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Abstract 

 
Acute myeloid leukaemia (AML) affects 3100 people every year in the UK, around 1% of whom 

are under 19 years of age. Despite improvements in immunotherapeutic treatment 

opportunities for AML, the rates of survival particularly in adults remain poor. We wanted to 

determine whether adult and paediatric AML, share common molecular pathways and 

therefore, the same therapies could be used to treat each. 

Previous dataset analysis provided a group of differentially expressed genes in different risk 

subgroups of AML. Using a variety of analysis tools and a comprehensive literature review, the 

role of these antigens and microRNAs (miRs) were investigated in various diseases and 

specifically AML. Models were generated using miRs as biomarkers to predict prognosis 

grouping based on expression and qPCR was performed to evaluate their use as a biomarker in 

patient sera. 

Nine leukaemia associated` antigens (LAAs) and four miRs were identified for further study due 

to their effects on patient prognosis. Investigation of the LAAs showed potential roles in 

cancerous drivers and leukaemogenesis, interacting with known important pathways. Following 

area under the curve analysis, mRNA-sequencing data from TCGA and TARGET demonstrated 

that combinations of miRs made powerful predictors of prognosis. qPCR showed no significant 

difference in expression levels of DEmiRs in sera samples. 

BIRC5 may be a key target for specific subtypes of AML and the other LAAs have been found to 

interact with key pathways in other cancers. However, these often have little to no research in 

AML patients or cell lines. Furthermore, only miR-1915-5p showed promise as a serum 

biomarker, however, further investigation is needed following this study.  
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Chapter 1. Introduction 

 

1.1 Cancer  

Cancer is described as the uncontrolled proliferation of cells and can develop throughout the 

body. Mutations in genes can cause cancer by inhibiting cell death or promoting accelerated 

division. There were 367,167 new cases of cancer in the UK between 2015 and 2017 (UK, 2018). 

Throughout the UK, leukaemia remains one of the most common cancers, with the twelfth 

highest incidence rate (Figure 1.1). 

 

Figure 1.1 Cancer rates in the UK. Most common cancers in the UK between 2016-2018, a total of 9907 

cases of leukaemia are diagnosed in this period. Figure from Cancer Research UK [Generated 01/03/22]. 

 

1.2 Leukaemia 

The most common types of leukaemia are acute myeloid leukaemia (AML), chronic myeloid 

leukaemia (CML), acute lymphoblastic leukaemia (ALL), and chronic lymphoblastic leukaemia 

(CLL). Acute and chronic leukaemias differ in their progression, acute leukaemia rapidly 

progresses and produces an accumulation of immature blast cells in the bone marrow (BM) and 

blood, these blast cells build up in the BM and prevent the production of healthy blood cells. 

Chronic leukaemia follows the same path at a slower rate, allowing the cells to mature further 

along the lineage before the differentiation arrest and are slightly more functional, this often 
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means chronic leukaemia is diagnosed later in life and is almost exclusively found in older 

patients. 

Myeloid leukaemias originate in myeloid progenitors affecting red blood cells (RBCs), platelets 

and leukocytes, whereas the lymphocytic/lymphoblastic leukaemias originate exclusively in the 

lymphoid stem cells that form white blood cells (WBCs) (Figure 1.2). AML is defined as a 

malignant disorder of the BM characterised by the clonal expansion and differentiation arrest 

of myeloid progenitor cells (Shallis et al., 2019). Mixed lineage leukaemias (MLL) can also occur, 

where the blasts show phenotypes of myeloid and lymphoid cells. MLL is most commonly found 

in paediatric patients with translocations on the MLL gene at 11q23 and can indicate worse 

survival (Muntean & Hess, 2012; Wolach & Stone, 2015). This worse survival is potentially caused 

by hyperleukocytosis and central nervous system involvement, along with resistance to common 

chemotherapeutic agents (Winters & Bernt, 2017). 

 

 

Figure 1.2 Image of erythropoiesis. A diagram showing the stages of haemopoiesis that can be 

interrupted by AML. Image author’s own created using biorender program (https://biorender.com/). 

https://biorender.com/
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1.2.1 Epidemiology 

CLL is the most common form of leukaemia in adults, with roughly 3800 people being diagnosed 

with it in the UK each year between 2016-18 (UK, 2018). Adult AML has similar occurrence rates 

as CLL, affecting less than 1 in 10,000 people, and around 3100 adults are diagnosed with it each 

year. AML makes up around 15-20% of leukaemias in the paediatric population, and survival for 

paediatrics and young adults is around 70% (Creutzig et al., 2018). Roughly 100 patients each 

year are diagnosed with paediatric AML in the UK, whilst CML in paediatrics accounts for around 

five cases a year. 

However, AML rates have been increasing over the last 40 years, and this may reflect an ageing 

population, survival in the face of other risks such as viruses, and exposure to more 

environmental factors such as greater levels of pollution. Population effects such as the post-

war baby boom provided a large increase in the population reaching the age most associated 

with AML, which could account for some of the dramatic increase in the last 10 years (Hao et 

al., 2019). In the UK, AML is most often diagnosed between the ages of 75-84 (Figure 1.3), with 

only 1% of those affected being under 19 years of age.  

 

Figure 1.3 AML incidence in UK by age. A small increase in AML cases is shown between 0-4 years 
of age, followed by a steady increase post 10 years. Significant disparity between males and 
females appears from 60-64. Data shown taken from Cancer research UK (UK, 2019). [Accessed 
12/6/21]. 

 

Before the age of 60, AML incidence rates between biological males and females were relatively 

similar; however, following this the rate in males increased significantly compared to those 

found in women. This might be a result of the various vocations men have held historically, 
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which exposed them to more cancer risk factors and encouraged risk-taking behaviours like 

smoking. 

The higher rates could also be due to mutations on the sex-linked chromosome (SLC); having 

only one X copy of this might make males more susceptible to mutations and the cancers 

associated with genes on this chromosome. Abnormalities present in the SLC could potentially 

cause genetic instability and result in the progression of AML (Shahrabi et al., 2018). Another 

reason more males are diagnosed with AML could be due to blood group distribution; a sex-

dependent gene on chromosome 9 may protect blood group O women against leukaemia in 

certain populations (Jackson et al., 1999). 

 

1.2.2 Aetiology 

The origins of AML are not exactly known. In adult patients, it is predicted that the development 

of AML is due to the accumulation of genetic alterations; this also predicts that the disease will 

be more complex due to the nature of its cause. In children, it is predicted an in-utero mutation 

leads to the development of AML following a second genetic event occurs at around 18 months 

of age, as reviewed in (Greaves et al., 2003). 

Environmental factors such as exposure to abnormal levels of radiation, smoking and benzene, 

along with contact with previous chemotherapeutic agents as well as any other carcinogenic 

material, can all contribute towards a greater risk of contracting AML (ACS, 2018). Some pre-

existing conditions can make a patient more liable to develop AML, other haematological 

diseases such as myelodysplastic syndrome (MDS), myelofibrosis, and aplastic anaemia. Birth 

defect diseases such as Down Syndrome and Bloom Syndrome also show an increased 

prevalence of AML, often presenting in early adulthood. Secondary AML can occur following a 

previous haematological disorder and has a poor survival rate and a greater risk of relapse, along 

with conferring greater resistance to treatment. 

Certain chromosomal changes such as deletions, inversions, and translocations can be 

associated with prognosis and can be used to classify leukaemias within the World Health 

Organisation (WHO) system. Mutations in single genes can also affect patient prognosis, 

although the most common are only found in around a quarter of patients: nucleophosmin 

(NPM1), Fms-related tyrosine kinase 3 (FLT3) and DNA methyltransferase 3A (DiNardo & Cortes, 

2016). Other gene alterations include: isocitrate dehydrogenase 1 & 2, tet methylcytosine 

dioxygenase 2, ASXL transcriptional regulator 1, runt-related transcription factor 1, Wilms 

tumour 1 and P53 (Takahashi, 2011). Currently, at diagnosis, these molecular changes are 

examined to help inform the treatment of the patient.  
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1.2.3 Symptoms 

AML presents with a wide variety of symptoms, including feeling tired or weak, pallor, 

breathlessness, recurrent infections, unusual bleeding; and weight loss, amongst others (NHS, 

2019). These symptoms are often caused by a lack of healthy blood cells. 

1.2.4 Diagnosis and classification 

AML is often diagnosed when the patient develops symptoms that lead them to a primary 

caregiver and a full blood count, which will show irregularities in the blood profile such as a high 

number of white blood cells or low blood cell count. A peripheral blood smear, in which a sample 

of blood is examined under a microscope for the presence of blast cells and abnormal/immature 

cells in the peripheral blood or BM, can also be used to diagnose AML. While evaluating the cell 

counts and morphology of the cells is useful, other methods can provide a greater depth of 

information on the condition. Cytochemistry can also be used to stain the cells and determine if 

it is of myeloid or lymphoid lineage. Following this, the patient will often have a BM biopsy or 

lumbar puncture to observe the BM. 

Cytogenetic testing is performed to determine the prognosis of an individual. This involves 

incubating blood or BM samples with colcemid™ overnight to prevent mitotic spindle formation 

and leaving the chromosomes in their condensed state (Czepulkowski, 2001), so Giemsa (G)-

banding can facilitate the examination of aneuploidy and chromosomal rearrangements such as 

translocations, inversions, duplications, and deletions. A karyogram might show large-scale 

rearrangements such as the creation of a Philadelphia chromosome caused by a 

t(9;22)(q34;q11) translocation that is often found in CML. 

Cluster of Differentiation antigens (CD) detail cell surface receptors that are expressed by 

leukocytes and can be identified by a single monoclonal antibody (Belov et al., 2001); this allows 

for the interpretation of antibodies the leukaemia is expressing. Fluorescence in situ 

hybridization helps diagnose any smaller translocations not found using a karyogram (Wheeler 

et al., 2018). 

Previously, the French-American-British (FAB) method of classification, first proposed in 1976, 

was used in diagnosing subtypes of AML (Bennett et al., 1976). The FAB method of classification 

focuses on how leukaemia cells look under a microscope after staining by identifying the type of 

cell and the maturation (Table 1.1). The subtypes M0 to M5 form within immature white blood 

cells, whilst M6 develops in immature RBCs and M7 progresses in cells that develop into 

platelets. Some of the FAB subtypes are more common than others (Table 1.1). However, the 

WHO criteria account for more factors that could potentially affect AML prognosis (Table 1.2). 

In 2016, the WHO system was revised and has taken over as the predominant method of 
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classification, incorporating new diagnostic approaches such as genetic data, biomarkers, 

morphology, and immunotherapy (Arber et al., 2016). 

 

Table 1.1 Table showing FAB subtype classification and prevalence. Percentage of FAB subtypes 
upon diagnosis based on a study excluding M3 AML and combining M6 and M7. M2 was the most 
common form of AML in this cohort (n=1690) (Canaani et al., 2017). 

FAB 
Subtype 

AML Type Occurrence 

M0 Undifferentiated acute myeloblastic leukaemia 7.8% 

M1 Acute myeloblastic leukaemia with minimal maturation 25.5% 

M2 Acute myeloblastic leukaemia with maturation 27.5% 

M3 Acute promyelocytic leukaemia (APL) NA 

M4 Acute myelomonocytic leukaemia 14.9% 

M4 eos Acute myelomonocytic leukaemia with eosinophilia 

M5 Acute monocytic leukaemia 19.7% 

M6 Acute erythroid leukaemia 4.4% 

M7 Acute megakaryoblastic leukaemia 

 

 

Table 1.2 Table showing WHO 2016 classifications of AML. 

Acute myeloid leukaemia (AML) and related neoplasms  
AML with recurrent genetic abnormalities  AML with myelodysplasia-related changes  

 AML with t(8;21)(q22;q22.1);RUNX1-RUNX1T1  Therapy-related myeloid neoplasms  

 AML with inv(16)(p13.1q22) or 
t(16;16)(p13.1;q22);CBFB-MYH11  AML, Not Otherwise Specified (NOS) * 

  Acute promyelocytic leukaemia (APL) 

with PML-RARA   AML with minimal differentiation  

 AML with t(9;11)(p21.3;q23.3);MLLT3-KMT2A   AML without maturation  

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

 AML with inv(3)(q21.3q26.2) or 
t(3;3)(q21.3;q26.2); GATA2, MECOM   Acute myelomonocytic leukaemia  

 AML (megakaryoblastic) with 
t(1;22)(p13.3;q13.3);RBM15-MKL1   Acute monoblastic/monocytic leukaemia  

 Provisional entity: AML with BCR-ABL1   Pure erythroid leukaemia  

 AML with mutated NPM1   Acute megakaryoblastic leukaemia  

 AML with biallelic mutations of CEBPA   Acute basophilic leukaemia  

 Provisional entity: AML with mutated RUNX1   Acute panmyelosis with myelofibrosis  

Myeloid sarcoma   Transient abnormal myelopoiesis (TAM)  

Myeloid proliferations related to Down 
syndrome  

 Myeloid leukaemia associated with Down 
syndrome  

*Not otherwise specified as AML, includes any AML patients whose disease cytogenetic do not fit 
into another category. 

 

1.2.5 Conventional treatment  

Classical treatments for AML include chemotherapy, chemotherapy with stem cell transplant 

and other drug therapies. Prior to treatment with chemotherapeutic agents, a patient with very 
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high levels of leukaemic cells in the blood (leukostasis) may need leukapheresis, a process that 

removes excess white blood cells by cycling the blood through a filter. Whilst this can lower the 

blood count immediately, it is not a permanent solution; however, it does help to reduce the 

chance of tumour lysis syndrome; a process in which the dying cancer cells release their contents 

into the blood and cause spikes in phosphorous, calcium and uric acid (Gupta & Moore, 2018). 

Chemotherapy can be separated into distinct phases; induction therapy, which aims to achieve 

complete remission by destroying the blast cells and consolidation treatment, which is 

performed to kill the small number of cancerous cells that remain after treatment, thus reducing 

the risk of relapse. Cycles of therapy are used for consolidation to allow time for the body to 

recover between treatments. Finally, maintenance therapy can be used to try to prevent relapse 

and is a common course in ALL, though used less often in AML (Terwilliger & Abdul-Hay, 2017). 

Chemotherapeutic agents are commonly administered intravenously or via ingestion and 

include: cytarabine, anthracycline drugs, etoposide, fludarabine, dexamethasone, 

mitoxantrone, decitabine, azacytidine and others (ACS, 2020).  

The current standard care for adult AML is 7+3; this is 3 days of induction with anthracycline and 

7 days of infusion with cytarabine (Dombret & Gardin, 2016). Following consolidation, a patient 

may have hematopoietic stem-cell transplantation (HSCT), depending on how they have 

responded to treatment. If a patient has already entered remission, then a HSCT isn’t required. 

The stem cells for a HSCT can come from the patient (autologous) or a donor (allogeneic), from 

peripheral blood, BM or the umbilical cord. In autologous stem cell transplantation, peripheral 

blood or BM stem cells will have been taken from the patient at an earlier time point and been 

frozen; the blood is treated to attempt to remove any leukaemic cells before being given back 

to the patient. In this scenario, autologous HSCT is used to rescue patients when other 

treatments fail. For allogeneic transplants, a human leukocyte antigen (HLA), a matched donor 

will be found, often siblings and family. To harvest HSCTs from the PB, the donor will take 

medication such as granulocyte colony stimulating factors to stimulate stem cell production and 

release into the blood, which are then collected. The stem cells can also be taken from umbilical 

cord blood or from BM; however, PB is the most common source. Following this, the stem cells 

are added into the patients’ blood, from where they gather in the BM.  

There are also three categories of patients post treatment; complete remission in which there 

are less than 5% blast cells, with no leukaemia symptoms; normal full blood count and no blast 

cells found using PCR, known as molecular remission. Minimal residual disease is achieved when 

the leukaemia cannot be detected with microscopy methods, known as cytogenetic remission, 

however more sensitive tests (PCR or flow cytometry) will still detect some leukaemic cells. 
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Active disease involves the presence of clinical signs and symptoms of disease as well as >5% 

blast cells found in the BM. 

Estimating the benefit/risk associated with allogeneic HSCT in first remission for a given patient 

is one of the most crucial treatment decisions in AML. Despite transplantation being the most 

effective treatment for preventing AML recurrence, it is associated with a higher rate of 

treatment-related morbidity and mortality (TRM), particularly in older patients. Patients with 

poor risk AML, who are unable to receive an HSCT have worse outcomes than patients that can 

receive a HSCT (Vasu et al., 2018). In M3 AML, vitamin insufficiency is common, and all-trans-

retinoic-acid (ATRA) can promote differentiation in malignant erythroid cells (Su et al., 2015). 

1.2.5.1 Treatment in Paediatrics 

Paediatric patients (from birth to 16 years of age) tend to respond a lot better to treatment; 

they often do not have any underlying health issues or comorbidities which could complicate 

treatments (Storey et al., 2017). However, after having AML at a young age, the chance of 

relapse is increased to around 24-40% (Kaspers, 2014). In paediatric patients, it is predicted that 

the development of AML is due to one or two genetic changes and that the frequency of somatic 

mutations is greatly reduced in paediatric AML (Mercher & Schwaller, 2019). 

In adults, the use of HSCT is almost always the most effective treatment; however, in the 

paediatric AML low risk subgroup patients, it was shown to have no effect on survival compared 

to multi-agent chemotherapy (Gibson et al., 2005). Infants with a high risk of relapse and AML 

subtypes M0, M6 or M7 should even receive a non-familial HSCT; paediatric patients with MDS 

or secondary AML should also receive HSCT from a sibling or matched donor (Ljungman et al., 

2010). The risk of graft versus host disease is also lower in paediatrics than in adults. 

1.2.5.2 Treatment in adults 

As older patients tend to have other underlying health conditions which can complicate 

treatment or mean they cannot survive more intense chemotherapeutic regimes, this can/does 

lead to mortality rates being higher in adults. If a high risk subgroup patient has an intra-family 

donor, then an HSCT should always be performed to improve survival rates (Ljungman et al., 

2010).  

In AML, patients’ age is considered when deciding the best treatment approach as well as multi-

morbidities. Where patients haven’t responded to previous conventional treatment, then more 

experimental approaches may be considered or the use of palliative care. 
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1.3 Targeted treatments 

Targeted treatments are becoming more common, and the main benefit is that they are more 

specific for cancer cells as opposed to conventional treatments that can also damage healthy 

cells within the patient. One type of targeted therapy used clinically since 2005, is monoclonal 

antibodies (mAbs) where specific antibodies bind to surface receptors on cancer cells (Adams & 

Weiner, 2005). Targeted therapies can be used to block growth, such as midostaurin (FLT3 

inhibitor) (Levis, 2017), encourage maturation with IDH inhibitors (McMurry et al., 2021); 

destroy the cells like the mAb Gemtuzumab ozogamicin (Yu & Liu, 2019), or prevent pathway 

function like Glasdegib in the hedgehog pathway (Wolska-Washer & Robak, 2019). The main 

benefit of mAbs and other targeted treatments is the high specificity to the target cell, leading 

to less toxicity in non-cancerous cells (Bostrom et al., 2009). 

The ideal AML treatment would have to have a high specificity for blasts and would not be 

present or would be present at considerably lower levels in normal stem cells, circumventing 

the death of healthy cells. 

1.3.1 Immunotherapy 

Another promising therapeutic option is immunotherapy, which involves using the body's 

immune system to target and remove cancer cells. One method uses T-cells, and while this can 

produce the desired effects of killing leukaemic cells (Daver et al., 2021), T-cells can also cause 

harmful effects to the host’s healthy cells such as cytokine release syndrome (Maude et al., 

2014). Immunotherapy covers a wide range of novel treatments (Table 1.3). 

 Table 1.3 Immunotherapy strategies. 

 

Approach Targets 

Adoptive T Cell Therapies CAR-T Cells (Mardiana & Gill, 2020), CD44v6 CAR-T Cells 
(Casucci et al., 2013), FLT-3 CAR-T Cells (Jetani et al., 2018), 
CLL1/CD33 CAR-T Cells (Liu et al., 2018a) 

Adoptive NK Cells Therapies Infusion of Haploidentical NK Cells (Lee et al., 2016) and 
NK Cell Activation (Xu & Niu, 2020). 

T Cell Engagers Bispecific Antibodies Targeting CD33,  Tandem Diabodies 
IL-3 and CD123 (Guy & Uy, 2018), BiTes and BiKes (Jitschin 
et al., 2018), Dual Affinity Retargeting Antibodies (Al-
Hussaini et al., 2016). 

Checkpoint Blockade and 
Macrophage Checkpoint 
Blockade 

PD-1 inhibitor (Syn et al., 2017), TIM-3 (Acharya et al., 
2020), CD47 (Chao et al., 2019). 

Monoclonal Antibodies CD33, CD123, CD16, CD38, CD47, CD25 (Busfield et al., 
2014). 

Vaccines Boost immunity and provoke a response (Coppage et al., 
2007), Wilms’ tumor 1 (WT1) (Van Tendeloo Viggo et al., 
2010), P3 peptide vaccination (Qazilbash et al., 2017). 
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1.3.2 CAR-T Therapy 

Recently, treatment has progressed with the use of Cancer Antigen Receptor Targets (CAR-T) 

(Marofi et al., 2021). CARs are recombinant receptors; these can bind to antigens and activate 

T-cell responses that would target cancerous cells. The four components of CARs are a hinge 

region, antigen binding domain, a transmembrane domain, and a signalling domain (Majzner & 

Mackall, 2018). The second generation of CARs are in development after the use of tri-partite 

receptors comprising a costimulatory domain and can be used to target surface receptors. 

Additionally, CARs can bind to carbohydrates, and glycolipid structures as well as proteins. The 

CAR-T cells can also be combined with chimeric costimulatory receptors, cytokines or, 

costimulatory ligands (Gill, 2019). For CAR therapy to be successful in AML, there needs to be 

exclusive AML surface antigens for them to bind to. Unfortunately, cancerous cells can develop 

resistance to single antigen targeting therapy.  Despite initial strong positive reactions by CAR-T 

cells against target antigen expressing cells, patients that have been given CAR-T cell therapy 

can lose expression of the target antigen (antigen escape) on their tumour cells (Sterner & 

Sterner, 2021). Other obstacles related to CAR-T therapy include the challenges in getting the 

CAR-T cells into a solid tumour, further impeded by the tumour microenvironment and 

associated toxicity including cytokine release syndrome and neurotoxicity (Majzner & Mackall, 

2018). 

 

1.4 Biomarker analysis 

During this study, we analysed antigens as potential targets for treatment and microRNAs (miRs) 

as potential biomarkers of disease risk. An ideal target for treatment would be an antigen that 

is expressed in most AML patient samples, expressed on the surface of the leukaemic cells and 

not expressed in healthy BM. Whilst a biomarker for prognosis needs to be expressed in 

considerably higher levels in all patients and be easily detectable, if it is expressed in healthy 

cells, it is not as important if they aren’t being targeted for destruction by a therapy. Previous 

research has focused predominantly on adult AML; for this reason, this study aims to evaluate 

the potential of some leukaemia-associated antigens (LAAs) found to be expressed in adults 

and/or paediatric patients and act as targets for therapy. 

A previous review highlighted the ideal cancer antigen characteristics in leukaemias; the first 

being specificity for leukaemia (Anguille et al., 2012). Leukaemia-specific antigens are the best 

targets due to only being expressed in the malignant cells; however, these are harder to find 

and are often only expressed in 30% of cases (Guinn et al., 2005). LAAs make a promising target 

for immunotherapy but are not exclusively expressed in the tumour. Following criteria one, the 
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pattern of expression should be in most AML patients and in most diseased cells. Next, the 

oncogenicity of the antigen should be observed, and its role within the cancer, as well as its 

function in normal cells. Penultimately, the immunogenicity of the antigen is vital; a strong 

response needs to be generated by the immune system towards the antigen. Preferably, it 

would trigger the activation of cytotoxic T lymphocytes, primed to kill the target cell. Finally, the 

clinical relevance of the antigen is important; the main objective being to provide benefit to the 

patient in the form of remission or a decrease in blast count. 

 

1.5 Understanding the molecular mechanisms that underlie paediatric versus adult 

AML 

The current belief is that paediatric and adult AML are two independent diseases. Paediatric 

AML occurs due to one or two genetic changes, the first often in utero, leading to the peak 

incidence of AML in the first year of life (Puumala et al., 2013). Adult AML may be due to an 

accumulation of genetic changes over an extended period (Bolouri et al., 2018). The National 

Cancer Institute - Therapeutically Applicable Research to Generate Effective Treatments (NCI-

TARGET) study highlighted other differences in the genetics of AML. Paediatric patients had 

diverse and uncommon mutations in genes, while somatic structural variants appeared more 

often than in adults. 

Davis et al examined the expression of 120 cancer testes antigens and LAAs identified as 

important in cancers including AML (Davis et al., 2020). The aim of this study was to identify 

which of these antigens were differentially expressed between risk subgroups, thus identifying 

antigens associated with poorer patient survival. Two databases were used for this analysis to 

ensure that adults and paediatrics with AML could be directly compared. The Cancer Genome 

Atlas (TCGA-LAML) (https://www.cancer.gov/about-nci/organization/ccg/research/structural-

genomics/tcga) was used to investigate differentially expressed genes (DEGs) in adults with AML 

whilst the TARGET dataset (https://ocg.cancer.gov/programs/target) was used to examine gene 

expression in samples from patients with paediatric AML. Only risk subgroups with more than 

ten patients were examined, which meant that only the TARGET database's standard versus low-

risk subgroup categories were compared, whilst the TCGA database's poor versus good, and 

intermediate versus good, risk subgroups were compared. The TCGA dataset focused on primary 

untreated tumours and matched patient blood samples; they were then examined by the 

Biospecimen Core Resource (BCR). Reviewed by a pathologist, the nucleic acids were then 

isolated, and genotyping performed. This was then sent to a genome sequencing centre for 

analysis (NCI). 

https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://ocg.cancer.gov/programs/target
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As previously described, the HiSeq 2000 (Illumina) was used to obtain paired-end mRNA 

sequencing data for the TCGA database (Ley et al., 2013). The mRNA sequences and clinical data 

came from the National Cancer Institute's Genomic Data Commons (GDC) Portal, including 151 

patients. However, Davis et al excluded patients with the FAB classification M3 (APL) and the 

BCR-ABL1 gene fusion because they were not included in the TARGET AML dataset. This brought 

the number of patient samples examined to 133. When patients exceeded 18 years of age, they 

were classified as adults and this dataset contained patients within the age range of 21 to 88. 

The mRNA sequencing data utilised in the Davis et al study were derived from phs000465 and 

were created by the TARGET study. The methods used to obtain the mRNA sequencing data are 

shown here (Bolouri et al., 2018). There were 92 patients’ raw mRNA-sequencing data obtained 

from the TARGET dataset; however, only data from the 65 patients who were sequenced using 

the HiSeq 2000 were included in the study to match the sequencing machinery used for the 

TCGA data. In this previous, study the patients were classed as paediatric when their age at 

diagnosis was < 10 years old, and ages ranged from 0.4 years to 9.7 years. The oldest patient at 

the final check-up was 17.7 years old. The study used the TCGA and TARGET definitions of risk 

subgroups (Table 1.4).  

 

Table 1.4 Definition of risk groups (as defined by TCGA or TARGET) via their potential clinical risk derived 

from molecular characteristics and cytogenetic indicators. 

 Risk Molecular and cytogenetics indicators 

TCGA Poor Poor risk MLL translocation like t(6;11)(q27;q23), 
t(11;19)(q23;p13) or the presence of complex cytogenetics 
and poor risk cytogenetic abnormalities (Ley & Miller, 2013). 

Intermediate Normal karyotype, the MLL translocation t(9;11)(q23;p13) or 
other intermediate cytogenetic abnormalities 

Good t(8;21)(q;22;q22) or inv(16)(p13q22) 

TARGET Low  t(8;21)(q22;q22) 
inv(16)(p13q22) 

Standard  MLL gene rearrangements such as t(6;11)(q27;q23), 
t(10;11)(p12;q23), t(9;11)(q23;p13), t(11;19)(q23;p13) or a 
normal karyotype that didn’t pose a change in risk. 

High FLT3 Internal Tandem Duplication (ITD) (Bolouri et al., 2018). 

 

We wanted to determine whether the molecular pathways subverted in paediatric and adult 

patients with AML were the same or different. If targeted treatments that have been used 

predominantly for one age group of patients could be repurposed for the other, this could 

extend treatment options and hopefully survival times. In order to address the hypothesis, we 

continued the work initiated by (Davis et al., 2020) using the genes of interest (GOI) that were 
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differentially expressed between risk sub-groups (Figure 1.4). In doing so, we hoped to better 

understand the disease processes and whether paediatric and adult AML were indeed two 

separate diseases. We hope this work will identify new targets for therapy and widen our 

understanding of the biology that underlies AML in both paediatrics and adults. 

 

 

Figure 1.4 Comparisons of risk subgroups and identification of DEGs in AML. Venn diagrams 
showing the number of genes that were significantly differentially expressed between risk 
subgroups in the TCGA and TARGET databases, image used from Davis et al. 

 

1.6 microRNAs 

Also collated in the DEG list were more than 50 microRNAs (miRs), with very significantly 

differential expression between poor and good risk subgroups. miRs are small (22 nucleotides 

on average), non-coding single-stranded oligonucleotides that control gene transcription and 

translation by silencing or degrading certain messenger RNAs (mRNAs). (Bartel, 2004). Genes 

that code for miRs are transcribed into primary mRNA transcripts, which then mature in the 

cytoplasm and nucleus. The mature miRNA binds to the RNA-induced silencing complex (RISC), 

which then targets the 3' untranslated region of mRNAs for silencing, inhibiting protein creation 

through lower target stability and translation (Bartel, 2009). 

Approximately half of all miRNAs are processed from introns and are therefore intragenic, whilst 

a few are also processed from exons (Kim & Kim, 2007). miRNAs can also be categorised in two 

ways by the canonical or non-canonical pathway, the canonical pathway being the most 

common. Pri-miRNAs are transcribed and developed into pre-miRNAs by a complex of Drosha, 

a ribonuclease III enzyme, and DiGeorge Syndrome Critical Region 8 (DGCR8), an RNA-binding 
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protein (Denli et al., 2004). The DGCR8 then recognizes the N6-methyladenylated GGAC motif 

amongst others in the pri-miRNA before the duplex at the base is cleaved by Drosha. The pre-

miRNA is transported into the cytoplasm by the RanGTP/exportin 5 complex, which is then 

processed by the RNase III endonuclease Dicer that eliminates the terminal loop and creates a 

mature miRNA duplex (Macfarlane & Murphy, 2010). The orientation of the strand affects 

whether the miRNA is 3p or 5p. The 3p strand originates from the pre-miRNA hairpin's 3' end, 

while the 5p strand originates from the 5' end. Following this, the strands are moved into the 

Argonaute protein (AGO1-4) using ATP (Iwasaki et al., 2010). The amount of 3p or 5p AGO-

loaded stands depends on a number of parameters, including the duplex's thermodynamic 

stability at the 5′ end (O'Brien et al., 2018), with the guide strand having the lowest stability 

(O'Brien et al., 2018), with the lowest stability strand being the guide strand. The other strand is 

unwound from this and degraded by AGO2 and other mechanisms (Bail et al., 2010). Non-

canonical miRNAs are a subset of miRNAs; they resemble the same formed via the canonical 

route, however, may skip stages of the this pathway (Abdelfattah et al., 2014). Although Dicer 

is required to produce miRNAs, Drosha and DGCR8 can be removed because they are only 

required for the canonical pathway (Okamura et al., 2007; Ruby et al., 2007). 

The mechanisms miRNAs can modulate gene expression also differ. One such method is the RISC 

complex, which includes the guide RNA, the Argonaute protein and glycine-tryptophan repeat-

containing protein of 182. This GW182 complex has multiple domains essential for mRNA 

degradation; the deadenylation starts with the poly-A nuclease 2/3 complex shortening the 

poly-a tail, which is degraded by the carbon catabolite repression 4 negative on TATA-less 

(Duchaine & Fabian, 2019). Poly(A)-binding protein also stimulates the cap-dependant mRNA 

translation by interacting with eukaryotic initiation factor 4 gamma (Kahvejian et al., 2005). 

Polyadenylated mRNAs are repressed more strongly by miRNAs than non-polyadenylated 

mRNAs (Moretti et al., 2012). 

Whilst research shows that miRNAs can form complexes that restrict protein production, there 

is also evidence that miRNAs can upregulate protein expression in some situations, possibly as 

a result of interactions with AGO2 and fragile-x-mental retardation related protein 1 (Vasudevan 

& Steitz, 2007; Truesdell et al., 2012). It has also been suggested that miRNAs can act within the 

nucleus to alter expression; however, the exact methods of this remain unclear (Catalanotto et 

al., 2016). A much smaller RISC complex (160 compared to 3 MDa, without Dicer or 

transactivation response element RNA-binding protein) may be formed with Importin 8 

mediating AGO2 into the nucleus (Ohrt et al., 2008). This complex could potentially regulate 

RNAs or pre-miRNAs and serve as enhancer triggers to upregulate expression, with multiple 

models being proposed (Liu et al., 2018b). 
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miRNAs can accumulate in both endosomes and exosomes found within the reticulum, 

processing bodies, stress granules, early/late endosomes, the trans-Golgi network, 

multivesicular bodies, lysosomes, mitochondria and the nucleus (Leung, 2015; O'Brien et al., 

2018). miRs are found in a wide range of areas including sera, allowing for potential use as a 

biomarker (Sohn et al., 2015). It is believed there are two types of miRs identified in human 

fluids: those found in micro vesicles, exosomes, and apoptotic bodies, and those found with 

proteins, particularly AGO2 (Chen et al., 2008; Gallo et al., 2012). 

miRNAs play a vital function in regulating gene expression via silencing in the processes 

described above, and their roles in tumours have been demonstrated (Peng & Croce, 2016), as 

well as the impact of dysregulated miR expression on AML (Fabbri et al., 2008). Current research 

has investigated the deletion of chromosome 5q suppressing expression of some miRNA-145 

and 146a; this reduced expression and in vivo experiments caused myelodysplastic syndrome 

(Starczynowski et al., 2010). 

A review summarised some of the preclinical studies on miRNA-based therapeutics (Wallace & 

O'Connell, 2017). These are often mimics or antagomiRs that block other molecules from binding 

with sites on the miRNA (Krützfeldt et al., 2005). There is a range of miRNA mimics that were 

being tested: miR-22, 29b, 181a and a range of antagomiRs: miR-21/196b and 126. Another 

recent review by our group analysed the potential of some miRs in AML (Fletcher et., In press, 

eJHaem). 

 

1.7 Thesis Aims 

• To determine, through pathway analysis, whether paediatric and adult AML are similar.  

• Evaluate the biomarker potential of miRs to categorise AML patients into risk subgroups.  
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Chapter 2. Materials and Methods 

 

2.1 Characterisation of genes and pathways that play a key role in AML 

2.1.1 Identification of GOIs 

DEGs were found via a study investigating mRNA-sequencing data  in two AML databases (Davis 

et al., 2020). Davis et al investigated the TCGA adult database (Ley & Miller, 2013) and the 

TARGET for paediatrics (Bolouri et al., 2018) to look for gene expression difference between AML 

risk subgroups. 

In the TCGA dataset patients were classed as adults when older than 18 years old and the 

range of ages varied from 21-88 years old. The GDC portal had mRNA-sequencing data with 

clinical data for 151 patients, but individuals with M3 FAB classification were excluded because 

they did not appear in the TARGET database. This left 133 patients; however, this number was 

cut down further to 65 only including patients where cytogenetic and molecular risk 

classifications were aligned (Table 1.4). 

The TARGET database patients were classified at age of diagnosis as paediatrics who were less 

than 10 years old, with ages ranging from 0.4 years to 9.7 years old. The sequencing data was 

from phs000465, the original group of 92 patients. As some patients were sequenced on both 

the Illumina HiSeq 2000 and the Illumina HiSeq 2500, it was decided to only include patients 

who were sequenced on the Illumina HiSeq 2000 to avoid any bias generated by the instruments. 

This left 65 patients who met the authors criteria and had samples that were sequenced. 

With the risk groups created analysis was carried out using the DESeq2 package available as part 

of the ‘Bioconductor’ package (Love et al., 2014) within R (Team, 2013). The DESeq2 package 

accounts for outliers (Cook’s distance), low replicates numbers, high ranges, and discreteness, 

curves are fitted for each gene to move values towards the estimated values (Davis et al., 2020). 

During the differential gene expression (DGE) analysis the default settings were used with the 

DESeq function, further Bioconductor packages ‘AnnotationDbi’ and ‘org.Hs.eg.db’ were used in 

the analysis. Following these, results of differentially expressed genes between the subgroups 

were organised by p value and displayed using Volcano plots from base R and the calibrate 

package. 

2.1.2 Grouping AML with prognostics 

To allow for differential expression analysis, patients were grouped via different genetic risk 

groups (Table 1.4) within the clinical data, these were based on cytogenetics that indicated 

prognosis. These could contribute to event free survival (EFS; risk of relapse) and overall survival 
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(OS) and would contribute to the grouping on Kaplan-Meier (KM) plots. OS was defined in both 

datasets as the time from diagnosis to death, or the last contact with the patient while he or she 

was alive. In TCGA, EFS was defined as the time from diagnosis to death or relapse and in 

TARGET, EFS was defined as the period from diagnosis to induction failure, death, or relapse. 

Survival plots are generated using the raw count data at different quartiles with the survival 

package (Therneau, 2020), then the ‘survdiff’ function allowed comparison using log-rank tests 

comparing EFS between Q1-4 and Q2-3, p-values  were considered significant when below 0.05. 

P-values were collected using the ‘Survutils’ package (Chan, 2020). This survival information 

informed the decision on which LAAs to investigate further. The analysis compared prognosis 

pairs and was accessed in Table S1A and S1B available online (https://www.mdpi.com/2072-

6694/12/10/2769/s1). 

2.1.3 STRING analysis 

Once we had identified which GOIs to investigate for the functions and pathways they could be 

involved in we used the Search Tool for the Retrieval of Interacting Genes (STRING) analysis 

program (Szklarczyk et al., 2019).  This publicly available database provided information on 

protein interactions allowing us to evaluate the GOI and displays a ‘web’ of other closely related 

genes. STRING analysis can group genes via various methods such as: co-occurrence, co-

expression, text-mining, fusion, experimental, neighbourhood and database evidence. This 

facilitated a basic understanding of the functions of these genes and the other genes they were 

related to. STRING was only used to provide support for our understanding of the protein 

partners and functional roles in the cell.  

2.1.4 BIRC5 Expression in Healthy Haematopoietic Cells (Bloodspot) 

The affect expression had on OS was deciphered using BloodSpot (www.bloodspot.eu;)(Bagger 

et al., 2019). BloodSpot encompasses 23 datasets relating to normal and malignant blood 

formation. It can be used to compare the OS of patients based on differing levels of gene 

expression. Bloodspot also contains information about the hierarchical differentiation tree of 

health blood and BM cells, and if certain gene expression levels are elevated in samples from 

patients with one cytogenetic variation compared with another The Microarray Innovations in 

Leukaemia (MILE) study database was used, which is a multi-laboratory database with over 3000 

whole genome microarray analysis results (Kohlmann et al., 2008), it was organized by the 

European Leukaemia Network and funded by Roche Molecular Systems, Inc. (Pleasanton, CA, 

USA). 

https://www.mdpi.com/2072-6694/12/10/2769/s1
https://www.mdpi.com/2072-6694/12/10/2769/s1
http://www.bloodspot.eu/
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2.1.5 KEGG pathways 

The pathway analysis was further investigated using Kyoto Encyclopaedia of Genes and 

Genomes (KEGG) (https://www.genome.jp/kegg/(Kanehisa & Goto, 2000)), this gave a good 

starting point to look at the pathways of the GOI. KEGG is a database of manually collated 

pathway diagrams that represent known interactions and reactions. Whilst this was very useful 

for some of the GOI (Baculoviral IAP Repeat Containing 5 (BIRC5) and Six-transmembrane 

epithelial antigen of prostate family member 1 (STEAP1)), others had no current pathways 

available on the site. These were: Vestigial Like Family Member 4 (VGLL4), Carcinoembryonic 

antigen-related cell adhesion molecule 3 (CEACAM3), Solute Carrier Family 34 Member 2 

(SLC34A2), Melanotransferrin (MELTF), Melanoma-Associated Antigen F1 (MAGEF1), MORC 

Family CW-Type Zinc Finger 4 (MORC4) and Sarcoma Antigen 1 (SAGE1). However, KEGG 

provided a much greater insight into the pathways that were involved with BIRC5, because it is 

a well-known cancer antigen that has had other studies looking at its function and pathways. To 

further inform the KEGG pathway analysis map, a literature search was performed out. PubMed 

was the predominant search engine used and provided most the papers we examined for 

descriptions of the functions and pathways of the GOIs. 

2.1.6 Correlation analysis 

Once the pathway diagram was prepared and relationships between the GOI and other genes 

were established the correlation between these antigens was determined by Professor Ken Mills 

(Queens University Belfast; DOI: 10.5281/zenodo.4923749) that contained the p values of the 

relationships between each GOI and 54,000 other genes on the microarray. This was used to 

reinforce the connection between our antigens and their respective pathways, where available, 

by applying a p-value.  Multiple probe sets were available for some of the genes and so these 

when multiple probes were available the following probe set numbers were used 202094, 

208052 and 212399 for BIRC5, CEACAM3 and VGLL4, respectively. 

2.1.7 Association between genes and clinical features 

TCGA data was used to investigate the link between each BIRC5 probe set and clinical 

characteristics of adult AML. M6 and all other FAB subtypes (M0 – M5, M7) or M7 and all other 

FAB subtypes (M0 – M6), FLT3-ITD and FLT-WT, M6 and all other FAB subtypes (M0 – M5, M7) 

or M7 and all other FAB subtypes (M0 – M6). 

2.1.8 GO and GSEA 

There are multiple methods of comparison for large gene sets, two of the main are Gene Set 

Enrichment Analysis (Reimand et al., 2019) and Gene Ontology (GO) (Zhang et al., 2010). There 

was a set of DEGs from the Davis et al study and using GO analysis and the PANTHER resource 

https://www.genome.jp/kegg/
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(http://www.pantherdb.org/) (Mi et al., 2020) the percentage of those genes who were involved 

in a specific pathway was compared to the total number of genes in that pathway. PANTHER is 

a database of genes and proteins combined with their functional families that can be used to 

evaluate gene function, ontology, and the pathways they are involved in. Using the DGE list 

generated from TCGA and TARGET risk subgroups by Davis et al, we could find the main functions 

of the gene groups and identify any major differences between the groups. 

 

2.2 miR Analysis 

2.2.1 Identifying differentially expressed miRs 

As well as certain LAAs being identified in the TCGA and TARGET database as having differential 

expression between subgroups, we also noticed that a number of miR coding genes were 

differentially expressed between risk subgroups based on the work performed by (Davis et al., 

2020). By identifying miRs with a more than two-fold expression change between the subgroups 

we focused on a smaller number of miRs that were likely to differ more and be better prognostic 

markers for risk group. Dr Pinar Onganer (University of Westminster) used the University of 

Santa Cruz California Santa Cruz (UCSC) Xena browser (https://Xenabrowser.net/) (Goldman et 

al., 2020) to check the levels of these miRs in TCGA-LAML dataset. Dr Pinar Onganer identified 

three miRs that had an association with OS as well as fourth with increased copy number in the 

poor risk subgroup. These were chosen to be further investigated during this study (miR-486-1, 

miR-1915, miR8086 and miR-378G). 

2.2.2 Predicted pathway model 

A literature search was performed using PubMed and Scopus to determine the pathways that 

each miR had already been reported as acting on. The pathway involvement of the miRs was 

also analysed via KEGG if possible, DAVID (https://david.ncifcrf.gov/) (Huang da et al., 2009) and 

Bloodspot. 

2.2.3 ROC Curves and AUC 

We evaluated miRs using Area under the Curve-Receiver Operator Characteristic Curve (AUC-

ROC) analysis, which uses the ability of a single or grouped factor to predict the grouping of a 

patient. First devised in 1941 for operators of military radar receivers (Fukunaga, 2013), it is used 

to plot the true positive rate against the true negative rate at various threshold settings, in our 

case 0.5. ROC is a measure of the sensitivity and specificity of a potential biomarker; the 

proportion of positives correctly detected is referred to as sensitivity, whereas the proportion 

of negatives correctly identified is referred to as specificity. The perfect biomarker would 

accurately classify 100% of cases and have an AUC value of 1, a random classifier would get 50% 

http://www.pantherdb.org/
https://xenabrowser.net/
https://david.ncifcrf.gov/
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right and have an AUC of 0.5 (Hajian-Tilaki, 2013). RNA-seq data (TARGET or TCGA) was used to 

determine which miRs were differentially expressed between risk subgroups (Davis et al., 2020).  

ROC is a binary analysis and needs only two possible outcomes, our patients would have either 

an intermediate or good prognosis or a poor versus good prognosis depending on the dataset. 

The miRs were first tested individually and then in small groups using SPSS.  

2.2.4 Biomarker model  

A logistic regression analysis was performed in SPSS to create the combined model of miRs to 

predict prognosis, first RNA-seq data was imported into columns in accordance with one of the 

two prognosis options (https://case.truman.edu/files/2015/06/SPSS-Logistic-Regression.pdf). 

Prognosis was the dependant variable whilst the miRs-486-1, 1915, 8086 and 378G were added 

in a step wise fashion to the covariates. Probabilities and group membership were saved to 

create a new output. For model validation the classification table provided the correctly 

specified group membership as a percentage. To generate a ROC curve and AUC score for the 

model the predicted probability was used as the test variable. 

The R-squared value in a linear regression provides a measure of the proportion of variation in 

a dependent variable, that can be explained by the model, however this cannot be calculated in 

binary logistic regression. An alternative R-squared analysis appears in model summary as the 

Nagelkerke value (Nagelkerke et al., 1984). 

To account for any other variables that may have affected the miRNA expression values in the 

RNA-seq data the models were adjusted for age and gender, this was carried out by adding them 

in a step wise manor to the model. If either variable were significant then the variables in the 

equation would return significant B values. 

2.2.5 Sample information 

Samples from AML006-AML041 were collected from patients attending the clinic of Professor 

Ghulam Mufti in the Department of Haematology at King’s College Hospital (KCH) between 

1999-2003 (Table 2.1). These samples were collected under the auspices of REC reference 02-

04-049 and were frozen at -80⁰C on receipt rendering them acellular. At that time and in 

accordance with the Human Tissue Act, these serum samples are classed as being cell-free and 

as such not "relevant material" or "bodily material" as defined by the act. In addition, the serum 

samples were given by donors who gave consent for their samples to be retained in perpetuity 

(KCH LREC 07-03-163 and 08/H0906/94) and there was local research ethics committee approval 

to use them (KCH LREC 02-04-049 and 08/H0906/94). 

https://case.truman.edu/files/2015/06/SPSS-Logistic-Regression.pdf
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Sera from the sample labelled AML042 was collected from a patient attending Dr Kim Orchard’s 

clinic in the Department of Haematology at the University Hospital Southampton NHS 

Foundation Trust under the auspices of the National Research Ethics Committee approved study 

titled ‘Analysis of Leukaemia Associated Antigen Gene and Protein Expression in Haematopoietic 

cells and examination of their capacity to induce immune responses’ REC reference 

07/H0606/88. Samples AML006-41 were originally collected between 1999 and 2001, they had 

been stored in -80⁰C since processing however some may have been defrosted during 

transportation (KCH – Southampton – Luton – Hull) and a single freezer breakdown over this 

period. 

Table 2.1 Table of samples used in this study. 

 
 tAML: AML transformed from MDS; *Leukocytes from AML042 were also examined, sera was examined 
from all AML samples in the table; only leukocytes were examined from healthy volunteer (HV)005. 

  

Whilst there was limited knowledge on the cytogenetics of these patients, their FAB 

classification allowed us to infer the patients risk subgroups even though they may not be 

defined in the same way as the Davis et al group (i.e., based on WHO subgrouping) (Table 2.2). 

A previous study analysed the OS and EFS for different FAB subtypes with a patient cohort of 98 

people, groups of FAB subtypes were generated with Group I containing M0-M2, group II 

containing M3 and group III containing M4-M7 (Table 2.3) (Padilha et al., 2015). 

  

Sample Age at 
sampling 

Biological 
Sex 

Date on 
sample tube 

Subtype and 
cytogenetics 

Risk 
Prognosis 

AML006 61 Male 24.9.99 M4/tAML Poor 

AML010 79 Male 4.10.99 M2 Good 

AML012 34 Female 12.10.99 M4/M5 Poor 

AML016 48 Female 29.11.99 M4 Poor 

AML022 58 Female 12.1.00 M5 Poor 

AML027 85 Female 22.8.00 M3 Good 

AML030 53 Male 11.8.00 M4 Poor 
AML032 68 Male 14.6.00 tAML Poor 

AML036 69 Male 13.11.00 tAML Poor 

AML038 80 Male 15.12.00 46,XY [6]/45,XY, -7 Poor 

AML039 17 Male 15.12.00 Relapsed Poor 

AML040 32 Male 8.1.01 M5 Poor 

AML041 43 Male 23.1.01 M4 Poor 

AML042* 38 Female 17.08.21 47 XX, +8, t(9;11)(p21;q23); 
AFLT3-TKD mutation 

c.2028C>G (Asn676Lys) 

Poor 

HV005 26 Male 16.05.08 NA NA 
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Table 2.2 Key clinical features of patients in the TARGET and TCGA datasets as analysed by Davis 
et al, 2020. 

 

 

Table 2.3 Table of FAB subtypes and associated risk. Information based on the Padilha et al study. 

FAB subtype Prognosis compared 
to average for AML 

M0, M1, M2 Intermediate 

M3 Favourable 

M4, M5, M6, M7 Poor 

 

2.2.6 Sample preparation from whole blood 

Only one of the AML patient blood samples used in the qPCR was received via Dr Kim Orchard 

from patients who attend the Department of Haematology at Southampton University Hospitals 

Trust and processed at the University of Hull; however the other AML samples were all 

processed in the same way but received from Professor Ghulam Mufti and patients who 

attended the Department of Haematology at King’s College Hospital NHS Foundation Trust 

(Guinn et al., 2005) at the time of receipt. The process for sample preparation from whole blood 

in ethylenediaminetetraacetic acid (EDTA) as a source of white blood cells, and clotted blood as 

a source of sera, was performed following a standard operating procedure/risk 

assessment/COSHH form for the processing in a class II safety cabinet using a bench top 

centrifuge. 

2.2.6.1 Isolation of leukocytes 

1x red cell lysis buffer (155mM NH4Cl, 10mM KHCO3, 0.1mM EDTA pH8.0) was added to ≤15ml 

whole blood sample to make the final volume up to 50ml. For 30 minutes, the sample was 

incubated at room temperature. The supernatant was decanted from the pellet of WBCs after 

centrifuging the material at 239 x g for 8 minutes or 486-536 x g for 5 minutes. If RBCs were still 

visible the red cell lysis step was repeated using 10-20ml of 1x RBC lysis buffer for 10 minutes, 

then centrifuging the sample as before. Again, the supernatant was decanted If there was a high 
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platelet count then the pellet was washed in 50ml phosphate buffered saline (PBS; pH 8.0: 137 

mM NaCl, 3 mM KCl, 1.75 mM KH2PO4, 10 mM Na2HPO4) containing an additional 2 mM EDTA. 

It is then centrifuged at 200 x g for 10 minutes at room temperature and the supernatant 

decanted. Resuspend the cell pellet in 50ml of PBS before counting the cells using the trypan 

blue exclusion method (Section 2.2.8.1). 

Cells were resuspended by flicking gently and adding X-VIVO-15TM (BioWhittacker), 1% huAB 

sera (Sigma, Missouri, US) and 10% DMSO (Sigma) to a concentration of 5 x 106 cells/ml. Aliquot 

1ml of cells in freezing media per cryovial and place in Mr Frosty which contained isopropanol 

to the fill line. Place the Mr Frosty in -80oC for 4-16h. For long term storage they should be placed 

into liquid nitrogen. 

2.2.6.2 Isolation of serum 

In the absence of anticoagulant, serum samples were obtained and incubated at 370C for 20-30 

minutes to allow for coagulation. The liquid portion of the sample was centrifuged at 3000rpm 

for 5 minutes to separate out the serum. The serum was aliquoted into 10 cryovials and store at 

-80⁰C.  

2.2.7 Tissue Culture 

Cell lines were needed as positive controls while optimising the qPCR, so as not to waste the 

limited patient samples. For this we identified several cell lines that had been recorded in the 

literature to express the miRs of interest in this study (Table 2.4). 

Table 2.4 miRs and their confirmed expression in cell lines. 

miRNA 
expressed 

Cell line 
expressed 

Disease type Paper Methods 

miR-486-1 K562 CML (Ninawe et al., 2021) qPCR 

UMUC3 Bladder cancer (Tang et al., 2020) Transfections, 
qPCR 

C2C12 Mouse myoblast (Holstein et al., 2020) qPCR 

miR-1915 A549 Lung cancer (Gao et al., 2019) qPCR 

K562 Acute liver injury (Qu et al., 2020) qPCR 

SGC-7901, 
MKN45, GES-1 

Gastric cancer (Xu et al., 2019) qPCR 

MDA-MB-231 Breast cancer (Guo et al., 2018) qPCR 

miR-8086 None found 

miR-378G MCF-7 Breast cancer (Schultz et al., 2017) Luciferase 

A2780 Ovarian cancer (Liu et al., 2020) qPCR 

 

The following cell lines were chosen as controls for qPCR analysis due to their availability in our 

lab and each was sourced originally from ATCC. MDA-MB-231 (ATCCHTB-26) is a triple negative 

breast cancer cell line that lacks HER2 expression, progesterone receptors and oestrogen 
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receptors (ECACC, 2017). It was sourced from a pleural effusion of a 51-year-old Caucasian 

female with a metastatic mammary carcinoma (Cailleau et al., 1978). HL-60 (ATCCCCL-240) is a 

promyelocytic cell line generated from blood leukocytes collected by leukapheresis from a 36-

year-old Caucasian girl with acute promyelocytic leukaemia (Birnie, 1988). Lozzio developed the 

cell line K562 (ATCCCCL-243) from a pleural effusion of a 53-year-old woman with chronic 

myelogenous leukaemia in terminal blast crises (Andersson et al., 1979). 

Standard procedures were followed when working with cells, Howie style lab coats are worn 

with gloves. The category 2 laminar flow hood was wiped down twice with virusolve and twice 

with 70% ethanol before use. Before putting any item in the hood each item was sprayed with 

70% ethanol. HL-60 and K562 were both non-adherent, whilst MDA-MB-231 was adherent cell 

line, and so the latter required an extra trypsinisation step to dissociate it from the flask. The 

cells were grown in T25, T75 and T175 flasks (Corning) allowing them sufficient space and media 

to grow. Adherent MDS-MB-231 cells were split when confluency reached around 60-80%, to 

avoid selective pressure being placed on the cell population by overcrowding and media 

depletion. HL-60 and K562 were cultured in RPMI 1640 (Gibsco, Thermofisher) containing 10% 

heat inactivated foetal calf serum (HI-FBS; Thermofisher) and 1% penicillin-streptomycin (PS; 

Thermofisher), this was referred to as RPMI culture media (CM). MDA-MB-231 cells were 

cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM; Thermofisher), 10% HI-FBS and 1% 

PS, known as DMEM CM. Adherent cells had to be trypsinised before counting and/or passaging. 

To trypsinised the cells, the media was removed, the cells were washed with 1x PBS and 1 x 

volume of Trypsin EDTA (Gibsco) added. After 2-3min at 37oC, 10 x the volume of DMEM 

containing FCS was added to inactivate the trypsin. The cells were then pelleted by centrifuging 

them for 5 minutes at 1200 x g in a 50ml falcon tube; and after dissociation of the pellet with 

gentle flicking, the cells are resuspended in the volume of DMEM CM to achieve the required 

cell concentration. 

To count the number of live HL-60 and K562 cells, 10ul of cell culture taken for counting and 

added to 10ul of trypan blue (Thermofisher). After mixing 10ul of the cell suspension was placed 

onto a Neubauer Improved Haemocytometer Counting Chamber (Hawksley) (Figure 2.1). Clear 

(live) cells were counted within four squares and the count averaged.  
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Figure 2.1 Haemocytometer example. Image of haemocytometer used for counting cell 
concentration. Blue cells are an example of what would have been included and red excluded. 

The count was determined as follows:  

Average cell count per square x dilution factor x 104 cells/ml 

 If there were enough cells, then pellets of 3.5 million cells were prepared and immediately 

frozen in -80⁰C or used immediately for RNA extraction. 

2.2.7 RNA extraction 

In anticipation of each experiment, all necessary precautions were taken to minimize 

contamination of samples; the bench was first wiped with 10% bleach followed by 70% ethanol 

to remove any DNA or RNA contamination. Gloves were changed regularly; filter tips were used, 

and RNase-free tubes used when needed.  

2.2.8 miRNA extraction from leukocytes 

miRNA was extracted from threesamples of leukocytes (Table 2.1). 1µl of UniSP4 RNA spike in 

was added to the 700µl of QIAzol lysis reagent before being added to the cell pellet (3.5 million 

cells). Following initial disruption via vortexing and centrifugation if the pellet hadn’t broken 

down then the QIAshredder (Qiagen) column was used to further homogenise the cells. The 

homogenate was incubated for five minutes at room temperature. Then 140µl of chloroform 

was added to the tube and inverted vigorously for 15 seconds before being incubation for two 

minutes. After centrifuging for 15 minutes at 40°C, the upper aqueous phase was transferred to 

a fresh collection tube to ensure no interphase was present. A volume 1.5x of 100% ethanol was 

added and then mixed thoroughly up and down with a pipette, and up to 700µl was transferred 

into a RNeasy Mini spin column in a 2ml collection tube before centrifugation at 8000 x g for 15 

seconds. The flow through was carefully discarded and the process was repeated with any 

remaining ethanol and RNA from the upper phase of the mix. 700µl of Buffer RWT was added to 



26 
  

the column and it was again centrifuged at 8000 x g for 15 seconds and the flow through 

discarded. 500µl of Buffer RPE was added and centrifuged at 8000 x g for 15 seconds. An optional 

step of inserting the spin column into a new 2ml collection tube and spinning at full speed for 1 

minute was conducted to guarantee complete drying of the membrane. After that, the mini 

column was placed in a clean 1.5ml capped collection tube and 50µl of RNase-free water 

pipetted directly onto the column membrane before centrifuging at 8000 x g for 1 minute. 

miRNA extracts from patient samples and cell lines needed the exact amount of RNA 

quantitating prior to complementary DNA (cDNA) synthesis, this was performed using the 

NanoDrop Lite (Thermo Scientific, MA, US). The ng/μl, 260/280 and A260 were all recorded for 

each sample. To preserve as much sample as possible, 1μl was loaded on to the optical 

measurement surface after being wiped with lint free tissue and RNAse free water. Each sample 

was loaded and measured twice to ensure a correct reading, if different then an average was 

used. The nanodrop functions by measuring the wavelength of light passing through the sample 

and measures the samples quality as a value of absorbance at OD260nm/absorbance at 

OD280nm, with ideal values being 1.8-2.0.  

2.2.9 miRNA extraction from sera 

The manufacturers protocol for the miRNeasy Serum/Plasma Advanced Kit (Qiagen) was 

followed, as it was a phenol free process and did not need to be performed in a fume hood. 

200µl of sera was thawed and transferred to a new 2ml microcentrifuge tube, 60ul of buffer RPL 

per sample was added to a separate Eppendorf and 1µl of UniSP4 RNA spike-in was added. 

UniSP4 RNA spike-in was a synthetic RNA target added in known concentration to check for RNA 

isolation efficiency between samples (RNA Spike-In Kit, For reverse transcription (RT): Qiagen). 

60µl of Buffer RPL was added to release and stabilise the RNA from plasma proteins and 

extracellular vesicles (EVs). 20µl of Buffer RPP was added to the mix before a vortexing for 20 

seconds and after a short incubation at room temperature, to precipitate the proteins the 

material was centrifuged at 12000 x g for three minutes. The supernatant was transferred to a 

fresh tube, and an equal amount of isopropanol was added along with a short vortex to allow 

RNA molecules (>18 nucleotides) to bind to the silica membrane. There was then a series of 

washes to allow RNA to bind to the membrane and wash the contaminants away as follows. The 

sample was added to a RNeasy UCP MiniElute spin column and centrifuged at 8000 x g for 15 

seconds, with the flow through discarded. The column was then filled with 700µl of Buffer RWT 

and centrifuged for 15 seconds at 8000 x g with the flow through discarded. 500µl of Buffer RPE 

was added to the column and was spun at 8000 x g for 15 seconds before being discarded, 500µl 

of 80% ethanol was then added, which was spun at 8000 x g for two minutes to wash the column 

membrane. On removal, care was taken to remove the column without contacting the flow 
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through so no carry over of ethanol occurred, to further dry the membrane, it was placed in a 

new 2ml collecting tube with the lid open and spun for five minutes at full speed (taking care to 

position the lids in the opposite direction to avoid any snapping). Residual ethanol may interfere 

with downstream experiments, so it was vital to completely dry the membrane. Finally, to elute 

the RNA the column was placed in a new 1.5ml collection tube and 20µl of RNase-free water 

was added directly on the membrane before being spun at full speed. 

Following extraction if the total RNA extracted was not being used immediately it was clearly 

labelled in the RNase free tube it had been collected into in the previous step and stored in the 

-80⁰C freezer, for cell samples the quantity of RNA was first measured. 

2.2.10 cDNA conversion 

The miRCURY LNA RT kit (Qiagen) was used for RT and was done according to the manufacturer's 

instructions. For the RT reaction, the RNA must be at 5ng/µl, so for samples in which the RNA 

content was much higher than the RNA had to be diluted with RNAse-free water. 

When calculating the amount of template RNA to use from sera RNA extractions we followed 

the recommended formula which uses elution volume and original serum volume as opposed to 

the Nanodrop RNA concentration which is used to calculate the volume of RNA extraction added 

for peripheral blood lymphocytes (PBLs). 

   Template RNA (µl) = (Elution Volume (µl) / Original Sample Volume (µl)) x 8 

                               0.8ul = (20µl / 200µl) x 8 

The reagents (Table 2.5) were added to nuclease-free 200µl PCR tubes on ice. To avoid waste, 

all reagents were mixed and centrifuged briefly before use. All preparation work was performed 

on ice to preserve the RNA, the 10x miRCURY Enzyme mix was only removed from the freezer 

prior to immediate use. The RNA was then be added to the PCR machine and the temperature 

was programmed as listed (Table 2.6). 

A no template control (NTC) had the same reagents added with more RNase-free water added 

as a substitute for template RNA, this would then be used as the NTC in RT-qPCR to check for 

contamination. 

Once the RT reaction has completed the cDNA can be placed into a -20⁰C freezer where it should 

be used within 5 weeks. The cDNA was aliquoted into 0.5µl PCR tubes for easier use during qPCR. 
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Table 2.5 Quantities of reagents in cDNA synthesis for sera. 

Component Volume 

5x miRCURY RT Reaction buffer 2.0 µl 

RNase free water 5.7 µl 

10x miRCURY RT Enzyme Mix 1.0 µl 

Synthetic RNA spike in (Uni SP6) 0.5 µl 

Template RNA 0.8 µl 

Total volume  10 µl 

 

Table 2.6 Temperatures of cDNA synthesis. 

Step Time Temperature (⁰C) 

Reverse-transcription 60 minutes 42⁰C 

Inactivation of reaction 5 minutes 95⁰C 

Cooling Till removed (Max 1 hour) 4⁰C 

Storage 5 weeks -20⁰C 

 

2.2.10 Primers and assays 

In the RNA-seq dataset, the Ensemble Gene ID was provided but no information on which variant 

of the miRNA it could be, so we tested both 3p and 5p variants. On receiving the primers (Table 

2.7) in their lymphosised format, they are first spun briefly and then 220µl of nuclease-free 

water was added, followed by vortexing and brief centrifugation to mix the primer and then left 

for 20 minutes before being aliquoted at 14µl into multiple PCR RNase-free tubes and stored at 

-20⁰C. 

Table 2.7 Primer sequences 

Primer Target      GeneGlobe ID 
hsa-miR-486-3p YP00204107 

hsa-miR-1915-3p YP02101780 

hsa-miR-1915-5p YP02119687 

hsa-miR-8086 YP02114444 

U6 snRNA YP00203907 

5s rRNA YP00203906 

hsa-miR-Let-7i-5p YP00204394 

hsa-miR-222-3p YP00204551 

UniSP4  YP00203953 

UniSP6 YP00203954 

 

2.2.11 Real time-quantitative polymerase chain reaction 

The miRCURY LNA SYBR Green PCR kit (Qiagen) was used as the LNA technology can quantify 

extremely low levels of miRNA without pre-amplification, this was ideal when dealing with 

serum samples that may have lower RNA content. All reactions were set up on ice to minimise 

the danger of any deterioration, even though it was not necessary due to the hot start nature of 

the PCR kit. In our experiment to discount for any interplate variation all 14 samples were tested 
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for a single miRNA primer on one PCR plate or some had two primers on, however all the 

samples were on the same plate. A NTC created during the cDNA synthesis was used to allow us 

to observe any contamination throughout either of the processes. 

Thermofisher’s StepOne Real-Time PCR machine requires a high 20x concentrated solution of 

ROX, 0.5µl of ROX dye was used. The protocol for cDNA was to dilute it 1:30 by adding 290µl 

RNase-free water to 10 µl of RT product, however only a small amount was needed each qPCR 

reaction and as the cDNA had already been aliquoted into 0.5µl tubes only 14.5µl of RNase free 

water was added each time. This allows for more long-term storage of each product. 

A master mix (Table 2.8) for each primer was made containing 10% more reagents than required 

to account for any pipetting errors, it was mixed and centrifuged briefly. 7µl of the master mix 

containing everything except the diluted cDNA is added to the plate first, before 3µl of the 

diluted cDNA was added to the plate and the seal firmly pressed on top and flattened with the 

edge of a tip. The experiment could then be paused for a small time if needed by being placed 

in fridge to keep it cool and out of light due to the photosensitive nature of SYBR green. When 

ready to be placed into the StepOne qPCR machine the plate was first centrifuged in a plate 

spinner (Labnet, New Jersey, US) to ensure the mixture was at the bottom of the well for better 

readings.  

 

Table 2.8 RT-qPCR reagents and volumes. 

Component  Volume 

RNase free water 0.5 µl 

ROX Reference dye 0.5 µl 

2x miRCURY SYBR Green Master mix 5 µl 

Cdna template 3 µl (diluted 1:30) 

PCR primer mix 1 µl 

Total volume  10µl 

 

The qPCR machine then followed the cycles on a maximal/fast ramp rate with a run lasting 

around 1 hour 45 minutes (Table 2.9). Melt curves were performed for each run to evaluate 

performance of primers, ideally there was only a single product being detected and the melt 

curve slowly increases the temperature each cycle until the fluorescence decreases as the bonds 

break. 
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Table 2.9 RT-qPCR thermocycling conditions. 

Step Time Temperature (⁰C) 

PCR initial heat reaction 2 minutes 95⁰C 

2-step cycling: Denaturation 10 seconds 95⁰C 

Combined annealing/extension 60 seconds 60⁰C 

Number of cycles 40 

Melt curve 60-95⁰C 

 

2.2.12 Normalization selection 

Normalisation was required to minimise inter-sample variation between biological and technical 

replicates. There is no agreed upon standard for miR normalisation, however the use of 

commonly expressed endogenous controls was standard practice when trying to observe miR 

expression in PBLs. Whilst having different compositions to miRNAs, 5s rRNA and U6 snRNA are 

often used in cell samples due to their consistent expression. However, for use as normalisers 

analysing serum samples the previously mentioned normalizers U6 snRNA (Benz et al., 2013) 

and 5s rRNA (Lim et al., 2011b) would not work and so we used Qiagen’s recommended stably 

expressed normalizers miR-222-3p and mir-Let-7i-5p 

(Guidelines_for_profiling_biofluid_miRNAs.pdf). To further normalise the data, UniSP4 spike in 

was added during RNA extraction to observe the efficiency of RNA extraction and a spike in of 

known volume was added (UniSP6), this could be used as another variable to observe the cDNA 

efficiency. In the miRCURY LNA miRNA PCR starter kit miR-103-3p was included, that could also 

have been used to normalise the results, however the two used were already consistent. 

2.2.13 Analysis of results 

In this experiment we analysed the Cycle threshold (Ct) value or the point in which the 

fluorescence crosses that of the background fluorescence crated by the ROX dye, the lower a Ct 

value the greater amount of miRNA in the sample. Technical replicates (triplicate wells) were 

first checked for any significant differences between the three wells to allow adjustment of the 

mean if one value was significantly different to the others. Any results with more than one Ct 

value as undetermined or above 37 are excluded as was carried out in previous tests with miRNA 

following the protocol in (Caserta et al., 2018). Ideally with a large enough array of miRs being 

analysed, those with consistent expression would be used to create a Normaliser value (NV). 

Within the constraints of this experiment two endogenous control miRs and a spike in has been 

used. 

The Ct value for miRs of interest was normalized to the average Ct of both endogenous controls 

(miR-222-3p and miR-Let-7i-5p) and the UniSP6 spike in Ct to calculate the NV, this should 

https://www.qiagen.com/-/media/project/qiagen/qiagen-home/content-worlds/pcr/l2-real-time-qpcr/guidelines_for_profiling_biofluid_mirnas.pdf
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account for any variation in the RT-efficiency. The Ct of miRs would then be subtracted from the 

NV on a sample basis to provide the ΔCt, which equals the difference between Ct of the miR 

assay and the NV.  

Despite the limited number of samples, it was possible to group the patients via their risk 

subgroup based on FAB subtype and compare the ΔCt values between the groups. Using 

GraphPad Prism and SPSS, the results were analysed using correlation and linear regression 

analysis to determine the impacts of three variables (patient age, time since sample collection, 

and biological sex) on the expression levels of all miRs and the NV. The correlation analysis is 

performed to test if there is a relationship between two variables such as the age of patient or 

date sample taken versus the miR expression, the linear regression analysis between these two 

variables shows the same however visualises the relationship with a predictive line. The non-

parametric Mann-Whitney test was employed to check significant differences between two 

groups such as poor versus good or male versus female due to the nature of our groupings 

(biological sex and risk group) not having enough samples to run parametric testing. 
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Chapter 3. Examination of the pathways utilised by differentially 

expressed genes in AML 

Data shown in this chapter has been published in part in   
Greiner J, Brown E, Bullinger L, Hills RK, Morris V, Döhner H, Mills KI, Guinn BA. Survivin' Acute 
Myeloid Leukaemia-A Personalised Target for inv(16) Patients. Int J Mol Sci. 2021 Sep 
28;22(19):10482. doi: 10.3390/ijms221910482 (appendix II).  

 

3.1 Introduction 

Davis et al discovered that the expression of nine LAAs BIRC5, CEACAM3, MAGEF1, STEAP1, 

VGLL4, MORC4, SLC34A2, SAGE1 and MELTF differed significantly between standard and low risk 

paediatric AML patient subgroups, as well as between poor, intermediate and good risk adult 

AML patient subgroups. Furthermore, when comparing standard versus low-risk subgroups and 

quartile expression levels, BIRC5, MAGEF1, MELTF, STEAP1 and VGLL4 were shown to be 

differentially expressed with reference to EFS in paediatric AML patients. There were significant 

differences in EFS in adult AML patients when comparing intermediate versus good quartile 

expression levels of MORC4, and poor versus good risk quartile expression levels of SAGE1. 

Following the examination of KEGG pathway data, there were several genes altered in AML cells 

involved in key processes in AML such as the control of cell proliferation (SSX Family Member 2 

Interacting Protein, AML1-ETO) and the evasion of apoptosis (BIRC5, WNT1). Based on these 

findings we examined these proteins and the pathways further. 

 

3.2 Aims 

To determine the pathways that the GOI are involved in, where possible, and specifically those 

relating to AML. 

• Discover common and unique pathways utilised in adult and paediatric AML. 

• Identify potential targets for therapeutic treatment in both cohorts 

 

3.3 Results – analysis of nine LAAs 

3.3.1 Review of the Literature regarding the GOI  

To determine which were worthy of further investigation and to see whether they shared 

molecular pathways indifferent of subtype and whether they were important in paediatric or 

adult AML, a comprehensive search of the literature was used to understand their role in cancer.  

If there was no literature on the effects in leukaemias then other diseases were evaluated. 

https://pubmed.ncbi.nlm.nih.gov/34638823/
https://pubmed.ncbi.nlm.nih.gov/34638823/
https://pubmed.ncbi.nlm.nih.gov/34638823/
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3.3.1.1 BIRC5 

BIRC5 was discovered to play an important role in cell cycle progression and mitosis in healthy 

cells, interacting with the chromosomal passenger complex (CPC) and Aurora-B kinase in the 

nucleus to ensure proper mitotic spindle formation. Supported by the findings of STRING 

analysis revealing substantial gene correlations to other proteins involved in the production of 

mitotic spindles (Figure 3.1), as well as data provided by Professor Ken Mills on correlation of 

genes and background reading (Vader et al., 2006).  

Aurora-B kinase activity is essential for cytokinesis to occur, and its activity is tightly regulated 

by its binding partners. It shows a high expression level in the G2M phase of mitosis (Altieri, 

2003), survivin depleted cells exit mitosis without correct chromosomal alignment (Castedo et 

al., 2004). The incorrect chromosomal alignment would then lead to the eventual cell death. 

BIRC5 has higher expression in BM cells compared to peripheral blood. BIRC5 belongs to the 

Inhibitor of Apoptosis (IAP) family of proteins, which binds to caspases 3 and 7, inhibits their 

activity, and prevents cell death induced by CD95 (Tamm et al., 1998). Its expression has found 

to be regulated by p53 with its downregulation leading to greater levels of apoptosis (Mirza et 

al., 2002; Wang et al., 2004). The activation of p53 leads to enhanced activation of apoptotic 

signalling pathways. Survivin also competes with the cyclin dependant kinase (Cdk)4/p16INK4a 

complex, suggesting that survivin starts cell cycle entry following nuclear translocation and an 

interaction with CDK4 and survivin suppresses the ability of p16INK4a to arrest the cell cycle 

(Suzuki et al., 2000). 

When Wnt binds with the frizzled receptor on the surface of the cell it stops the degradation of 

β-catenin and causes an accumulation inside the cell (Liu et al., 2022). The Wnt/-catenin 

pathway stimulates transcription of several downstream targets, one of which is thought to be 

BIRC5. If this pathway gets disrupted, survivin expression would be reduced as it won’t be 

transcribed (Chen et al., 2016). As a result of the cytokinetic disturbances, this could lead to 

higher levels of apoptosis and cell death. 

A previous study showed evidence that MYC Proto-Oncogene (C-Myc) and Sp-1 helped modulate 

drug resistance via survivin expression regulation, achieved through the RK/MSK mitogen-

activated protein kinase (MAPK) controlling C-Myc and Sp-1 levels (Zhang et al., 2015). 

Independent studies also found BIRC5 to be a poor prognostic indicator in paediatric AML 

(Tamm et al., 2004; Esh et al., 2011). Survivin and its splice variants were found in 83.8% of adult 

AML (Wagner et al., 2006). 

(A)  
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(B) (C) 

 

Figure 3.1 BIRC5 expression in health and disease. (A) STRING research revealed that BIRC5 interacts with 
other genes involved in mitotic regulation (CDK1), particularly the CPC (INCENP, KIF20A, CDCA8, AURKB, 
and AURKA), and microtubule formation (KIF2C and KIF23). As well as mitotic checkpoint partner (BUB1). 
[Accessed 14/02/22]; (B) The BIRC5 expression in healthy FACs sorted blood cells was examined using the 
BloodSpot programme. The highest levels of expression were seen in myelocytes, late promyelocytes, 
early promyelocytes, common myeloid progenitors, megakaryocyte/erythroid precursors, and 
multipotent progenitors. Band cells and polymorphonuclear cells showed reduced expression, while 
haematopoietic stem cells and metamyelocytes showed no expression (PMN); (C) Interactions between 
BIRC5 and other proteins based on peer-reviewed published research: caspases (Li et al., 1998; Tamm et 
al., 1998; Shin et al., 2001); p53 (Mirza et al., 2002; Wang et al., 2004; Sah et al., 2006); C-Myc (Fang et al., 
2009); Wnt/β-catenin (Stewart, 2014); CDK4; (Suzuki et al., 2000); mitotic spindle formation (Castedo et 
al., 2004; Vader et al., 2006); BAC/BAX/DIABLO (Tamm et al., 1998; Song et al., 2003). The p-values of 
correlation analysis between some of the genes after analysis in the MILE dataset are shown above the 
arrows. (Haferlach et al., 2008)(DOI: 10.5281/zenodo.4923748). 

 

3.3.1.2 CEACAM3 

CEACAM3 is involved in bacterial phagocytosis, which is vital for healthy cell function. CEACAM3 

does not facilitate cell-cell adhesion like the rest of the CEACAM/CD66 family, but it does 

https://doi.org/10.5281/zenodo.4923748
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mediate the opsonin-independent identification and destruction of pathogenic bacteria (Pils et 

al., 2008). Once bound, the Syk cytoplasmic tyrosine kinase is recruited, and both proteins are 

phosphorylated (Sarantis & Gray-Owen, 2007). Tyrosine protein kinase HCK is part of the Src 

family of tyrosine kinases (Figure 3.2A), CEACAM3 triggers its recruitment and activation 

(Bonsignore et al., 2020). It is a type of immunoglobulin-related receptor expressed on the 

surface of human granulocytes (Buntru et al., 2011). It recognises gram negative bacteria and 

once bound promotes rapid internalisation and destruction of the CEACAM binding bacteria 

(Buntru et al., 2012). Phosphatidylinositol 3 kinase (PI3K) binds to CEACAM3 in phosphorylated 

axis upon binding with bacteria, stimulating the formation of reactive oxygen species (ROS) 

necessary for destruction of the bacteria (Buntru et al., 2011). Another group found CEACAM3 

to be differentially expressed in leukocyte membranes, following PCR they found elevated 

CEACAM3 expression during CML blastic crisis (Luo et al., 2012). Using the results of microarray 

analysis, a group was able to determine that growth factor receptor-bound protein 14 (Grb14) 

bound to CEACAM3 with the SH2 domain and negatively regulated it, reducing phagocytosis of 

bacteria (Kopp et al., 2012). 

3.3.1.3 MAGEF1 

MAGEF1 is part of a family of MAGE proteins that have similar functions and are all cancer-testis 

antigens, MAGE family members were found to bind to the tripartite motif containing (TRIM) 

family (Doyle et al., 2010). The activity of the RING-type zinc finger-containing E3 ubiquitin 

protein ligase has been discovered to be enhanced by MAGEF1, it also promotes the 

ubiquitination and degradation of MMS19, a crucial component of the cytosolic iron-sulfur 

protein assembly (CIA). MMS19 down regulation inhibits DNA repair enzymes such excision 

repair 2 (ERCC2), which rely on iron-sulfur clusters (Weon et al., 2018). It has been correlated 

with genome wide demethylation and has higher expression in the testes (De Smet et al., 1996). 

Unlike the MAGEG1 family member, MAGEF1 does not play a part in the structural maintenance 

of the chromosome (SMC5-6) complex, although it can form complexes with interacting inhibitor 

of differentiation (EID) proteins (Figure 3.2B) (Hudson et al., 2011). MAGEF1 could control the 

CIA pathway by the degradation and ubiquitination of CIA-targeting protein MMS19 (Weon et 

al., 2018). 
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Figure 3.2 Protein-protein interactions between CEACAM3 and MAGEF1. (A) CEACAM3 is predicted to interact with of carcinogen related adhesion molecules 
(CEACAM20). It is also co-expressed with a tyrosine protein kinase (HCK) found in haematopoietic cells. It is co-expressed with two calcium and zinc binding proteins 
(S100A8 and S100A12) that regulate inflammatory processes and immunological responses, as well as an immunoglobulin gamma Fc receptor (FCGR3B) and CYTH4, 
that promotes activation of ARF factors. [Accessed 14/02/22]. (B) MAGEF1 has predicted interactions with genes involved in the maintenance of the chromosome 
elements (MSCMCE4A, NSCMCE1 and SMC5) and inhibitors of differentiation (EID3 and EID1). [Accessed 14/02/22]. 
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3.3.1.4 STEAP1 

STEAP family members are metalloreductases (Figure 3.3A) with primary roles in the endocytic 

and exocytic pathways (Gomes et al., 2012). Most of the STEAP family of proteins are able to 

reduce iron and copper using NAD+ as an acceptor however STEAP1 is missing the FNO-like 

domain that allows them to do so (Ohgami et al., 2006), (Kleven et al., 2015). STEAP1 does still 

have a single beta heme and so is still a novel metal reductase but not to the same extent as 

other family members (Kim et al., 2016). Although STEAP1 is significantly expressed in a number 

of malignancies including bladder, colon, ovarian, prostate, and Ewing sarcoma, no other 

evidence for its overexpression in AML has been reported (Moreaux et al., 2012). STEAP1 was 

found to be co-expressed with trophoblast glycoprotein in lung cancer (Zhuang et al., 2015). 

There is evidence that phosphorylated eukaryotic translation initiation factor 4E regulates 

STEAP1 at a cap-dependent level (Jiang et al., 2020). Silencing of STEAP1 in colorectal cancer 

cells increased production of ROS and slowed cell growth, it was identified as acting along the 

nuclear erythroid 2-related factor NRF2 pathway with inhibition of STEAP1 causing less 

antioxidants regulated NRF2 (Nakamura et al., 2019). 

3.3.1.3 MORC4 

The MORC4 protein has a coiled-coil region and a HATPase-c domain with a CW zinc finger motif, 

nuclear localization signals, and a nuclear-binding matrix (Hong et al., 2017). The zinc finger 

motif may facilitate protein-protein or protein-nucleic acid interactions, and the N-terminus may 

signal a necessity for ATP hydrolysis (Figure 3.3B). The CW zinc finger could indicate that it can 

bind to methylated DNA and MORC4 may act as a transcription factor with a role in DNA 

recombination or repair, it was also overexpressed in 66% of breast cancers (Liggins et al., 2007). 

MORC4 potentially reduces miR-193B-3p mediated inhibition of apoptosis in breast cancer cells, 

this would link to higher expression correlating with patient who had lower OS rates (Yang et al., 

2019). The serine proteases (PRSS) family and genetic variations in CLDN2-MORC4 were 

discovered to be related with acute pancreatitis (Weiss et al., 2018). MORC4 inhibition resulted 

in decreased enrichment of STAT3 binding midline 2 promoter regions in luminal A/B breast 

cancer tumour cell lines, while boosting MORC4 expression boosted B-cell lymphoma 2 (BCL-2) 

expression and increased treatment resistance (Luo et al., 2020). Whilst testing the properties 

of a natural drug, Baicalin, MORC4 was discovered to be a target of miR-338-3p, overexpression 

of this miR suppressed cell metastasis and lead to apoptosis (Duan et al., 2019). 



38 
  

 

 

(A) (B) 

 

 
Known Interactions From curated databases 

Experimentally determined 
Predicted 
Interactions 

Gene neighbourhood 
Gene fusions 
Gene co-occurrence 

Other Text mining 
Co-expression 
Protein homology 

 

Figure 3.3 Protein interactions between STEAP1 and MORC4. (A) STEAP1 has potential interactions with genes involved in the reduction of iron (STEAP2, CYBRD1 and 

HEPH) and other metal ion transporters (SLC11A2 and SLC39A14). Along with some cell proliferation regulators (PSCA and TPBG). [Accessed 27/03/21]. (B) MORC4 is 
known to interact with YY1 associated functional partner (RYBP), some members of the S1 peptide family (PRSS3P2, PRSS1 and PRSS58) as well as associated with a 
gene playing a major role in the junction-specific obliteration of intracellular space (CLDN2). Text mining also found links between MORC4 and a protein that regulates 
trypsinogens (CTRC). [Accessed 27/03/21].  
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3.3.1.3 VGLL4 

The biological functions of VGLL4 occur via interaction with TEA domain (TEAD) transcription 

factors (Deng & Fang, 2018). It is a transcriptional cofactor that competes with Yes-associated 

protein (YAP) to interact with TEADs, influencing the rate of transcription from DNA to mRNA 

and regulating downstream genes (Figure 3.4A) (Zeng et al., 2017b). VGLL4 is also 

phosphorylated by CDK1 during G2M arrest and normal mitosis (Zeng et al., 2017b). At the 

transcription factor level, Wnt/β-catenin and Hippo-YAP signalling are closely connected, VGLL4 

can target the TEAD4-Transcription Factor 4 (TCF4) complex to co-regulate both pathways (Jiao 

et al., 2017). In gastric cancer, VGLL4 inhibits B-catenin and TCF, negatively regulating the 

Wnt/B-catenin signalling pathway and VGLL4 overexpression increases E-cadherin (CDH1) levels 

while decreasing B-catenin levels, suppressing epithelial-mesenchymal transition (Li et al., 

2015). Inhibition of miR-130a prevented YAP-induced tumorigenesis and prevented YAP-

induced liver enlargement typically caused by the Hippo pathway inactivation, this was thought 

to be related to the repression of VGLL4 (a YAP inhibitor), which would then boost YAP signalling 

further (Shen et al., 2015). USP11 interacts with VGLL4 and promotes its deubiquitylation, this 

enhances its stability (Zhang et al., 2016). It was recently shown that VGLL4 stabilises interferon 

regulatory factor 2-binding protein 2 (IRF2BP2) and a decrease in VGLL4 leads to a decrease of 

programmed death-ligand 1 (PD-L1), this suggests it regulates PD-L1 in some manner (Wu et al., 

2019). A lack of IRF2BP2 prevents transcription of Cd274 caused by the IFN-γ cytokine, 

suggesting VGLL4 is an inhibition target that indirectly promotes Cd274 transcription by 

stabilising IRF2BP2 (Pastor et al., 2021). 

3.3.1.3 SLC34A2 

Solute Carrier Family 34 Member 2 (SLC34A2) protein is a sodium dependant phosphate 

transport protein, it actively transports phosphate into cells via Na(+) cotransport, it is 

predominantly active when there’s low levels of Pi in the diet (Marks, 2019). In hepatocellular 

carcinoma (HCC) cells, knocking down SLC34A2 dramatically reduced the levels of 

phosphorylated PI3K and Threonine Kinase 1 (AKT). Taken together, these findings imply that 

silencing SLC34A2 decreases HCC cell proliferation and migration through inhibiting the 

PI3K/AKT signalling pathway (Li et al., 2016). The suppression of this pathway may be due to 

interactions with phosphatase and tensin homolog (PTEN) (Liu et al., 2017). In glioma cells, 

knocking down SLC34A2 inhibited the activation of the epidermal growth factor 

receptor/PI3K/AKT signalling pathway (Bao et al., 2019). There is evidence SLC34A2 is a fusion 

partner for ROS1 (a receptor tyrosine kinase (RTK)) in a small number of non-small cell lung 

cancers (Figure 3.4B) (Lin & Shaw, 2017) and in a lung tumour model cell line (A549), SLC34A2 

inhibited tumour growth and metastatic ability (Wang et al., 2015b).
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In neuroblastoma, SLC34A2 was shown to be implicated in a pathway that inhibits Wnt signalling; it binds to a promoter of miR-25, which then binds to 

glycogen synthesis kinase 3 (Gsk3) (Chen et al., 2019). Overexpression of SLC34A2 is a prognostic marker in bladder cancer, following its inbibtion 

tumour growth was reduced potentially due to a decrease in expression of C-Myc (Ye et al., 2017), this correlates with the correlation values we 

generated. 
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Figure 3.4 Protein interactions of VGLL4 and SLC34A2. (A) VGLL4 interacts with genes involved in the Hippo signalling pathway (TEAD1, 2, 3 and 4), other 
coactivators of TEFs (VGLL1, 2 and 3) and interferon binding proteins acting as transcriptional inhibitors (IRF2BPL1, 2 and L). [Accessed 27/03/21]; (B) SLC34A2 
interacts with functional partners involved in other sodium dependant transport (SLC20A2, SLC17A1, SLC34A1, SLC9A3R1 and SLC34A3). It also is predicted to 
be co-expressed with RTK proteins (ROS1). [Accessed 24/11/21].  
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3.3.1.3 SAGE1 

Sarcoma antigen 1 expression (SAGE1) is restricted to male germ-line cells and tumour cells this 

means it potentially codes for tumour-specific antigens recognized by T lymphocytes 

(Maheswaran et al., 2015). Activation of MAGE genes in tumour cells could be caused by 

genome-wide demethylation that often occurs in many cancers (De Smet et al., 1996). STRING 

analysis found SAGE1 to co-express with sperm surface binding proteins, supported by the origin 

of spermatocytic seminoma (SS) (a testicular germ cell tumour) and provides evidence for 

heterogeneity of this tumour (Figure 3.5A) (Lim et al., 2011a). SAGE1 expression was found in 

50% of non-small cell lung cancer samples (Zhang et al., 2021) and in 33% of oesophageal 

carcinomas (Chen et al., 2014), NXF2 was also found to be expressed in here, hence why STRING 

has highlighted them being co-expressed. 

 

3.3.1.3 MELTF 

Melanotransferrin (MELTF) is a transferrin homolog discovered attached to the cell membrane, 

its function is to bind iron via a single high affinity iron (III) (Dunn et al., 2006). The binding site 

is attached via a glycosylphosphatidylinositol anchor, however the binding of iron may not be its 

main role (Suryo Rahmanto et al., 2007). It can only bind one Fe atom; a study published in 2000 

found that removing MELTF had no effect on Fe uptake. Its alternate function could be binding 

with urokinase-type plasminogen activator to generate plasmin; the plasmin produced could 

cause extracellular degradation and endothelial cell detachment, leading to tumorigenesis and 

causing the increased cell metastasis observed (Figure 3.5B) (Michaud-Levesque et al., 2005). 

MELTF may also play a role in the vascularization of solid tumours and the progression of 

melanoma (Tiklová et al., 2010). It could be a potential biomarker in gastric cancer (GC), 

inhibition of MELTF reduced the invasiveness of GC cells and increased mRNA expression in 

tissue leading to shorter survival and a poorer prognosis (Sawaki et al., 2019).
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Figure 3.5 STRING images of SAGE1 and MELTF. (A) SAGE1 is predicted to interact with some sperm surface binding proteins (SPA17 and ADAM2), components 
of integrator complex involved in snRNA transcription (INTS1 and INTS10) and some melanoma associated antigens proposed to enhance ubiquitin ligase 
activity (MAGEC2 and MAGEC1). [Accessed 11/02/21]. (B) MELTF was found to interact with members of the S1 peptide family, which are involved in trypsin 
activities (PRSS1, PRSS3 and PRSS3P2). MELTF has also been identified to interact with HPGDS, an enzyme that catalyses the conversion of PGH2 to PGD2, as 
well as being co-expressed with SLITRK3, a synaptic cell adhesion molecule. [Accessed 11/02/22]. 
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3.4  Association between genes and clinical features 

Analysing the relationship between BIRC5 probesets and adult AML clinical features revealed 

significant differences in BIRC5 expression between genders, NPM mutation and wild type, FLT3-

ITD and FLT-WT, M6 and all other FAB subtypes (M0 – M5, M7) and M7 and all other FAB 

subtypes (M0 – M6) (Table 3.1). However, no association was found between above and below 

median BIRC5 expression in adults with AML and OS (data not shown) except when looking only 

at the patients with an inv(16) (Greiner et al., 2021). 

 

Table 3.1 Association between patient clinical features and BIRC5 in adults with AML (MILE). 

 

NS: not significant 

 

3.5 Pathway analysis of nine LAAs 

Multiple programs such as KEGG (Section 2.1.5), STRING (Section 2.1.3 and accessed on/up until 

11/02/22), WEB-based Gene Set Analysis Toolkit as well as a comprehensive literature review 

were used to establish proteins that interacted with the LAAs. As different probe sets were 

available for BIRC5, when possible, the following were used 202094, 208052 and 212399. A 

pathway map was made with predicted or known functional partners of the LAAs and connecting 

pathways in leukaemogenesis (Figure 3.6), correlation analysis was carried out to confirm the 

strength of the relationship between some LAAs and other genes using the MILE dataset 

(GSE13159). 

 

3.6 PANTHER analysis of differentially expressed genes – from each subgroup 

comparison 

Using the PANTHER gene set analysis tool, we compared the DEG lists between risk subgroups 

in AML patients as identified by Davis et al, 2020. We did this for molecular functions (Figure 

3.7), biological processes (Figure 3.8) and pathways (Figure 3.9). All groups are involved in very 

similar functions molecular (predominantly binding and catalytic activity), biological 

(predominantly cellular, metabolic and biological) and pathways (primarily Wnt signalling).  
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Figure 3.6 Predicted pathway map of nine LAAs. Generated with a literature search and the use of KEGG and STRING this highlights some of the pathways the GOI 
potentially act on. Correlation values generated by Professor Ken Mills, highlighting the relationship between the GOI and the downstream pathways are shown in pale blue 
font. Diagram authors own.
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Figure 3.7 The molecular functions of the 
differentially expressed gene lists. Despite 
representing the molecular functions of the DEGs 
identified by Davis et al, whereby AML risk subgroup 
comparisons were made, similar molecular functions 
are utilised by DEGs in each. In each comparison the 
majority of genes were involved in binding.  
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Figure 3.8 The biological processes of the 
differentially expressed gene lists. Evaluating the 
biological processes of the genes differentially 
between risk subgroups, the largest portion of genes 
are involved in cellular processes. 

Key:  

 

 

 

 

 

 

 

 

 

 

TARGET 
Standard versus Low High versus Low 

  

TCGA 

Intermediate versus Good Poor versus Good 

  

TARGET 

- Cellular process 

- Metabolic process 

- Biological regulation 

- Response to stimuli 

- Signalling 

- Localisation 

- Multicellular organismal process 

- Biological adhesion 

- Developmental process 

- Immune system process 

- Locomotion 

- Interspecies interaction between organisms 

- Growth 

 



47 
  

 

 

Figure 3.9 The pathways of the differentially 
expressed gene lists. In all subgroups the Wnt 
signalling pathway occupies the largest proportion of 
genes and a considerably larger portion in the high 
versus low paediatrics along with the Cadherin 
signalling pathway. 
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Chapter 4. Investigation of the miRs utilised by AML cells to 

control gene expression 

 

4.1 Introduction 

We focussed on the miRs that were found to be differentially expressed when comparing risk 

subgroups between paediatric and adult AML patients (Table 4.1). These had all been identified 

by Davis et al, 2020 and the miRs with a >2-fold difference in expression were identified. Two of 

these miRs (miR486-1 and miR1915) were found to have a significant effect on survival 

depending on expression levels, whilst a third (miR-8086) was close to significant (Figure 4.2). 

miR-486-1 had been found in the original analysis in both the intermediate versus good, and 

poor versus good risk subgroups, miR-1915 was found in intermediate versus good risk subgroup 

comparisons as well as TARGET standard versus low (Davis et al., 2020). miR-8086 was 

differentially expressed in the intermediate versus good subgroup comparison. In separate 

analysis a fourth miR (miR-378G) showed considerable expression in the poor risk cytogenetic 

group and was differentially expressed in the poor versus good risk subgroup. These four miRs 

were chosen to be investigated further in models and qPCR. 

 

Table 4.1 miRs differentially expressed in TARGET and TCGA groups. 
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(A) B (i) B (ii) 

 

 

Figure 4.1 miRs identified as differentially expressed between risk subgroups in AML. Volcano plots show the up regulation of miR expression when 
comparing AML risk subgroups in datasets from (A) TARGET standard versus low and (B) TCGA (i) intermediate versus good (ii) poor versus good. In the 
standard versus low-risk volcano plot, the genes which have a positive log2FC value have increased expression in the standard risk group compared to the low 
risk. The good/low risk subgroups were used as references to which the intermediate/poor risk subgroups were compared for DGE analysis. (C) The degree of 
overlap between DEmiRs in intermediate versus good and poor versus good risk subgroup comparisons in the TCGA dataset. There was an absence of overlap 
between differentially expressed miRs identified in the TCGA (intermediate or poor versus good) and TARGET (standard versus low) risk subgroup comparisons. 
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Following analysis in UCSC Xena browser by Dr Pinar Uysal-Onganer two miRs (miR-486-1 and miR-1915) were found to affect OS depending on above 

and below median expression levels, whilst a third is nearly significant (miR-8086) (Figure 4.2). 

  (A)  (B)  (C) 

    

Figure 4.2 Overall Survival compared to miR copy number. Below averages cellular expression levels of (A) miR-486-1, (B) miR-1915 contributed to poorer OS 
(days survived after diagnosis) (p=0.006 and p=0.02 respectively), whilst (C) miR-8086 was close but not significant (p=0.06), code example created in R by 
Samantha Girvan with the ‘dplyr’, ‘survminer’ and ‘survival’ packages using copy numbers from the GDC TCGA-LAML dataset on UCSC Xena browser. 

 

Having identified miRs that were differentially expressed between risk subgroups in adult AML and having identified three that were associated with 

OS, we decided to examine the cellular levels of the miRNAs in adult AML patient samples to match that of the mRNA-seq data. On finding that we had 

a limited number of cell samples we examine the larger cohort of serum samples available to us. 
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4.2 Aims 

• To evaluate the capacity of miRs to identify AML patient risk subgroup at disease 

diagnosis based on their expression in cells and serum.  

 

4.3 Significantly differentially expressed miRs 

Using the Bloodspot analysis tool, we examined whether any of the DEmiRs with a >2 fold 

difference in expression were known to have elevated expression in association with any specific 

cytogenetic abnormalities in adults with AML (Table 4.2). Only three miRs we had identified 

(miR-Let-7DHG, miR-210HG and miR-4500HG) were associated with cytogenetic abnormalities 

and were represented by probe sets 559129_at, 230710_at and 232488_at, respectively. It was 

interesting to note that examining the TCGA dataset in bloodspot miR-Let-7DHG had the highest 

expression in del(7q)/7q- while in the MILE dataset its expression was highest in healthy BM. 

 

Table 4.2 Association between risk subgroups and cytogenetic abnormalities. Association between 

specific cytogenetic abnormalities and miRs as indicated by BloodSpot data are shown in bold. 

 Risk 
subgroup 

Molecular and cytogenetic indicators miR association 

TCGA Poor Poor risk MLL translocation like 
t(6;11)(q27;q23), t(11;19)(q23;p13) or the 
presence of complex cytogenetics and 
poor risk cytogenetic abnormalities (Ley 
and Miller, 2013). 

MIR378G, MIR4500HG, MIR 4537, 
MIR4539, MIR6772, MIR486-1, 
MIR3186, MIR4740 

Intermediate Normal karyotype, the MLL translocation 
t(9;11)(q23;p13) or other intermediate 
cytogenetic abnormalities 

MIR1915, MIR210HG, MIR8086, 
MIR486-1, MIR3186, MIR4740, 
MIR1-1HG-AS1 

Good t(8;21)(q;22;q22) or inv(16)(p13q22)  

TARGET Low t(8;21)(q22;q22) or inv(16)(p13q22)  

Standard MLL gene rearrangements such as 
t(6;11)(q27;q23), t(10;11)(p12;q23), 
t(9;11)(q23;p13), t(11;19)(q23;p13) or a 
normal karyotype that didn’t pose a 
change in risk. 

MIRLET7DHG, MIR133A1HG, 
MIR326, MIR374B, MIR421, 
MIR497HG, MIR548C, MIR604, 
MIR624, MIR1254-1, MIR1282, 
MIR1972-1, MIR3128, MIR3661, 
MIR3918, MIR4284, MIR4308, 
MIR4482, MIR4512, MIR3198-1, 
MIR1915 

High FLT3 ITD  

 

To further visualise the different expression levels of the DEmiRs in each risk subgroup in which 

they were differentially expressed, the raw count data from TCGA was shown (Figure 4.3). 

Further analyses using the UCSC Xenabrowser highlighted the copy number of these four miRs 

were almost identical in terms of copy numbers in favourable and intermediate AML cytogenetic 

risk subgroups but elevated in poor risk subgroups. 
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(A) (B) (C) (D) 

 
 

Figure 4.3 Expression levels of miRs in TCGA risk groups. (A) miR-486-1 in poor (n=32) versus 
intermediate (n=75) versus good (n=17), (B) miR-1915 in intermediate (n=75) versus good (n=17), (C) miR-
8086 in intermediate (n=75) versus good (n=17), (D) miR-378G in poor (n=32) versus good (n=17). 
Significantly raised raw count levels were found in the worse risk groups.  

 

Using DAVID to analyse the pathways that the DEmiRs were involved in, only one of the 

identified DEmiRs was found to map to the KEGG pathway for MicroRNAs in cancer [05206: 

Accessed 15/9/21].  miR-326, working with miR-34a, acts to inhibit Notch activity in glioma cells 

as part of the tumourigenesis process (Kefas et al., 2009). 

 

4.4 Literature review of miRNA gene regulation in health and disease 

To determine what was already known about the genes that each miR regulates, the literature 

was comprehensively searched. PubMed and Scopus were mainly used with no limits (in years, 

disease or patient age) and the search term was solely that of the miR.  

4.4.1 miR-1915 

In HCC cell lines under oxidative stress, miR-1915-3p levels were drastically reduced following 

the knockdown of TP53, leading to the assumption that p53 regulates miR-1915-3p in some 

manner (Wan et al., 2017). BCL-2 is a proto-oncogene that typically binds to pro-apoptotic 

proteins (PUMA, BAK, and BAX), inhibiting their activity and preserving the integrity of the 

mitochondria and through this enhancing cell survival (Kontos et al., 2014). Following DNA 

damage, p53 was found to upregulate miR-1915 expression, however, the levels of pri-miR-1915 

did not change unlike the levels of both pre and mature miR-1915, this suggests p53 may be 

inhibiting the processing of primary to precursor miRNA (Nakazawa et al., 2014). The 

upregulation of miR-1915 may then inhibit BCL-2 and prevent apoptosis. Within colorectal 

cancer, elevated levels of miR-1915 caused by mimics reduced the BCL-2 level and sensitized the 
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cells to anticancer drugs (Xu et al., 2013), providing more evidence for the effect of miR-1915 on 

BCL-2. 

MiR-1915-3p has been demonstrated to inhibit lung cancer cell apoptosis by downregulating 

developmentally regulated GTP binding protein 2 and pre B cell leukaemia homeobox 2 (PBX2), 

whereas overexpression prevented etoposide-induced apoptosis (Xu et al., 2016). 

Overexpression of miR-1915-3p was found in the serum of breast cancer patients and its 

overexpression repressed dual specificity phosphatase 3 (DUSP3) which activated extracellular 

signal-regulated protein kinase 1/2 (Guo et al., 2018). 

In adult renal progenitor cells, miR-1915 was found to regulate the expression of markers of 

renal progenitors such as CD133 and Paired box 2 (PAX2). For the expression of these stem cell 

markers lows levels of miR-1915 were needed, suggesting that it may inhibit their expression 

(Sallustio et al., 2013). 

Following the transfection of miR-1915 mimics and inhibitors into GC cells, miR-1915 had 

tumour suppressive effects on the cells, reducing the levels of proliferation and migration of HP-

infected GC cells. This may have been caused by the targeting of receptor for advanced glycation 

end product (RAGE) (Xu et al., 2019). 

4.4.2 miR-486 

In AML, miR-486 was shown to regulate JAK-STAT signalling by inhibiting suppressor of cytokine 

signalling 2 (SOCS2), via the silencing of SOCS2 (a negative regulator of the JAK/STAT pathway) 

it enhanced cell proliferation (Sha et al., 2021). The knockdown of miR-486 was shown to 

increase JAK-STAT3 activity and increase proliferation. 

In muscle cells, miR-486 was shown to regulate PI3K/AKT signalling by targeting PTEN and 

Forkhead Box O1 (FOXO1), the levels of PTEN and FOXO1 were reduced by overexpression of 

miR-486 (Small et al., 2010; Cristofoletti et al., 2013; Shen et al., 2019). 

miR-486-5p has been reported to negatively impact tumour suppressor pathways in prostate 

cancer (Yang et al., 2017). It also functions as a tumour suppressor in oesophageal cancer by 

targeting CDK4/ breast carcinoma-amplified sequence 2 (BCAS2) (Lang & Zhao, 2018). miR-486-

5p was also found to target the transforming growth factor beta (TGF-β)/ SMAD family member 

2 (SMAD2) signalling pathway, which controls transcription of downstream targets (Yang et al., 

2017). miR-486-3p was found to regulate γ-globin expression via modulating BAF chromatin 

remodeling complex subunit in erythroid cells (Lulli et al., 2013). 
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miR-486-5p was discovered to be downregulated in HCC tissues and cell lines and the 

overexpression of miR-486-5p reduced the proliferation and migration of the cells. In cell lines 

with overexpression of miR-486-5p the levels of E3 ubiquitin ligase casitas B-lineage lymphoma 

(CBL) were reduced with similar results observed in tissue samples, an increased expression of 

CBL reversed the effects of the miR on the rate of proliferation and so miR-486-5p could be a 

tumour suppressor acting via the inhibition of CBL (He et al., 2019). 

Polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) have been shown to 

decrease the levels of miR-486-3p and accordingly activate nuclear factor kappa B2 (NF-κB2) in 

thyroid cancer, resulting in greater invasion rates (Chen et al., 2020). By recovering the levels of 

the miR this group were able to reduce these effects suggesting it may be a tumour suppressor. 

A further study in AML found that most patients categorised with normal cytogenetics displayed 

increased miR-486, specifically in the M2 subtype (Seyyedi et al., 2016a). 

With the TF-1 erythroleukaemia cell line, an increase in miR-486 expression was shown to be 

caused by hypoxic conditions. Sirt1 was also identified as a target of miR-486 which can 

modulate differentiation of erythroid TF-1 cells, inhibition of the miR suppressed growth and 

differentiation (Shi et al., 2017). 

4.4.3 miR-378G 

miR378G has been shown to be involved in the suppression of metastasis in colon cancer cells 

via the inhibition of SDA1 Domain Containing (SDAD1), overexpression of miR-378G was found 

to inhibit β-catenin expression (Zeng et al., 2017a). It is also found to act in a similar manner, 

interacting with BRAF one to achieve suppression of proliferation in colorectal cancer (Wang et 

al., 2015c). The expression of VEGF in GC cell lines was inhibited by miR-378 (Deng et al., 2013), 

VEGF expression was also found to be controlled by miR-378G in laryngeal cancers (Hua et al., 

2006). 

miR-378 has been found to inhibit the expression of suppressor of fused (SUFU), a negative 

regulator of the hedgehog pathway that is involved in signalling systems specifying cell growth 

and differentiation during vertebrate development (Cheng & Yue, 2008). This might suggest a 

role in tumour cell survival along with the inhibition of Fus-1, which could increase the survival 

of the cell (Lee et al., 2007). This group also found transfection of miR-378 decreased caspase 3 

expression and would therefore reduce apoptosis and further improve cell survivability. 

In oral squamous cell carcinoma it has been suggested that LncRNA HOXC13 antisense RNA 

functioned as a ceRNA to make the cells more malignant and this could have been done by the 

inhibition of miR-378G, demonstrated by the expression of the miR being negatively correlated 

with that of LncRNA HOXC13 antisense RNA (Li et al., 2020). 
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The overexpression of miR-378 in cardiomyocytes might inhibit their proliferation via the 

suppression of the Ras GTPase-MAPK pathway by targeting three components of this pathway: 

MAPK1, insulin-like growth factor receptor 1 and kinase suppressor of RAS 1 (KSR1) (Ganesan et 

al., 2013). 

Following analysis of the potential roles of these miRs, a pathway map was created highlighting 

potentially important processes and interactions (Figure 4.4). At the time of this study little to 

no information is available about the role of miR-8086 so it was not covered in the previous 

section. All the miRs evaluated have links to control of the apoptosis and other vital signalling 

pathways. 

4.5 miR expression and survival 

We found that none of the miRs identified as promising (bolded in Table 4.1) were indicative of 

survival (>6 years) when expressed at above or below median levels in the MILE database (miR-

LET7DHG p=0.531; miR-210HG p=0.23; miR-4500HG p=0.711) (n=172); however when we 

analysed 175 adults with AML in GDC AML TCGA dataset available on UCSC Xena browser, above 

median expression of miR-486-1 and miR-1915 that had been identified as DEmiRs in the 

intermediate versus good subgroup comparison in the TCGA dataset showed a significant 

association with reduced survival suggesting again that upregulation of these two miRs were 

associated with the poorer risk subgroups in adult AML (Figure 4.2). miR-8086 whilst not 

significant showed a trend towards increased expression affecting the OS of patients. 
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Figure 4.4 Predicted pathway map of DEmiRs of interest. Generated via a literature search this pathway map focuses on some miRs showing diagnostic promise. The 

pathways are not necessarily in AML and could have been investigated in a variety of diseases and conditions. miR-8086 had no previous research on any pathways it 

could potentially be involved in.
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4.6 ROC Curves, AUC and models 

The miRs of interest were further investigated for their ability to distinguish between subgroups 

using the mRNA sequencing data available from the TCGA. When evaluating the intermediate 

versus good risk subgroups there is n=17 in the good group and n=75 in the intermediate group. 

Following ROC analysis of the intermediate versus good groups, curves were generated 

highlighting the specificity and sensitivity of combinations of miRs (Figures 4.5, 4.6 and 4.7). An 

AUC score above 0.7 is acceptable, whilst a score above 0.8 is excellent and above 0.9 is even 

better (Mandrekar, 2010). 

When analysing the mRNA sequencing data using ROC analysis age and gender were added in a 

stepwise manor and were found to have no significant effect on any of the models, proving that 

they did not affect the miR expression in that cohort. 

4.6.1 Single miRs in the intermediate versus good subgroup 

Individual miRs could still make potential classifiers to distinguish between risk groups (Figure 

4.5). 

(A) (B) (C) 

   
miR-486-1 miR-1915 miR-8086 

 

Figure 4.5 Intermediate versus good risk groups for single miRs. (A) miR-486-1 (AUC Value = 0.678, 
Standard error = 0.0561, 95% Confidence interval = 0.5684 to 0.7884, p-value = 0.0221), (B) miR-1915 
(AUC Value = 0.718, Standard error = 0.0550, 95% Confidence interval = 0.6102 to 0.8259, p-value = 
0.0052) and (C) miR-8086 (AUC Value = 0.8133, Standard error = 0.0437, 95% Confidence interval = 0.7277 
to 0.8990, p-value = <0.0001).  

 

Even on its own, miR-8086 is potentially a powerful classifier for subgroups. When analysing the 

raw count data for miR-8086 patients often had either no expression or very high expression, 

this could contribute towards the high AUC score. 
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4.6.2 Combination of two miRs 

Using any combination of two miRs yielded higher AUC scores, allowing for greater predictive 

ability of a model to classify patients based on mRNA-sequencing expression (Figure 4.6). 

(A) (B) (C) 

   
miR-486-1 and miR-1915 miR-486-1 and miR-8086 miR-8086 and miR-1915 

 

Figure 4.6 Intermediate versus good risk groups for combinations of miRs. (A) miRs-486-1 and 1915 (AUC 
Value = 0.860, Standard error = 0.039, 95% Confidence interval = 0.784 to 0.935, p-value = <0.0001), (B) 
miRs-486-1 and 8086 (AUC Value = 0.880, Standard error = 0.035, 95% Confidence interval = 0.811 to 
0.949, p-value = <0.0001) and (C) miRs-8086 and 1915 (AUC Value = 0.895, Standard error = 0.032, 95% 
Confidence interval = 0.832 to 0.959, p-value = <0.0001). 

 

4.6.3 All miRs combined 

With three miRs involved in the ROC analysis the AUC score increases further, showing a more 

specific and sensitive model (Figure 4.7). 

 
miR-486-1,  miR-1915 and miR-8086 

 

Figure 4.7 Intermediate versus good risk groups for all miRs combined. miRs-486-1, 1915 and 8086 (AUC 
Value = 0.938, Standard error = 0.025, 95% Confidence interval = 0.890 to 0.987, p-value = <0.0001). 
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When analysing the power of miRs to distinguish between intermediate versus good risk group 

a combined model (Figure 4.7) had an AUC of 0.938 compared to the best individual miR with 

an AUC of 0.813. 

4.6.4  miRs in poor versus good subgroup TCGA 

When evaluating the poor versus good risk subgroups there were n=32 in the good group and 

n=32 in the poor group. The potentially more important subgroups to distinguish between is 

poor versus good, due to the greater differences in OS. A model able to predict the poor risk 

patients would allow greater attention to be given to them or more severe treatment course 

applied. After ROC analysis of the poor versus good subgroups, curves were created showing the 

models (Figures 4.8 and 4.9). 

(A) (B) 

  
miR-486-1 miR-378G 

 

Figure 4.8 Individual miRs in the poor versus good risk subgroups. (A) miR-486-1 (AUC Value = 
0.746, Standard error = 0.039, 95% Confidence interval = 0.784 to 0.935, p-value = <0.0001) and 
(B) miR378G (AUC Value = 0.781, Standard error = 0.035, 95% Confidence interval = 0.811 to 
0.949, p-value = <0.0001). 
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With two miRs included in the model it becomes a better predictive marker, however not quite 

the level of classification the model for intermediate versus good achieved (Figure 4.9). 

 
miRs-486-1 and 378G 

 

Figure 4.9 Poor versus good risk groups miRs-486-1 and 378G. miRs-486-1 and 378G (AUC Value = 0.888, 
Standard error = 0.050, 95% Confidence interval = 0.789 to 0.987, p-value = <0.0001). 

 

miR-486-1 and miR-378G are good predictive biomarkers on their own however when combined 

are a more powerful tool for predicting poor prognosis, compared to the combination of three 

miRs in the intermediate versus good group the AUC score is lower (0.888 to 0.938), by adding 

a third a miR into this model the power could be improved further. 

 

4.7 qPCR Results for positive controls and normalisers 

To test the consistency of the RNA extraction kit, RT process and to test the miR assays, cell lines 

with predicted expression of the DEmiRs were analysed (Table 2.4). Cell sample normalisers (U6 

snRNA and 5s rRNA) did not show any expression in the positive cell lines used. Positive controls 

used were K562, HL-60 and MDA-MB-231. None of the miRs investigated showed any significant 

expression, with different Ct values and too much variance in the results. This could have been 

due to inexperience in the methodology or the miRs and normalisers were not present in the 

cell lines. 

 

4.8 qPCR Results for PBLs  

With limited information on the performance of the assays and the normalisers due to the 

insufficient data gathered from the cell lines, some patient PBL samples were used to test 

efficiency. With only three PBL samples (two from a single patient at different time points and 

one healthy volunteer). The results are limited when analysing qPCR, however it validated the 

assays for our use and gave more experience in the processes required (Figure 4.10). 
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Figure 4.10 Raw Ct values for three PBL samples. qPCR analysis of AML042 at diagnosis and follow 

up (FU) compared with a HV, the normalisers are stable between samples but expression of 

some miRs is limited. 

Creating a NV from the UniSP6 and 5s rRNA allowed for better comparisons of expression 

between samples by allowing the calculation of ΔCt (Figure 4.11). There were no discernible 

differences between any of the samples other than the complete lack of expression of miR-8086 

in the healthy volunteer sample and the follow-up sample.  

 

Figure 4.11 ΔCt values for three PBL samples. Samples were adjusted using the NV created with 
UniSP6 and 5s rRNA, miR-8086 showed no expression in the FU or HV. 
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With limited data to analyse, a point of interest is the lack of expression of miR-8086 in both the 

FU and HV sample. A patient in FU would hopefully have characteristics more akin to a healthy 

individual then one at the point of diagnosis. 

 

4.9    qPCR serum                                                 

The availability of a greater number of serum samples allowed for more thorough analysis of 

miRs based on clinical features. The normalisers used to analyse miR expression in sera are 

different from those used to examine cellular presence of miRs in cell lines and patient cell 

samples. The combined use of two endogenous controls and a spike-in proved reliable for this 

small study of sera samples (Figure 4.12). 

 

Figure 4.12 Raw Ct of normalisers. Endogenous controls and UniSP6 raw Ct values in each sera 
patient sample analysed. Without adjustment both miR-222-3p and miR-Let-7i-5p are both within 
a close range in a single patient however there is a large amount of variance between patients. 
UniSP6 is more consistent throughout the whole cohort of patients and should be used to help 
form the NV. The dotted line signifies the mean of each normaliser for the cohort. 

 

 

There was still some variance across the sample range, however the use of a NV reduces this 

significantly (Figure 4.13). 
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Figure 4.13 Ct of endogenous controls combined with UniSP6 to form a NV. Endogenous controls miR-
Let-7i-5p and miR-222-3p were combined with UniSP6 spike-in to form a NV that was used to calculate 
ΔCt for each miR investigated. There is still a high degree of variance between all the samples. Dotted line 
signifies the mean NV for the cohort. 
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Across the cohort miR-486-5p had the most consistent expression in all samples (Figure 4.14). The expression of miR-8086 and miR-1915-3p did not 

show sufficient amplification for further data analysis. 

 

Figure 4.14 ΔCt of miRs of interest in all patient samples analysed. The Ct values have been normalised using the NV to bring them into a closer range of each 
other. Some patients showed no identifiable expression of one miR. In miR-8086 and miR-1915-3p no expression was shown was recorded during the qPCR; 
this aligns with the positive controls showing no expression of miR-8086. 
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Grouping the patients using their FAB subtype (Table 2.5), allowed the observation that there 

was no significant difference in expression of miRs between the risk subgroups (Figure 4.15). 

However, there was a trend towards a lower level of miR-1915-5p in the two favourable risk sera 

samples. 

 

 

Figure 4.15 ΔCt values of all miRs tested via qPCR in sera. miR-486-3p and miR-486-5p showed no 
significant differences between the subgroups with p values of 0.77 and 0.79 respectively. ΔCt 
values display a trend (p=0.061) towards increased expression of miR-1915-5p in the poor risk 
subgroups, but we cannot call these trends significant due to the small sample size (n=2) in the 
good risk group. Mann-Whitney test used to generate p-values. 

 

Using non-parametric tests due to the small group sizes there are no significant results, however 

miR-1915-5p does show a trend towards increased expression in the poor risk subgroup (Figure 

4.15).  
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4.10 Significance of age, biological sex, and date of sample on qPCR 

To evaluate the relationship age and gender may have on serum miR expression linear 

regression, correlation analysis and Mann-Whitney tests was performed where suitable. The 

first analysis observes the effect of age on miR expression (Figure 4.16). 

 

(A) (B) 

 
(C) (D) 

 
 

Figure 4.16 Linear regression of age on miR expression. (A) Normaliser Ct value relationship with 
age (n=14). (B) miR-483-3p ΔCt (n=14). (C) miR-483- p ΔCt (n=13). (D) miR-1915- p ΔCt (n=12). 
Correlation and linear regression analysis, values reported are correlation. 

 

The age of the patient at diagnosis did not influence DEmiR expression nor change the NV in our 

patient cohort, as evidenced by the fact that none of the p values were significant (p<0.05, 

correlation analysis). 
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Analysis of the impact of patient biological sex on miR expression was examined (Figure 4.17). 

There was a small trend in the NV between males and females, with females showing a slightly 

higher expression of the NV (Figure 4.17A). The trend of higher expression of miRs also 

continues in miR-486-3p (Figure 4.17B) and miR-486-5p (Figure 4.17C). This trend was reversed 

in miR-1915-5p, with males showing slightly higher expression (Figure 4.17D). 

 

(A) (B) 

 
(C) (D) 

 

 

Figure 4.17 Analysis of gender on miR expression. (A) Normaliser Ct value relationship with age 
(10 men and women). (B) miR-486- p ΔCt (9 men and 4 women). (C) miR-483- p ΔCt (10 men and 
4 women). (D) miR-1915- p ΔCt (8 men and 4 women). Mann-Whitney tests used due to small 
sample size in some groups not allowing parametric tests. 

 

  



68 
  

Examination of the impact of time since the sample was taken on miR levels were performed. 

Most samples were taken around 20 years ago and may have been subject to considerable 

degradation as demonstrated by previous studies (Ibberson et al., 2009). A single sample, 

AML042 was received much more recently and had significantly different expression that may 

have caused the elevated levels of UniSP6 detected in the sample (Figure 4.18).  

 

(A) (B) 

 
(C) (D) 

 
 

Figure 4.18 Linear regression of time since sample extracted on miR expression including 
AML042. (A) Normaliser Ct value relationship with age (n=14). (B) miR-483- p ΔCt (n=13). (C) miR-
483- p ΔCt (n=14). (D) miR-1915- p ΔCt (n=12). 

 

  



69 
  

Excluding the most recently received sample (AML042) leads to more homogeneous expression 

values for all miR and the NV (Figure 4.19). 

 

(A) (B) 

 
(C) (D) 

 
 

Figure 4.19 Linear regression of time since sample extracted on miRNA expression excluding 
AML042. (A) Normaliser Ct value relationship with age (n=13). (B) miR-483- p ΔCt (n=12). (C) miR-
483- p ΔCt (n=13). (D) miR-1915- p ΔCt (n=11). No significant differences shown between miR and 
endogenous control expression when analysing the time of RNA extraction from time of sample 
extraction. 

 

There is still a trend in miR-1915-5p when observing the time since sample taken, this miR may 

degrade faster than the others (Figure 4.19D). 

 

  



70 
  

4.11 Melt Curve Analysis 

Melt curves were performed with every plate to evaluate the primer performance. All 

normalisers (miR-222-3p and miR-Let-7i-5p) had very uniformed melt curves (Figure 4.20) along 

with the UniSP4 and 6 (spike in products). When product was detected, there was a uniform 

peak at 70⁰C other than in miR-1915-5p where the peak was at 80⁰C. Primers were all 

predesigned and wet lab validated by Qiagen. 

 

Figure 4.20 Melt curve of miRNA-222-3p. Singular peak at the  0⁰C, caused by the dissociation of 
the double-stranded DNA during the ramping up of heating. This image was generated from 
melting the miR-222-3p primers. As there is only a single peak, we can presume only one product 
has been formed. Of note is the purple peak at 64⁰C, this is the control recording from a tube of all 
qPCR reagents except cDNA template. 
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Chapter 5. Discussion 

Whilst being a rare cancer type, AML is one of the most common leukaemias, and around 3100 

patients are diagnosed each year in the UK. Paediatric AML is treated effectively compared to 

adults suffering from the disease (nearly 70% chance of survival in some paediatric cohorts high 

relapse rates of up to 35% (Zwaan et al., 2015)), potentially due to differences in the mechanisms 

of the disease as well as different responses to and alternative treatment options. Within adults 

and children there are indicators of the patients’ prognosis, that can predict response to 

treatments and post diagnosis survival. This study hoped to identify novel targets for therapeutic 

treatment and establish whether miRs could be used as biomarkers of prognosis circumventing 

the need for cytogenetic tests and speeding up the time to treatment. Previously a list of genes 

had been derived from the analyses of RNA-seq datasets and needed further investigation to 

evaluate their potential to act as targets for treatment. Following analysis of the pathways these 

miRs were involved in, ROC analysis was performed to establish the power of these DEmiRs 

when combined in a model and used as a predictor of risk group. Additionally, qPCR was carried 

out on serum samples from a variety of AML patients to see whether the increased expression 

of miRs in mRNA-seq data translated into increased expression in the sera. 

 

5.1 Potential roles of LAAs in AML 

Differential gene expression analysis was performed; analysis of the results provided large gene 

lists of genes differentially expressed when comparing risk subgroups in AML. Nine of these 

genes were identified as having differential expression that correlates with OS and on this basis 

were investigated further using STRING, gene ontology and a literature-based searches to 

determine their function and the signalling pathways they were involved in. 

PANTHER analysis showed that the greatest proportion of the DGE list was involved in binding, 

followed by catalytic activity, acted as molecular function regulators, had transporter and/or 

transducer activity. Numerically fewer of the DEGs were involved in structural, adaptor and 

translational regulatory activity. All gene lists (TCGA: poor vs good, intermediate vs good, 

TARGET: high vs low and standard vs low) were involved in very similar molecular functions 

(Figure 3.7), with a high amount involved in binding and catalytic activity, there were no 

noticeably significant differences between the groups. There were also similarities between all 

groups biological processes; most genes played roles in cellular processes, followed by metabolic 

processes and biological regulation. Unlike the molecular functions, there were noticeable 

differences in the biological processes that differed between the high versus low TARGET risk 

subgroups compared with the standard versus low-risk subgroups. The high-risk subgroup 



72 
  

comparison has a larger proportion of DEGs involved in developmental processes, while TARGET 

high versus low-risk subgroups also have a larger percentage of genes that are involved in 

biological adhesion and multicellular organism processes. When evaluating the key pathways 

from the gene lists, the proportion of the genes involved in the Wnt and CHD1 signalling pathway 

in the poor versus good TARGET risk subgroups is much larger proportion than both TCGA risk 

subgroup comparisons and intermediate versus good from the TARGET study. This suggest that 

in the highest risk paediatric patients their diseased cells were more likely to experience some 

alterations in the Wnt or cadherin pathway, and these pathways could make these better 

pathways to try and target for that group of patients. 

BIRC5 is the LAA which has been researched extensively with regards to its functions and 

molecular interactions. Examining some of these studies demonstrates BIRC5s vital role in 

cancers and potential roles in AML. Targeting some of these pathways to neutralise the impact 

of BIRC5 may provide a new avenue for therapy for AML patients. BIRC5 is essential for 

successful mitosis, binding to both CPC and Aurora-B kinases, whilst in the nucleus it leads to 

correct mitotic spindle formation. If BIRC5 was inhibited, the rate of division would be reduced, 

and this could lead to cell death. STRING analysis highlighted the relationship between the other 

partners involved in the regulation of mitosis along with very strong correlation analysis with 

Aurora-B. 

BIRC5 is a member of the IAP family, that reduces apoptosis by binding to and inhibiting caspases 

3 and 7, both of which are involved in the programmed cell death pathway. p53, a critical protein 

in cellular control known as the "Guardian of the Genome," was also recently found to be 

regulating BIRC5 expression (Feroz & Sheikh, 2020). Downregulation by p53 leads to an increase 

in cell death within the pathways it acts upon, it is therefore reasonable to see why 

downregulation of BIRC5 could lead to higher levels of apoptosis. One of the hallmarks of cancer 

is resisting cell death which high levels of BIRC5 would cause through the prevention of 

apoptosis, this could be why it is found in high levels in many cancers (Li et al., 2019). 

Furthermore, BIRC5 was found to be a downstream target of the Wnt pathway, an important 

pathway in the regulation of transcription as well as one of the main pathways highlighted via 

PANTHER analysis of the datasets. Another axis of BIRC5 function is the competitive inhibition 

of the CDK4/p16INK4a complex, which prevents p16INK4a causing the arrest of the cell cycle 

and is another potential way BIRC5 prevents cell death (Suzuki et al., 2000). 

As well as preventing apoptosis BIRC5 may confer resistance to therapeutic drugs, particularly 

when regulated by C-Myc and Sp-1 which are also regulated by MAPK (Zhang et al., 2015). This 

pathway increases the level of BIRC5 and therefore decreases cell death and in CML BIRC5 has 

been shown to increase imatinib resistance (Carter et al., 2006). Overexpression of BIRC5 has 
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been shown to confer resistance to FLT3 inhibitors in cell lines (Zhou et al., 2009), such that if 

BIRC5 levels could be reduced then FLT3 inhibitors may become more effective in the treatment 

of patients. However, there could be difficulty in targeting therapies specifically to cancerous 

cells. 

Due to BIRC ’s roles in key cell processes such as angiogenesis, higher levels of it are often found 

in cancer. BIRC5 is found in most adult AML patient samples, with increased expression leading 

to chemotherapeutic resistance and having an association with a poorer prognosis. BIRC5 could 

potentially be expressed in cancers due to global genome wide DNA hypomethylation (Lyu et 

al., 2018). It would make an ideal target due to its consistent expression in cancers and lack of 

expression in normal healthy tissue, however due to the great number of pathways it acts upon 

it may be difficult to control any upstream or downstream co-targets of it. 

Following the evaluation of BIRC5 expression and patient clinical features, we found patients 

with core binding factor (CBF) AML and in particular those with inv(16) and higher levels of BIRC5 

had lower survival rates. Chromosomal 16 alterations are found in 5-8% of AMLs (Lv et al., 2020). 

As such BIRC5 may be a target for treatment in a small subset of AML patients with AML inv(16) 

(Greiner et al., 2021). Expression of BIRC5 was also found to be increased in cases with 

monosomy 7/loss of 7q or a t(15;17), which could provide another small subset of patients that 

BIRC5 targeted treatment would benefit. 

Whilst CEACAM3 has predominantly been shown to assist the phagocytosis of bacteria by 

triggering tyrosine kinases, this process isn’t a known driver of cancer or leukaemia. Its co-

expression with calcium and zinc binding proteins, could just be an indicator of the relationship 

with immune response due to bacteria. Whilst a reduction in phagocytosis may not help in AML, 

lower levels of ROS could influence cancer cell death caused by oxidative stress. Being expressed 

on the surface of granulocytes may make CEACAM3 a target for immunotherapy however there 

could be difficulty in specifically targeting the cancerous cells, having been found in high levels 

during blastic crisis in CML, testing with HVs would need to be carried out to determine whether 

the expression was restricted to AML cells. Grb14 functions as a negative regulator of CEACAM3 

and offers a potential method of targeting the pathways CEACAM3 acts upon. Observing the 

expression of CEACAM3 in GRB14 transfected cell lines could be valid way to confirm the 

interaction as well as monitor any downstream effects.  

As the MAGE family are CT antigens, expression is often found in a variety of cancers due to 

global promoter hypomethylation. In addition, CT antigens are often restricted in their 

expression in healthy tissues to immune privileged sites such as the testes and placenta that lack 

MHC class I. This cancer-specific expression makes them ideal targets for immunotherapeutic 
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treatment. MAGEF1 was found to cause ubiquitination and degradation of MMS19, and through 

MMS19 interacted with the CIA pathway. The control of iron sulphur clusters is important for 

ERCC2 (a DNA repair enzyme) and may be why STRING analysis showed a cluster of proteins 

involved in chromosomal maintenance. If knockdown or increased expression of MAGEF1 could 

be achieved with treatment, then the regulation of genomic integrity through the CIA pathway 

may be possible. MAGEF1 was also found to bind with EID proteins although it is unclear which 

is regulating the other as EID1 can bind and inhibit EP3OO which is essential for the 

differentiation of cells. In AML the blast cells grow uncontrollably and do not differentiate and 

so targeting this pathway could be viable to force erythropoiesis and ensure only functional red 

blood cells released from the BM. MAGE binding with TRIM family members could possibly 

inactivate p53 and further destabilise the cells, although the relationship may be with other 

MAGE family members and not MAGEF1. 

STEAP1 was shown to be expressed in a multitude of cancer types and might stimulate 

cancerous proliferation by the modulation of ions, although it has only a single beta heme group 

compared to other STEAP family members and so this may not be its primary function. In 

colorectal cancer a reduction of STEAP1 caused an increase in ROS, indicating different oxidative 

stress could assist cancerous cell development. However, STEAP1 slowed the growth of cells due 

to the regulation of NRF2 that protects against oxidative damage (Ma, 2013). Regulation of 

STEAP1 by eIF4E may provide a way to control the downstream applications, its accumulation in 

the cell membrane makes it a good target for immunotherapy. 

If the same findings apply in AML as they do in A/B breast cancer cell lines then reducing the 

level of MORC4 would lead to lower expression of STAT3 and increased expression of MORC4 

showing higher levels of BCL-2; a known anti-apoptotic protein, that also confers resistance to 

treatment. However, there are already treatment options available that can target BCL-2 in 

untreated patients over 75 with a poor prognosis (Venetoclax) (Wei et al., 2020). The 

identification that miR-338-3p may inhibit MORC4 opens possibilities to encourage cell death 

and slow migration, by increasing the expression of miR-338-3p, however the other pathways 

and interactions pertaining to this miR need to be examined. 

As VGLL4 is an inhibitor that competes with YAP to bind with TEADs in the Hippo pathway, it 

could be used to cause a reduction in Hippo signalling that would cause increased proliferation 

and anti-apoptotic effects. However, these anti-apoptotic effects may not be desirable in AML 

treatment, where the cells need help differentiating. Whilst this does highlight a potential route 

to alter the Hippo pathway by inhibiting the expression of VGLL4 and therefore enabling more 

apoptosis providing space for healthy BM cells to mature. Correlation analysis revealed a close 

relationship with β-catenin and further research in GC supports the idea that VGLL4 inhibits β-
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catenin and TCF4, ultimately lowering gene expression controlled by the Wnt pathway which 

are responsible for some aspects of the cell cycle. Overexpression of VGLL4 increased levels of 

CDH1, whilst a study of AML identified lower levels of CDH1 correlating with shorter OS (Zhang 

et al., 2017). This potentially could be reversed to increase the expression of VGLL4 to increase 

CDH1 levels to try and achieve better OS rates. VGLL4 was also discovered to reduce the 

expression of PD-L1, a protein that is typically found in tumours and whose attachment to its 

receptors on T-cells suppressed anti-tumour immunity by blocking T-cell activation signals (Sun 

et al., 2018). This was supported by the correlation values between VGLL4 and PD-L1, providing 

another way VGLL4 could be targeted for immunotherapeutic benefit by preventing PD-L1 from 

inhibiting the immune response through the disease course of AML (Giannopoulos, 2019). The 

stabilization of IRF2BP2 by VGLL4 might repress IL-1ß/T  α signalling via NF-κB, leading to AML 

cell death (Ellegast et al., 2021), as such an increase in VGLL4 may be used to clear the BM of 

immature blast cells and provide space for healthy cells to mature. There is evidence VGLL4 may 

be inhibited by miR-130a and provides options for treatment by addition of a miR-130a mimic 

although other effects of this would need to be evaluated further and whether the effects would 

be helpful in treatment of AML due to the various pathways VGLL4 is involved with, it may not 

be specific enough. 

SLC34A2 functions as a transport protein that moves phosphates inside the cells in a sodium 

dependant manor, whilst ion transport is important in cancers other functions of SLC34A2 may 

be more relevant to AML. It has been shown that SLC34A2 interferes with the PI3K and AKT 

signalling pathway which triggers downstream activation of RTKs, this pathway is a highly 

controlled pathway that finishes by phosphorylating ribosomal protein S6 that then promotes 

cell proliferation and synthesis of proteins (Hemmings & Restuccia, 2012). SLC34A2 may 

influence this pathway due to the conversion of PIP3 to PIP2 by PTEN that antagonises the AKT 

pathway (Stambolic et al., 1998), there was a strong correlation with PTEN in our analysis. This 

would be a key pathway to target in AML, by reducing the amount of phosphorylating ribosomal 

protein S6 it might be possible to slow the production of immature cells that characterise AML. 

Interactions in neuroblastomas were found between SLC34A2 and miR-25 which binds with 

Gsk β and antagonises the Wnt pathway, this is supported by our correlation analysis with 

Gsk3β. Research in bladder cancer found overexpression of SLC34A2 to be a poor prognostic 

biomarker and a relationship between it and C-Myc was found and supported in our correlation 

analysis. C-Myc is a family of proteins that regulate apoptotic cell death and an important target 

in cancers and provides another important pathway for targeting. 

Little research has been done on the actions and pathways of SAGE1 and as such it is an area of 

potential interest for further investigation. As SAGE1 is restricted to male germ line cells and 
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tumour cells it could potentially be activated by global promoter hypomethylation which could 

explain why it is often found expressed in AML and other cancers. STRING analysis showed co-

expression with NXF2 in digestive tract carcinomas, however no shared pathways were found. 

MELTF partly functions as a method of iron binding in the cell membrane, although this may not 

be its main role. Iron is involved in a variety of processes and could influence AML by affecting 

cell proliferation or forming ROS. Iron chelating agents are already used as a form of induction 

therapy in AML and proteins associated with iron are commonly found as co-factors for proteins 

involved in AML which can have a range of negative effects when dysregulated (Weber et al., 

2021), it is possible that MELTF may be affecting AML on this axis. The other axis MELTF may be 

using to influence cancers is through the generation of plasmin, in gastric cancer the inhibition 

of MELTF suppressed the invasiveness of the GC cells, this supports the idea that the plasmin 

generated by MELTF could cause extracellular degradation along with detachment of 

endothelial cells and lead to cell death by this avenue. The plasmin may also be aiding leukaemic 

cells in their metastasis (Scherrer et al., 1999). 

 

5.2 Pathways of DEmiRs 

The DEG analysis also identified several miRs, the pathways of some of these DEmiRs were 

investigated based on having >2-fold change, a literature search, and their effect on OS as 

determined using UCSC Xena browser. 

p53 has been demonstrated to regulate miR-1915 in several investigations (Nakazawa et al., 

2014; Wan et al., 2017), in HCC its levels were significantly decreased when p53 was knocked 

down and cells were under oxidative stress. This could have been in response to DNA damage, 

the p53 regulates the processing from pri to pre miR and so reduces its levels. Through this axis 

p53 negatively regulates BCL-2 expression by modulating miR-1915 expression, thus preventing 

BCL-2 binding with the apoptotic proteins and avoiding cell death. In the context of AML this 

could contribute to the overcrowding of the BM. The therapeutic area to target would be 

altering miR-1915 expression to allow BCL-2 to carry out its normal functions and lead to 

apoptosis of AML cells.  

The apoptosis of lung cancer cells could be prevented by the downregulation of developmentally 

regulated GTP binding protein 2 and PBX2 by inhibition from miR-1915-3p. DRG and PBX2 are 

typically involved in VP16-induced apoptosis and higher expression of miR-1915-3p prevented 

etoposide induced apoptosis, within AML the downregulation of this miR could prove useful to 

encourage apoptosis of the cells. In renal progenitor cells, miR-1915 inhibited the expression of 

Prominin 1 (PROM1) and PAX2. PROM1 is a known cancer biomarker it also may have a role in 
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the Wnt/β-catenin pathway, angiogenesis is encouraged by the activation of Wnt and increased 

expression of VEGF and IL-8 (Barzegar Behrooz et al., 2019), the Wnt pathway was also 

highlighted during panther analysis as a key pathway in the gene set. By altering the expression 

of miR-1915 it may present an opportunity to target the Wnt via the interactions of PROM1. 

PAX2 may maintain the tissue specific stem cells by preventing terminal differentiation and 

apoptosis (Lang et al., 2007), and could play a role in the development of cancers including AML 

where blast cells do not differentiate fully. A decrease in the expression of PAX2 may be useful 

to encourage differentiation of erythroid cells. 

In breast cancer patients miR-1915-3p was upregulated and its overexpression inhibited DUSP3. 

The normal role of DUSP3 is to inhibit extracellular signal-regulated protein kinase which 

prevents cell proliferation and tumour growth, when inhibited by miR-1915 it would increase 

proliferation in the cell and may explain the miRs high expression in AML.  

miR-1915 was found to target RAGE, which resulted in tumour suppression and could be a viable 

target for therapy. RAGE is typically found in stress environments and its upregulation increases 

the survival of the cell, enhancing autophagy while diminishing apoptosis (Sparvero et al., 2009). 

A study investigating RAGE expression in a cohort of AML patients found that overexpression is 

common but has no effect on the prognosis (Chai et al., 2013), suggesting an avenue of limited 

value for further  investigations. 

Using miR-1915 as a therapeutic target may be difficult due to all the pathways it is found in; 

cell line experiments would need to be carried out to determine the effects of mimics or 

inhibitors. Whilst none of the experiments or research previously has been done in AML or AML 

cell lines it is possible it acts in the same manner in BM cells and that requires further 

investigation. In conclusion miR-1915 is a key component of multiple pathways and a potential 

driver of leukemogenesis. 

Following a study of AML patients, 40 of 45 cytogenetically normal patients showed increased 

miR-486 expression, especially in M2 but still increased in M0 and M1 (Seyyedi et al., 2016b). 

Involved in the JAK-STAT signalling pathway by the silencing of SOCS2, the JAK-STAT pathway 

leads to an increased level of proliferation in cells. By silencing SOCS2 (inhibitor of JAK-STAT), 

miR-486 can lower cell proliferation, which is useful in AML where the continuous production of 

immature cells progresses the disease. Furthermore, in muscle cells it has been shown to 

regulate the PI3K/AKT pathway via an interaction with the upstream targets PTEN and FOXO1 

that inhibits their expression. Their inhibition would lead to less cell growth and lower cell 

survival, and this was found to occur in CML (Wang et al., 2015a). Whilst AML and CML are not 
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the same disease, they do share some clinical similarities especially when considering CML blast 

crisis and AML (ie >20% blasts in the BM). 

In the TF-1 erythroleukaemia cell line, miR-486 showed increased expression under hypoxic 

conditions. Hypoxic conditions are thought to provide a survival advantage to AML cells in the 

BM (Jiang et al., 2021), whilst increased expression of miR-486 by HIFs may provide a further 

advantage and should be explored more. SIRT1 was found to be a target of miR-486 and interacts 

with signalling pathways like Wnt (featured in PANTHER analysis) and Notch and as such can 

have an effect on the proliferation, differentiation and apoptosis of cells (Ren et al., 2019), this 

could provide opportunities to interrupt these pathways. miR-486-3p was also shown to inhibit 

BAF chromatin remodeling complex subunit expression in erythroid cells, which also reduces γ-

globin expression. γ-globin expression can lead to increased foetal haemoglobin production, and 

this could be a predictor for a better prognosis in AML and MDS patients treated with Decitabine 

(Lübbert et al., 2017). 

miR-486 can act as a tumour suppressor in oesophageal cancer by targeting CDK4 and BCAS2, 

and overexpression of miR-486 decreases the EC9706 cells' ability to migrate and invade. When 

miR-486 levels were increased and CDK4 and BCAS2 were being suppressed, there was a 

reduction in their downstream targets’ caspase-3 and the signalling molecule p21. This 

reduction of caspase 2 and p21 would reduce the levels of apoptosis in the cells. Inhibition of 

the SMAD2 protein was also found to be caused by miR-486, this further affected TGF- and 

TGF--dependent gene expression which in normal haematopoiesis is a negative regulator of 

proliferation that can also stimulate differentiation and apoptosis (Dong & Blobe, 2006). In 

leukaemia the homeostatic effects of TGF-β can be seen. One of the mechanisms behind this 

may be the dysregulation of miR-486 which could influence this pathway via SMAD2 and prevent 

TGF-β performing its anti-apoptotic role. 

When miR-486-5p was overexpressed in HCC cell lines there was an inhibition of proliferation 

and migration within those cells. This could be caused by the downregulation of CBL expression, 

suggesting miR-486 acts as a tumour suppressor by inhibiting this multifunctional protein that 

can control growth, apoptosis, and invasion in various diseases (Li et al., 2018). If these findgins 

were the same in AML then miR-486-5p may be able to manipulate the expression of CBL for 

therapeutic benefit. Finally, in thyroid cancer reduction in the expression of miR-486-3p can lead 

to the activation of NF-κB2. This protein is a transcription factor, and its transcription leads to 

higher rates of invasion and induction of anti-apoptotic gene expression (Tian et al., 2005). In 

AML NF-Κb2 activity was found to allow leukaemic cells to stimulate proliferation and avoid 
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apoptosis (Zhou et al., 2015), as such artificially increasing the levels of this miR may be a way 

of reducing the effects of NF-κB2. 

miR-378G was found to be involved in a variety of pathways and diseases, although it hasn’t 

been investigated in a leukaemic setting. In colon cancer, evidence was found that it decreased 

cancerous activities like proliferation and migration via the inhibition of SDAD1 (believed to act 

upstream from a leukaemia inhibitory factor). Overexpression of miR-378G in colon cancer was 

also shown to inhibit the expression of β-catenin, suggesting its role in the Wnt pathway, a key 

pathway identified by our PANTHER research into the DEGs. Suppression of proliferation in 

colorectal cancer was also shown through miR-378G interacting with BRAF a key component of 

the RAS/MAPK pathway that functions to regulate growth an division, however BRAF can already 

be targeting through the use of other drugs such as vemurafenib, dabrafenib or the MEK 

inhibitor trametinib (Geyer et al., 2019). 

In gastric cancer cell lines, it was found to be under expressed, and its expression was restored 

via the addition of demethylation reagent. When restored to higher levels it suppressed the 

growth of cancerous cells and restored growth of healthy cells, this provides a key area to be 

able to target as it also restores correct production of cells. This could be due to the regulation 

of CDK6 and VEGF signalling. In AML VEGF encourages blast cell survival, proliferation and 

therapeutic resistance (Kampen et al., 2013), making it a key driver in the development of AML. 

CDKs can regulate the cell cycle, DNA repair and transcription as well as often being 

overexpressed in AML, making them a key target for any treatment (Lee & Zeidner, 2019), miR-

378G could provide another option for lowering CDK expression. 

miR-378G inhibits SUFU, a negative regulator of the hedgehog pathway, showing that higher 

levels of miR-378G can lead to elevated levels of proliferation and cell growth. The hedgehog 

pathway can lead to resistance of AML to treatment via chemotherapy or radiotherapy (Terao 

& Minami, 2019), targeting it via the regulation of SUFU could assist other treatments be more 

effective. It was also shown to decrease the expression of caspase-3, a key protein in 

programmed cell death. In AML this could mean that higher levels of miR-378G would lead to 

less apoptosis and more uncontrolled cell growth leading to immature blast cells being forced 

out the BM. 

miR-378 in cardiomyocytes has been found to target components of the MAPK pathway, 

involved in the signal transduction pathways that can regulate a variety of key processes such 

as cell death, proliferation, and differentiation. Expression of the miR inhibit proliferation of the 

cells and if it has the same function in AML then high levels of it would potentially stop over 

proliferation. 
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Examining miR-8086 in literature and the pathways its involved proved difficult, with very few 

studies investigating it. 

 

5.3 miRs as biomarkers using mRNA-sequencing data 

Following ROC analysis on mRNA-seq data, we demonstrated that a combination of miR models 

could be used to determine the risk group of a patient depending on the expression levels of 

various miRs. When attempting to account for any variables other than risk prognosis that could 

have affected the DEmiRs expression; two variables were accounted for, patient age and gender. 

Through adding these into the model we can conclude that they had no effect on the expression 

of the cellular miRNAs. 

miR-486 and 1915 whilst not as powerful as miR-8086 on their own do have more consistent 

expression throughout all the cohort analysed. Despite the very promising AUC score (.080) of 

miR-8086, the results should be taken with caution based on the nature of the data. miR-8086 

values may have been artificially high due to a few very high readings in the intermediate risk 

groups. Potentially miR-8086 does have much higher expression in a small number of cases but 

due to the inconsistent readings it may not have much value as a biomarker or a therapeutic 

target. miR-378G showed differential expression in the poor versus good risk group but not in 

the intermediate versus good. This may be of more use in a clinical setting to help determine 

the patients with a worse prognosis earlier. Following the step wise addition of multiple miRs 

into the model, the predictive power increased significantly with each miR added, thus 

exemplifying the ability to distinguish between risk groups based on expression.  

If a stable biomarker signature like those used as hypoxia biomarkers were found in AML, then 

it could be used as a more rapid alternate method then those currently used to determine risk 

groups. Whole blood could be taken, spun and the fractions of PMBCs used for RNA extraction, 

cDNA conversion and qPCR. If the levels of miR were found to be elevated, then the patient risk 

group could be classified and inform treatment decisions. To be useful in a clinical setting more 

miRs should need to be added to the model. This would reduce the rate of false positives and 

negatives caused by any of the miRs not being expressed as expected. 

After the evaluation of the GDC TCGA AML dataset utilising the UCSC Xena browser the copy 

number reinforces the difference in expression across the cytogenetic risk groups that the Davis 

et al paper also found. 
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5.4 miRs as biomarkers using qPCR data 

Experiments were performed to identify a cell line that could be used as a positive control for 

analysis, however no cell lines were found that could provide consistent expression of any of the 

DEmiRs or the normalisers. Two PBL samples were available for analysis but due to the limited 

sample size they were not used further in analysis and did not demonstrate any significant 

(below Ct of 37) or consistent miR expression. With no paediatric samples available for analysis, 

14 adult serum samples were used for qPCR analysis. Without information on the cytogenetics 

of all the patients, FAB subtype was used to infer risk categories. Spike-ins (UniSp4 and UniSP6) 

combined with endogenous controls (miR-Let-7i-5p and miR-222-3p) were used to normalise 

the samples, their expression was expected to be stable in all samples, provide equal cDNA 

conversion and allowed for comparisons between samples. Normalisers acted as positive 

controls by the observation of their presence. Assays needed a Ct value below 37 to be used in 

the analysis and any above were not included. Technical triplicates all needed to show consistent 

levels of amplicons for use in analysis. With limited resources available, miR-378G was not 

examined in the serum samples and so the four miRs investigated in serum samples were: miR-

486-3p and -5p, miR-1915-3p and -5p, and miR-8086. 

A key component of successful qPCR analysis was the calculation of the NV. In this study two 

endogenous controls and a spike-in were averaged to provide a value that was applied to all 

samples to reduce inter-sample variation. Despite the two endogenous control CT values being 

close in each sample there was still a considerable range across the sample (Ct= 11.3), with the 

addition of the UniSP6 spike in, the NV the range across the cohort was reduced to (Ct=9.7). This 

is a significant difference; however, no other normalisers were available to try and reduce the 

variation, but because of the variation the results should be taken cautiously and symbolise 

trends rather than a statistical significance. The greatest variation was likely caused by a much 

higher expression of UniSP6 in AML042 which could have been caused by the diminished age of 

the sample. The UniSP6 Ct in this sample was 18.9, much lower than the next highest sample 

(AML012) with a Ct of 26.7. The low UniSP6 Ct value caused the NV for this sample to be much 

lower and increased the range of the NV between all samples, hence the exclusion from some 

analysis to observe trends more effectively. 

Despite the very promising results following the ROC analysis, miR-8086 did not display the same 

strong results in the serum qPCR. It showed no consistent expression in any samples, whether 

that was cells or sera. These results slightly correlate with the mRNA-seq data from TCGA, in that 

when the miR was present it was found at much higher levels and with more base reads however 

it was not found very often. This may be why it performed so well in ROC analysis and influenced 

the models heavily due to a very few samples having a large expression of it. This was differently 
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accounted for when analysing the mRNA-seq data, with outliers being excluded from the 

analysis. Examining the miR-8086 reads on miRbase it appears the stem loop sequence is found 

often but not the mature form of the miR, the primer used for identification of this miR may 

need altering to accommodate this and the melt curves were difficult to analyse with no product 

being formed. Following evaluation of the limited data gathered from the cell samples, miR-

8086 was only expressed in AML032 at disease diagnosis and not in the follow-up samples taken 

from patients post-treatment. It was also not detectable in the HV, potentially because it is only 

found in AML patients but this finding should be confirmed with more cell samples due to its 

limited expression in sera samples. 

miR-486-3p was expressed in all 14 samples, however the non-parametric Mann-Whitney test 

returned a p value that showed the groups were not significantly different (p=0.77). Once 

adjusted with the NV, AML042 showed considerably lower ΔCt of all miRs then other samples 

though this may be affected by AML042 having a lower NV. Interestingly miR-486-3p showed 

significantly more expression in the female group (p=0.01). No obvious reasons are presented 

for this, however studies have found some miRs vary in expression between biological sexes 

(Guo et al., 2017). In conclusion miR-486-3p did not follow the expression pattern expected with 

regards to the risk subgroups, however the small sample size means more investigation is 

needed to see if a trend emerges. The primer performed well with a single peak being created 

in the melt curves, showing a single product was being formed. 

When comparing the miR-486 variants, the 5p mature sequence had considerably higher reads 

on miRbase suggesting its the more common variant. This concurs with the qPCR data showing 

on average higher levels than the 3p variant. It was found to be expressed in 13 of the samples 

and the melt curve showed a single uniform product was being created. 

Only AML016 showed limited expression of this DEMIR with a raw Ct of 34.9 and a ΔCt of 9.9 

and so this is most likely an anomalous result as no other samples showed any other  variation 

in expression. This could have been due to not enough cDNA in this sample, yet this sample 

showed strong expression with other DEmiRs and so most likely this isn’t the case. It could be 

due to poor primer performance, but the melt curve showed only one product being formed 

when it was present even if the curve was slightly less consistent than the other primers. This 

could also have been anticipated by evaluating the miRbase site with the 1915-3p variant having 

significantly fewer base reads in studies compared to the 5p variant. 

Both favourable prognosis patients (AML010 and 027), showed reduced expression levels of 

miR-1915-5p in line with the mRNA-sequencing data in which intermediate prognosis patients 

had higher expression then those in the good risk group. However, there were only two 
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favourable prognosis samples and so whilst there appears to be a trend, it cannot be classed as 

significant. Using the non-parametric Mann-Whitney test the p value for significant difference 

(p=0.061) between the groups was close to appearing significant and was the most promising of 

all DEmiRs analysed. Expression was only recorded in 12 of the 13 sera samples. 

Further variables needing to be considered when analysing the results of serum qPCR were; the 

age of patient at diagnosis, the time since sample taken and biological sex. Potentially the lack 

of expression in sera, cells and cell lines could have been genuine and the Ct values may 

accurately depict the levels within those samples. Alternatively, the integrity of the samples 

could have diminished. Whilst the samples were unlikely to have undergone RNA degradation 

after being extracted, as they were used very quickly, the samples may have had their integrity 

diminished prior to the RNA extraction, this could be due to the nature of the samples in the 

cohort being over 20 years old. The time since sample taken was analysed as a variable to 

evaluate the effects on miR expression depending on how long ago a sample was collected. The 

results of linear regression when including the AML042 sample (1 month old sample at time of 

RNA extraction) showed a significant difference in levels of miR-486-3p and 5p, with a strong 

but insignificant difference in the NV. AML042 also had a considerably higher expression of 

UniSP6, suggesting the cDNA conversion was more efficient. This suggests that there was some 

degradation in the samples analysed, despite some sources claiming proper storage and 

preparation of samples (Huang et al., 2017) will cause minimal differences for up to 17 years 

(Matias-Garcia et al., 2020). It should be noted that the exact conditions that the samples had 

been subject to was an unknown variable. It is possible in the moves between universities, by 

the freezer, and between freezers at university sites, the serum samples were subjected to some 

degree of freeze thaw which could have disrupted the RNA content. Whilst gender was not 

found to significantly alter most of the miRs examined in our cohort of patients, there was a 

slight trend towards women having slightly higher expression of miR-486-3p. There was also 

evidence to suggest that older women may express higher levels of some miRs (Sredni et al., 

2011), and lower levels of others (Noren Hooten et al., 2013) although no explanations have 

been provided for why this might be.  

There were no significant differences in miR expression with different ages of patient in any of 

the miRs or in the NV, though there was a very slight trend for miR expression to decrease with 

age (r=-0.05, -0.04 and -0.12), the values were not significant. There was evidence that some 

miR expression could be age related (Noren Hooten et al., 2013), however the miRs we chose 

appeared not to be. 
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Another critical note is that the NV and the DEmiRs were not compared to expression in a 

healthy donor cohort and so whether lower levels in low and intermediate risk patients are the 

same in healthy donors remain to be discerned. 

The cell lines that we attempted to use as positive controls were all cultured for this study and 

had been reported in the literature to express these miRs (Table 2.4). They had been grown in 

accordance with manufacturer’s guidance and pellets snap frozen for R A extraction and stored 

at -80oC until use. Very few of the assays showed any expression in the cell lines but this could 

have been due to user inexperience in the process as assays were performed on these samples 

first. 

Limited prognostic information on the patients made grouping them into favourable and poor 

prognostic groups difficult, with FAB subtypes being all that was available for many of the 

samples. Being a slightly dated system, it does not consider all the various cytogenetic markers 

a hospital would consider now. With WHO subgrouping, rather than FAB subtyping, the miRs 

may have shown differential expression between risk subgroups, however this needs further 

analysis. 

It is important to note that the original investigation of the DEmiRs was due to DGE from mRNA-

sequencing data done on whole cells and not in serum like the second part of this study, for this 

reason our results could be different from the PBL analysis. Another potential reason for the 

variation in the samples may be due to the difference in the number of WBCs, as a larger number 

of WBCs could lead to more cell lysis and more spillage which might account for larger amounts 

of miR in the sera. 
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Chapter 6. Future directions 

The aim of this study was to identify the key pathways in adult and paediatric AML. Previous 

work had discovered DEG and DEmiRs. Further investigation of these DEG and the DEmiRs is 

needed to realise their potential as biomarkers and therapeutic targets. 

 

6.1 Antigens role in AML 

Whilst analysis of the literature for these GOI found many pathways they were involved with, 

there was often no research specifically looking at these proteins in AML. To get a more 

definitive picture of their role in AML, tests should be carried out in cell lines using mimics and 

knockdowns to observe their effect on cell behaviour. 

Further actions on the GOIs identified through this study could involve performing qPCR on 

patient samples to identify their expression in subgroups of AML, with subsequent comparisons 

to datasets and determining whether mRNA sequencing data would support the findings. It 

should be possible to assess these findings when compared to other adult mRNA-sequencing 

cohorts, this could potentially narrow down the number of antigens that need further 

investigation and allow a group to investigate only the most significantly DEGs. 

BIRC5 had some of the best results when evaluating the OS and DGE analysis, however a number 

of groups have already investigated this gene in AML, including ourselves. By investigating some 

of the less well-known genes a novel insight into AML biology could be made. 

Any possibilities for use of these GOI as a targeted therapy could be investigated using 

knockdown and mimics, to analyse the impact of the increase and decrease of these GOI on 

cancer cell function. Knockdowns would provide knowledge of the protein interactions and their 

downstream effects; this would help increase our understanding of the cancerous drivers of 

AML and provide new opportunities for therapeutic targets. 

ICC could be performed on PBLs or BM cells to provide more information about the expression 

of these antigens in the cells or immunofluorescence may be a better option to allow 

clarification of where the protein accumulates in the subcellular compartments of the cell and 

proteins it interacts with. This would allow comparisons with what has been found in literature 

and the corresponding pathways and functional roles. A western blot could be carried out to 

determine the levels of expression of the proteins inside the cells, if knockdown or mimics were 

added then this would also be a method of evaluating the levels inside the cells without relying 

only on qPCR. 
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In this thesis only a selection of the most promising DEGs with the greatest influence on EFS and 

OS were further investigated but other genes even more differentially expressed could be 

analysed for their role in various cellular pathways. If they are more significantly differentially 

expressed between subgroups, then they could make better predictors of risk groups. 

 

6.2 miRNAs as biomarkers 

A way to add value to the analysis performed would be to investigate another mRNA-sequencing 

cohort, potentially the Vizome BEAT AML dataset could be used with more than 500 patients. 

For the miRs we have identified to be used as biomarkers they would have to be shown to be 

specific to AML and sensitive for diseased cells. Using a larger validation cohort of patients 

including some healthy volunteers would provide more evidence of their utility. 

Machine learning is a valuable tool that could be used to objectively assess the DEmiRs. A 

program could be developed to determine the miR signature of each AML patient. After the 

machine has been trained using patient samples classified by current methods, then we could 

potentially find different DEmiRs to include as part of a growing biomarker model. The more 

miRs that are included, the better the accuracy of the predictions which would reduce false 

positives. However, it could take longer to collect the results if testing involved a great number 

of miRs and qPCR. 

The wide variety of pathways these DEmiRs are involved in provide plenty of opportunities for 

therapeutic targets. However, this is also a problem as DEmiRs affect multiple pathways which 

may make it difficult to balance beneficial and adverse effects in the body. Further work on cell 

lines could be performed to determine exactly which pathways the miRs affect and if the use of 

mimics and inhibitors is a viable of strategy or if the DEmiRs are just restricted to being a 

prognostic biomarker. 

 

6.3 qPCR Results 

A simple way to increase the quality of results for this investigation would be to investigate a 

larger cohort with more detailed information on the karyotype of these patients to draw trends 

and conclusions more accurately. In a cohort with greater than three patients in each group 

parametric tests could be used to perform to achieve more significant analyses. More detailed 

cytogenetic information such as: translocations, inversions and deletions would equate to better 

real world risk prognosis subgrouping, rather than the FAB type correlations used in this thesis, 

and would allow for a more accurate correlation between the associated risk of an AML patient 
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and the expression of miRs. Furthermore, more recent samples would allow for the reduction in 

variables that could affect the miR expression values in qPCR despite our samples showing no 

significant difference when comparing the date the sample was taken. Another benefit of newer 

samples would be in the analysis of miRs as biomarkers in a hospital environment. The sample 

would be collected and analysed in a much shorter time frame. 

Other differentially expressed miRs could also be investigated to see whether they show greater 

expression differences between prognosis subgroups. If enough miRs were analysed (>30), then 

it is predicted that at least one would be consistently expressed in every patient sample and 

could be used as a more accurate NV then the combination of endogenous controls and a spike 

in used here. The inclusion of healthy volunteers could provide an additional control group for 

assessment by qPCR. The Guinn lab continues to receive AML samples from Dr Kim Orchard at 

SUTH and is applying for ethical approval to receive additional adult AML samples from Dr David 

Allsup’s group at HUTH.  urther adult AML samples would allow for a more recent cohort of 

samples to be analysed, as well as more detailed patient information to facilitate their 

assignment to risk subgroups. 

Paediatric AML samples would allow us to investigate differentially expressed miRs in younger 

patients. miR-378G showed promising results via ROC analysis in adults with poor versus good 

risk features, along with being in the paediatric gene list, however we lacked funding and access 

to a collaborator with these rare paediatric AML samples to pursue this arm of investigation. In 

the future peripheral blood could be collected and would allow qPCR to be performed on PBLs. 

This would allow studies on purified blasts or analysis of the cells the mRNA-sequencing data 

was originally performed on. 

After qPCR, knockdown models could be used to evaluate the effects of these miRs on cell 

function and identify pathway partners by monitoring the expression of predicted downstream 

targets following knockdown. We could perform mRNA-sequencing on the miRNA knocked-

down cells to determine the impact of changes in expression on other genes. If mimics were 

available these could be used to simulate a higher expression level inside cells, if the predicted 

downstream targets were altered accordingly, it would reinforce being a functional pathway 

partner that could be targeted via therapy.  

Following Daniel  letcher’s review 'MiRNA expression in acute myeloid leukaemia: new targets 

for therapy?’ (Fletcher et al., In press, eJHaem), there were promising targets identified, that 

were involved in key pathways subverted in AML. This group of miRs could be investigated 

further with the use of qPCR to validate the findings. Upregulation of the genes targeted by miRs 

could be checked using ICC to analyse the targets expression. ICC would not show an increase in 
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the miR expression but could show the levels and cellular localisation of the proteins they act 

upon. 

Finally, if the miRs do show promise and reliably categorise AML patients into the correct 

prognosis subgroup then it could be used in hospitals to provide rapid results regarding risk 

subgroup, survival and best practise targeted treatment. Whilst all the samples analysed in this 

study were pre-treatment, there is potential to evaluate patients’ post-treatment to see 

whether there is a difference in miR expression during rounds of treatment and response to 

therapy. This could facilitate the monitoring of minimal residual disease and the prediction of 

relapse. With the potential of using miRs in a therapeutic setting to treat those most likely to 

experience relapse, miRs may also provide a more rapid and cheaper alternative to cytogenetic 

analysis especially appealing when there are so many possible translocations in AML patients. 
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