Shown are the gates applied to 

the PE histogram, gated from single cells and 

excluding debris. The data were then presented 

as fractions of ‘live’ cells. Voltages were adjusted 

so that the prominent G0/G1 peak and smaller 

G2/M peak were visualised centrally. The region 

between these was denoted as cells in the S-

phase and cells below the G0/G1 peak were 

denoted as ‘sub-G0/G1’ cells. Cells beyond the 

G2/M peak were excluded from analysis. 

Live 
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centrifuging at 800g for 5 min, before resuspension in 250 µL 

permeabilisation/fixation buffer and 10 min incubation on ice. 

DNA was fragmented by pelleting and resuspension in 100 µL of a DNase I solution, 

allowing 6 µg DNA per condition, before incubating at 37°C for 1 hr. Cells were 

washed in wash/permeabilisation buffer and resuspended in 100 µL buffer with 

anti-BrdU antibody, conjugated to APC, at 1:50 dilution. DAPI was also added at 

1:500. After 30 min incubation at RT, in the dark, cells were washed 1x in 

wash/permeabilisation buffer and prepared in tubes for flow cytometry. 

As described for other assays, cells were gated on single cells and debris excluded. 

Cells were then viewed for BrdU/APC vs. DAPI/Pacific Blue and 3 panels 

constructed, to gate on the main phases of the cell cycle, as shown in Figure 2-9. 

 

 

 

 

 

  

Figure 2-9. Example gating strategy for BrdU assay. 

Left: DAPI single stain with labels. Right: full DAPI/anti- BrdU-APC stain. 
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2.2.8.5 CFSE assay for cell proliferation 

CFSE stain stock solution was made by dissolving powder in DMSO to 5 mM, as 

recommended, then diluting the CFSE to 5 µM in the appropriate base medium for 

the desired cell line. 2x105 cells were dissolved in 1 mL staining medium and 

incubated at 37°C with 5% CO2 for 20 min, before adding 5 mL of complete cell 

culture medium, to inhibit the reaction. Cell suspension was then centrifuged at 

300g for 5 min and resuspended in 1 mL complete culture medium and returned 

to incubation at 37°C with 5% CO2. 

To establish a baseline fluorescence signal, up to 500 µL of cell suspension were 

stained with DAPI and analysed by flow cytometry. After viability and size gating, 

a histogram of FITC signal was used to visualise the CFSE stain and the voltage set 

to position the main peak at the far-right side. 

This process was repeated for every timepoint of 

interest, using the same voltages, and the signal 

compared to the baseline to visualise proliferation 

(Figure 2-10). The fold change in signal was 

calculated per sample using the geometric mean 

signal in the FITC channel. Conversion to log2 fold 

change gave the estimated number of cell 

divisions. 

2.2.8.6 Cell sorting 

Sorting of GFP-expressing cells was conducted with the technical support of Ms. 

Jennifer Cassells. 24 hr prior to sorting, cell medium was supplemented with 

penicillin-streptomycin to 100 U/mL, to minimise risk of contamination, and 

maintained in this for 48 hr after. 

Cells were sorted using a FACSAriaTM III. Cells were gated by size and on live cells, 

and GFP+ cells were selected for separating on the FITC channel. Bulk cells were 

sorted into a single culture and their GFP expression measured after sufficient 

outgrowth, using a FACSCantoTM II.  

Figure 2-10. Example 

CFSE data. 
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2.2.9 Protein analysis 

2.2.9.1 Whole cell lysate (WCL) protein extraction 

To obtain WCL, cells were washed twice in PBS by centrifuging at 300g for 5 min 

at 4°C and then the cell pellet was resuspended in 50 µL 1 mM DIFP per 1x106 cells. 

DIFP is a potent serine protease inhibitor, which was used during lysis due to the 

high protease activity of myeloid cells. Cells were incubated on ice for 30 min 

before centrifuging at 300g for 5 min, at 4°C. 

DIFP was aspirated and the pellet resuspended in RIPA buffer (Section 2.1.6.3). 

Buffer was prepared freshly immediately prior to extraction. The cell/RIPA buffer 

mix was vortexed at high speed for 10 sec and then incubated on ice for 30 min, 

with occasional vortexing. The mix was centrifuged at 16,000g for 20 min, to 

separate remaining precipitates, and the cell lysate was aspirated. Lysates were 

stored at -80°C. 

2.2.9.2 Cell fractionation 

Lysates from the cytoplasmic and nuclear fractions of the cell were obtained using 

a protocol, adapted from that described by Healy and O’Connor (Healy and 

O'Connor, 2009). The cell pellet was stored at -80°C for at least 72 hr and then 

frozen and thawed using liquid nitrogen three times, to weaken the outer cell 

membrane. These cells were then resuspended in 50 µL/1x106 cells of hypotonic 

lysis buffer (see 2.1.6.3). Cells were vortexed at medium speed for 10 sec and 

incubated on ice for 10 min, before centrifuging at 2.300g for 2 min, at 4°C, to 

pellet the nuclei. The supernatant, containing cytoplasmic lysates, was pipetted 

into separate tubes. DIFP (0.1 mM) was added immediately to the cytoplasmic 

lysates, to block protease activity. 

The pelleted nuclei were resuspended in 50 µL/1x106 cells of RIPA buffer and 

vortexed at high speed for 10 sec, before incubating on ice for 30 min, as for WCL. 

These were centrifuged as described previously and the supernatant, containing 

nuclear lysates, was harvested by pipetting. Lysates were stored at -80°C. 
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2.2.9.3 Protein quantification: Bradford assay 

A set of standards was prepared using BSA and kept at -20°C for repeated use. 

These ranged in concentration from 25-2,000 µg/mL. A H2O-only and a buffer-only 

sample was also quantified in each run as controls. The buffer-only sample was 

used to subtract background absorbance from all samples and the H2O was used 

to set the origin of the standard curve. 

2.2.9.4 Western blotting 

Equal quantities of protein were loaded for each sample. Western blots were run 

and transferred in a Mini Gel Tank and loaded into NuPAGETM 4-12%, Bis-Tris, 1 

mm protein gels as described by the manufacturer. MOPS SDS running buffer was 

used to run the gel, alongside a PageRulerTM Plus Prestained Protein Ladder. The 

gel was run at 120-140 V for 1-1.5 hr, and the protein was transferred at 10 V for 

1 hr, onto nitrocellulose membranes.  

Protein bands were visualised on the membrane by soaking in 0.1% Ponceau S 

solution for >1 min and were inspected to determine the evenness of transfer. 

Membranes were rinsed using TBST and then blocked in 5% BSA/TBST for 1 hr, to 

prevent non-specific binding of antibodies. Antibody solutions were prepared in 5% 

BSA/TBST solution, with dilutions based on the manufacturer’s recommendations 

(Section 2.1.5.10). 

After blocking the membranes were incubated with the appropriate antibody 

solution and placed on a rocker at 4°C overnight. If multiple antibodies derived 

from the same species were tested on the same membrane, the membrane was 

cut along expected size boundaries, using a scalpel, to separate proteins of 

interest. 

After antibody incubation the antibody solution was removed, and the membranes 

washed twice using TBST. Secondary antibodies with fluorescent conjugates were 

used to visualise these, by diluting these in TBST 1:1000. Membranes were placed 

in secondary antibody solutions for 1 hr at RT and washed twice as described 

previously. 

Technical replication was not used for any Western blotting. 
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Each membrane was visualised using a LI-COR® Odyssey Imager, with ImageStudio 

software. Images were processed for maximum visual quality in ImageStudio Lite 

software. 

If re-probing of any membrane was required, ReBlot Plus Strong Antibody Stripping 

Solution was used to strip the membrane of existing antibodies. The membrane 

was blocked using 5% BSA/TBST as before, for 15 min, before rinsing with TBST 

briefly. The membrane was submerged in stripping buffer (1X, dissolved in H2O) 

and placed on a rocker for 10 min. It was then washed twice with TBST for 10 min, 

as before, and finally re-probed using primary and secondary antibodies. 

2.2.10 Immunofluorescence 

Visual detection of protein was carried out on fixed cells using antibodies with 

fluorescent conjugates. Multi-spot microscope slides were coated with 30 µL PLL 

solution/spot and left for at least 1 hr at RT. After removing the PLL each spot 

was washed in 20 µL PBS, for 2-5 min. 

Cells were taken from culture and prepared as suspensions of 6x104 cells/20 µL, 

which were then pipetted onto a PLL-coated slide spot. After 45 min cells were 

removed, washed once with PBS (as described previously) and fixed in 30 µL 4% 

(w/v) paraformaldehyde solution, for 10 min. After removing fixative, the fixed 

cells were washed on the slide in PBS 3 times. Cells were then permeabilised using 

20 µL 0.5% Triton-X100/PBS, and incubated for 15 min at RT. 

After removing Triton-X100, cells were washed in PBS. IF blocking solution 

(Section 2.1.6.6) was added at 20 µL per spot and left to incubate for 1-2 hr. 

Meanwhile, primary antibodies were diluted 1:500 in IF blocking/antibody solution. 

Once the block was removed and cells washed in PBS, 20 µL primary antibody was 

added per spot. These were incubated overnight at 4°C, in a chamber humidified 

with wet paper towel, to prevent drying out. 

After removal of primary antibodies, each spot was washed 5x using 0.1% TWEEN® 

20/PBS (PBST), to remove background antibody binding. Secondary antibody 

solutions with fluorescent conjugates (Section 2.1.5.12) were pipetted on at 20 

µL/spot and incubated for 1 hr at RT, in the dark. After removal and washing as 

before, a drop of ProLongTM Diamond Antifade Mountant with DAPI was added to 



112 

 

stain the DNA. A glass cover slip was placed over the spots and allowed to set 

overnight at 4°C. Finally, the slide was sealed using nail polish. 

A Zeiss Axio Imager M1 Epifluorescence and Brightfield Microscope was used to 

visualise and image slides, using AxioVision Rel 4.8.2 software. Images were taken 

at 40x and 100x magnification, the latter of which required a drop of immersion 

oil to be placed on the slide. Each spot was imaged in 15 ‘stacks’ and the best 

image selected, with scale bars added in the software. 

2.2.11 Extracting and processing RNA 

2.2.11.1 RNA extraction 

For cell numbers >5x105 RNA was extracted using an RNeasy® Mini Plus Kit. For cell 

numbers <5x105 an RNeasy® Micro Plus Kit was used. Both extractions were carried 

out as described in the manufacturer’s instructions. Of note, lysates were 

homogenised using QIAshredder spin columns as per protocol to maximise the 

concentration of RNA isolated. Genomic DNA (gDNA) was removed using the spin 

columns supplied with the RNeasy® kits. The RNA sample was eluted using RNase-

free water. 

RNA was quantified using a NanoDropTM 1000 spectrophotometer. The RNA quality 

was assessed using the given A260/A280 and A260/A230 ratios given. An 

A260/A280 ratio ≥2.0 was considered to be pure. 

2.2.11.2 cDNA synthesis 

RNA was converted to cDNA using a first-strand synthesis reaction. This was based 

on the two-step reaction required for the SuperScriptTM IV Reverse Transcriptase. 

In the first step 0.5-1.0 µg RNA was diluted in RNase-free H2O to 11 µL in 0.2 µL 

thin-walled tubes. Random hexamers were diluted to 3.8 µM and a dNTP mix to 

769 µM to make a final volume of 13 µL. This was incubated at 65°C for 5 min, 

briefly centrifuged and then cooled on ice for 1-2 min. 

SuperScriptTM IV was added to 10 U/µL and the provided buffer to 1X. DTT was 

added to 5 mM and RNaseOUT – an RNase inhibitor – to 2 U/µL, in a final volume 

of 20 µL. These tubes were heated as follows: 23°C for 10 min (for hexamer 

annealing), 52.5°C for 10 min (for cDNA synthesis) and 80°C for 10 min (for 
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termination of the reaction). The finished reaction was cooled to 4°C, briefly 

centrifuged and either used for further application or stored at -20°C. 

2.2.12 qRT-PCR 

2.2.12.1 Primer design 

The RefSeq given in Section 2.1.7.2 & 2.1.7.3 is that which was used to generate 

the primer sequences using the NCBI Primer-BLAST tool. The predicted melting 

temperature (Tm) was set to range between 58-62°C and the desired PCR product 

size between 80-120 bp. For targets with multiple exons, primers sitting across at 

least 1 exon-exon junction were preferred, to minimise off-target amplification 

of gDNA. Primers which targeted all known transcript variants (excluding 

computationally derived variants) were also preferred. Meeting all of these 

criteria was not always possible and so a balance of factors was considered for 

each. The length of each primer was within the range of 18-24 bases. 

Primers were supplied as 2 nmol lyophilised powder and diluted to 100 µM each in 

RNase-free H2O, before storing at -20°C. 

2.2.12.2 Data acquisition using a 384-well plate 

RNA abundance was quantified by amplifying cDNA using a QuantStudioTM 7 Pro. 

PowerUpTM SYBRTM Green Master Mix was used to amplify cDNA targets. The master 

mix was diluted to 1X and primers to 500 nM, for each forward and reverse. The 

completed cDNA reaction mix was initially diluted 1:100 in RNase-free H2O and 

then entered into the qRT-PCR reaction as 40% of the total reaction volume. 

Each sample/primer combination was pipetted into a 384-well plate in technical 

triplicates. For each primer 1 replicate with H2O, was used to control for primer 

or master mix contamination. Thermocycling conditions were as follows: 50°C for 

2 min, 95°C for 2 min, and then 40 cycles of 95°C for 15 sec and 60°C for 1 min. 

To produce a melt curve an additional heat step was added of rapid heating to 

95°C and subsequent cooling to 60°C. 
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2.2.12.3 Analyses of 384-well plate data 

The qRT-PCR data were analysed using the ΔΔCt method, which firstly compares 

mean Ct values (from technical triplicates) to those of selected housekeeping 

genes, then compares these values for test samples to those for control samples. 

The first step is to normalise samples and account for variation in quantity, by 

comparing to genes which are not expected to vary with experimental treatment. 

For all human genes ACTB and GAPDH were used as housekeeping genes, whereby 

the mean Ct values of the 2 was used. For mouse genes only Actb was used. The 

equation for this step is as follows: 

ΔCt = Ct for gene of interest (GOI) – Ct for housekeeping gene(s) 

The subsequent step was to compare test samples to a control sample, therefore 

producing a value for the difference in expression between the 2. This was 

calculated as follows: 

ΔΔCt = ΔCt test sample – ΔCt control sample 

The -ΔΔCt value was then taken as the log2 fold change for the difference between 

samples. 

Where there was a minimum of 3 replicates the Ct values from each were pooled 

and analysed together. To do so the ΔCt for the control sample was calculated by 

subtracting the mean Ct of control sample replicates for the GOI from the mean 

Ct of the control samples’ housekeeping gene(s). This provided a pooled ΔCt 

control value (for example, a ΔCt for all 3 replicates for ‘vehicle control’). 

The ΔΔCt for each individual replicate was then calculated relative to this pooled 

ΔCt control value. These ΔΔCt values could then be used to produce a mean ± SEM 

for each control and treatment sample, for statistical testing. The equation below 

summarises this method of pooling (Livak and Schmittgen, 2001), where the 

square brackets contain the calculation for the pooled ΔCt control sample value. 

ΔΔCt
pooled = 

ΔCt control/test sample – ΔCt control sample [pooled Ct
GOI – pooled Ct

housekeeping] 

Where only 1 replicate was available, this method was applied using the technical 

triplicates from the qRT-PCR plate instead of experimental replicates, producing 

a mean ± SD for each sample, instead of a mean ± SEM. 
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2.2.12.4 Multiplexed qRT-PCR 

Multiplexed qRT-PCR was conducted using a Fluidigm® BiomarkTM HD platform and 

samples were prepared for a 96x96 plate format, using the 96.96 Dynamic Array 

kit. Primers were designed to meet a more stringent Tm criteria of 60°C. cDNA 

was synthesised using 500ng of RNA per sample and these were not diluted 1:100 

prior to the reaction, as for standard qRT-PCR. 

To pre-amplify cDNA a QIAGEN Multiplex PCR Kit was used with a solution 

containing all primers pooled in H2O, to 50nM. For each sample, cDNA was diluted 

with primer mix at a 1:4 ratio. These reactions were then amplified using the 

following parameters: 95°C for 10 min, and 12 cycles of 95°C for 15 sec and 60°C 

for 4 min, before a final cooling to 4°C. In order to remove primers, Exonuclease 

was added to the cDNA mix at 1.1 U/µL, with the appropriate reaction buffer. This 

was heated to 37°C for 30 min and the reaction inactivated at 80°C for 15 min, 

before cooling to 4°C. 

The cDNA sample mixes were diluted 0.45X in a mix of DNA Binding Dye Sample 

Loading Reagent and SsoFast EvaGreen Supermix. Individual primers were diluted 

to 5 µM in separate mixes, using the provided Assay Loading Reagent and DNA 

Suspension Buffer. The final concentration of the primer in each reaction was 500 

nM. 

5 µL of each cDNA sample mix and primer solution were pipetted into separate 

wells, totalling 96 wells each per sample and primer. The housekeeping genes 

included on the plate were: UBE2D2, B2M, ATP5B, TYW1, ENOX2, GAPDH and ACTB. 

The plate was run in the machine under the conditions given below. 

Phase 
Number of 

cycles 

Temperature 

(°C) 
Duration (sec) 

Ramp rate 

(°C/s) 

1 Thermal mix 1 
70 2400 5.5 

60 30 5.5 

2 Hot start 1 95 60 5.5 

3 PCR 30 
96 5 5.5 

60 20 5.5 

4 
Melting 

curve 
1 

60 3 1 

60-95 - 0.33 
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Signals from each sample/primer reaction in the plate were visualised using the 

Fluidigm® Real-Time PCR Analysis Software and BioMarkTM HD Data Collection 

Software. Melt curves and amplification curves were inspected visually to filter 

out low-quality data. The data were treated as for qRT-PCR, except that 7 

housekeeping genes were pooled for the multiplexed data. 

2.2.13 RNA-Seq 

Data regarding the determination of RNA harvest timepoints, experimental quality, 

sample QC and read QC are described more fully in the Appendices (Section 9.2). 

2.2.13.1 Data analysis 

The experimental and analysis pipeline is shown in Figure 2-11. In summary, the 

cDNA libraries were prepared by Novogene using a Next® UltraTM RNA Library 

Preparation Kit (NEB) and sequenced using a NovaSeq 6000 platform (Illumina). 

Novogene provided read and mapping quality statistics (Table A-1) and reads were 

filtered to remove adapter reads and reads with low quality base read scores (>50% 

of bases with a base score<5). Reads were aligned to the hg38 human genome 

build using the STAR alignment tool and then expression was quantified using the 

HTseq package, with read counts expressed as FPKM. Differential expression 

between samples transduced with shNFATC2 and the scrambled control was 

conducted in a pairwise manner, using the DESeq2 R package, which utilised all 3 

biological replicates in the calculation. The resulting p value for a difference in 

means was corrected in the DESeq2 algorithm with the Benjamani and Hochberg 

method. Next, parsing and filtering of differential expression data, and production 

of most diagrams were conducted in RStudio. Tools and software are described in 

2.1.2. 

Scatterplots (including volcano plots) were drawn using ggplot2 and Venn diagrams 

with the package VennDiagram, both in R. Heatmaps were created using the 

heatmap function from the base stats package. These were used to explore the 

differential expression patterns after NFATC2 KD and identify significantly 

deregulated genes. 

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. The DAVID Bioinformatics Resources website provided 
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functional annotation of genes, as a means of grouping significantly deregulated 

genes. 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 pathway. Other databases, such as KEGG and 

PANTHER were also used to establish enrichment of known pathways in the data, 

using their web tools as appropriate. 
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Figure 2-11. Schematic flowchart depicting the experimental and data analysis strategy for RNA-Seq data. 

Elements conducted by external providers are highlighted in yellow, with dotted lines.  
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GSEA software was used to determine patterns of deregulated expression across 

the whole dataset, identifying enriched pathways or putative upstream regulators 

of genes in the data. The genes which contribute most highly to the deviation of 

the enrichment statistic from zero are described as the ‘leading edge subset’. This 

package provides multiple statistical measures of significance. The familywise 

error rate (FWER) is a more conservative means of determining statistical 

significance than false discovery rate (FDR) (Benjamini and Hochberg, 1995) and 

was used primarily in this study. 

Note that reads can also be normalised in a way that is more optimal for 

differential expression between samples, which produces the trimmed mean of M 

values (TMM) (Robinson and Oshlack, 2010). This was used for cross-sample 

heatmap comparisons. TMM was derived from read counts using the edgeR package. 

2.2.14 ChIP-Seq 

NFATC2-bound DNA was precipitated from untreated THP-1 cells. The buffers and 

commercial reagents in this protocol are described in Sections 2.1.8.7 & 2.1.5.7. 

For each replicate, NFATc2, total H3 and non-targeting IgG antibodies were used. 

For each antibody IP, 11x106 cells were lysed, with around 10% of the total being 

lost to input samples and shearing analyses. The experimental and analysis 

pipeline is shown in Figure 2-12. 

2.2.14.1 THP-1 lysis 

All replicates’ lysates were prepared simultaneously, and cell numbers were 

scaled accordingly. Cell suspensions were harvested and centrifuged at 300g for 3 

min, with a maximum of 18 x 106 THP-1 cells/50 mL tube and resuspended in 43 

mL PBS, pre-warmed to 37°C. Formaldehyde was added to a final concentration 

of 1% before incubation for 10 min at RT and immediately supplemented with 125 

mM glycine solution and agitated for 5 min, to inhibit the formaldehyde fixation 

reaction. 

The fixed cells were centrifuged at 300g for 3 min, at 4°C, before discarding 

supernatant. Fixed cells were combined into one volume and resuspended in ice-

cold PBS with PI/DIFP, to ~12 x 106 cells/mL. After washing the cell pellet was 

resuspended in the same volume of CLB, mixed by pipetting and incubated on ice 

for 10 min, to lyse the outer membrane. After centrifuging at 500g for 5 min, the 
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cell pellet was resuspended in ~1.5 mL NLB/100 x 106 cells, mixed by pipetting 

and incubated on ice for 10 min with frequent vortexing. Finally, cells were split 

into 15 mL tubes at ~33x106 cells/tube and DB was added to make the volume up 

to 1 mL each. 

2.2.14.2 DNA sonication 

An EpiShearTM Probe Sonicator was first cleaned using solutions of 0.1% (w/v) SDS, 

0.25 M HCl and dH2O. Each tube from the lysis step was vortexed, placed on ice 

and positioned with the sonicator probe just below the level of the liquid. The 

cells were given 30% amplitude for 30 sec/burst, for 18 bursts in total. 50 µL 

aliquots were taken at the end to assess adequate shearing. Sonicated samples 

were centrifuged at 10000g for 10 min and used immediately or stored at -80°C.  

2.2.14.3 IP 

Sonicated samples were diluted 1:2 using DBMOD, before adding 2 µg rabbit IgG 

antibody/sample and rotating at 4°C, for 1 hr, ‘pre-clear’ samples. Meanwhile, 

PBST was used to wash protein G magnetic Dynabeads® twice (30 µL 

beads/sample), by placing the beads in a 1.5 mL tube and within a magnetic stand 

to separate the beads from supernatant. Beads were resuspended in 100 µL PBST. 

After sample/IgG incubation the washed beads were added to each sample and 

rotated at 4°C for 1 hr, to bind the IgG/DNA complexes. 

IgG-bound DNA was removed by placing tubes in the magnetic stand and harvesting 

the supernatant for further IP. A sample comprising ~2% of the input quantity of 

chromatin was harvested as an input control sample, and stored at -20°C. Next, 

antibodies targeting either NFATc2, total H3 or non-targeting rabbit IgG were 

added to pre-cleared supernatants; 2 µg each. They were incubated overnight 

with rotation at 4°C. Pull-down of antibody-bound DNA was conducted using 

washed magnetic beads, as described for the pre-clear step, discarding the 

supernatant. 

Beads were washed using a repetition of the following: addition of wash buffer, 

rotation for 5 min at 4°C, brief centrifugation, magnetic separation and discard 

of wash buffer. The buffers were used in the following order: WB1, WB2, WB3, TE 

buffer twice. 



121 

 

DNA was eluted from washed beads using a Diagenode IPure V2 Kit, as per protocol. 

Briefly, incubating in an elution buffer for 4 hr at 65°C with shaking, to induce 

reverse-crosslinking of DNA, and isopropanol-based wash steps. Eluted DNA was 

quantified using a Qubit® dsDNA HS Kit, due to the expected low quantity of yield. 

2.2.14.4 DNA library preparation 

A MicroPlex Library Preparation Kit was used to generate a DNA library for 

sequencing. This was followed as per protocol, with 12 PCR cycles. Briefly, this 

involves the ligation of ~140 bp adapters to the DNA ends and PCR amplification. 

The libraries were then purified using AMPure® XP beads, which removes 

contaminating adapters/primers. Quality control steps are included in the 

Appendices (Section 9.3). 

2.2.14.5 Data parsing 

Raw data were processed using tools in the Galaxy platform. Reads were imported 

as FastQ files and adapter sequences were trimmed using Trimmomatic, which 

was run in palindrome mode as described for paired-end reads (Bolger et al., 2014). 

Parameter settings included: clipping of known Illumina adapters using the 

Truseq3 set, a maximum mismatch count of 2 bases (for full match), a minimum 

adapter length of 8 bases and a quality threshold of 20. Trimmed reads were 

aligned to the hg19 human genome build using the BWA-MEM alignment tool for 

reads >100 bp (Li, 2013) using standard settings for an Illumina-based library. 

PCR duplicates were removed from the alignment output BAM files using the 

RmDup tool from the samtools package. BAM files were filtered further by 

excluding reads with a Phred score of <20 and reads with multiple mapping, using 

the bamtools package. BAM files were also sorted by coordinates using the SortSam 

package. MACS2 was used as a peak-calling package, as described by (Feng et al., 

2012), for pooled NFATc2 IP and input samples. This was run using a band width 

of 300 bp and a q-value threshold of 0.1 for differential enrichment of regions in 

the NFATc2 IP samples. This was also set to output both narrow and broad peaks. 

ChIPseeker was used to annotate MACS2 peaks with genomic loci and produce plots 

to describe the peaks’ distribution across the genome (Yu et al., 2015). 

Blacklisted genomic regions for the hg19 build were removed from the MACS2 

peaks to prevent data artefacts. The published list of 880 regions was downloaded 
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from the ENCODE database. The MACS2 and blacklist BED files were compared for 

region overlap of ≥1 bp and blacklisted regions removed from the MACS2 file, using 

the setdiff() function of the GenomicRanges package. 

The ChIPQC package also generates a PCA plot, using the underlying dba.PCA 

function from the DiffBind package. This generates eigenvectors based on the 

presence and strength of intersections between read counts and peak calls in any 

of the NFATc2 IP or input DNA replicates. 

2.2.14.6 Data analyses 

The ChIPseeker package was used in Galaxy to generate plots showing the 

distribution of peaks across the genome. This package also annotated peaks with 

Ensembl gene IDs and gene loci information. Genes were further annotated 

manually using the Ensembl database. Coverage plots for peak summits were 

generated using ChIPseeker in the R platform. 

Metagene plots were generated using the R package metagene2. GenomicFeatures  

was used to extract GRanges files from the UCSC genome browser hg19 build, for 

the TSS±1000 bases or TSS±5000 bases, per gene. Blacklisted regions were 

removed from these GRanges files and these were then used as template regions 

for metagene2. For each ChIP-Seq replicate the NFATc2 IP BAM file was normalised 

to the input BAM file and the metagene plots were generated from these files 

together. 

Functional enrichment in the genes containing peaks was conducted on GSEA using 

a preranked analysis. Ensembl gene IDs were uploaded with their associated (peak) 

MACS2 enrichment scores, which were used to rank genes. Standard settings were 

used and inclusion of gene sets in the range of 5-500 genes. 

DNA binding motifs were identified using the MEME-ChIP platform (available at 

meme-suite.org). To prepare 500 bp sequences of interest, as is optimal for the 

platform, peak summit genomic locations were extracted from the MACS2 peaks 

and entered into a bed file. This bed file was uploaded to the UCSC Table Browser 

(available at genome.ucsc.edu) as a custom track. 500bp regions were extracted 

centred on these peak summits and parsed in RStudio using the Biostrings package 

(version 2.58.0).
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Figure 2-12. Schematic flowchart depicting the experimental and data analysis strategy for ChIP-Seq data. 

Only the sequencing was performed by the external provider (Novogene). The bottom left elements (orange) indicate possible future work. 
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2.2.15 Extraction of patient data 

Data were obtained from 4 sets, detailed in 2.1.4 and primarily analysed using 

RStudio. The TCGA-AML data (also ‘TCGA-LAML’) were downloaded using 

TCGABiolinks from the GDC database. Supplemental clinical information was 

derived from the associated publication (Ley et al., 2013). These expression data 

were provided as ‘normalised expected read counts’, which were derived from 

the RNA-Seq by Expectation Maximisation (RSEM) package (Li and Dewey, 2011). 

This is a means of quantifying reads without the need for a reference genome. 

Data from the TARGET-AML set were also obtained using TCGABiolinks, which are 

expressed as fragments per kilobase of transcript per million mapped fragments 

(FPKM), which corrects read counts for sequencing depth and gene length. Data 

from the BEAT-AML cohort were obtained directly from the source publication 

(Tyner et al., 2018) and are expressed as ‘reads per kilobase of transcript per 

million mapped reads’ (RPKM), which is very similar to FPKM. Finally, data were 

extracted from GSE83533 directly from the GEO platform, and were given as RPKM. 

Survival analyses were created by dividing patient cohorts by a defined expression 

threshold and comparing the overall survival (OS) or event-free survival (EFS) of 

these. Testing the null hypothesis of no difference in survival between the 2 

cohorts was conducted using a log-rank test, in Prism. 

2.2.15.1 Comparison of RNA-Seq, ChIP-Seq and patient data 

Overlapping gene lists from RNA-Seq and ChIP-Seq data was conducted using the 

intersect() function in R. Patient survival and expression data were parsed and 

analysed as previously described. Patient expression profiles were correlated 

using the corrplot package, and a heatmap produced using the heatmap function, 

using standard settings. The clustering used within this package is based on the 

hclust R function, which uses the complete linkage method of agglomerative 

hierarchical clustering as standard. Agglomerative hierarchical clustering is based 

on the principal of sequentially grouping together objects by clusters and 

repeating this process until all clusters are in one large cluster. ‘Agglomerative’ 

refers to the way in which clusters are gathered in a ‘bottom-up’ manner to 

achieve the final cluster. Complete linkage is one method of calculating the 

distance between objects (Murtagh, 1983). 
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2.2.16 Statistical tests 

Data were presented as mean values ± standard error of the mean (SEM) if ≥3 

independent replicates were done. Technical replicates were presented as the 

mean ± standard deviation (SD). Most statistical tests were conducted using the 

appropriate parametric test for a difference in means, since non-parametric tests 

are not powerful at low replicate numbers, for which most of these data were. 

For data with replicates in an approximate range of 6-30 the equivalent non-

parametric test for a difference in medians, or equivalent, was applied. 

Where multiple groups were being compared to the control condition, a one-way 

ANOVA was applied to test for an overall difference between all comparable 

means. The post-hoc Dunnett’s test (a modified t-test) compared each treatment 

condition with the control sample in a pairwise manner. The non-parametric 

equivalents to these tests, which were used, are the Kruskal-Wallis test for a 

difference in medians and post-hoc Dunn’s pairwise tests. Where only two 

conditions were being compared an unpaired two-sided t-test was used, with the 

application of Bonferroni’s correction in the scenario of multiple simultaneous 

tests. A non-parametric equivalent to a paired t-test, the Wilcoxon matched-pairs 

signed rank test, was also used in the case of paired data. Specific statistical tests 

are indicated in the legends.  
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3 Results (I): Characterisation of NFATC2 in AML 

3.1 Introduction 

Much of the published data into NFAT family members’ involvement in myeloid 

leukaemia focuses on AML harbouring a FLT3ITD mutation and their role in this 

context. The research focuses predominantly on NFATC1 (Fric et al., 2014, 

Metzelder et al., 2015, Solovey et al., 2016). The novel discovery of NFATC2 as a 

key target of histone lysine demethylase KDM4A in MLL-AF9 AML suggests a role 

for NFATC2 in KDM4A-mediated survival pathways, and so it warrants further 

investigation. NFATs are known to regulate multiple aspects of myeloid cell 

function (Kiani et al., 2004, Kiani et al., 2007) and the same may be true of 

NFATC2 in AML cells. 

The first priority of this study was to examine the relationship of NFATC2 with 

outcomes and pathology in clinical AML, using open-source data, to determine if 

there might be a valid rationale to investigate further.  

Using the existing knowledge about NFAT signalling in T cells, it was important to 

determine if the calcium-calcineurin-NFAT axis functioned as expected in AML 

cells, prior to investigation using established inhibitors which target these 

signalling axes. Published data in T cells show that NFATc2 resides predominantly 

in the cytoplasmic compartment, with a clear nuclear shift upon calcium influx, 

secondary to ionomycin stimulation. Changes in global NFATc2 phosphorylation 

can also be observed by changes in the protein size, whereby increased 

phosphorylation implies functional inhibition (Bécart et al., 2007, Sieber et al., 

2007, Ren et al., 2008). In contrast, phosphorylation of NFATc2 at Ser54 (p-

NFATc2ser54) is a marker of transactivation, which can be induced by PMA and 

ionomycin together in T cells (García-Rodríguez and Rao, 2000, Alam et al., 2018). 

It was also considered whether blockade of PLC signalling using established 

inhibitors would impact upon NFATc2 function in AML cells, since PLC-mediated 

calcium influx from the ER by SOCE can activate the calcineurin-NFAT pathway 

(Gwack et al., 2007, Wang et al., 2009a).  

Some consideration was also be given to variants of NFATC2 in AML. Splice variants 

of NFATC1 have been shown to have differential distribution in some T cell 

subtypes and can exert differing functions, depending on the protein subdomains 
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translated (Chuvpilo et al., 1999). Characterising NFATC2 variants in AML is 

therefore important to understanding NFATc2 function and its manipulation in 

vitro. 

Human NFATC2 (hNFATC2) has been successfully overexpressed in T cells to 

determine protein binding partners by immunoprecipitation (Gabriel et al., 2016). 

Additionally, expression of a constitutively dephosphorylated form of NFATc2 in 

fibroblasts was shown to induce cell cycle arrest (Robbs et al., 2008). As such, the 

role of NFATc2 in AML cells’ growth and survival was evaluated by overexpressing 

NFATC2 in cell line model(s) and observing any phenotypic changes in vitro.  

Murine Nfatc2 (mNfatc2) has significant sequence homology with hNFATC2 

although the tissue expression patterns of common structural variants are 

somewhat divergent between the two species, indicating that they may have 

functionally divergent roles also. Exogenous expression of mNfatc2 and its 

function in human cells has not been published and so this was also expressed in 

human cell lines here, to establish if any observed phenotype was common 

between hNFATC2 and mNfatc2. This could provide an opportunity to hypothesise 

further around the relationship between any phenotype and common structural 

properties or differences of the orthologous proteins. 

This chapter aims to establish whether NFATC2 might have a clinically important 

role in AML and to examine its expression and function in some of the available in 

vitro cell line models. These data were subsequently used to support further 

investigation of NFATC2 as an important gene in AML cell survival and function.  
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3.2 Chapter objectives 

1. Determine if there is a relationship between NFATC2 transcript expression 

and AML subtype and/or patient survival, using open-source patient data. 

2. Survey transcript and protein expression of NFATC2/NFATc2 in cell line 

models of AML, including transcript variants. 

3. Determine whether NFATc2 functions downstream of the calcium-

calcineurin axis, as published in T cells, in a model of AML. 

4. Overexpress human NFATC2 and murine Nfatc2 in a cell line model of AML 

and examine the effect(s) on cell behaviour in vitro. 
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3.3 Results 

3.3.1 Higher NFATC2 expression is associated with reduced 

survival in a subset of AML patients 

RNA-Seq and survival data were extracted from 3 independent AML patient 

datasets to include a range of disease phenotypes. The TARGET-AML dataset is 

derived from a ‘relapse-enriched’ cohort of paediatric patients with BM samples 

taken at diagnosis. The TCGA dataset included adults with de novo AML and the 

BEAT-AML dataset included adults and paediatric AML cases. Taken together, 

these datasets account for inter-patient heterogeneity and the wide age 

distribution of AML (Ley et al., 2013, Tyner et al., 2018, Fan et al., 2020). 

Firstly, somatic mutations of NFATC2 were examined in each dataset using either 

the GDC data portal or the annotated data. Across the entire unfiltered TARGET-

AML cohort (n=684 patients with validated mutational profiling data), no somatic 

variants were recorded in NFATC2. Similarly, in the TCGA cohort (n=150 patients 

with whole exome sequencing) there were no variants in NFATC2. Finally, in the 

BEAT-AML curated set of high-confidence somatic mutations (derived from n=531 

patients) 2 patients were found to have somatic mutations in NFATC2; 1 missense 

substitution and 1 deletion. In summary, somatic mutations of NFATC2 were found 

to be rare in these cohorts of AML patients. 

For gene expression analyses, data from these cohorts are described in Figures 3-

1, 3-2 and 3-3, respectively. Flowcharts for the selection of the sample data 

included are shown in part A of the figure. Only BM samples were taken to account 

for inter-tissue expression differences. In the BEAT-AML cohort there was 

substantial heterogeneity in patients’ treatment background, and so only therapy 

naïve patients were included. Detailed characteristics of the selected patients’ 

cytogenetic, molecular and demographic backgrounds are shown in the 

Appendices (Section 9.1, Figure A-1). 

RNA-Seq data were subdivided by the FAB classification recorded for each patient, 

as shown in part B of each figure. Statistical testing for an overall difference in 

medians found a significant difference in NFATC2 expression, across all FAB groups 

in each dataset. In the TARGET-AML dataset (Figure 3-1B), M5 AML patient samples 

expressed the lowest NFATC2 of all groups, but no pairwise differences were found 
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to be statistically significant.  In the TCGA-AML data (Figure 3-2B) the most 

significant differences were between M0 and either M4 or M5 (p<0.0001 for both) 

but significant differences were also found between M1 and M4 (p=0.015), M1 and 

M5 (p=0.0002) and M2 and M5 (p=0.006). Of groups M1 through to M5 each had a 

sequentially lower median NFATC2 expression, suggesting that this could be 

related to differentiation status of the patient’s AML blasts. 
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Figure 3-1. NFATC2HI patients in the TARGET-AML cohort had poorer survival.  

RNA-Seq and survival data were extracted from the TARGET-AML cohort, where all 

patients are <24 y/o. A: Shown are the number of patients included (left) and the number 

of patients excluded (right) at each stage. Samples derived from BM and de novo AML 

were included. B: NFATC2 expression (as FPKM) is shown by patient FAB classification. 

Each data point represents 1 patient and the median is shown. A Kruskal-Wallis test for 

a difference in medians was used, followed by post-hoc Dunn’s test for pairwise 

comparison. The p value for an overall difference across all medians, from a one-way 

ANOVA, is shown, where ** p<0.01. C: Kaplan-Meier curves show OS as recorded for 

patients with BM samples in the top 25% (NFATC2HI) and bottom 25% (NFATC2LO) NFATC2 

expression level in the survival subgroup. Survival is recorded as % and censored data are 

indicated by a black dash. p-values for the log-rank test are shown on each graph. 
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Figure 3-2. Patients in the TCGA-AML cohort with poorly differentiated AML had 

higher NFATC2 expression. Data were extracted from the TCGA-AML set and presented 

as for TARGET-AML in Figure 3-1. A: Patients were excluded due to an absence of survival 

and/or adequate RNA-Seq data. B: NFATC2 expression (as normalised expected read 

counts) is shown by patient FAB classification. A Kruskal-Wallis test for a difference in 

medians was used, followed by post-hoc Dunn’s test for pairwise comparison. In limited 

space, only the most significant p values for an overall difference in medians are shown. 

* p<0.05, *** p<0.001, **** p<0.0001. C: Kaplan-Meier curves show OS as recorded for 

patients with BM samples in the top 25% (NFATC2HI) and bottom 25% (NFATC2LO), with 

the p value given for the difference in hazard functions, as previously. 
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Figure 3-3. Patients in the BEAT-AML cohort with FAB M5 AML had lower NFATC2 

expression than those with FAB M0 or M1. Data were extracted from the BEAT-AML 

set and presented as in Figures 3-1 and 3-2. A: Only BM samples from AML patients who 

were therapy naïve and had both RNA-Seq/survival data were included. B: NFATC2 

expression (as RPKM) is shown by patient FAB classification. For the post-hoc Dunn’s 

test *p<0.05, **p<0.01. Patients without a FAB classification were labelled ‘unknown’. 

C: Kaplan-Meier curve for top and bottom 25% NFATC2 expression, as previously. 

 

Figure 3-3. Patients in the BEAT-AML cohort with FAB M5 AML had lower NFATC2 

expression than those with FAB M0 or M1. Data were extracted from the BEAT-AML 



134 
 

 
 

In the BEAT-AML data (Figure 3-3B), M5 AML showed the lowest expression and 

was significantly lower than in M0 and M1 AML (p=0.011 and p=0.004, respectively). 

In these data a larger proportion of patients were grouped as ‘unknown’ (n=104) 

as this study primarily used the WHO classification of myeloid neoplasms as a basis 

to group patients. By the WHO classification patients were grouped into 11 disease 

types, primarily as defined by cytogenetic status, between which no statistically 

significant difference was found for median NFATC2 expression (data not shown). 

Together these data reveal a relationship between FAB classification of patient 

AML and NFATC2 expression which is observed in three distinct populations. The 

largest difference in NFATC2 expression in these datasets is between samples from 

M0 AML and from M5 AML, between which expression is lower in M5 AML. 

Next, survival data were compared between groups of patients with differing 

NFATC2 expression, in part C of each figure. The number of patients with both 

survival data and BM sample RNA-Seq data available are detailed in the flowchart 

of part A. For each dataset patients which met these criteria were divided into 

quartiles by NFATC2 expression, denoting the top and bottom 25% as NFATC2HI and 

NFATC2LO, respectively. Quartiles were selected initially as an arbitrary threshold, 

by which to separate patients with greater extremes of NFATC2 expression than 

separation into halves by the median, with the aim of observing a maximal 

biological but still statistically powered effect. These two groups were then 

compared for overall survival and plotted using Kaplan-Meier curves. 

Of the 3 datasets a significant difference in survival was found in the paediatric 

TARGET-AML dataset only (Figure 3-1C, p=0.028), in which NFATC2HI patients had 

a reduced survival compared to NFATC2LO patients (median survival 1152 days vs. 

2592 days, respectively). The hazard ratio for high to low expressing patients was 

1.95, as determined by a log-rank test. Event-free survival was also found to be 

significantly different between these two groups (p=0.015, data not shown). Note, 

however, that NFATC2HI patient data contained fewer censored events compared 

with NFATC2LO patient data (n=4 and n=13, respectively). 

No statistically significant difference in survival was found for either the TCGA-

AML (Figure 3-2C) or BEAT-AML (Figure 3-3C) datasets (p=0.9969 and p=0.111, 

respectively). Regrouping the data to divide patients into halves by NFATC2 

expression (NFATC2LO-50, NFATC2HI-50) also revealed no statistically significant 

difference between these groups for either the TCGA or BEAT AML data (p=0.150 
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and p=0.331, respectively, data not shown). However, regrouping of the TARGET-

AML dataset into halves still revealed a significantly lower survival for NFATC2HI-50 

patients (p=0.048, median 1229 vs. 2492 days, data not shown), albeit less so. 

Together these data suggest that some AML patients with high NFATC2 expression 

in bone marrow tissue have poorer disease outcomes, but this has not been 

reproduced across all selected datasets. Given the ages of the TARGET-AML cohort 

this may suggest that NFATC2 expression and survival outcomes are more closely 

linked in paediatric AML patients compared to adults. Alternatively, it was 

hypothesised that the observed differences may be correlated with patient 

relapse. 

The samples included in TARGET-AML were selected for the study retrospectively 

and are described as a ‘relapse-enriched’ cohort. Of the 119 patients included, 78 

underwent a relapse during the period of patient follow-up, while 38 patients’ 

event and survival data were censored. The remainder either died or their 

induction therapy failed during this period. To investigate whether NFAT 

expression has a relationship with AML relapse, data from paired samples at 

diagnosis and relapse were extracted from an independent dataset, via the GEO 

database (GSE83533, n=19) (Li et al., 2016).  

The data in Figure 3-4 show that NFATC2 is more highly expressed at relapse in 

this cohort (p<0.0001). Together with the survival data, these data suggest that 

NFATC2 is important in relapsed AML. However, these conclusions are drawn from 

gene expression data, which alone do not provide information surrounding NFAT 

function in these tissues and disease states. 

  

Figure 3-4. NFATC2 expression was higher at 

relapse in the GSE83533 cohort. NFATC2 expression 

is shown for paired diagnosis and relapse samples in 

a cohort of AML patients (n=19). Statistical 

significance for a difference between the two groups 

is shown for a Wilcoxon matched-pairs signed rank 

test (p<0.0001). Gene expression is given as RPKM. 

 

 

Figure 3-4. NFATC2 expression was higher at 

relapse in the GSE83533 cohort. NFATC2 expression 

is shown for paired diagnosis and relapse samples in 

a cohort of AML patients (n=19). Statistical 
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3.3.2 NFATC3, but not NFATC1 expression is associated with 

survival in a subset of AML patients 

The relationship observed with survival in the TARGET-AML dataset was compared 

to the calcium-dependent NFAT family members NFATC1 and NFATC3, to 

determine if this effect was unique to NFATC2 expression. NFATC4 is not well 

expressed in the myeloid lineage and was not examined. As shown in Figure 3-5, 

there was no statistically significant survival difference between NFATC1HI and 

NFATC1LO patients (p=0.937), but in the case of NFATC3 the difference was 

significant (p=0.010), by log-rank test. The median survival was 689 days in the 

NFATC3HI group vs. 3149 days in the NFATC3LO group. 
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Figure 3-9. NFATC3HI 
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Figure 3-5. NFATC3HI patients in the TARGET-AML cohort have a poorer 

overall survival. Patients in the TARGET-AML cohort included in Figure 

3-1C (n=119) were divided into groups containing the top and bottom 25% 

expression of A: NFATC1 and B: NFATC3. The Kaplan-Meier curves were 

plotted as previously, and the p value for the difference in hazard 

functions is shown. 

 

 

Figure 3-6. NFATC3 is higher in a cohort of AML patients after relapse. 

Gene expression was extracted from paired diagnosis/relapse samples, 
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To build on this finding the expression of NFATC1 and NFATC3 were examined in 

the GSE83533 cohort. As shown in Figure 3-6, NFATC3 is also more highly expressed 

in relapsed samples (p=0.023), while NFATC1 is not significantly different between 

the two sample groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the TARGET-AML dataset expression values for NFATC2 and NFATC1 were 

correlated with statistical significance (r=0.282, p=0.002), in addition to 

expression values for NFATC2 and NFATC3 (r=0.536, p<0.0001). The correlation 

between NFATC2/NFATC3 may therefore underpin some of the relationship of 

NFATC2/NFATC3 expression with relapse and survival. 

Overall, these interesting data show similar expression patterns of NFATC2 and 

NFATC3 in these AML cohorts which warrant further investigation, particularly in 

the context of patient relapse. In the context of the KDM4A-PAF1-NFATC2 axis in 

THP-1 cells, NFATC2 is of particular importance to carry forward for investigation 

in this study, supported by the in silico patient data. 

  

Figure 3-6. NFATC3 is higher in a cohort of AML patients after relapse. 

Gene expression was extracted from paired diagnosis/relapse samples, from the 

GSE83533 cohort (n=19) as previously. Shown are expression plots for A: NFATC1 

and B: NFATC3, at diagnosis and relapse. Statistical significance for a difference 

between the two groups is shown for a Wilcoxon matched-pairs signed rank test, 

where *p<0.05, ‘ns’= p>0.05. Gene expression is given as RPKM. 

 

 

Figure 3-7 EGTA treatment of THP-1 cells leads to global NFATc2 

phosphorylation. THP-1 cells were pre-treated for 1 hr with EGTA (a calcium 

chelator) and/or U37122 (a PLC inhibitor), followed by 1 hr treatment with 

ionomycin (a calcium ionophore) and/or PMA (a MAPK pathway stimulator). 

Concentrations are given and DMSO was matched in each condition as a vehicle 

control. Whole cell lysates (25 µg/well) were immunoblotted with anti-NFATc2 or 

anti-pNFATc2ser54 as shown. Anti-β-actin was used as a loading control. Protein 

size is shown on the right-hand side in kDa. Bar graphs show protein signal 

intensity as measured by densitometry. Above: pNFATc2ser54 normalised to total 

NFATc2. Below: NFATc2 (upper band only) normalised to total NFATc2. 

Figure 3-6. NFATC3 is higher in a cohort of AML patients after relapse. 

Gene expression was extracted from paired diagnosis/relapse samples, from the 

GSE83533 cohort (n=19) as previously. Shown are expression plots for A: NFATC1 

and B: NFATC3, at diagnosis and relapse. Statistical significance for a difference 

between the two groups is shown for a Wilcoxon matched-pairs signed rank test, 

where *p<0.05, ‘ns’= p>0.05. Gene expression is given as RPKM. 
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3.2.2 NFATc2 is active downstream of calcineurin signalling in 

MLL-AF9 THP-1 cells 

Of the AML cell lines available, THP-1 cells were chosen as a primary model in 

which to study NFATC2 due to the discovery of the putative KDM4A-PAF1-NFATC2 

axis in this model. THP-1 was derived from a paediatric patient with acute 

monocytic leukaemia harbouring an MLL-AF9 fusion gene, in addition to NRAS and 

TP53 mutations. 

To test whether NFATc2 phosphorylation is dependent on known calcium signalling 

pathways, as in T cell models, THP-1 cells were treated with inhibitors and/or 

stimuli of these pathways. An upward band shift in total NFATc2 protein on a 

Western blot suggests an increase in protein size, which is an established means 

of assessing phosphorylation status of NFATc2. Phosphorylation at ser54 

(pNFATc2ser54) was also examined, as a marker of transactivation, often 

downstream of MAPK signalling. 

On inspection of the Western blot (Figure 3-7), NFATc2 is visible in THP-1 lysates 

as bands ranging from approximately 85-115kDa. The uppermost and lowest bands 

are the most prominent, which likely correspond to fully phosphorylated and 

dephosphorylated NFATc2 protein, respectively. pNFATc2ser54 occurs mainly at the 

upper band size (~115kDa), which would corroborate this assumption. The smear 

seen between bands may represent differing phosphorylation states of NFATc2. 

There may also be contribution from varying sizes of protein which arise from 

transcript variants. Band intensities, measured by densitometry, are shown above 

and below the blot. 

THP-1 cells were pre-treated for 1 hr with EGTA, a chelator of calcium and 

inhibitor of signalling, or U73122, a pan-inhibitor of PLC and associated signalling. 

Cells were then treated for 1 hr with either ionomycin, a calcium ionophore and 

activator of the calcium-NFAT in T cells, and/or PMA, a MAPK pathway and NFAT 

signalling activator. Vehicle controls were included for each stage of treatment. 

Inhibitor concentrations were determined empirically by measuring cell viability, 

using an Alamar Blue assay, in a range of concentrations. This was to determine 

the concentration which would stimulate a minimal observable effect. Ionomycin, 

PMA and EGTA concentrations were selected to be marginally sub-lethal 

concentrations, again determined by Alamar Blue assay (data not shown). 
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Figure 3-7 EGTA treatment of THP-1 cells leads to global NFATc2 phosphorylation. 

THP-1 cells were pre-treated for 1 hr with EGTA (a calcium chelator) and/or U37122 (a 

PLC inhibitor), followed by 1 hr treatment with ionomycin (a calcium ionophore) and/or 

PMA (a MAPK pathway stimulator); n=1 biological replicate. Concentrations are given and 

DMSO was matched in each condition as a vehicle control. Whole cell lysates (25 µg/well) 

were immunoblotted with anti-NFATc2 or anti-pNFATc2ser54 as shown. Anti-β-actin was 

used as a loading control. Protein size is shown on the right-hand side in kDa. Bar graphs 

show protein signal intensity as measured by densitometry. Above: pNFATc2ser54 

normalised to total NFATc2. Below: NFATc2 (upper band only) normalised to total 

NFATc2. 

 

 

Figure 3-8. EGTA-mediated NFATc2 phosphorylation in THP-1 cells occurs as early as 

30 min post-treatment. THP-1 cells were treated with EGTA for varying lengths of time, 
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Treatment with EGTA results in an upwards shift and increased intensity of the 

upper NFATc2 band in all conditions (C, D and G). This likely reflects increased 

global phosphorylation of NFATc2. There is, however, a reduction in 

phosphorylation at pNFATc2ser54 relative to total NFATc2. Treatment with 

ionomycin (condition B) has no effect on pNFATc2ser54 or the upper band of NFATc2. 

The addition of PMA with ionomycin (condition H) increases upper band NFATc2 

intensity as a proportion of total NFATc2 more than with ionomycin mono-

treatment, but does not impact pNFATc2ser54, contrary to expectations. The effect 

of EGTA on the upwards band shift (condition D) is not reversed in the presence 

of ionomycin (condition C). 

Mono-treatment of THP-1 with U73122 (condition E) does not substantially change 

the upper NFATc2 band or pNFATc2ser54. This suggest that NFATc2 phosphorylation 

status is not directly related to PLC activity in THP-1. U73122 treatment with the 

addition of either ionomycin (condition F) or ionomycin and EGTA together 

(condition G) does not alter the size of NFATc2 protein compared with conditions 

B and C, respectively.  

The upward NFATc2 band shift with EGTA treatment suggests that global blockade 

of calcium in the cell is sufficient to increase NFATc2 global phosphorylation and 

therefore translocation to the cytoplasm and inactivation. However, 

phosphorylation specifically at ser54 is reduced relative to total NFATc2 after 

EGTA treatment, which may imply that phosphorylation at this site is also 

dependent on active calcium signalling. 

To characterise better the nature of the effects of EGTA on THP-1 cells a time-

course was established for EGTA treatment. Figure 3-8 reveals an upward shift in 

the upper NFATc2 band at 30 and 60 min, with either 1 mM or 10 mM of EGTA. 

This confirms the previous finding of the band shift (Figure 3-7) and demonstrates 

that this occurs as early as 30 min post-treatment. This is an important finding as 

it is consistent with global blockade of calcium leading to a rapid 

dephosphorylation event. There is also visibly reduced total protein level of 

NFATc2 at 10 min post-treatment, of which the significance is not clear.  
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Figure 3-8. EGTA-mediated NFATc2 phosphorylation in THP-1 cells 

occured as early as 30 min post-treatment. THP-1 cells were treated with 

EGTA for varying lengths of time, as shown in min; n=1 biological replicate. 

Concentrations are given. A: Whole cell lysates (20 µg/well) were 

immunoblotted with anti-NFATc2. Anti-β-actin was used as a loading control. 

Protein size is shown on the right-hand side in kDa. B: Bar graph showing 

protein signal intensity as measured by densitometry, for the upper NFATc2 

band intensity relative to total NFATc2 intensity. 

 

 

 

Figure 3-8. EGTA-mediated NFATc2 phosphorylation in THP-1 cells occurs 

as early as 30 min post-treatment. THP-1 cells were treated with EGTA for 

varying lengths of time, as shown in min. Concentrations are given. A: Whole 

cell lysates (20 µg/well) were immunoblotted with anti-NFATc2. Anti-β-actin 

was used as a loading control. Protein size is shown on the right-hand side 

in kDa. B: Bar graph showing protein signal intensity as measured by 

densitometry, for the upper NFATc2 band intensity relative to total NFATc2 

intensity. 
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Fractionation of THP-1 cells into cytoplasmic and nuclear lysates was carried out 

to determine whether NFATc2 was in its functional nuclear compartment under 

some of the treatment conditions. THP-1 cells were treated with ionomycin, PMA, 

EGTA and/or CsA; a calcineurin-NFAT activation inhibitor. Figure 3-9 shows 

NFATc2 protein to be of a similar size to those in Figure 3-7. Overall, the nuclear 

protein was of a higher quantity compared with the cytoplasmic, which may 

suggest that NFATc2 is predominantly nuclear at resting conditions in THP-1. 

These also appear to correspond to the smaller un-phosphorylated proteins, as 

expected in the nucleus. 

Treatment of THP-1 with ionomycin, with or without PMA co-treatment, resulted 

in an apparent cytoplasmic shift of NFATc2 by densitometry (Figure 3-9B); this is 

contrary to expectations. This may suggest that NFATc2 is already maximally 

translocated in THP-1 cells and this represents some technical variation, and/or 

that ionomycin has unexpected effects in THP-1 cells which disrupt the normal 

balance of calcium and/or NFAT signalling. However, this cytoplasmic shift is not 

observable by eye and there is some contamination of the nuclear lysates with β-

tubulin, suggesting that the fraction separation is not optimal. 

Interestingly, co-treatment with ionomycin and EGTA reduced the nuclear fraction 

of NFATc2 overall, relative to the cytoplasmic fraction. Additionally, the upper 

bands are more visible in both fractions with the addition of EGTA. This upward 

band shift is consistent with the findings in Figure 3-7 (condition C), but its 

presence in the nucleus is unexpected, since nuclear NFATc2 is expected to be 

mostly un-phosphorylated. Together with the ionomycin mono-treatment these 

data are inconclusive. The relationships between protein band size, 

phosphorylation status and nuclear translocation are not clear and require further 

replication, in addition to improved cellular fractionation, in order to make firm 

conclusions. 

Treatment of THP-1 with CsA leads to a marked cytoplasmic translocation and 

disappearance of nuclear NFATc2 (Figure 3-9). This is consistent with expectations 

and supports the hypothesis that NFATc2 is activated by calcineurin, allowing its 

dephosphorylation and shuttling to the nucleus, in THP-1 cells. 
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To compare these observations in THP-1 cells with an established model, the 

Jurkat T cell line was treated with inhibitors and stimuli of the calcium-

calcineurin-NFAT axis (Figure 3-10). Both NFATc2 and NFATc1 were visible by 

immunoblotting with 2 distinct bands visible, though NFATc1 appeared to be less 

well expressed. The NFATc2 bands were around 120 and 90 kDa, while the NFATc1 

bands were around 110 and 90 kDa. Treatment with ionomycin, under the same 

conditions as for THP-1, did not appear to change the intensity of the upper band 
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Figure 3-9. CsA treatment of THP-1 cells blocked NFATc2 nuclear translocation. 

THP-1 cells were pre-treated for 1 hr with EGTA and/or CsA (a calcineurin-NFAT 

activation inhibitor), followed by 1 hr treatment with ionomycin and/or PMA; n=1 

biological replicate. Concentrations are given and DMSO was used as a vehicle control. A: 

Fractionated lysates for either the cytoplasmic or nuclear cell compartment (30 µg/well) 

were immunoblotted with anti-NFATc2. Anti-β-tubulin or anti-lamin A/C were used as 

loading controls for cytoplasmic or nuclear lysates, respectively. Protein size is shown on 

the right-hand side in kDa. B: Bar graph showing protein signal intensity as measured by 

densitometry, expressed as a ratio of nuclear to cytoplasmic lysates, after normalisation. 

Cytoplasmic lysates were normalised to β-tubulin and nuclear were normalised to lamin 

A/C. 
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of either NFATc2 or NFATc1, suggesting that no global changes to phosphorylation 

occurred at this point. Minimal change was seen with 4.5 µM CsA. Treatment with 

10 mM EGTA, with or without ionomycin, did increase the ratio of the upper bands’ 

intensities to the total protein, indicating that global phosphorylation did increase 

at this timepoint. Furthermore, as observed in THP-1, ionomycin did not reverse 

the effect of EGTA, which might also be expected from the data in condition B. 

 

 

 

 

 

 

 

To examine these results further, fractionated lysates of Jurkat cells, under the 

same treatment conditions, were immunoblotted for NFATc2 (Figure 3-11). The 

protein bands were of a similar size as in the WCL and are visible in both fractions 

of condition A, suggesting the presence of phosphorylated and unphosphorylated 

NFATc2 in each. Additionally, the proteins appear marginally larger at both bands 

in the nuclear fraction. However, contamination of β-tubulin within the fractions 

Figure 3-10. Treatment of Jurkat cells with 2 µM ionomycin did not change global 

NFATc2 phosphorylation status after 1 hr. Jurkat cells were pre-treated for 1 hr with 

EGTA or CsA, followed by 1 hr treatment with ionomycin and/or PMA; n=1 biological 

replicate. Concentrations are given and DMSO was matched in each condition as a vehicle 

control. WCL (18 µg/well) were immunoblotted with anti-NFATc2 or anti-NFATc1 as 

shown. Anti-β-actin was used as a loading control. Protein size is shown on the right-hand 

side in kDa. Bar graphs show protein signal intensity as measured by densitometry for the 

upper band of NFATc2, normalised to total NFATc2. 

 

Figure 3-1113. CsA and EGTA treatment of Jurkat cells increases the NFATc2 cytoplasmic fraction. 

Jurkat cells were treated as in Figure 3-9. Bottom: Fractionated lysates for either the cytoplasmic 

or nuclear cell compartment (25 µg/well) were immunoblotted with anti-NFATc2. Anti-β-tubulin or 

anti-lamin A/C were used as loading controls for cytoplasmic or nuclear lysates, respectively. Protein 

size is shown on the right-hand side in kDa. Top: A bar graph showing protein signal intensity as 

measured by densitometry, expressed as a ratio of cytoplasmic to nuclear lysates. Cytoplasmic 

lysates were normalised to β-tubulin and nuclear were normalised to lamin A/C.Figure 3-10. 

Treatment of Jurkat cells with 2 µM ionomycin did not change global NFATc2 

phosphorylation status after 1 hr. Jurkat cells were pre-treated for 1 hr with EGTA or 

CsA, followed by 1 hr treatment with ionomycin and/or PMA. Concentrations are given 

and DMSO was matched in each condition as a vehicle control. WCL (18 µg/well) were 

immunoblotted with anti-NFATc2 or anti-NFATc1 as shown. Anti-β-actin was used as a 
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Figure 3-11. CsA and EGTA treatment of Jurkat cells increased the 

NFATc2 cytoplasmic fraction. Jurkat cells were treated as in Figure 3-9; n=1 

biological replicate. Bottom: Fractionated lysates for either the cytoplasmic 

or nuclear cell compartment (25 µg/well) were immunoblotted with anti-

NFATc2. Anti-β-tubulin or anti-lamin A/C were used as loading controls for 

cytoplasmic or nuclear lysates, respectively. Protein size is shown on the 

right-hand side in kDa. 

denoted ‘nuclear’, indicating poorer cytoplasmic/nuclear lysate separation, 

indicates that caution should be taken when interpreting this blot. In addition, 

quantification by densitometry would not accurately reflect the changes in each 

fraction relative to one another. 

CsA treatment appears to lead to an increase in the cytoplasmic NFATc2 fraction, 

but the change is subtle. EGTA treatment led to marked reduction in the smaller 

NFATc2 protein band, suggesting a loss of unphosphorylated protein in both 

fractions. However, in the absence of further replication with clear cytoplasmic 

and nuclear separation, these suggestions are not conclusive.  
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To determine the relative contributions of NFATC2 transcript variants to the 

observed protein band sizes, primers were designed to amplify specific transcript 

variants. Transcript abundance was measured in THP-1 by qRT-PCR and expressed 

as the -ΔCt value, converted to a Z-score (Figure 3-12). The Ct values associated 

with variants 3-6 were in the range 35.0-40.0 and so are determined to be poorly 

expressed variants in THP-1. These data suggest that either or both variants in 

each pair of variants 1/2 and 7/8 are predominant in THP-1, though more specific 

primers were not designed. Based on the sequences alone the predicted sizes of 

the associated protein isoforms (1, 2, 7, 8) are 99.3, 98.1, 76.2 and 75.0 kDa, 

respectively, as determined using the ‘Protein Molecular Weight’ tool (via 

bioinformatics.org). This does not take account of post-translational modifications. 

The antibody recognition sites for both total NFATc2 and pNFATc2ser54 are in 

regions which are not present on the shorter isoforms (F and G) translated from 

transcript variants 7 and 8. These regions – at glycine 87 and serine 54, 

respectively – are present in the N-terminal region which is absent in isoforms F 

and G (see Table 1-2C, for which alignment was derived from publicly available 

sequences). Therefore it is likely that the variation in band size is accounted for 

by variation in phosphorylation status and not protein isoform size differences. 

This also has practical implications when assessing the contribution of protein 

isoforms F and G in THP-1 cells using these antibodies, given that there is a higher 

abundance of these transcripts as shown in Figure 3-12.  

 

 

 

 

 

 

 

Figure 3-12. NFATC2 transcript variants 7 and 8 were most highly expressed in THP-1.  

Transcript abundance as measured by qRT-PCR. Expression is normalised to ACTB and 

GAPDH as housekeeping genes, expressed as the -ΔCt value and then converted to a Z-score. 

Error bars represent the SD for technical replicates (n=3) in assay. 

 

 

Figure 3-13. NOMO-1 had high protein expression of NFATc2 in both the cytoplasm and 

nucleus. A: The following AML cell lines were fractionated into cytoplasmic and nuclear 
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Finally, NFATc2 protein was characterised in a selection of other AML cell lines 

(Figure 3-13). NFATc2 was not observable by eye above background signal for any 

of OCI-AML3, Kasumi-1 or MOLM-13. NOMO-1 expressed the highest quantity of 

NFATc2 in both fractions, with a number of distinct bands visible in the 

approximate range of 85-120kDa. As with THP-1 it is likely that these represent 

proteins with differing amounts of phosphorylation. Both HL-60 and NOMO-1 

appear to express the uppermost bands in both cytoplasmic and nuclear fractions 

evenly. This suggests that these bands do not exclusively represent 

phosphorylated protein and/or there may be phospho-sites which are abundant 

within the nucleus, in these cell lines. However, as in Figure 3-11, there is some 

contamination of the nuclear fraction with β-tubulin for NOMO-1 and HL-60, and 

so these suggestions are not conclusive. In addition, the Lamin A/C loading control 

is absent from the Kasumi-1 nuclear lysate, and so it cannot be ruled out that 

NFATc2 is not expressed in this compartment. 

Figure 3-13. NOMO-1 had high protein expression of NFATc2 in both the cytoplasm 

and nucleus. A: The following AML cell lines were fractionated into cytoplasmic and 

nuclear lysates: MOLM-13, HL-60, NOMO-1, Kasumi-1, OCI-AML3; n=1 biological replicate. 

15 µg protein was loaded per well and immunoblotted with anti-NFATc2. Anti-β-tubulin 

or anti-lamin A/C were used as loading controls, for cytoplasmic or nuclear lysates, 

respectively. Protein size is shown on the right-hand side in kDa. 
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In MOLM-13, Kasumi-1 and OCI-AML3, where NFATc2 protein expression appears 

to be low, NFATC2 transcript expression was measured by qRT-PCR. These were 

expressed relative to THP-1 (Figure 3-14). MOLM-13 expression is 1.25X log2fold 

lower than THP-1, while Kasumi-1 8.96X log2fold lower. NFATC2 transcript was 

undetectable by qRT-PCR (Ct value fixed at 40) in OCI-AML3.   

Figure 3-14. NFATC2 was undetectable by qRT-PCR in OCI-AML3 cells.  

NFATC2 expression was measured by qRT-PCR for MOLM-13, Kasumi-1 and OCI-AML3. 

Expression is relative to THP-1 cells, normalised to ACTB and GAPDH as housekeeping 

genes, using the ΔΔCt method. Error bars represent SD for technical replicates (n=3) in 

assay. ‘N.D.’ = not detectable, Ct value set at 40. 

 

Figure 3-14. NFATC2 was undetectable by qRT-PCR in OCI-AML3 cells.  

NFATC2 expression was measured by qRT-PCR for MOLM-13, Kasumi-1 and OCI-AML3. 

Expression is relative to THP-1 cells, normalised to ACTB and GAPDH as housekeeping 

genes, using the ΔΔCt method. Error bars represent SD for technical replicates in assay, 

n=3. ‘N.D.’ = not detectable, Ct value set at 40. 
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3.2.3 NFATc2 was found to be predominantly nuclear when 

overexpressed in THP-1 cells 

To better characterise the function of NFATC2, human NFATC2 was overexpressed 

in THP-1 and MOLM-13 cells, which are both cell line models of MLL-AF9 AML. 

Murine Nfatc2 was also expressed in these cell lines, to subsequently measure any 

rescue effect following KD of hNFATC2 (see 4.3.3) and, due to the sequence 

homology between species, the functional consequences of mNfatc2 expression 

were assessed also to determine if any common phenotype could be observed.  

Both vectors express truncated versions of their respective transcripts, tagged 

with IRES-eGFP. The proteins coded by each vector are shown schematically in 

Figure 3-15, with comparison to the native proteins. An empty vector was used to 

create a control cell line. Cells transduced with retrovirus containing the vectors 

were first analysed for GFP expression and then either sorted using FACS for the 

GFP+ populations, or plated as single cells and grown in liquid culture, with 

subsequent validation of GFP expression by flow cytometry. 

The GFP+ cell lines are denoted as either ‘o/e mNfatc2’ or ‘o/e hNFATC2’ for 

those transduced with the murine and human transcript vectors, respectively. The 

cell lines were validated for either mNfatc2 or hNFATC2 transcript expression by 

qRT-PCR (Figure 3-16). Given the known functional redundancy of NFAT family 

members NFATC1 expression was also measured, to assess whether NFATC2 might 

co-regulate NFATC1 expression in this manner. 
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Figure 3-15. The protein derived from the hNFATC2 vector is similar to the native 

protein derived from variants A and B. Schematic diagrams represent the approximate 

sizes of protein transcribed by each transcript variant of hNFATC2/mNfatc2. Protein 

sequences were derived from transcript variants via NCBI and aligned to the native 

protein isoforms using the PRALINE tool. Approximate regions of alignment are shown by 

colour, where red and orange represent the highest alignment scores. The position of the 

arrow indicates the position of 100% sequence alignment of either A: hNFATC2-74050 

vector to variants A and B of native hNFATC2 or B: mNfatc2-11100 to variant A of native 

mNfatc2. For both, the position relative to variant A is given. 

 

Figure 3-15. The protein derived from the hNFATC2 vector is similar to the native 

protein derived from variants A and B. Schematic diagrams represent the approximate 

sizes of protein transcribed by each transcript variant of hNFATC2/mNfatc2. Protein 

sequences were derived from transcript variants via NCBI and aligned to the native 

protein isoforms using the PRALINE tool. Approximate regions of alignment are shown by 

colour, where red and orange represent the highest alignment scores. The position of the 

arrow indicates the position of 100% sequence alignment of either A: hNFATC2-74050 

vector to variants A and B of native hNFATC2 or B: mNfatc2-11100 to variant A of native 

mNfatc2. For both, the position relative to variant A is given. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mNfatc2 was expressed 477.7X and 724.1X more in THP-1 o/e mNfatc2 and MOLM-

13 o/e mNfatc2, respectively, compared to their empty vector counterparts (8.9X 

and 9.5X on the log2fold scale, Figure 3-16A). The primers designed to amplify the 

vector-specific mNfatc2 transcript were found to bind to a region with 95% 

sequence homology with hNFATC2, and so there may have been some background 

amplification over and above true mNfatc2 expression. hNFATC2 was also 3.2X 

and 1.0X more expressed in these cells than with the empty vector. 

hNFATC2 was expressed 90.5X and 16.3X more in THP-1 o/e hNFATC2 and MOLM-

13 o/e hNFATC2, respectively, compared to their empty vector counterparts (6.5X 

and 4.0X on the log2fold scale, Figure 3-16B). NFATC1 expression increased by 2.7X 

and 1.4X, respectively. 
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Figure 3-16. mNfatc2 and hNFATC2 were successfully overexpressed in 

retrovirally-transduced THP-1 and MOLM-13. Gene expression was measured by qRT-

PCR. Expression is relative to either THP-1 or MOLM-13 cells expressing an empty 

retroviral vector. Expression is normalised to ACTB and GAPDH as housekeeping genes, 

using the ΔΔCt method. Error bars represent standard deviation for technical replicates 

(n=3) in assay. mNfatc2 = murine Nfatc2; hNFATC2 = human NFATC2; hNFATC1 = human 

NFATC1. A: THP-1 or MOLM-13 expressing murine Nfatc2, as selected by GFP 

expression. B: THP-1 or MOLM-13 expressing hNFATC2, as selected by GFP expression. 

 

Figure 3-18. Western blot of cell lysates from retrovirus-expressing cell 

lines.Figure 3-19. mNfatc2 and hNFATC2 were successfully overexpressed in 

retrovirally-transduced THP-1 and MOLM-13. Gene expression was measured by qRT-

PCR. Expression is relative to either THP-1 or MOLM-13 cells expressing an empty 

retroviral vector. Expression is normalised to ACTB and GAPDH as housekeeping genes, 

using the ΔΔCt method. Error bars represent standard deviation for technical replicates 

in assay, n=3. mNfatc2 = murine Nfatc2; hNFATC2 = human NFATC2; hNFATC1 = human 

NFATC1. A: THP-1 or MOLM-13 expressing murine Nfatc2, as selected by GFP 

expression. B: THP-1 or MOLM-13 expressing hNFATC2, as selected by GFP expression. 
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To validate the overexpression of Nfatc2 and NFATc2 protein, whole cell lysates 

were obtained from untreated cells expressing these vectors, in addition to 

untransduced THP-1 and MOLM-13 cells. The NFATc2 antibody is expected to bind 

both hNFATc2 and mNfatc2, which share 81% protein sequence homology in the 

21 amino acid region containing the antibody binding site (glycine 87). Details of 

this are shown in Table 3-1. The expression vector proteins are also expected to 

express these regions containing this site, as predicted by translation from the 

DNA sequence. 

 

 

 

 

Table 3-1. hNFATc2 and mNfatc2 proteins share 81% sequence homology around the 

antibody-binding site. 21 amino acid regions containing the glycine 87 residue, against 

which the NFATc2 antibody is raised, were extracted from the respective native human 

NFATc2 and murine Nfatc2 protein sequences via NCBI. The canonical, and longest, 

protein isoform was chosen for each. 

 

To control for endogenous murine Nfatc2 antibody cross-reactivity, BM cell lysates 

derived from C57Bl/6 (expressing an MLL-AF9 retroviral vector) and NSG mice 

were included. However, the Nfatc2 expression in these cells was not tested by 

another method at this stage and so these samples are not strong controls. 

There was markedly higher expression of hNFATC2 in both the THP-1 and MOLM-

13 o/e hNFATC2 lines (Figure 3-17). As quantified by densitometry, relative to the 

-actin loading control, the expression of NFATc2 protein was 47.6X and 21.9X 

higher than in the respective cell lines expressing the empty vector. This protein 

expression difference is 2.2X higher in THP-1 than in MOLM-13. This is lower than 

the difference observed in transcript of 5.6X higher in THP-1, in comparison to 

MOLM-13. Overexpression of hNFATC2 using the same vector was performed in 

HEK-293T due to the ease with which these cells can be transfected. As such, HEK-

293T cells express NFATc2 protein at a level intermediate to THP-1 and MOLM-13, 

relative to -actin.  

Vector 
Protein sequence: 21 amino acid 

region containing glycine 87 

hNFATc2 SLSGEPPGRFGEPDRVGPQKF 

mNfatc2 SLSGEPPGRFGEPDSIGFQNF 
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Figure 3-17. THP-1 and MOLM-13 expressing retroviral hNFATC2 expressed markedly 

increased NFATc2 protein. A: WCL from untransduced THP-1 or MOLM-13 or cells 

expressing an empty retroviral vector, mNfatc2 or hNFATC2. Lysates from murine BM 

expressing MLL-AF9, BM from NSG mice or HEK-293T overexpressing hNFATC2 were also 

loaded. 22µg protein was loaded per well and immunoblotted with anti-NFATc2. Anti--

actin was used as a loading control. B: Bar graph showing protein signal intensity as 

measured by densitometry, normalised to β-actin; n=1 biological replicate. ‘N.D.’ = not 

detectable. 

 

Figure 3-17. THP-1 and MOLM-13 expressing retroviral hNFATC2 expressed markedly 

increased NFATc2 protein. A: Whole cell lysates from untransduced THP-1 or MOLM-13 

or cells expressing an empty retroviral vector, mNfatc2 or hNFATC2. Lysates from murine 

BM expressing MLL-AF9, BM from NSG mice or HEK-293T overexpressing hNFATC2 were 

also loaded. 22µg protein was loaded per well and immunoblotted with anti-NFATc2. Anti-

-actin was used as a loading control. B: Bar graph showing protein signal intensity as 

measured by densitometry, normalised to β-actin. ‘N.D.’ = not detectable. 
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Figure 3-18. THP-1 expressing retroviral hNFATC2 showed protein residing 

predominantly in the nucleus. A: Fractionated cell lysates from untransduced THP-1 or 

THP-1 expressing an empty retroviral vector, mNfatc2 or hNFATC2. 20 µg protein was 

loaded per well and immunoblotted with anti-NFATc2. Anti--tubulin or anti-lamin A/C 

were used as loading controls for cytoplasmic or nuclear lysates, respectively. Protein 

size is shown on the right-hand side in kDa. B-C: Bar graphs showing protein signal 

intensity as measured by densitometry, normalised to -tubulin or lamin A/C, 

respectively; n=1 biological replicate. 

 

Figure 3-18. THP-1 expressing retroviral hNFATC2 showed protein residing 

predominantly in the nucleus. A: Fractionated cell lysates from untransduced THP-1 or 

THP-1 expressing an empty retroviral vector, mNfatc2 or hNFATC2. 20µg protein was 

loaded per well and immunoblotted with anti-NFATc2. Anti--tubulin or anti-lamin A/C 

were used as loading controls for cytoplasmic or nuclear lysates, respectively. Protein 

size is shown on the right-hand side in kDa. B-C: Bar graphs showing protein signal 

intensity as measured by densitometry, normalised to -tubulin or lamin A/C, 

respectively. 
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Protein was expressed 3.1X more in THP-1 expressing mNfatc2 than in the empty 

vector. This could be accounted for by hNFATC2 transcript being 3.2X more 

expressed in the THP-1 o/e mNfatc2 vector, which may reflect some activity of 

mNfatc2 in the regulation of NFATC2 transcription. There is minimal or absent 

protein detected by this antibody in the murine BM controls, which suggests either 

poor reactivity to endogenous mNfatc2, or that it is poorly expressed in these cells. 

MOLM-13 expressing the empty vector and mNfatc2 did not survive well in culture 

over a long period, potentially due to retrovirus-induced stress, and were 

excluded from further protein analyses. 

Finally, to validate whether the hNFATc2/mNfatc2 protein expressed in THP-1 

cells was present in the functional compartment, cells were fractionated into 

cytoplasmic and nuclear lysates. Western blotting analysis for hNFATc2 shows that 

the protein appears predominantly in the nuclear compartment (Figure 3-18), with 

protein abundances of 13.7X and 728.9X relative to either -tubulin or lamin A/C, 

for the cytoplasmic and nuclear compartments respectively. This indicates that 

NFATc2 is highly functional in this cell line, but no direct assessment of 

transcriptional or partner binding activity has been made due to a lack of known 

targets. 

As assessed in whole-cell lysates there is detectable protein in THP-1 o/e mNfatc2. 

This is more evident in the cytoplasmic fraction, with protein abundances of 24.0X 

and 6.0X relative to either β-tubulin or lamin A/C, for the cytoplasmic and nuclear 

compartments respectively. This may reflect the detection of mNfatc2, which is 

less functional and not well-translocated to the nucleus, or hNFATc2 which is 

expressed at a level below a threshold for active nuclear translocation. 
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3.2.4 Overexpression of hNFATC2 led to increased cell expansion 

in THP-1 

THP-1 and MOLM-13 containing either the empty vector, o/e mNfatc2 or o/e 

hNFATC2 were seeded in semi-solid media, in order to determine their ability to 

form colonies over a period of 9-10 days, as a measure of both proliferation and 

differentiation (Figure 3-19). This was performed in a single replicate and so a 

direct quantitative assessment was not used, due to the variability introduced 

when seeding low numbers of cells. On inspection it appears that all cell lines are 

capable of colony formation. 

In THP-1 cells the empty vector and o/e hNFATC2 cells appear to form a similar 

size and density of colony, while the o/e mNfatc2 colonies have a more compact 

and dense appearance. In MOLM-13 the empty vector cells form the least dense 

colonies and o/e mNfatc2 the highest, with o/e hNFATC2 colonies being 

intermediate to these. However, these are subjective assessments. In all cases 

colonies appear similar to CFU-GM progenitor-derived colonies due to their round 

shape, less dense appearance and visibility of individual peripheral cells, at close 

magnification. This is expected since THP-1 and MOLM-13 are of monocytic origin 

and should be homogenous. Furthermore, there is little evidence of macrophage 

differentiation, which might be indicated by wide spreading of colonies. The 

higher density in o/e mNfatc2 colonies may reflect higher proliferation. 
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To assess proliferation, cells were also seeded in liquid culture and counted every 

24 hours for a period of 72 hr (Figure 3-20). The mean cell count fold change of 

THP-1 o/e hNFATC2 was shown to be 1.36X higher at 72 hr than in the empty 

vector (p=0.007) but was not significant for THP-1 o/e mNfatc2 (p=0.323). The 

mean fold change at 72 hr was not significantly different in either MOLM-13 o/e 

hNFATC2 (p=0.337) or mNfatc2 (p=0.265). This could suggest that overexpression 

of hNFATC2 in THP-1 leads to an upregulation of proliferation, or that there is a 

reduction in basal cell death. The differences in the other cell lines may have 

been masked by high variability. 
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Figure 3-19. Colony-forming cell assays with cell lines overexpressing human NFATC2 

and murine Nfatc2. THP-1 (A) and MOLM-13 (B) expressing either an empty retroviral 

vector, mNfatc2 or hNFATC2 were seeded in semi-solid media. Representative images 

(n=1 biological replicate) were taken at 9-10 days post-seeding. 500 µm scale bars are 

shown on each. 

 

Figure 3-19. Colony-forming cell assays with cell lines overexpressing human NFATC2 

and murine Nfatc2. THP-1 (A) and MOLM-13 (B) expressing either an empty retroviral 

vector, mNfatc2 or hNFATC2 were seeded in semi-solid media. Images were taken at 9-

10 days post-seeding. 500 µm scale bars are shown on each. 
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Figure 3-20. THP-1, but not MOLM-13, expanded more in culture with o/e hNFATC2. 

Cell lines were seeded at 1x105 cells/mL in liquid culture and counted every 24 hr, for a 

period of 72 hr. Cell counts are shown as a mean±SEM fold change from 0 hr at each time 

point. For each cell line the mean difference between fold changes at 72 hr was compared 

to that of the empty vector control using an unpaired two-sided t-test. Significance is 

shown as p values (**<0.1, ‘ns’ = p>0.05). Biological replicates are as follows: A: THP-1 

o/e hNFATC2, n=3; B: THP-1 o/e mNfatc2, n=4; C: MOLM-13 o/e hNFATC2, n=3; D: MOLM-

13 o/e mNfatc2, n=3. All technical replicates n=2. 

** 
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3.2.5 Chapter Discussion 

3.2.5.1 NFATC2 and survival outcomes 

The findings in this chapter demonstrate that there may be a role for NFATC2 in 

AML biology. The first aim was to elucidate whether NFATC2 expression would 

impact upon clinical course. From the TARGET-AML paediatric cohort it was shown 

that patients in the upper quartile of NFATC2 expression had a worse overall or 

event-free survival than in the lower quartile. This was not seen in the TCGA or 

BEAT-AML data, which are comprised largely of adults. This initially suggests, from 

limited data, that NFATC2 could have a more important role in the course of 

paediatric AML than in adult disease. Also, higher NFATC2 expression appeared to 

be associated with better overall survival in the BEAT-AML cohort, although 

without statistical significance, potentially highlighting further differences 

between these cohorts which require further exploration. 

The TARGET-AML cohort is retrospective and described as ‘relapse-enriched’ (Fan 

et al., 2020). For the patient samples selected, 65.5% underwent relapse during 

the ~9-year course of follow-up. In the AML10 paediatric AML trial, whereby 

follow-up lasted ~7 years, only 34.8% of patients relapsed after chemotherapy or 

transplantation (Webb et al., 1999). While clinical protocols and classification of 

remission have changed since AML10, it is clear that TARGET-AML cohort has a 

substantially higher proportion of patient relapse than might be expected. 

The analysis of the BEAT-AML cohort focused on therapy-naïve patients and the 

TCGA-AML cohort looked at de novo AML only. It is possible that the correlation of 

survival outcomes with NFATC2 expression in the TARGET-AML cohort may 

therefore be related to the high rate of relapse in these patients. Subgroup 

analysis of TARGET-AML patients who went on to relapse might reveal whether 

high NFATC2 expression is correlated with relapse risk, and whether this explains 

the finding that these NFATC2HI patients have poorer OS.  

In the GSE83533 cohort of patients, NFATC2 was found to be higher at relapse 

than at diagnosis in paired sample, which supports the hypothesis that NFATC2 

may play a role in AML relapse. However, the data suggest that high NFATC2 was 

correlated with the relapse phenotype when it occurred, as opposed to being a 

predictive marker of relapse or outcome. 
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Previous studies have shown that NFATC1 is involved in driving ‘escape’ 

mechanisms leading to resistance to TKIs in myeloid leukaemia (Gregory et al., 

2010, Metzelder et al., 2015). It is possible that, in the GSE83533 cohort, NFATC2 

is driving similar mechanisms of acquired resistance and leading to the selection 

of NFATC2HI clones at relapse. However, this does not explain the poorer outcomes 

observed for NFATC2HI patients at diagnosis in the TARGET-AML cohort. A variety 

of other factors are implicated in AML resistance, including AML stem cell 

resistance to chemotherapy (Yeung and Radich, 2017). 

3.2.5.2 NFATC2 and NFATC3 

It is also interesting to note that high expression of NFATC3, but not NFATC1, was 

detrimental to survival in the TARGET-AML cohort and also higher at relapse in the 

GSE83533 cohort. These similarities between NFATC2 and NFATC3 suggests that 

they may have similar functional properties driving these correlative relationships 

observed. The finding that NFATC2 and NFATC3 expression values are correlated 

with r>0.5 could support the idea that these genes share some functional 

properties and explain some of the common patterns observed in the TARGET-AML 

data. 

Given the structural homology between differing NFATs it is unsurprising that some 

functional redundancy has been observed in some tissues. NFATC2 and NFATC3 

double KO mouse models have shown that their repressive effects on cells of the 

lymphoid system are redundant to some extent (Ranger et al., 1998), though the 

applicability of this to myeloid tissue is not clear. In contrast, mouse single 

knockout (KO) models have shown that inter-NFAT redundancy is not always the 

case, particularly in immune system development and function.  

Various NFAT KO mouse models demonstrate that NFATc1, NFATc2 and NFATc3 

have critical roles in the immune system, including thymic development, 

lymphocyte expansion, allergic responses (including eosinophil and mast cell 

function) and T cell activation. NFATc4 appears to be less important in immune 

cells. Also, NFATC1 KO mice are non-viable due to lethal cardiac defects and so 

the KO must be expressed conditionally in transgenic mice, highlighting that NFATs 

have key roles in multiple cell types and in development. The different KO mouse 

models are summarised by Crabtree and Olson (Crabtree and Olson, 2002).  
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In this study, the finding that NFATC3 may be involved in AML clinical outcome is 

also novel, however this study aimed to focus on NFATC2, and this was not 

considered for further analysis. 

3.2.5.3 NFATC2 might be associated with differentiation 

The finding that NFATC2 is more highly expressed in less well-differentiated AML, 

as classified by the FAB classification, is of biological interest. This may reflect 

findings that NFATs negatively regulate differentiation and the cell cycle in the 

healthy myeloid compartment (Fric et al., 2012a, Fric et al., 2014). AML M0 has 

been shown to have a poor prognosis (Amadori et al., 1996), so it could be 

important to examine the relationship between NFATC2 expression, FAB 

classification and survival together. The relationship of survival with FAB 

classification in the TARGET-AML dataset was not explored due to low numbers of 

patients in some FAB groups, likely leading to an insufficiently powered statistical 

test. 

However, the FAB classification is now considered to be less prognostic without 

further cytogenetic information (Walter et al., 2013, Canaani et al., 2017). 

Additionally, the topology of the haemopoietic hierarchy in AML is more complex 

than in normal myeloid haemopoiesis and differentiation status is not as ‘linear’ 

(Pollyea and Jordan, 2017). 

Furthermore, although there were no significant survival differences found in the 

TCGA or BEAT-AML datasets, the relationship of FAB classification and NFATC2 

expression levels appears to be consistent across these datasets: showing that 

expression is the lowest in M5 AML. Overall these data present a potential 

biological and/or clinical significance of NFATC2 expression in AML patients’ BM 

and warrant further study into this gene’s role in AML biology. 

3.2.5.4 NFATC2 expression is variable in AML cell lines 

The THP-1 model in which the KDM4A-PAF1-NFATC2 axis was first described, is a 

MLL-AF9 infant AML cell line. MLL-AF9 is usually the most common MLL 

rearrangement found in all groups (Winters and Bernt, 2017); total MLL 

rearrangements account for less than 3% of adult AML, but 15-20% of paediatric 

AML (Schoch et al., 2003, Balgobind et al., 2011). In order to investigate whether 

NFATC2 is important in MLL-AF9 AML only or in other subtypes it is important to 
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explore non-MLLr in vitro models. Protein expression of NFATC2 was difficult to 

detect in some non-MLLr cell lines, such as Kasumi-1 and OCI-AML3. However, no 

measure of NFATC2 function has been made in these cases and it could still be 

functional at a low level. HL-60 had the highest expression of the non-MLLr cell 

lines examined and may be a more suitable model for study of NFATC2. 

The study found that transcript variants 3-6 were not well expressed in THP-1 cells. 

NFATC2 transcript variants are well-characterised and vary primarily in their 

lateral TAD domains, which are involved in protein-protein interactions. Shorter 

protein isoforms may lack specific phosphorylation sites and/or other functional 

domains (Luo et al., 1996b, Rao et al., 1997a). As such, this may have functional 

implications when generalising these results to AML patient cells, for which the 

transcript variants have not been characterised. Furthermore, the absence of the 

antibody recognition site on variants 7 and 8 means that caution is needed when 

interpreting any protein-based assay data in this study. 

3.2.5.5 The calcium-NFATc2 axis and NFATc2 function in AML 

The drug treatment studies performed in THP-1 demonstrate that the nature of 

calcium signalling and NFATc2 protein structure is highly complex and that the 

expected results from T cells may not be observed in AML or myeloid cells. 

Firstly, in THP-1 ionomycin does not appear to induce nuclear translocation of 

NFATc2 as expected. However, it could be the case that nuclear translocation of 

NFATc2 is already at a maximal level, and/or calcium signalling is not a limiting 

factor to further translocation.  

In contrast, when NFATC2 was overexpressed in THP-1 it resided predominantly in 

the nucleus. This suggests that, unlike in T cells, the cellular machinery in THP-1 

favours dephosphorylation and nuclear import of NFATc2. The balance of 

phosphorylation, nuclear import and export of NFAT is mediated by a number of 

signalling pathways, which are not necessarily calcium-driven (Crabtree and Olson, 

2002, Sharma et al., 2011). Unlike THP-1, the fractionated protein blot in NOMO-

1 shows that NFATc2 resides more equally between fractions. These observations 

on the balance of cytoplasmic and nuclear NFATc2 are important as they reflect 

some of the activity of NFATc2-regulatory networks in these cells. However, due 



163 

 

to incomplete fractionation of cellular compartments in some cases, caution 

should be taken in interpreting these blots. 

Co-stimulation with ionomycin and phorbol 12-myristate 13-acetate (PMA) has 

been shown to induce full NFAT transactivation in the nucleus, downstream of 

MAPK signalling (García-Rodríguez and Rao, 2000, Okamura et al., 2000, Alam et 

al., 2018). PMA-induced MAPK activation also leads to recruitment of key NFAT 

transcriptional partner AP-1 (Macián et al., 2001). In THP-1 the addition of 20 µM 

PMA to ionomycin was not observed to impact NFATc2 phosphorylation, globally 

or at ser54, or its translocation to the nucleus.  

However, the expected results from ionomycin treatment were not observed 

under these conditions in Jurkat T cells, either. This suggests that further 

methodological optimisation of this treatment is necessary. Observation of NFAT 

dephosphorylation/translocation with ionomycin treatment is published under a 

range of conditions, which these experiments were designed to best replicate and 

based on some empirical testing of compound concentrations. Issues may include 

the concentration of ionomycin, length of stimulation (10 min to 24 hr in the 

literature) and/or the supplementation of culture media with calcium (García-

Rodríguez and Rao, 2000, Okamura et al., 2000, Alam et al., 2018). 

Calcium chelation by EGTA did increase the protein size of NFATc2, consistent 

with rapid re-phosphorylation at 30-60 minutes. Kar et al. found that NFATc2 re-

phosphorylation and export from the nucleus was relatively slower than for 

NFATc3, which may explain the observation of phosphorylated NFATc2 in the 

nucleus upon EGTA treatment, for both THP-1 and Jurkat cells (Kar et al., 2016). 

Okamura et al. proposed a model by which NFATs are present in the nucleus while 

phosphorylated, but the protein kinetics largely favour export to the cytoplasm in 

this state (Okamura et al., 2000). The cytoplasmic/nuclear balance of NFATc2 

may respond differently to expectations under the stress of EGTA-mediated 

calcium chelation. These data support the idea that the larger NFATc2 protein 

observed on an immunoblot represents highly-phosphorylated NFATc2, as 

observed in the literature, and that NFATc2 phosphorylation is calcium-sensitive. 

However, the separation of phosphorylation status into cytoplasmic vs. nuclear 

might not be as clear-cut as expected.  



164 

 

NFATc2 is coupled to calcium ‘microdomains’ and less dependent on global 

cellular calcium, and so the kinetics of SOCE and NFATc2 activation is highly 

nuanced (Kar et al., 2011, Kar et al., 2016). This may underpin the absence of an 

observed effect of PLC inhibition on NFATc2 activity in THP-1. Small molecule 

inhibition of PLC can block NFAT-mediated transcription in renal cells (Puri et al., 

2004) but these signalling networks may not translate to myeloid or AML cells. 

Further investigation of the PLC-NFATc2 axis is likely beyond the scope of this 

study. 

The observation that CsA induces a cytoplasmic shuttling of NFATc2 is expected 

(Aramburu et al., 1998) and provides confidence that NFATc2 is activated 

downstream of calcineurin signalling in THP-1 cells. This was also observed in 

Jurkat cells to some extent, as expected, supporting the observations in THP-1. 

Therefore, this provided grounds to manipulate this pathway in AML cell lines using 

CsA and other established inhibitors of calcineurin, as a means of assessing NFAT 

contribution to cell growth and survival. 

3.2.5.6 NFATC2 overexpression as a measure of its function 

NFATC2 overexpression increased expansion of THP-1 in liquid culture. NFATc2 

regulation of the cell cycle is well-published, but it tends to be a negative 

regulator of key cycling genes in various cell contexts (Mognol et al., 2016). As 

such, this result may reveal a novel role for NFATC2 which should be explored 

further. However, expression of mNfatc2 did not appear to induce this effect.  

Murine Nfatc2 (mNfatc2) shares significant structural homology with hNFATC2 

(Vihma et al., 2008). This vector has been expressed in murine cells and can 

translocate to the nucleus upon stimulation with ionomycin, in addition to 

activating the IL-4 promoter (Monticelli and Rao, 2002), but no publications have 

used this vector in human cells. It is therefore not clear if this mNfatc2 protein 

would be functional in human THP-1 cells, and additionally it is not clear if the 

mNfatc2 was expressed in the nuclear compartment due to challenges in detecting 

mNfatc2 protein with the antibody used. In conclusion, the phenotype of THP-1 

o/e hNFATC2 did not resemble that of THP-1 o/e mNfatc2, potentially due to 

fundamental differences in the orthologous proteins and the differing biological 

machinery of human and mouse cells. 
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With increased confidence that NFATC2 has a role to play in AML pathobiology, 

next the consequence of depletion of NFATC2 and its function in AML was explored, 

initially focusing on manipulation of the calcineurin-NFAT axis, which has been 

validated as functional in the THP-1 model.  
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4 Results (II): Depletion of NFATC2 in AML cells in vitro 

4.1 Introduction 

The previous chapter established that NFATC2 is expressed in the THP-1 cell line 

model of MLL-AF9 AML and is vulnerable to CsA inhibition of the calcineurin-NFAT 

axis. The first aim of this chapter was to determine the phenotype of THP-1 cells 

following inhibition of the calcineurin-NFAT axis, using established compounds, to 

ascertain whether these cells were dependent on the calcineurin-NFAT signalling 

axis. 

CsA forms a ternary complex with endogenous cyclophilin A and calcineurin, 

blocking the phosphatase activity of calcineurin on any of its substrates, including 

NFATs (Huai et al., 2002). The VIVIT peptide blocks the calcineurin-NFAT 

interaction more specifically, by imitating the PxIxIT binding motif found on each 

NFAT (Aramburu et al., 1999). The fusion of polyarginine (11R) has made this large 

peptide more cell-permeable (Noguchi et al., 2004). However, VIVIT-11R is still 

not specific to NFATc2 and is a large peptide, which may be vulnerable to 

proteolysis in AML cells and/or it is less permeable than a small molecule. Thirdly, 

INCA-6 is a small molecule inhibitor which has been shown to block the 

calcineurin-NFAT interaction specifically in vitro and in vivo, though the 

mechanism is not clear (Roehrl et al., 2004, Bretz et al., 2015, Savage et al., 

2015). CsA treatment of THP-1 cells is known to inhibit LPS-mediated cytokine 

transcription (Ma et al., 2007) but the effects of CsA on cellular growth and/or 

survival are not described. The other inhibitors have not been described in this 

cell line. 

To focus in more specifically on NFATC2, THP-1 cells were transduced with 

lentivirus containing NFATC2-targeting shRNA. The aim was to elucidate the 

phenotype of cells in vitro following NFATC2 transcript depletion, as a means of 

assessing the function of NFATC2 in these cells. Analysis of the cell cycle, 

apoptosis regulation, growth in culture and expression of selected genes were 

used to determine the existing role(s) of NFATC2. shRNA KD can have unintended 

off-target effects in the cell (Rao et al., 2009) and so it was important to test 

more than one shRNA construct, to establish whether the observed phenotype was 

common to NFATC2 depletion. Additionally, THP-1 o/e mNfatc2, as described in 
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Chapter 3.2.3., was used as a model to examine if mNfatc2 could ‘rescue’ the 

phenotype of hNFATC2 KD. This is a secondary means of assessing shRNA specificity. 

This study also assessed AML cells of multiple (cyto)genetic backgrounds, to 

establish whether NFATC2 had a specific role in MLL-AF9 AML, or whether its role(s) 

was different depending on the mutational profile of the cell. To expand beyond 

THP-1 cells a number of other cell line models were used for NFATC2 KD and the 

phenotype assessed as for THP-1. One such model included murine BM cells 

expressing retroviral MLL-AF9, as described by Somervaille et al. (Somervaille and 

Cleary, 2006), in which shRNA was targeted to endogenous mNfatc2. These data 

were used to hypothesise further about the specific function(s) of NFATC2 in AML 

cells.  
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4.2 Chapter objectives 

1. Determine the viability and phenotype of THP-1 cells after treatment with 

selected calcineurin-NFAT axis inhibitors. 

2. KD NFATC2 in THP-1 cells and assessment of cell behaviour, in order to 

assess the function of NFATC2 in these cells. 

3. KD of NFATC2 in THP-1 o/e mNfatc2 to determine if orthologous mNfatc2 

can rescue any phenotype(s) observed in objective 2. 

4. KD of mNfatc2 in an established model of MLL-AF9 in murine BM and 

assessment of cell behaviour, in order to assess the dependency of function 

of mNfatc2 on cell mutational profile. 

5. ShRNA KD of NFATC2 in a variety of selected AML cell lines of differing 

(cyto)genetic backgrounds, to determine the phenotype and putative 

function(s) of NFATC2, and also to compare with the models used in 

objectives 2 and 4.  
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4.3 Results 

4.3.1  Inhibition of NFAT family protein activity 

THP-1 and Kasumi-1 cells, which express high and low levels of NFATC2, 

respectively, were treated with calcineurin-NFAT inhibitors. THP-1 cells were 

most sensitive to VIVIT-11R when compared with CsA and INCA-6, as measured by 

an Alamar Blue cell viability assay (Figure 4-1). The IC50 was 5.86 µM for VIVIT-11R 

and 8.69 µM for CsA, both at 48 hr post-treatment. In contrast Kasumi-1 cells were 

insensitive to VIVIT-11R or CsA, as the IC50 could not be determined in the 

concentration range tested (Figure 4-2). In summary, VIVIT-11R and CsA had 

greater potency in THP-1 than Kasumi-1, and for THP-1 VIVIT-11R was the more 

potent of the 2, with respect to cell viability. 

The IC50 for INCA-6 in THP-1 cells was 12.23 µM at 48 hr post-treatment. Kasumi-

1 cells were found to be sensitive to INCA-6, with an IC50 value of 7.91 µM at 48 hr 

(Figure 4-2C). In fact, the IC50 values for INCA-6 treatment were lower for Kasumi-

1 than for THP-1 at 24, 48 and 72 hr post-treatment (Table 4-1). So in contrast to 

VIVIT-11R and CsA, INCA-6 was more potent in Kasumi-1 than in THP-1 cells. 

THP-1 cells were treated with each calcineurin-NFAT axis inhibitor at 0.5X, 1.0X 

and/or 1.5X the estimated IC50 value for 24 hr post-treatment (shown in Table 4-

2). Note that, while THP-1 cells were not sensitive enough to CsA calculate the 

IC50 24 hr post-treatment, the estimate based on continuation of the curve was 

taken for this purpose (10.59 µM). 

WCL taken at 24 hr post-treatment were immunoblotted for NFATc2 (Figure 4-3A). 

This shows that there was markedly slower migration of protein bands following 

CsA treatment, suggesting an increased protein size of ~5-10 kDa, and a loss of 

the lower bands, representing the smallest NFATc2 proteins. This size increase 

could suggest increased global NFATc2 phosphorylation after CsA treatment. Total 

NFATc2 quantity is also markedly reduced after CsA treatment at 1.0X the 

estimated IC50, suggesting that CsA leads to reduced transcription, translation or 

post-translational processing of NFATC2/NFATc2. 

VIVIT-11R treatment induces an increase in the intensity of the upper NFATc2 band, 

relative to total NFATc2, as measured by densitometry, though the observed 

protein size on the blot did not change as observed for CsA (Figure 4-3B&C). This 
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may reflect that VIVIT-11R treatment leads to increased NFATc2 phosphorylation, 

in the same manner as observed for calcium chelation by EGTA (see Figures 3-7 

and 3-8). The distinction between the changes between CsA and VIVIT-11 are not 

clear, but it could reflect a more substantial phosphorylation event with CsA 

treatment compared to VIVIT-11R. In addition, the band size increase observed 

after CsA treatment is more exaggerated than observed previously in THP-1 

(Figure 3-9) or Jurkat cells (Figure 3-10), albeit the 0.5X IC50 value used latterly 

(see Table 4-1) was higher at 5.3 µM, compared with 4.5 µM. This could suggest 

that the apparent increase in band size in Figure 4-3 is owing more to gel distortion 

than a real biological effect. Changes to NFATc2 protein quantity or band sizes 

were not observed 24 hr after treatment with INCA-6.  

Treatment of THP-1 with 0.5X the IC50 of either CsA or VIVIT-11R (at 24 hr) 

revealed some changes to NFATc2 on immunoblotting, but minimal impact on cell 

viability. These concentrations were chosen to generate immunofluorescent 

images of THP-1 cells 24 hr post-treatment, since lower viability cells would not 

be expected to stain well. This also provided an opportunity to observe 

cytoplasmic/nuclear shuttling of NFATc2. After CsA treatment there is a clear 

reduction of NFATc2 staining in the cell cytoplasm and nucleus, which reflects the 

global loss of protein quantity observed on the immunoblot. 

VIVIT-11R-treated cells show a reduction of NFATc2 staining across the cell. Based 

on the immunofluorescence observations, it was expected that total NFATc2 

quantity (including both phosphorylated and un-phosphorylated protein) would be 

preserved but the majority translocated to the cytoplasm, due to putatively 

increased phosphorylation. Therefore, this observation is contradictory to 

expectations. NFATc2 staining after INCA-6 treatment was unchanged from the 

vehicle control, regarding subcellular location or signal intensity, which was 

expected. 
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Figure 4-1. THP-1 cells are 

more sensitive to VIVIT-

11R than CsA or INCA-6.A
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Figure 4-1. THP-1 cells were more sensitive to VIVIT-11R than CsA or INCA-6. 

THP-1 cells were treated with either CsA (A), VIVIT-11R (B) or INCA-6 (C), in a range of concentrations, or a vehicle control; n=2 or n=3 biological 

replicates. Mean (closed circles) ± SEM are shown if n=3, or individual data points (open circles) are shown if n=2-3. All technical replicates in assay 

n=3. At 24, 48 and 72 hr post-treatment cell suspension was assessed for viability using an Alamar Blue Assay. The graphs show the absorbance 

measured (at 535ex and 590em) in each sample concentration, as a % of that measured in the vehicle control sample. For each timepoint non-linear 

regression was used to fit a four-parameter logistic curve to the data, constrained between 0% and 100%. From this the IC50 has been estimated and 

this is shown on each graph. ‘N/A’ = if IC50 was not calculated due to the shape of the curve. 
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Figure 4-2. Kasumi-1 cells were not sensitive to CsA or VIVIT-11R, but sensitive to INCA-6. 

Kasumi-1 cells were treated with either CsA (A), VIVIT-11R (B) or INCA-6 (C), in a range of concentrations, or a vehicle control; n=2 or n=3 biological 

replicates. Data presented as in Figure 4-1. Mean (closed circles) ± SEM are shown if n=3, or individual data points (open circles) are shown if n=2. All 

technical replicates in assay n=3. 
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Inhibitor 
Timepoint 

(Hours) 

IC50 (Estimated, µM) 

THP-1 Kasumi-1 

Cyclosporine 
A 

24 10.59* N/A 

48 8.69 N/A 

72 7.89 N/A 

VIVIT-11R 

24 6.83 15.19 

48 5.86 N/A 

72 6.60 N/A 

INCA-6 

24 11.81 9.59 

48 12.23 7.91 

72 12.25 11.03 

Table 4-1. THP-1 were more sensitive to VIVIT-11R and CsA than Kasumi-

1. Viability of THP-1 or Kasumi-1 cells after treatment with either 

cyclosporine A, VIVIT-11R or INCA-6 was measured by an Alamar Blue Assay, 

as described in Figures 4-1 and 4-2. The IC50 values estimated from these 

regression curves are shown in this table. ‘N/A’ = IC50 could not be 

determined from the curve fit using the available data. 

* THP-1 cells were not sensitive enough to CsA calculate the IC50 24 hr post-

treatment, however this was estimated based on continuation of the curve, 

for the purpose of treating cells for harvest at 24 hr post-treatment. 



176 

 

 

 

 

 

 

 

  

 

Figure 4-3. CsA treatment of THP-1 cells caused an increase in observed protein 

size. THP-1 cells were treated with ether VIVIT-11R, cyclosporine A, INCA-6 or a vehicle 

control, at concentrations determined by the estimated IC50 values at 24 hours post-

treatment (n=1), shown in Table 4-1. A: Whole cell protein lysates from treated THP-1 

cells (55µg/well) were immunoblotted with anti-NFATc2 as shown. Anti-β-actin was 

used as a loading control. Protein size is shown on the right-hand side in kDa. B,C: Bar 

graphs show protein signal intensity as measured by densitometry, each normalised to 

β-actin. B shows the measured intensity of all NFATc2 bands, C shows the measured 

intensity of the highest NFATc2 band only. D: Representative immunofluorescence 

images (n=1) of treated THP-1 cells stained with DAPI and NFATc2/Alexa 488. Scale bars 

for 20 µm are shown. 
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THP-1 cells treated with CsA, VIVIT-11R or INCA-6 were assessed for apoptosis 

using an Annexin V/DAPI assay. Figure 4-4 shows that there was a trend towards 

increased apoptosis as drug concentrations increase, though none was statistically 

significant. VIVIT-11R did not alter apoptosis at 0.5X the IC50, but Annexin V+ cells 

increased from 6.64% in the vehicle control to 24.81% at 1.0X the IC50. The mean 

proportion of Annexin V+ cells after treatment with CsA or INCA-6 at 1.0X the IC50 

was 58.27% and 40.05%, respectively. The proportion of Annexin V+ cells increased 

almost 7-fold with a rising concentration of cytarabine, from 7.09% in the vehicle 

control to 47.50% at 5 µM. 

Assessment of the cell cycle by PI staining revealed that there was a statistically 

significant accumulation of cells in the G0-G1 phases of the cell cycle after CsA 

(1.0x IC50) treatment of THP-1 (Figure 4-5A; p=0.0005) with a reduction in S-phase 

cells (p=0.0407), respective to the vehicle control. Together this suggests cell 

cycle arrest at the G1/S transition after treatment with CsA. 

Treatment with VIVIT-11R resulted in a trend towards increasing cells in the S-

phase and a reduction of those in G2-M, but these could not be statistically tested 

without further replication. The differences in cell cycle phases between the 

vehicle control and INCA-6 treatment (0.5xIC50) were not significant. 

Cells were also treated with cytarabine as a positive control for observation of 

cell cycle arrest with PI staining. Cytarabine intercalates into leukaemia cell DNA 

during replication in the S-phase and causes cell cycle arrest (Kufe and Major, 

1982). It has also been shown to cause G1/S arrest in THP-1 cells at these 

concentrations (unpublished data). Here, treatment with cytarabine led to a 

build-up of cells in the S-phase, which can often indicate an increase in cell 

proliferation. However, there was also an observed reduction in cells within the 

G0-G1 and (at the highest concentration) G2-M phases, suggesting there may be 

arrest at multiple cell cycle checkpoints causing these perturbations. Although 

dead cells were excluded from analyses, the gating of cell cycle phases may be 

skewed by the high proportion of apoptotic cells observed after cytarabine 

treatment, which has also been observed previously in THP-1 cells with cytarabine 

treatment (unpublished data). 

Together these data indicate that CsA and VIVIT-11R inhibit NFATc2 

dephosphorylation by calcineurin in THP-1 cells as expected, but that INCA-6 does 
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not alter NFATc2 global phosphorylation or protein levels. THP-1 cell viability is 

impeded by CsA and this is driven by a mixed phenotype of apoptosis and G1/S 

cell cycle arrest. VIVIT-11R impacts THP-1 cell viability by a mix of apoptosis and 

S/G2 transition arrest, while INCA-6 mainly induces apoptosis. It is unlikely that 

the effects of INCA-6 are driven through calcineurin-NFATc2 blockade. Kasumi-1 

cells are not sensitive to CsA or VIVIT-11R, but are sensitive to INCA-6, although 

these inhibitors should all act through calcineurin signalling. This reinforces the 

idea that INCA-6 acts independently of calcineurin-NFAT inhibition. 

Figure 4-4. Inhibition of calcineurin-NFAT signalling in THP-1 cells led to increased 

apoptosis. THP-1 cells were treated with inhibitors as previously described. Cells were 

harvested and stained with Annexin V and DAPI at 48 hrs post-treatment for flow 

cytometry. Data shown are the mean % of gated cells positive for Annexin V ± SEM for n=3 

biological replicates, or individual data points given for n<3. Significance of a difference 

in means was assessed using a one-way ANOVA, where ‘ns’ = p>0.05. A: Cyclosporine A, 

n=3. B: VIVIT-11R, n=2 biological. C: INCA-6, n=3 biological. D: Cytarabine, n=1 biological. 

This was used as a positive control. 
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Figure 4-5. Treatment of THP-1 with calcineurin-NFAT inhibitors resulted in G0-G1 phase cell cycle arrest. 

THP-1 cells were treated with inhibitors as previously described. Cells were harvested at 48 hr post-treatment and stained with PI for flow 

cytometry. Cells were gated into the following phases: sub-G0, G0-G1, S and G2-M. The cells in each phase are shown as a % of live cells, 

meaning cells in sub-G0 were excluded. Data shown are the mean ± SEM for n=3 biological replicates, or individual data points given if n<3. 

Significance of a difference in means was assessed using a two-way ANOVA or a two-sided unpaired t-test (with correction for multiple 

testing), where *<0.05, ***<0.001, ‘ns’ = p>0.05. A: Cyclosporine A, n=3 biological. B: VIVIT-11R, n=2 biological. C: INCA-6, n=2-3 biological 

as indicated. D: Cytarabine, n=1-3 biological as indicated. This is a positive control for cell cycle arrest. 
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4.3.2  shRNA Knockdown of NFATC2 in MLL-AF9 AML 

In order to assess the function of NFATC2 more specifically in AML, lentiviral shRNA 

approach was used to deplete NFATC2 transcript. Initially 4 shRNA constructs and 

a scrambled control shRNA were assessed in THP-1 and MOLM-13 cells as models 

of MLL-AF9 AML. After transduction and puromycin selection, cells were counted 

in liquid culture as a means of assessing their phenotype following NFATC2 KD. 

The concentration required for puromycin selection was determined empirically 

for every cell line (data in 2.2.8, Figure 2-2) and example data are shown to 

demonstrate the efficiency of selection in THP-1 and MOLM-13 (Figure 4-6A). 

The fold change in MOLM-13 cell count from 24 hr to 72 hr post-puromycin 

selection was compared to the change in NFATC2 expression at 48 hr by qRT-PCR 

(Figure 4-6B) to determine if there was a correlation between these 

measurements. The R value of -0.6611 was not statistically significant (p=0.3389) 

and this was not a good means of assessing shRNA construct target specificity, 

without more data points. Construct shNFATC2-144 was rejected in the study due 

to its ability to KD NFATC2 being the smallest. 

Cell counts showed that transduction of any shNFATC2 construct led to a loss of 

cell expansion in culture. It was observed in THP-1 and MOLM-13 that construct 

shNFATC2-143 resulted in the lowest expansion of cells in culture, while 

shNFATC2-145 and shNFATC2-146 showed similar, lesser effects at 72 hr post-

selection (Figure 4-6C&D). Constructs -143 and -146 were taken forward as the 

primary shRNA constructs to assess the range of phenotypes. 72 hr post-puromycin 

selection was considered the optimal timepoint for phenotypic assessment of 

changes associated with NFATC2 KD. THP-1 also had a higher transduction 

efficiency as demonstrated by puromycin selection (Figure 4-6A) and so this model 

of MLL-AF9 AML was chosen.  
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Figure 4-6. Four shRNA constructs were effective at KD of NFATC2 in MLL-AF9 AML cell 

lines.THP-1 and MOLM-13 were transduced with shRNA either targeting NFATC2 (-143, -144, -

145, -146) or a scrambled control. All cells were seeded in liquid culture and selected with 

puromycin 24 hr after transduction, with cell counts (n=2 technical replicates) taken every 24 

hr. Data shown are mean ± SEM or an individual data point. A: THP-1 and MOLM-13 cell counts 

were taken at 24 hr and 0 hr post-puromycin selection. These are expressed as a % of the 0 hr 

count for scrambled control-treated samples and untreated (no shRNA) samples (n=3 

biological). B: MOLM-13 cell counts fold change from 24 hr to 72 hr, expressed as a % of the 

scrambled control (n=3 biological). These are plotted against the change in NFATC2 gene 

expression as an RQ value, as measured by qRT-PCR and using the ΔΔCt method (n=1 biological, 

n=3 technical). C. MOLM-13 cell counts fold change of either 24 hr to 72 hr or 24 hr to 96 hr, 

as a % of the equivalent fold change in the scrambled control (n=1 biological, n=2 technical). 

D. THP-1 cell counts fold change from either 24 hr to 48 hr or 24 hr to 72 hr, as a % of the 

equivalent fold change in the scrambled control (n=3 biological, n=2 technical). 
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Figure 4-7. THP-1 cells significantly lost colony-forming capacity after NFATC2 transcript depletion. 

THP-1 cells were transduced with either of two constructs for KD of NFATC2 (-143 or -146), or a scrambled control. 

Data shown are mean ± SEM and significance was tested using a one-way ANOVA, followed by post-hoc Dunnett’s test 

for pairwise differences between means. P values: *<0.05, ***<0.001, ****<0.0001. A: qRT-PCR for NFATC2 expression 

in cells harvested 48 hr post-puromycin selection, expressed as a -log2 fold change, relative to the scrambled control 

using the ΔΔCt method (n=9 biological, n=3 technical replicates). B: Cells were seeded in semi-solid media and 

colonies counted after 8 days. Shown are colony numbers (n=4 biological, n=3 technical). Representative pictures of 

colonies are given, at differing magnifications, for each condition reported in (B). Scale bars are shown: row 1 is 500 

μm, row 2 is 500 μm or 200μm, row 3 is 50μm. C: THP-1 cells were seeded in liquid culture 24 hr post-selection and 

counted every 24 hours after puromycin selection. Shown is the fold change of counts from 24 hr to 72 hr (n=6 

biological, n=2 technical).  
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Figure 4-8. THP-1 cells with NFATC2 KD exhibited an increased cell size. 

THP-1 cells were stained with May-Grünwald and Giemsa stains 72 hr post-selection (n=1 biological replicate). A. Representative images of stained 

THP-1 cells for each condition. Scale bar represents 50 μm. B. The average cell area was estimated using ImageJ software. Shown are individual data 

points per cell, for the scrambled control (n=38), shNFATC2-143 (n=33) and shNFATC2-146 (n=22). The difference between conditions was tested using 

a Kruskal-Wallis H test followed by Dunn’s post-hoc test, for pairwise comparison with the scrambled control. p values: *<0.05, ***<0.001. 

software. Shown are individual data points per cell, for the scrambled control (n=38), shNFATC2-143 (n=33) and shNFATC2-146 (n=22). The difference 

between conditions was tested using a Kruskal-Wallis H test followed by Dunn’s post-hoc test, for pairwise comparison with the scrambled control. p 

values: *<0.05, ***<0.001. 
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Transduction of THP-1 with two shRNA constructs for NFATC2 KD led to a 

statistically significant KD of NFATC2, as demonstrated by qRT-PCR (Figure 4-7A). 

There was a substantial loss of colony-forming capacity in semi-solid media and a 

loss of expansion in liquid culture, both of which were significantly reduced 

(Figure 4-7B&C). Cell morphology was most visibly changed after transduction with 

shNFATC2-143, in which cells were more physically associated together (Figure 4-

8). This may indicate the initiation of cell death in these cells, more so than in 

the other groups. The measured area of cells (using ImageJ) was significantly 

increased after NFATC2 KD. 

While cell cycle was not significantly changed after NFATC2 KD, as measured by 

PI staining (Figure 4-9A), there was a trend towards an increased proportion of 

cells in the G2-M phases. A CFSE dye tracing assay showed a reduction in cell 

proliferation in the period 24 hr-72 hr post-selection (Figure 4-9B), though this 

could not be statistically tested. There was also no significant change in apoptosis 

across all conditions, as measured by Annexin V and DAPI, however there was an 

increase in apoptotic cells after treatment with construct -143 (Figure 4-9C). 

To investigate the cell cycle further a BrdU incorporation assay was used to assess 

THP-1 cells in the period 120 hr-144 hr post-selection. This experiment also 

showed a higher proportion of cells in the G2-M phases, but no change in S phase 

cells or the G0-G1 phases (Figure 4-9D). 

Additionally, expression of selected regulators of the cell cycle was surveyed at a 

number of timepoints, including 144 hr post-selection (Figure 4-10A). Selected 

genes included those encoding major cyclins, CDKs and CDC25 isoforms, as well-

established regulators of the cell cycle. Upregulation of CCNA2 and CCNE2 and 

downregulation of CCND1 and CCND2 were observed. Further qRT-PCR validation 

revealed that CCND1 was significantly downregulated at 144 hr post-selection (p= 

0.0015 and p=0.0014 for constructs -143 and -146, respectively) and there was a 

trend towards CCND2 downregulation, without statistical significance. 

These data suggest that there could be arrest of the cell cycle in the G2-M phase 

after NFATC2 KD, but this has not been characterised clearly. Downregulation of 

CCND1 and CCND2 may also form part of this mechanism and together these data 

could explain the loss of colony-forming capacity. The observation that cell cycle 

gene expression changes most at 144 hr post-selection, but not earlier, suggests 
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that phenotypic changes are gradual and best observed in longer-term assays. 

Furthermore, apoptosis is not a consistent feature of NFATC2 KD in THP-1.  
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Figure 4-9. THP-1 cell proliferation was reduced after NFATC2 KD. 

THP-1 cells were transduced with one of two shRNA for NFATC2 KD or 

a scrambled control. Data shown are mean ± SEM or mean with the 

individual data points when n<3. Significance was tested using a one-

way ANOVA for differences between means. ‘ns’ = p>0.05. A: Cells 

were stained with PI and gated as previously. The % live cells in phases 

G0-G1, S or G2-M are shown in the panels from left to right, 

respectively (n=3 biological replicates). B: CFSE dye staining of THP-

1 cells and tracing by flow cytometry. The geometric mean intensity 

in the FITC channel was measured at 24 hr and 72hr post-puromycin 

selection. The graph shows the log2 fold change from 24 hr to 72 hr 

(n=2 biological). C: Apoptosis was measured in THP-1 cells using an 

Annexin V/DAPI assay 72 hr post-selection. Shown is the mean ± SEM % 

of gated cells positive for Annexin V stain, n=6 biological. D. THP-1 

cells were stained with BrdU/DAPI 144 hr post-selection. Cell cycle 

phases are expressed as % live cells, as for PI staining (n=2 biological). 
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Figure 4-10. CCND1 was significantly downregulated after NFATC2 KD in THP-1 cells. 

A: THP-1 cells’ gene expression of selected cell cycle regulatory genes, in addition to NFATC2, were measured at 144 hr post-selection by qRT-PCR. 

Shown are -log2 fold changes from the scrambled control, using the ΔΔCt method (n=1 biological, n=3 technical replicates). These are ordered by the 

average -log2 fold change, between the pair of shRNA constructs. B: THP-1 gene expression of CCND1 and CCND2 at 144 hr post-selection is shown as 

-log2 fold change from the scrambled control, as measured by qRT-PCR and using the ΔΔCt method (n=3 biological, n=3 technical). 
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NFATC2 KD led to substantial depletion of NFATc2 protein in the cytoplasmic and 

nuclear compartments of the cell (Figure 4-11). pNFATc2ser54 quantity increased 

relative to NFATc2 expression, suggesting that phosphorylation at ser54 is 

maintained at a level of equilibrium in the cell. Alternatively, the binding strength 

of the pNFATc2ser54 antibody is much higher than for NFATc2 and so retains a strong 

signal, in spite of markedly reduced NFATc2 quantity. pNFATc2ser54 was also 

observed to be predominant in the nucleus (Figure 4-11C). 

Known histone targets of KDM4A protein were evaluated to determine if NFATc2 

function is important in their regulation. No consistent changes to H3K9me3 or 

H3K27me3 were observed in THP-1 cells after NFATC2 KD with any of three shRNA 

constructs (Figure 4-12A&B). An increase in PARP cleavage was observed, but the 

magnitude of change was small and not replicated (Figure 4-12C&D). Together 

with previous data on apoptosis (Figure 4-10C) it is unlikely that this is a major 

contributor to the observed phenotype. Phosphorylation of H2AX at ser139 was 

reduced after NFATC2 KD (Figure 4-12C&D; fold changes from scrambled were 

0.646 and 0.670 for constructs -143 and -146, respectively), which could indicate 

a reduction in DNA double strand breaks (DSBs) in the bulk population.  
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Figure 4-11. KD of NFATC2 led to depletion of NFATc2 protein in the cytoplasmic and 

nuclear compartments of THP-1 cells. After NFATC2 KD THP-1 cells were harvested for 

either WCL, or fractionated cytoplasmic and nuclear lysates. A: 27.5 µg of WCL were 

loaded and immunoblotted with anti-NFATc2, anti-phospho-NFATc2ser54 and anti-β-actin 

as a loading control. A size reference is given in kDa on the right-hand side. B: Protein 

was quantified for blots as shown in (A) by densitometry. Shown is mean protein intensity 

± SEM for NFATc2 (n=3 biological replicates), or as a mean with individual values for p-

NFATc2ser54 (n=2 biological). Intensity is relative to β-actin. For NFATc2 the differences in 

means were calculated by one-way ANOVA followed by post-hoc Dunnett’s test for 

pairwise comparisons; for p **<0.01. C: 30 µg of fractionated lysates were loaded and 

immunoblotted with anti-NFATc2, anti-phospho-NFATc2ser54, and anti-β-tubulin/anti-

lamin A/C as loading controls (n=1 biological). D: Protein from the blot in (C) was 

quantified by densitometry, for NFATc2 or p-NFATc2ser54. Intensity is relative to either β-

tubulin or lamin A/C for cytoplasmic or nuclear lysates, respectively (n=1 biological).  
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Figure 4-12. H3K9me3 and H3K27me3 were not 

deregulated by NFATC2 KD in THP-1 cells.  THP-1 

cells were harvested for WCL at 72 hr post-selection 

(n=1 biological replicate for all). A. 30µg of lysate 

was run and blotted for NFATc2, β-actin, H3K9me3, 

H3K27me or total H3. A size reference in kDa is given 

on the right-hand side. B. Protein intensity from (A) 

was quantified by densitometry and is shown for 

NFATc2, H3K9me3 and H3K27me3, relative to β-

actin. C. 50 µg of lysate was run and blotted for total 

PARP, cleaved PARP, β-actin, phospho-H2AXser139 and 

total H2AX. D. Protein intensity from (C) was 

quantified by densitometry and is shown for cleaved 

PARP, relative to total PARP, and p-H2AXser139, 

relative to total H2AX (n=1). 
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4.3.3  Rescue of hNFATC2 KD in THP-1 using mNfatc2 expression 

mNfatc2 was overexpressed in THP-1 cells as shown in Chapter 3.2.3 and used to 

determine if the phenotype following KD of NFATC2 could be rescued. Of note, 

the shRNA constructs used in this chapter did not target the expressed mNfatc2 

transcript. 

KD of NFATC2 was validated by observing reduced transcript by qRT-PCR and 

NFATc2 protein on immunoblotting (Figure 4-13A&B). There is a residual level of 

NFATc2 protein observed in THP-1 o/e mNfatc2, relative to THP-1/empty. This is 

most likely hNFATc2 due to a lack of antibody specificity for mNfatc2, as discussed 

in Chapter 3.2.3, which could suggest that mNfatc2 overexpression upregulates 

hNFATC2 and maintain its expression at a minimal level. However, this was not 

supported by qRT-PCR data (Figure 4-13A) and so immunoblotting should be 

explored further, possibly with other hNFATc2-targeting antibodies. NFATC2 KD 

did not alter mNfatc2 expression (Figure 4-13A), supporting the expectation that 

these shRNA constructs do not target hNFATC2. 

Cell expansion in liquid culture was reduced in THP-1/empty after NFATC2 KD, 

whereby the fold change in cell counts from 24 hr to 72 hr was 3.21x, 1.82x and 

1.78 for the scrambled control, shNFATC2-143 and shNFATC2-146, respectively 

(Figure 4-13C). This is comparable to NFATC2 KD in native THP-1, where the count 

fold changes the 24 hr to 72 hr time window were 2.54x, 1.67x and 1.67x for the 

scrambled control, shNFATC2-143 and shNFATC2-146 (see Figure 4-7A). In 

summary, the phenotype of THP-1/empty with NFATC2 KD is similar to native THP-

1 cells, in that there was a loss of cell count expansion in the period after 

puromycin selection, of a similar magnitude. 

However, in o/e mNfatc2 THP-1 with NFATC2 KD, this pattern was not observed 

(Figure 4-13C). The count fold changes in the 24 hr to 72 hr period after selection 

were 1.92x, 1.75x and 3.00x for the scrambled, -143 and -146 constructs, 

respectively. This demonstrates either no change or an increase in the expansion 

of o/e mNfatc2 THP-1 after NFATC2 KD. However, it was noted that the rate of 

expansion at baseline (in scrambled control-treated samples) was higher for THP-

1/empty compared with o/e mNfatc2 THP-1, although this might reflect a 

difference in the basal growth of these 2 cell lines or their response to the 

scrambled control. This precludes an accurate comparison of the expansion in 
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culture between THP-1/empty and THP-1 o/e mNfatc2 after NFATC2 KD compared 

with the scrambled control. As such, it is not clear if overexpression of mNfatc2 

was sufficient to truly rescue the loss of expansion in culture observed with 

NFATC2 KD in THP-1/empty.  

Overexpression of mNfatc2 did not rescue the loss of THP-1 colony-forming 

capacity observed with NFATC2 KD (Figure 4-13D). More cell growth was observed 

visually for o/e mNfatc2 THP-1 than THP-1/empty with NFATC2 KD, however most 

cell clusters were not large enough to be considered colonies (>50 cells). 

Cell cycle analysis following NFATC2 KD in either of THP-1/empty or THP-1 o/e 

mNfatc2 showed no statistically significant differences from scrambled control-

treated samples (Figure 4-14A). However, no significant changes in the cell cycle 

were observed in unmodified THP-1 with NFATC2 KD also (Figure 4-9A). Further 

replication is needed to mitigate the high inter-replicate variability observed in 

these experiments, potentially owing to technical factors, and determine more 

clearly if there is a true biological effect to be observed. In summary, from these 

data, there are no changes in the cell cycle following NFATC2 KD in THP-1 at this 

timepoint and so later timepoints should be explored. Firstly, to determine if 

there is a delayed effect of NFATC2 KD on the cell cycle and secondly, to 

determine if overexpression of mNfatc2 would rescue these effects. 

As observed in unmodified THP-1 apoptosis is increased in THP-1/empty after 

transduction with shNFATC2-143. This was not observed with expression of 

mNfatc2. Additionally, the level of apoptosis in o/e mNfatc2 THP-1 treated with 

the scrambled control was 61% of that of THP-1/empty. Together these data 

suggest that mNfatc2 reduces cell apoptosis in THP-1.
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Figure 4-13. Overexpression of mNfatc2 in THP-1 cells did not rescue a loss of colony-

forming capacity after NFATC2 KD. THP-1 expressing either mNfatc2 or an empty 

retroviral vector were transduced with either a scrambled control or NFATC2-targeting 

shRNA (-143 or -146). Data shown are mean or an individual data point. A difference in 

means was tested using a two-way ANOVA, followed by post-hoc Dunnett’s test for 

pairwise differences between KD constructs. P values: *<0.05, ***<0.001, ‘ns’ = p>0.05. 

A: qRT-PCR for hNFATC2 or mNfatc2 expression in cells harvested 48 hr post-puromycin 

selection, expressed as a mean -log2 fold change ± SD. For THP-1 with empty vector and 

mNfatc2 this was calculated relative to the scrambled control within each cell line, using 

the ΔΔCt method (n=1 biological, n=3, technical replicates). B: 30 µg WCL from cells were 

run and blotted using anti-NFATc2 and anti-β-actin. Shown are the blots with the protein 

size in kDa on the right-hand side, and a bar chart showing the intensity as measured by 

densitometry (n=1 biological). NFATc2 intensity is expressed relative to β-actin. C: Cells 

were seeded in liquid culture and counted every 24 hr after puromycin selection. Shown 

is the mean ± SEM fold change of counts from 24 hr to 72 hr (n=3 biological, n=2 technical). 

D: Cells were seeded in semi-solid media 24 hr post-selection and colonies counted after 

10-12 days. Shown are mean colony numbers ± SEM (n=3 biological, n=3 technical) and 

representative pictures of colonies at differing magnifications, for each condition. Scale 

bars are shown for 500 μm or 50 μm. 
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Figure 4-14. Overexpression of mNfatc2 in THP-1 cells reduced basal apoptosis.  

THP-1 expressing either mNfatc2 or an empty retroviral vector were transduced with either a 

scrambled control or NFATC2-targeting shRNA (-143 or -146). Data shown are the mean ± SEM 

or mean and individual data points.  A: Cells were harvested 72 hr post-selection. These were 

stained with PI and gated as described in Figure 4-6A. The % live cells in phases G0-G1, S or 

G2-M are shown in the panels, from left to right (n=3 biological replicates). B: Apoptosis was 

measured in cells using an Annexin V/DAPI assay 72 hr post-selection. Shown is the mean % of 

gated cells positive for Annexin V stain, n=2 biological. 
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4.3.4  KD of mNfatc2 in a murine model of MLL-AF9 AML 

A model of MLL-AF9 AML was previously established by expressing a retroviral MLL-

AF9/GFP construct in CD117-selected murine BM cells. These were compared with 

unmodified CD117-selected murine BM at baseline (‘CD117 BM’; Figure 4-15A&B). 

On the CD117-selected BM a higher proportion of cells were found to express 

CD117 in comparison to the MLL-AF9 BM (81.4% and 51.3% of parent population, 

respectively). The expression of myeloid markers Gr-1 and Mac-1 was also more 

heterogeneous on CD117 BM. 

CD117 BM expanded in culture more when cultured with a cocktail of cytokines 

(mIL-3, mIL-6, mSCF and mGM-CSF), compared to with mIL-3 alone or with ‘X63’ 

media, containing hybridoma-derived mIL-3 (Figure 4-15D). MLL-AF9 BM cells 

expanded most rapidly when cultured with X63 media alone, suggesting that these 

are more cytokine independent cells. qRT-PCR revealed that MLL-AF9 BM had a 

higher expression of known MLL-AF9 targets Hoxa9 and Meis1 when compared to 

CD117 BM, as expected (Figure 4-15E). Expression of Nfatc2 was slightly increased 

and there were no observable changes to selected cell cycle gene expression. 

KD of murine Nfatc2 in MLL-AF9 BM with either of two shRNA constructs (-356 or -

357) led to a loss in colony-forming capacity (Figure 4-16A&B) that was only 

statistically significant for shNfatc2-356 (p=0.0099). qRT-PCR validated KD of 

Nfatc2 transcript but also revealed that Nfatc1 was depleted, although less than 

for Nfatc2 (Figure 4-16C). This may indicate off-target effects of the shRNA or co-

regulation of Nfatc1 by Nfatc2 in these cells. Hoxa9 and Meis1 did not appear to 

change, but the result was partly obscured by experimental variation. 

There was also an increase in apoptosis for construct -356 only (Figure 4-17A; 

p=0.0283). Observation of cell morphology revealed more evidence of chromatin 

condensation in the nuclei of cells with Nfatc2 KD, compared to the scrambled 

control (4-17B). Together this may suggest that Nfatc2 KD with either construct 

can lead to apoptosis in MLL-AF9 BM, but perhaps at an earlier stage in the 

construct -357 condition. 
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Figure 4-15. Murine BM expressing a retroviral MLL-AF9 construct expressed higher levels of Hoxa9 and Meis1 than CD117-selected murine BM. 

CD117-selected murine BM (A) and murine BM expressing a retroviral MLL-AF9/GFP construct (B) were immunophenotyped by flow cytometry (n=1 

biological replicate). For each, CD117 expression is shown as a histogram (left panel) and expression of Gr-1 and Mac-1 is plotted together (right 

panel). Two gates are highlighted, showing the Gr-1+Mac-1+ populations. % of the parent population is shown. For CD117 BM an unstained sample is 

shown. C: For the MLL-AF9 BM, GFP expression is shown, as measured in the FITC channel (n=1 biological). D: CD117-selected BM cells were cultured 

with either X63/mIL-3, mIL-3 or a cocktail of mIL-3, mIL-6, mSCF and mGM-CSF. MLL-AF9 BM were cultured with X63/mIL-3. Cell counts were taken 

every 24 hr and plotted (n=1 biological, n=3 technical). A line of best fit was drawn using non-linear regression, with extrapolation beyond the data 

for MLL-AF9 BM (shown by dotted line). E: qRT-PCR was used to measure selected genes’ expression in MLL-AF9 BM, compared with CD117-selected 

BM, expressed as mean -log2 fold change ± SD (n=3 technical). 
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Figure 4-16. KD of mNfatc2 in MLL-AF9 murine BM cells caused a reduction in their 

colony-forming capacity. Murine BM expressing MLL-AF9 were transduced with either of 

two shRNA targeting mNfatc2 (-356 or 357) or a scrambled control. A: Transduced BM 

cells were seeded in semi-solid media 24 hr post-selection and counted after 6-7 days. 

Shown are mean colony numbers ± SEM. A difference in means was calculated using a 

one-way ANOVA and post-hoc Dunnett’s test for pairwise comparisons. p **<0.01, ‘ns’ = 

p>0.05 (n=3 biological, n=3 technical replicates). B. Representative images from colonies 

in (A) are shown at differing magnifications, with scale bars for 500 µm, 200 µm or 50 µm 

given. C: Expression of selected genes was measured in MLL-AF9 BM 48 hr post-puromycin 

selection by qRT-PCR. Mean -log2 fold changes ± SD (n=3 technical), relative to the 

scrambled control, were calculated using the ΔΔCt method. 
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Figure 4-17. There were some signs of apoptosis in MLL-AF9 BM after Nfatc2 KD. 

Murine BM expressing MLL-AF9 were transduced with either of 2 shRNA targeting mNfatc2 (-356 or 357) or a scrambled control. A difference in 

means was calculated using a one-way ANOVA and post-hoc Dunnett’s test for pairwise comparisons. p *<0.05, ‘ns’ =p>0.05. A: Apoptosis was 

measured in MLL-AF9 BM cells using an Annexin V/DAPI assay 72 hr post-selection. Shown is the mean ± SEM % of gated cells positive for Annexin V 

stain, n=3 biological replicates. B: MLL-AF9 BM cells were stained with May-Grünwald and Giemsa stains (n=1 biological). Representative images of 

stained cells are shown for each condition. Scale bars are given for 50 μm. 
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Figure 4-18. KD of mNfatc2 in MLL-AF9 murine BM cells caused a marked increase in Ccnd1 expression. 

Murine BM expressing MLL-AF9 were transduced with either of two shRNA targeting mNfatc2 (-356 or 357) or a scrambled control. A: MLL-AF9 BM cells 

were stained with PI and gated as described in Figure 4-7A. The % live cells in the phases G0-G1, S or G2-M are shown in the panels clockwise (n=1 

biological replicate). B: Expression of selected cell cycle genes was measured by qRT-PCR, 48 hr post-puromycin selection. Mean -log2 fold changes ± 

SD (n=3 technical), relative to the scrambled control, were calculated using the ΔΔCt method.  
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There is evidence of reduced cells in the S and G2-M phases of the cell cycle after 

transduction with shNfatc2-356, but not -357 (Figure 4-18A). The simultaneous 

increase of cells in G0-G1 phases with shNfatc2-356 transduction indicates cell 

cycle arrest occurs in the G0-G1/S phase transition. Expression of Ccna2 and Ccnd1 

are markedly increased after Nfatc2 KD, for both shRNA constructs, while other 

selected cell cycle regulators are unchanged (Figure 4-18B). The increase in Ccnd1 

is greater in -356 than -357 and so this may be related to the observed cycle arrest, 

but this is not entirely clear from these data. 

Together these data show that Nfatc2 KD of MLL-AF9 BM cells significantly impairs 

colony-forming capacity. There are signs of apoptosis, which could be driving this. 

However, a phenotype of apoptosis and cell cycle arrest is prominent in only one 

of two shRNA constructs both of which KD mNfatc2, which makes it unclear if 

these are off-target effects. Ccna2 and Ccnd1 are upregulated after Nfatc2 KD 

with either construct.  
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4.3.5  KD of NFATC2 in other cell line models of AML 

To expand the study beyond THP-1 cells and compare the effects of NFATC2 KD in 

differing (cyto)genetic backgrounds, a number of cell line models were used for 

KD of NFATC2 by shRNA. 

4.3.5.1 MLL rearranged AML 

NFATC2 KD in MLL-AF9/FLT3ITD MOLM-13 cells was strongest with construct -143 

and for both constructs KD was stronger at 72hr post-selection, as opposed to 48hr 

post-selection (Figure 4-19A). NFATc2 protein depletion was clearly demonstrated 

by immunoblotting, although basal NFATc2 expression is already low in MOLM-13 

(Figure 4-19B). NFATC2 KD did not lead to a statistically significant reduction in 

colony-forming capacity, although there was a trend towards reduction (Figure 4-

19C). Expansion of cell counts in liquid culture was lower after KD, but only 

statistically significant for construct -146 (Figure 4-19D).  

Overall apoptosis was not significantly increased in MOLM-13 after NFATC2 KD 

although a mean increase in annexin V positivity after transduction with 

shNFATC2-146 was observed, but with high inter-replicate variability (Figure 4-

19E). Regarding cell cycle analysis with PI staining, in the context of inter-

replicate variability and a lack of sufficient replication for statistical testing, no 

changes were observed after NFATC2 KD (Figure 4-19F). Together these data show 

that MOLM-13 may be dependent on NFATC2 for colony formation and expansion 

in culture to some extent, but no firm conclusions can be made from these data 

alone.  
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Figure 4-19. KD of NFATC2 in MOLM-13 did not result in significant changes to colony forming-capacity. 

MOLM-13 cells were transduced with either a scrambled control or NFATC2-targeting shRNA (-143, -145 or -146). Data shown are mean ± SEM or mean 

and individual data points. A difference in means was tested using a one-way ANOVA, followed by post-hoc Dunnett’s test for pairwise differences. P 

values: *<0.05, **<0.01, ‘ns’ = p>0.05. A: qRT-PCR for NFATC2 expression in cells harvested 48 hr and 72 hr post-puromycin selection, expressed as a 

-log2 fold change, relative to the scrambled control using the ΔΔCt method (n=3 biological, n=3 technical replicates). B: 26 µg of WCL from MOLM-13 

were run and blotted using anti-NFATc2 and anti-total H3. Shown are the blots with the protein size in kDa on the right-hand side (n=1 biological). 

NFATc2 intensity is expressed relative to total H3. C: Cells were seeded in semi-solid media 24 hr post-selection and colonies counted after 8-10 days. 

Shown are colony numbers (n=3 biological, n=3 technical) and representative pictures of colonies at differing magnifications, for each condition. Scale 

bars are shown for 500μm or 200μm. D: MOLM-13 cells were seeded in liquid culture and counted every 24 hr after puromycin selection. Shown is the 

fold change of counts from 24 hr to 72 hr (n=7 biological, n=2 technical). E: Apoptosis was measured MOLM-13 cells using an Annexin V/DAPI assay 72 

hr post-selection. Shown is the mean % of gated cells positive for Annexin V stain, n=4 biological. F: MOLM-13 cells were stained with PI and gated as 

described in Figure 4-7A. The % live cells in phases G0-G1, S or G2-M are shown in the panels, from left to right (n=2 biological). 
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When transduced with shNFATC2-targeting lentivirus and a scrambled control, 

MLL-AF4 MV4-11 depletion of NFATC2 transcript was validated by qRT-PCR (Figure 

4-20A). Cells formed significantly fewer colonies after KD of NFATC2 (Figure 4-

20B; p=0.0420 and p=0.0416 for constructs -143 and -146, respectively). 

Apoptosis was shown to be similar in each treatment condition, suggesting that 

this was not a factor in reducing the colony count (Figure 4-20C). PI staining 

showed a statistically insignificant trend towards reduction in cells in the S and 

G2-M phases (Figure 4-20D), which requires further replication to validate. 

KD of NFATc2 protein was also validated by immunoblotting (Figure 4-20E). 

NFATc1 protein was detectable, unlike in THP-1 or MOLM-13, and was shown to be 

unchanged during NFATc2 KD. This reaffirms the assumption that these shRNA are 

not targeting NFATC1 and/or suggests that NFATC1 is not co-regulated by NFATC2 

in these cells. 

The MLL-AF9 cell line NOMO-1 was also used to examine the phenotype following 

NFATC2 KD. KD was validated at the transcript level by qRT-PCR (Figure 4-21A) 

and at the protein level by immunoblotting (Figure 4-21B). These cells did not 

form discrete colonies in semi-solid media and so could not be counted accurately. 

However, images from these assays show that there is a marked loss of cell growth 

in the media after NFATC2 KD (Figure 4-21C). Cell counts in liquid culture were 

reduced after transduction with shNFATC2-143 but not -146, and changes were 

not statistically significant (Figure 4-21D).  

PI staining suggests minimal changes to the cell cycle in NOMO-1 after NFATC2 KD 

(Figure 4-20E). Apoptosis is marginally increased for construct -143 only (Figure 4-

20F). Together these results show a trend towards increased apoptosis and cell 

cycle arrest for construct -143, but not -146, contributing to a loss of expansion 

in liquid culture. Replication is required to validate these changes. 

These data in MLLr cell lines shows that MLL-AF9 and MLL-AF4 cells are sensitive 

to NFATC2 KD, leading to a loss of colony formation, but to differing extents. The 

cellular events leading to this are not clear and may involve contributing elements 

of apoptosis and cell cycle arrest. Further characterisation is needed to offer firm 

conclusions.  
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Figure 4-20. MV4-11 with NFATC2 KD formed fewer colonies in semi-solid media. 

MV4-11 were transduced with either a scrambled control or NFATC2-targeting shRNA (-143, -145 or -146). All figures are as for MOLM-13 in Figure 4-19. 

unless otherwise stated. Data are mean ± SEM, or mean and individual data points. P values: *<0.05, ***<0.001, ****<0.0001, ‘ns’ = p>0.05. A: qRT-PCR for 

NFATC2 expression in cells harvested 48 hr post selection, relative to the scrambled control using the ΔΔCt method (n=3 biological, n=3 technical 

replicates). B: Cells were seeded in semi-solid media at 24 hr post-selection and colonies counted after 8-9 days (n=3 biological, n=3 technical). C: 

Annexin V/DAPI assay 72 hr post-selection (n=4 biological). D: Cells stained with PI, 72 hr post-selection (n=2 biological). E: 30 µg WCL from MV4-11 was 

blotted using anti-NFATc2, anti-NFATc1 and anti-β-actin. NFATc2 intensity is expressed relative to β-actin (n=2 biological). 
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Figure 4-21. NOMO-1 with NFATC2 KD did not grow in semi-solid media. 

NOMO-1 were transduced with a scrambled control or NFATC2-targeting shRNA. All figures are as presented as in Figure 4-19 unless otherwise stated. 

Data shown are mean ± SEM, or mean and individual data points. ‘ns’ = p>0.05. A: qRT-PCR for NFATC2 expression in cells harvested 48hr post 

selection, relative to the scrambled control using the ΔΔCt method (n=2 biological, n=3 technical replicates). B: 35µg of WCL from NOMO-1 was run 

and blotted using anti-NFATc2 and total H3. NFATc2 intensity is expressed relative to total H3 (n=1 biological). C: Cells were seeded in semi-solid 

media and representative images (n=2 biological) taken after 12-14 days. D: Cells were seeded in liquid culture and counted every 24 hr. Shown is 

the fold change in counts from 24 hr to 72 hr (n=3 biological, n=2 technical). E. NOMO-1 cells stained with PI (n=3 biological). F. Annexin V/DAPI 

assay 72 hr post-selection (n=2 biological). 
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4.3.5.2 Non-MLLr AML 

NFATC2 KD in non-MLLr HL-60 cells (amplified MYC and NRAS, TP53del) was shown 

by a depletion of NFATc2 protein, using an immunoblot (Figure 4-22A). HL-60 were 

also sensitive to NFATC2 KD, as cells significantly lost colony-forming capacity 

(Figure 4-22B; p=0.0280 and p=0.0327 for constructs -143 and -146, respectively) 

and expanded less in liquid culture (Figure 4-22C) with KD. 

PI stain data showed a reduction of cells in the S phase, and an increase in the 

G0-G1 phases, though none was statistically significant (Figure 4-20D). Together 

these data could suggest a mild level of G1/S phase transition arrest. Apoptosis 

was markedly increased after NFATC2 KD (Figure 4-20E; fold changes of 2.08 and 

2.16), suggesting that this is a significant contributor to the loss of colony-forming 

capacity and expansion in culture. Further replication is required to confirm these 

data. 

OCI-AML3 cells (NPM1mut, DNMT3amut, NRASmut) do not express detectable NFATC2 

transcript as demonstrated in Chapter 3.2.2. NFATC2 KD was carried out to 

determine if even low levels of transcript/protein would be functional in these 

cells. KD does show a modest reduction in OCI-AML3 colony formation, but not in 

cell expansion in liquid culture (Figure 4-23A&B). Transduction with construct -

146 leads to an increase in cell expansion. KD of transcript or protein were not 

validated at this stage due to their poor expression in these cells. 

There was an increase in apoptosis after transduction with either construct, most 

markedly for construct -143 (Figure 4-23C). This was not entirely consistent with 

the insignificant changes observed in colony formation, but the inter-replicate 

variability in these experiments was high and further replication is required to 

perform statistical testing. There were minimal changes to the cell cycle in OCI-

AML3 after NFATC2 KD (Figure 4-23D). This suggests that apoptosis follows NFATC2 

KD in OCI-AML3 cells, but validation of the NFATC2 KD is required to make this 

conclusion with confidence.  
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Figure 4-22. HL-60 cells with NFATC2 KD had reduced colony-forming capacity and show increased apoptosis. 

HL-60 were transduced with a scrambled control or NFATC2-targeting shRNA. All figures are as presented as in Figure 4-19 unless otherwise stated. 

Data shown are mean ± SEM or the individual data point (for n=1 biological replicate). p values: *<0.05, **<0.01, ‘ns’ = p>0.05. A: 35 µg of WCL 

from HL-60 was run and blotted using anti-NFATc2 and total H3. NFATc2 intensity is expressed relative to total H3 (n=1 biological). B: Cells were 

seeded in semi-solid media at 24 hr post-selection and colonies counted after 7-8 days (n=3 biological, n=3 technical). Representative images are 

shown below. C: Cells were seeded in liquid culture and counted every 24 hr. Shown is the cell count fold change from 24 hr to 72 hr (n=3 biological 

n=2 technical). D: HL-60 cells harvested 72 hr post-selection and stained with PI (n=3 biological). E. Annexin V/DAPI assay 72 hr post-selection 

(n=2 biological). 
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Figure 4-23. OCI-AML3 cells showed an increase in 

apoptosis after transduction with NFATC2-targeting 

shRNA. OCI-AML3 were transduced with a scrambled 

control or NFATC2-targeting shRNA. Figures are as 

presented as in Figure 4-19 unless otherwise stated. Data 

shown are mean ± SEM, or the mean and individual data 

points. ‘ns’ = p>0.05. A: Cells were seeded in semi-solid 

media at 24 hr post-selection and colonies counted after 7-

8 days (n=2 biological, n=3 technical replicates). 

Representative images are shown on the right. B: Cells 

were seeded in liquid culture and counted every 24 hr. 

Shown is the fold count change from 24 hr to 72 hr (n=2 

biological, n=2 technical). C: Annexin V/DAPI assay 72 hr 

post-selection (n=2 biological). D: Cells harvested 72 hr 

post-selection, stained with PI (n=3 biological). 
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Finally, Kasumi-1 cells (AML1-ETO, TP53mut) were transduced with shRNA for 

NFATC2 KD. These cells express low levels of NFATC2 but it is detectable by qRT-

PCR. Kasumi-1 cells did not readily form colonies and so this was not assessed. KD 

of NFATC2 was validated by qRT-PCR (Figure 4-24A). Apoptosis was not markedly 

changed after KD (Figure 4-24B) however there was a statistically significant 

reduction in cells in the S phase (p=0.0016 and p=0.0040 for constructs -143 and -

146, respectively), and a marginal increase of those in the G0-G1 phases of the 

cell cycle (Figure 4-24C) Overall these data suggest that there is cell cycle arrest 

at the G0-G1/S phase transition after NFATC2 KD in Kasumi-1 cells. 

Together these results show that a number of non-MLLr cell lines of varying 

(cyto)genetic backgrounds are responsive to NFATC2 KD, including those with low 

expression of the gene. The cellular response to NFATC2 depletion is, however, 

different in each. While HL-60 and OCI-AML3 tend to become more apoptotic after 

KD Kasumi-1 cells demonstrate G0-G1/S phase cell cycle arrest.  
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Figure 4-24. Kasumi-1 showed G1/S phase cell cycle arrest after NFATC2 KD. 

Kasumi-1 cells were transduced with a scrambled control or NFATC2-targeting shRNA. All 

figures are as presented as in Figure 4-19 unless otherwise stated. Data shown are mean 

± SD or the mean ± individual data point(s). p values: **<0.01, ‘ns’ = p>0.05. A. qRT-PCR 

for NFATC2 expression in cells harvested 48 hr post selection (n=2 biological, n=3 

technical replicates).  B. Annexin V/DAPI assay 72 hr post-selection (n=1 biological). C. 

Kasumi-1 cells harvested 72 hr post-selection and stained with PI (n=3 biological). 
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4.4 Discussion 

The methods utilised in this chapter focused on key elements of the phenotype of 

AML cell lines after depletion of NFATc2 function or NFATC2/Nfatc2 transcript. 

CFC assays were used to measure the clonogenic properties of cells and revealed 

that, across 8 cell types of diverse (cyto)genetic backgrounds, 6 formed 

quantifiable colonies. In all cases colony-forming capacity was reduced after 

NFATC2/Nfatc2 KD, mostly with statistical significance. Measures of the cell cycle 

– including PI staining, BrdU staining and CFSE dye tracing – revealed that some 

cell lines underwent G1/S or G2/M phase arrest after NFATC2/Nfatc2 KD, but 

usually below statistical significance thresholds. Similarly, a subset of cell lines 

exhibited enhanced apoptosis after KD. In addition, inhibition of calcineurin-NFAT 

signalling led to a combination of cell cycle arrest and apoptosis in THP-1 cells. 

Overall, it was not immediately clear how the changes observed following NFAT 

or NFATc2/NFATC2 depletion were related with the mutational or molecular 

profile of the individual cell types. These are discussed in further detail below. 

4.4.1 THP-1 cells, but not Kasumi-1, were sensitive to inhibition 

of the calcineurin-NFAT axis 

The first part of this chapter focused on the inhibition of calcineurin-NFAT 

signalling using established inhibitors, as an indirect means of examining cells’ 

dependence on NFATC2. The data in THP-1 cells show a loss of cell viability after 

treatment with any of these compounds, which suggests that these cells are 

dependent on calcineurin-NFAT signalling. There was evidence that CsA and VIVIT-

11R could block dephosphorylation of NFATc2 and reduce the expression or 

availability of NFATc2 protein itself. NFATs are known to self-regulate their 

expression in T cells (Chuvpilo et al., 2002, Serfling et al., 2006, Shin et al., 2019), 

so this suggests similar feedback loops exist within THP-1 cells. INCA-6 did not 

induce these effects, which might suggest its effects on viability are not mediated 

through NFATc2. 

CsA treatment induced a marked apoptotic response and there was some evidence 

of an accumulation of cells in the G1 phase, which could indicate a trend towards 

G1/S arrest. VIVIT-11R induced apoptosis and the changes in the cell cycle were 

difficult to assess, in the absence of further replication. Together, this suggests 
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that NFAT functional inhibition leads to apoptosis. NFATs have been attributed 

various roles in the regulation of apoptosis and the cell cycle (Mognol et al., 2016), 

and here the phenotype may reflect the function(s) of NFATc1-4 individually, or a 

combination of multiple. There is some known functional redundancy between 

different NFATs - as reported in KO mouse models (Crabtree and Olson, 2002), 

which could mean that the phenotype observed was demonstrable only after 

inhibiting multiple NFAT proteins. Additionally, calcineurin has been shown to 

directly downregulate CDK4 activity by phosphorylation and the evidence of S/G1 

phase arrest is consistent with this phenotype (Baksh et al., 2000).  

Interestingly, the IC50 values for VIVIT-11R and INCA-6 in THP-1 did not change 

substantially between 24 hr, 48 hr and 72 hr. Further experimentation to 

determine the reversibility of these drugs’ binding – for example, by washing the 

drug out from the cells’ media and measuring cell recovery – may provide 

information as to why their effects on these cells are consistent over this 72 hr 

period. Another unknown factor is the half-life of the drugs in these in vitro 

conditions, which would be a key factor if the drugs bind their targets reversibly. 

Kasumi-1 cells’ lack of sensitivity to CsA or VIVIT-11R supports a number of 

conclusions. Firstly, that calcineurin-NFAT signalling is not essential for these cells’ 

growth and/or survival. Given that these inhibitors were demonstrated to inhibit 

NFATc2 effectively in THP-1 cells, this finding likely reflects a difference between 

THP-1 and Kasumi-1 in their dependence on NFAT function, and not on inhibitor 

activity. Logically, this would imply that Kasumi-1 are not dependent on isolated 

NFATc2 protein function either, however NFAT signalling is multi-dimensional and 

this may not be the case. It may also be the case that Kasumi-1 cells are low 

expressors of NFATC1, NFATC3 and NFATC4 - the latter of which is expected in 

myeloid cells - but these were not measured in this study. 

Finally, the finding that Kasumi-1 cells were sensitive to INCA-6 but not to CsA or 

VIVIT-11R indicates that its effect on viability was not a result of calcineurin-NFAT 

inhibition. Blockade of dephosphorylation was not demonstrated in THP-1 cells 

with INCA-6 treatment and so, together, these data suggest that INCA-6 is not 

selective for the calcineurin-NFAT interaction specifically, in these cells and at 

the concentrations used. 
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4.4.2  shRNA KD of NFATC2 in THP-1 cells led to a loss of colony-

forming capacity, CCND1 downregulation and evidence of 

cell cycle arrest 

To focus more specifically on NFATC2 function, a lentiviral shRNA approach was 

used in AML cell lines. The magnitude of transcript depletion could not be 

correlated with cell count changes for 4 shRNA constructs in MOLM-13; a strategy 

similar to that used previously (Harris et al., 2012) to select more on-target shRNA. 

3 candidate shRNA were initially taken forward based on their ability to deplete 

NFATC2 and demonstrate a measurable effect on cells at 72hr post-puromycin 

selection. 

NFATC2 depletion in THP-1 cells led to a dramatic loss of colony formation and a 

milder, but significant, loss of expansion in liquid culture. Colony-forming assays 

are a sensitive method of assessing single cells’ ability to proliferate, with minimal 

interaction with other cells (Puck and Marcus, 1956). This result could reflect an 

increase in cell death (by apoptosis or necrosis), a reduction in proliferation, or 

both. It is also possible that the cells have differentiated into non-dividing effector 

cells; THP-1 cells can be readily differentiated from monocytes into macrophages 

in vitro (Starr et al., 2018). However, changes in morphology were not observed 

microscopically in slide preparations, colonies or macroscopically in liquid culture. 

An increase in apoptosis was observed after transduction of shNFATC2-143, by an 

increase in Annexin V binding and a modest increase in PARP cleavage; both of 

which are hallmarks of cell apoptosis (Mullen, 2004). RNA interference can induce 

off-target effects, through a number of known mechanisms (Rao et al., 2009), so 

caution must be taken when interpreting this finding in only one of two constructs. 

It is possible that there is a threshold-dependent induction of apoptosis upon 

NFATC2 depletion, however the qRT-PCR results show a similar level of KD 

between constructs -143 and -146. NFATC2 gene KO using such a system as 

CRISPR/Cas9 would mitigate this issue and would serve as a useful follow-up 

method here. Additionally, further apoptosis assays (such as a TUNEL assay) could 

be used to complement existing methods (Mullen, 2004). 

Cell proliferation was reduced as measured by CFSE proliferation tracing, but the 

magnitude of this change from 24 to 72 hr post-selection does not fully explain 
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the greater change in cell counts within same period, which could indicate that 

increased cell death is a contributing factor. Since proliferation dye tracing only 

accounts for changes in cells which are alive at the experiment end it is difficult 

to compare these magnitudes of change with cell counts, which take account of 

cell death. 

However, the near total loss of colony formation at 8 days (192 hr) post-selection 

with NFATC2 KD is a dramatic change which seems unlikely to be accounted for 

by these modest changes in CFSE dilution at 72 hr. It is possible that the selected 

72 hr timepoint post-selection is too soon after NFATC2 KD to observe extensive 

changes in cell behaviour. Colony formation is dependent on sufficient growth of 

single cells to become macroscopic colonies, which is a later observation and 

unlikely to occur within 72 hr, even in untreated THP-1 cells. CCND1 and CCND2 

were downregulated minimally prior to 144 hr post-selection, supporting the 

hypothesis that the effects of NFATC2 KD are gradually cumulative events in THP-

1 cells. 

Cell cycle data show modest changes, from which conclusions cannot be 

accurately drawn, and this may reflect the prematurity of the 72 hr timepoint. 

Examination of cell cycle changes at later timepoints may provide insight into the 

mechanism driving the loss of colony formation over the course of the colony-

forming assay time period. 

The primary observable change is a trend towards accumulating G2-M phase THP-

1 cells after NFATC2 KD. The G2/M transition is regulated by p53, which can induce 

arrest via suppression of CCNB1 (encoding cyclin B1), usually in response to DNA 

damage (Taylor and Stark, 2001). However, THP-1 cells carry a functionally 

deleterious TP53 sequence deletion, which might lead to an absent or weakened 

G2/M checkpoint in these cells. p53-independent mechanisms of G2/M arrest have 

been described in mammalian cells, driven by ATM and ATR kinases’ response to 

DNA damage (Taylor and Stark, 2001, Schnerch et al., 2012). 

DNA damage can be measured by γH2AX (pH2AX ser139) which has been shown to 

correlate with DSBs in AML cells. Additionally, chemical induction of DNA damage 

can be used to demonstrate AML cells’ stringency of control at the G2/M 

checkpoint; whereby a lower level of γH2AX would suggest a more successful block 

of cells with DSBs from entering mitosis (Didier et al., 2008). The observation in 
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THP-1 cells was that phosphorylation of H2AX at ser139 was reduced after NFATC2 

KD. Therefore, NFATC2 KD may restore some of the function of the G2/M 

checkpoint, which is otherwise weakened in the presence of mutated TP53, thus 

inducing G2/M arrest. This could imply a role for NFATC2 in the repression of G2/M 

arrest, possibly through p53-independent mechanisms. 

CCND1 and CCND2 were downregulated after NFATC2 KD. Cyclin D isoforms are 

usually described as regulators of the G1/S phase transition, during which they 

bind CDK4 or CDK6 to release Rb-mediated E2F suppression of S-phase entry. 

Cyclin D1-3 also have functions unrelated to the cell cycle (Dai et al., 2019). 

Downregulation of cyclins D1/D2 after NFATC2 KD does not seem consistent with 

G2/M arrest. However, cyclin D1 has been reported to peak in both G1 and G2 

phases in fibroblasts (Yang et al., 2006), which could imply it has less well-

characterised functions in the G2/M transition. 

Consider also that induction of cyclin D1 in the G2 phase has been shown to be 

dependent on Ras activity (Hitomi and Stacey, 1999). The significance of this is 

that THP-1 cells carry an activating G12D mutation of NRAS, which is known to 

cooperate with MLL-AF9 in leukaemogenesis (Shi et al., 2013). It could be 

hypothesised that elevated cyclin D in the G2 phase, downstream of NRASG12D, is 

part of the mechanism which enables aberrant self-renewal in THP-1 cells. 

NFATC2 could be involved in the maintenance of this axis, or other regulatory 

elements, but it is not clear from these data alone. Furthermore, TP53mut and 

NRASG12D can cooperate in AML induction (Zuber et al., 2009, Vainchenker and Plo, 

2017) and so the interplay of these mutational features in the regulation of the 

cell cycle is likely to be highly complex, in THP-1 cells. 

Contrast these findings with known roles of NFATC2 in the cell cycle. In T cells 

NFATc2 can recruit HDAC1 to the CDK4 promoter in order to downregulate its 

expression and facilitate cells’ exit from the cell cycle (Baksh et al., 2002). In 

pancreatic cancer NFATc2 has been shown to upregulate CDK6 and promote cell 

growth, under the control of GSK3β (Baumgart et al., 2016). In connective tissue 

NFATc1, but not NFATc2, can upregulate cyclin D1; here, NFATc2 is thought to be 

more suppressive of the cell cycle (Karpurapu et al., 2010). Clearly the cellular 

context and other transcriptional networks are important in defining NFAT 

function.  
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4.4.3 Overexpression of mNfatc2 rescued the loss of cell 

expansion in culture after hNFATC2 KD in THP-1 cells 

The effects of NFATC2 KD on colony formation were not reversed by mNfatc2 

expression, although some growth below the colony size threshold was observed 

by eye. The loss of expansion in liquid cultures was rescued, however, so together 

the data suggest that mNfatc2 partially compensated hNFATC2 function in this 

initial period following KD. 

There was a rescue of the increase in apoptosis caused by construct -143, which 

suggests that is an on-target effect of NFATC2 KD. Constructs -143 and -146 differ 

in that -146 does not target transcript variants 3-6, however these were shown to 

be poorly expressed in THP-1 in Chapter 3.2.2. The level of NFATC2 depletion 

(using qRT-PCR primers targeting all known variants) is equivalent between 

constructs in these experiments. However, if variants 3-6 are functional at even 

low levels of expression in THP-1, it may be the case that pan-NFATC2 KD by 

construct -143 induces a more apoptotic phenotype than selective KD of variants 

1, 2, 7 and 8 by construct -146. 

There were limited observable changes in the cell cycle after NFATC2 KD, with 

either empty vector or mNfatc2 expression. This may not be surprising, since 

minimal changes were observed in unmodified THP-1 at this timepoint. An effect 

at later timepoints should be measured in unmodified THP-1 first, before 

attempting to rescue this effect. If there is evidence of a cell cycle arrest at these 

later points, it appears from expansion and colony-forming data that rescue of the 

driving mechanism by mNfatc2 is unlikely. 

Orthologous hNFATC2 and mNfatc2 share high structural homology, although some 

mouse transcript variants are missing key rel-homology domain components 

(Vihma et al., 2008). The mNfatc2 isoform transcribed from the vector used is the 

full-length isoform C (Luo et al., 1996a, Monticelli and Rao, 2002), which is one 

of the shorter variants and may have altered DNA-binding and/or partner 

interaction properties. Additionally, protein detected in o/e mNfatc2 THP-1 by 

immunoblotting – which was not confirmed to be mNfatc2, as opposed to hNFATc2 

– was demonstrably predominantly in the cytoplasm (Chapter 3.2.3). Its 

subcellular location may reflect its inability to translocate effectively into the 

nucleus due to structural differences and a failure of recognition by enzymatic 
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regulators. Together, these variations between hNFATc2 and mNfatc2 could 

explain the limited ability of mNfatc2 to rescue hNFATC2 KD. 

4.4.4  MLL-AF9-driven murine BM cells with Nfatc2 KD displayed 

signs of apoptosis, cell cycle arrest and Ccnd1 upregulation 

The expression of MLL-AF9 in murine BM cells conferred enhanced self-renewal 

and leukaemogenic potential when originally generated and studied in vivo by 

Somervaille et al. (Somervaille and Cleary, 2006). The reported surface expression 

of CD117, Gr-1 and Mac-1 in splenocytes in this study was similar to that measured 

and reported here in Figure 4-15B. Additionally, a high proportion of LSCs was 

reported previously in these cells, and so this provided a model more reflective of 

primary AML than an AML cell line, albeit in mouse. 

In contrast, CD117-selected BM cells displayed a higher proportion of CD117 and 

more heterogeneous expression of myeloid markers Gr-1/Mac-1. Upregulation of 

MLL-AF9 target Homeobox genes Hoxa9 and Meis1 in the MLL-AF9 BM, as compared 

to the CD117+ BM, confirmed the expected activity of MLL-AF9 (Zhu et al., 2016). 

The upregulation of Nfatc1 and Nfatc2 was of too small a magnitude to determine 

significance, and similarly minimal changes were observed in selected cyclin genes. 

MLL-AF9 AML cells were shown to be dependent on CDK6-mediated differentiation 

block (Placke et al., 2014) and cyclin D is a key partner of CDK6 in cell cycle 

regulation. CCND1 expression is not necessarily upregulated in MLLr AML but it is 

predictive of patient outcome (Chen et al., 2019). Together with CCND1 

downregulation in THP-1 cells after NFATC2 KD, this was a gene of interest in 

these cells. 

The loss of colony-forming capacity in MLL-AF9 BM after Nfatc2 KD seemed to be 

driven largely by apoptosis, though early signs of G1/S cell cycle arrest was 

observed after transduction with construct -356. As this was not consistent 

between constructs, few conclusions can be made at this stage. Surprisingly the 

expression of Ccna2 and Ccnd1 were markedly upregulated, the latter of which 

being the opposite of that observed in THP-1. CCND1 upregulation is a known 

inducer of apoptosis in a number of cell types, sometimes through CDK4 binding, 

though the magnitude of change and cellular context can influence its precise role 

(Han et al., 1999). Furthermore, p53 can induce cyclin D-mediated apoptosis 

(Chen et al., 1995). If there is indeed a G1/S phase transition arrest after 
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transduction of construct -356 by KD of Nfatc2, this is also consistent with the 

known functions of cyclin D, via CDK6 (Han et al., 1999). 

Cyclin A has also been attributed roles in apoptosis, in complexes with either of 

its canonical binding partners CDK1 or CDK2, or also in cooperation with MYC. Its 

function may also be dependent on its subcellular localisation (Borgne and 

Golsteyn, 2003, Zuryn et al., 2007). The Cyclin A2 promoter has been 

demonstrated as a strong NFATc2 binding site in T cells, where it acts putatively 

as a tumour suppressor (Carvalho et al., 2007). This seems to contrast with this 

current model, where the absence of Nfatc2 was suppressive of tumour growth. 

Finally, Hoxa9 and Meis1 expression were not significantly affected by Nfatc2 KD, 

suggesting that MLL-AF9-driven self-renewal pathways may not be affected by 

Nfatc2. 

It is important to acknowledge the potential for divergent signalling between 

human and murine cells when making any direct comparisons. However, some 

parallels between THP-1 cells and MLL-AF9 BM cells might be useful in elucidating 

the role(s) of NFATC2/Nfatc2 in MLL-AF9 AML. The phenotypes are somewhat 

distinct: where THP-1 cells exhibited G2/M arrest and apoptosis, MLL-AF9 BM 

showed G1/S arrest and apoptosis. Morphologically, cell death was more of a 

feature in MLL-AF9 BM. Upregulation of CCNA2/Ccna2 was observed in THP-1/MLL-

AF9 BM after NFATC2/Nfatc2 KD, but CCND1/Ccnd1 deregulation was opposing. 

The differing mutational profiles may be a contributor to these differences. Given 

the known interactions of p53 and cyclin D, the presence of TP53mut in THP-1 may 

have an impact on the regulation of cyclin D and/or its function. The same may 

be said for NRASG12D. Still, from these data, the role of NFATC2/Nfatc2 in these 

complex cellular environments is not clear, but it may interact with or co-regulate 

targets of p53, for example. However, the phenotype after NFATC2/Nfatc2 KD is 

different in each, which suggests that the MLL-AF9 oncogene is less relevant, or 

that the targets/function of MLL-AF9 changes in the context of other oncogenes. 

Finally, the observed changes to apoptosis and the cell cycle are modest in both 

of these models and should be interpreted carefully. 
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4.4.5 AML cell lines of varying (cyto)genetic background were 

sensitive to NFATC2 KD in CFC assays 

Cell lines of varying (cyto)genetic backgrounds were used to provide a wider 

context for NFATC2 function in AML. There are a number of MLLr AML cell lines 

which co-express other oncogenes, including FLT3ITD MLL-AF9 MOLM-13 cells. KD 

of NFATC2 in MOLM-13 led to a modest reduction in colony formation and cell 

expansion in culture, with minimal changes observed to the cell cycle. It is 

possible that these cells are not as vulnerable to NFATC2 KD as THP-1 cells due to 

signalling driven by FLT3ITD. In contrast, MOLM-13 was compared to FLT3ITD MLL-

AF4 MV4-11 cells, in which NFATC2 KD did have a substantial impact on colony 

forming capacity. Changes to the cell cycle were modest at best, with some 

indication of G1/S arrest, but further characterisation required. 

FLT3ITD upregulates proliferation and self-renewal through aberrant recruitment 

of cyclin D3, Pim-1 and c-Myc, via STAT5, through which it can deregulate CDK2, 

CDK4 and CDK6 activity (Li et al., 2007).  p27 has also been described as a key 

regulator of these pathways in FLT3ITD AML (Iris et al., 2017). One study in myeloid 

tissue showed that NFATs act downstream of normal FLT3 (Fric et al., 2014), while 

another demonstrated cooperativity of FLT3ITD and NFATC1 in AML development 

(Solovey et al., 2019). 

It seems likely that, if a relationship does exist in these cells, NFATC2 would act 

downstream of FLT3ITD at the nuclear level. The differences in the responses of 

MOLM-13 and MV4-11 to NFATC2 KD suggest either that FLT3ITD is not a driver of 

NFATC2-mediated signalling, or that MV4-11 harbours a distinct molecular 

landscape, possibly due the presence of MLL-AF4, as opposed to MLL-AF9. 

Additionally, MOLM-13 and MV4-11 express heterozygous and homozygous FLT3ITD 

alleles, respectively. There is some evidence to demonstrate that loss of the 

FLT3WT allele is sufficient to induce more aggressive disease, so the contribution 

of this to these cells could be important to downstream signalling (Li et al., 2011b). 

Co-expression of MLL-AF9, or some other MLL fusion genes, with FLT3ITD is 

sufficient to induce penetrant AML in vivo (Ono et al., 2005, Stubbs et al., 2008), 

although the co-occurrence of MLLr and FLT3ITD in patients is relatively uncommon 

(Steudel et al., 2003, Balgobind et al., 2011). MLL-AF9 and MLL-AF4 have distinct 

transcriptional targets, although there is a degree of overlap, as found in AML cell 
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lines (Prange et al., 2017). Interestingly, this study by Prange et al. found NFATC2 

to be a target of WT MLL, but not MLL-AF4 or MLL-AF9 in these cell lines. 

The data from MLL-AF9 TP53mut KRASmut NOMO-1 cells are more limited but do 

suggest a loss of growth in semi-solid media (although colonies were not formed). 

Together these data suggest that a number of MLLr AML cell lines are vulnerable 

to NFATC2 KD, to differing degrees. This suggests that NFATC2 is responsible for 

maintaining specific oncogenic transcriptional programs in these cells, but the 

contributions of individual mutations are not clear without investigating the 

mechanisms further. The role(s) of NFATC2 may also be distinct in each, 

depending on the cellular context. 

Evaluation of NFATC2 KD in non-MLLr cell lines was essential to investigate this 

further. HL-60 cells carry a number of oncogenic properties, including amplified 

MYC, TP53del and NRASmut. Unlike other cell lines, a marked increase in apoptosis 

was observed in HL-60 cells after NFATC2 KD. NPM1mut DNMT3amut NRASmut OCI-

AML3 cells also became more apoptotic after NFATC2 KD, which was surprising as 

NFATC2 was barely detectable. This would require validation of KD with a more 

sensitive technique (or a higher quantity of cDNA), but if a true result then this 

suggests that NFATC2 can maintain the function of AML cells even at low levels. 

Finally, Kasumi-1 (which expresses an AML1-ETO fusion and TP53mut) was the only 

cell line to exhibit statistically significant reduction of S-phase cells, indicating 

G1/S arrest after NFATC2 KD. Apoptosis was not observed to change substantially 

either. 

A summary of the observed phenotypes is shown in Table 4-2. THP-1 cells were 

the only cell line to show signs of G2/M arrest after NFATC2 KD. Most of the 

observed phenotypes demonstrated only trends towards increased apoptosis or 

cell cycle arrest, few were statistically significant. Further exploration of the cell 

cycle and apoptosis regulators identified in these pathways is required to make 

further conclusions on the mechanism of NFATC2-driven oncogenesis. 
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Table 4-2. Summary of observed phenotypes in AML cell lines after NFATC2 KD. 

Shown are the key mutations discussed in each cell line and a summary statement for 

changes observed in each of: colony-forming assays, cell cycle assays and apoptosis assays. 

** if p<0.05 for any pairwise statistical t-test between the scrambled control and both of 

two shNFATC2 constructs; * if p<0.05 for 1 of 2 constructs. 

 

  

Cells Key Mutations 
Colony 

Formation 
Capacity 

Phenotype Summary 

Cell Cycle Apoptosis 

THP-1 
MLL-AF9; NRASmut; 

TP53mut 
Reduced** G2/M arrest 

Increased (-143 
only) 

MOLM-13 
FLT3ITD 

(heterozygous); 
MLL-AF9 

Reduced Unchanged 
Increased (-146 

only) 

NOMO-1 
MLL-AF9; TP53mut; 

KRASmut 
N/A Unchanged Unchanged 

MLL-AF9 
Murine 

BM 
MLL-AF9 Reduced* 

G1/S arrest (-
356 only) 

Increased (-356 
only) 

MV4-11 
FLT3ITD 

(homozygous); MLL-
AF4 

Reduced** G1/S arrest Unchanged 

HL-60 
Amplified MYC and 

NRAS; TP53del; 
NRASmut 

Reduced** G1/S arrest Increased 

OCI-
AML3 

NPM1mut; 
DNMT3amut; NRASmut 

Reduced Unchanged Increased 

Kasumi-1 AML1-ETO; TP53mut N/A G1/S arrest** Unchanged 
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5 Results (III) Sequencing-based approaches to determine the 

activity and function of NFATC2 in AML 

5.1 Introduction 

To characterise better the transcriptomic effects of NFATC2 KD, RNA-Seq was 

undertaken using THP-1 cells with NFATC2 KD. RNA-Seq is an established method 

of quantifying global transcriptomic changes with greater coverage than a 

microarray and using mRNA enrichment. Short-read sequencing is highly 

established using Illumina platforms, for example, although some biases can be 

introduced when aligning short reads to human transcripts (Wang et al., 2009b, 

Stark et al., 2019). While single cell RNA-Seq methods have often superseded bulk 

sequencing in the pursuit of rare cell populations and surveying cell-cell 

heterogeneity, the application of bulk methods seems most appropriate in the 

context of a homogenous cell line. 

Reconstructing putative gene networks from transcriptomic data is a multi-

dimensional process with various methods available. These may include 

correlation or Bayesian-based approaches, gene clustering and topology-based 

approaches to determine gene-gene relationships (Wang and Huang, 2014). TF 

binding data from ChIP-Seq can also provide direct genomic binding sites and be 

integrated with RNA-Seq. Integration of RNA-Seq and ChIP-Seq data can provide 

some insight into TF dynamics, however improvement on the available tools is 

required to enhance the quality of statistical inference possible from these data 

(Angelini and Costa, 2014). 

ChIP-Seq for NFATc2 has been performed in murine dendritic cells, where it was 

thought to regulate anti-microbial responses. ChIP-Seq identified a number of 

direct cytokine binding targets and also that NFATc2 bound at sites with reduced 

H3K4me3, suggesting an epigenetic interaction (Yu et al., 2014). In this study, 

ChIP-Seq was used in THP-1 cells to identify novel NFATc2 binding sites which are 

relevant to AML pathology. Analysis of ChIP-Seq binding sites may also shed light 

on NFATc2 DNA binding motifs in THP-1 cells: in other cell types the ‘GGAA(A)’ 

NFAT motif has been well-described (Badran et al., 2002). 

Key genes which were identified by combined analyses of RNA-Seq and ChIP-Seq 

data, which were investigated further in other cell line models of AML. Finally, 
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open-source patient data was revisited to determine if the putative targets of 

NFATC2 or NFATc2 protein would have an impact on survival outcomes, as was 

shown for the expression of NFATC2 itself in the TARGET-AML dataset. 

5.2 Chapter objectives 

1. Determine gene expression regulation by NFATC2 in THP-1 cells using RNA-

Seq analysis of NFATC2 KD and mNfatc2/hNFATC2 overexpression cells. 

2. Examine if putative regulated genes are also deregulated in AML cells of 

differing (cyto)genetic backgrounds after NFATC2 KD. 

3. Determine genomic binding loci of NFATc2 protein in THP-1 cells and 

elucidate any consensus binding sequence(s) using ChIP-Seq. 

4. Integrate ChIP-Seq and RNA-Seq data to identify genes most likely to be 

regulated by NFATc2, either directly or indirectly, in THP-1 cells. 

5. Use functional analyses of targets identified by sequencing approaches to 

hypothesise regulatory function(s) for NFATC2 in THP-1 and/or other AML 

cell lines. 

6. Examine the expression of genes identified in objective 4, in open-source 

patient data, to determine if they have any relationship with patient 

outcomes.  



228 

 

5.3 Results 

5.3.1 NFATC2 KD leads to global transcriptomic changes in THP-1 

5.3.1.1 Gene expression changes were not concordant between 

experimental replicates 

THP-1 cells were transduced with either a scrambled control or either of 2 

shNFATC2 constructs and then selected for transgene expression using puromycin 

at 24 hr post-transduction, as described previously. RNA was harvested from these 

cells 24 hr post-puromycin treatment, confirming selection, and cDNA libraries 

constructed for sequencing. This timepoint was selected to measure the earliest 

targets of NFATC2 KD, while preserving maximum number of live cells to maintain 

RNA quality. Raw RNA-Seq data were subject to QC steps which are summarised 

in (2.2.13) and some of these data are given in the Appendices (Section 9.2). 

All genes with a mean expression level of FPKM≥1.0 were identified in the data 

and classed as being ‘expressed’ in those cells. 9344 genes were commonly 

expressed between all 3 conditions (Figure 5-1), which is 92.0% of all genes 

expressed across conditions. 

 

 

 

  

 

 

 

 

 

 

Figure 5-1. The majority of expressed genes were common to all conditions. 

Mean FPKM ≥1.0 values were filtered from the total data per condition and the remaining 

‘expressed’ Ensembl gene IDs were overlapped between conditions. Here they are shown 

as a Venn diagram. The number of Ensembl IDs overlapping between each set of conditions 

is shown on the diagram (n=3 per condition). 
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Principal component analysis (PCA) of the FPKM expression (if FPKM ≠ 0) values 

did not show distinct grouping of experimental conditions across all 3 replicates 

(Figure 5-2). Data for replicates 2 and 3 were spatially adjacent within each 

condition, but not well separated between conditions, indicating similarity of 

variance between their expression profiles. The data for replicate 1 were more 

distinct and did not cluster with replicates 2-3. These results indicate more 

similarity in gene expression across replicates 2-3, but not replicate 1. Additionally, 

2 components accounted for 86.3% of variation in the data. 

  

Figure 5-2. RNA-Seq experimental conditions can be grouped by principal components 

from replicates 2-3, but not replicate 1. PCA plot in 2D shows the spatial distribution of 

principal components PC1 and PC2 (± PC3) generated from RNA-Seq FPKM values, 

excluding FPKM values of 0 (n=15,634). Samples are coloured by experimental condition 

(see legend) and replicate number indicated per data point. The axes show the principal 

component plotted and the % of variance explained by this component. 
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5.3.1.2 NFATC2 KD in THP-1 resulted in the statistically significant 

deregulation of several genes 

Differential expression analysis between either shNFATC2 construct condition and 

the scrambled control (24 hr post-selection) was carried out using DESeq2, which 

utilises unfiltered read counts from the whole dataset. 

Initial examination of the data show that NFATC2 was significantly downregulated 

by either shNFATC2 construct, while neither NFATC1 or NFATC3 were affected, as 

expected (Figure 5-3). KDM4A and PAF1, which are putatively upstream of NFATC2, 

were not deregulated after NFATC2 KD. 

  

Figure 5-3. NFATC2 was downregulated after transduction of both shNFATC2 

constructs, but not NFATc1 or NFATc3. Log2 fold changes between the 

scrambled control and either of shNFATC2-143 or shNFATC2-146 were taken from 

the results of DESeq2 analysis (n=3 biological replicates). Shown are selected 

genes relating to the NFAT family and the KDM4A-PAF1-NFATC2 axis. Adjusted p 

values, for a difference in mean expression, were taken from the DESeq2 analysis, 

where *<0.05 and ‘ns’ = not significant. 
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Volcano plots (Figure 5-4) show a wide distribution of log2fold changes and -log10 

adjusted p values/FDR (denoted padj) for expression changes between the 

scrambled control and constructs -143 or -146. Statistically significant genes were 

classed as those with both padj of <1.0 (-log10padj >1.0) and log2 fold changes of 

either ≥1.0 or ≤-1.0, representing a doubling or halving. KD with construct -143 

resulted in 43 upregulated and 87 downregulated genes which met this threshold, 

while KD with construct -146 led to 41 upregulated and 32 downregulated genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4. NFATC2 KD in THP-1 resulted in the statistically significant deregulation 

of several genes. Volcano plots show the log2 fold changes in expression, as compared to 

the scrambled control as calculated by DESeq2, for each shRNA construct: -143 (A) and -

146 (B). On the y-axis are the -log10 adjusted p-values (-log10padj) for each fold change. 

Horizontal red dotted line highlight thresholds for adjusted p values <0.1 (-log10 adjusted 

p values >1.0) and vertical dotted lines the log2 fold changes ≥1.0 (up-regulated) or ≤-1.0 

(downregulated). Data at extremes of these thresholds are coloured either red for 

downregulated genes, or blue for upregulated genes. 23,828 and 23,854 genes were 

included for the comparison with construct -143 or -146, respectively. 
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Figure 5-5. Genes significantly deregulated by NFATC2 KD in THP-1 had a range of 

expression levels across the samples. Scatterplots showing the mean log2 expression 

(meanlog2exp) of each gene across conditions (per pairwise comparison), as FPKM, 

plotted against the log2 Fold Change between the pair of conditions. Comparisons shown 

are the scrambled control vs. either (A) construct -143 or (B) -146. Highlighted are 

changes deemed as significant by an adjusted p value of <0.1 and a log2 Fold Change of 

either ≤-1.0 (down regulated in red) or ≥1.0 (upregulated in blue). Red dotted line 

demarcates a log2 fold change of 0. 
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Distribution plots (Figure 5-5) show that in both comparisons (scrambled control 

vs. either construct -143 or -146), genes with a mean log2FPKM<0 (FPKM<1.0) 

tended to show a larger magnitude of log2 fold changes between conditions. A 

majority of changes determined as significant were in genes with expression 

values above above log2 0. This indicates that changes observed are more likely to 

be meaningful and less likely to be the result of background noise. 

 

 

The identified deregulated genes between KD by constructs -143 or -146 and the 

control were overlapped, using defined significance thresholds (Figure 5-6A). In 

total 14 and 10 genes were upregulated and downregulated, respectively, in 

common to both constructs. Transduction of shNFATC2-146 led to deregulation of 

49 unique genes in either direction, compared to 103 with shNFATC2-143. 
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Figure 5-6. More genes were downregulated by shNFATC2-143 than shNFATC2-146 in 

THP-1 cells. The Venn diagrams show overlaps between differentially expressed genes 

between the scrambled control and either construct -143 (in yellow on the left) or -146 

(in blue on the right). Two different thresholds for significance were applied. A: Genes 

with log2 fold change either ≤-1.0 or ≥1.0 and adjusted p <0.1. B: Genes with adjusted p 

<0.1 only were examined in order to include a larger number of genes as ‘significant’. 
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A lower threshold was then applied to define more genes as significant for 

downstream analyses; only a cut-off of adjusted p<0.1 was applied (Figure 5-6B). 

Using this threshold log2 fold changes of upregulated genes ranged from 0.65 to 

6.47 for construct -143, and 0.82 to 2.53 for construct 146. Log2 fold changes of 

downregulated genes ranged from -3.11 to -0.62, and -1.92 to -1.00, for constructs 

-143 and -146, respectively. From these observations, the magnitude of changes 

was of a larger range after KD using construct -143, compared to construct -146. 

  

 

 

 

 

 

 

 

 

 

 

The significance threshold of adjusted p<0.1, without limits on the log2 fold 

change of expression, was used to select out genes for subsequent validation. 

Those changes which met this threshold following KD with both constructs, as 

highlighted in Figure 5-6B are shown as a heatmap in Figure 5-7. Twenty-five genes 

were upregulated and 10 genes were downregulated, common to both shRNA 

constructs. 

Figure 5-7. Thirty-five genes were significantly deregulated after NFATC2 KD in THP-

1. Heatmap showing the 35 genes (25 upregulated; 10 downregulated) which were 

deregulated by both constructs -143 and -146, compared to the scrambled control, in 

THP-1. This is using the less stringent threshold of adjusted p<0.1. Shown are the log2 

TMM expression values, normalised as a Z-score, per condition and gene. The gene names 

are identified on the right-hand side. 
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5.3.1.3 NFATC2 KD led to deregulation of cytoskeleton regulation, 

and targets of MYC and STK33 

 

Table 5-1. Genes upregulated after NFATC2 KD in THP-1 cells have a range of cellular 

functions. The table lists each of the genes upregulated by NFATC2 with both constructs 

-143 and -146, adjusted p<0.1. The chromosome location is given for each. A summary 

statement of the known function of each gene-associated protein is shown, as given by 

the STRING database. ‘-‘ if no function is given here. The adjusted p value for the change 

in each by either construct shNFATC2-143 or shNFATC2-146 is also given. 

 

Gene 

Symbol 
Chromosome Protein type/function summary 

Adjusted p value 

-143 -146 

YES1 18 Non-receptor tyrosine kinase 5.42x1s0-7 6.80x10-9 

VLDLR 9 
Lipoprotein receptor and 

transporter 
0.043 0.036 

UBE3C 7 Ubiquitin protein ligase 0.003 0.017 

TULP3 12 
Negative regulator of Shh 

signalling 
1.22x10-11 9.41x10-11 

TGFBR2 3 
Transmembrane serine/threonine 

kinase 
0.006 0.014 

SNX16 8 Intracellular trafficking 7.56x10-6 0.004 

SFXN3 10 Putative iron transporter 0.006 0.018 

S1PR3 9 Lysosphingolipid receptor 0.011 0.041 

RNF19A 8 Ubiquitin protein ligase 0.007 0.032 

RASA1 5 
Inhibitory regulator of Ras-cAMP 

pathway 
0.012 0.044 

RAB15 14 RAS oncogene family 0.071 0.036 

RAB12 18 
Intracellular membrane 

trafficking 
0.001 8.22x10-5 

PRRG4 11 - 0.003 0.071 

PANX1 11 Calcium channel 0.084 0.074 

OCRL X Lysosomal membrane trafficking 2.20x10-7 9.83x10-7 

NPEPPS 17 
Proteolysis: cell growth and 

activity 
0.076 0.093 

KDELC2 3 - 0.078 0.004 

GCNT2 6 
Enzyme for branching 

aminoglycans 
0.011 0.009 

GBP3 1 Antiviral responses 0.006 0.004 

CCNYL1 2 Cyclin family 0.006 0.007 

BRWD3 X 
Cell morphology and 

cytoskeleton organisation 
0.006 0.006 

BIN1 2 
Endocytosis and (putative) 

tumour suppressor 
0.057 0.003 

ATG9A 2 Autophagy and vacuole transport 0.010 0.024 

ANKRD40 17 - 2.00x10-4 0.009 

AHNAK 11 (Putative) differentiation 0.006 0.020 
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Table 5-2. Genes downregulated after NFATC2 KD in THP-1 have a range of cellular 

functions. The table lists each of the genes downregulated by NFATC2 with both 

constructs -143 and -146, adjusted p<0.1. ‘-‘ if no function is given or ‘pseudogene’ is 

stated if no known protein is transcribed from the gene. 

 

To derive functional meaning from the deregulated genes identified after NFATC2 

KD a number of databases and pathway-based analyses were used. The 

chromosomal location and function of each gene was examined using the STRING 

database and are listed in Tables 5-1 and 5-2 for upregulated and downregulated 

genes, respectively. 

Furthermore, RNA-Seq data were obtained from THP-1 with KDM4A KD in a 

previous study (data generated by Dr. Matthew Massett). In this latter study, 

KDM4A was knocked down using 2 shRNA constructs. The genes deregulated by 

NFATC2 KD were compared to the log2 fold changes and significance values in the 

KDM4A KD dataset; these results are shown in the Appendices, (Section 9.4, Table 

A-4). Of the 35 NFATC2-deregulated genes, 13 were also deregulated by KDM4A 

with statistical significance (FDR<0.1) and in the same direction of change as for 

NFATC2 KD. More specifically, this was 12 upregulated and 1 downregulate gene(s). 

These 13 genes could be targets of the KDM4A-NFATC2 axis, and therefore 

contribute to the mechanism of KDM4A oncogenic activity. 

 

  

Gene 

Symbol 
Chromosome Gene Function 

Adjusted p value 

-143 -146 

TMEM92 17 - 0.002 0.004 

SPNS3 17 Sphingolipid transport 0.019 0.003 

SH2D3A 19 (Putative) JNK activation 0.019 0.075 

RGL4 22 - 0.052 0.044 

PRR7 5 Messenger and interacts with JUN 8.42x10-4 0.003 

KLF15 3 Transcriptional regulator 0.037 0.003 

HSH2D 19 (Putative) regulator of apoptosis 0.001 0.028 

EXOSC6 16 RNA processing and degradation 5.76x10-5 6.57x10-6 

DEFA8P 8 Pseudogene: no protein 0.004 0.035 

COMTD1 10 - 0.004 0.091 
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The STRING database was also used to evaluate known protein-protein interactions 

in these 35 deregulated genes. This tool provides a score which estimates the 

probability of any predicted interaction having occurred between any random pair 

of proteins. Three pairs of interactions were found, shown in Figure 5-8, between 

VLDLR/BIN1, YES1/RASA1 and TULP3/OCRL. The first pair is described together in 

a number of abstracts relating to Alzheimer’s Disease pathobiology. The 

YES1/RASA1 pair is described together in a number of cellular pathways in humans. 

Since this score is >0.7 it would be considered as a high confidence interaction 

(von Mering et al., 2005). Thirdly, the TULP3/OCRL pair is described in 

phosphatidylinositol metabolism in humans. The overall enrichment p value is 

0.442, indicating that there were not any more protein-protein interactions in this 

group of 34 proteins than would be expected. 

  

Interaction STRING: Combined score 

VLDLR – BIN1 0.643 

YES1 – RASA1 0.931 

TULP3-OCRL 0.428 

Figure 5-8. Of the genes deregulated by NFATC2 KD in THP-1, 3 pairs of protein 

interactions are known to exist in humans. Thirty four of the 35 genes described 

previously were entered into the STRING database (DEFA8P, a pseudogene, was 

excluded). Known protein-protein interactions, as described in the literature and from 

co-expression/biochemical data, are shown visually. The coloured lines represent the 

differing types of source from which known interactions are described. Below the diagram 

the STRING combined score is given, which estimates the probability of a true pairwise 

association. 
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Functional annotation of genes deregulated by NFATC2 (Figure 5-9) showed that 

genes annotated as ‘Membrane’ were enriched in the upregulated gene set, 

relative to the background; (64.0% vs. 31.9%, respectively). Only 20.0% of 

downregulated genes were annotated as ‘Membrane’. While 9.5% of background 

genes were annotated with ‘Transport’, 28.0% of those upregulated had this 

annotation.  Downregulated genes were similar to the background, with 10.0% 

having the ‘Transport’ annotation. 
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Figure 5-9. Genes encoding membrane and/or transport proteins are over-

represented in those upregulated after NFATC2 KD. Annotations associated with each 

gene were obtained from the DAVID Bioinformatics Resources website, using the 

functional annotation tool. Genes with ‘membrane’ or ‘transport’ as an annotation were 

quantified. Shown are groups for upregulated genes and downregulated genes with 

adjusted p<0.1 (green and blue, respectively) and recognised gene IDs from the whole 

dataset as background (grey). The total number of genes included in each chart is shown. 
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Pathway analysis of the top 35 significant genes using either the Reactome 

platform or the PANTHER database did not highlight any pathways which were 

significantly enriched (FDR<0.1).  SPIA was used as an alternative pathway analysis 

tool, which considers the log2fold change of individual genes and incorporates 

topological features. The top 1000 differential genes per shNFATC2 construct, as 

ordered by adjust p values, were used as an input to provide greater power. Of 

the top 1000, 91 and 71 gene IDs could not be mapped to a gene symbol for the 

analyses of constructs -143 and -146, respectively. Of those remaining, 314 gene 

IDs were common to both constructs. 

Three pathways were found to be significantly deregulated using both of construct 

-143 or -146 using the SPIA platform, of which 2 pathways were discounted due to 

a distinct lack of biological relevance to haemopoietic cells. The most significant 

result for both constructs was ‘Regulation of the actin cytoskeleton’ (Figure 5-

10A).  This pathway included 18 and 17 deregulated genes per construct -143 and 

-146, respectively (Figure 5-10B), of which 9 overlapped between the constructs. 

The diagram in Figure 5-11 shows the pathway described (diagram from the KEGG 

database) and the relationship of these deregulated genes to one another. 

Indicated are the genes deregulated by NFATC2. The group of integrin genes 

(labelled ‘ITG’) contained a number of affected genes, while numerous 

downstream elements of the pathway were also affected.
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Name Pathway size KD Construct NDE tA pGFDR pGFWER Status 

Regulation 

of actin 

cytoskeleton 

213 

143 18 12.91 0.0018 0.0035 Activated 

146 17 25.65 0.0002 0.0009 Activated 

Figure 5-10. Cytoskeleton pathway genes were enriched in THP-1 cells with NFATC2 KD, as found using the SPIA platform. 

The top 1000 significant differential genes (adjusted p <0.1) input for SPIA, for each of the shNFATC2 constructs. A: Individual pathways per data point 

are shown. The data are the significance value for ‘over-representation’ (-log(P NDE)) and ‘perturbation’ (-log(P PERT)). Oblique lines represent a 

combined p value threshold set at 5%, either with FDR correction (blue line) or Bonferroni correction, to become a FWER value (red line). Data which 

are above any threshold are coloured. Pathways identified as significant by either threshold for both constructs are highlighted green. B: The most 

significant pathway for both shNFATC2 constructs are shown with the pathway size, the differential genes over-represented (NDE), the accumulated 

‘perturbation’ of the pathway (tA), and significance values for FDR and FWER, enumerated. The pathway direction of change is shown under ‘Status’. 
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Figure 5-11. The ‘regulation of actin cytoskeleton’ KEGG pathway was perturbed at multiple levels following NFATC2 KD in THP-1 cells. 

This plot details the ‘Regulation of actin cytoskeleton’ pathway as described in the SPIA platform. Each green box labels a group of related genes, 

rather than individual genes. The arrows indicate whether a gene within each group was up- or downregulated in the shNFATC2 condition, per construct 

-143 and -146, relative to the scrambled control (in the top 1000 genes with adjusted p<0.1). Each arrow represents one gene within the group. 
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Next, GSEA was used as a means of finding functionally relevant patterns of change across the whole RNA-Seq dataset. 

Group 

Direction 

of 

differential 

enrichment 

Pathway 

shNFATC2-143 shNFATC2-146 

NES 
FWER p 

value 
NES 

FWER p 

value 

C2: curated Scrambled REACTOME_EUKARYOTIC_TRANSLATION_ELONGATION -2.59 <0.001 -3.12 <0.001 

C2: curated Scrambled KEGG_RIBOSOME -2.57 <0.001 -3.07 <0.001 

C2: curated Scrambled REACTOME_TRANSLATION -2.54 <0.001 -3.02 <0.001 

C5: ontology Scrambled GO_STRUCTURAL_CONSTITUENT_OF_RIBOSOME -2.89 <0.001 -3.28 <0.001 

C5: ontology Scrambled GO_RIBOSOMAL_SUBUNIT -2.81 <0.001 -3.27 <0.001 

C6: oncogenic Scrambled MYC_UP.V1_UP -2.15 <0.001 -2.19 <0.001 

C6: oncogenic Scrambled STK33_DN -2.03 0.001 -1.80 0.037 

C6: oncogenic shNFATC2 STK33_UP 2.91 <0.001 3.22 <0.001 

Table 5-3. Oncogenic pathways containing targets of MYC and STK33 were enriched in the deregulated genes resulting from NFATC2 KD. 

GSEA applied to normalised read counts (filtered for read counts >10; 14, 238 genes) from the scrambled control and either of construct -143 or -146 

was used to identify MSigDB pathways enriched in the data. Shown are the group in which each pathway was identified, as classified by MSigDB, the 

direction of differential enrichment (whether the enrichment was found when comparing in the direction of scrambled vs. shNFATC2 or shNFATC2 vs. 

scrambled) and the pathway name. Shown are the NES, detailing the magnitude of change and the FWER p value. Only pathways which were enriched 

for both constructs shNFATC2-143 and -146 were included, providing FWER p<0.1. 

 

 

 

 



243 

 

Group 
Direction of 

change 
Pathway 

shNFATC2-143 shNFATC2-146 

NES 
FWER p 

value 
NES 

FWER p 

value 

Hallmark Scrambled HALLMARK_MYC_TARGETS_V1 2.69 <0.001 2.68 <0.001 

Hallmark Scrambled HALLMARK_MYC_TARGETS_V2 2.17 <0.001 2.13 0.001 

Hallmark Scrambled HALLMARK_OXIDATIVE_PHOSPHORYLATION 2.11 0.002 2.49 <0.001 

Hallmark Scrambled HALLMARK_DNA_REPAIR 1.67 0.065 1.94 0.005 

Hallmark Scrambled HALLMARK_INFLAMMATORY_RESPONSE -2.03 <0.001 -2.49 <0.001 

Hallmark Scrambled HALLMARK_IL6_JAK_STAT3_SIGNALING -1.77 0.015 -2.31 <0.001 

Table 5-4. Genes involved in the regulation of DNA repair and the inflammatory response are deregulated after NFATC2 KD in THP-1. 

GSEA results from MSigDB Hallmark group pathways are shown as for other pathway groups in Table 5-3. 

 

http://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_MYC_TARGETS_V1
http://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_MYC_TARGETS_V2
http://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_OXIDATIVE_PHOSPHORYLATION
http://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_DNA_REPAIR
http://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_INFLAMMATORY_RESPONSE
http://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_IL6_JAK_STAT3_SIGNALING
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GSEA was performed using normalised read counts, excluding values <10 to 

increase statistical power. The analyses collapsed Ensembl gene IDs which 

overlapped and so 13,518 or 13,563 gene IDs were used in the analysis of 

shNFATC2-143 or shNFATC2-146 KD, respectively. 

GSEA identified a considerable number of pathways enriched in the data with 

FWER<0.1 and in both constructs. Selected pathways included those relating to 

ribosomal function, translation or targets of STK33 (Tables 5-3 and 5-4). In 

addition to pathways shown, GSEA also found STK33_NOMO_DN and 

STK33_SKM_DN were downregulated with NFATC2 KD, while STK33_NOMO_UP and 

STK33_SKM_UP were upregulated with both shNFATC2 treatment conditions. This 

shows that targets of NFATC2 were deregulated in the same direction as the 

changes in these STK33 datasets. 

Analyses of MSigDB Oncogenic and Hallmark pathways identified multiple 

pathways containing targets of MYC to be downregulated after NFATC2 KD (Tables 

5-3 and 5-4). Other Hallmark pathways identified were involved in DNA repair, 

targets of E2F and the G2-M cell cycle checkpoint, however the latter two 

pathways were only found to be statistically significant (FWER<0.1) in samples 

treated with 1 of 2 shRNA constructs.  

GSEA enrichment plots for individual analyses are shown for pathways relating to 

MYC and STK33 (Figure 5-12), which illustrate the findings described above. 
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Figure 5-12. GSEA showed that targets of MYC and STK33 were downregulated after NFATC2 KD in THP-1 cells. 

Shown are individual GSEA plots for selected pathways identified to be statistically significant (FWER<0.1), using the gene set derived from THP-1 with 

NFATC2 KD. Each plot is for the differential gene expression between the scrambled control and either shNFATC2-143 (left) or shNFATC2-146 (right), 

as shown. A: pathways involving targets of MYC. B: pathways involving targets of STK33. FWER p values are shown on each. 
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5.3.2  Validation of RNA-Seq data 

5.3.2.1 Multiplexed qRT-PCR-based validation of significant genes 

The Fluidigm BioMark™ system was used to validate genes putatively deregulated 

by NFATC2 KD in MLL-AF9 AML. These were tested in: an independent culture of 

THP-1 with NFATC2 KD; MOLM-13 with NFATC2 KD; THP-1 overexpressing mNfatc2, 

hNFATC2 or an empty vector; MOLM-13 overexpressing mNfatc2, hNFATC2 or an 

empty vector; or THP-1 either overexpressing mNfatc2 or an empty vector, both 

with KD of hNFATC2. A later timepoint of 48 hr post-selection was selected to 

determine if gene deregulation was maintained longer than 24hr, or to determine 

if some genes became more dysregulated than at 24 hr.  

The selected 35-gene list was expanded to include genes which were deregulated 

after transduction with only 1 of 2 shNFATC2 constructs at 24 hr post-selection. 

This was to account for potential differences in the degree of specific genes’ 

deregulation by the 2 shRNA constructs at 24 hr post-selection. It was hypothesised 

that at 48 hr the changes in some genes’ expression may have become more 

congruent between the 2 shRNA. 

In the original RNA-Seq data, 3.7X as many genes were deregulated by shNFATC2-

143 transduction alone, compared to shNFATC2-146 alone (as shown in Figure 5-

8B), and so the proportions of genes were selected from each to approximately 

reflect this. Genes were selected in order of statistical significance. 

Additionally, selected genes which contributed to the ‘leading edge’ subset of 

either the MYC- or STK33-related gene sets (from GSEA) were included. Note that 

due to the nature of GSEA, which selects patterns of change as opposed to 

individually significant genes, some of these genes’ individual significance values 

were above the significance threshold in the original RNA-Seq data. In total, a 

balance of genes was selected to allow expression quantification in 1 plate. All 

new genes added are highlighted in Table 5-5. 

Selected cell cycle genes’ expression was also quantified using multiplexed PCR - 

CCNA2, CCNB1, CCNC, CCND1, CCND2, CCNE1 and CCNE2 – aiming to cover the 

main cyclin-coding genes. Finally, NFATC1-3, KDM4A and PAF1 were quantified. 

The final list of 82 genes consisted of 48 new genes and 34 genes from the original 

list (excluding pseudogene DEFA8P). 
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Gene 

symbol 
Inclusion group 

shNFATC2-143 shNFATC2-146 

Log2 fold 

change 

Adjusted 

p value 

Log2 fold 

change 

Adjusted 

p value 

SHISA5 shNFATC2-143 only -2.90 9.63x10-26 -0.26 0.930 

ETFRF1 shNFATC2-143 only -2.62 4.85x10-15 0.25 0.962 

PPP1R14C shNFATC2-143 only -3.11 5.71x10-14 0.16 0.975 

DGUOK shNFATC2-143 only -2.08 3.65x10-11 -0.53 0.765 

ELL2 shNFATC2-143 only -1.96 3.65x10-11 -0.43 0.860 

ADGRE5 shNFATC2-143 only -1.61 1.48x10-10 0.49 0.838 

LMO2 shNFATC2-143 only -1.74 1.48x10-10 0.13 0.977 

PIGW shNFATC2-143 only -1.39 1.27x10-09 -0.28 0.947 

CUL4A shNFATC2-143 only -1.19 8.24x10-08 -0.02 0.997 

FAM192A shNFATC2-143 only -1.15 2.82x10-06 -0.25 0.925 

H2AFX shNFATC2-143 only -1.43 3.00x10-06 -0.64 0.814 

BZW2 shNFATC2-143 only -1.16 5.20x10-06 -0.34 0.920 

RAC3 shNFATC2-143 only -1.63 7.30x10-06 -1.22 0.287 

STAT5B shNFATC2-143 only -1.30 7.72x10-06 -0.16 0.964 

MAGEF1 shNFATC2-143 only -1.39 1.52x10-05 -0.68 0.528 

FAM216A shNFATC2-143 only -1.41 1.86x10-05 -0.60 0.756 

SLC25A22 shNFATC2-143 only -1.26 2.17x10-05 0.10 0.986 

ADGRG5 shNFATC2-143 only -1.21 3.47x10-05 -0.41 0.838 

CTPS1 shNFATC2-143 only -1.23 3.47x10-05 0.09 0.982 

RRM2 shNFATC2-143 only -1.18 4.01x10-05 0.28 0.930 

MCU shNFATC2-143 only -0.62 0.077 0.00 1.000 

SLC16A9 shNFATC2-143 only 0.78 0.088 0.52 0.847 

CLCN3 shNFATC2-143 only 0.70 0.084 0.79 0.267 

HPDL 
shNFATC2-143 

only/STK33 pathway 
-0.76 0.066 -1.00 0.307 

ALOX5 
shNFATC2-143 

only/STK33 pathway 
-1.32 0.030 -1.01 0.557 

CDKN1A shNFATC2-146 only 0.47 0.859 1.43 0.003 

SVIP shNFATC2-146 only -0.24 0.922 -1.64 0.003 

CALHM6 shNFATC2-146 only -0.55 0.861 -1.92 0.003 
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PTK2 shNFATC2-146 only 0.77 0.715 1.58 0.060 

ADAM9 shNFATC2-146 only 0.94 0.180 1.47 0.013 

KLRG2 
shNFATC2-146 

only/STK33 pathway 
-1.03 0.246 -1.23 0.083 

CD3EAP MYC pathway -1.05 0.211 -0.50 0.767 

VDAC1 MYC pathway -0.49 0.486 -0.80 0.219 

EEF1E1 MYC pathway -0.67 0.545 -0.60 0.794 

ISOC2 MYC pathway -0.46 0.688 -0.65 0.423 

PRR3 MYC pathway -0.56 0.243 -0.52 0.657 

MYC MYC pathway 0.03 0.986 -0.15 0.977 

CCNA2 Cyclin-coding -0.09 0.951 -0.39 0.895 

CCNB1 Cyclin-coding -0.16 0.937 0.08 0.986 

CCNC Cyclin-coding 0.07 0.973 0.08 0.990 

CCND1 Cyclin-coding 0.27 0.944 0.87 0.794 

CCND2 Cyclin-coding -0.97 0.660 -0.52 0.930 

CCNE1 Cyclin-coding -0.51 0.433 -0.06 0.989 

CCNE2 Cyclin-coding 0.56 0.754 0.80 0.611 

KDM4A NFATC2-related 0.27 0.921 0.15 0.981 

NFATC1 NFATC2-related 0.48 0.838 0.43 0.930 

NFATC3 NFATC2-related 0.25 0.914 0.40 0.865 

NFATC2 NFATC2-related -2.07 0.021 -1.84 0.040 

 

Table 5-5. Additional genes were added to the significance list for validation by qRT-

PCR. The table lists 48 selected genes which were added and their grouping, or, the 

reason why they were selected from the RNA-Seq data. The log2 fold changes between 

either construct -143 or -146 and the scrambled control are shown, with the associated 

adjusted p value. Adjusted p values <0.1 are shaded in colour. 
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Of the 48 genes input to the multiplexed qRT-PCR, 17 were excluded due to poor 

expression or unsuccessful amplification in any replicates, leaving 65 genes for 

analysis. Firstly, in an independent set of THP-1 cells, 22 genes were found to be 

differentially expressed after NFATC2 KD with either construct -143 or -146 

(adjusted p<0.1). A heatmap of the results of the multiplexed qRT-PCR are shown 

in Figure 5-13 (n=3).  

Figure 5-13. Twenty-two genes were significantly deregulated after NFATC2 KD in 

THP-1 cells, in a validation set. The heatmap presents the log2 fold changes of the 

scrambled control compared to either shNFATC2-143 or shNFATC2-146, determined by 

multiplexed qRT-PCR using the ΔΔCt method for quantification with replicate pooling (n=3 

biological, n=1 technical replicates). Each replicate is shown and the reference scale is 

given on the right hand side. Only genes with an FDR q value <0.1 for a difference in 

means with both constructs are shown. Significance was calculated using a two-way 

ANOVA and post-hoc pairwise tests, corrected for multiple testing. 
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Of these genes, 8 were significantly upregulated and 14 were downregulated. All 

of these changed in the expected direction, based on the results after NFATC2 KD 

with at least 1 of the shNFATC2 constructs in the original RNA-Seq dataset. 

Interestingly none of the gene subset measured by multiplexed qRT-PCR was 

significantly deregulated in MOLM-13 with NFATC2 KD (n=3; data not shown). 

To validate the results of GSEA on the original RNA-Seq data the results from the 

multiplexed qRT-PCR were used in a pre-ranked GSEA analysis. This analysis used 

all 65 genes tested and their log2 fold changes, without filtering p (Figure 5-16).   
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Figure 5-14. Targets of STK33 were validated as being enriched within genes 

deregulated by NFATC2 KD in an independent culture of THP-1 cells. Shown are data 

from a pre-ranked GSEA analysis using 68 selected genes’ expression, after NFATC2 KD 

in THP-1. Plots presented in Figure 5-14. A: pathways involving A: targets of MYC; B: 

targets of STK33. FWER p values are shown. 

A 

 

A 

 

A 

 

A 

 

A 

 

A 

 

A 

 

A 

B 

 

B 

 

B 

 

B 

 

B 

 

B 

 

B 

 

B 



251 

 

Using the validation data GSEA found the C6: oncogenic group pathway 

‘MYC_UP.V1_UP’ to be negatively correlated with NFATC2 KD (Figure 5-14A), as 

found for the original data. Using the FWER this was not statistically significant 

for shNFATC2-146. However, given that the input data are small, the less 

conservative ‘FDR q value’ parameter is also valid; in which case FDR=0.039 and 

q=0.067 for constructs -143 and -146, respectively. ‘STK33_UP’ was found to 

positively correlate with the gene subsets in the shNFATC2-143 and shNFATC2-146 

groups, with statistical significance (using FWER). For each of the MYC and STK33 

pathways in these analyses, 2/7 and 2/6 of the genes included were found to be 

statistically significant as individual genes (adjusted p <0.1), by qRT-PCR. 

Next, THP-1 overexpressing either mNfatc2 or hNFATC2 were compared to an 

empty vector at baseline. These cells showed deregulated expression of 11 genes 

in both cases (FDR q value <0.1). A further 6 genes were significantly deregulated 

with hNFATC2 overexpression alone, giving a total of 17 genes of interest. Of these 

genes, 8 overlapped with those which were deregulated after NFATC2 KD in THP-

1 (Figure 5-15), reinforcing confidence that these are targets of NFATC2. 

  

Figure 5-15. The expression of 8 genes was deregulated after either NFATC2 KD or 

hNFATC2 overexpression in THP-1. Heatmap of individual replicates’ data from the 

Fluidigm® platform multiplexed qRT-PCR (n=3 biological, n=1 technical replicates), for 

genes which were significantly deregulated (q value<0.1) relative to their respective 

control shown here as the log2 fold change relative to either the scrambled control, for 

shNFATC2 constructs -143 or -146, or the empty vector, for overexpression constructs for 

mNfatc2 or hNFATC2. The data for the scrambled control distance from the mean was 

omitted for visual clarity. Note that data for NFATC2 KD are derived from the same 

experiment as in Figure 5-13. 

log2 fold 
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Both KD or overexpression of hNFATC2 in THP-1 led to the significant upregulation 

of 3 genes in THP-1 cells: YES1, VLDLR and BIN1. Similarly, KLRG2 and MAGEF1 

were downregulated with either KD or overexpression conditions. In contrast, 

HSH2D, CD3EAP and SPNS3 were downregulated upon NFATC2 KD and upregulated 

with hNFATC2 overexpression. Four of 6 genes which were upregulated by 

hNFATC2 overexpression were also upregulated with statistical significance 

following mNfatc2 overexpression. 

Significance tests were used to determine whether mNfatc2 overexpression in 

THP-1 was sufficient to rescue any gene deregulation observed with NFATC2 KD 

alone. None of this subset of genes was observed to be deregulated differentially 

after NFATC2 KD in either THP-1 o/e empty or THP-1 o/e mNfatc2. 
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Figure 5-16. Putative targets of NFATC2 in THP-1 were deregulated in a broadly similar pattern in AML cell lines other than THP-1. 

The heatmap shows -log2 fold changes between cell lines transduced with a scrambled control and either shNFATC2 construct -143 or -146. These data 

are derived from qRT-PCR and using the ΔΔCt method (n=2-3 biological replicates as shown, n=3 technical replicates). Data from the scrambled control 

are omitted for visual clarity. The cell line is indicated at the top and experimental condition at the bottom. Gene names are on the left and the scale 

bar is on the right. Two-way ANOVA was conducted within each cell line and the result of post-hoc pairwise comparisons is shown, for adjusted p >0.05. 

*<0.05, ****<0.0001. Undetectable genes are indicated by crosses. 
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A total of 6 genes – YES1, VLDLR, BIN1, HSH2D, CD3EAP and SPNS3 – were analysed 

for expression changes in other AML cell lines after NFATC2 KD (Figure 5-16). In 

MLL-AF9 NOMO-1, VLDLR and YES1 were the most upregulated, and SPNS3 the most 

downregulated (excluding NFATC2), which follows the direction of trends 

observed in THP-1 cells. CD3EAP and SPNS3 were most strongly downregulated in 

HL-60 and no gene’s expression was increased by more than 0.67X (log2 fold 

change). SPNS3 downregulation after shNFATC2-146 transduction was the only 

statistically significant change (p=0.128) in HL-60, other than NFATC2. All gene 

expression changes in Kasumi-1 were within -1.0 to 1.0 log2fold change from the 

scrambled control, other than NFATC2. Finally, OCI-AML3 showed downregulation 

of CD3EAP and SPNS3 but no changes were statistically significant. 

 

 

 

 

 

 

 

 

 

The expression of mouse orthologs of these 6 genes was also measured in the MLL-

AF9 murine BM model after Nfatc2 KD using either shNfatc2-356 or shNfatc2-357, 

relative to the scrambled control (Figure 5-17). All genes showed a trend towards 

downregulation after KD, to differing extents. Aside from Nfatc2 itself, Vldlr and 

Bin1 displayed the highest level of downregulation of the genes tested, opposing 

the effects observed in THP-1 for the human orthologs VLDLR and BIN1. 

Figure 5-17. Vldlr was downregulated after Nfatc2 KD in MLL-AF9-driven murine BM. 

Expression of selected genes was measured in MLL-AF9 murine BM after mNfatc2 KD, using 

either construct shNfatc2-356 or shNfatc2-357, using qRT-PCR. Shown are -log2 fold 

changes in gene expression relative to the scrambled shRNA, using the ΔΔCt method. 

Individual replicates’ values are given (n=2 biological, n=3 technical replicates), the bar 

represents the mean. 
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5.3.2.2 c-Myc expression is not downstream of NFATc2 

Next, the relationship between MYC and NFATC2 in THP-1 cells was examined 

more directly using gene and protein expression. 
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Figure 5-18. Overexpression of NFATC2 marginally increased MYC expression. 

A: MYC expression changes, in THP-1 with either NFATC2 KD or NFATC2 o/e, were 

measured by multiplexed qRT-PCR. -log2 fold changes are in cells after transduction with 

either shNFATC2 construct -143 or -146 relative to the scrambled control; or expressing 

either o/e mNfatc2 or o/e hNFATC2 relative to the empty vector. This was calculated 

using the ΔΔCt method (n=3 biological, n=3 technical replicates). A one-way ANOVA was 

used to test differences in means (‘ns’ = not significant). B: 40 µg WCL from THP-1 72 hr 

after transduction by either of the shRNA constructs -143, -145 or -146, or the scrambled 

control, were immunoblotted with anti-NFATc2, anti-c-Myc and β-actin. The protein size 

in kDa is given on the right-hand side. The bar chart represents the quantification by 

densitometry, relative to β-actin (n=1 biological). C: 22µg WCL from either untreated 

THP-1, THP-1 with an empty vector, THP-1 o/e mNfatc2 or THP-1 o/e hNFATC2 were 

immunoblotted with anti-NFATc2, anti-c-Myc and β-actin. (n=1 biological). 
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Expression of MYC/c-Myc appears unchanged after NFATC2 KD in THP-1(Figure 5-

18A&B). Overexpression of either mNfatc2 or hNFATC2 in THP-1 marginally 

increased gene expression of MYC but these changes were found not to be 

statistically significant (Figure 5-18A; overall ANOVA p=0.0546). Immunoblotting 

shows a very marginal increase in c-Myc protein, relative to β-actin, when mNfatc2 

or hNFATC2 are overexpressed (Figure 5-18C). In summary MYC/c-Myc expression, 

at the transcript or protein level respectively, is not affected by NFATC2 

expression in THP-1 cells. 

5.3.2.3 Investigating STK33-NFATC2 interplay in THP-1 cells 

 

 

 

 

 

 

 

 

STK33 protein was visibly expressed in THP-1, as measured in up to 90 μg of WCL 

(Figure 5-19), though the bands were not clearly visualised in this immunoblot. 

This may be a result of inadequate antibody optimisation, leading to high 

background and/or poor signal. The antibody signal did not change considerably 

across differing quantities of WCL loaded, suggesting that further antibody 

optimisation was required. As such, it is difficult to make conclusions on STK33 

protein expression in THP-1 from these data alone. 

  

Figure 5-19. STK33 protein was not clearly visualised in THP-1 cell lysate. 

WCL from THP-1 was loaded at quantities in the range 40-90µg and immunoblotted for 

STK33, β-actin and total H3. Protein size is shown on the right-hand side in kDa and STK33 

protein was quantified by densitometry, relative to β-actin, as shown above the blot (n=1 

biological replicate). 
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Figure 5-20. STK33 kinase inhibitor ML281 did not affect THP-1 cell viability. 

THP-1 cells were treated with ML281 in a range of concentrations from 0-10 µM, for up 

to 48 hr. A: Alamar Blue viability assay was performed on cell suspensions at 24 hr and 

48 hr. The absorbance is presented as % of the 0.1% (v/v) DMSO control (n=3 biological, 

n=2 technical replicates). B: 40 µg WCL harvested from THP-1 cells after 24hr of ML281 

treatment was immunoblotted for NFATc2, pNFATc2ser54, STK33 and β-actin. Shown are 

protein sizes on the right-hand side, in kDa, and quantification by densitometry in the 

bar graph. STK33 is relative to β-actin and the NFATc2 upper band or pNFATc2ser54 are 

relative to total NFATc2 (n=1 biological). 
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The STK33 kinase inhibitor, ML281 was used to determine the dependence of THP-

1 on STK33 activity and also test whether STK33 kinase activity acts upstream of 

NFATc2, or alters its phosphorylation status. ML281 binds to STK33 and inhibits its 

serine/threonine kinase activity, with high potency and reasonably high specificity 

(Weïwer et al., 2012). 

ML281 did not have any effect on the viability of THP-1 cells up to 10 µM in 

concentration after 24hr (Figure 5-20A). After 48hr a marginal drop in viability 

was observed at 10 µM, to 87.2% of the viability in the vehicle control. 

Immunoblotting showed that STK33 protein quantity changed unpredictably in 

response to ML281 treatment, with no clear trend with the drug concentration.  

There was no change in NFATc2 size, which may have signified protein 

phosphorylation (Figure 5-20B). However, the uppermost band of NFATc2 did 

increase in intensity across the rising concentration of ML281, as did pNFATc2ser54, 

suggesting that phosphorylation of NFATc2 did increase. It is not known whether 

STK33 kinase activity targets NFATc2, but it may be surprising that STK33 kinase 

inhibition led to NFATc2 phosphorylation, if NFATc2 were a substrate. Specific 

inhibition of STK33 by ML281 was not validated due to a lack of available phospho-

antibodies. Finally, the effect(s) of NFATC2 KD or NFATC2 overexpression on STK33 

were not assessed due to challenges in detecting STK33 protein at lower 

concentrations of protein lysate. 
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5.3.3 ChIP-Seq to determine NFATc2 binding sites in THP-1 cells 

NFATc2-bound chromatin was precipitated for sequencing in THP-1 cells and 

compared against input DNA. The methods for data QC and the QC data are shown 

in the Appendices (Section 9.3). In total, 131 peak regions were identified in DNA 

precipitated by NFATc2 pull-down compared to input DNA. 

In the 2D PCA plot shown, the input DNA samples were more similar to one another, 

when described using principal components 1 and 2 (Figure 5-21A). In contrast, 

NFATc2 IP replicates were distinct from the input control, but also not similar to 

one another. Replicates 1 and 3 were most similar to each other in 1 dimension 

with component 1 alone, while 2 and 3 were similar using only component 2; but 

both components together did not group these replicates proximally. Together 

these 2 principal components described 82% of the variation in the data. These 

findings are also shown in the correlation heatmap (Figure 5-21B), where the input 

samples clustered together but the individual NFATc2 IP replicates were not found 

to cluster. 
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Figure 5-21. DNA with NFATc2 pull-down showed a distinct global pattern of peak 

scores from unselected input DNA, but replicates were not clustered. A: The PCA plot 

shows the principal components produced by the ChIPQC package. One data point is 

shown per replicate, where NFATc2 IP replicates are labelled ‘1’, ‘2’, ‘3’, and control 

input DNA replicates ‘c1’, ‘c2’, ‘c3’. The colours are indicated in the right-hand side 

legend. The % of variance accounted for by each principal component (1 and 2) are shown 

in the x- and y-axis labels, respectively. B: A correlation heatmap produced by ChIPQC. 

This shows the correlation between individual sample replicates. A key is shown in the 

top left corner, which includes a histogram for individual correlation coefficients in the 

samples. 
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5.3.3.1 ChIP-Seq: NFATc2 IP enrichment data 

The 131 peak regions called by MACS2 were mapped to 104 unique genes (via 

Ensembl). The distribution of these in the genome is shown in Figure 5-22. 

 

This plot shows that over 30.0% of peaks are within 1 kb of the TSS, while 39.7% 

were within promoter regions, when ‘promoter’ is defined as 5kb either side of 

the TSS. Figure 5-22B shows that beyond 5 kb from the TSS the majority of binding 

sites are at the 3’ side.  Of all peaks, 35.11% were in distal intergenic regions. 

Figure 5-22. Over 1 in 3 peaks called for NFATc2 binding in THP-1 are within 3 kb of 

a transcription start site (TSS). Plots produced by the ChIPseeker package show the 

distribution of MACS2 peaks relative to genomic features. A: Pie chart shows the % of 

total peaks in each genomic region. B: A graphic view showing the bi-directional 

distribution of peaks, relative to the TSS. A size reference is given on the right-hand side 

in kb. 
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Figure 5-23. NFATc2 IP peaks are distributed widely across the genome. 

A: The coverage plot (produced in ChIPseeker) shows the location of individual peak summits 

by chromosome. The size of each peak indicates the enrichment score attributed by MACS2 

peak calling. B: Metagene plots (produced in metagene2) show the mean coverage calculated 

across the region 5 kb either side of the TSS (upper panel) or 1 kb either side of the TSS (lower 

panel). Shown is the coverage distribution for each individual replicate, as highlighted on the 

right-hand side. 
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Figure 5-23A shows that MACS2 peaks are well-distributed across the genome and 

do not appear to be clustered at any particular locus. Metagene plots (Figure 5-

23B) show a gradual reduction in coverage moving towards the TSS and a distinct 

peak at either side of the TSS. This is more pronounced when viewed in the region 

of TSS±5000 bases. Additionally, replicate 2 shows clear peaks around the TSS, 

while the peaks replicates 1 and 3 are considerably smaller, indicating a lower 

signal in these replicates. The peaks appear to be slightly larger at the 3’ side of 

the TSS, indicating that binding sites were more prevalent here. This reinforces 

observations made from the ChIPseeker plots in Figure 5-22B. 

 

 

 

  

Gene 

Symbol 
Region Chr. Score Gene Summary 

MALAT1 Promoter (≤1 kb) 11 345 - 

ACTG1 Promoter (≤1 kb) 17 202 Cytoplasmic actin 

TMSB10 Promoter (≤1 kb) 2 187 Cytoskeleton organisation 

CHCHD3 Exon (1 of 3) 7 154 Mitochondrial protein 

SMOC2 Intron (7 of 12) 6 59 Calcium-binding protein 

RPS24 Promoter (≤1 kb) 10 49 40S ribosomal protein 

BEND5 Intron (6 of 13) 1 43 Transcriptional repressor 

STOX2 Intron (1 of 1) 4 42 - 

RPL28 Promoter (≤1 kb) 19 39 60S ribosomal protein 

METTL24 Intron (1 of 4) 6 35 Methyltransferase-like 

Figure 5-24. Over 1 in 3 putative NFATc2 binding sites are associated with protein-

coding genes. A: The Ensembl database was used to classify gene IDs, with which each 

NFATc2 IP peak was associated. These are presented as proportions, with a legend on the 

right-hand side. B: The top 10 protein-coding genes with which peaks were associated, 

as ranked by MACS2 enrichment score, were annotated in a table. The ‘score’ is the 

enrichment score. The gene summary was derived from the STRING database description 

per protein. ‘-‘ indicates a summary was not available. 
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Figure 5-24A shows that of the 104 genes associated with peaks, 38 were protein-

coding and 42 were pseudogenes. The top 10 protein-coding genes are summarised 

in Figure 5-24B, which have a number of known functions, including in the 

ribosome, mitochondria and cytoskeleton structures. GSEA was used to identify 

the enrichment of any known pathways within the top 131 Ensembl gene IDs 

highlighted by the peak calls. 

  

 

 

 

 

 

 

 

 

 

 

No pathways were found to be enriched with FWER<0.1 using selected gene sets 

from the MSigDB collection. However, ‘CACGTG_MYC_Q2’ was found negatively 

enriched (NES=-1.52) in the uploaded data and narrowly missed the significance 

threshold (FWER=0.118; Figure 5-25A). Six contributing genes are shown in Figure 

5-25B, all of which are protein-coding. 

 

Rank in gene set 

(n=131) 
Gene symbol 

44 ADAMTS3 

49 IQCG 

50 TCERG1 

68 RPL30 

69 MYB 

72 ATL2 
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Figure 5-25. Myc consensus binding sequence CACGTG was enriched in NFATc2 ChIP 

DNA. A pre-ranked GSEA analysis was conducted using 131 Ensembl gene IDs identified by 

MACS2 peak calls. A: The GSEA plot is shown with the FWER statistic given. B: The genes 

contributing to the signature in A are listed, with their rank in the dataset contributing 

to the enrichment score. 
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Table 5-6. A known NFATc1 binding motif was identified as being similar to one DNA 

motif bound by NFATc2 in THP-1 cells. MEME-ChIP identified DNA motifs which were 

enriched in the sequences containing MACS2 peaks after NFATc2 IP; six of these motifs 

are shown here, as taken from the platform. The E-value is shown. Similar motifs were 

identified by the attached Tomtom motif comparison tool. 

 

In total, 138 DNA sequences (131 annotated peaks, plus the 7 non-annotated 

sequences identified by MACS2) were parsed and uploaded to the MEME-ChIP 

platform for motif discovery. Six of the top DNA motifs identified (E-value<0.05) 

are shown in Table 5-6. The Tomtom comparison tool identified two similar known 

motifs from humans; ‘NFATC1_full_1’ (p=0.0005, e=0.9810) from the ‘Jolma’ 

database (Jolma et al., 2013) and ‘MA1125.1 (ZNF384)’ (p=0.0001, e=0.0701) from 

the JASPAR database. 

 

 

  

Motif 

number 
Motif sequence E-value Similar motifs 

1 

 

3.0x10-53 - 

2 

 

2.1x10-52 
NFATC1_full_1 

- human 

3 

 

6.3x10-41 - 

4 

 

6.4x10-38 - 

5 

 

5.1x10-23 - 

6 

 

5.3x0-22 

MA1125.1 

(ZNF384) - 

human 
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5.3.3.2 Comparison of RNA-Seq and ChIP-Seq data in THP-1 cells 

Genes from the peaks identified after NFATc2 ChIP-Seq (82 had available gene 

symbols to compare) were overlapped with the top 1000 most significant genes 

identified in RNA-Seq, for constructs -143 and -146 separately. Only two ChIP-Seq 

genes overlapped with shNFATC2-143 genes, and five genes with shNFATC2-146 

genes, which are described in Table 5-10. 

Gene symbol 

shNFATC2-143 shNFATC2-146 

Log2 fold 

change 

Adjusted p 

value 

Log2 fold 

change 

Adjusted p 

value 

STOX2 1.55 0.235 1.41 0.333 

SLC38A1 -0.53 0.218 -0.38 0.851 

RPS24 -0.34 0.893 -0.74 0.528 

BEND5 -0.38 0.908 -1.13 0.557 

RPL28 -0.17 0.940 -0.60 0.587 

NT5C2 0.59 0.634 0.67 0.611 

 

Table 5-7. Few NFATc2-bound genes were deregulated by NFATC2 KD in THP-1 cells. 

The table shows the six genes which were enriched in NFATc2 ChIP-Seq DNA and present 

in the top 1000 most significant genes after NFATC2 KD in THP-1 cells. Given are the log2 

fold changes in expression and adjusted p values from the RNA-Seq, per shRNA construct 

(n=3 biological replicates). For the shRNA construct condition in which the gene was 

identified in the top 1000 a green highlight has been used. 

 

STOX2 was identified as the most significantly deregulated by NFATC2 KD in THP-

1, as a subset of the putative NFATc2-bound genes. However, KD with neither of 

the shRNA constructs was statistically significant (adjusted p=0.235, p=0.333, for 

constructs -143 and 146, respectively). The remaining 5 genes appeared most 

significantly downregulated in 1 of the 2 constructs, but the significance was low 

in the other. Log2 fold changes were in the same direction between both 

constructs for all 6 genes.  
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5.3.4  Investigating novel targets of NFATC2 in patient datasets 

From the RNA-Seq and ChIP-Seq data analyses, 49 genes of interest were selected 

aiming to cover those with the highest statistical and biological significance (e.g. 

MYC and STK33). The correlation between gene expression and patient survival in 

the TARGET-AML cohort was examined by dividing patients into 2 groups based on 

the BM expression per gene, around the median expression value (n=119 patients). 

Stratification of patients by gene expression was found to impact overall survival 

when using 13 of the 49 individual genes, with a statistically significant difference 

between the 2 patient groups (log-rank test p<0.05; Figure 5-26). Additionally, for 

every gene the 50% of patients with the higher expression had a lower median 

overall survival. MYC and STK33 expression did not impact on patient survival in 

this cohort. 

Correlation analysis revealed that a subset of genes clustered together well when 

looking at those with the highest impact on survival (Figure 5-27A). Those genes 

included RASA1, OCRL, GBP3, NPEPPS and BRWD3. When expanding the analysis 

to all 49 genes of interest, plus NFATC2, these genes form a larger cluster with 

several others (Figure 5-27B). This could suggest a common mechanism to these 

genes which has an impact on AML pathogenesis and survival. NFATC2 clustered 

with SNX16 and YES1 in the first analysis (Figure 5-27A).
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Figure 5-26. The expression of 13 putative NFATC2/NFATc2 target genes can individually stratify patients in the TARGET-AML trial cohort. 

Kaplan-Meier survival curves were generated from the TARGET-AML cohort for BM samples with associated RNA-Seq data (n=119; as shown in Chapter 

3.2.1). Patients were divided into 2 cohorts by the expression of individual genes of interest, selected from the RNA-Seq and ChIP-Seq data analyses.  

The curves show the survival for the groups expressing each gene in the highest and lowest 50%. Curves included are those where the log-rank test p 

value was <0.05, and plots for MYC and STK33. The p value is shown on each plot, by which the plots are arranged in decreasing order of significance. 
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Figure 5-27. A subset of the genes which can be used to stratify patient survival in the TARGET-AML cohort are correlated. 

Correlation heatmaps derived from the TARGET-AML RNA-Seq data for selected genes’ expression in patient BM (n=119). The colours represent the 

correlation coefficient between pairs of genes and dendograms show clustering by (agglomerative hierarchical clustering). A: Selected genes for which 

their expression could stratify patient survival in the TARGET-AML cohort (log-rank test p<0.05); NFATC2, MYC and STK33 were also included; total 

gene number 16. B: All 49 genes which were sub-selected from RNA-Seq and ChIP-Seq analyses for further analyses, in addition to NFATC2. 
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5.3.5 Discussion 

5.3.5.1 RNA-Seq data: quality control 

Sufficient KD of NFATC2 was observed at 24 hr post-puromycin selection in THP-1 

so this was chosen as the timepoint at which to harvest RNA for sequencing. 

However, the phenotype after NFATC2 KD was characterised in these cells 

primarily at 72 hr post-selection and so the genes identified by this RNA-Seq may 

not necessarily capture the full transcriptomic changes contributing to this. 

Indeed, significant downregulation of CCND1 was not observed until 144 hr post-

selection (Chapter 4.2.3; Figure 4-10G) and so it is possible that key transcript 

changes were missed by the 24 hr post-selection timepoint. However, the higher 

proportion of cell death at later timepoints – partly due to increased apoptosis in 

the shNFATC2-143 condition, and partly due to generalised cell death following 

shRNA transduction – might have risked poorer quality RNA harvest for sequencing. 

Ideally RNA would have been harvested at multiple timepoints for sequencing. 

After filtering poorly expressed genes using the mean (within each condition) 

FPKM threshold of ≥1.0, a high concordance of co-expressed genes was observed 

amongst the 3 conditions (scrambled control, shNFATC2-143 and shNFATC2-146). 

However, PCA plots demonstrated differing patterns of variability between 

replicates and conditions, without the clustering that would be expected with 

experimental replicates. When viewed in 2- or 3-dimensions the principal 

components for replicate 1 were distinct from those for replicates 2-3, suggesting 

that some technical or biological factors might have contributed to divergent 

transcriptional changes. 

The high quality of the sequencing and mapping processes make these unlikely 

contributing factors. The lower input RNA concentrations in replicate 1 may 

reflect some technical variation in the handling of cells, which could have 

contributed. The variation in level of NFATC2 KD or transduction efficiency across 

replicates 1-3 does not reveal distinct experimental features of replicate 1 that 

would separate it from replicates 2-3, however there could have been multiple 

contributing factors to the PCA result. Additionally, even in replicates 2-3 there 

is not clear separation of experimental conditions by principal components. 

Together the PCA plots indicate that global changes between conditions after 

NFATC2 KD are subtle and/or concentrated in a small subset of genes. In addition 



271 

 

to the small magnitude, significant changes between conditions may become lost 

in between-replicate variability, resulting in poorer sensitivity of this experiment 

to identify deregulated genes after NFATC2 KD.   

5.3.5.2 RNA-Seq data: differential expression after NFATC2 KD 

Transduction of THP-1 with either of two NFATC2-targeting shRNA led to the 

deregulation of two sets of genes, which overlapped to some extent between the 

2 constructs. Firstly, both constructs led to the downregulation of NFATC2 and no 

significant change in NFATC1 or NFATC3 expression, as expected from the 

predicted target specificity of the shRNA sequences. This also indicates that 

NFATC2 does not regulate NFATC1 or NFATC3 transcription directly. Expression of 

KDM4A and PAF1 was not affected, reinforcing the idea that these are upstream 

regulators of NFATC2. 

NFATC2 KD led to significant upregulation and downregulation of 67 and 109 genes, 

respectively, across both constructs (|log2 fold change|≥1, adjusted p<0.1), which 

when the stringency of the criteria was relaxed to adjusted p<0.1 increased to 143 

upregulated and 108 downregulated genes, respectively. The small number of 

genes may reflect the differences between replicates identified in the PCA plot, 

thus masking more significant changes, and/or that the changes induced by 

NFATC2 KD at this timepoint are limited to few genes. The plots in Figure 5-7 

demonstrated that a number of deregulated genes had a log2 mean FPKM between 

-5 and 0 (across all conditions), which is below the previously defined threshold 

of 0 (FPKM of 1) for ‘expressed’ genes. However, the DESeq2 differential 

expression package uses read counts as an input, without filtering out poorly 

expressed genes. This method uses a shrinkage estimator for fold changes and so 

is designed to improve the specificity of detection at low gene expression, while 

maintaining sensitivity (Love et al., 2014). Caution should be applied when 

interpreting changes in these genes in subsequent validation qRT-PCR, which is 

inherently less sensitive for poorly expressed genes than RNA-Seq. 

KD with shNFATC2-143 led to the deregulation of more genes than with shNFATC2-

146, particularly with regard to downregulated genes. This could reflect some of 

the phenotypic changes in vitro which only occurred after shNFATC2-143 

transduction, such as the induction of apoptosis. Greater transcriptional 

deregulation would therefore be expected, though functional analyses were not 
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conducted on the subset of genes specific to -143 to correlate with the phenotype. 

Additionally, these changes might be secondary to off-target shRNA effects and so 

deregulated genes which were common to both constructs were prioritised. 

STRING analyses of the top 35 significant genes did not reveal many known 

associations between their transcribed proteins, and those identified have 

immediate relevance to AML cells. For example, YES1 and RASA1 are described 

simultaneously in a number of publications, as key SH2-domain proteins with some 

lipid-binding properties (Park et al., 2016). HSH2D and SH2D3A, also transcribe 

SH2-domain proteins. SH2-domain proteins are often characterised in tyrosine 

kinase signalling pathways and have wide-ranging cellular targets (Liu and Nash, 

2012). The 25 upregulated genes also had a higher proportion annotated as 

‘membrane’ or ‘transport’ genes, when compared to the background. Together 

these could suggest that NFATC2 KD led to some regulatory changes relating to 

membrane-associated kinase signalling, but these are non-specific findings and 

further pathway analyses were required. 

Genes involved in actin cytoskeleton were deregulated after NFATC2 KD at several 

levels of the annotated pathway, showing primarily upregulated activity. 

Cytoskeletal assembly has been demonstrated as important to the activity of 

mechanosensitive cation channels, specifically in leukaemia cells (Staruschenko 

et al., 2005). Actin polymerisation and specific cytoskeletal proteins have been 

shown to regulate calcium levels and transport within the cell, including with SOCE 

specifically, and also to regulate NFAT trafficking to the nucleus (Rivas et al., 

2004, Martin-Romero et al., 2017). Additionally, NFAT activity acts downstream 

of SH2-domain kinase VAV and cytoskeletal reorganisation in T cells (Penninger 

and Crabtree, 1999). It is possible that NFATC2 KD in THP-1 has triggered feedback 

signalling to upregulate calcium signalling and compensate for lost NFATc2 activity. 

However, this may be a biological response that would be observed in non-

malignant cells, and it is not clear what the oncogenic significance of this is. 

The cytoskeleton is well-characterised in cancer cell pathology, but its role is 

often linked to metastatic properties of cells (Aseervatham, 2020), which do not 

apply so readily to the pathology of AML cells. Changes in the actin cytoskeleton 

structure can be observed in apoptotic cells (Veselská et al., 2003), but this seems 

an unlikely cause of the changes given that apoptosis was not observed after 



273 

 

transduction with both shRNA constructs. One study showed that cytoskeleton 

remodelling was involved in resistance of FLT3ITD AML to midostaurin, but this was 

likely mediated through interaction with stromal cells (Garitano-Trojaola et al., 

2021). Overall, it seems most likely that the involvement of the cytoskeleton after 

NFATC2 KD is related to upregulated calcium/NFAT trafficking, or some other 

uncharacterised mechanism. 

GSEA is a more global analysis of pathway perturbation as it focuses on patterns 

of small changes across the transcriptome, as opposed to relying on statistically 

significant changes in fewer genes (Subramanian et al., 2005). GSEA identified 5 

pathways relating to translation or ribosomal activity which followed NFATC2 KD, 

albeit some of these pathways contained overlapping genes. This result may be 

secondary to deregulation of pathways upstream of ribosomal biogenesis or 

translation, such as PI3K/AKT/mTOR signalling, which is often constitutively 

active in AML (Khanna-Gupta, 2011). NFATC2 may also directly bind genes which 

regulate any of the 250 components which are involved in ribosome synthesis 

(Awad et al., 2019), but this has not been shown previously. Irrespective of the 

mechanism, it is not surprising that some cycle arrest is observed in THP-1 after 

NFATC2 KD, given that translational processes are suppressed. 

Upregulation of oxidative phosphorylation (OXPHOS) after NFATC2 is an 

interesting finding, since THP-1 cells have been shown to be highly dependent on 

OXPHOS as means of energy production, as opposed to glycolysis (Suganuma et al., 

2010). Often cancer cells are thought to be more dependent on aerobic glycolysis, 

though the two processes can cooperate. Cancer cells are also known to utilise 

alternative sources of energy, including glutamine (Zheng, 2012). NFAT proteins 

directly upregulate genes involved in glycolysis in T cells (Vaeth et al., 2017), 

though this may not be the case in OXPHOS-dependent THP-1. 

Translation is highly energy-dependent and so intrinsically linked to cellular 

metabolic pathways. In fact, the cellular nutrient status can influence a number 

of RNA-led processes, from transcription through to translation and post-

transcriptional modification (Lee and Tu, 2017). Additionally, some of the 

pathways which regulate translation also regulate metabolic activity (e.g. 

PI3K/AKT/mTOR) (Zheng, 2012). It may be the case that OXPHOS upregulation is 

a feedback mechanism, following reduced translational capacity with NFATC2 KD, 
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or that deregulation occurs upstream of these processes. Numerous inhibitors of 

metabolic pathways have been trialled in leukaemias (Soltani et al., 2021) and 

these would prove useful in investigating the role of NFAT further in these highly 

complex metabolic interactions. 

Upregulation of DNA repair pathways following NFATC2 KD is consistent with the 

cell cycle arrest observed in THP-1. Arrest at G1/S or G2/M exists to allow the 

recruitment of various pathways in DNA repair, including homologous 

recombination (HR) and non-homologous end joining (NHEJ) (Huang and Zhou, 

2020). TP53 normally has countless functions in these DNA repair processes 

(Williams and Schumacher, 2016), but these do not apply to in THP-1 cells, where 

TP53 carries a 26 bp deletion, resulting in minimal functional expression of the 

gene (Sugimoto et al., 1992). Increased transcription of DNA repair pathway genes 

following NFATC2 KD could reinforce the suggestion discussed in Chapter 4; that 

NFATC2 suppresses p53-independent mechanisms of DNA repair in proliferating 

THP-1 cells. Note also that pathways related to the G2/M cell cycle checkpoint 

and E2F, a regulator of the G1/S transition (Huang and Zhou, 2020), were 

upregulated after KD with 1 of 2 shNFATC2 constructs. Further exploration of 

other DNA damage proteins after NFATC2 KD, such as ATM, ATR and the BRCA 

family, would expand the understanding of this picture further. 

5.3.5.3 RNA-Seq data: MYC signalling and NFATC2 in THP-1 

Numerous targets of MYC from the MSigDB Hallmark datasets were downregulated 

following NFATC2 KD. Additionally, NFATc2 ChIP-Seq found a c-Myc-binding DNA 

motif (‘CACGTG’) to be enriched, though narrowly missed statistical significance. 

MYC is a transcriptional regulator which acts downstream of myriad signalling 

pathways (Dang, 2012) and is well-characterised as an oncogene, which can arise 

through mutation, chromosome translocation or gene amplification (Meyer and 

Penn, 2008). MYC expression can be prognostic for survival in karyotype-normal 

AML (Ohanian et al., 2014) and it has been shown to be involved in MLL-

fusion/HOXA9-driven signalling in AML (Miyamoto et al., 2021). Small molecule 

inhibition of c-Myc protein can also reverse the leukaemic phenotype in AML cells 

in vitro (Huang et al., 2006). 

Downregulation of MYC targets with NFATC2 KD could suggest that they co-

regulate, or function in a hierarchical axis. The evidence from this study suggests 
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that MYC expression is unlikely to be under the strict control of NFATC2, given 

that KD of NFATC2 had minimal effect on MYC/c-Myc protein levels, and NFATC2 

overexpression raised c-Myc expression marginally. NFATc2 has been shown to 

bind the MYC promoter and differentially regulate its expression, although this 

was not in leukaemia cells (Mognol et al., 2012). Interestingly, Singh et al. found 

enhanced cyclin D activity downstream of TGF-β in pancreatic cancer cells to be 

mediated by a NFATc1/c2-c-Myc axis (Singh et al., 2010). Given that TGFBR2 was 

significantly upregulated after NFATC2 KD in THP-1 cells (in addition to CCND1 

downregulation), this may be a mechanism of interest for further investigation in 

this cell line. 

It is possible that NFATc2 protein functions downstream of c-Myc, however the 

binding of NFATc2 to a known c-Myc binding motif suggests that they may in fact 

co-bind to particular transcriptional targets. It is known that c-Myc functions as 

part of a large ‘interactome’ in oncogenesis (Conacci-Sorrell et al., 2014). 

Additionally, NFATs rely on transcriptional partners for transcriptional activity at 

the DNA level, although c-Myc was not identified as an NFAT partner in one large 

proteomic screen in T cells (Gabriel et al., 2016). However, it is plausible that c-

Myc and NFATc2 are transcriptional partners in THP-1 myeloid oncogenesis. Note 

also that c-Myc is a transcriptional regulator of glycolysis genes (Vaeth and Feske, 

2018) and so this could be a common target shared with NFATc2 in THP-1 cells. 

The next stages of this investigation require a further look at NFATc2-c-Myc 

physical interaction, shared binding partners and transcriptional signatures in AML. 

5.3.5.4 RNA-Seq data: deregulation of STK33 targets 

The MSigDB pathway describing STK33 targets was generated from AML cell lines 

with STK33 KD (Scholl et al., 2009). STK33 is a kinase with structural similarity to 

the CAMK family (Mujica et al., 2005) but is not well-characterised. Enrichment 

of putative STK33 target genes in the NFATC2 KD data is supported by the fact 

that they were derived from AML cells, although not THP-1 cells. The study from 

Scholl et al. found THP-1 cells to not be sensitive to STK33 KD, but other AML cell 

lines (e.g., NOMO-1) were, and it was hypothesised that only KRAS-dependent AML 

cells were STK33-dependent. A later study found numerous KRASmut AML cell lines 

were not sensitive to STK33 kinase inhibitor BRD-8899, suggesting that it may have 
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non-kinase roles or that the original findings were non-specific shRNA effects (Luo 

et al., 2012). 

AML cell lines, including THP-1, were also found to be insensitive to a second 

STK33 kinase small molecule inhibitor, ML281 (Weïwer et al., 2012). It is therefore 

not surprising that THP-1 cells were found to be insensitive to ML281 in this study. 

Furthermore, STK33 expression appeared to be poorly detected in these THP-1 

cells, potentially due to a lack of experimental optimisation. Detailed information 

on the regulation of STK33 kinase activity has not been fully published, and the 

mechanism of action of ML281 on STK33 is not clear, although the ATP-binding 

loop is likely key to ST33 kinase activity. In addition, there is evidence that STK33 

may self-regulate through autophosphorylation, like some other CAMKs 

(Brauksiepe et al., 2008, Scholl et al., 2009, Luo et al., 2012). With the paucity 

of information around STK33 functional biochemistry and the data presented here, 

it is challenging to devise any hypotheses around its function (or lack thereof) in 

THP-1 cells.  

Despite this, STK33 has been demonstrated to be important in oncogenic signalling 

of other cancer types. For example, in pancreatic cancer STK33 was found to drive 

oncogenesis downstream of HIF-1α, another regulator of glycolysis and OXPHOS 

(Kong et al., 2017). STK33 protein may also drive hepatocellular carcinoma tumour 

growth by binding to c-Myc and upregulating its transcriptional activity (Yang et 

al., 2016). Therefore, there are a number of biologically meaningful reasons to 

implicate STK33 and NFAT together in the context of the GSEA results. 

CAMKs are not usually reported as regulators of NFAT activity, although they are 

activated downstream of calcium signalling in parallel to calcineurin (Hogan et al., 

2003). There is some evidence that CAMKs can regulate NFATs in cardiac tissue 

(MacDonnell et al., 2009). It was observed here that ML281 inhibition of STK33 

kinase activity marginally increased NFATc2 phosphorylation, and so it could be 

hypothesised that a calcium-STK33-NFATc2 axis exists in THP-1 cells. This requires 

further validation. In addition, further work into STK33 may require more 

sophisticated proteomics-based approaches, in order to fully understand its 

behaviour in the AML cell. 

  



277 

 

5.3.5.5 RNA-Seq data: NFATC2 KD in other AML cells 

A subset of genes was taken from THP-1 with either NFATC2 KD or overexpression, 

to validate in other cell lines. The only statistically significant change observed 

was in the gene SPNS3, in HL-60 cells. It also appeared to be downregulated to 

varying extents in NOMO-1 and OCI-AML3. SPNS3 is a sphingolipid transporter with 

some prognostic value in AML (Huang et al., 2020). Sphingolipids are involved in 

calcium transport (Pulli et al., 2018) and, therefore, could be involved in an 

NFATC2-driven mechanism. 

All 5 cell lines, namely THP-1, NOMO-1, HL-60, Kasumi-1 and OCI-AML3, exhibited 

slightly differing phenotypes after NFATC2 KD and carry distinct cytogenetic 

profiles, however they shared a common transcriptional profile with regard to 

these 6 genes, after NFATC2 KD. Individual KD of these genes in a variety of AML 

cell lines would provide evidence as to the dependence of the cells’ signalling on 

these, and possibly an understanding of the underlying mechanism(s). 

In contrast, the murine MLL-AF9 BM did not show a similar trend (with regard to 

murine ortholog genes) after Nfatc2 KD. The greatest change observed, Vldlr 

downregulation, was opposite to that observed in human cell lines. This difference 

may reflect distinctions in murine signalling networks, the artificial nature of the 

model, and/or that the NFATC2-driven regulation of these genes in human cells is 

not dependent on MLL-AF9 signalling. 
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5.3.5.6 NFATc2 ChIP-Seq in THP-1 cells 

The quality metrics shown for the NFATc2 ChIP-Seq indicate that there is a lower 

signal-to-noise ratio than the guidance suggests is desirable (ENCODE, 2012). This 

may reflect inadequate formaldehyde fixation, low antibody binding to target 

and/or weak protein binding to DNA. NFATs are known to bind weakly to DNA in 

isolation (Mognol et al., 2016) and so this could be a contributing factor. Replicate 

2 appeared to show a higher proportion of reads in peaks, a larger fragment size 

and also a stronger peak near the TSS when observed in a metagene plot. Given 

the stronger enrichment observed, this was carried forward for analysis, however 

PCA revealed that the 3 replicates do not share similar variance across the data. 

As such, pooling of these replicates may have led to an increased statistical type 

II error rate in the data, leading to a more conservative estimate of the number 

of genes deregulated with statistical significance. 

It is encouraging to observe almost 40% of ChIP-Seq peaks within 5 kb of the TSS – 

here, designated as promoter sites. NFATs are best characterised as binding to the 

IL-2 promoter, where they bind multiple different consensus sites which are not 

functionally redundant (Jain et al., 1995, Rooney et al., 1995b). NFAT also binds 

proximal promoter sites in the IL-4 gene (Rooney et al., 1995a). The clustering of 

peaks around TSS is the expected binding pattern observed in other TFs 

(Koudritsky and Domany, 2008) and the data here indicate that NFATc2 binding is 

more often found distal to the promoter. The large proportion of sites in introns 

and distal intergenic regions could signal distal enhancer sites, which have also 

been characterised for NFAT in the control of GM-CSF, IL-3 and IL-4 transcription 

(Cockerill et al., 1993, Agarwal et al., 2000). 

A high proportion of pseudogenes was identified in the NFATc2 binding targets. 

Pseudogenes are generally characterised as non-functional, although some studies 

have provided evidence for their contribution to transcriptional regulation of their 

parent genes. However, they often share close sequence homology with the parent 

but are incapable of transcription (Pink et al., 2011). It is possible that NFATc2 

can bind these genes, but the significance of this is unknown. 

Functions of the NFATc2-bound protein coding genes appear to resemble closely 

some of the functional pathways identified in RNA-Seq analysis, such as: actin 

cytoskeleton regulation, ribosomal structure, calcium regulation and 
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mitochondrial function. It is disappointing that almost none of the identified RNA-

Seq and ChIP-Seq targets overlapped in these analyses. This may reflect that 

pathways under the regulation of NFATc2 signalling are mediated by indirect 

effects, by NFATc2 binding to other genes. If this is the case, intermediate 

pathways and signalling should be defined in future work. Alternatively, NFATc2 

may regulate some transcription through distal enhancers, or enhancer-promoter 

interactions, which are not immediately clear from individual binding site analysis. 

The occupancy of NFATc2 at specific histone modifications in murine dendritic 

cells (Yu et al., 2014) suggests that it is also worth investigating the relationship 

with histone modification sites in THP-1 cells. Finally, the technical variation 

identified in these sequencing analyses may have led to a lower sensitivity of 

detection, so some binding or transcriptional targets have not been identified. 

5.3.5.7 NFATc2 binding motifs 

In addition to the c-Myc-binding motif a number of others were identified with 

statistical significance. Motif #2 was similar to a known NFATc1-binding motif, 

although statistical significance was poor for this association after correction for 

multiple testing. It also contains a portion of the ‘GGAAA’ motif that is described 

in some papers as a more general NFAT-binding site (Badran et al., 2002, Simonett 

et al., 2021). Additionally, the ‘GGAAA’ sequence can be observed in motif #4 

identified in THP-1, and ‘GAAA’ in motif #5. Overall, these provide confidence 

that the observed binding sites are real. 

The ZNF384 binding motif was a novel finding since little is published on this gene 

in AML. ZNF384 is more commonly associated with B-ALL as a fusion gene (Shinsuke 

et al., 2017) and the significance of this here is not clear. As suggested for c-Myc, 

ZNF384 protein could be another binding partner of NFATc2 in THP-1 cells or AML 

more generally. 

Ultimately, these binding motifs provide data for further analyses. These may be 

investigated in other ChIP-Seq datasets in AML to investigate DNA and histone 

methylation, in addition to the binding distribution of other TFs, such as c-Myc. 

Together these could provide further insight into the binding activity of NFATc2 

and putative transcriptional partners in AML. 
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5.3.5.8 Translating the findings to patient datasets 

Given the finding that NFATC2 expression could stratify patients by survival 

outcome in the TARGET-AML dataset, it was important to review the effects of 

putative NFATC2 targets’ expression in these patients also. A number of identified 

genes were shown to impact survival outcomes in patients. This included targets 

identified by both RNA-Seq and ChIP-Seq analyses. Correlation analyses of these 

patients’ data revealed some clusters which may indicate shared functional 

properties of some genes, including in genes which did not impact survival. These 

warrant further exploration in other AML datasets and functional analyses of 

specific clusters, which may provide clues to function and the role(s) of NFATC2 

in AML.  
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6 General discussion & future directions 

This study aimed to test whether AML cells were dependent on NFATC2 for survival 

and/or oncogenic function. The study characterised NFATC2 in AML cell lines and 

its impact on patients’ clinical outcomes, the effect on AML cells of NFATC2 

depletion, and its transcriptional/binding targets in these cells. 

The suitability of the cell lines chosen for this study remains an outstanding 

question when interpreting the transferability of its findings to patients’ AML 

biology. The open-source patient data analysis (Section 3.3.1) clearly 

demonstrated that NFATC2 expression tends to be lower in AML subtypes with a 

more differentiated morphology, where FAB classification M5 tended to have the 

lowest. However, the cell lines studied do not reflect this pattern well. NFATC2 

expression was among the highest in THP-1 and NOMO-1 cells, which are both 

models of M5 AML, while expression was lower or undetectable in Kasumi-1, OCI-

AML3 and HL-60, which are M2, M4 and M2, respectively. 

As such, it is not clear if these models would truly reflect the oncogenic activity 

of NFATc2 that may be present in primary patients’ AML cells. In generating cell 

lines, the very process of immortalisation and/or long-term culturing in vitro can 

contribute to the acquisition of substantial biological differences from the patient 

cells of origin (Kennedy and Barabé, 2008). 

In spite of this, the number of differing mutations represented by the cell lines 

chosen covers a wide range of profiles that occur in AML, albeit lacking the 

heterogeneity that is present in an individual patient sample. All of these cell lines 

showed some degree of sensitivity to NFATC2 KD and so while it may be 

challenging to infer any mechanistic relationship with individual mutations, there 

does appear to be a unifying dependence on NFATC2 expression. Cells with 

increased apoptosis after NFATC2 KD (HL-60 and OCI-AML3) share NRASmut, but 

also carry a number of other distinct aberrations. Cell lines with cell cycle arrest 

observed after NFATC2 KD are molecularly heterogeneous, and in most cases the 

observed effects did not meet statistical significance at the timepoints used. 

Further exploration of cell cycle checkpoints and apoptosis at varying timepoints 

and using alternative methods could characterise these observations better. 
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It is possible that these AML cells with distinct driver mutations shared common 

oncogenic signalling through NFATC2, but this would be surprising given the 

molecular heterogeneity of AML, which is normally a major barrier to developing 

novel therapies. NFATs function by forming large complexes at DNA binding sites 

with downstream effectors of multiple signalling pathways (Crabtree and Olson, 

2002) and they are known integrators of growth factor signalling in healthy 

myeloid tissue (Fric et al., 2012a, Fric et al., 2014). One possibility is that, in AML 

and healthy myeloid cells, NFATc2 is not dispensable for basic cellular function 

and therefore is non-selective for AML. Testing these inhibitors and potentially 

NFATC2 depletion in non-AML tissue would be important to explore this. 

Additionally, the roles of the NFAT family are essential for T cells (Rao et al., 

1997a), meaning that NFAT inhibition might exceed desirable toxicity thresholds 

in patients, as has been observed for clinical drugs such as Tacrolimus and CsA 

previously. 

It is unclear how the dependence of AML cells on NFATC2 could be tested in vivo 

or in patients, given the lack of specific inhibitors, although steps towards this 

have been proposed (Kitamura and Kaminuma, 2021). This study showed that THP-

1 cells are sensitive to calcium and calcineurin inhibition, which may be at least 

partially dependent on blockade of NFATc2 translocation (Section 4.3.1). However, 

Kasumi-1 cells were not sensitive to calcineurin-NFAT inhibition, despite being 

sensitive to NFATC2 KD. Considerably lower NFATC2 expression in Kasumi-1 cells 

might be the cause of lower drug sensitivity, but the kinetics of this were not 

investigated. Alternatively, NFATc2 may have some role(s) not dependent on 

calcineurin, through which KD – and not calcineurin/NFAT inhibition - would exert 

an observable functional effect. In summary, the phenotype observed after 

NFATC2 KD do correlate closely with the phenotype following calcineurin-NFAT 

inhibition by CsA or VIVIT-11R, based on these data alone. This is not surprising, 

given the additional unknown contribution of NFATc1/NFATc3 inhibition by 

CsA/VIVIT-11R in these cells. 

Better characterisation of calcium and NFATc2 biochemistry in AML cell lines 

would help to elucidate the nuances of its signalling network. The data in this 

study show that global phosphorylation changes in response to pathway 

inhibition/stimulation were often contrary to expectations. For example, an 

increase of highly-phosphorylated NFATc2 was observed in the nuclear protein 
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fraction after calcium chelation with EGTA. More sophisticated characterisation 

of phosphorylation sites and protein-protein interactions, as described in other 

cell types (Villar et al., 2006, Sharma et al., 2011, Gabriel et al., 2016), would be 

beneficial to understand the dynamics of the calcium-NFATc2 axis in AML cells. 

Further optimisation of ionomycin treatment in AML cell lines, such as altering the 

concentrations of inhibitors or timepoints, is also necessary to robustly compare 

the response of NFATc2 with those observed in T cells. Additionally, characterising 

the effects of NFATC1 KD and NFATC3 KD in these cell lines would elucidate 

whether these genes/proteins are required for the AML cells’ survival and/or 

growth. An understanding of the cells’ dependencies on all of NFATC1-3 would 

support further hypotheses on the mechanism of calcineurin-NFAT inhibition in 

these cells and clarify the value of this pathway as a therapeutic target. 

However, other indirect means of targeting NFATc2 may be possible. Targeting of 

TFs has long been a challenging area of therapeutics development due to the non-

kinase activity of many TFs and their subcellular location. For example, MYC is 

ubiquitous in normal physiology and a number of cancers, but is often described 

as ‘undruggable’. Various indirect means of Myc inhibition are under investigation, 

which include targeting of Myc heterodimer partners, inhibition of Myc-stabilising 

proteins (such as PIM1 kinase) and blockade of epigenetic regulators which 

regulate MYC (such as BRD4) (Bushweller, 2019, Llombart and Mansour, 2022). 

Similar strategies have been described for NFAT, including the modification of 

nuclear import/export, increasing NFAT degradation, and prevention of NFAT-DNA 

binding (Qin et al., 2014), but these are not well-developed. 

The RNA-Seq and ChIP-Seq analyses together suggested that NFATc2 and c-Myc 

could be interaction partners, or that they co-regulate downstream targets, in the 

THP-1 model of MLL-AF9 AML. This offers a key insight into the possible 

mechanism(s) of NFATc2-led oncogenesis and opens therapeutic opportunities. 

The next step of this study would be to investigate compounds which indirectly 

target Myc and are known to be effective against AML in vitro and in vivo 

(Brondfield et al., 2015). Combination therapy of Myc and calcineurin-NFAT 

inhibition could potentially target transcriptional complexes which are selectively 

activated in AML cells. This could also circumvent the need for doses of an NFAT 

inhibitor at a level which is toxic to ordinary tissues. 
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Further information is needed to determine the exact relationship of Myc and 

NFATc2. ChIP-Seq of Myc in THP-1 cells would be useful to validate the finding 

that a subset of NFATc2-binding sites is common to Myc. Direct IP of Myc and 

NFATc2, separately, would also shed light on whether these two TFs are direct 

interaction partners. Together this information would inform the drug discovery 

process, if looking to target any NFATc2/Myc interaction. 

The downstream mechanism(s) regulated by NFATc2 and Myc in THP-1 cells should 

also be elucidated. Tan et al. found that, in fibroblasts, cyclin D1 was a key 

suppressor of apoptotic responses in the context of Myc (Tan et al., 2000). In fact, 

Myc is an established regulator of aberrant cyclin D1 activity in various cancers 

(Liao et al., 2007). This thesis study found that NFATC2 maintains CCND1 

(encoding cyclin D1) expression, either directly or indirectly, and so this could be 

a common feature of NFATc2/Myc activity. It is possible to target cyclin D activity 

therapeutically, but this is more commonly achieved through cyclin-dependent 

kinase (CDK) inhibition (Aleem and Arceci, 2015). A better understanding of the 

signalling between NFATc2 and cell cycle regulators is needed to highlight 

therapeutic vulnerabilities of the cells. The next stage of study would involve 

characterising the activity of cyclin D-related cell cycle proteins, including CDK4, 

CDK6, retinoblastoma protein (Rb) and E2F (Fu et al., 2004). 

Comparing the perturbations of cell cycle regulators across differing AML cell lines 

with NFATC2 KD might provide some clarity on the relationship between cell 

phenotype and mutational status. For example, as hypothesised in Section 4.4.2, 

the deregulation of CCND1 and the cell cycle after NFATC2 KD in THP-1 cells may 

relate to the signalling downstream of TP53mut and/or NRASmut within those cells. 

A comparison of CCND1 transcription at late timepoints after NFATC2 KD in TP53wt 

and NRASwt cell lines could indicate whether these mutations were important to 

the NFATC2/CCND1 relationship. 

Comparison of THP-1 cells to MLL-AF9 murine BM with Nfatc2 KD revealed that 

key genes, including Ccnd1, were deregulated in the opposite direction to the 

human orthologs when NFATC2 was knocked down in THP-1 cells (Sections 

4.3.2&4.3.4). This difference could be attributed to inter-species differences in 

orthologous signalling pathways, differing mutational profiles and/or that NFATC2 

signalling is unrelated to MLL-AF9 oncogenesis. Additionally, the MLL-AF9 BM 
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model did not develop from a process of leukaemogenesis, by which mutations 

accumulate sequentially (such as in CHIP or ARCH). As such, the artificial nature 

of these MLL-AF9 cells could be missing uncharacterised (epi)genetic features 

which arise from these more ‘organic’ processes, thus making it difficult to 

compare them to THP-1 cells which have been derived from patient tissue. 

Additionally, the targets of NFATC2 KD identified by RNA-Seq were not 

consistently deregulated after NFATC2 KD in AML cell lines of differing cytogenetic 

backgrounds (Section 5.2.3.1). For example, THP-1 shared none of the putative 

NFATC2 transcriptional targets with MOLM-13. In order to determine the most 

significant targets of NFATC2, a high-throughput shRNA/siRNA KD screen focusing 

on a common subset of the targets identified by RNA-Seq could be conducted in 

some of these cell lines. Genes which are deemed to be essential for survival may 

be taken forward as NFATC2-driven regulators of leukaemogenesis and could be 

investigated as therapeutic targets independently. 

Of the targets identified by sequencing analyses, 13 were used to stratify patient 

survival in the TARGET-AML cohort (Section 5.3.5.8), indicating that they have 

some prognostic value in AML. The influence of these genes on these patients’ 

clinical course is likely to be multi-dimensional. Major prognostic factors in 

paediatric AML include the cytogenetic profile and the kinetics of response to 

chemotherapy (Hoffman et al., 2021). Cytogenetic subgroup analyses of the data 

may reveal greater prognostic importance for these NFATC2 targets in specific 

groups of patients, yet small patient numbers per group makes this challenging. 

The finding that NFATC2 expression was higher at patient relapse, in another 

cohort (Section 3.3.1), suggests the emergence of therapy-resistant clones which 

are more NFATC2-dependent. It is worth noting that THP-1 cells, in addition to 

most of the other AML cell lines examined, were derived from patients at relapse, 

and so this study may be biased towards relapsed AML. Further study into the role 

of NFATC2 in the development of relapse, resistance to chemotherapy, and 

resistance to other inhibitors would be valuable in determining whether NFATC2 

(and its putative gene targets) are related to a more specific mechanism in 

relapsed or de novo AML. AML cells, particularly LSCs, can be shielded from 

chemotherapy or targeted inhibition by the BM microenvironment and so the AML 

blast-niche interactions are of interest in the development of relapse (Tabe and 
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Konopleva, 2015). Such interactions are often mediated by secreted factors, 

which is particularly relevant to NFATs, as regulators of cytokine transcription. As 

such, cytokine profiling and multi-dimensional in vitro modelling should be 

considered when assessing the contribution of NFATC2 to AML oncogenesis and 

relapse, particularly in primary patient cells. 

Exploring the prognostic value of this 13-gene list in other datasets could also 

prove useful. Firstly, to determine by univariate analysis if these genes’ expression 

would be predictive of outcome in the TCGA and BEAT-AML datasets, since NFATC2 

expression itself was not found to be prognostic. Secondly, to develop a more 

robust gene signature predictive of patient outcomes and/or relapse using the 

sequencing data from NFATC2 KD. Similar approaches have been taken for AML 

with a 17-gene stemness score (Ng et al., 2016), a 29-gene/cytogenetic score 

(Tobias et al., 2018) and a 9-gene score for targets of KDM4A (Massett et al., 2021). 

Finally, given that NFATC2 was found to be a target of KDM4A in MLL-AF9, it seems 

pertinent to return to the KDM4A-PAF1-NFATC2 axis. NFATC2 KD did not result in 

deregulation of KDM4A enzymatic targets H3K9me3 or H3K27me3, diminishing the 

possibility that NFATc2 co-regulates KDM4A enzymatic activity. Comparison of 

histone methylation patterns in THP-1, for which data are available, with the ChIP-

Seq binding sites of NFATc2, KDM4A and PAF1, may reveal more about the 

mechanics of the KDM4A-PAF1-NFATc2 axis. These epigenetic data in the context 

of KDM4A and PAF1 function in MLL-AF9 AML may further advance our 

understanding of the function of all three regulators in AML. 

7 Conclusive remarks & future work summary 

The findings of this study are valuable in the characterisation of NFATC2 in AML 

cells and the pursuit of novel drug targets. It is now clearer that NFATC2 is 

indispensable for AML function and/or survival. Novel downstream targets of 

NFATC2 have been elucidated and, as such, any of these genes may be significant 

players in leukaemogenesis. NFATC2 and some of its putative targets have 

prognostic value in the patient data examined, and so an initial connection 

between NFATC2 function and clinical outcome has been established. The next 

stages should involve more thorough characterisation of the precise mechanisms 

of NFATC2 function in AML cells, to determine how it interacts with other players 

within the cell. This includes the established onco-protein Myc, which this study 
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has demonstrated as a likely interactor of NFATc2. Specifically, data 

characterising the role of NFATC2 in the cell cycle, cytokine release and resistance 

to chemotherapy should be sought. Open-source patient data should be maximally 

explored to determine the clinical applicability of a NFATC2 target prognostic 

score, and these targets should be independently investigated in vitro. While 

awaiting the development of a specific NFATc2 inhibitor, this study has provided 

the grounds to explore further the therapeutic value of the NFATc2 signalling 

network, in the pursuit of a novel AML treatment strategy.  
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9 Appendices 

9.1 Patient characteristics from open-source datasets 
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  C TCGA 

Figure A-1. Detailed patient characteristics from three open-source datasets. Data 

were extracted from A: TARGET-AML; B: BEAT-AML; C: TCGA AML datasets, for BM-

derived tumour expression of NFATC1, NFATC2 and NFATC3, as measured by RNA-Seq. 

Survival data were also extracted. The patient characteristics shown are selected 

demographic attributes and known mutational features, based around the FAB 

classification of AML, the WHO classification of myeloid neoplasms, and other well-

characterised mutations (such as FLT3ITD). 
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9.2 RNA-Seq QC 

9.2.1 Determining timepoints 

In order to generate RNA samples for RNA-Seq the optimal timepoint for cell 

harvest was determined by comparing the level of NFATC2 KD at 24hr and 48hr 

post-puromycin selection, by qRT-PCR. Due to the increased cell death observed 

with construct -143 transduction at 72hr post-selection this was deemed too late, 

to avoid dead cell RNA contamination. Figure A-2 shows that KD was stronger at 

24hr post-selection and so this was chosen as a suitable timepoint for harvest. 

 

 

  

Figure A-2. NFATC2 KD in bulk THP-1 cells was 

strongest at 24hr post-selection. qRT-PCR was 

used to measure NFATC2 expression in THP-1 

cells 24hr and 48hr post-puromycin selection. 

Shown are the mean ± SD -log2 fold changes 

relative to the scrambled control, using the 

ΔΔCt method (n=3, technical replicates). 
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9.2.2 Experimental quality 

5 replicate experiments’ RNA samples were extracted and quantified as described 

previously. These were compared for NFATC2 expression after shRNA KD (Figure 

A-3A). NFATC2 is downregulated the least in replicate 5 and this was excluded. 

Replicates 1-4 were compared for transduction efficiency, which was estimated 

by cell counts at 0hr and 24hr post-puromycin selection (Figure A-3B). Replicates 

1-2 showed the highest proportion of cells remaining after selection. 

 

 

 

  

 

 

 

  

Figure A-3. Experimental replicate 5 was initially excluded from RNA-Seq submission. 

5 experimental replicates of NFATC2 KD in THP-1 cells were conducted. ‘Rep’ = replicate. 

A. Replicates 1-5. qRT-PCR was used to measure NFATC2 expression in THP-1 cells 24 hr 

post-puromycin selection. Shown are the mean ± SD -log2 fold changes relative to the 

scrambled control, using the ΔΔCt method (n=3, technical replicates). B. Replicates 1-4. 

Cell counts taken in liquid culture at 24hr are expressed as a % of counts at 0hr, as a 

measure of transduction efficiency. 

 

A B 
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9.2.3 Sample preparation and QC 

The samples were also analysed for quality using a 2100 Bioanalyzer system, with 

an RNA 6000 Nano Kit (both Agilent). The 2100 Expert Software (Agilent) was used 

for data visualisation. The kit was applied as per protocol. Briefly, RNA samples 

were loaded onto a chip, before they were passed through chip micro-channels 

and separated by electrophoresis. The Bioanalyzer system can measure sample 

quantity and quality by comparing each sample’s electropherogram with that of a 

known reference. An example electropherogram is shown in Figure A-4. 

  

Figure A-4. Agilent electropherogram shows RNA quality. 

A: The diagram shows the electropherogram measured by the 2100 Bioanalyzer on an 

RNA sample. The expected peaks are those for ribosomal RNA and a reference marker, 

as indicated. B: The electropherogram for the reference ladder.  
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Two quantitative values can be derived from these sample plots to represent 

sample quality. The dominant peaks represent 28S and 18S ribosomal RNA and are 

expected to have a 28S:18S ratio of ≥2.0 in good quality RNA. Alternatively, the 

RNA integrity number (RIN) is calculated by an algorithm which takes account of 

the whole electropherogram plot, to estimate RNA integrity. It is generally 

considered to be a superior and more reproducible measure of quality than the 

28S:18S ratio. RIN ranges from 1-10, where 10 is the best possible quality 

(Schroeder et al., 2006). Example plots are shown from 4 experimental replicates 

in Figure A-5.  Using RNA quality assessment in the Bioanalyzer it was deemed that 

replicates 1-3 were of the best quality and concentration to be submitted for 

sequencing. 

  

Figure A-5. Experimental replicates 1-3 were the best quality for RNA-Seq submission. 

Replicates 1-4 of samples examined in Figure 2-X. RNA harvested at 24hr was analysed 

using automated electrophoresis in an Agilent 2100 Bioanalyzer system. Shown are the 

electropherograms for each, and a reference ladder. Below this is the measured RNA 

concentration. 
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9.2.4 Library preparation and sequencing 

The cDNA libraries were prepared from RNA samples by Novogene, using a Next® 

UltraTM RNA Library Preparation Kit (NEB). They also sequenced these libraries, 

after which read and mapping quality statistics were provided (see Table A-1). 

Table A-1. Read and mapping quality measures of RNA-Seq data were found to be >95%. 

The table shows selected statistics derived from the sequencing process, containing 

metrics of read quality or quality of mapping reads to the genome. 

 

95.98-97.64% of reads were determined to be clean across all samples, with a base 

error rate of ≤0.03% across the whole sequencing. After alignment to the human 

genome (build hg38) the analysis of mapping found that 3.22-4.20% of reads were 

mapped to multiple loci, and 96.87-98.02% of total reads mapped to exon regions. 

  

Sample details Read quality Mapping quality 

Replicate Condition 
Clean 

reads (% 
total) 

Base 
error 

rate (%) 

GC 
content 

(%) 

Mapping 
rate (% 
reads) 

Multiple 
mapping 

(%) 

1 

Scrambled 96.51 0.03 49.84 96.85 4.16 

-143 96.65 0.02 50.08 97.54 3.50 

-146 95.98 0.02 47.34 95.66 3.22 

2 

Scrambled 96.29 0.02 50.20 97.27 3.48 

-143 97.12 0.02 50.44 97.23 3.61 

-146 97.16 0.03 50.49 96.67 3.39 

3 

Scrambled 96.44 0.03 50.17 96.31 4.20 

-143 96.86 0.02 50.36 96.93 3.60 

-146 97.64 0.03 50.73 96.05 3.53 
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9.3 ChIP-Seq QC 

9.3.1 DNA QC 

DNA libraries were quality-assessed using an Agilent DNA 1000 Kit, which works in 

a manner similar to that described for RNA. The electropherograms for 3 replicates 

are shown in Figure A-6. Electrophoresis using the Bioanalyzer revealed that size-

selected library preparations of input DNA peaked at size ~300 bp. This is 

approximately expected based on the gel in Figure 5-23 and with the addition of 

adapters. The NFATc2 IP DNA showed smaller peaks, as expected, with similar 

sizes for replicates 1 and 3. However, replicate 2 showed an unexpectedly large 

peak at >1500 bp. The region from 170-750 bp was measured for concentration, 

which was also lower than replicates 1 and 2. 

  

Figure A-6. Bioanalyzer electrophoresis shows an unexpected, larger DNA peak in the 

DNA library preparation for replicate 2. Electropherograms from the Bioanalyzer were 

generated by electrophoresis of the DNA libraries generated from each of the 3 ChIP-Seq 

replicates. Given on each plot is the range of the central peak and the concentration 

measured in this peak. *The range for NFATc2 IP in replicate 2 is where the DNA 

concentration was measured, although the main peak observed is larger. The reference 

ladder plot is also shown. 
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9.3.2 Shearing analyses 

DNA samples taken immediately after sonication were reverse-crosslinked and 

purified as follows. They were diluted in elution buffer from the IPure V2 Kit, 

before the addition of NaCl to 365 mM and RNase A to 152 µg/mL. These were 

incubated at 60°C with shaking for 2 hr. Proteinase K was then added to 300 µg/mL 

and incubated overnight at 60°C with shaking. The eluted DNA were then purified 

using a QIAquick PCR Purification Kit (QIAGEN), as per protocol. The DNA product 

(~500 µg) was loaded into a 1.5% agarose gel with SYBRTM Safe DNA Gel Stain (TFS) 

and run at 100 V for 30-60 min, with visualisation using a LI-COR Odyssey 

instrument. 

Library samples were also visualised on an agarose gel in this way, to assess 

fragment size. This is illustrated most clearly in Figure A-7. 

 

 

Figure A-7. DNA library samples were in the size 

range of 100-200bp. Samples of size-selected library 

DNA was electrophoresed on a 1.5% agarose gel and 

visualised to determine the efficiency of chromatin 

shearing. DNA sizes for the ladder are shown in bp. 
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9.3.3 Sequencing and read QC 

The DNA library was sequenced using a NovaSeq 6000 platform (Illumina) by the 

external service provider Novogene. Paired-end sequencing was carried out with 

a read length of 150 bp and a minimum sequencing depth of 20 million read pairs 

per sample. The service provider reported sequencing quality metrics, including 

the base error rate, Q-Phred scores and % GC content per sample. 

Sequencing reads were generated for 3 NFATc2 IP and 3 input DNA samples. The 

quality metrics provided from the sequencing are shown in Table A-2. 

Sample Replicate 
Number of 

raw reads 

Clean reads 

(% raw) 

Base error 

rate (%) 

GC content 

(%) 

NFATc2 1 49,102,414 99.99 0.03 40.07 

Input 1 51,508,504 99.99 0.03 41.35 

NFATc2 2 58,169,000 99.99 0.03 42.88 

Input 2 70,420,838 99.99 0.03 40.19 

NFATc2 3 56,377,884 99.99 0.03 40.95 

Input 3 51,727,124 99.99 0.03 40.87 

Table A-2. Read quality of ChIP-Seq data was found to be 99.99% clean. 

The table shows selected statistics derived from the sequencing process, containing 

metrics of read quality or quality of mapping reads to the genome. 

 

The quality of reads was found to be very high at 99.99% and a low base error rate 

at 0.03% for all samples. The GC content ranged from 40.07-42.88%. Reads were 

mapped to the human genome (build hg19), followed by PCR duplicate removal 

and filtering of low-quality or multiply mapped reads. Subsequently, 17.93-64.68% 

of the originating clean reads remained and were taken forward for peak calling. 

By pooling the 3 replicates MACS2 called 240 peaks with a q-value<0.1. After 

excluding regions with ≥1 base overlap with hg19 blacklisted regions and gene 

annotation, 131 peak regions were defined as enriched with NFATc2 IP, compared 

to input DNA. 

9.3.4 Data QC 

QC metrics were obtained from the filtered bam files and MACS2 peak regions 

using the ChIPQC package in RStudio. This provided data on duplication, read 

length and various measures of peak strength and distribution.  Some of these are 

described in Table A-3.
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Table A-3. Less than 3.0% of reads were found in ChIP-Seq peaks after NFATc2 IP. 

The table describes quality metrics provided by analyses in the ChIPQC R package. The mapped reads which passed filtering are shown and also 

expressed as a % of the clean raw reads shown in Table A-2. The proportion of duplicate reads was also measured as a quality control for the earlier 

duplicate filtering step. The read length and fragment length were estimated per sample and input by calculating the cross-correlation scores between 

on opposite strands, with shifting of these. Plotting these values can provide an estimate of the actual read and fragment length. The relative cross-

correlation score (RelCC) is shown as a measure of signal-to-noise. Also shown are SSD, a measure of enrichment, and RiP, which gives the % of reads 

found in peaks called for NFATc2 IP. Individual replicates are shown.

Sample Replicate 

Number of 

filtered/mapped 

reads 

Filtered/mapped 

reads as % of 

clean/raw 

Duplicates (% of 

filtered/mapped 

reads) 

Read length 

(bases) 

Fragment length 

(bases) 
RelCC SSD 

RiP 

(%) 

NFATc2 1 22,343,408 45.50 0.0 138 277 0.41 1.20 1.50 

Input 1 33,315,902 64.68 0.0 140 281 0.33 1.30 - 

NFATc2 2 10,429,492 17.93 0.0 130 267 0.55 1.50 2.60 

Input 2 34,463,759 48.94 0.0 139 279 0.4 1.40 - 

NFATc2 3 23,896,823 42.39 0.0 140 282 0.42 1.30 1.60 

Input 3 30,859,184 59.66 0.0 137 276 0.34 1.30 - 
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This package automatically produced boxplots to present frequency of reads in 

peaks (FRIP) and read counts in peaks. The RelCC (described as ‘RSC’ by Encode) 

was ≤0.55 for all conditions, however the value was higher for each NFATc2 IP 

than their paired input DNA in each case.  In contrast the SSD score, which is used 

to compare coverage and enrichment between samples, does not show a clear 

pattern of higher enrichment in the NFATc2 IP samples, relative to the input 

controls; values range from 1.20-1.50. Finally, the RiP ranged from 1.50-2.60% 

across the 3 replicates, which is illustrated in Figure A-8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-8. Replicate 2 has a higher fraction of reads overlapping with peaks 

called from NFATc2 IP. A: The fraction of RiP (FRIP) is shown per replicate for 

NFATc2 IP in THP-1, respective to peaks called by MACS2 and filtered/mapped reads. 

The proportion of reads overlapping with any peaks is shown; the colour scale is 

given. B: The boxplot shows the absolute number of reads counted in each peak, 

per sample replicate of NFATc2 IP, compared to the peaks used in A. Shown are the 

median, upper and lower quartiles. Whiskers extend to the data point within 1.5x 

the inter-quartile range (IQR) beyond the upper quartile limit, while everything 

beyond this is presented as an outlier dot. The y-axis is clipped at y=2750 for size.    

A B 
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While a higher proportion of the filtered and mapped reads from replicate 2 

intersected peaks (Figure A-8A), the median absolute number of reads intersecting 

each peak was approximately similar (Figure A-8B). There were a number of 

outlying read counts in all conditions, with some extending beyond the selected 

axis limits for replicate 3 data, showing that some peak calls were based on a high 

number of intersecting reads (>1500 in some cases). 
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9.4 KDM4A KD data compared to NFATC2 KD key genes 

These data were generated by Dr. Matthew Massett in a previous study. 

 

  

Gene Symbol shKDM4A-1111 shKDM4A-1115 

Log2 fold change Adjusted p value Log2 fold change Adjusted p value 

YES1 -1.28 7.45x10-54 -0.45 1.71x10-7 

VLDLR 0.25 5.00x10-5 0.49 1.02x10-17 

UBE3C 0.54 1.81x10-13 -0.14 0.123 

TULP3 0.98 3.60x10-19 1.15 1.48x10-26 

TGFBR2 0.89 1.87x10-24 0.23 0.026 

SNX16 0.56 0.001 0.30 0.140 

SFXN3 -0.33 7.73x10-7 0.04 0.764 

S1PR3 1.06 2.90x10-26 0.58 3.61x10-8 

RNF19A 0.72 3.78x10-22 0.75 6.83x10-24 

RASA1 0.28 0.003 -0.14 0.246 

RAB15 0.63 8.67x10-14 0.61 3.95x10-13 

RAB12 1.36 3.79x10-40 0.40 0.001 

PRRG4 0.36 0.006 0.83 3.83x10-14 

PANX1 0.46 0.001 -0.46 0.001 

OCRL 0.93 7.82x10-37 0.85 8.98x10-31 

NPEPPS 0.88 5.48x10-50 0.61 3.42x10-24 

KDELC2 -0.07 N/A 0.30 0.002 

GCNT2 0.49 0.084 0.23 0.558 

GBP3 0.08 0.713 1.45 1.60x10-31 

CCNYL1 0.66 1.05x10-16 0.46 1.33x10-8 

BRWD3 -0.12 0.294 -0.21 0.048 

BIN1 0.71 2.62x10-7 -0.77 1.98x10-7 

ATG9A 0.49 3.46x10-12 0.25 0.001 

ANKRD40 0.24 0.012 -0.30 0.001 

AHNAK -1.11 1.66x10-62 0.50 2.13x10-13 

A Upregulated after NFATC2 KD 
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Table A-4. Genes upregulated after NFATC2 KD are predominantly upregulated after 

KDM4A KD also. THP-1 cells were transduced with two shRNA constructs for KDM4A KD: 

(-1111 and -1115) and selected using puromycin at 24 hr post-transduction. RNA was 

harvested 48 hr post-puromycin selection for RNA-Seq. Shown are the log2 fold changes 

and adjusted p values from the RNA-Seq analyses, per each shKDM4A construct. The genes 

selected are those A: upregulated or B: downregulated after NFATC2 KD with adjusted 

p<0.1, as described from the RNA-Seq data previously in Chapter 5. Highlighted in green 

are those which were deregulated after KDM4A KD with both adjusted p<0.1 and in the 

same direction of change as was observed for NFATC2 KD. 

 

 

 

 

 

 

 

 

 

 

  

Gene Symbol shKDM4A-1111 shKDM4A-1115 

Log2 fold 
change 

Adjusted p value Log2 fold change Adjusted p value 

TMEM92 -0.70 0.093 -0.07 0.93 

SPNS3 -0.96 7.52x10-19 1.00 2.97x10-21 

SH2D3A 0.22 0.452 -0.05 0.913 

RGL4 -0.48 0.110 0.14 0.762 

PRR7 -0.12 0.734 -0.15 0.704 

KLF15 -0.47 0.081 -0.41 0.162 

HSH2D -1.24 1.30x10-10 2.28 1.67x10-44 

EXOSC6 -0.12 0.395 -0.34 0.005 

DEFA8P -0.45 0.256 0.63 0.092 

COMTD1 -1.22 1.90x10-10 -0.45 0.036 

B Downregulated after NFATC2 KD 


	Thesis Cover Sheet
	2022PattersonPhD_sig rem

