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Abstract  

Acute lymphoblastic leukaemia (ALL) takes up the highest percentage of paediatric 

cancer. The treatment requires intensive chemotherapy for two to three years, as well as 

haematopoietic stem cell transplantation for poor-prognosis cases. Compared to B cell 

lineage ALL (B-ALL), T cell lineage ALL (T-ALL) has a lower 5-year event free rate, 

higher rate of relapse, and a worse outcome for relapsed cases. Individualised therapy, 

targeting at oncogenic changes in each patient, can make treatment more effective and 

less harmful. This requires understanding of the oncogenic biology of each individual 

leukaemia.  

We have attempted to develop a T-ALL model based on hiPSC-derived T cells, which 

will be in human origin, maintain normal genetic pattern, mimic in vivo T cell 

development, and can be massively produced for high throughput lab work. This model 

may make up for the shortcomings of conventional leukaemia cell lines and mouse 

models.  

This project investigates the biology of T-ALL by focusing on two novel fusion genes – 

TCF7-CSF1R and ETV6-CRX – identified by RNA sequencing of paediatric T-ALL 

patient samples. We have shown that TCF7-CSF1R is sufficient to immortalise mIL-3 

dependent Ba/F3 cells. The ETV6-CRX fusion gene is anticipated to block differentiation. 

Establishing consistent expression of this fusion will require further optimization.  

The feasibility of setting up a hiPSC-derived T-ALL model was also assessed, with 

respect to protein expression in human T-ALL/lymphoma cell lines, hiPSC differentiation 

efficiency, hiPSC-derived T cell lentiviral infection rate, and cytokine withdrawal during 

differentiation.  

This project provides potential directions for improvement of methods for exogenous 

gene expression, such as the usage of CRISPR-Cas9 based techniques to introduce gene 

modifications for fusion genes such as ETV6-CRX that are difficult to express, 

particularly in hiPSC-derived T cells that have a low viral infection level. The T cell 

differentiation protocols also need to be optimised to make the T cell production easier 

and efficient. Detailed functional assay during T cell differentiation needs to be conducted 

in the future.  

In this thesis, Chapter 1 presents the background of this project; a literature review 

introducing human haematopoietic system, in vivo thymocyte development, paediatric T-

ALL, novel oncogenic fusion-related genes, and in vitro T cell generation; the aims and 

hypothesis. Chapter 2 introduces the methods and materials used in this project. Chapter 

3 presents the identification, cloning, and expression of novel fusion genes. Chapter 4 

investigates the ability of these novel fusion genes to support cell survival and 
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proliferation in conventional Ba/F3 cell line. Chapter 5 assesses the feasibility of setting 

up the hiPSC-derived T-ALL model. Chapter 6 makes a discussion on the results and 

concludes the whole project.  
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Chapter 1 Introduction 

1.1 Background 

Each year, approximately 200 newly diagnosed paediatric cancer cases are diagnosed 

at Children’s Cancer Centre (CCC) clinical service in the Royal Children’s Hospital, 

Melbourne, Australia (RCH). About half of them are lymphoblastic leukaemia,  

among which 30% are of T cell origin. The prognosis of T-ALL is worse than that of 

B lineage, especially after relapse. [1] The treatment of T-ALL usually takes years 

with intensive chemotherapy. Cases with poor prognosis also require haematopoietic 

stem cell transplantation. Patients may suffer from side effects of chemotherapy and 

immunosuppression. [2] If individualised therapy targeting at the specific oncogenic 

changes in each patient could be developed, the treatment may be more efficient and 

safer. 

T-ALL models have been very important to the understanding of the biology of this 

leukaemia, but they all have limitations. In vitro T-ALL cell lines are relatively easy 

to use and reproducible. [3] But the process of setting up a cell line selects a small sub-

population that can survive in long-term in vitro culture, and may not be reflective of the 

original cancers. Cell lines will also have acquired genetic modifications during long-

term culturing. [4, 5] In vivo mouse models are used to mimic the environment in patients. 

Patient derived xenograft models are regarded as the gold standard of cancer cell research, 

in which patient cancer cells or tissue are transplanted into immunodeficient mice. [6] 

This model well exhibited the process of tumour generation and is ideal for drug screening. 

[7, 8] However, this model lacks normal immune environment. [7] 

One of the aims of this project is to explore the feasibility of setting up a new model 

aiming to make up for the shortcomings of these existing models. This model should 

be of human origin, be easy to use, should have cells with consistent genetic and 

genomic patterns, mimic normal T cell develop process, and cater to high throughput 

functional assay and drug screening.  

The Stem Cell Technology Group of Murdoch Children’s Research Institute (MCRI) 

studies the differentiation of hiPSCs into various tissue-specific cells. These hiPSCs 

have normal genetic and genomic patterns, and can be differentiated into naïve T 

cells, mimicking the in vivo thymocyte development process.  

The Cancer Group of MCRI has an established program undertaking RNA sequencing 

(RNAseq) of patient ALL samples obtained from CCC tissue bank. The purpose is to 

identify novel oncogenic fusion genes that drive ALL. One of such oncogenic fusions 

is ETV6-CRX, a novel fusion gene linking, in frame, exon 1-5 of a transcriptional 



- 2 - 

 

repressor gene (ETV6) to the homeobox domain of CRX gene. We propose this fusion 

gene functions by whether driving exogenous expression of the CRX homeodomain 

to block normal lymphocyte differentiation, or interrupting tumour-repressing 

function of ETV6. The TCF7-CSF1R is a novel fusion gene in T-ALL, although 

similar fusions have been previously identified in B-ALL. This fusion gene drives 

the expression of the tyrosine kinase domain of CSF1R. We suppose that this fusion 

functions as an auto-activated tyrosine kinase, supporting the cytokine independent 

proliferation and survival of cells. 

A hiPSC-derived T-ALL model was then planned to be set up based on the hiPSC 

differentiation and novel fusion identifying technologies mentioned above, by 

expressing novel oncogenic fusions in naïve T cells and its progenitors derived from 

hiPSCs through lentiviral infection. Functional assays and high throughput drug 

screening are to be conducted in this model, to identify the related functional 

pathways and therapy targets of the fusions. Whether the fusions will drive 

leukaemogenesis at certain T-cell development stage will also be confirmed.   

Several key features of this model need to be assessed, which is part of this project. 

We need to determine the difficulty and efficiency of differentiating hiPSCs into T 

cells. The infection rate of lentiviral infection to hiPSC-derived T cells, as well as the 

interference between differentiation and virus infection should be assessed. Cytokine 

withdrawal can be conducted during T cell differentiation for the functional assay.  

This project also aims to investigate the biology of T-ALL through the novel 

oncogenic fusion genes ETV6-CRX and TCF7-CSF1R. This can be carried out in 

conventional cell lines as the first step. Positive controls such as BCR-ABL1, a strong 

leukaemia driver with tyrosine kinase activity, can be used as a reference.  If the 

hiPSC-derived T-ALL model should be set up, the features of these two novel fusions 

can then be investigated in this new model. 
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1.2 Literature review 

1.2.1 Haematopoietic system 

Haematopoietic cells are generated from the pluripotent hematopoietic stem cells in 

bone marrow. The stem cells differentiate into common lymphoid progenitor and 

common myeloid progenitor cells, which will generate the lymphoid lineage and the 

myeloid lineage separately. [9] 

The mature myeloid cells are released into the blood, including granulocytes, platelets, 

erythrocytes, and part of immature dendritic cells. Granulocytes will settle in the tissue 

as mast cells and macrophages. Immature dendritic cells will travel through tissues 

and finally settle in lymph nodes as mature cells. [9] 

The lymphoid progenitors give rise to T cells, B cells, NK cells, and part of dendritic 

cells. B cells develop in bone marrow, while progenitors of T cell move out from the 

bone marrow and mature in the thymus. These mature naïve lymphocytes then travel 

to populate lymph nodes and become effector cells to function in immune reactions. 

[9] 

1.2.2 Thymocyte development  

The immature T cells in thymus are thymocytes. Thymocyte development occurs at 

the early development stage of the organism. [10] Thymocytes differentiate by 

interacting with cortical and medulla epithelial cells, and other cells such as dendritic 

cells. [10-12] They also move around in the thymus as they develop. [12] Thymocytes 

are divided into three main stages regarding to the expression of the surface markers 

CD4 and CD8, which are double negative (DN), double positive (DP), and single 

positive (SP). [10-12] The DN stage is further divided into four sub-stages, DN1 to 

DN4. The surface marker change during DN is like DN1 (CD44+, CD25-)  DN2 

(CD44+, CD25+)  DN3 (CD44low, CD25+)  DN4 (CD44-, CD25-). [13]  

T cell progenitors enter thymus via blood, through the capillary at the cortical-

medullary junction. As these DN1 thymocytes move up to the sub-capsular epithelium, 

they start to express the pre-T-cell α chain (pTα). At the sub-capsular epithelium, 

thymocytes go through DN2 and DN3 stages. TRC β chain rearrangement occurs at 

DN2 stage. CD3 expression starts at DN3 stage. Then together with pTα and β chain, 

they form pre-T-cell-receptor (pre-TCR), which produces a signal without ligand 

activation and enables cells to go through β selection. Cells survive β selection can go 

to DN4 stage. The pre-TCR signalling also initiates CD4 and CD8 expression, leading 

thymocytes into DP stage and move to deep cortex. The rearrangement of α chain 

begins. Cells keep proliferating until they become small DP cells and positive selection 
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begins. The α chain and β chain form TCR together with CD3. The TCR interacts with 

self-peptide: self-MHC complex presented by the stroma cells. Many cells die due to 

failure of interaction to the complex. Cells with TCR interacts with the complex 

survive and upregulates the TCR expression level. These cells move to the medulla 

and interacts with antigen-presenting cells such as dendritic cells presenting self-

antigens. Those have strong interaction with self-antigens undergo apoptosis to avoid 

self-immune. When cells interact with MHC, either the expression of CD4 or CD8 

cease. Finally, SP naïve T cells are generated in the medulla. These SP T cells then 

leave the thymus. [10, 12, 14] (Figure 1) 

There are also a small portion of T cells, the γ:δ lineage, mostly in the epithelial and 

mucosal sites. They do not express CD4 or CD8, so they are not thought to react with 

MHC. The rearrangement of γ and δ chains starts at the same time as β chain 

rearrangement and competes against each other. Whether cells commit to α:β or γ:δ 

lineage depends on the first chain expressed. The production of γ:δ lineage requires 

the rearrangement of two chains, which accounts for the small portion of this lineage. 

[10] 

Notch1 signal provided by the stroma cells is important in the T cell lineage 

commitment and throughout the whole process. Kit and IL-7 signalling are important 

in the early stage of T cell development, especially the DN stage. [10] 
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Figure 1 Thymocyte development[10] 

Progenitors migrate from bone marrow and entre the thymus at the cortical-medullary junction, then move 

to the cortex. As they move, they express a series of surface markers, and receive signals from stroma cells. 

They proliferate a lot, preparing for the selections. Cells go through DN2 and DN3 stages in the sub-

capsular epithelium area, then move to the deep cortex, as they become DP cells. They go through positive 

and negative selection in the cortex and medulla separately, under the interaction with stroma cells and 

antigen presenting cells through TCR and MHC interaction. Only a small portion of the cells can survive 

and become SP naïve T cells, finally leave the thymus. 

Image created referring to Fig.8.21 of Janeway’s Immunology [10].  

1.2.3 Acute lymphoblastic leukaemia 

ALL occurs most frequently in children and adolescents. It is caused by block of 

differentiation and rapid proliferation of monoclonal immature lymphoblasts, which 
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occupy bone marrow, thymus, lymph nodes and even central nervous system (CNS). 

The proliferating lymphoblasts inhibit the function of normal bone marrow cells, and 

lead to fatigue, fever, bleeding, bone pain, enlarged spleen and lymph nodes, and CNS 

disorder. The symptoms usually occur within three months of disease onset. [15] 

In acute leukaemia, the clinical features of lymphoid and myeloid lineage are similar, 

although AML is more common in older adults. The most reliable methods to 

distinguish myeloid and lymphoid acute leukaemia are bone marrow examination and 

immunophenotyping. Staining bone marrow with Wright-Giemsa stain shows 

leukaemic blasts constitute more than 25% of the total cell number. Lymphoblasts tend 

to have condensed chromatin, one or two nucleoli, little cytoplasm, and no granules. 

Myeloblasts tend to have loose chromatin, more nucleoli, and more cytoplasm with 

granules. (Figure 2) The immunophenotype of leukaemic cells also distinguishes 

lymphoid and myeloid lineages, and B or T cell lineages. Terminal deoxy transferase 

(TdT) is specifically expressed in pre-B and pre-T cells. Markers such as CD19 (B 

lineage) and CD3 (T lineage) are used to distinguish B and T-ALL. [15] 

Karyotyping is used for prognosis. The pre-B ALL patients tend to have good 

prognosis with hyperdiploidy or (12;21) translocation involving TEL and AML1 genes 

(ETV6-RUNX1 fusion gene). While patients with MLL translocations and 

Philadelphia chromosome (Ph+ ALL with BCR-ABL1 fusion gene) tend to have a bad 

outcome. Patients with pre-T ALL have a different karyotype from pre-B patients, and 

the prognosis is more unpredictable on the basis of karyotypic findings. [15, 16] 

 

Figure 2 Morphologic comparison of lymphoblasts and myeloblasts[17] 

A) The lymphoblasts have condensed chromatin, less nucleoli, little cytoplasm, and no granule in cytoplasm.  

B) The myeloblasts have loose chromatin, more nucleoli, and more cytoplasm with granules. 

Figure extracted from Robbins Basic Pathology, Figure 12-14. [17] 
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1.2.4 Fusion genes in acute lymphoblastic leukaemia 

A typical example of oncogenic fusion genes in leukaemia is the BCR-ABL1 fusion 

in Philadelphia chromosome, a consequence of the translocation between 

chromosomes 9 and 22. [18] It was discovered in chronic myeloid leukaemia (CML), 

and takes up 2-4% of B-ALL patients. [16] There are two common isoforms of this 

fusion, the one coding the 185/180 kDa protein (p185) takes up 2/3 of Ph+ B-ALL 

patients, while the p210 is a presentative molecule of CML and takes up the rest 1/3 

of Ph+ B-ALL. Compared to p210, p185 lacks the DH-PH domain of BCR-ABL1 

fusion. [19] The BCR-ABL1 fusion protein has a strong tyrosine kinase activity that 

reduces the cytokine dependency of cells and enhances cell viability. [20]  

In T-ALL, other than mutations and deletions in genes of critical signalling pathways 

and tumour suppressors, chromatin translocations are also an important cause. The 

translocations usually join TCR genes and transcription factor genes together. [16] It 

is supposed that the translocations can juxtapose strong enhancers or promotors to 

oncogene. [21] Reported fusions in T-ALL are PICALM-MLLT10, MLL-ENL, 

NUP214-ABL, SET-NUP214, EML1-ABL, ETV6-ABL1, ETV6-JAK2, and so on. 

[22] 

1.2.5 Paediatric T cell acute lymphoblastic leukaemia 

As mentioned above, ALL is caused by block in differentiation and out-of-control 

proliferation of immature lymphocytes. T-ALL results mostly from accumulation of 

genetic alterations in T cell precursors, which proliferate in the thymus and expand to 

bone marrow, lymph nodes, spleen, and CNS. [1, 23] 

T-ALL takes up about 15% of the total paediatric ALL cases. The 5-year-event-free 

survival rate of T-ALL is improving and has attained 85% as the research proceeds. 

However, the treatment requires intensive chemotherapy. What’s more, children with 

relapsed T-ALL have worse diagnosis and less than 25% overall survival rate. The new 

drugs for resistant T-ALL is limited, too. [24] 

Immunophenotype of T-ALL 

As mentioned above, immunophenotyping of the leukaemia cells by flow cytometry 

can help diagnose the lineage of leukaemia. To distinguish mature-B ALL, pre-B 

ALL, and T-ALL is of therapeutic importance. [23] CD19 and CD7 indicate 

lymphoid leukaemia, and CD13 and CD33 indicate myeloid leukaemia. Cytoplasmic 

CD79a is specific for B lineage, while cytoplasmic CD3 is for T lineage. Some ALL 

lymphoblasts also have myeloid markers. [25] [23] 

T cell ALL can be further divided into five subtypes, pro-T ALL, pre-T ALL, cortical 

T-ALL, medullary (mature) T-ALL, and early T-cell precursor ALL (ETP-ALL), 
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according to the different markers corresponding to normal T cell development stages. 

[1, 24, 26] (Table 1) ETP-ALL is a special type of T-ALL, with features of immature 

stem or progenitor cells. These cells have T-ALL characteristic CD3 expression but 

have lost other T cell markers, and have the expression of some stem cell or myeloid 

cell markers. [16] Generally T-ALL with a more mature phenotype pattern tends to 

have a better prognosis. The ETP-ALL cases tend to have worse results after 

treatment. However, the prognosis difference due to maturational stages can be 

compensated by intensive chemotherapy and minimal-residual-disease-based risk 

stratification. [24] It is noteworthy that the immunophenotype detected may not 

correspond to the stage the genetic lesions occurred. The lesions may occur earlier 

than the differentiation blockage. [27] 

Table 1 Immunophenotype of T-ALL subtypes [1, 24] 

 pro-T (T-I) pre-T (T-II) cortical T  

(T-III) 

medullary T  

(T-IV) 

ETP-ALL 

CD1a - - + - - 

CD2 - + + + + 

cellular CD3 + + + + + 

membrane CD3 - - +/- + - 

CD4 - - + +/- - 

CD5 - + + + dim 

CD7 + + + + + 

CD8 - - + -/+ - 

CD34 +/- +/- - - + 

CD13 - - - - + 

CD33 - - - - + 

CD117 - - - - + 

HLA-DR - - - - + 

CD11b - - - - + 

CD65 - - - - + 

 

Treatment of T-ALL 

T-ALL tended to have a worse overall survival rate compared to B-ALL when the 

combination chemotherapy was firstly introduced to clinical treatment. Intensified 

protocols such as “UKALL 2003” were then applied to T-ALL patients, enhancing 

the 5-year event free survival rate to as high as 85%. [1, 22] 

The normal treatment of ALL has four main parts: remission induction, consolidation, 

maintenance (including interim maintenance, delayed intensification and 

maintenance chemotherapy), and therapies against CNS involvement. [2] 
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Remission induction lasts 4 to 6 weeks, involving a combination of three to four kinds 

of drugs: vincristine, corticosteroids (prednisone or dexamethasone), asparaginase 

(PEG-ASP or Erwinia), and anthracyclines (doxorubicin or daunorubicin). 

Consolidation and interim maintenance last for 3 months, using different drugs from 

the remission induction, including mercaptopurine, thioguanine, methotrexate, 

cyclophosphamide, and cytarabine. Delayed intensification is a condensed repeat of 

induction and consolidation. Maintenance therapy is the final and longest treatment, 

usually lasts 2 years. Patients usually have oral drugs at home, including 

methotrexate and mercaptopurine. Vincristine and steroids may also be included. [2] 

Therapy against CNS involvement is necessary because the CNS can serve as a 

sanctuary site where leukaemia cells are able to escape systemic chemotherapy, and 

give rise to relapse. This therapy is usually conducted at the beginning of remission 

induction or throughout the treatment, using intrathecal chemotherapy drugs, 

methotrexate and hydrocortisone, sometimes with cytarabine. Some systemically 

administered drugs also have CNS activity, including dexamethasone, high-dose 

methotrexate, cytarabine, and asparaginase. [2] Radiotherapy against CNS is not 

necessary if intensive drug treatment is given. [24] 

When patients suffer from relapse, hematopoietic cell transplantation is the only 

effective treatment. Before transplantation, remission re-induction is required. As the 

success rate of re-induction is as low as 30%, new drugs are developed, targeting at 

molecules in pathways corresponding to genetic lesions such as Notch1, PI3K, JAK, 

MAPK, cell cycle, and epigenetic factors. There are also novel immunotherapies such 

as monoclonal antibody, and chimeric antigen receptor T-cell (CAR-T) therapy. [24] 

T-ALL models 

To study the biology of T-ALL, in vitro cell lines and in vivo animal, especially 

mouse models are broadly utilised. [28] Cancer-derived cell lines are the most 

common in vitro models. [4] Representatives are JURKAT[29], MOLT4[30], and 

CCRF-CEM[31], which are derived from peripheral blood of infantile and adolescent 

T-ALL patients. The current gold standard for disease progression assessing and 

treatment outcome prediction is the in vivo patient-derived xenograft model. [28] In 

this model, patient tumour cells or tissue explants are transplanted into 

immunodeficient mice. [6] The advantages and drawbacks of these frequently used 

models are presented in Table 2. 
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Table 2 Frequently used T-ALL models [3, 4, 7, 32] 

  In vitro In vivo 

Example Cell lines Mouse models 

Generation Carcinogen induction [3] Carcinogen induction [32] 

Gene editing [32] Gene editing [3] 
 

HSC transplantation (mosaic model) [32] 

Patient samples [32] Patient sample transplantation (patient-

derived xenograft) [7] 

Advantages Reproducible, easy to operate [3, 

32] 

Mimic natural in vivo environment [7]  

Track tumour generation [7] 

Retain major character of tumour cells 

[8] 

Drawbacks Low heterogeneity, selection of a 

small population [4] 

Time, money consuming, complicate to 

operate [7] 

Genetic modifications during long-

term in-vitro culture [4] 

Transplantation models lack normal 

immune environment [7, 32] 

Low survival rate of primary patient 

samples [32] 

Mouse cytokines are different from 

human [32] 

 

1.2.6 Patient fusion gene identification by RNA sequencing 

RNA sequencing is a powerful method to identify all expressed fusion genes with a 

single approach. The sequence data is analysed for reads that span the breakpoints 

between the two genes involved in the fusion. There are many algorithms that use 

RNA-sequence data for fusion detection, and all are based on the similar principal of 

the detection of these reads. In this project, the fusion detection algorithm used is 

JAFFA. [33] 

JAFFA firstly removes intronic and intergenic reads to improve analysing performance. 

Then it aligns the sequences to a transcriptome database reference and identifies reads 

that align to multiple genes. These are considered as the initial fusion genes. The 

pipeline then counts the reads spanning each break. The reads are also aligned to 

genome database to see whether the breakpoints are at exon boundaries. JAFFA then 

classifies the candidates into three confidential classes, referring to their spanning 

reads, spanning pairs, and breakpoints position. Candidates with more than one 

spanning reads, more than one spanning pairs, breakpoints at intron/exon boundaries 

are classified as high confidence. Intrachromosomal translocations are more often 

observed and gives higher confidence in fusion gene identifying. [33] 

These fusion data are visualized using Clinker v1.32. Clinker first generates 

superTranscripts by linking the two original genes involved in the fusion reported by 
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JAFFA. These superTranscripts are put into a customized superTranscriptome 

database reference. The reads are aligned to the new database using STAR splice aware 

aligner [34] and recognized as splices between the two original genes. Clinker then 

generate figures exhibiting the reading coverage, two original genes, functional 

domains of translational products, transcripts, and a sashimi plot indicating the break 

points and number of reads supporting the fusions. There is also a superTranscript 

scale axis on top. [35]  

1.2.7 Novel oncogenic fusion-related genes 

There are two novel oncogenic fusions to be investigated in this project, ETV6-CRX 

and TCF7-CSF1R. (Refer to section 3.1) ETV6 and TCF7 encode transcription factors 

expressed in T cells. CRX encodes homeobox protein, controlling photoreceptor cell 

differentiation. CSF1R encodes CSF-1 receptor, affecting macrophage growth.  

ETS variant 6 

ETV6, also named TEL, belongs to the ETS transcription factor family. [36] The 

ETV6 protein functions as a transcriptional repressor in the nucleus. [37] It is 

regulated through phosphorylation by several pathways including MAPK and ERK. 

[38]  

The ETV6 gene locates at band p13.1 of chromosome 12. [39] Exon 3 and 4 encodes 

HLH (helix-loop-helix) domain, facilitating oligomerization and co-repressor 

facilitated transcriptional repression; exon 5 encodes internal domain and also 

interacts with co-repressors; exon 6-8 encode ETS domain which facilitates 

sequence-specific DNA binding and also co-repressor binding. [40]  

The ETV6 gene is widely expressed during embryogenesis, functioning in 

angiogenesis and supports the survival of many types of cells. [41] Thus its 

expression can cause the aggregation of cells. [42] ETV6 also plays a role in adult 

bone marrow haematopoiesis [43] and it is broadly expressed throughout T cell 

development. [44] As a p53-related tumour repressor, ETV6 inhibits cell proliferation 

by blocking cell cycle. It also induces apoptosis. [45]   

ETV6 is frequently involved in fusions of leukaemia. The firstly discovered ETV6 

fusion genes involve tyrosine kinases PDGFRβ and ABL. [46-48] The ETV6-

RUNX1 fusion (also called TEL-AML1) is the most common fusion gene in 

paediatric ALL, especially B-ALL. [16] The fusion partners of ETV6 seems to form 

a network involving transcription factors (including homeobox genes), tyrosine 

kinases, and other. [40]    

As to transcription factor-related fusions, the N-terminal ETV6 residue may provide 

enhancer that lead to the enforced expression of its partner transcription factors in 
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haematopoietic cells. The ETV6 portion can also affect the normal transcriptional 

function of its partner by its remaining transcriptional repression function or 

disrupting the normal structure of its partner. [40, 49] The function of ETV6 itself 

may also be affected. Its tumour repressor function is affected by normal allele 

deletion and hetero-dimerization with normal ETV6 protein. [40, 45] The ETV6 level 

will affect its interacting partner and down stream proteins, such as IL18, LUM, 

PTGER4, SPHK1, TP53, and CLIC5, influencing cell survival and proliferation. [50] 

ETV6 induces apoptosis by repressing the expression of apoptosis inhibitor Bcl-xl, 

using its ETS-DNA binding domain. [51] The fusion gene, which usually involves 

deletion of ETS domain, will affect the growth inhibition and apoptosis induction 

ability of normal ETV6 protein. [52] This may also lead to failure of nuclear 

localization, affecting its repressing function. [53] 

Cone Rod Homeobox 

The CRX (cone-rod-homeobox) gene was discovered in the screening of 

homeodomain proteins, which are characterized by a conserved homeodomain 

encoded by an 180bp DNA segment called homeobox. These proteins function in the 

morphology development of organisms from insects to vertebrates. [54, 55] 

The CRX gene locates at band q13.3 of chromosome 19. [56] The CRX protein is 

299aa in length, has a paired-like homeodomain with three helixes (exon 3 and 4), a 

WSP domain (exon 4), and an OTX tail (exon 4). [57, 58] The homeodomain is 

essential for DNA binding. Point mutations in helix 3 or deletion of the other two 

helixes can lead to impairment of DNA binding. The homeodomain also maintains 

the stability of the protein. Other domains are responsible for the transactivation 

activity of CRX and interaction with other transactivation factors. [59] 

CRX protein is a photoreceptor and pineal cell-specific transcription factor. It is 

expressed as early as E12.5 in the neural retinal and accounts for the sequential 

generation of cone and rod cells. It also blocks the differentiation toward other cell 

types, regulates the gene expression pattern and supports the survival of mature 

photoreceptor cells. It also regulates the pineal cell development. This regulating 

ability is facilitated by the binding of homeodomain to elements of the upstream 

promotor of target genes. [60]   

Mutations in CRX gene include frequent missense mutations in homeodomain, 

frameshift mutations in OTX tail, and in-frame deletions resulting in a truncated 

protein. [61, 62] The mutations of CRX are related to diseases such as cone-rod 

dystrophy, Leber congenital amaurosis, and retinal pigmentosa. [61] The abnormal 

expression of CRX is also considered as a marker of retinoblastoma and 

pineoblastoma. [63]  

CRX can also be detected in group 3 medulloblastoma, which is a totally different 
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kind of tissue from photoreceptor cells. In group 3 medulloblastoma, CRX 

coordinates with NRL, maintaining the survival of tumour cells through the 

photoreceptor-related pathways and the regulation of Bcl-xl expression. [64] 

T cell factor 7 

TCF7, also called TCF-1 when it was discovered, is a nuclear protein functioning as 

a T cell specific transcription factor. [65] 

TCF7 gene locates at chromosome 5q31.1, and has ten exons. [66] There are many 

isoforms of TCF7, the longest one is about 45 kDa, with main motifs β-catenin 

binding domain (exon 1) and HMG BOX DNA binding domain (exon 7, 8). [67]  

The expression of TCF7 is widely distributed during embryogenesis, but restricted to 

T-cell lineage in thymus and peripheral lymphocytes postnatally. [68] It participates 

in T cell development and can be detected as early as DN1 stage, and can persist to 

memory T cell stage. [69-71] TCF7 can also be detected in T-lineage malignancies, 

and can be a potential lineage marker. [65, 68] The tissue specificity of TCF7 may 

result from the regulation of DLL4-Notch1 pathway, as DLL4 is a cortical thymic 

epithelia cell-restricted Notch-1 ligand. [71, 72] 

TCF7 participates in T-lineage specification, such as the generation of early thymic 

progenitors and DN2, DN3 thymocytes. It supports the generation and survival of DP 

cells by interacting with β-catenin and regulating the expression of BCL-xl. [69, 70, 

73] It regulates T cell development essential genes such as GATA3, BCL11b, and 

CD3Ɛ. [71] It also functions in the survival and development of peripheral 

lymphocytes. [71] 

TCF7 might restrain the function of LEF, preventing the occurrence of malignance 

during thymocyte development. [74] TCF7 is related to newly discovered fusion gene 

like TCF7-SPI1 in paediatric T-ALL cases. [75] It is also related to some T-ALL cases 

with chromosome 5q deletion. [76] 

Colony stimulating factor 1 receptor 

CSF1R is the receptor of CSF-1 (macrophage colony stimulating factor). [77] CSF1R 

regulates the differentiation of bone marrow monocytes and macrophage, supports 

the proliferation and survival of mature macrophages. [78, 79] It also participates in 

the development of bone marrow osteoclast, placenta and trophoblast, mammary 

gland, and brain. [80-82]  

The CSF1R protein is encoded by c-fms gene[83], locating at band q34 of 

chromosome 5. [84] It encodes a 170 kDa transmembrane glycoprotein with tyrosine 

kinase activity. [85] CSF1R protein is mainly composed of four domains: the 

extracellular ligand binding domain (exon 3-10) with five Ig-like subdomains, among 

which the third subdomain is critical in ligand binding [86]; the membrane spanning 
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domain (exon 11); the cytoplasmic tyrosine kinase domain (exon 12-21); the C-

terminal tail (exon 22). [87] The tyrosine kinase domain can be further divided into 

four subdomains: the juxta-membrane (JM) domain, the ATP binding lobe, the kinase 

insert (KI) domain, and the catalytic portion of the tyrosine kinase domain. [88] 

Once upon ligand binding, two CSF1R monomers interacts and phosphorylates each 

other on the tyrosine sites. The receptor is destructed shortly after activation. [89, 90] 

The dimer interacts with the SH2 domain of downstream proteins. [91] The Y559 in 

the JM domain interacts with proteins in Src family such as Src, Fyn, and Yes, 

regulating cell mitogenic response. [92] The KI domain interacts with Grb2, PI3K, 

and PLCγ2. [93-95] Grb2 can also be activated by C-terminal tail. [93] Grb2 then 

activates Ras-MAPK pathway, which controls transcription factors and regulates cell 

cycle. [96-98] PI3K interacts with PIP2 and controls downstream apoptosis-

inhibiting PKB/Akt pathway. [99] PIP2 is also the substrate of PLCγ2. [95] STAT1 

and STAT3 are also activated by CSF1R. [100] As to CSF1R pathway regulators, 

SHP-2 has a positive effect on the MAPK pathway[101], while SHP-1 has a negative 

effect against CSF1R in cell growth. [102] Socs1 is also a negative regulator. [103] 

(Figure 3) 

 

Figure 3 CSF1R signalling pathway 

This figure presents main pathways and downstream molecules of CSF1R. 

The CSF1R transmembrane monomers undergo dimerization upon CSF-1 binding and gets phosphorylated 

(phosphorylation sites not shown). Activated CSF1R phosphorylates downstream proteins and controls cell 

proliferation, differentiation, and apoptosis. 

 

Mutations of c-fms can lead to myeloid leukaemia. The point mutations at L301 and 
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S374 that mimic ligand binding are essential. Additional mutation at the negative 

regulation site Y969 can enhance the oncogenic effect. [104, 105] Insertion of 

proviral DNA into the upstream regulating elements can also elevate its expression 

level. [106] CSF1R is also involved in fusion-gene related leukaemia cases as a C-

terminal partner. It is involved in acute megakaryoblastic leukaemia with RBM6. 

[107] In Ph-like ALL, reported partners of CSF1R are MEF2D, SSBP2, and 

TBL1XR1. [108] These fusions activate the kinase activity of CSF1R residue through 

N-terminal residue-dependent oligomerization. [109, 110] These fusions are proved 

to have kinase activity that phosphorylates downstream STAT5. They can support the 

survival and proliferation of mIL-3 dependent Ba/F3 cells. [111] 

Tyrosine kinase inhibiting drugs targeting at CSF1R and its downstream pathways 

are developed for leukaemia treatment. [112] 

1.2.8 In vitro T cell differentiation 

The unlimited in vitro production of T cells has clinical potential in a number of 

scenarios. They may potentially be valuable for immunodeficiency after 

haematopoietic stem cell transplantation. [113] Antigen-specific T cells (CAR-T cells 

for example) can also be utilised in cancer immunotherapy. [114] In vitro T cell 

differentiation will potentially cater to the requirement of large-amount T cell 

production. Differentiation attempts focusing on both haematopoietic stem/progenitor 

cells (HSPCs) and pluripotent stem cells (PSCs) have been performed. PSCs are more 

frequently used as they are easier to be maintained undifferentiated and expanded. [115] 

There are many forms of culture for differentiation induction, like embryonic body 

(EB) formation, feeder cell co-culture, feeder-free, and colony formation system. [116, 

117] The addition of adjusted concentrations of factors such as SCF, Flt3L, and IL-7 

and the interaction with Notch ligand DLL1 or DLL4 will facilitate the differentiation 

process. [118]  

The in vitro T cell differentiation mimics in vivo embryonic development and 

thymocyte maturation. By changing the cytokine and growth factor combination, 

hPSCs undergo primitive streak and mesoderm induction, haematic-endothelial 

specification, haematopoietic progenitor generation, and lymphoid lineage expansion. 

As differentiation progresses, the surface markers of these cells also change. [119] The 

in vitro T cell differentiation can be driven to as far as SP CD8+ cells and can be 

activated by interacting with anti-CD3/CD28 antibody. [120] (Figure 4) 

Human pluripotent stem cells 

Human pluripotent stem cells (hPSCs) are characterized by unlimited proliferation 

and the ability to be induced into almost all tissue-specific lineages. hPSCs include 

human embryonic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs). 
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[121]  

ESCs are derived from inner cell mass of mammalian blastocyst and are characterized 

by unlimited proliferation and multipotent differentiation. [122, 123] hESCs are used 

to treat disease but it is restricted by ethical contrasts and tissue rejection. [124] These 

problems can be resolved if autogenous pluripotent stem cells are utilized.  

iPSCs were first induced by Yamanaka and Takahashi. [125, 126] They firstly 

expressed 24 ESC-related genes in mouse embryonic fibroblasts (MEFs) using 

retroviral infection. These induced cells had similar proliferation rate and 

morphology as ESCs. These 24 factors were then narrowed down to four essential 

factors: Oct3/4, Sox2, c-Myc, and Klf4. These four factors were also shown to 

function in many other mouse and human somatic cell lines. [125, 126] Almost at the 

same time, Yu and her colleagues developed another iPS cell line using similar 

method. They defined another four essential factors: Oct4, Sox2, Nanog, and Lin28. 

[127]  

As mentioned above, these iPS cell lines have similar characteristics as ESCs. They 

have similar growth rates and morphology. They have telomerase activity. The 

maintenance of their undifferentiated status both requires feeder cell co-culture or 

extracellular matrix. iPSCs are capable to be induced into three-germline tissue-

specific lineages through embryonic body (EB) formation (in vitro) or mouse 

subcutaneous injection (in vivo). [125-127] In general iPSCs are found to be more 

easily differentiated into lineages from which they were originally induced, as a result 

of persisting epigenetic marks. [128] Many methods are developed for in vitro T cell 

differentiation utilizing both ESCs and iPSCs. [115] 

In vitro culturing system of T cell differentiation 

The in vitro culturing systems of T cell differentiation mainly include embryonic 

body culturing, feeder cell co-culturing, and feeder free culturing. [129] 

Embryonic body (EB) culturing is widely applied in haematopoietic lineage 

differentiation. The PSC clusters are cultured in ultra-low attachment dishes on an 

orbital rotary shaker, called “swirler”. [117] Cytokines such as SCF, Flt3L, ILs, 

BMP4, VEGF and bFGF are added into the culture to help induce haematopoietic 

lineage cell formation. [130, 131] At about day 8, a cluster of even-sized round cells 

can be observed in the EBs, which is called “blood island”. [116] In most cases, EB 

cells with haematopoietic potential are sorted and transferred onto OP9-DLL4 cells 

or methylcellulose under cytokine treatment to form colonies and for further 

differentiation. [129, 132]  

Feeder cell co-culturing usually means co-culturing with OP9 cells, which are murine 

bone marrow derived stromal cells. This cell line lacks macrophage colony 

stimulating factor expression, which is thought to be good for T cell lineage induction. 
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OP9 cells also express cytokines including IL-7, CXCL12 and SCF. [115, 133] In 

this way, co-culturing with OP9 cells helps induce the generation of haematopoietic 

progenitors and is usually involved in the first part of haematopoietic differentiation. 

[129, 131] 

As Notch1 signalling is very important in T cell differentiation, OP9 cells expressing 

Notch1 ligand DLL1 or DLL4 are also frequently used in late stages of in vitro T cell 

differentiation. [133-135] These cells are named OP9-DLL1 and OP9-DLL4 cells. 

As DLL4 is the only Notch1 ligand in vivo, [136] OP9-DLL4 cells have a better 

effect in T cell induction. Haematopoietic progenitors co-cultured with OP9-DLL 

cells can differentiate into CD8+ SP T cells. [10, 115, 118, 132] There are also some 

protocols using immobilised DLL protein instead of OP9-DLL cells, in a feeder free 

system. [118, 137]  

PSCs can also be cultured on extracellular matrix such as Matrigel, fibronectin, and 

collagen, at early stages under cytokine treatment. [119, 129] Colony forming assay 

on methylcellulose is also performed after haematopoietic lineage commitment. [117, 

138]  

Cytokine treatment 

The in vitro development of PSCs roughly follows the embryonic development stages. 

(Figure 4) Firstly PSCs are induced into mesoderm cells, with cytokines and factors 

like Activin A[139] and BMP4, together with bFGF[140, 141]. Then mesoderm cells 

are induced into haematopoietic progenitors with BMP4[130], SCF[142] and GSK 

inhibitor CHIR 99021[143, 144]. The generation of haematopoietic lineage also 

depends on vessel-like structures in the culture, thus bFGF and VEGF are added for 

angiogenesis [145]. IGF-II is sometimes included for support on cell division and 

differentiation [146]. As differentiation proceeds, cytokines including SCF, IL-7, IL-

3, IL-2, and thrombopoietin (TPO) are added. These cytokines and factors can induce 

the development of lymphoid progenitors and T cells whether in combination or 

alone. [147-149] Flt3L is also included at this stage, for further generation of 

haematopoietic progenitors [150].  

As there is a balance between proliferation and differentiation, the growth of these 

cells are inhibited by PI3K inhibitor PI-103[151, 152] and Wnt pathway inhibitor 

C59[153, 154]. This proliferation inhibition effect is also balanced by the addition of 

a MAPK inhibitor, SB 239063, which protects cells from apoptosis [155, 156]. This 

is because PSCs die readily after dissociation, especially in floating culturing. In the 

EB culturing method, ROCK inhibitor Y-27632 is added at the first day to let 

dissociated cells survive and form clusters. [157] 

Surface marker transition 

The expression of surface markers changes as the cells progress through stem cell, 
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mesoderm, haematic-endothelial bi-potential cell, haematopoietic lineage, and 

immature T cell. (Figure 4) They lose pluripotency markers like SSEA3 and SSEA4 

and gain mesoderm markers like VEGFR2. [119] As the cells proceed into haematic-

endothelial bi-potential progenitors, they express specific marker DLL4 [158] as well 

as endothelial marker VE-cadherin [159], CD31 [160] and haematopoietic marker 

like CD34. As the haematopoietic lineage separates from the common progenitors, 

the haematopoietic-specific surface markers change as they develop, from CD34 to 

CD43, finally CD45. [132] As cells begin T cell commitment, the surface markers 

change similar as they do in vivo. Cells start to express CD7, and slowly convert to 

CD5. Later they start to express CD4, then become CD4+, CD8+. Cytoplasmic CD3Ɛ 

can be detected as early as CD7 expression. [161] If the differentiation is effective 

enough, TCR can be finally detected. [115] 
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Figure 4 In vitro T cell differentiation summary 

This flowchart summarises the reported protocols and outcomes of in vitro T cell differentiation. In the middle, the time line marks the development stages from PSCs to 

mesoderm cells, HPCs, finally SP T cells. Main cytokines and small molecules applied during differentiation induction are marked above the time line. Below the time line 

shows the surface marker transition of differentiated cells. 
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1.3 Aims and hypothesis 

1.3.1 Aims 

Identify, clone, and express novel oncogenic fusion genes 

Analyse RNA from paediatric T-ALL patients with RNA sequencing, run through 

JAFFA and Clinker to identify novel oncogenic fusion genes.  

Clone fusion genes into retroviral and lentiviral expression vectors.  

Express novel oncogenic fusion genes in cells, especially Ba/F3 cells. 

Investigate the biology of fusion genes with conventional in vitro cell line 

model 

Express novel oncogenic fusion genes in mIL-3 dependent Ba/F3 cells with retroviral 

and lentiviral vector. Set fusion-expressing Ba/F3 cells into mIL-3 withdrawal assay 

to investigate whether the novel fusions have tyrosine kinase activity. 

Assess the feasibility of setting up a hiPSC-derived T-ALL model 

Carry out several hiPSC-T cell differentiation protocols and generate SP T cells. 

Compare the differentiation efficiency of the protocols. Assess T cell development 

time points. 

Test viral infection rate and gene expression level in human T-ALL/lymphoma 

derived cell lines. 

Assess the infection rate and infection-differentiation interference in hiPSC-T cell 

differentiation system. 

Check the influence of cytokine withdrawal on hiPSC-T cell differentiation process. 

Long term plan 

Develop a “bank” of hiPSC-derived blood cells which can be rapidly deployed to 

understand the biology of novel fusion genes and test therapeutic sensitivities. 

Determine if the fusion genes:  

- Drive proliferation, block differentiation or repress apoptotic responses. 

- Activate pathways that can be therapeutically targeted. 

- Target specific stages of cell development. 
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1.3.2 Hypothesis 

The hypotheses of leukaemogenesis mechanism of novel fusion genes are based on the 

RNAseq result in section 3.1.   

ETV6-CRX may block cell differentiation or affect tumour repression 

As the functional domains are well maintained in the CRX residue, and CRX is 

involved in photoreceptor development by blocking differentiation toward other 

lineages, the ETV6-CRX protein may block T cell differentiation at an early stage. 

This fusion protein may also support tumour cell survival by regulating the 

expression of Bcl-xl. 

The formation of this fusion gene may cut down the expression level of ETV6, thus 

decreasing the tumour repression effect of ETV6. Meanwhile, ETV6 may provide 

strong enhancer to this fusion gene, elevating its expression level. 

TCF7-CSF1R may immortalise Ba/F3 cells as activated tyrosine kinase 

As the tyrosine kinase residue of CSF1R is well maintained in the TCF7-CSF1R 

fusion gene, it is supposed that this fusion protein can function as auto-activated 

tyrosine kinase. As reported, we suppose this fusion protein can immortalise mIL-3 

dependent Ba/F3 cells. However, ETV6-CRX cannot immortalise Ba/F3 cells, as it 

does not have tyrosine-kinase-coding residue. 

As the TCF7 residue does not have oligomerization domain, it is supposed that this 

residue can alternate the conformation of CSF1R residue, thus activating this fusion 

protein without ligand binding. Meanwhile, the generation of the fusion gene may 

also affect the tumour repressing and T-cell-development-inducing function of TCF7.  

hiPSCs can be differentiated into SP T cells 

Based on the reported in vitro T cell differentiation protocols and results, PSCs can 

be differentiated into SP CD8+ T cells. This project adopts and combines the reported 

protocols, thus in theory, we will also generate SP T cells. 

The infection rate of hiPSC-derived T cells may be lower than normal cell line 

The hiPSC-derived T cells have a limited number and proliferate slowly, especially 

at late differentiation stages. As retroviral infection takes place as cell divides, the 

infection rate of hiPSC-derived T cells may be much lower than normal quick-

proliferating cell lines such as 293T and Ba/F3. As these cells grow slowly, it is 

difficult to grow up the population for sorting after infection. In this case, using 

lentivirus, which can infect non-dividing cells, may be a better choice.  

Meanwhile, cells may lose exogenous DNA expression as they differentiate. 
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Cytokine withdrawal may slow down T-cell differentiation process 

Cytokines and small molecules are important for in vivo thymocyte development as 

well as in vitro T cell differentiation. Withdrawing these molecules in ex-vivo T cell 

differentiation may slow down and even stop the differentiation process. IL-7 is a 

critical molecule for both in vivo and in vitro T cell differentiation. Stopping IL-7 

supply during T cell maturation may slow down differentiation process. 

Enforced expression of fusion genes may affect the survival, proliferation, and 

differentiation of hiPSC-derived T cells 

As discussed previously, the enforced expression of ETV6-CRX in hiPSC-derived T 

cells may result in blockage of differentiation; the enforced expression of TCF7-

CSF1R may result in increased proliferation and inhibited apoptosis.  

In the hiPSC differentiation system, there is a balance between proliferation and 

differentiation, increased proliferation is usually together with slowed-down 

differentiation. Therefore, it is also possible that the enforced expression of these two 

genes will result in increased proliferation and differentiation blockage of the hiPSC-

derived cells at the same time.  
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Chapter 2 Materials and Methods  

2.1 Target gene cloning 

Target gene cloning includes defining and cloning the fusion genes from patient samples, 

and cloning the fusion genes into amplification vectors and expression vectors. This 

process utilises technologies such as PCR, restriction enzyme digestion, DNA purification, 

competent cell transformation, and others. 
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2.1.1 Lists of reagents and equipment 

Table 3 Equipment and instrument for target gene cloning 

Equipment and instrument  Supplier, reference 

Individual PCR tube, 200 µl SSIbio, 3220-00 

Veriti 96-Well Thermal Cycler Applied Biosystems, 4375786 

Dry block heater RATEK, DBH30D 

Mini Sub-Cell GT Gel Caster BIO-RAD, 1704422 

Sub-Cell GT UV-Transparent Mini-Gel Tray BIO-RAD, 1704436 

Mini Handcasting Kit BIO-RAD, 1704491 

Mini Ready Sub-Cell GT Horizontal Electrophoresis 

System 

BIO-RAD, 1704487 

Power Supplier BIO-RAD, model 200/2.0 

Microwave Oven Panasonic, NN-ST780W 

Duran laboratory bottle, 500 ml Pacific laboratory products, 21801445 

ChemiDOC XRS+ System with Image Lab software BIO-RAD, 1708265 

UV transilluminator FOTODYNE, model 3-3000 

Laboratory Incubator Thermoline, TI-150G 

Laminar Flow Workstation Contamination Control Laboratories 

Orbital shaking incubator RATEK, OM15 

Digital Water Bath RATEK, WB1100D 

Petri dish, 100 mm Corning, 430167 

Nalgene baffled shake flask, 500 ml Sigma, F0277 

Cell Spreader L shape Westlab, 153-532 

Pipette Controller Integra biosciences, pipetboy acu 

Serological pipet, 25 ml, 10 ml, 5 ml Corning, 356525, 356551, 356543 

Round-bottom PP tube, 14 ml Corning, 352059 

Heraeus multifuge 4KR ThermoFisher Scientific, 75004461 

Centrifuge Eppendorf, 5424 R 

Pipette Research Plus Eppendorf, 2232000037 

Pipette tips MCRI lab support 

Eppendorf safe-lock tube, 1.5 ml Eppendorf, 0030120086 

Falcon 50 ml conical centrifuge tube Corning, 352070 

Surgical scalpel blade BSN medical Australia, SM0208 

NucleoBond Xtra Combi Rack MACHEREY-NAGEL, 740413 
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Table 4 Reagents and materials for target gene cloning 

Reagents Supplier, Reference Storage 

GoTaq hot start polymerase Promega, M5001 -30 ℃ 

Q5 high-fidelity DNA polymerase New England BioLabs, M0491S -30 ℃ 

dNTP Set Bioline, BIO-39025 -30 ℃ 

T4 DNA polymerase Promega, M4211 -30 ℃ 

T4 DNA ligase Promega, M1801 -30 ℃ 

Rapid ligation buffer, 2 x  Promega, C6711 -30 ℃ 

TSAP Thermosensitive Alkaline Phosphatase Promega, M9910 -30 ℃ 

pGEM-T easy vector systems Promega, A1360 -30 ℃ 

BigDye Terminator v3.1 cycle sequencing kit Applied Biosystems, 4337455 -30 ℃ 

50 x TAE MCRI lab support RT 

Agarose Bioline, BIO-41025 RT 

GelRed nucleic acid gel stain,  

10,000 x in water 

Biotium, 41003 RT 

Gel Loading Dye, purple, 6 x  New England BioLabs, B7024S RT 

HyperLadder 1 kb BioLine, BIO-33026 -30 ℃ 

Alpha-select gold efficiency competent cells Bioline, BIO-85027 -80 ℃ 

Ampicillin sodium salt Alfa Aesar, AAJ63807-09 RT 

LB medium MCRI lab support RT 

LB agar MCRI lab support RT 

Restriction Enzyme   -30 ℃ 

XbaI, GQ, with buffer Promega, R6185 
 

EcoRI-HF  New England BioLabs, R3010S 
 

PmeI New England BioLabs, R0560S 
 

NheI New England BioLabs, R0131S 
 

BamHI New England BioLabs, R0136S 
 

XhoI New England BioLabs, R0146S 
 

CutSmart buffer, 10 x New England BioLabs, B7204S   

MIG, with target gene Original MIG: Addgene, 20672 -30 ℃ 

pFTRE vector Gift from Dr.Toru Okamoto, 

Osaka University 

-30 ℃ 

Wizard SV Gel and PCR Clean-up System Promega, A9281 RT 

NucleoBond Xtra Midi Plus MACHEREY-NAGEL, 740412.50 RT 

QIAprep Spin Miniprep Kit QIANGEN, 27106 RT 

Ethanol Sigma-Aldrich, 459844 RT 

2-propanol Bio-strategy, 20842.330 RT 

RO H2O MCRI lab support RT 

 



- 26 - 

 

2.1.2 Primer design 

Primers are used in PCR, to amplify a DNA fragment, insert restriction enzyme 

recognizing sites, and for Sanger sequencing. The basic rules for primer design are: 

melting temperature (Tm) 60±4 ⁰C (for a primer pair, the Tm difference between 

primers should be less than 4 ⁰C) , specific binding site on the template, no hairpin 

formation within the primer, no double strand formation if forward and reverse primers 

are used in one reaction.  

Primer is about 20 bp in length and its sequence is chosen from its template. For gene 

amplification, sequences 1000 bp upstream and downstream of the target are included 

to make sure the target region is cloned. Restriction enzyme recognizing sites can be 

added upstream and downstream of the target sequence. 

Primers can also be used to edit an existed vector, to insert multiple cloning sites 

(MCS). In this condition, primers are designed as a pair. The 5’ and 3’ ends have 

restriction enzyme sites already exist in the target vector. Between these two sites, 

insert restriction enzyme sequences we want for the new vector. 

To design primers for Sanger sequencing, select sequences 100 bp away from the 

insertion sites can help detect the mutations at the ligation points. That is because the 

BigDye Sanger sequencing is not accurate within 100 bp of the sequencing primer. 

The primers used in this project for cloning and sequencing are listed in Table 5.
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Table 5 Primers for cloning and sequencing 

Primers ordered from Sigma-Aldrich, in powder format, dissolved in RO H2O, final concentration 100 µM. 

  

Primer Usage Sequence (5'-3') Tm 

(℃) 

ETV6_PmeI_FL_F  ETV6-CRX cloning, insert 5' PmeI CGTGTTTAAACATGTCTGAGACTCCTGC 70.1 

CRX_XbaI_FL_R ETV6-CRX cloning, insert 3' XbaI TATTCTAGACTACAAGATCTGAAACTTC 58.4 

ETV6 PmeI FLAG F ETV6-CRX cloning, insert 5' PmeI 

and Flag tag 

GTTTAAACATGGATTATAAAGATGATGATGATAAATCTGAGACTCCTGCTCAGTG 78.4 

M13 Forward pGEM-T sequencing GTTTTCCCAGTCACGAC 44.2 

M13 Reverse CAGGAAACAGCTATGAC 38.7 

pFTREtight-seq-FOR pFTRE sequencing GAGCTCGTTTAGTGAACCGT 60.9 

pFTREtight-seq-REV TTGTGTAGCGCCAAGTG 59.6 

pFTRE-wide-seq-FOR pFTRE wide sequencing, cover 

ends of the insert 

AGACATAATAGCAACAGACATACAAA 59.6 

pFTRE-wide-seq-REV TGCTACTTCCATTTGTCACGTC 63.9 

ETV6-CRX BP R ETV6-CRX detailed sequencing, 

cover the centre of the sequence 

CAAACCTGAACCCTGGACTC 63.5 
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2.1.3 Polymerase Chain Reaction 

GoTaq hot start polymerase is usually used as enzyme for PCR. Q5 high fidelity DNA 

polymerase is used for long fragment amplification. Take GoTaq for example, for a 50 

µl reaction system, add the following reagents (Table 6) into a 200 µl PCR tube and 

mix well: 

Table 6 Components for PCR 

Components  Volume (µl)  Final concentration 

5x GoTaq reaction buffer 10 1x (1.5mM MgCl2) 

dNTP mix, 10mM each 1 0.2 mM each 

Primer mix, 10µM each 1 0.2 µM each 

GoTaq DNA polymerase (5U/µl) 0.25 1.25 U 

Template  x < 0.5 µg/50 µl 

RO H2O 37.75-x --- 

 

Set up the thermal cycler as Table 7. The annealing temperature is usually 5 ⁰C lower 

than the Tm of the primers. If necessary, gradient PCR can be used to enhance the 

accuracy of amplification, in which the annealing temperature can be set at a gradient 

within 14 ⁰C range. The extension temperature and time depend on the enzyme used 

in the reaction. As for GoTaq, the optimum extension temperature is at 72 ⁰C, and the 

speed is 1 kb per minute. 

Table 7 Thermal cycling program for PCR 

Steps Temperature (⁰C) Time length  Cycle  

Denaturation  96 2 mins 1 

Denaturation  96 30 s 
 

Annealing  Depends on primers (~55) 30 s 25-35 

Extension  Depends on enzyme (~70) 1 kb/min   

Extension  Depends on enzyme (~70) 5 mins 1 

Stop  4-10 ∞ 1 

2.1.4 Restriction enzyme digestion 

Constructs can be digested by specific restriction enzymes at specific recognition sites. 

Check the DNA methylation condition before digestion to make sure the sites can be 

digested. The restriction enzymes have a working temperature at which they have the 

highest efficiency. Usually it is 37 ⁰C, and sometimes it can be different, which can 

refer to the instruction of a certain enzyme. Each enzyme has a most suitable buffer, 

and when doing multi-enzyme digestion, usually CutSmart (take enzymes from New 
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England BioLabs for example) will work for all the enzymes. If not, the digestion can 

be conducted separately. 

To prepare the mixture, add RO H2O first, then the buffer, the construct, and finally 

the enzyme. The amount of construct can vary from 100 ng to several micrograms, and 

the amount of enzyme depends on the constructs. For a 50 µl system, 1 U of enzyme 

can digest 1 µg construct. The enzymes are usually added a little bit more than standard 

to make up for the activity loss during storage and temperature change. For vector 

backbone undergoing single enzyme digestion and ligation, add phosphatase to the 

mixture to avoid self-ligation.  

Digest the construct at 37 ⁰C for 2 hours is enough. Then run a DNA electrophoresis 

to check the digestion state, purify the product for other experiments. 

2.1.5 Blunting sticky ends 

T4 DNA polymerase can function as polymerase for 5’ overhang, and exonuclease for 

3’ overhang. So T4 DNA polymerase can be used to blunt the overhangs of a DNA 

fragment digested by restriction enzymes. High dNTP condition is required to inhibit 

the digestion of the double strand. 

Digest maximum 2 µg DNA in a 50 µl system. Usually for ligation, we want only one 

end to be blunted, and another end be sticky (created by enzyme A, for example). So 

use an enzyme which has a unique digestion site upstream or downstream to enzyme 

A to do the first digestion and blunting. After digestion, add 5 U/µg DNA of T4 DNA 

polymerase to the system, usually the restriction buffer will be suitable for T4 

polymerase. Incubate at 37 ⁰C for 5 minutes. Inactivate the reaction in 75 ⁰C dry block 

heater for 10 minutes. The blunting product can be purified and do a second digestion 

by enzyme A to generate the designated single-side sticky end. 

2.1.6 DNA electrophoresis 

DNA electrophoresis can test the size of DNA fragments and separate the target 

fragment for purification. 

The whole process is carried out in 1 x TAE buffer. 1% agarose gel is used for 

separating 500-10,000 bp fragments. Agarose gel can be made up in a big volume for 

stock. For 400 ml gel, mix 4 g agarose powder in 200 ml TAE buffer and add up to 

400 ml total volume in a 500 ml Duran bottle. Add GelRed at directed volume. Leave 

the lid lose on the bottle and heat the mixture in microwave oven, check the melting 

status every minute. While waiting, prepare the gel tray in the gel caster and check if 

it leaks by filling up water. After the gel melts, wait until the temperature drops to 

about 60 ℃, pour the gel gently into the tray and insert a comb chosen according to 
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the sample volume and number. Make sure there is no bubble in the gel.  

Prepare samples. Usually each small well can bear maximum 10 µl samples and 100 

ng DNA. Large wells for gel purification can bear 200 µl. Mix each sample with 6 x 

gel loading dye.  

After cooling down the gel for 20 minutes, gently get rid of the comb and totally 

submerge the gel with tray into gel tank filled with TAE buffer. Wells are at the side of 

the positive electrode. Load samples and 5 µl hyper ladder. Link the tank to the power 

supplier and run the gel at 90 V. It usually takes 30-50 minutes for the samples to run 

to the bottom of the gel. 

Put the gel in ChemiDOC imaging system, select Nucleic Acid Gels-GelRed in Image 

Lab 6.0.1 software to detect DNA bands. For gel purification, after ChemiDOC 

imaging, put the gel on a UV transilluminator and cut the designated band with a 

surgical blade. Transfer the gel piece into a 1.5 ml Eppendorf tube, weigh it on an 

analytical balance. Purify with Wizard Gel and PCR purification kit. 

2.1.7 Linearized DNA ligation 

T4 DNA ligase can ligate the insert and vector backbone with matching sticky ends or 

blunt ends after restriction enzyme digestion. According to the difference of base pair 

number between insert and backbone, the molar ratio of insert and backbone can vary 

from 3 to 10. For smaller sized insert, the molar ratio can be accordingly smaller. A 

higher ratio will result in a higher ligation rate. 

In a 10 µl ligation system, the total amount of DNA is up to 100 ng. Add more than 

0.1 U of T4 DNA ligase and 5 µl 2 x ligase buffer. Add up the total volume to 10 µl 

with RO H2O. If the concentration of DNA is low, expand the volume accordingly.  

Incubate the mixture at 4 ℃ overnight, or at RT for 3 hours. The mixture can be used 

directly for competent cell transformation to screen ligation product.  

The amount of insert and backbone can be calculated according to the equation below: 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡

𝑏𝑎𝑠𝑒 𝑝𝑎𝑖𝑟 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡
= 𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 (

𝑖𝑛𝑠𝑒𝑟𝑡

𝑏𝑎𝑐𝑘 𝑏𝑜𝑛𝑒
) ×

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑎𝑐𝑘 𝑏𝑜𝑛𝑒

𝑏𝑎𝑠𝑒 𝑝𝑎𝑖𝑟 𝑜𝑓 𝑏𝑎𝑐𝑘 𝑏𝑜𝑛𝑒
 

 

2.1.8 Competent cell transformation 

Competent cell transformation is used for plasmid amplification and ligation product 

screening.  
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Get alfa-select competent cells on ice. For every 25 µl cells, add 1 µl DNA (maximum 

50 ng) and gently mix with pipette tip. Incubate on ice for 20 minutes. Heat shock the 

mixture in 42 ℃ dry block heater for 1.5 minutes. Transfer the mixture back to ice 

without shaking. Add 150-300 µl LB medium and put the mixture in 37 ℃ orbital 

shaking incubator, at 180rpm, for 40 minutes.  

For plasmid amplification, transfer the mixture directly to 200 ml LB medium with 50 

µg/ml ampicillin in a conical flask. Shake the mixture in 37 ℃ shaking incubator 

overnight and go directly into plasmid precipitation with NucleoBond Xtra Midi Plus 

kit. 

For ligation product screening, prepare LB agar plates with 50 µg/ml ampicillin. Melt 

LB agar with microwave oven. Cool down the agar in 50 ℃ water bath for 1 hour. Add 

50 µg/ml ampicillin. Transfer 20 ml agar into each 100 mm petri dish, gently swirl the 

dish to let the agar form an even surface and cool down. Transfer 50 µl and 100 µl of 

the transformation mixture separately to a plate and spread with a cell spreader. 

Incubate in 37 ℃ incubator overnight. Pick up 12-24 colonies with pipette tips and 

grow up in 14 ml corning PP tubes with 6 ml LB-ampicillin medium, in 37 ℃ orbital 

shaking incubator overnight. These cells then go into plasmid precipitation with QIA 

prep miniprep kit and for restriction enzyme digestion, gel electrophoresis and BigDye 

Sanger sequencing. 

2.1.9 BigDye Sanger sequencing  

BigDye Terminator V3.1 cycle sequencing is a fluorescence-based Sanger sequencing 

reagent. For a good read out, samples to be sequenced should be purified and at a high 

concentration,  

In general, the reaction is a 20 µl system in 200 µl PCR tube (Table 8). 

Table 8 Components for BDT sequencing reaction 

Components Volume (µl)/ amount 

5x BDT buffer 3.5 

Sequencing template 400 ng 

Primer (10 µM) 1.6 

BDT v3.1 ready mix 1 

RO H2O Add up to 20 µl 

 

Vortex the mixture and centrifuge briefly. Put the tubes in thermal cycler. Run the 

reaction as Table 9: 
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Table 9 Thermal cycling program for BDT sequencing reaction 

Steps Temperature (⁰C) Time length Cycle  

Initial denaturation 96 1 min 1 

Denaturation  96 10 s 
 

Annealing  50 5 s 30 

Extension  60 4 mins   

Soak  4 ∞ 1 

 

Transfer the samples into 1.5 ml Eppendorf tubes and submit to Australian Genome 

Research Facility (AGRF). Analyse the sequencing result with Nucleotide BLAST tool 

at the NCBI website. 

2.2 Target gene expression 

Use a retroviral or lentiviral expression vector bearing the target gene for target gene 

expression. Transfect the virus producing cells, usually 293T cells, with expression vector 

and packaging vectors. Collect the virus-containing medium and add to the culture of 

target cells for infection. After the target cells expand to a population enough for sorting, 

sort the cells bearing the fluorochrome of the expression vector. Add doxycycline (DOX) 

into the culture for cells with Tet-on or Tet-off vector to regulate the expression of target 

gene. 
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2.2.1 Lists of reagents and equipment  

Table 10 Equipment and instrument for target gene expressing 

Equipment and instrument  Supplier, reference 

100 mm TC-treated culture dish Corning, 430167 

Corning Costar TC-treated 6 well plates Sigma, CLS3516 

Falcon 15 ml conical centrifuge tube Corning, 352196 

Falcon 50 ml conical centrifuge tube Corning, 352070 

Eppendorf safe-lock tube, 1.5 ml Eppendorf, 0030120086 

Serological pipet, 25 ml, 10 ml, 5 ml Corning, 356525, 356551, 356543 

Pipette tips MCRI lab support 

Syringe, 10 ml, 5 ml Terumo, 622718, 622722 

Millex-HV filter, 0.45μm MERCK, SLHV033RS 

Pipette controller Integra biosciences, pipetboy acu 

Pipette Research Plus Eppendorf, 2232000037 

Personal vortex mixer RATEK, VM1 

Mini centrifuge Dragon Lab, D1008 

Biological safety cabinet EuroClone, SafeMate ECO 

CO2 incubator, Heracell VIOS 160i ThermoFisher Scientific, 51030287 

Heraeus Megafuge 8R benchtop centrifuge ThermoFisher Scientific, 75007214 

ZEISS Cell Observer SD ZEISS, Axio Observer.Z1 

 

  



- 34 - 

 

Table 11 Reagents and materials for target gene expressing 

Reagents Supplier, Reference Storage 

pCMV delta R 8.2 Addgene, 12263 -30 ℃ 

gag/pol Addgene, 14887 -30 ℃ 

pMD2.G VSV-G Addgene, 12259 -30 ℃ 

Env N/A -30 ℃ 

pFTRE, with target gene Gift from Dr.Toru Okamoto, Osaka University -30 ℃ 

MIG, with target gene Original: Addgene, 20672) -30 ℃ 

SMp152 Original: Addgene, 12252) -30 ℃ 

FUIMW Gift from Dr.Toru Okamoto, Osaka University -30 ℃ 

TRiMA + tTA Gift from Luke Dow and Scott Lowe -30 ℃ 

293T, medium Refer to section 2.3.3 -80 ℃/4 ℃ 

Target cells, medium Refer to section 2.3.3 -80 ℃/4 ℃ 

Effectene transfection reagent Qiangen, 301425 4 ℃ 

Pen/Strep 100 x Life Tech, 15070-063 -30 ℃ 

Doxycycline hyclate Sigma-Aldrich, D9891 4 ℃ 

Hexadimethrine bromide, 

polybrene 

Sigma-Aldrich, H9268 4 ℃ 

Fetal bovine serum Life Tech, 26400044  -30 ℃/4 ℃ 

PBS MCRI tissue culture 4 ℃ 

Trypsin/EDTA 0.025% MCRI tissue culture  -30 ℃/4 ℃ 

 

2.2.2 Virus producing cell transfection  

Use 293T cells as virus producing cells. For a 100 mm plate, seed 200 k cells on Friday 

for a Monday transfection, or 3 M cells for next-day transfection, in 10 ml medium. 

For a 6-well plate, seed 20 k cells for next Monday or 300 k for next-day transfection, 

in 4 ml medium per well.  

Prepare packaging vector, envelope vector and expression vector. pCMV delta R 8.2 

is a packaging vector for lentivirus, and gag/pol is for retrovirus. pMD2.G VSV-G is 

an envelope vector targeting both human and murine cells, while Env is an envelope 

vector only for murine cells. For transfection in 100 mm plate, use 5 µg DNA in total. 

For transfection in 6-well plate, use 1 µg DNA per well. The weight ratio of vectors is 

5 (packaging vector) : 2 (envelope vector) : 3 (expression vector). Mix the DNA well 

by pipetting.  

The effectene transfection reagent includes EC buffer, enhancer, and effectene. Add 

100 µl EC buffer per microgram DNA, mix by vortex. Then add 8 µl enhancer per 

microgram DNA, mix by vortex, and incubate at RT for 5 minutes. Add 8 µl or a little 

bit more effectene per microgram DNA, vortex, incubate at RT for 10 minutes. Add 
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the mixture to cell culture drop by drop. At the same time, swirl the plate to make sure 

it is well mixed. Incubate the cells in 37 ℃, 10% CO2 incubator. 

16 hours after transfection, change media to remove DNA that has not been absorbed 

by cells. Long exposure to DNA in the culture will do harm to the cells. Add new 

medium carefully, not to disturb the surface of the cell culture. 5 ml medium for 100 

mm dish, and 2 ml per well for 6-well plate. After another incubation of 24 hours, it is 

ready for virus collection.  

2.2.3 Spin infection 

Virus collection can be carried out twice, the interval is 24 hours. Put the virus-

producing cells in the biosafety cabinet for 2 hours to get virus released from the cells. 

While waiting, split target cells, at 1 M per well of 6-well plate for floating cells, or 

40% confluence for adherent cells.  

Collect the virus-containing medium with a syringe without needle; filter the medium 

by connecting the syringe to a 0.45µm Millex-HV filter, collect with a 15 ml falcon 

tube. For 100 mm dish, the whole medium can be divided into 5 services, each for a 

well of 6-well plate. For 6-well dish, each well of virus can infect 1 well of target cells. 

Add the virus-containing medium to target cell culture. Add 5 µg/ml polybrene to the 

culture.  

Pre-heat the centrifuge to 30 ⁰C. Wrap the plates with cling wrap and put them into the 

centrifuge. Spin at 2,500 rpm for 90 minutes. Put the plates back to incubator. 

Do not leave the virus on the cells for more than 48 hours. Change media one day after 

the two rounds of infection. Grow up cells and check the infection rate with flow 

cytometry. Sort cells that are successfully infected. 

2.2.4 Doxycycline dose response assay and expression induction 

Some vectors have the Tet-on or Tet-off system, which can turn on or turn off the 

expression of target genes by adding tetracycline (TET) or DOX to the culture of 

infected cells. DOX is more efficient than TET, and Tet-off system is more sensitive 

than Tet-on system. Tet-off system requires even lower than 10 ng/ml of DOX to turn 

off the expression of target gene, while for Tet-on system, it requires even several 

mg/ml of DOX to attain an appreciable level of target gene expression.  

Take Tet-on system for example, pilot experiments are required to help determine a 

proper dose of DOX, which can attain a good induction effect and does not do harm 

to cells. The pFTRE vector has a TRE promotor that can be driven by DOX-dependent 

rtTA protein, and this promotor controls the expression of target gene. The rtTA and 
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fluorochrome gene is controlled by PGK promotor, which will be affected by TRE 

promotor when the vector is empty. Add DOX from 5 ng/ml to 1000 ng/ml by gradient 

to the cells infected by empty vector, treat for 3 days and 6 days, to measure the 

percentage of cells with up-regulated fluorochrome expression and cell viability. 

The duration required for DOX treatment to fully drive the expression of target gene 

should also be measured. Induce the cells infected by pFTRE vector with target genes 

by adding DOX at 1000 ng/ml. Collect the sample for Western blot every day until day 

6. The minimum days it takes to attain the highest expression level can be applied to 

pre-cytokine withdrawal treatment, which enables the cells to get well prepared for 

cytokine withdrawal. 

2.3 Cell culturing 

This section introduces the basic cell culturing operations for different cell lines (Table 

14). Primary cell lines such as hiPSC edited with Rag-GFP reporter (iPS-RG) and PMEF 

need to be treated with care. As to other immortalised cell lines such as OP9-DLL4, 293T, 

3T3, Ba/F3, and human T-ALL/lymphoma cell lines (JURKAT, CCRF-CEM, MOLT-4, 

SR), basic tissue culture operation is enough.  
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2.3.1 Lists of reagents and equipment 

Table 12 Equipment and instrument for cell culture 

Equipment and Instrument  Supplier, reference 

100 mm TC-treated culture dish Corning, 430167 

Corning Costar TC-treated multi well plates, 6 well, 12 well Sigma, CLS3516, CLS3513 

Cell culture flask, T25, T75 ThermoFisher Scientific, 

156367, 156499 

Corning bottle-top vacuum filter system, 0.22 μm Sigma, CLS430769 

Falcon 15 ml conical centrifuge tube Corning, 352196 

Falcon 50 ml conical centrifuge tube Corning, 352070 

Eppendorf safe-lock tube, 1.5 ml Eppendorf, 0030120086 

Cryogenic tube, 1ml ThermoFisher Scientific, 

374081 

Serological pipet, 25 ml, 10 ml, 5 ml Corning, 356525, 356551, 

356543 

Pipette tips MCRI lab support 

Corning Pasteur pipette Aldrich, CLS7095BNMR 

Freezing container, Nalgene Mr. Frosty Sigma, C1562 

Pipette controller Integra biosciences, pipetboy 

acu 

Pipette Research Plus eppendorf, 2232000037 

Biological safety cabinet EuroClone, SafeMate ECO 

VacSax parallel mount canister, 2L EcoMed Trading, 3833-098 

CO2 incubator, Heracell VIOS 160i ThermoFisher Scientific, 

51030287 

Heraeus Megafuge 8R benchtop centrifuge ThermoFisher Scientific, 

75007214 

Microscope  ZEISS, Primovert 

Cell counter BIO-RAD, TC20 

Cell counting slides BIO-RAD, 1450015 

Digital water bath RATEK, WB1100D 
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Table 13 Reagents and materials for cell culture 

Reagents Supplier, Reference Storage 

DMEM Life Tech, 119060044 4 ℃ 

DME/F12 Gibco, 1132033 4 ℃ 

E8 Gibco, A1517001 4 ℃ 

α-MEM, GlutaMAX Supplement Gibco, 32561037 4 ℃ 

RPMI 1640 Gibco, A1049101 4 ℃ 

Geltrex Gibco, A1413301 -30 ℃ 

TrypLE Select solution 1 x Life Tech, 12604021 4 ℃ 

Trypsin/EDTA 0.025% MCRI Tissue Culture -30 ℃/4 ℃ 

EDTA, 0.5M 1000 x  Invitrogen, AM9260G 4 ℃ 

PBS Life Tech, 14190 4 ℃ 

KnockOut Serum Replacer Gibco, 10828028 4 ℃ 

FCS Life Tech, 26400044 -30 ℃ 

GlutaMax-I, 200mM 100 x Gibco, A1286001 4 ℃ 

Pen/Strep Life Tech, 15070063 -30 ℃ 

NEAA 100 x  Gibco, 11140050 4 ℃ 

2-Mercaptoethanol Gibco, 21985023 4 ℃ 

bFGF Pepro Tech, AF-100-18B -80 ℃ 

Recombinant murine IL-3 Invitrogen, 203-IL-010 -80 ℃ 

Choline Chloride Sigma, C7527 RT 

CaCl2.2H2O Sigma, C5080 

KCl Sigma, P5405 

KH2PO4 Sigma, P5655 

K2HPO4.3H2O Sigma, P5504 

MgCl2.6H2O Sigma, M2393 

D-glucose Sigma, G7528 

2-propanol Bio-Strategy Laboratory, 20842.330 

DMSO MERCK, 317275 

Trypan Blue solution Sigma-Aldrich, T8154 

dH2O Invitrogen, 15230 
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Table 14 Cell lines for cell culture 

Cell line Information 

PMEF Primary mouse embryonic fibroblast, mitogen inactivated, MCRI iPSC core 

iPS-RG Human iPSC, with Rag-GFP reporter, MCRI stem cell technology 

293T Human embryonic kidney epithelial cell, ATCC CRL-3216 

3T3 Mouse embryonic fibroblast, ATCC CRL-1658 

OP9-DLL4 Mouse fibroblast-like cell, edited with DLL4, MCRI stem cell technology 

Ba/F3 Mouse pre-B cell, ATCC HB-283 

JURKAT Human T-ALL, 14yo male, ATCC TIB-152 

CCRF-CEM Human T-ALL, 4yo female, ATCC CRL-119 

MOLT-4 Human T-ALL, 19yo male, ATCC CRL-1582 

SR Human large cell immunoblastic lymphoma, 11yo male, ATCC CRL-2262 

 

2.3.2 hiPSC culturing 

hiPSC are cultured on the support of primary mouse embryonic fibroblasts (PMEFs). 

They can also be cultured on extracellular matrix such as Geltrex. 

Solution preparation 

The feeder medium is prepared as Table 15: 

Table 15 Components of feeder medium 

Components Concentration Reagents used Amount for 500 ml 

DMEM 1 x DMEM 442.5 ml 

FCS 10% FCS 5 ml 

GlutaMax-I 2 mM GlutaMax-I 200 mM 5 ml 

Pen/Strep 1 x Pen/Strep 100 x 5 ml 

 

The hiPSC medium is prepared as Table 16: 

Table 16 Components of hiPSC medium 

Components Concentration Reagents used Amount for 500 ml 

DME/F12 1 x DME/F12 400 ml 

KOSR 20% KOSR 100 ml 

NEAA  1 x NEAA 100 x 5 ml 

GlutaMax-I 2 mM GlutaMax-I 200 mM 5 ml 

2-Mercaptoethanol 0.1 mM 2-Mercaptoethanol 55 mM 1 ml 

bFGF 50 ng/ml bFGF 100 ng/ml 250 µl 
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The CJ2 solution is prepared as 100 x stock. Dissolve 148 mg CaCl2.2H2O in 100 ml 

dH2O to make a 100 x 100 stock. Add 1 ml of this solution into 49 ml dH2O. Then 

add the rest components as Table 17. Mix well and add dH2O to final volume 100 ml. 

Run through vacuum filter system. Store the 100 x stock at 4 ℃. Before use, dilute 

the 100 x stock as well as 20 x Choline chloride in dH2O to make 1 x CJ2 solution. 

Table 17 100 x CJ2 stock 

Components (powder) Amount for 100 ml (mg) 

CaCl2.2H2O 1.47 

KCl 200 

KH2PO4 200 

K2HPO4.3H2O 1490 

MgCl2.6H2O 100 

D-glucose 1000 

 

Feeder-dependent culturing 

hiPSCs can be cultured on the supply of PMEFs in T25 flask. 

Before seeding PMEFs, coat the culture plates with 5 ml feeder medium in 37 ℃, 5% 

CO2 tissue culture incubator for 2-8 hrs. Get cryopreserved PMEFs out of the -80 ℃ 

freezer and thaw the cells immediately in 37 ℃ water bath. Transfer the suspension 

into 5 ml feeder medium and wash. Put 250 k cells into each T25 flask. Flasks can 

be used for hiPSC culturing after 2 hours incubation and they can be maintained in 

the incubator for at most 3 days. Replace the feeder medium with hiPSC medium 

before passaging hiPSCs. 

All the reagents should be pre-warmed before contact the hiPSCs. hiPSC medium 

should be prepared in small volume and could last for 2 weeks at 4 ℃. Add 5 ml 

medium to T25 flask and change medium every day.   

Passage hiPSCs. When the culture is at 80% confluence, wash cell surface with PBS 

and add 1 ml 0.5 mM EDTA to the culture. Digest for 5 minutes at 37 ℃. Check 

digestion status and move EDTA carefully when cells are rounded. Add 3 ml medium 

and tap the flask to get cells off the surface. Rinse the flask with another 3 ml medium. 

The total 6 ml medium can be transferred into three T25 flasks thus passaging cells 

at a 1:3 ratio. Cells can also be passaged without removing EDTA. Add culture 

medium to the cell suspension after tapping the flask and transfer the cells into a 15 

ml falcon tube. Centrifuge the cells and rinse with PBS. Aspirate the supernatant and 

knock loose the pellet (avoid pipetting). Add hiPSC medium and transfer to new 

flasks. Mark the cell line, passage number, passage ratio, date, and operator name. 

Cells should not be kept after 20 passages.  
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For cryopreservation, hiPSCs can be digested into single cells with TrypLE, of which 

the operation is the same as EDTA digestion. One T25 flask can be divided into four 

1 ml cryotubes, and each tube can be directly thawed into one T25 flask. The freezing 

buffer is CJ2, which is prepared in 100 x stock, diluted into 1x and added 10% DMSO 

before use. The procedure of thawing hiPSCs is the same as PMEFs. 

Feeder-free culturing 

hiPSCs can be adopted from feeder cells to Geltrex-coated feeder free flasks.  

Prepare flasks before adaption and passaging. Thaw frozen Geltrex on ice. Keep PBS 

on ice. Dilute Geltrex in PBS and get a 1% Geltrex solution. Transfer 3 ml solution 

into one T25 flask and keep the flask at 37 ℃ for 1 hour. These coated flasks can last 

for a long time as long as they are kept wet.  

Pre-warm all the reagents that are to be in contact with the cells. Feeder free system 

uses E8 medium with supplement. Passage hiPSCs with EDTA from feeder cells and 

resuspend with 50% hiPSC medium + 50% E8 medium. Move the liquid from 

Geltrex-coated flask and add hiPSCs. From day 2, hiPSCs can be cultured in 100% 

E8 medium.  

Other operations are the same as feeder-dependent culturing. 

2.3.3 Immortalised cell line culturing 

293T cells are adherent cells. Culture 293T cells in 100 mm tissue-culture plates, with 

10 ml medium (DMEM + 10% FBS/FCS). Put cells in 37℃, 10% CO2 tissue culture 

incubator. Start culturing at 10% confluence and it can be higher when cells are 

recovering from cryopreservation. Passage cells at 80% confluence at 1:100 ratio. 

Wash cells with 1-2 ml PBS. Digest cells with 1-2 ml Trypsin/EDTA 0.025%, at room 

temperature, until small holes can be observed on the surface of the culture, which 

usually takes 5 minutes. Gently pipette off the cells and take 100-200 μl suspension 

into new plates with fresh media. Gently swirl the plate to get cells evenly distribute 

to the whole plate. 

3T3 cells are adherent cells. The culturing condition is similar to 293T cells, except 

they are cultured in 37℃, 5% CO2 incubator. They are usually cultured in 6-well plates. 

They grow very fast and will not be healthy once they get over-confluent, so timely 

passage is required. 

OP9 (OP9-DLL4) cells are adherent cells. Culture cells in T75 flask, 12 ml medium 

(α-MEM (+ L-glutamine) + 10% FBS/FCS + Pen/Strep + 0.1% 2-mercaptoethanol). 

Put cells in 37 ℃, 5% CO2 incubator. Passage cells at 80% confluence at 1:5 ratio. 

Wash cell surface with 5 ml PBS and add 3 ml TrypLE, digest cells at 37 ℃ for 5 
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minutes, add in culture medium and pipette the cells down. Centrifuge cells and wash 

with PBS, then resuspend and transfer cells to fresh media. 

Ba/F3 cells are floating cells. Culture Ba/F3 cells in 6-well plates, 4 ml medium (RPMI 

1640 + 10% FBS/FCS + 0.05 ng/ml mIL-3) each well. Put cells in 37 ℃, 5% CO2 

incubator. Start culturing at 100 k cells/ml. Passage cells every 3 days at 1:10 ratio by 

transferring cell suspension to fresh media. Never let cells overgrowth to avoid the 

selection of mIL-3 independent population.  

T-ALL/lymphoma cell lines (JURKAT, CCRF-CEM, MOLT4, and SR) are floating 

cells and have similar culturing requirements as Ba/F3 cells. They are cultured in 

RPMI + 10% FBS/FCS medium without the support of cytokines and are not quite 

strict at timely passaging.   

2.3.4 Common issue for cell culturing 

The FBS and FCS (they have the same function) used is heat inactivated at 56 ℃ for 

30 minutes. The media are filtered through the vacuum filter system, components 

added in a sequence of volume from large to small. Media including cytokines should 

be prepared in small volume, like 50 ml, to maintain the activity of cytokines. 

Standard passaging of immortalised cell lines requires collecting cells, washing with 

PBS, centrifuging, resuspending and transferring to fresh media. Normal maintaining 

passaging can skip the centrifuging steps. Standard centrifuging condition is 500 xg 

for 5 minutes, at 4 ℃.  

For cryopreservation, cells need to be digested into single cells and washed with PBS. 

Prepare cryopreservation buffer, make notes (cell line, date, name of the operator) on 

1 ml cryotubes, get Mr. Frosty freezing container with 250 ml 2-propanol (can be 

recycled 5 times). The cryopreservation buffer can be FBS/FCS/culture media + 5-10% 

DMSO. Resuspend 1 M cells in 1 ml buffer, or divide cells from one plate at about 1:4 

ratio, for recovering in the same sized plates next time. For hiPSCs, cells are 

resuspended in 1 x CJ2 + 10% DMSO buffer. Transfer 1 ml cell suspension into one 

cryotube. Transfer cryotubes into freezing container and put it into -80 ℃ freezer. 

Temperature will drop 1 ℃/min, 2 hours will be enough to reach -80 ℃. For long-term 

preservation, transfer cells into liquid nitrogen vapour state.  

2.4 Cytokine withdrawal assay 

Equipment, instrument, and reagents refer to section 2.3.  

For cytokine dependent cell lines, cells will not survive without the support of a certain 

cytokine and most cells will die when the concentration is low.  
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Take the mIL-3 dependent Ba/F3 cell line for example. Infect the cells with vectors 

containing target gene. Sort the successfully infected population and check the protein 

expression with Western blot. Wash the cells twice with PBS and split cells into 12-well 

plates, 100 k cells per well for normal mIL-3 condition (0.5 ng/ml), and 500 k per well 

for zero mIL-3 condition. Lower mIL-3 concentration such as 2% of normal can be 

carried out if the fusion genes cannot make difference to cell viability in zero mIL-3 

cohort. Cell density is 500 k/well for this mIL-3 concentration. 

Split the cells when they are confluent. Measure the cell viability every two to three days 

with flow cytometry and measure the cell number with trypan blue cell counting. 

For Tet-on vectors, treat cells with DOX 2-3 days ahead of mIL-3 withdrawal. Add up 

DOX every 2 days. 

2.5 hiPSC-T cell differentiation 

The protocols in this project are combinations of several reported methods, developed by 

the Stem Cell Technology Group, MCRI. iPS-RG cells are treated with cytokines and 

small molecules throughout the differentiation process. Culture iPS-RG cells in 

monolayer form on Geltrex coated plates for the first 6 days to develop haematopoietic 

progenitors, and then co-culture these cells with OP9-DLL4 cells, transfer onto normal 

plates or air-liquid interface (ALI) for T cell differentiation. Another choice is to culture 

cell clusters on orbital shaker (swirler) to form EBs. After 8 days of swirler culturing, 

transfer EBs onto vitronectin coated ALI. (Figure 5) The ALI is broadly used to mimic 

the respiratory epithelium, [162] and was found to help in vessel-like structure formation 

and haematopoietic cell differentiation.  

 

Figure 5 hiPSC-T cell differentiation protocols 

The figure shows three protocols for hiPSC-T cell differentiation. In the first 6-8 days of haematopoietic 

lineage commitment, cells are either cultured on Geltrex–coated plates (monolayer) or swirled on orbital 

shaker to form embryonic bodies. The monolayer cells are then co-cultured with OP9-DLL4 cells, on 

normal plates or ALI. The EBs are transferred to ALI. Finally, naïve T cells are generated. 
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2.5.1 Lists of reagents and equipment 

Culture media, cytokines, and small molecules for hiPSC differentiation refer to Table 

18, Table 19.  

Equipment refer to section 2.3. Additional equipment: Corning 60 mm non-treated 

culture dish, Sigma, CLS430589; Corning Transwell polycarbonate membrane cell 

culture insert, Sigma, CLS3422; Orbital shaker, RATEK, EOM5.  

Cell lines: iPS-RG, OP9-DLL4, MCRI Stem Cell Technology Group.  

Table 18 Culturing reagents for in vitro T cell differnetiation 

Reagents Supplier, Reference Storage 

IMDM Gibco, 12440061 4 ℃ 

F-12 Gibco, 11765062 4 ℃ 

SyntheChol NS0 Supplement SAFC, S5442 4 ℃ 

Linolenic acid (L+L) Sigma-Aldrich, L2376 -30 ℃ 

ITS-X (ITS-E) 100 x  Gibco, 51500056 4 ℃ 

AA2P Sigma-Aldrich, 49752 -30 ℃ 

PFHM II Gibco, 12040077 4 ℃ 

MEM α, GlutaMAX Supplement Gibco, 32561037 4 ℃ 

FCS Life Tech, 26400044 -30 ℃ 

Pen/Strep Life Tech, 15070063 -30 ℃ 

2-Mercaptoethanol Gibco, 21985023 4 ℃ 

Albucult Novozymes Biopharma 4 ℃ 

PVA powder Sigma-Aldrich, 34584 RT 

MethylC powder Sigma-Aldrich, M0512 RT 

Vitronectin XF Stem cell technologies, 07180 -30 ℃ 

Collagenase Type I-A Sigma-Aldrich, C2674 -30 ℃ 
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Table 19 Cytokines and molecules for in vitro T cell differentiation 

Reagents Supplier, Reference Storage 

Activin A BIO-scientific, 228-10022-1 -30 ℃/ 

-80 ℃ BMP4 BIO-scientific, 228-10131-1 

bFGF LONZA Australia, 100-18B-1000 

VEGF Life Tech, PHG0143 

SCF LONZA Australia, 300-07-1000 

IL-7 LONZA Australia, 200-07-500 

Flt3 ligand LONZA Australia, 300-19-1000 

CHIR 99021 Stem cell technologies, 72054 

PI-103  Sapphire Bioscience, 10009209 

C59  Sapphire Bioscience, 16644 

SB 431542 hydrate Sigma-Aldrich, S4317 

IGF-II LONZA Australia, 100-12-1000 

IL-2 LONZA Australia, 200-02-10 

Y-27632 (Rock Inhibitor) Stem cell technologies, 72302 

IL-3 LONZA Australia, 200-03-1000 

TPO LONZA Australia, 300-18-1000 

 

2.5.2 Monolayer system 

Start monolayer differentiation in a Geltrex coated 6-well plate or T25 flask, with iPS-

RG cell line at 10%-20% confluence, to avoid over-confluent during differentiation.  

In the first 6 days, use monolayer medium (Table 20), change medium every day and 

each time with new combinations of cytokines and growth factors as Table 22. (2 ml 

medium for each well of 6-well plate) 

Table 20 Monolayer medium 

Components Amount for 500 ml Final concentration 

IMDM 235 ml 50% 

F-12 235 ml 50% 

SyntheChol 70 µl 2.2 μg/ml 

L+L 125 µl 100 ng/ml 

ITS-X (ITS-E) 100 x 5 ml 1 x 

AA2P 100 x 5 ml 1 x 

PFHM II 20 ml 4% 

 

Passage 1:5 of confluent OP9-DLL4 cells from a T75 flask into 12-well plate. Culture 

the OP9-DLL4 cells in α-MEM (Table 21) medium. 
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Table 21 α-MEM medium for OP9-DLL4 culturing 

Components Amount for 600 ml Final concentration 

α MEM (+L-Glutamin) 500 ml 1 x 

FCS 54 ml 10% 

Pen/Strep 100 x 6 ml 1 x 

2-Mercaptoethanol 600 µl 100 nM 

 

At day 6, digest 1 well of the iPS-RG cells with TrypLE for 5 minutes, at 37 ⁰C. Collect 

the cells, run through 40 μm filter, centrifuge at 1500 xg for 3 minutes. Resuspend the 

cells in 700 µl α-MEM medium. Prepare 12 ml α-MEM differentiation medium with 

cytokines as Table 22, day 7. Change the medium of OP9-DLL4 cells in 12-well plate 

into differentiation medium, 1 ml per well. Then add 50 µl day 6 iPS-RG cells into 

each well. 

At day 6+5, change differentiation medium as Table 22, day 12. Top up medium every 

week and passage the cells onto new OP9-DLL4 cells every 3 weeks. 

Table 22 Cytokine combination for monolayer differentiation 

Day  1 2 3 4 5 6 7 12 19 

ActivinA 30 0 0 0 0 0 0 0 0 

BMP4 40 30 10 10 10 10 0 0 0 

bFGF 20 0 10 50 50 50 0 0 0 

VEGF 0 0 50 50 50 50 0 0 0 

SCF 0 0 0 0 0 0 100 50 20 

IL-7 0 0 0 0 0 0 10 10 10 

Flt3L 0 0 0 0 0 0 10 10 0 

CHIR(μM) 6 0 0 0 0 0 0 0 0 

PI103 (nM) 50 0 0 50 50 50 0 0 0 

C59 (μM） 0 1 1 0 0 0 0 0 0 

SB (μM) 0 10 10 10 10 10 0 0 0 

Concentration unit: ng/ml, if not noted 

 

Test the differentiation process with flow cytometry according to Table 23. 
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Table 23 Antibody combination for monolayer differentiation 

day 6 
 

CD34 DLL4 CD43 CD45 

PE/Cy7 APC FITC BV 

1/100 1/20 1/20 1/20 

day 6+8 Group 1 CD34 CD45 
  

PE/Cy7 BV 
  

1/100 1/20     

Group 2 CD45 CD7 CD5 CD4 

BV APC PE/Cy7 PE 

1/20 1/20 1/40 1/100 

day 6+20 
 

CD45 CD7 CD5 CD4 

BV APC PE/Cy7 PE 

1/20 1/20 1/40 1/100 

day 6+29 Group 1 CD45 CD8 CD3 CD4 

BV PE/Cy7 APC PE 

1/20 1/30 1/30 1/40 

Group 2 CD45 CD5 CD7 
 

BV PE/Cy7 APC 
 

1/20 1/40 1/20   

At each time point, antibodies are shown as: target surface marker, fluorochrome, and dilution ratio. 

2.5.3 Monolayer + ALI system 

At day 6 of monolayer differentiation, collect the iPS-RG cells and OP9-DLL4 cells, 

run through filter, mix the cells at a ratio of OP9-DLL4: iPS-RG = 20. Resuspend the 

cells to reach 210 k cells per 10 µl. Prepare the differentiation medium by adding 

cytokines and growth factors into α-MEM medium, then add 1ml medium per well 

into the liquid phase of 6-well ALI plate (Corning Transwells). Equally add 4 drops of 

cell mixture onto the air phase of each well, each drop is 10 µl. 

From day 6 to day 6+4, the cytokine combination is SCF 50 ng/ml, IL-3 50 ng/ml, 

TPO 50 ng/ml, IL-7 10 ng/ml, Flt3L 10 ng/ml; then from day 6+4 to day 6+8, the 

combination is SCF 5 ng/ml, IL-7 10 ng/ml, Flt3L 10 ng/ml; from day 6+8, the 

combination is IL-7 5 ng/ml, Flt3L 5 ng/ml.  

Test the differentiation process with flow cytometry according to Table 24. 
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Table 24 Antibody combination for monolayer + ALI differentiation 

day 6+7 
 

CD45 CD7 CD5 CD34 

BV APC PE/Cy7 PE 

1/20 1/20 1/40 1/100 

day 6+14 Group1 CD45 CD7 CD5 CD34 

BV APC PE/Cy7 PE 

1/20 1/20 1/40 1/100 

Group 2 CD45 CD8 CD3 CD4 

BV PE/Cy7 APC PE 

1/20 1/30 1/30 1/40 

day 6+24  

day 6+29 

Group 1 CD5 CD7 CD45 
 

PE/Cy7 APC BV 
 

1/30 1/30 1/20 
 

Group 2 CD8 CD4 CD3 TCR 

PE/Cy7 APC BV PE 

1/30 1/30 1/10 1/30 

At each time point, antibodies are shown as: target surface marker, fluorochrome, and dilution ratio. 

 

2.5.4 Swirler + ALI system 

Start swirler differentiation with a confluent T75 flask of iPS-RG cells grown on 

PMEFs. Prepare cytokine combination (Table 26) in MAGIC medium (Table 25), at 

the concentration for 8 ml, but in total volume 6 ml. Transfer the medium into two 60 

mm non-treated culture dishes, 3 ml each. Wash the iPS-RG cells with PBS, treat them 

with EDTA. After digestion, get rid of EDTA, knock loose the cells, collect the cells 

using 4 ml MAGIC medium. Filter the cells without centrifuging. Transfer 1 ml cells 

into each dish. Put the dishes on a RATEK orbital shaker in the incubator, swirl at 60 

rpm. 
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Table 25 MAGIC medium for swirler + ALI culturing 

Components Amount for 500 ml Final concentration 

IMDM 225 ml 50% 

F-12 225 ml 50% 

Continued on next page 

Albucult 5 ml 0.15% 

PVA 10% 7.5 ml 0.10% 

MethylC 10% 5 ml 0.10% 

SyntheChol 70 µl 2.2 μg/ml 

L+L 100 µl 100 ng/ml 

2-Mercaptoethanol 200 µl 100 nM 

ITS-X (ITS-E) 100 x 5 ml 1 x 

AA2P 100 x 5 ml 1 x 

PFHMII 20 ml 4% 

 

Change the media every day to replace for a new combination of cytokines, by 

collecting the EBs and letting them settle down in a 14 ml falcon tube, which usually 

takes 10 minutes. Then change the media and put the EBs back to culture. 

At day 8, use flow cytometry to assess the differentiation process (in this digestion 

process, use collagenase for 20 minutes). Coat the ALI plate with vitronectin, and add 

MAGIC medium with cytokines (Table 26) to the liquid phase. Collect the EBs, 

resuspend with 600 µl MAGIC medium, add 100 µl EB-medium mixture to the air 

phase of each well, and try not to let the EBs get to the edge of the plate. Then incubate 

in normal 37 ⁰C 5% CO2 incubator. Change the medium every 3 days. 

Table 26 Cytokine combination for swirler + ALI system 

Day  1 2 3 4 5 9 

Activin 10 10 10 10 0 0 

BMP4 20 20 20 20 20 0 

VEGF 20 20 20 20 50 50 

SCF 20 20 20 20 50 100 

bFGF 10 10 10 10 10 10 

IGF-II 0 0 0 0 20 0 

Flt3L 0 0 0 0 0 10 

IL-7 0 0 0 0 0 20 

IL2 0 0 0 0 0 10 

CHIR (μM) 0.5 0.5 3 3 0 0 

SB (μM) 0 0 3 3 0 0 

Rock Inhibitor (μM) 10 0 0 0 0 0 

Concentration unit: ng/ml, if not noted. 
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Test the differentiation process with flow cytometry according to Table 27. 

Table 27 Antibody combination for swirler + ALI differentiation 

day 4 
 

CD13 EpCAM CD66 
 

PE/Cy7 BV APC 
 

1/30 1/20 1/10 
 

day 8 
 

DLL4 CD34 CD43 
 

APC PE/Cy7 FITC 
 

1/20 1/100 1/20 
 

day 8+10 
 

CD45 CD7 CD5 CD34 

BV APC PE/Cy7 PE 

1/20 1/20 1/40 1/100 

day 8+25 Group 1 CD45 CD5 CD7 
 

BV PE/Cy7 APC 
 

1/20 1/40 1/20 
 

Group 2 CD45 CD8 CD3 CD4 

BV PE/Cy7 APC PE 

1/20 1/30 1/30 1/40 

At each time point, antibodies are shown as target surface marker, fluorochrome, and dilution ratio. 

 

2.6 Flow cytometry and fluorescence activated cell sorting 

For flow cytometry, cells are treated into single cells, stained with antibodies against 

surface markers and viability staining reagents. The flow cytometry machine uses force 

to separate single cells and detect the fluorescent emitted by different lasers. The cell 

sorting is to add an electric field after the detection, which will separate cells bearing 

different charges.  

2.6.1 List of reagents and equipment 

Equipment and instruments for this section are: flow cytometer, BD FACSAria Fusion; 

cell analyser, BD LSRFortessa X-20; falcon round-bottom tube with strainer cap, 5 ml, 

Corning, 38030; falcon round-bottom polystyrene tube, 5 ml, Corning, 352058; 

Heraeus Megafuge 8R benchtop centrifuge, Thermo Scientific. 

Reagents are: FBS/FCS; PBS; DAPI; PI; surface marker antibodies (Table 28). 
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Table 28 Surface marker antibodies with fluorescent conjugate 

Reagents Supplier, Reference Storage 

CD34 PE/Cy7 343516 Australian Biosearch 4 ℃ 

PE 343605 

CD4 PE 328303 

APC 300514 

CD3 APC 300412 

BV 421 300433 

DLL4 APC 346508 

CD43 FITC 315203 

CD45 BV 421 304032 

CD7 APC 343107 

CD5 PE/Cy7 300622 

CD8 PE/Cy7 344712 

TCR PE  306707 

CD13 PE/Cy7 301711 

EpCAM BV 421 324219 

CD66 APC 342307 

 

2.6.2 Sample preparation 

For adherent cells, digest cells into single cells. Stop digestion by adding FACS buffer 

(5% FCS in PBS). For floating cells, collect cells and wash the cells with FACS buffer. 

Transfer cells into 5 ml round bottom falcon tube with strainer cap. Centrifuge the 

tubes and remove suspension. 

If required, surface markers on the cells can be detected with antibodies ligated to 

different fluorochromes. Dilute the antibodies in FACS buffer at a ratio between 1/20 

and 1/100. For 1 M cells, 20 µl of the antibody mixture is enough. Add the mixture 

directly to the cell pellet. Incubate the tubes on ice in dark for 15 minutes. Wash the 

cells with FACS buffer and centrifuge. Remove the suspension. 

To distinguish dead cells, dilute DAPI or PI in FACS buffer at 1 µg/ml. Add 200 µl 

DAPI or PI to 1 M cells. Kick loose the cell pellet. 

2.6.3 Run flow cytometry  

Fix the tube onto the flow cytometer to get the ultrasonic nozzle vibrator into the tube. 

Return the supporting arm back to place. Push the run button on the machine and adjust 

the speed. At the same time, click the start button in the BD FACSDiva software. 

Adjust the parameters and compensations; let the whole population set in the centre of 
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the plot and the subpopulations well separated. Select the linearized group in the FSC-

A/FSC-H plot, which means the cells are singlets. Then in this subpopulation, select 

lower PI (DAPI) population of FSC-A/PI (DAPI) plot, which represents live cells. In 

live cell subpopulation, select different fluorochromes on X and Y axis to see the 

distribution of different markers.  

The compensation of fluorochromes can refer to Table 29: 

Table 29 Compensation of fluorochromes 

Fluorochrome [excitation wavelength] emission wavelength/bandwidth (nm) 

PE/Cy7 [561] 780/60 

PE [561] 586/15 

APC [640] 670/30 

BV 421 [405] 450/50 

FITC [488] 530/30 

GFP [488] 530/30 

PI [561] 670/30 

DAPI [405] 450/50 

tdTomato [561] 586/15 

DsRed [561] 586/15 

mCherry [561] 610/20 

 

2.6.4 Cell sorting 

Before sorting, grow up the cells and check the infection rate with flow cytometry.  

To reduce the amount of cells stick to the wall, collect cells with polypropylene tube 

with 35µm filter cap instead of polystyrene tube. Prepare samples. The final volume 

is 0.5-1 ml. Prepare collection tubes by filling polypropylene tubes with 1-2 ml FCS. 

Use flow cytometer BD FACSAria Fusion for cell sorting. Select the nozzle and 

pressure at 100 µm, 20 psi. 

After sorting, centrifuge the cells and resuspend in medium with 1 x (50 U/ml) 

Pen/Strep to avoid contamination.  

2.7 Western blot 

Western blot is used to detect the expression level of a certain protein with antibody. Cells 

are lysed and SDS treatment makes intracellular protein become linearized pipette with 

negative charge. Then the samples are run through polyacrylamide gel, pushed by a 

voltage difference added to the edges of the gel, and the pipettes with negative charge will 
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move to the positive charged edge. Smaller pipettes have a lower chance to be trapped by 

the gel, which makes them move faster. This process is called sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE).  

After electrophoresis, protein on the gel is transferred to a PVDF membrane which has a 

high affinity to protein. This process relies on the voltage difference between the gel and 

the membrane. After blocking, protein can then be detected by antibody incubation. This 

includes two steps, the incubation of primary antibody, which is highly specific to the 

target protein; the incubation of secondary antibody, which is specific to the host species 

that produced the primary antibody. Secondary antibodies are edited, and can be detected 

after chemical treatment. The frequently used secondary antibodies are connected to 

horseradish peroxidase (HRP), an enzyme that can catalyse the oxidation of many 

substrates by hydrogen peroxide. The image is then captured using enhanced 

chemiluminescence (ECL), in which the HRP catalyses the oxidation of luminol and in 

this progress, there is an emission of a low intensity light at 428 nm, which can be detected 

by ChemiDoc imaging system. 
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2.7.1 Lists of reagents and equipment 

 Table 30 Equipment and instrument for Western Blot 

Equipment and Instrument  Supplier, reference 

Falcon 15 ml conical centrifuge tube Corning, 352196 

Falcon 50 ml conical centrifuge tube Corning, 352070 

Eppendorf safe-lock tube, 1.5 ml Eppendorf, 0030120086 

Serological pipet, 25 ml, 10 ml, 5 ml Corning, 356525, 356551, 356543 

Pipette tips MCRI lab support 

Grade 541 ashless fast filter paper Bio-strategy, 1541-055 

Scotch-brite pad 3M, 61500301025 

Foam pads for Mini trans-blot cell BIO-RAD, 1703933 

Transparent binding cover OfficeMax, 1334735 

Measuring cylinder, 500 ml Bio-strategy, 612-4405 

Electronic balance A&D, FX-3000 

Magnetic stirring bar Sigma-Aldrich, Z329452 

Magnetic stirrer/hot plate Industrial equipment & control, CH 2092-001 

Mini-protein Tetra vertical electrophoresis 

cell, 4-gel, with Mini trans-blot module 

BIO-RAD, 1658030 

PowerPac basic power supply BIO-RAD, 1645050 

Pipette box N/A 

Pipette controller Integra biosciences, pipetboy acu 

Pipette Research Plus Eppendorf, 2232000037 

Personal vortex mixer RATEK, VM1 

Mini centrifuge Dragon Lab, D1008 

Tube roller mixer RATEK, BTR10-12V 

Rocking platform mixer RATEK, ERPM4 

Dry block heater RATEK, DBH30D 

Laboratory Incubator Thermoline, TI-150G 

ChemiDOC XRS+ System with Image Lab 

software 

BIO-RAD, 1708265 
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Table 31 Reagents for Western Blot 

Reagents Supplier, Reference Storage 

PhosSTOP Phosphatase Inhibitor Cocktail 

Tablets  

Sigma-Aldrich, 04906837001 4 ℃ 

SDS (10%) Life Tech, AM9823 RT 

Glycerol  ThermoFisher Scientific, AJA242 RT 

Bromophenol blue (powder) BIO-RAD, 161-0404 RT 

Tris-HCl (1M, pH6.8) MCRI lab support RT 

Sodium Chloride Astral Scientific, AM0241 RT 

Tris  Astral Scientific, AM0497 RT 

Glycine Astral Scientific, AMM103 RT 

Tween-20 Astral Scientific, 786-517 RT 

PBS 10 x MCRI lab support RT 

Skim milk powder Becton Dickinson, 232100 RT 

2-Mercaptoethanol Life Tech, 21985023 RT 

Bovine serum albumin Sigma-Aldrich, A7906 4 ℃ 

Methanol for analysis MERK, 1060092511 RT 

Precision plus protein WesternC blotting 

standards, 250 μl 

BIO-RAD, 1610376 -30 ℃ 

ReBlot Plus Mild Antibody Stripping Solution 

10 x 

MERK, 2502 4 ℃ 

Luminata Forte Western HRP Substrate  MERK, WBLUF0100 RT 

4-20% Mini-protean TGX stain-free precast 

protein gels 

BIO-RAD, 4568093-4568096 4 ℃ 

Hybond-LFP PVDF membranes Sigma, GERPN1416LFP RT 

RO H2O MCRI lab support RT 

 

2.7.2 Buffer preparation 

Before Western blot, prepare reagents needed.  

Use 2x sample buffer for cell lysis and sample loading (Table 32).  
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Table 32 2x Sample buffer (50 ml) 

Components  Concentration Reagents used Amount for 50 ml 

SDS 1% SDS (10%) 5 ml 

Glycerol 5% Glycerol (pure) 2.5 ml 

Bromophenol blue 0.1% Bromophenol blue (powder) 50 µg 

Tris-HCl  125 mM Tris-HCl (1 M, pH6.8) 6.25 ml 

RO H2O Top up to 50 ml 

 

Use PVDF membranes and ash less filter paper for transferring. Cut 8x10 cm pieces 

from a large membrane or filter paper, to make it a little bit larger than the gel.  

The running buffer and transferring buffer are made up based on 5x Tris Glycine (TG) 

buffer. Make up 5x TG buffer, 1x running buffer, and 1x transfer buffer as Table 33, 

Table 34, Table 35. The 5x TG buffer may require a stir by magnetic stirrer when 

being made up. 

Table 33 5x TG buffer (1 L) 

Components  Amount for 1 L 

Tris (powder) 15.14 g 

Glycine (powder) 72 g 

RO H2O Top up to 1 L 

 

Table 34 1x Running buffer (1 L) 

Components Concentration  Reagents used  Amount for 1 L 

TG buffer 1x TG buffer (5x) 200 ml 

SDS 0.1% SDS (10%) 10 ml 

RO H2O Top up to 1 L 

 

Table 35 1x Transfer buffer (1 L) 

Components  Concentration  Reagents used Amount for 1 L 

TG buffer 1x TG buffer (5x) 200 ml 

Methanol  20% Methanol (pure) 200 ml 

RO H2O Top up to 1 L 

 

The PBS-T (phosphate-buffered saline-Tween 20) and Blotto (blocking buffer) for 

membrane treatment and antibody dilution are based on PBS solution. Get 10x PBS 

(Table 36) from lab support, MCRI. TBS buffer is also used when phosphorylated 
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proteins are to be detected, to avoid the interference of PBS. The 10 x TBS buffer is made 

up with 24.23 g Tris and 87.7 g NaCl in RO H2O at total volume 1 L. Other solutions 

based on TBS, such as TBS-T, and Blotto are made up the same as PBS-based solutions. 

Blotto (Table 38) is usually made up by skim milk powder, but bovine serum albumin can 

also be used to avoid the interference of milk in phospho-protein detection. 

Table 36 10x PBS buffer (1 L) 

Components (powder) Amount for 1 L 

NaCl 80 g 

KCl 2 g 

Na2HPO4 14.4 g 

KH2PO4 2.4 g 

RO H2O Top up to 1 L 

 

Table 37 PBS-T (1 L) 

Components  Concentration  Reagents used  Amount for 1 L 

PBS 1x PBS (10x) 100 ml 

Tween-20 0.1% Tween-20 (pure) 1 ml 

 

Table 38 Blotto (100 ml) 

Components  Concentration  Reagents used  Amount for 100 ml 

PBS-T 1x PBS-T (1x) 100 ml 

Milk/ 

bovine serum 

albumin  

5% Skim milk powder/ 

Crystallised bovine serum 

albumin  

5 g 

 

For re-blotting, prepare harsh stripping buffer as Table 39. Add 2-mercaptoethanol before 

use.  

 

Table 39 Harsh Stripping buffer (10 ml) 

Components  Concentration  Reagents used  Amount for 10 ml 

SDS 2% SDS (10%) 2 ml 

Tris-HCl 62.5 mM Tris-HCl (1 M, pH6.8) 625 µl 

2-Mercaptoethanol 0.8% 2-Mercaptoethanol (pure) 80 µl 

RO H2O 7.375 ml 
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2.7.3 Sample preparation 

Collect cells and centrifuge, resuspend the cells with a proper volume of PBS for cell 

counting. Then re-centrifuge and resuspend the cells with a proper volume of PBS to 

attain a concentration at 2 M cells/100 µl PBS. Add the same volume of 2x sample 

buffer, mix it well. The final cell concentration is 1 M cells/100µl. Boil the samples in 

95 ⁰C dry block heater for 5 minutes. Do a quick spin. The samples are ready for 

loading or storage at -30 ⁰C.  

For phospho-protein detection, dissolve PhosSTOP tablet as protocol directed in PBS. 

Resuspend 2 M cells in 100 µl PhosSTOP containing-PBS. The following operation is 

the same as normal sample treatment. 

2.7.4 Sample loading and SDS-PAGE 

Before loading samples, insert the precast gel into the tank, the lower slide of the gel 

facing the inner part of the tank. Remember to get rid of the seal tape on the bottom of 

the gel. Then fill the tank with running buffer to check the tightness of the tank. 

Load sample at 5 or 10 µl less than the maximum volume as noted on the gel for each 

well. Load the protein standard and the positive control as directed. Connect the tank 

to the power supplier. Run the gel at 150 V, until the bromophenol blue marked samples 

run to the edge of the gel. 

Pre-warming the samples to 95 ℃, and gently disturbing the buffer in the gel wells by 

pipetting may help ease the loading process.  

2.7.5 Membrane transferring 

Get the gel off the plastic board and soak the gel in ice-cold transferring buffer for 10 

minutes. At the same time, activate the PVDF membrane in methanol for 10 minutes. 

Pre-wet 2 pieces of filter paper and two scotch brite pads with transferring buffer. Put 

the pads, filter paper, and membrane according to Table 40: 
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Table 40 Sequence of layers for membrane transferring 

Top  Clear plastic cover 

 

 

↑ 

Scotch brite pad 

3MM filter paper 

PVDF membrane 

Gel  

3MM filter paper 

Scotch brite pad 

Bottom  Black plastic cover 

 

Close the blotting cassette and put it into the tank, the black plastic cover facing the 

black electrode. Put cooling block into the tank and fill up the tank with transferring 

buffer to the directed line. Transfer at 40 V for 150 minutes. 

2.7.6 Membrane blocking and antibody incubation 

After transferring, put the membrane in a small container with the protein side up. 

Block the membrane with Blotto for one hour at RT on a shaker. Rinse the membrane 

with PBS-T and wash the membrane three times with PBS-T on a shaker at RT, each 

time 10 minutes. 

Put the membrane in a 50 ml falcon tube, with the protein side facing the inner side of 

the tube. Dilute the primary antibody in 10 ml Blotto as shown in Table 41. Incubate 

the membrane with diluted primary antibody-Blotto on a roller, at 4 ⁰C overnight. 

Rinse the membrane with PBS-T quickly and wash it three times at RT on a shaker, 

each time 10 minutes. Then dilute HRP conjugated secondary antibody in Blotto and 

incubate the membrane on a shaker at RT for 2 hours. Rinse and wash the membrane 

as shown before.  
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Table 41 Primary and secondary antibodies for Western blot 

Name Host  Supplier, reference  Storage Dilution/ 

amount 

Phospho-CSF1r positive 

control 

Human  Cell Signalling, 21101S -30 ⁰C 5 µl 

Phospho-CSF1R primary Ab Rabbit  Cell Signalling, 3155S -30 ⁰C 1: 1000 

CSF1R primary Ab Rabbit  Cell Signalling, 3152S -30 ⁰C 1: 1000 

CRX primary Ab Rabbit Sigma, HPA036762, 

HPA036763 

-30 ⁰C 1:1000 

Anti-Rabbit HRP  

(secondary Ab) 

Donkey  GE, NA934 4 ⁰C 1: 5000 

                                                           Continued on next page 

Flag-M2 primary Ab Mouse Sigma, F1804 -30 ⁰C 1: 1000 

Beta-actin primary Ab Mouse Sigma, A2228 -30 ⁰C 1: 10000 

Anti-Mouse HRP  

(secondary Ab) 

Sheep  GE, NA931 4 ⁰C 1: 10000 

 

2.7.7 Imaging 

Before imaging, set up the ChemiDoc imaging system and Image Lab 6.0.1 software. 

Select application: blots-chemi, under Image Exposure Signal Accumulation Mode, 

click Setup, to setup the length of exposure and number of images to take. For example, 

take 12 images within 120 seconds, every 10 seconds will take a picture. Then click 

Position Gel with the shutter off.  

Put the membrane on a transparency membrane with the side of protein facing up. 

Drop 1 ml Luminata Forte Western HRP Substrate onto the membrane. Cover the 

membrane with another transparency membrane. Get rid of the bubbles. Then take 

image. 

After images are taken, select all the images and right click to save all. Then take photo 

of ladder without moving the membrane. Select custom-EpiWhite; make sure the size 

of the image is the same as previous photos. Merge the blot and EpiWhite images in 

Image Tools. 

2.7.8 Re-blotting 

If different proteins are to be detected on the same membrane, and it is hard to cut the 

membrane due to the similar sizes of the proteins, re-blotting is required. 

If the host of primary antibodies are the same, harsh stripping is necessary. After HRP 
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imaging, rinse and wash the membrane with PBS-T. Incubate the membrane in harsh 

stripping buffer at 50 ⁰C for 50 minutes, cover the container with cling wrap tightly to 

avoid the evaporation of 2-mercaptoethanol. After incubation, rinse the membrane 

thoroughly to get rid of the remaining harsh stripping buffer. Then re-block the 

membrane with Blotto at RT for 1 hour. After this, blot the membrane with new 

antibody. 

For primary antibodies from different hosts, mild stripping is enough. Incubate the 

membrane in commercial mild stripping buffer at RT for 20 minutes, then rinse the 

membrane and do primary antibody incubation. 
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Chapter 3 Identification, Cloning, and Expression of Novel 

Oncogenic Fusions 

3.1 Identification of novel oncogenic fusion genes 

As mentioned in section 1.2.6, blood or bone marrow samples of paediatric T-ALL 

patients were obtained from Children’s Cancer Centre Tissue Bank, MCRI. The patient 

RNA was extracted and sent for RNA sequencing. The sequencing data was analysed with 

JAFFA and Clinker v1.32, to define the genes involved and the break points. cDNA was 

cloned using RT-PCR from patient RNA templates. 

To confirm the break points, primers were designed on the ends of the break point. The 

forward primer aligns with the 5’ gene1, and the reverse primer aligns with the 3’ gene2. 

Through PCR reaction using cDNA as template, double strand fragments covering the 

break point can be generated and detected by DNA gel electrophoresis. Sanger sequencing 

was also carried out, to check point mutations of the fusion gene. Restriction enzyme 

recognizing sites were added to the ends of the fusion gene by PCR. The PCR products 

were then inserted into amplification vectors like pGEM-T or expression vectors like 

MIG, for further analysis. 

From the novel oncogenic fusion genes identified from paediatric T-ALL patients, two 

novel fusion genes, ETV6-CRX and TCF7-CSF1R, were selected for study in this project. 

3.1.1 ETV6-CRX 

The ETV6-CRX fusion gene was identified from the sample of a 6 years 9 months old 

girl. She was diagnosed as ETP-ALL, with white blood cell count 4.3x109/L; no 

chromosome abnormality was detected by karyotyping. The patient received 

hematopoietic stem cell transplantation and suffered from relapse 5 months later. Then 

secondary transplantation was carried out. The patient relapsed 3 months later. Now 

the patient is in remission. The diagnosis of the patient, ETP-ALL, which is the most 

immature subtype of T-ALL, corresponds to the hypothesis that this fusion functions 

by blocking cell differentiation. (Supplement 3, Supplement 5) 

The image presenting the structure of ETV6-CRX was generated by Clinker software 

from the RNA-sequence fastq files. The exon 5 of ETV6 is fused to exon 3 of CRX. 

This fusion protein includes the HLH domain and internal domain of ETV6, and the 

Homeobox domain of CRX. (Figure 6)  

The ETV6-CRX fusion protein is 67.4 kDa in theory. The DNA sequence of this fusion 

gene is shown in Supplement 1.  
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Figure 6 Clinker image of ETV6-CRX 

This image shows the structure of ETV6-CRX fusion gene. From top to bottom, are the scale, the coverage 

of the fragment, the involved genes, functional domains of the translation products, transcript isoforms, and 

sashimi plot showing the breakpoint and the number of linked reads supporting the fusion. Most reads are 

the fusion of exon 1-5 of ETV6 and exon 3-4 of CRX.  

3.1.2 TCF7-CSF1R 

The TCF7-CSF1R fusion gene was identified from a 9-year-old boy. The patient was 

diagnosed with cortical T-ALL. The patient had 153x109 white blood cells/L at 

diagnosis. The karyotype was abnormal showing a translocation involving 

chromosome 1 and 11: t(1;11;1)(p22;p11;q21) and a dicentric translocation involving 

chromosome 7 and 9: dic(7;9)(p13;p13). Now the patient is in remission. (Supplement 

4, Supplement 5) 

There are two isoforms of TCF7-CSF1R fusion gene: full length (FL) and truncated 

(tr), arising from alternate start sites in TCF7. The FL-TCF7 covers the exon 1-3, and 

the tr-TCF7 covers part of exon 3. The image generated from Clinker shows most 

transcripts join the exon 3 of TCF7 to the exon 12 of CSF1R. The fusion protein 

contains part of β-catenin binding domain of TCF7 and tyrosine kinase domain of 

CSF1R. (Figure 7)  

The FL TCF7-CSF1R fusion protein is 63 kDa in theory. The tr TCF7-CSF1R is 51.7 

kDa. The DNA sequence of TCF7-CSF1R fusion gene is shown in Supplement 2. 
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Figure 7 Clinker image of TCF7-CSF1R 

The image shows the structure of TCF7-CSF1R fusion gene. From top to bottom, are the scale, the coverage 

of the fragment, the involved genes, functional domains of the translation products, transcript isoforms, and 

sashimi plot showing the breakpoint and the number of linked reads supporting the fusion. Most reads are 

the fusion of exon 1-3 of TCF7 and exon 12-22 of CSF1R.  

 

The expression levels of these two novel fusions are represented by log2+1 RNA reads of 

CSF1R and CRX, separately. The expression level of CSF1R and CRX in all other T-ALL 

samples sequenced as part of the ALL RNA sequencing program in our laboratory are 

shown as comparators. In TCF7-CSF1R positive patient, the CSF1R expression level is 
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greater than the mean expression level in T-ALL, and is the third highest of all samples. 

In the ETV6-CRX positive patient, the expression level of CRX is higher than all other 

samples, in which CRX expression is close to zero. This high level of expression is 

maintained in the relapse sample. (Figure 8) This high level of ETV6-CRX expression 

partly affirms its role in leukaemogenesis, and makes the hypothesis that “abnormal 

expression of CRX supports tumour cell survival” reasonable. 

 

Figure 8 Expression level of CRX and CSF1R in T-ALL patients 

The figure shows the CSF1R and CRX expression level in T-ALL patients. The gene expression level is 

represented by log2 RNA reads +1. The left part of the plot shows CSF1R expression level in TCF7-CSF1R 

positive patient (green dot) compared to TCF7-CSF1R negative T-ALL cases (grey dots). It is higher than 

average level and is the third highest in all samples. The right part of the plot shows CRX expression level 

in ETV6-CRX positive patient (violet dot for initial onset, violet triangle for relapse) is significantly higher 

than CRX fusion negative T-ALL cases.  
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3.2 Expression of fusion genes with MIG vector 

The fusion genes ETV6-CRX and TCF7-CSF1R were originally cloned into retroviral 

vector MIG (Figure 9) after identification.  

 

Figure 9 Map of MIG vector 

The MIG vector is a retroviral expression vector, with GFP as fluorochrome marker and ampicillin 

tolerance. Map created with SnapGene. 

 

Retrovirus encoding ETV6-CRX-MIG, FL/tr TCF7-CSF1R-MIG were infected into 

Ba/F3 cells. Infected cells were sorted for expression of Green Fluorescent Protein (GFP). 

These cells were harvested and protein extracted, then analysed by Western blot. 

Anti-CSF1R antibody detected bands between 50 kDa and 75 kDa for Ba/F3 cells infected 

with FL/tr TCF7-CSF1R-MIG constructs. The FL protein has a higher band. (Figure 10)  
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Figure 10 TCF7-CSF1R-MIG expression in Ba/F3 cells 

This plot shows the expression of TCF7-CSF1R genes in Ba/F3 cells with MIG vector, detected with anti-

CSF1R antibody by Western blot. Wild type Ba/F3 cells are negative control. Bands of FL and tr TCF7-

CSF1R can be observed between 75 kDa and 50 kDa, in normal mIL-3 condition (0.5). A very low level of 

phosphorylated CSF1R can be detected in the truncated form. As to cells after zero mIL-3 (0) selection, the 

FL total protein level increases a little bit, while no phosphorylated CSF1R can be detected. As to the 

truncated form, total protein level becomes lower, similar to the increased phospho-CSF1R level. β-actin is 

used as a protein amount reference. 

 

For ETV6-CRX-MIG, anti-CRX antibody could not detect band at the designated size. 

(Supplement 8, B) The ETV6-CRX construct was then infected into 293T cells. Protein 

was extracted from the infected 293T cells as well as the virus producing 293T cells, for 

Western blot. No band was detected in these cells. (Figure 11) This means the ETV6-

CRX-MIG construct is hard to be expressed.  

 

Figure 11 ETV6-CRX-pFTRE expression in 293T cells 

This plot shows ETV6-CRX expression in 293T cells, detected by anti-CRX antibody. Wild type 293T cells 

(w) are negative control. Three constructs, (Flag) ETV6-CRX-pFTRE, ETV6-CRX-MIG are tested. 293T 

virus producing cells (p) and target cells (t) are collected. Each group of pFTRE constructs has two 

independent batches. Widespread bands at around 75 kDa can always be observed in virus producing cells 

with pFTRE vectors. Band also appears in batch 1 of target cells infected with ETV6-CRX-pFTRE.  
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3.3 Expression of fusion genes infected into human lymphoid cell lines 

The T-ALL cell lines (JURKAT, CCRF-CEM, MOLT4) and a lymphoma cell line (SR) 

were used to assess infection rate and protein expression level of the leukaemia fusions 

prior to virus infection and exogenous gene expression in hiPSC-derived T cells.  

Infect these cells with fusion-containing MIG vectors. 293T cells were used as positive 

control. The infection rates were presented by GFP positive percentage, measured by flow 

cytometry. In each fusion gene cohort, the infection rate of JURKAT was as high as 293T 

cells, the infection rate of SR was still considerable. The infection rate of the other two 

cell lines were lower than 1%. (Figure 12, A) This indicates that some T-ALL cell lines 

are hard to get infected by retrovirus. 

Cells infected with fusion genes in MIG vector were grown up and sorted, then the protein 

expression level was analysed by Western blot. Ba/F3 and 293T target cells were used as 

positive controls for TCF7-CSF1R detection. 293T cells infected with ETV6-CRX-

pFTRE were used as a positive control for ETV6-CRX detection. (Refer to Section 3.4.4) 

The FL/tr TCF7-CSF1R protein expression level in 293T target cells was quite high. A 

background of CSF1R could be observed in uninfected 293T cells, which might due to 

the contamination from the neighbouring well, or endogenous splice isoforms of CSF1R. 

The protein expression levels in lymphoid cell lines were similar to, or lower than Ba/F3 

cells (Figure 12, B) The uninfected control of lymphoid cell lines are shown in 

Supplement 9. 

As to ETV6-CRX-MIG, only CCRF-CEM cells were detected with a weak band at around 

75 kDa. (Figure 12, C) 
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Figure 12 Fusion gene expression in human lymphoid cell lines 

A) The chart shows the infection rate of human lymphoid cell lines by FL TCF7-CSF1R (FL), tr TCF7-

CSF1R (tr), and ETV6-CRX in MIG vector, measured by flow cytometry. The infection rate of 293T cells 

is positive control. The lymphoid cell lines are JURKAT (JK), SR, MOLT4 (MT), and CCRE-CEM (CC). 

The general infection rate of ETV6-CRX-MIG is lower than TCF7-CSF1R-MIG constructs. The infection 

rates of JURKAT cells are similar to 293T cells. Those of SR cells are appreciable, about 50% of the positive 

control. The infection rates of MOLT4 and CCRF-CEM cells are lower than 1%.  

B) The plot compares the expression levels of FL (the upper two lanes) and tr (the lower two lanes) TCF7-

CSF1R in MIG vector, in positive controls 293T, Ba/F3 cells and lymphoid cell lines JURKAT (JK), SR, 

CCRF-CEM (CC), and MOLT4 (MT). Wild type 293T cells (-) are negative control. The protein levels in 

293T (+) cells are much higher than Ba/F3 cells. The protein expression levels of lymphoid cell lines are 

similar or a bit lower than those of Ba/F3 cells. β-actin is used as protein amount reference. 

C) The plot shows expression level of ETV6-CRX-MIG in lymphoid cell lines. The first two lanes are wild 

type 293T cells (-) and target 293T cells infected with ETV6-CRX-pFTRE as positive control (+). The rest 

are target JURKAT (JK), SR, CCRF-CEM (CC), and MOLT4 (MT) cells. Only a weak band of CCRF-

CEM cells can be observed at around 75 kDa. β-actin is used as a protein amount reference. 

3.4 Expression of novel fusion genes with lentiviral vector 

Lentiviral infection tends to have a higher infection rate for slow-proliferating cells. 

Therefore, I planned to use lentivirus for hiPSC-derived T cell infection. As Ba/F3 cells 
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are broadly used in functional assay for leukaemia study, the infection rate of several 

lentiviral vectors were firstly tested and compared in Ba/F3 cells. 

3.4.1 Comparison of the infection rate of lentiviral vectors 

To find a lentiviral vector suitable for fusion gene expression, three vectors with Red 

fluorochrome were tested. These vectors are SMp152 (Supplement 6), FUIMW 

(Supplement 7), and pFTRE (Figure 13). SMp152 and FUIMW are non-inducible 

lentiviral vectors. pFTRE vector is a Tet-on lentiviral vector. Gene expression of this 

vector will be turned on with enough dose and time length of DOX treatment. PGK 

promoter controlling tdTomato gene sits down stream of Tet promoter. Produce virus 

with these lentiviral vectors, as well as two different envelope vectors, VSVG and Env. 

Infect Ba/F3 cells with the viruses to compare the infection rates among the three 

expression vectors as well as the two envelope proteins.  

The pFTRE vector with the combination of VSVG had the highest infection rate. The 

infection rate of SMp152 was also appreciable, but this vector was difficult to amplify 

in competent cells. (Figure 15, A) pFTRE was chosen as the lentiviral expression 

vector for the following experiments.  
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Figure 13 Map of pFTRE vector 

The pFTRE vector is a lentiviral expression vector. It has ampicillin tolerance. It has two separate promotors, 

tight TRE promotor is controlled by DOX; PGK promotor controls the expression of rtTA and tdTomato, a 

red coloured fluorochrome marker. In empty vector, upstream tight TRE promotor will infect the PGK 

promotor. Map created with SnapGene.  

3.4.2 Clone fusion genes into pFTRE vector 

The cloning strategy was as follows.  

Digest the FL/tr TCF7-CSF1R-MIG construct with EcoRI to cut out the FL/tr TCF7-

CSF1R fusion gene. Separate the fusion genes with DNA gel electrophoresis and 

purify the mixture. Digest the pFTRE empty vector with EcoRI. To avoid self-ligation, 

add phosphatase to the digestion mixture. Ligate the FL/tr TCF7-CSF1R to pFTRE 

vector and undergo competent cell transformation, screening, and plasmid 

precipitation. Before BigDye Sanger sequencing, digest the precipitation products with 
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EcoRV to check the success of insertion and whether the insert is in right direction. 

(Figure 14)  

 

Figure 14 Digestion map of FL TCF7-CSF1R + pFTRE ligation product 

This digestion map is an example for ligation product screening. This is generated by website NEBcutter 

v2.0. The ligation products of FL TCF7-CSF1R + pFTRE are digested by EcoRV. A) Empty pFTRE vector. 

B) FL TCF7-CSF1R ligated in reverse direction. C) FL TCF7-CSF1R ligated in right direction. 

 

For ETV6-CRX gene, add PmeI and XbaI to the 5’ and 3’ ends separately by gradient 

PCR. Annealing temperatures range from 60 ⁰C to 66 ⁰C, the interval is 2 ⁰C. Add Flag 

tag to the 5’ end of the gene for easier expression detection. Run DNA electrophoresis 

of the PCR product and pick a brightest band at the right size for purification. Ligate 

the gene into amplification vector pGEM-T and grow up. After digestion out of pGEM-

T easy vector, the (Flag) ETV6-CRX fragment is blunt at 5’ end, and has a 5’ overhang 

(5’CTAG3’) at the 3’ end generated by XbaI. The MCS of pFTRE vector is BamHI-

EcoRI-NheI/BmtI. The overhang generated by NheI is the same as XbaI, but pFTRE 

cannot generate a blunt end by enzyme digestion. So firstly digest pFTRE with BamHI, 

treat with T4 DNA polymerase to generate blunt end. Purify the backbone, and digest 

with NheI. In this way, the pFTRE backbone is ready for ligation. After colony 

screening and plasmid precipitation, digest the products with EcoRI and XhoI and run 

DNA electrophoresis to test the success of insertion. Exclude point mutation with 

BigDye sequencing, use “pFTRE-wide-seq-FOR” “pFTRE-wide-seq-REV” “ETV6-

CRX BP R” primers for full coverage.  

3.4.3 Determine doxycycline induction dose of pFTRE vector 

For Ba/F3 cells infected with pFTRE vector, treat 1 M cells with 500 ng/ml DOX for 

1 day. Flow cytometry showed a distinguished population with up-regulated red 
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fluorescent level. (Figure 15, B) This indicates that the Tet promotor influences 

downstream PGK promotor to some extent. This feature can be used to indicate the 

induction strength of different concentrations of DOX.  

I then assessed the balance between gene expression induction and cell viability of 

DOX treatment. Culture Ba/F3 cells with pFTRE vector at the density of 500 k/ml, 

with a gradient of DOX concentration: 5 ng/ml, 100 ng/ml, 200 ng/ml, 500 ng/ml, 750 

ng/ml, and 1000 ng/ml. Top up ½ medium and DOX at day 3. Measure cell viability 

and the percentage of up-regulated tdTomato population at day 3 and day 6 with flow 

cytometry.  

The percentage of dead cells between different doses of DOX treatment had no big 

difference, which means cells are still tolerant of the 1000 ng/ml DOX treatment. The 

percentage of cells with up-regulated tdTomato level increased as the increase of DOX 

concentration at day 3. At day 6, the percentage of cells with up-regulated tdTomato 

level between 750 ng/ml and 1000 ng/ml DOX treatment were quite similar. (Figure 

15, C) The concentration of DOX induction of pFTRE vector in the following 

experiment was then decided at 1000 ng/ml, which cells tolerate and induces clear 

expression of CSF1R.  

3.4.4 Express fusion genes with pFTRE vector and set doxycycline induction 

time length 

Express FL/tr TCF7-CSF1R-pFTRE constructs in 3T3 and Ba/F3 cells. Expression 

was induced with DOX at 1000 ng/ml for 6 days. Change new media with DOX every 

two days. Collect one well of cells every day for Western blot. 3T3 cells seemed to be 

very sensitive to DOX induction. The gene expression levels of FL/tr TCF7-CSF1R 

genes reached a high level after one-day treatment, and did not increase in further 

treatment. Gene expression levels in Ba/F3 cells seemed to reach the peak after 3 days 

of DOX induction. (Figure 15, D) Therefore, for mIL-3 withdrawal assay (section 4.2), 

Ba/F3 cells were pre-treated with DOX for 3 days before mIL-3 withdrawal. 

For (Flag) ETV6-CRX-pFTRE, express the construct in 3T3 cells and induce with 

DOX for 6 days. Detect the CRX residue with two CRX antibodies targeting at 

different epitopes (Table 41) by Western blot. Band at around 75 kDa was detected in 

both non-induced and induced cells. As there was no negative control in the first blot, 

I reloaded the samples with negative control. However, no band was detected in all 

samples. The construct with Flag tag was not detected, either with anti-CRX or anti-

Flag antibodies in the first and second blot. (Supplement 8, A, B) I repeated the 

infection and DOX induction in 3T3 cells. No band was detected. (Supplement 8, C) 

Then the (Flag) ETV6-CRX-pFTRE construct was expressed in Ba/F3 and 293T cells 

and induced with DOX for 2 days. The virus producing 293T cells were also collected 

for Western blot. No band was detected in Ba/F3 cells. (Supplement 8, C) A widespread 
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protein line could always be detected by anti-CRX antibody, in 293T virus producing 

cells. The centre of the band sat at around 75 kDa. This means the ETV6-CRX region 

can be read through in virus producing cells. In 293T target cells, the CRX residue 

could be detected in one batch of infection. (Figure 11) This indicates that ETV6-CRX 

gene is hard to be expressed. 
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Figure 15 Features of pFTRE vector 

A) This chart shows the infection rate of Ba/F3 cells with lentiviral vectors. Two kinds of envelope vectors, 

Env (black block) and VSVG (grey block) are used. All the groups with Env vector have a low infection 

rate. As to infections with VSVG envelope vector, the pFTRE vector has the highest and appreciable 

infection rate. 

B) The plots show the change of tdTomato expression level of Ba/F3 cells infected with pFTRE vector, 

measured with flow cytometry. The x axis is at compensation YG586_15-A (tdTomato); the y axis is at 

compensation B530_30-A (GFP). The plot on the left shows cells not treated with DOX, as negative control. 

The plot on the right shows cells treated with DOX for 24 hours. The total tdTomato-positive percentage 

does not change after DOX treatment, but a population with up-regulated tdTomato level appears after DOX 

treatment.  

C) The charts show the percentage of up-regulated tdTomato population of pFTRE-infected Ba/F3 cells 

under a gradient of DOX treatment after 3 (D3) and 6 days (D6), measured by flow cytometry. The DOX 

concentration varies at 0, 5, 100, 200, 500, 750, and 1000 ng/ml. Dead cells (dead) are in blue colour; live 
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cells (live) are in pink, deep pink, and red colour; tdTomato positive cells (tdTomato) are in deep pink and 

red colour; up-regulated tdTomato cells (up regulated) are in red colour. After 3 days of DOX treatment, 

the up-regulated percentage increases as the increase of DOX concentration. After 6 days of DOX treatment, 

the up-regulated percentage of the 750 and 1000 ng/ml cohorts are similar. The percentage of dead cells are 

similar across all cohorts. 

D) The plots show the expression level change of TCF7-CSF1R genes in pFTRE vector (FL, tr), after 1000 

ng/ml DOX treatment for 1 to 6 days (1, 2, 3, 4, 5, 6), with anti CSF1R antibody by Western blot. Two cell 

lines, 3T3 and Ba/F3 are tested. Wild type 3T3 and Ba/F3 cells are negative controls. 3T3 cells are sensitive 

to DOX, both FL and tr isoforms attain a high level at day 1. The expression levels of FL and tr genes in 

Ba/F3 cells increase as DOX treatment progresses and attain a high level after 3 days of induction. β-actin 

is used as a protein amount reference. 

3.5 Conclusion  

The ETV6-CRX and FL/tr TCF7-CSF1R novel fusion genes were identified from T-ALL 

patient samples through RNAseq. The expression level of ETV6-CRX in original patient 

is significantly higher than average level. The expression level of TCF7-CSF1R is the 

third highest of all samples. This indicates the role of the ETV6-CRX and TCF7-CSF1R 

in leukaemogenesis.  

TCF7-CSF1R expression can be detected in all the tested cell lines. The expression of 

ETV6-CRX protein can only be detected in 293T virus producing cells as well as one 

batch of 293T target cells, in pFTRE expression vector. This indicates that ETV6-CRX is 

hard to be expressed. 

The infection rates of fusion-containing MIG vectors for JURKAT and SR cells are 

appreciable, but are very low in MOLT4 and CCRF-CEM cells. This indicates that some 

human T-ALL cell lines are hard to be infected. The expression levels of TCF7-CSF1R 

in these lymphoid cell lines are similar to that in Ba/F3 cells, but much lower than in 293T 

cells. This can provide a reference for virus infection and protein expression in hiPSC-

derived T cells. 
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Chapter 4 Investigate the Biology of Fusion Genes in 

Conventional Cell Line  

As reported, some CSF1R fusions can support mIL-3 independent survival of Ba/F3 cells. 

Therefore, I used mIL-3 withdrawal assay of Ba/F3 cells to investigate the features of the 

two novel oncogenic fusions. The TCF7-CSF1R fusion is supposed to support Ba/F3 cells 

survive and proliferate. While the ETV6-CRX fusion is not supposed to function in this 

assay as it does not have tyrosine kinase domain. The TCF7-CSF1R and ETV6-CRX are 

expressed whether in mostly used MIG vector or Tet-on lentiviral pFTRE vector.  

This chapter also tells us whether pFTRE vector is suitable for functional assay and gene 

expression in hiPSC-derived T cells.  

4.1 mIL-3 withdrawal assay of fusion-MIG infected Ba/F3 cells 

Ba/F3 cells expressing FL/tr TCF7-CSF1R, ETV6-CRX in MIG vector were expanded 

in culture. Wild type Ba/F3 cells were used as a negative control. Ba/F3 cells with BCR-

ABL1-MIG construct were used as a positive control. Set these cells into mIL-3 

withdrawal assay. At the end of induction (when all recovered zero mIL-3 groups have a 

viability around 80%), collect all groups of cells with PhosSTOP-containing PBS for 

Western blot analysis.  

In zero mIL-3 condition, the viability of wild Ba/F3 cells dropped to 20% at day 2, and 

near zero at day 4. The total live cell number of wild type cells was also at a low level 

without mIL-3. Variations may occur when live cell number is low and dead cells are at 

a high percentage. Ba/F3 cells infected with BCR-ABL1-MIG remained high viability 

and had a slightly higher proliferation rate than wild type cells, after zero mIL-3 selection.  

The viability of FL/tr TCF7-CSF1R-MIG infected Ba/F3 cells dropped evenly in the first 

four days. Day 4 or day 5 was a turn point, after which their viability increased and could 

recover to 70-80% without passaging. The total live cell numbers also remained the same 

in the first four days. Then the cell numbers started to increase. The proliferation rates 

were lower than cells in normal mIL-3 concentration or selected BCR-ABL1 cells. 

(Figure 16, A) This supports the hypothesis that TCF7-CSF1R can support Ba/F3 cells 

survive and proliferate without mIL-3. It also indicates that TCF7-CSF1R is a weak driver 

compared to BCR-ABL1. 

Ba/F3 cells with ETV6-CRX-MIG behaved similar as wild type cells in zero mIL-3 

condition. They even had a lower viability at day 2. The total live cell number also had 

no big difference from the wild type cells, with some wave at day 8 and 10. This is 

considered to be either natural selection of cells with zero mIL-3 tolerance, or the 

inaccuracy of trypan blue counting by the machine. (Figure 16, B) This indirectly supports 
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the hypothesis that ETV6-CRX mainly functions by blocking cell differentiation. 

Compared to pre-selection Ba/F3 cells bearing FL/tr TCF7-CSF1R-MIG constructs, the 

FL cells had an increased protein expression level, but almost no phosphorylated CSF1R 

residue detected. The selected cells with truncated isoform had a lower total TCF7-

CSF1R protein level, but with an obvious increase of phospho-CSF1R level. (Figure 16, 

C) This supports the hypothesis that TCF7-CSF1R has tyrosine kinase activity and has an 

abnormal CSF1R expression level.  

 

Figure 16 mIL-3 withdrawal assay of fusion-MIG Ba/F3 cells 

A) The charts show Ba/F3 viability (left) and total live cell number (right) in a 10-day mIL-3 withdrawal 

assay. Normal mIL-3 concentration is 0.5 ng/ml (0.5). MIG is used as the expression vector. Wild Ba/F3 

cells are negative control. Cells infected with BCR-ABL1-MIG are positive control, with no significant 

viability change and slightly higher growth speed in zero mIL-3 treatment. In zero mIL-3 condition, cells 

infected with TCF7-CSF1R-MIG vectors have viabilities drop more slowly than negative control. The 

viabilities recover at day 4 and can reach 80% at day 10. The total live cell number of these two groups also 

increase, more slowly than BCR-ABL1 positive control and groups in normal mIL-3 condition.  

B) Zero mIL-3 group of cells infected with ETV6-CRX-MIG behaves similar to negative control, with 

viability drops to zero in 4 days and no increase in cell number.  

4.2 mIL-3 withdrawal assay of fusion-pFTRE infected Ba/F3 cells 

Ba/F3 cells were infected with FL/tr TCF7-CSF1R-pFTRE, ETV6-CRX-pFTRE 

constructs, induced with DOX for 3 days before mIL-3 withdrawal assay. Cells infected 
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with empty pFTRE vector and cells not induced with DOX were negative controls. 

Measure live cell number and collect cells for flow cytometry to measure viability every 

two days. Split cells and top up DOX in time. As cells could not survive in 20 days, I 

repeated this section with the addition of lower mIL-3 (0.01 ng/ml) group. Three 

independent batches were conducted for FL/tr TCF7-CSF1R-pFTRE cells.  

The behaviour of Ba/F3 cells with all the three constructs had no significant difference 

from the cells with empty vector, induced with DOX or not. All these groups had a 

viability around 90% in normal (0.5 ng/ml) mIL-3 condition. The viability of cells in 

lower mIL-3 dropped to about 40% on day 4, after which it recovered slowly. Almost all 

cells died in zero mIL-3 condition in 4 days. (Figure 17, A) This indicates that the protein 

expression level of TCF7-CSF1R in pFTRE vector may not be enough to support Ba/F3 

cell survival and proliferation. 

4.3 TCF7-CSF1R protein expression level comparison: MIG versus 

pFTRE 

As FL/tr TCF7-CSF1R gene can drive Ba/F3 cells survive with MIG but not pFTRE 

vector, the FL/tr TCF7-CSF1R protein expression levels of these two vectors before mIL-

3 withdrawal were assessed. Collect TCF7-CSF1R-MIG Ba/F3 cells before mIL-3 

withdrawal. Collect FL/tr TCF7-CSF1R-pFTRE Ba/F3 cells induced by DOX for 3 and 

6 days. Run the samples on the same gel. Ba/F3 cells with pFTRE empty vector and with 

FL/tr TCF7-CSF1R-pFTRE but not induced with DOX, were negative controls. 

As the β-actin expression levels were similar between these samples, it was obvious that 

the FL/tr TCF7-CSF1R proteins had a much lower expression level in pFTRE vector than 

in MIG vector, after 3 or 6 days DOX induction. (Figure 17, B) This can explain the result 

of section 4.2, and indicates that the expression ability of pFTRE vector is lower than 

MIG vector. 
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Figure 17 mIL-3 withdrawal assay and Protein expression level of pFTRE vector 

A) The charts show the viability change of a 12-day mIL-3 gradient assay of Ba/F3 cells infected with FL 

(left)/tr (right) TCF7-CSF1R-pFTRE and ETV6-CRX-pFTRE (below) vectors. Three independent batches 

are carried out for the TCF7-CSF1R constructs. The dots show the mean value and standard difference of 

the data. Cells with empty pFTRE vector and cells not induced with DOX are negative control. Each group 

of cells are divided into three groups of mIL-3 concentration, normal (0.5), low (0.01) and zero (0), with or 

without DOX induction. No significant difference between control and experimental groups can be 

observed. All these cells have a dropped viability under 0.01 ng/ml mIL-3 treatment, and maintains at 

around 60% after day 4. In zero mIL-3 condition, the viabilities of these groups drop faster than in 0.01 

ng/ml mIL-3, and reach 0% after day 4. 

B) This plot compares FL/tr TCF7-CSF1R expression levels of pFTRE and MIG vector in Ba/F3 cells, with 

anti-CSF1R antibody by Western blot. Cells infected with pFTRE empty vector (e) and FL/tr pFTRE 

without DOX induction (0) are used as negative controls. Cells expressing TCF7-CSF1R in pFTRE vector 

induced with DOX for 3 or 6 days have an obvious lower expression level than those infected with MIG 

vectors. β-actin is used as a protein amount reference. 
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4.4 Conclusion  

With MIG vector, TCF7-CSF1R can support the survival and proliferation of Ba/F3 

cells, but it is a weak driver compared to BCR-ABL1. After zero mIL-3 selection, Ba/F3 

cells have an elevated expression level than FL TCF7-CSF1R; phospho-CSF1R residue 

is detected in cells expressing tr TCF7-CSF1R. This indicates the TCF7-CSF1R may 

function by elevating expression level of CSF1R or phosphorylating CSF1R residue. 

 

With pFTRE vector, TCF7-CSF1R cannot support Ba/F3 cell survive and proliferate. 

This may due to the low expression level of pFTRE vector, compared to that of MIG. 

 

ETV6-CRX does not support the survival or proliferation of Ba/F3 cells as expected, as 

it does not have tyrosine kinase activity.  
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Chapter 5 Assess the Feasibility of Setting Up a hiPSC-

derived T-ALL Model 

To prepare for the new T-ALL model, assess the feasibility of setting up hiPSC-derived 

T-ALL model, by testing the infection rate and protein expression level in T-

ALL/lymphoma cell lines (Refer to section 3.3); testing the efficiency of different hiPSC-

T cell differentiation protocols; assessing the interference between infection and 

differentiation; carrying out cytokine withdrawal during differentiation to prepare for 

functional assay. 

5.1 Efficiency comparison of hiPSC-T cell differentiation protocols and 

SP T cell generation 

Carry out three hiPSC-T cell differentiation protocols as mentioned previously: the 

monolayer differentiation, the monolayer + ALI differentiation, and the swirler + ALI 

differentiation. This is a process of optimisation, which means the protocols, especially 

the cytokine combinations listed are the final version that had a better outcome. Each time 

point when cells are collected for flow cytometry can be considered as a significant time 

point of differentiation, like haematopoietic lineage commitment, CD7/CD5 expression, 

and CD4/CD8 expression. 

5.1.1 Monolayer systems can generate limited number of SP T cells 

In the monolayer differentiation system, at day 6, most cells are expressing DLL4, as 

haematic-endothelial co-progenitor cells. Among these cells, large amounts of cells 

start to commit to CD34+ haematopoietic lineage. Like in vivo development, the 

CD34+ cells start to express CD43, but not yet CD45. At day 6+8, most cells are CD45+ 

haematopoietic cells. They start to express CD7, committing to lymphoid lineage. 

Cells are still CD5, CD4 negative. At day 6+20, cells are converting from CD7+ to 

CD5+. They also start expressing CD4, which indicates the transition from DN to DP 

stage. At day 6+29, the CD7 and CD5 markers fade away, as cells are committing to 

CD4 CD8 DP cells. Some cells even become CD8 SP cells. The CD4 SP cells are hard 

to distinguish, as CD4+ cells could be at the stage before committing to DP cells. 

Almost no cells are expressing CD3, which is different from in vivo differentiation. 

(Figure 18)  

The monolayer + ALI differentiation system seems to be more efficient than 

monolayer alone. At day 6+7, most cells are CD34 and CD45 positive haematopoietic 

cells. More cells are committing to CD7 expression, but most cells are still not 

expressing CD5. At day 6+14, almost all cells are CD45+, and the expression of CD34 

drops. CD7+ cells are converting to CD5+. CD4/CD8 DP population also emerges. 

There are no CD3+ population. At day 6+24 and day 6+29, the expression of CD7 and 
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CD5 attenuates. Cells start to develop into DP and SP stages. The expression of CD3 

is still negative, but a small portion of cells expresses TCR. Same as in vivo 

differentiation, the TCR-expressing cells are DP and SP cells. (Figure 19) 

5.1.2 Swirler + ALI system is not efficient to reach DP stage 

The pattern of surface marker in swirler + ALI system is slightly different from the 

monolayer systems. At day 4, most cells start expressing a common marker of myeloid 

cells, CD13. [163, 164] These cells also start expressing CD66, a B cell marker. [165] 

Rest cells express Ep-CAM, a marker of epithelia cells and early erythropoiesis. [166] 

At day 8, most cells are CD34+. Some cells are DLL4+ as haematic-endothelial co-

progenitors. They are not CD43+. The population with high level CD34 indicates 

further haematopoietic development pattern. At day 8+25, there is a visible population 

of CD7+/CD5+ cells, but cells are not expressing CD4 or CD8. Surprisingly, there is a 

small population expressing CD3. (Figure 20) 

 



- 85 - 

 

 



- 86 - 

 

Figure 18 Surface marker transition of monolayer differentiation 

The plots show the surface marker transition of cells in monolayer differentiation, analysed by flow 

cytometry. Each lane represents a development time point. At day 6, most cells are CD34+. These cells are 

also DLL4+ and start the expression of CD43. They have not started CD45 expression. (D6) At day 6+8, 

most cells are CD34+ and CD45+. Cells start to express CD7, but have not started to express CD5 or CD4. 

(D6+8) At day 6+20, cells are converting from CD7 to CD5. More than half of the cells are CD4+. (D6+20) 

At day 6+29, the CD7 and CD5 expression fades out. DP and SP population can be distinguished, but they 

do not express CD3. (D6+29) 
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Figure 19 Surface marker transition of monolayer + ALI differentiation 

The plots show the surface marker transition of cells in monolayer + ALI differentiation, analysed by flow 

cytometry. Each lane represents a development time point. At day 6+7, most cells are CD34+ and CD45+. 

They also start expressing CD7. (D6+7) At day 6+14, the expression of CD34 fades away. Cells start the 

transition from CD7 to CD5. They also start expressing CD4. (D6+14) The DP and SP populations can be 

observed at day 6+24. A small portion of cells are TCR+. (D6+24) At day 6+29, the CD7/CD5 expression 

fades out. DP and SP percentage increases a little bit. The TCR+ portion is DP or SP (red dots in the CD8: 

CD4 plot). (D6+29) 
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Figure 20 Surface marker transition of swirler + ALI differentiation 

The plots show surface marker transition of cells in swirler + ALI differentiation. Each lane represents a 

development time point. At day 4, most cells are CD13+, and the rest cells express Ep-CAM. Part of the 

CD13 cells are CD66+. (D4) At day 8, most cells are CD34+, among which some cells have a higher level 
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of CD34, and are DLL4+ at the same time. The cells have not expressed CD43. (D8) At day 8+10, two 

populations that are separately CD34+ or CD45+ are observed. They also start expressing CD7 or CD5, in 

a pattern different from those in monolayer systems. (D8+10) At day 8+25, cells are converting from CD7 

to CD5. Little cells are CD4+ or CD8+. A small portion of cells expresses a low level of CD3. (D8+25) 

5.1.3 “Bleeding blood vessel” structure appears in swirler + ALI system 

Although the surface marker pattern of swirler + ALI system was not as good as 

monolayer systems, it provided a visualisation of differentiation process. 

The iPS-RG cells grew on the support of PMEFs before being transferred into floating 

culture at day 0. During the eight days in floating cell culture, cells formed clusters 

and grew into EBs. The EBs grew bigger and small haematopoietic cells could be 

observed in the culture at day 8. Then the EBs were transferred to vitronectin-coated 

ALI. They became flatter and expanded on the membrane. Blood vessels grew out 

from the colony-like EBs, with small, round blood cells around. These cells had green 

fluorescent in dark field as they were edited with a Rag-GFP reporter. (Figure 21) The 

“bleeding blood vessel” structure indicates a successful differentiated colony, 

undergoing gene recombination and T cell lineage commitment. 
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Figure 21 "Bleeding blood vessel" structure in swirler + ALI system 

The figures show morphologic changes of cells during swirler + ALI differentiation. The scales on the right 

lower corner of each picture provide a reference of cell size. iPS-RG cells grow on PMEF supported plate 

at day 0. (D0) At the first day of swirler culture, cell clusters grow bigger, in an irregular shape. (D1) At 

day 4, hollow EBs with inner cell mass can be observed. Small round single cells appear outside of the EBs. 

(D4) At day 8, EBs grow bigger, with more cells inside and outside. (D8) At day 8+1, the first day when 

EBs are transferred onto ALI, EBs start expand on the ALI surface. (D8+1) “Vessels” growing out from the 

EBs can be observed at day 8+6, as well as small round cells floating around. (D8+6) At day 8+12, the 

“bleeding blood vessel” structure becomes clearer. Picture A is took at a focal distance that clearly shows 

vessel structure; picture B emphases the “blood”; as iPS-RG cells were edited with Rag-GFP reporter, 

picture D shows the green fluorescence of vessels and blood cells in dark field; picture C merges the bright 

and dark field. (D8+12, A, B, C, D) 
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5.2 Interference between infection and differentiation  

As the MIG retroviral infection is not efficient in 2 out of 4 lymphoid cell lines, the 

pFTRE lentiviral infection was tested in hiPSC-derived T cells from day 6+36 monolayer 

differentiation. The CD45+ haematopoietic subgroup had a near-zero infection rate. 

(Figure 22, C) 

The undifferentiated iPS-RG cells were also infected by pFTRE virus. The percentage 

change of virus marker positive (tdTomato+) cells along differentiation was tested. iPS-

RG cells were cultured on PMEFs or Geltrex coated plate when they were infected with 

pFTRE empty vector. These cells were sorted then set into swirler + ALI differentiation. 

The infection rates were measured with flow cytometry at day 4, day 8, and day 8+10. As 

the cells grown on Geltrex did not have a good differentiation on day 8, they were not 

transferred into the following differentiation steps. The percentage of tdTomato+ cells 

dropped a lot after 4 days of differentiation, and were maintained at 15% even at 

differentiation day 8+10. (Figure 22, A) 

The differentiation efficiency of the tdTomato+ subgroup was not as good as normal cells, 

as they had higher percentage of epithelial and erythroid lineage instead of white blood 

cell lineage commitment at differentiation day 4. (Figure 22, B) 
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Figure 22 hiPSC differentiation and infection interference 

A) The chart shows the change of tdTomato+ cell percentage along monolayer differentiation, measured by 

flow cytometry. Cells are infected with pFTRE empty vector. Ba/F3 cells are virus titre reference, infected 

the same batch of virus. iPS-RG cells are originally cultured on Geltrex or PMEFs (MEF). The initial 

infection (inf) rates are around 30%, higher than Ba/F3 cells. After FACS (sort), the red cell percentage can 

attain 80%. After four days of differentiation (D4), the tdTomato+ percentages of the two culturing 

conditions drop significantly. Cells from Geltrex have a near zero tdTomato+ percentage after 8 days of 

differentiation (D8). Cells from PMEFs maintain a rate around 15% after 8 or 8+10 days of differentiation 

(D8, D8+10). 

B) The plots compare the surface marker transition between normal and two pFTRE empty vector infected 

iPS-RG monolayer differentiation groups. Each lane represents a group of cells: control, Geltrex and MEF. 

In Geltrex, MEF groups, the black dots represent total population; the red dots represent tdTomato+ cells. 

All the infected cells show a pattern of higher Ep-CAM and lower CD13, CD66 commitment. 

C) The histogram shows the pFTRE empty vector infection rate of haematopoietic lineage committed 

(CD45+) day 6+36 monolayer differentiation cells. X axis shows tdTomato strength, y axis shows cell count. 

The peak of cells infected with pFTRE empty vector (pFTRE) shows no significant difference from the un-

infected group (control).  



- 93 - 

 

5.3 IL-7 withdrawal during T cell differentiation 

To prepare for the functional assay targeting at hiPSC-derived T cells, withdraw a critical 

cytokine during differentiation. I mainly did IL-7 withdrawal during differentiation. 

In the monolayer culturing system, withdraw IL-7 at day 6+12, when CD7, CD5 cells are 

emerging. Withdraw IL-7 of another population of this batch at day 6+21, when a 

considerable group of CD4, CD8 DP cells emerged. Measure surface markers CD7, CD5, 

CD4, CD8, as well as TCR and CD3 at day 6+29.  

At day 6+20, 8 days after IL-7 withdrawal from day 6+12, percentage of cells expressing 

CD7, CD5, and CD4 was lower than control cohort. (Figure 23, A) At day 6+29, 17 days 

after IL-7 withdrawal from day 6+12, cells had a higher percentage expressing CD7, CD5. 

They also had a higher percentage of CD4 and CD8 expressing cells. At the same time, 

cells after 8 days of IL-7 withdrawal from day 6+21 had a similar percentage of cells 

expressing CD7/CD5 and CD4/CD8, compared to control group. (Figure 23, B) This 

indicates that at a relatively early differentiation stage, IL-7 withdrawal may temporarily 

slow down differentiation process, but will finally lead to a better maturation commitment. 

IL-7 withdrawal at late differentiation stage may not make difference to differentiation 

process.  
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Figure 23 IL-7 withdrawal during monolayer differentiation 

These plots compare the surface marker transition pattern between groups with different IL-7 conditions. 

Each lane represents a time point of development, indicating IL-7 withdrawal time point and length. 

A) Cells treated with IL-7 withdrawal from Day 6+12 for 8 days (D6+12+8) have less cells committing to 

CD7/CD5 expression and CD4/CD8 expression than cells in normal condition (D6+20).  

B) Cells treated with IL-7 withdrawal from day 6+21 for 8 days (D6+21+8) have similar CD7/CD5 and 

CD4/CD8 expression pattern as normal cells (D6+29). While cells treated with IL-7 withdrawal as early as 

day 6+12 for 17 days (D6+12+17) have lower CD7/CD5 negative and CD4/CD8 DN cells, thus developing 

better than cells in normal condition. 

  



- 95 - 

 

5.4 Conclusion  

The monolayer differentiation systems are more efficient than swirler differentiation 

systems, and can generate limited number of SP T cells.  

hiPSC-derived T cells are difficult to get infected by lentivirus. The percentage of cells 

bearing virus marker drops as differentiation moves forward. The cells bearing virus 

marker have a lower lymphoid lineage commitment rate compared to normal cells. This 

indicates that differentiation and exogenous gene expression conflicts with each other.  

IL-7 withdrawal at a relatively early stage of differentiation may temporarily slow down 

the differentiation process, and will finally lead to a higher percentage of T cell maturation. 

IL-7 withdrawal at late differentiation stage may not make a difference to differentiation 

process. 
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Chapter 6 Discussion and Conclusion 

6.1 ETV6-CRX expression requires optimization 

The expression of ETV6-CRX can only be definitely detected in virus producing 293T 

cells with pFTRE vector, which can be explained by the transcriptional promoter activity 

of 5’ LTR of the vector. [167] Two antibodies recognizing different epitopes of the CRX 

residue have been tested and it does not make difference to the protein detection in target 

cells. The construct with flag tag has also been tested, which is not detectable with anti-

Flag antibody. These results mean, ETV6-CRX gene has problem being expressed in 

target cells. Due to this, we cannot test its function on cell differentiation directly. 

However, the hypotheses that CRX residue plays the main role in leukaemogenesis can 

be indirectly supported. The patient was diagnosed as ETP-ALL, which has the most 

immature phenotype among T-ALL subtypes. This indicates that ETV6-CRX is most 

likely to function at an early T cell development stage and blocks T cell differentiation. 

The expression level of ETV6-CRX is incredibly high, which confirms the importance of 

this fusion gene in leukaemogenesis. This abnormal expression level of CRX also reminds 

of type 3 medulloblastoma, in which CRX has an abnormal expression level and supports 

tumour cell survival. Therefore, the hypothesis that “ETV6-CRX blocks cell 

differentiation and may also support tumour cell survival by its CRX residue” is still 

reasonable. 

As to the difficulty of ETV6-CRX expression, it is possible that these cell lineages cannot 

tolerate the expression of this fusion, as CRX is a photoreceptor/pineal cell specific gene. 

Another hypothesis is that the expression of ETV6-CRX in the original patient is driven 

by neighbouring elements in the chromosome, such as promoter and enhancer. Separating 

the fusion from its original expression environment may impair its expression. Whole 

genome sequencing may provide more information on this hypothesis. 

In the future, to study the biology of this gene, we can recover patient samples and set up 

patient-derived xenograft model in immune deficient mouse. We can carry out CRISPR-

Cas9 and create ETV6-CRX fusion in mouse. The fusion gene can also be tested to be 

expressed in other cell lines such as murine thymus derived cells.  

6.2 TCF7-CSF1R has weak auto-kinase activity 

As Ba/F3 cells infected with FL/tr TCF7-CSF1R-MIG constructs can survive and grow 

slowly in zero mIL-3 condition, I suppose that these two TCF7-CSF1R fusion proteins 

can activate tyrosine kinase pathways in Ba/F3 cells.  

After zero mIL-3 selection, the FL TCF7-CSF1R expression level increases, but only a 
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very weak phospho-CSF1R band is detected. Differently, tr TCF7-CSF1R has a decreased 

total protein level, but obviously it has a phospho-CSF1R band. The low concentration of 

phospho-CSF1R in FL cells may because of the rapid degradation of CSF1R residue after 

phosphorylation or because of the treatment during sample preparation. It is also possible 

that elevating expression level of CSF1R alone can still support Ba/F3 cells. There is also 

a possibility that the truncated form plays a main role in the patient, but the FL form still 

works in vitro. The phosphorylation of CSF1R residue may due to oligomerization or 

conformation change mediated by TCF7. We cannot tell whether there is oligomerization 

through the current Western blotting plots. Other cell lysing buffers maintaining protein-

protein interaction can be applied in the future. 

The FL/tr TCF7-CSF1R proteins are weaker oncogenic drivers compared to BCR-ABL1. 

The FL/tr TCF7-CSF1R-MIG Ba/F3 cells take at least 4 days to recover from zero mIL-

3 condition, which is far longer than those infected with BCR-ABL1-MIG. The good 

prognosis of the original patient, as well as the high but reasonable expression level of 

this TCF7-CSF1R fusion gene in the original patient also indicate that this fusion is not a 

strong leukaemia driver. 

6.3 The gene expression ability of pFTRE is weaker than MIG 

Ba/F3 cells infected with FL/tr TCF7-CSF1R-pFTRE constructs behave similar as cells 

with empty vector, which indicates that the protein expression level may not be enough 

to support cell survival. The Western blot plot also corresponds to this hypothesis, as the 

protein concentrations in pFTRE are much lower than those in MIG vector. This indicates 

that this vector may not be suitable for gene expression, either in Ba/F3 cells or for the 

hiPSC-derived T cells. The weak expression ability of pFTRE may because that the Tet-

on promoter is not as powerful as the promoter of MIG vector. 

6.4 TCF7-CSF1R may not be strong enough to drive the proliferation 

or support the survival of hiPSC-derived T cells 

As discussed above, the TCF7-CSF1R fusion genes are weak drivers compared to BCR-

ABL1. It is noteworthy that the survival of Ba/F3 cells only requires 0.5 ng/ml of mIL-3, 

which is a lot lower than cytokines used in hiPSC-T cell differentiation. Therefore, if the 

hiPSC-derived T cells are to be infected with FL/tr TCF7-CSF1R-MIG, the difference 

this fusion will make to the growth and survival of these cells may not be optimistic. 

6.5 Differentiation and virus infection efficiency of hiPSC need 

improvement  

Although swirler + ALI differentiation can generate colonies mimicking vessels and 

blood, the surface marker pattern of the cells is not as good as that in monolayer systems.  
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In late differentiation stage of monolayer system, the percentage of CD45+ population is 

actually quite low (not shown in results). Cells can attain DP and SP stages, but it is not 

practical to sort these cells. It is better to infect the whole haematopoietic population and 

track the change of percentage of these sub-populations. Freezing and thawing large 

amount of CD45+ cells can be considered, which would serve the clinic test in future. 

The percentage of remaining infected cells decreases as differentiation processes. At the 

same time, these cells tend to have higher commitment percentage to erythroid instead of 

myeloid/lymphoid lineage. This indicates that hiPSC differentiation and infected external 

gene expression interferes each other, which makes the infection of hiPSC before 

differentiation impracticable. The lentiviral infection rate of T-cell committed hiPSCs is 

near zero. By the way, the retroviral infection rate and TCF7-CSF1R expression level in 

T-ALL cell lines also provide some reference for retroviral infection and external gene 

expression level in hiPSC-derived T cells. These hiPSC-T cells are likely to have a low 

infection rate and similar TCF7-CSF1R expression level as in Ba/F3 cells, which may not 

be high enough to make a difference in T cell differentiation as discussed above. These 

facts indicate that other gene expression methods, such as CRISPR-Cas9 based 

techniques should be given a try in hiPSC-derived T cells. 

6.6 Less IL-7 may work better for late-stage T cell differentiation  

Cells set into IL-7 withdrawal assay from differentiation day 6+12 differentiate more 

slowly than control cells after 8 days of treatment. Cells treated for 17 days recover and 

differentiate better than those two groups. While cells treated from day 6+21 for 8 days 

have similar surface marker pattern as control cells. It seems that early withdraw of IL-7 

and high IL-7 at later development stage may both affect the development of T cells. This 

corresponds to the previous study, about dropping the IL-7 concentration in later 

development stage for better result. [115, 118] Dropping the IL-7 concentration between 

day 6+12 and day 6+21 can be applied for better differentiation result. This can also be 

used as a reference for functional assay, as withdrawing IL-7 at an early development 

stage will temporarily slow down the differentiation process.  

6.7 Conclusion  

The ETV6-CRX fusion gene expression has been carried out in MIG vector, pFTRE 

vector, and with Flag tag, in targeting cells including Ba/F3, 293T, 3T3, and T-

ALL/lymphoma cell lines. It is finally found out that it can be detected in virus producing 

293T cells. This means the expression of ETV6-CRX in target cells needs to be optimised. 

Also because of this, we cannot confirm our hypotheses directly. Nevertheless, its role in 

leukaemogenesis, and its possible function mechanisms can be indirectly proved by 

expression pattern in the original patient. 
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The auto-kinase activity of FL/tr TCF7-CSF1R can be confirmed by its expression in 

MIG vector in Ba/F3 cells, supporting cell survival without mIL-3, and is weaker than 

BCR-ABL1. The detection of phospho-CSF1R band in selected tr TCF7-CSF1R-MIG 

Ba/F3 cells indicates the truncated form may play an important role in T-ALL emerging 

in the original patient. This fusion may also function by elevated CSF1R expression level, 

as proved by higher FL TCF7-CSF1R expression in Ba/F3 cells after zero mIL-3 selection. 

As to hiPSC-T cell differentiation, the monolayer systems work better than swirler system, 

and can get a small portion of DP and SP population. A plan for future experiments is to 

use CD45+ cells as target cells for fusion gene expression, to carry out functional assay 

and high throughput drug screening. IL-7 concentration can be lowered at around 3 weeks 

of differentiation, for more DP and SP commitment and for functional assay reference. 

The weak protein expression level of pFTRE vector, the weak oncogenic driving ability 

of FL/tr TCF7-CSF1R, the low viral infection rate, and interference between infected 

gene expression and hiPSC differentiation all points to the most critical question we have 

to solve: we need to find an efficient gene expression method for hard-expressing genes 

such as ETV6-CRX and hard-infected cells like hiPSC-derived T cells, to attain a high 

exogenous gene expression level. 
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Appendix  

Supplement 1 Sequence of ETV6-CRX fusion gene 

The underlined sequences are PmeI, XbaI recognition sites separately. The Italic sequences are Flag tag. 

5’CGTGTTTAAACATG[GATTATAAAGATGATGATGATAAA]TCTGAGACTCCTGCTCAGTGTAGCAT

TAAGCAGGAACGAATTTCATATACACCTCCAGAGAGCCCAGTGCCGAGTTACGCTTCCTCGAC

GCCACTTCATGTTCCAGTGCCTCGAGCGCTCAGGATGGAGGAAGACTCGATCCGCCTGCCTG

CGCACCTGCGCTTGCAGCCAATTTACTGGAGCAGGGATGACGTAGCCCAGTGGCTCAAGTGG

GCTGAAAATGAGTTTTCTTTAAGGCCAATTGACAGCAACACGTTTGAAATGAATGGCAAAGC

TCTCCTGCTGCTGACCAAAGAGGACTTTCGCTATCGATCTCCTCATTCAGGTGATGTGCTCTAT

GAACTCCTTCAGCATATTCTGAAGCAGAGGAAACCTCGGATTCTTTTTTCACCATTCTTCCACC

CTGGAAACTCTATACACACACAGCCGGAGGTCATACTGCATCAGAACCATGAAGAAGATAACT

GTGTCCAGAGGACCCCCAGGCCATCCGTGGATAATGTGCACCATAACCCTCCCACCATTGAAC

TGTTGCACCGCTCCAGGTCACCTATCACGACAAATCACCGGCCTTCTCCTGACCCCGAGCAGC

GGCCCCTCCGGTCCCCCCTGGACAACATGATCCGCCGCCTCTCCCCGGCTGAGAGAGCTCAG

GGACCCAGGCCGCACCAGGAGAACAACCACCAGGAGTCCTACCCTCTGTCAGTGTCTCCCAT

GGAGAATAATCACTGCCCAGCGTCCTCCGAGTCCCACCCGAAGCCATCCAGCCCCCGGCAGG

AGAGCACACGCGTGATCCAGCTGATGCCCAGCCCCATCATGCACCCTCTGATCCTGAACCCCC

GGCACTCCGTGGATTTCAAACAGTCCAGGCTCTCCGAGGACGGGCTGCATAGGGAAGGGAA

GCCCATCAACCTCTCTCATCGGGAAGACCTGGCTTACATGAACCACATCATGGTCTCTGTCTC

CCCGCCTGAAGAGCACGCCATGCCCATTGGGAGAATAGCAGGCGCCCCCAGGAAGCAGCGG

CGGGAGCGCACCACCTTCACCCGGAGCCAACTGGAGGAGCTGGAGGCACTGTTTGCCAAGA

CCCAGTACCCAGACGTCTATGCCCGTGAGGAGGTGGCTCTGAAGATCAATCTGCCTGAGTCCA

GGGTTCAGGTTTGGTTCAAGAACCGGAGGGCTAAATGCAGGCAGCAGCGACAGCAGCAGAA

ACAGCAGCAGCAGCCCCCAGGGGGCCAGGCCAAGGCCCGGCCTGCCAAGAGGAAGGCGGG

CACGTCCCCAAGACCCTCCACAGATGTGTGTCCAGACCCTCTGGGCATCTCAGATTCCTACAG

TCCCCCTCTGCCCGGCCCCTCAGGCTCCCCAACCACGGCAGTGGCCACTGTGTCCATCTGGA

GCCCAGCCTCAGAGTCCCCTTTGCCTGAGGCGCAGCGGGCTGGGCTGGTGGCCTCAGGGCCG

TCTCTGACCTCCGCCCCCTATGCCATGACCTACGCCCCGGCCTCCGCTTTCTGCTCTTCCCCCT

CCGCCTATGGGTCTCCGAGCTCCTATTTCAGCGGCCTAGACCCCTACCTTTCTCCCATGGTGCC

CCAGCTAGGGGGCCCGGCTCTTAGCCCCCTCTCTGGCCCCTCCGTGGGACCTTCCCTGGCCCA

GTCCCCCACCTCCCTATCAGGCCAGAGCTATGGCGCCTACAGCCCCGTGGATAGCTTGGAATT

CAAGGACCCCACGGGCACCTGGAAATTCACCTACAATCCCATGGACCCTCTGGACTACAAGG

ATCAGAGTGCCTGGAAGTTTCAGATCTTGTAGTCTAGAATA 3’ 
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Supplement 2 Sequence of TCF7-CSF1R fusion genes 

The underlined sequences are EcoRI recognition sites. The Italic sequences are the longer part of FL 

TCF7 compared to tr TCF7.  

5’GAATTCC[ATGCCGCAGCTGGACTCCGGCGGGGGCGGCGCGGGCGGCGGCGACGACCTCGGC

GCGCCGGACGAGCTGCTGGCCTTCCAGGATGAAGGCGAGGAGCAGGACGACAAGAGCCGCGAC

AGCGCCGCCGGTCCCGAGCGCGACCTGGCCGAGCTCAAGTCGTCGCTCGTGAACGAGTCCGAGG

GCGCGGCCGGCGGCGCAGGGATCCCGGGGGTCCCGGGGGCCGGCGCCGGGGCCCGCGGCGA

GGCCGAGGCTCTCGGGCGGGAACACGCTGCGCAGAGACTCTTCCCGGACAAACTTCCAGAGCCC

CTGGAGGACGGCCTGAAGGCCCCGGAGTGCACCAGCGGC]ATGTACAAAGAGACCGTCTACTC

CGCCTTCAATCTGCTCATGCATTACCCACCCCCCTCGGGAGCAGGGCAGCACCCCCAGCCGCA

GCCCCCGCTGAAGCCCAAGTACCAGGTCCGCTGGAAGATCATCGAGAGCTATGAGGGCAACA

GTTATACTTTCATCGACCCCACGCAGCTGCCTTACAACGAGAAGTGGGAGTTCCCCCGGAACA

ACCTGCAGTTTGGTAAGACCCTCGGAGCTGGAGCCTTTGGGAAGGTGGTGGAGGCCACGGC

CTTTGGTCTGGGCAAGGAGGATGCTGTCCTGAAGGTGGCTGTGAAGATGCTGAAGTCCACGG

CCCATGCTGATGAGAAGGAGGCCCTCATGTCCGAGCTGAAGATCATGAGCCACCTGGGCCAG

CACGAGAACATCGTCAACCTTCTGGGAGCCTGTACCCATGGAGGCCCTGTACTGGTCATCACG

GAGTACTGTTGCTATGGCGACCTGCTCAACTTTCTGCGAAGGAAGGCTGAGGCCATGCTGGG

ACCCAGCCTGAGCCCCGGCCAGGACCCCGAGGGAGGCGTCGACTATAAGAACATCCACCTCG

AGAAGAAATATGTCCGCAGGGACAGTGGCTTCTCCAGCCAGGGTGTGGACACCTATGTGGAG

ATGAGGCCTGTCTCCACTTCTTCAAATGACTCCTTCTCTGAGCAAGACCTGGACAAGGAGGAT

GGACGGCCCCTGGAGCTCCGGGACCTGCTTCACTTCTCCAGCCAAGTAGCCCAGGGCATGGC

CTTCCTCGCTTCCAAGAATTGCATCCACCGGGACGTGGCAGCGCGTAACGTGCTGTTGACCA

ATGGTCATGTGGCCAAGATTGGGGACTTCGGGCTGGCTAGGGACATCATGAATGACTCCAACT

ACATTGTCAAGGGCAATGCCCGCCTGCCTGTGAAGTGGATGGCCCCAGAGAGCATCTTTGAC

TGTGTCTACACGGTTCAGAGCGACGTCTGGTCCTATGGCATCCTCCTCTGGGAGATCTTCTCA

CTTGGGCTGAATCCCTACCCTGGCATCCTGGTGAACAGCAAGTTCTATAAACTGGTGAAGGAT

GGATACCAAATGGCCCAGCCTGCATTTGCCCCAAAGAATATATACAGCATCATGCAGGCCTGCT

GGGCCTTGGAGCCCACCCACAGACCCACCTTCCAGCAGATCTGCTCCTTCCTTCAGGAGCAG

GCCCAAGAGGACAGGAGAGAGCGGGACTATACCAATCTGCCGAGCAGCAGCAGAAGCGGTG

GCAGCGGCAGCAGCAGCAGTGAGCTGGAGGAGGAGAGCTCTAGTGAGCACCTGACCTGCTG

CGAGCAAGGGGATATCGCCCAGCCCTTGCTGCAGCCCAACAACTATCAGTTCTGCTGAGGAG

TTGACGACAGGGAGTGAATTC 3’ 
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Supplement 3 Clinical Data of ETV6-CRX patient 

General information   

Gender Female 

Date of birth 01/12/2008 

Date of diagnosis 09/09/2015 

Age of diagnosis 6yr 9mo 

Initial WCC (x109/L) N/A 

Numerical WCC (x109/L) 4.3 

NCI risk N/A  

CNS involvement No 

Pre-treatment steroids No 

Genetic background None known 

Medical co-morbidities N/A  

Genetic information   

Immunophenotype T cell 

Specific immunophenotype ETP-ALL 

Diploidy N/A 

FISH panel result none detected 

Chromosomal karyotype  NOCHROMOSOME ABNORMALITIES DETECTED: 

46,XX[20] 

IKZF1 No 

IKZF1 method Microarray 

Other mutation results Foundation One Heme: no mutations with therapeutic 

implications identified  
 

Variants of unknown significance noted PMCC 

myeloid panel assay: no mutations detected 

Microarray 11/09/2015 Abnormal microarray result: 

arr[hg19]17q22(56,405,858-57,263,393)x1~2 
 

Conclusion: ~0.8Mb deletion from ch region 17q22 in 

~25-30% of sample 

Change in risk post-microarray No 

Change in treatment post-microarray No 

2nd microarray No 

RNAseq Yes  
Result: ETV6-CRX 

Final classification and clinician 

comments 

ETP-ALL 

ETV6-CRX 
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Treatment and response   

Induction treatment protocol AALL1231 

Post-induction risk assignment VHR (very high risk) 

Protocol changed for post-induction 

treatment? 

No 

Remission Yes 

Bone marrow transplant Yes  
07/03/2016 HSCT1, due to persistently positive MRD  
17/03/2017 HSCT2 

Relapse Yes  
24/08/2016 BM relapse  
20/06/2017 CNS relapse 

Relapse context Off treatment 

Death No 

  

D8 MRD (peripheral blood) 24.821 

EOI MRD  6.64 

EOC MRD 1.61 

Other MRD results 08/09/2016 (D187 post BMT): 40.370   
19/10/2016 (D72 post relapse): 24.580   
22/11/2016 (D106 post relapse): 4.350   
12/01/2017 (D141 post relapse): 1.980   
09/02/2017 (D169 post relapse): 3.730   
13/04/2017 (D28 post HSCT2): <0.016   
16/05/2017 (D61 post HSCT2): <0.010   
20/06/2017 (D96 post HSCT2): <0.010    
07/09/2017 (D79 post CSF relapse): <0.010    
12/01/2018 (D206 post CSF relapse): <0.010  

D29 marrow M1 (<5% leukaemic cells) 

Initial WCC: >50 or <50 

NCI risk: standard or high 

Genetic background: Trisomy 21 or other 

Diploidy: hypER, hypO, or diploid 

FISH panel result: ETV6-RUNX1, MLL, BCR-ABL1, TCF3-PBX1, iAMP21, none detected, other 

D29 marrow staging: M1 (<5% leukaemic cells); M2 (5%-25%); M3 (>25%); no excess blasts 

Post-induction risk assignment: LR, AR, HR, VHR  
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Supplement 4 Clinical data of TCF7-CSF1R patient 

General information   

Gender Male 

Date of birth 20/10/2007 

Date of diagnosis 11/09/2016 

Age of diagnosis 8yr 11mo 

Initial WCC (x10^9/L) N/A 

Numerical WCC (x10^9/L) 153 

NCI risk N/A 

CNS involvement No 

Testicular involvement No 

Pre-treatment steroids No 

Genetic background none known 

Medical co-morbidities Attention deficit hyperactivity disorder; autism spectrum 

disorder; osteoporosis 

Genetic information   

Immunophenotype T cell 

Specific immunophenotype Cortical T lymphoblastic leukaemia 

Diploidy N/A 

FISH panel result None detected 

Favourable trisomies N/A 

Chromosomal karyotype ABNORMAL CHROMOSOMAL KARYOTYPE RESULT: 

45,XY,t(1;11;1)(p22;p11;q21),dic(7;9)(p13;q13)[16]/46,XY[4] 
 

Conclusion: dicentric translocation 7;9; 

           Chromosomal abnormalities resulting in loss of          

           9p material; 

           Translocations involving 1p22 and 11p11 

Other relevant karyotype info N/A 

IKZF1 N/A 

Other mutation results Clinic/practice note: 27/10/2016 cryptic fusion on Ch 5 

CSF1R/TCS7, associate with dasatinib responsiveness 

Microarray No 

2nd microarray No 

RNAseq Yes 
 

Result: TCF7-CSF1R (not predicted by karyotype) 

Final classification and clinician 

comments 

TCF7-CSF1R 
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Treatment and response   

Induction treatment protocol AALL1231 

Post-induction risk assignment Other (IR, intermediate risk) 

Has protocol changed for post-

induction treatment? 

No 

Remission Yes 

Relapse No 

Bone marrow transplant No 

Death No 
  

D8 MRD (peripheral blood) 0.452 

EOI MRD <0.020 

EOC MRD  28/12/2016: <0.010 

Other MRD results N/A 

D29 marrow No excess blasts 

Initial WCC: >50 or <50 

NCI risk: standard or high 

Genetic background: Trisomy 21 or other 

Diploidy: hypER, hypO, or diploid 

FISH panel result: ETV6-RUNX1, MLL, BCR-ABL1, TCF3-PBX1, iAMP21, none detected, other 

D29 marrow staging: M1 (<5% leukaemic cells); M2 (5%-25%); M3 (>25%); no excess blasts 

Post-induction risk assignment: LR, AR, HR, VHR  
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Supplement 5 Treatment protocol of AALL1231 

INDUCTION 

ARM A ARM B 

cytarabine, IT, day1 same as ARM A 

vincristine sulfate, IV over 1min, day1,8,15,22 

dexamethasone, PO BID, day1-28 

daunorubicin hydrochloride, IV over 1-15min, day1,8,15,22 

pegaspargase, IV over1-2h, day4, 18 

methotrexate, IT, day8, 29; also on day15,22 for CNS3 T-ALL  

bortezomib, IV over3-5s, day1,4,8,11 

CONSOLIDATION 

(d36 from INDUCTION) 

methotrexate, IT, day15,22; also on day1,8 for CNS3 T-ALL, CNS3 T-LLY 

cyclophosphamide, IV over 30-60min, day1,29 

cytarabine, IV over 1-30min/SC, day1-4, 8-11, 29-32, 36-39 

mercaptopurine, PO QD, day1-14, 29-42 

pegaspargase, IV over1-2h, day15, 43 

vincristine sulfate, IV, day15, 22, 43, 50 

radiation therapy for patients with persistent testicular disease 

RISK ASSIGNMENT 

SR IR VHR 

CMTX INTERIM MAINTENANCE HDMTX INTERIM MAINTENANCE HR INTENSIFICATION BLOCKS 

vincristine sulfate, IV over 1min, day1, 11, 21, 31, 41 HDMTX, IV over 24h, day1, 15, 29, 43 BLOCK I 

methotrexate, IV over 2-5min undiluted/ 10-15min diluted, day1, 11, 21, 31, 41 leucovorin calcium, IV/PO, day3-4, 17-18, 31-32, 45-46 dexamethasone, IV/PO BID, day1-5 

pegaspargase, IV over 1-2h, day2,22 vincristine sulfate, IV, day1, 15, 29, 43 HDMTX, IV over 24h, day1 

methotrexate, IT, day1, 31 mercaptopurine, PO QD, day1-56 leucovorin calcium, IV/PO, day3-4  

methotrexate, IT, day1, 29 vincristine sulfate, IV, day1, 6 

RISK ASSIGNMENT RISK ASSIGNMENT cyclophosphamide, IV over 1-6h, day2-4 

day57/blood counts recover, next course begin day57/blood counts recover, next course begin high-dose cytarabine, IV over 3h Q12h, day5   

pegaspargase, IV over1-2h, day6   

triple IT therapy: methotrexate, hydrocortisone, cytarabine, day1 
  

BLOCK II, at day22/blood counts recover 
  

same as BLOCK I, change cyclophosphamide and high-dose 

cytarabine into:   

ifosfamide, IV over 1h Q12h, day2-4   

danorubicin hydrochloride, IV over 30min, day5 
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BLOCK III, at day22/blood counts recover 
  

dexamethasone, pegaspargase, triple IT therapy on day5, as BLOCK I   

high-dose cytarabine, IV over 3h Q12h, day1-2   

etoposide, IV over1-2h Q12h, day3-5   

day22/blood counts recover, next course begin 

DELAYED INTENSIFICATION 

ARM A ARM B 

vincristine sulfate, IV over 1min, day1, 8, 15, 43, 50 same as ARM A 

dexamethasone, PO BID/IV, day1-7, 15-21 

doxorubicin hydrochlride, IV over15min, day1, 8, 15 

pegaspargase, IV over 1-2h, day4, 18, 43 

methotrexate, IT, day1, 29, 36 

cyclophosphamide, IV over 30-60min, day29 

cytarabine, IV over1-30min/SC, day29-32, 36-39 

thioguanine, PO, day29-42  

bortezomib, IV over3-5s, day1, 4, 15, 18 

RISK ASSIGNMENT RISK ASSIGNMENT 

day62/blood counts recover, next course begin day64/blood counts recover, next course begin 
 

CMTX INTERIM MAINTENANCE 
 

  

MAINTENANCE 

vincristine sulfate, IV over 1min, day1, 29, 57 

dexamethasone, PO BID/IV, day1-5, 29-33, 57-61 

mercaptopurine, PO, day1-84 

methotrexate, PO, day8, 15, 22, 29, 36, 43, 50, 57, 64, 71, 78 (omit day29 for SR during the first 4 cycles) 

methotrexate, IT, day1 (+day29 for SR, first 4 cycles; for IR, first 2 cycles 

cranial radiation for CNS1-3VHR, CNS2 VHR, CNS3 IR, first 4 weeks (cycle 1) 

REPEAT every 12 weeks from begin of interim maintenance, female T-ALL and T-LLY for up to 2yr, male T-ALL for up to 3yr 

ClinicalTrials.gov Identifier: NCT02112916. For more information: https://clinicaltrials.gov/ct2/show/record/NCT02112916?show_desc=Y. Patients were randomized to 1 of 2 treatment arms. 

Intrathecally (IT); intravenously (IV); orally (PO); subcutaneously (SC); once daily (QD); twice daily (BID); Capizzi methotrexate (CMTX); high-dose methotrexate (HDMTX); standard risk (SR); intermediate risk (IR); very high risk (VHR).  

https://clinicaltrials.gov/ct2/show/record/NCT02112916?show_desc=Y
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Supplement 6 Map of SMp152 vector 

SMp152 (pRRLSIN-cPPT-PGK-mCherry-WPRE) is a lentiviral vector with mCherry marker and 

ampicillin tolerance. Map created with SnapGene. 
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Supplement 7 Map of FUIMW vector 

FUIMW is a lentiviral vector with mCherry marker and ampicillin tolerance. Map created with 

SnapGene. 
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Supplement 8 ETV6-CRX expression in 3T3 and Ba/F3 cells 

A) The 3T3 cells are infected with (Flag) ETV6-CRX-pFTRE constructs and induced with DOX for 6 

days. Bands at 75 kDa are detected by anti-CRX antibody in ETV6-CRX-pFTRE group, even in no 

DOX treatment cells. The band strength does not change as time length of DOX treatment increases. 

No band is detected by anti-Flag antibody or anti-CRX antibody in the Flag group.  

B) Pick CRX positive samples from A) and repeat Western blot. (3T3 pFTRE 0, 5) No band is detected. 

Express ETV6-CRX-MIG in 3T3 and Ba/F3 cells, induce with DOX for 2 days. No band is detected. 

C) A new batch of (Flag) ETV6-CTRX-pFTRE virus infect 3T3 and Ba/F3 cells. Cells are induced 

with DOX for 2 days (2). Cells infected with empty vector (empty) and not treated with DOX (0) are 

negative controls. No band is detected in all the samples. 
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Supplement 9 TCF7-CSF1R-MIG expression in human lymphoid cell lines, with negative control 

Express FL/tr TCF7-CSF1R-MIG in human lymphoid cell lines JURKAT (JK), SR, CCRF-CEM (CC), and 

MOLT4 (MT). Use infected 293T cells as positive control. Use wild type lymphoid cells as negative control 

(-). Base level expression of CSF1R can be detected in 293T cells and JURKAT cells at around 60 kDa. 

The expression levels in lymphoid cell lines are far lower than those in 293T cells. 
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