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1   Introduction  

 

The human haematopoietic system develops from haematopoietic stem cells (HSCs) that 

exhibit both the capacity for self-renewal and the potential to differentiate into all blood cell 

lineages.  In normal myelopoiesis, HSCs undergo a stepwise process of cellular 

differentiation driven by a strictly regulated network of lineage-specific transcription factors, 

comprising mainly the GATA factors, PU.1 and C/EBPα that are critically important in 

establishing various myeloid cell identities (Orkin, 2000; Rosenbauer and Tenen, 2007).  

However, disruption of these transcription factors at specific differentiation stages through 

chromosomal abnormalities and gene mutations often lead to the development of 

myeloproliferative disorders and leukaemias (Tenen, 2003).  Acute myeloid leukaemia 

(AML) represents one such haematological malignancy characterised by a differentiation 

block that causes the accumulation of immature myeloid progenitor cells in the bone marrow 

(BM) and peripheral blood (PB). 

 

 

1.1   Acute Myeloid Leukaemia (AML) 

 

1.1.1   Epidemiology, Aetiology and Disease Diagnosis 

 

AML is one of the most common form of acute leukaemias among adults, with an estimate 

of 351,965 diagnosed cases reported worldwide by GLOBOCAN in 2012 (Ferlay et al., 

2012).  The overall prevalence of the disease is 4.3 cases per 100,000 individuals and rises 

with age to 20.1 per 100,000 in adults 65 years of age and older (Howlader et al., 2017).  

AML is predominantly a disease of older adults with a median age of onset at 70 years (Estey 

and Döhner, 2006).  Survival rates have improved over the past decades, as seen in patients 

younger than 65 years old which have shown a 5-year relative survival of 47.5%.  Prognosis 

for elderly patients over 65 years, however, remains poor, indicating only a 8.2% 5-year 

survival rate (Howlader et al., 2017).   

The increased incidence of acquiring AML has been associated with several de novo and 

therapy-related factors.  Known de novo risk factors include exposure to benzene, ionising 

radiation, and acquisition of genetic disorders that predispose individuals to AML such as 

Fanconi anaemia and Li-Fraumeni syndrome (Deschler and Lübbert, 2006; Estey and 

Döhner, 2006).  For therapy-related factors, AML can arise as a consequence of patients 

receiving cytotoxic chemotherapies for solid tumours or other haematological malignancies.  

These include alkylating agents such as cyclophosphamide and melphalan, and 

topoisomerase II inhibitors such as doxorubicin and etoposide (Estey and Döhner, 2006; 

O’Donnell et al., 2012).  Furthermore, the risk of developing therapy-related AML may 
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increase in patients given myeloablative radiotherapy prior to autologous HSC 

transplantation (O’Donnell et al., 2012). 

At initial diagnosis, AML patients can present with clinical signs and symptoms of lethargy, 

haemorrhage, infections and fever as manifestations of leukaemic infiltration of the BM and 

various tissues (Lowenberg et al., 1999).  A definitive diagnosis of AML is made when 

individuals present with at least 20% myeloblasts in the BM and/or PB aspirates.  Exceptions 

to the minimal 20% criterion are AML with t(8;21), t(15;17), inv(16), t(16;16) or NPM1 

mutation in which AML diagnosis is determined regardless of the percentage of BM blasts 

(Döhner et al., 2010; Estey, 2018).  In conjunction with morphological examination through 

BM and blood smears, immunophenotyping for determining cell-surface and cytoplasmic 

antigens is also used to establish lineage involvement, diagnose acute leukaemias with 

ambiguous lineage and evaluate minimal residual disease (Bene et al., 1995; Swerdlow et 

al., 2008).  In addition, cytogenetic analyses and molecular genetic diagnostics have 

increasingly become a mandatory component in the evaluation of patients with suspected 

AML.  Important genetic aberrations include AML with RUNX1-RUNX1T1, PML-RARA, 

CBFB-MYH11 gene arrangements, EVI1 and MLL gene fusions as well as AML with 

somatic mutations in the NPM1, FLT3 and CEBPA genes (Döhner et al., 2010).  Identifying 

specific genetic abnormalities has been essential and even critical in conveying important 

information regarding prognoses, differential responses to chemotherapies, transplantation 

regiments and development of targeted therapies (Cheson et al., 2003). 

 

 

1.1.2   AML Classification  

 

First proposed in 1976, the French-American-British (FAB) system categorises AML into 

nine distinct subtypes on the basis of morphological appearance of blasts and cytochemistry 

and addresses morphologic heterogeneity with respect to myeloid lineage involvement and 

the degree of leukaemic cell differentiation (Bennett et al., 1976) (Table 1).  Moreover, 

cytogenetic analyses have been integrated into the FAB diagnostic criteria and in some 

instances, certain morphological subtypes are closely associated with specific cytogenetics.  

However, in most cases, such cytomorphologic classifications do not always reflect strong 

associations with cytogenetic subtypes or are limited in providing accurate prognostic value 

(Bacher et al., 2005; Estey, 2018).  A more recent classification of AML (Table 2), devised 

by the World Health Organisation (WHO), incorporates the FAB criteria with some 

modifications and further defines disease entities according to cytogenetics, molecular 

genetics and immunophenotypic data into a working nomenclature that has clinical and 

prognostic relevance (Döhner et al., 2010; Arber et al., 2016).  With recent advances in gene 

expression analyses and next generation sequencing, discoveries of new AML-associated 

biomarkers have led to significant improvement of the diagnostic and prognostic features of 

the WHO framework and allow for inclusion of new entities.  Notably, “AML with mutated 

NPM1” and “AML with biallelic mutations of CEBPA” have been added as new entities into 
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the current revision of the WHO classification.  The latest version also proposes to include 

new categories such as “AML with BCR-ABL1” and “AML with mutated RUNX1”. 

 

 

Table 1: The FAB Classification of AML and Associated Genetic Abnormalities.   

Adapted from Löwenberg et al., 1999 

 

 

 

 

Table 2: WHO Classification of AML, Related Precursor Neoplasms and Acute Leukaemias of 

Ambiguous Lineage (Revised in 2016).    

Adapted from Arber, et al., 2016.  The FAB subgroups are noted accordingly where possible. 

 

Acute myeloid leukemia (AML) and related neoplasms 

 

   AML with recurrent genetic abnormalities  

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

      AML with inv (16) (p13.1q22) or t (16; 16) (p13.1; q22); CBFB-MYH11 

      APL with t(15;17)(q22,q12); PML-RARA   (M3) 

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

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

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

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

      Provisional entity: AML with BCR-ABL1 

      AML with mutated NPM1 

      AML with biallelic mutations of CEBPA  

      Provisional entity: AML with mutated RUNX1 
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   AML with myelodysplasia-related changes 

   Therapy-related myeloid neoplasms 

   AML, not otherwise specified (NOS) 

      AML without maturation   (M0)       

      AML with minimal differentiation   (M1) 

      AML with maturation   (M2) 

      Acute myelomonocytic leukemia   (M4) 

      Acute monoblastic/monocytic leukemia   (M5) 

      Pure erythroid leukemia   (M6) 

      Acute megakaryoblastic leukemia   (M7) 

      Acute basophilic leukemia  

      Acute panmyelosis with myelofibrosis   

   Myeloid sarcoma   

   Myeloid proliferations related to Down syndrome   

      Transient abnormal myelopoiesis (TAM) 

      Myeloid leukemia associated with Down syndrome 

Blastic plasmacytoid dendritic cell neoplasm 

Acute leukemia of ambiguous lineage  

   Acute undifferentiated leukemia 

   Mixed phenotype acute leukemia (MPAL) with t(9;22)(q34.1;q11.2); BCR-ABL1 

   MPAL with t(v;11q23.3); KMT2A rearranged 

   MPAL, B/myeloid, NOS 

   MPAL, T/myeloid, NOS 

   Provisional entity: Natural killer (NK)-cell lymphoblastic leukemia/lymphoma 

 

 

1.2   Genomic and Molecular Landscape of AML 

 

1.2.1   Cytogenetics and Molecular Genetic Abnormalities    

 

AML was once considered to be a “monolithic” disease.  It is not until the advent and 

application of karyotype analyses using chromosome banding and fluorescence in situ 

hybridisation that have come to reveal the underlying genetic complexity of AML (Rowley, 

1973; Rowley et al., 1977; Testa et al., 1979).  These cytogenetic studies have resulted in 

the identification of abnormal karyotypes with somatic chromosomal aberrations which are 

found to be present in 45–55% of patients with AML (Mrózek et al., 2001).  Cytogenetic 

abnormalities can basically be divided into several groups.  The first group comprises 

recurrent chromosome abnormalities with balanced rearrangements.  The most common 

balanced aberrations are reciprocal translocations affecting either components of the core 

binding factor (CBF) complex [t(8;21)(q22;q22), t(16;16)(p13.1;q22) or inv(16)(p13.1q22), 

t(15;17)(q22;q12)] or chromosome 11 involving mixed-lineage leukaemia (MLL) gene (now 

termed KMT2A) locus at 11q23.3 [t(9;11)(p21.3q23.3)].  The second group consists of 

unbalanced abnormalities characterized by either loss or gain of chromosomal material.  
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Loss of chromosome arm or loss of whole chromosome frequently affect chromosomes 5, 7, 

12, 16, 17 and 18 [(–5/5q–), (–7/7q–), (–12/12p–), (–16/16q–), (–17/17p–), (–18/18q–)] 

while chromosomal gains are mostly observed in chromosomes 1, 8, 11, 21, 22 (trisomies 1, 

8, 11, 21, 22) (Rücker et al., 2006).  A third group is designated complex karyotypes defined 

as having three or more unrelated abnormalities in the absence of recurrent cytogenetic 

aberrations listed in the WHO classification.  In particular, deletion of the TP53 gene located 

at chromosome 17p13 is a frequent feature of complex karyotypes (Bowen et al., 2009). 

In most instances, molecular genetic or submicroscopic alterations (gene mutations, gene 

expression aberrations) often remain undetected in AML with a primary chromosomal 

alteration or cryptic structural rearrangement and importantly, in AML with cytogenetically 

normal (CN) karyotype that accounts for 40–50% of all adult AML.  Advances in genomic 

technologies have allowed for elucidation of these genetic changes that are not identified 

otherwise by conventional cytogenetic analyses.  Earlier studies using mainly targeted 

sequencing have first revealed recurrent gene mutations in FLT3, NPM1, KIT and CEBPA 

and successive investigative studies have discovered novel recurrent mutations in DMNT3A, 

IDH1 and IDH2, TET2 and ASXL1 genes (Meyer and Levine, 2014).  In one of the few 

landmark studies conducted in an attempt to decipher the genetic make-up of AML, The 

Cancer Genome Atlas (TCGA) project has uncovered a total of 2585 single-nucleotide 

variants, insertions and deletions in the coding regions of AML genomes from 200 de novo 

AML patient samples (Cancer Genome Atlas Research Network, 2013).  The report has 

found an average of 13 mutations per AML patient sample investigated, five of which are 

recurrent mutations.  The study has also identified frequent mutations in 23 genes, including 

well-established genes such as FLT3, NPM1, CEBPA, IDH1 and IDH2, and genes such as 

EZH2, U2AF1, SMC1A and SMC3 which have recently been shown to involve in AML 

pathogenesis.  In another seminal study, Papaemmanuil and colleagues have identified that 

a substantial proportion of the 5234 genetic lesions involved in 76 genomic regions are point 

mutations in a large cohort of 1540 patients with AML, with the prevalence of recurrent 

mutations found to be consistent and in agreement with the findings reported in the AML 

TCGA and in other subsequent studies (Papaemmanuil et al., 2016; Metzeler et al., 2016; 

Ibáñez et al., 2018). 

  

 

1.2.2   Risk Stratification of AML by Genetics 

 

Although it has been well-established that age, performance status, specific comorbidities 

are some of the key risk parameters that have significant impact on the diagnosis and clinical 

management of AML, genomic abnormalities have emerged as one very important disease-

related risk determinant for various prognostic analyses and provide the framework for 

implementing and developing risk-adapted treatment strategies.  First described by the 

European LeukemiaNet (ELN) in 2010 and subsequently refined in 2017, karyotypic 

abnormalities and  the incorporation of molecular genetics enable the categorisation of AML 
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patients into 3 risk groups: favourable, intermediate and adverse (Table 3) (Döhner et al., 

2015, 2017).   

Accordingly, AML with t(8:21), t(16;16) or inv(16), and t(15;17) confer a favourable 

prognosis with the highest 5-year overall and disease-free survival rates of all three risk 

groups.  Disease relapse rates are low and these patients may not require allogeneic 

transplantation in the first remission after induction therapy (Grimwade and Hills, 2009; 

O’Donnell et al., 2012; Estey, 2018).  On the contrary, adverse risk patients presented with 

complex karyotypes and chromosomal abnormalities including t(6;9), inv(3), deletion of 5q 

or 7q and monosomy 5 or 7, exhibit dismal clinical and survival outcomes with conventional 

chemotherapies and are considered for clinical trials and HSC transplantation (HSCT) 

(Grimwade and Hills, 2009; O’Donnell et al., 2012).  The intermediate risk group comprises 

most of the patients that indicates a normal cytogenetic profile.  With the use of advanced 

sequencing technologies that enables increasingly accurate definition of genomic variations 

in cytogenetically normal AML (CN-AML), the resultant identification of NPM1, FLT3 and 

CEBPA mutations with prognostic importance and subsequent incorporation of these genes 

as important molecular markers, allows for differentiation of patient subsets and refine 

clinical predictions within the largest and most heterogeneous cohort of patients with CN-

AML (Grimwade and Hills, 2009; Döhner et al., 2010).  Importantly, mutational status of 

CN-AML patients may have a greater influence on prognosis and treatment decisions 

irrespective of any co-occurring chromosomal aberrations as recently demonstrated by 

studies investigating NPM1-mutated AML or AML with biallelic CEBPA mutations 

(Papaemmanuil et al., 2016; Bullinger et al., 2017).  For instance, studies have shown that 

disease relapse rate and outcome of patients with FLT3-ITD AML are mainly impacted by 

the ITD/wildtype allelic ratio (Döhner et al., 2017).  The presence of NPM1 mutation 

(NPM1mut) with either a low FLT3-ITD allelic ratio [<0.5 (FLT3-ITDlow)] or lack of FLT3-

ITD (FLT3-ITDneg) confers a good prognosis and therefore, is regarded as having a 

favourable outcome (Pratcorona et al., 2013; Linch et al., 2014; Schlenk et al., 2014; 

Metzeler et al., 2016).  As such, patients with a corresponding favourable risk AML are 

generally not considered for postremission allogeneic HSCT (Schlenk et al., 2008).  

Conversely, AML with no NPM1 mutation but a high FLT3-ITD allelic ratio [≥0.5 (FLT3-

ITDhigh)] has a poor prognosis and is considered as adverse risk.  This is distinguishable from 

AML with an NPM1mut/FLT3-ITDhigh genotype which is classified as intermediate risk.  In 

either condition, the presence of FLT3-ITD mutation in AML patients would indicate that 

these patients may benefit from allogeneic HSCT as the primary choice of treatment 

(Schlenk et al., 2008; Basara et al., 2009; Ho et al., 2016). 

Recently, strong evidence indicates that RUNX1 and ASXL1 mutations are common in 

elderly patients and are associated with inferior prognosis and poor survival.  In addition, 

TP53 mutations are highly prevalent in patients with complex or monosomal karyotypes and 

predict a very dismal prognosis.  In this regard, RUNX1, ASXL1 and TP53 mutations, have 

been included as independent prognostic markers to the adverse risk category of the 2017 

ELN recommendations (Döhner et al., 2017). 
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Table 3: 2017 European LeukemiaNet Risk Stratification by Genetics. (Döhner et al., 2017) 
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1.3   Molecular Pathogenesis of AML 

 

1.3.1   Different Classes of Mutations in AML 

 

Functional genetic analyses have led to the identification of molecular mechanisms that 

underlie AML and provide much insights into the pathophysiology of various AML 

subtypes.  As a result, AML has been shown as a disorder that displays marked heterogeneity 

in molecular pathogenesis and patient responsiveness to therapy.  This diversity of 

characteristics amongst AML emanates from the interplay of different somatic genomic 

perturbations implicated in malignant transformation of haematopoietic stem or progenitor 

cells.  Based upon the examination of AML mutational spectrum, Dash and Gilliland first 

postulate that leukaemogenesis involves multiple genetic lesions that fall into two broadly 

defined classes of mutations (Dash and Gilliland, 2001).  The first group (Class I) consists 

of mutations which cause constitutive activation of receptor or intracellular protein tyrosine 

kinases, leading to aberrant activation of signal transduction pathways including 

RAS/MAPK, PI3K/AKT and STAT3/STAT5 pathways that drive clonal proliferation and 

survival of haematopoietic progenitors.  Examples include gain-of-function mutations in 

RAS family members, receptor tyrosine kinases FLT3 and KIT, haematopoietic phosphatase 

PTPN11 and loss-of-function mutation in NF1 (Gilliland et al., 2004; Fröhling et al., 2005b).  

On the whole, these mutations account for 50% of AML cases (Gilliland et al., 2004).  The 

second group (Class II) involves disrupting transcription factors or transcriptional co-

activators that phenotypically cause impairment in haematopoietic differentiation.  The most 

prominent examples are gene rearrangements targeting RUNX1 of the CBF complex, the 

retinoic acid receptor (RAR) gene and the MLL gene which lead to generation of chimeric 

fusion genes including RUNX1-RUNX1T1 (formerly known as AML1-ETO), MLL-AF9 or 

MLL-ENL and PML-RARα.  In the case of RUNX1-RUNX1T1 and PML-RARα, the resultant 

fusion proteins possess a dominant negative function; inhibiting key target genes through 

aberrant recruitment of co-repressor complexes such as histone deactylases and cause a 

blockade in cell differentiation.  Furthermore, such fusion proteins may confer an 

immortalisation phenotype in myeloid progenitors at a specific stage of differentiation by 

activating WNT or NOTCH signalling pathways responsible for self-renewal. On the other 

hand, unlike RUNX1-RUNX1T1 and PML-RARα fusion proteins that act as repressor 

proteins, MLL fusion proteins recruit epigenetic regulators that activate expression of HOX 

target genes which in turn, enhance self-renewal in leukaemic cells.    

Since the conceptual framework for two-group classification of mutations was proposed by 

Gilliland and colleagues in the early 2000s, the use of high throughput sequencing has 

identified additional and novel recurrent mutations that can be organised into more distinct 

functional groups.  In particular, Ley and colleagues have shown that at least one 

nonsynonymous mutation identified in >99% of AML patient samples analysed can be 

grouped into 1 of 9 functionally related categories with potential importance and relevance 

in AML biology (Table 4) (Cancer Genome Atlas Research Network, 2013).  Besides the 

previously known mutations that are classified under transcription-factor fusions, myeloid 
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transcription factor genes and activated signalling genes, other newly reported recurrent gene 

mutations fall into these functional categories: gene encoding nucleophosmin, tumour 

suppressor genes, chromatin modifying genes, DNA-methylation-related genes, 

spliceosome-complex genes, and cohesin-complex genes.  

 

Table 4: Organisation of Mutations into Categories of Related Genes. 

Data tabulated from Ley et al., The Cancer Genome Atlas Research Network, 2013 

 

 

 

 

 

 

 

 

 

 

 

 

 

With significant and ongoing progress made in the characterisation of leukaemia-associated 

genes and uncovering mutational patterns, Papaemmanuil and colleagues have recently 

reassessed the AML genomic landscape and identified 11 mutational subgroups with the aim 

to highlight causality of genomic changes (Figure 1) (Papaemmanuil et al., 2016).  Such 

categorisation further defines a more intricate network of functional complexities within 

AML pathobiology as the disease evolves over time and enables these causative mutational 

changes to better reflect the overall clinical profile of AML patients. 

  

Functional Groups 
Examples of Somatic, 

Nonsynonymous Mutations 

% of AML 

Cases 

Class 1: Transcription Factor Fusions 
PML-RARA, RUNX1-RUNX1T1, 

MYH11-CBFB, PICALM-MLLT10 
18% 

Class 2: Nucleophosmin 1 ----- 27% 

Class 3: Tumour Supressors TP53, WT1, PHF6 16% 

Class 4: DNA Methylation 
DNMT3A, DNMT3B, DNMT1, TET1, 

TET2, IDH1, IDH2 
44% 

Class 5: Activated Signalling FLT3, KIT, KRAS/NRAS, PTPs 59% 

Class 6: Myeloid Transcription Factors RUNX1, CEBPA 22% 

Class 7: Chromatin Modifiers MLL-PTD, ASXL1, EZH2, KDM6A 30% 

Class 8: Cohesin RAD21, STAG2, SMC1, SMC2 13% 

Class 9: Spliceosome U2AF35, SRSF2, ZRSR2 14% 
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Figure 1: Proposed Genomic Classification of AML. Taken from Papaemmanuil et al., 2016. 

 

 

1.3.2   Cooperativity of Genetic Lesions in AML Development 

 

Numerous studies have provided conclusive evidence that human tumourigenesis involves 

a multistep process (Hanahan and Weinberg, 2000, 2011).  Like other cancers, there are 

several lines of evidence in support for a multistep pathogenesis in AML, strongly indicating 

that simultaneous existence of different mutations is required for disease development with 

complete penetrance.  Studies using murine models of leukaemia have shown that expression 

of a single mutated gene is not sufficient to induce AML and that multiple events implicating 

more than 1 mutation are required to promote AML development.  For instance, mice that 

express either FLT3-ITD, BCR-ABL, TEL-JAK2 or TEL-PDGFβR in transplanted BM 

progenitors develop a myeloproliferative disease (MPD) with leukocytosis and 

splenomegaly (Daley et al., 1990; Schwaller et al., 1998; Tomasson et al., 2000; Kelly et al., 

2002).  These mice do not progress to develop AML and the MPD is not transplantable into 

secondary recipient mice, indicating these mutations do not confer a serially transplantable 

ability which is a usual indication of self-renewal.  What these studies demonstrate are that 

aberrant activation of tyrosine kinases requires additional mutations of conferring self-
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renewal for the development of frank AML.  On the other hand, fusion proteins known to 

block myeloid differentiation including RUNX1-RUNX1T1 and PML-RARα, have been 

demonstrated to significantly downregulate genes involved in DNA damage repair and also 

affect stem cell maintenance by upregulating genes that promote self-renewal capabilities 

(Alcalay et al., 2003; Suela et al., 2007).  As such, these fusion proteins are thought to 

accelerate the rates of secondary mutations.  Mouse studies indicate that transgenic mice that 

express PML-RARα develop leukaemia with a latency of at least 6 months with incomplete 

penetrance of 15-30% and often required a second genetic aberration (Grisolano et al., 1997; 

He et al., 1997).  Likewise, mice that conditionally express RUNX1 (AML1)-ETO only 

develop AML after a second mutation is introduced by subjecting the mice to chemical 

mutagens or infecting with retroviruses encoding AML-inducing oncogenes (Higuchi et al., 

2002).   

Investigations into rare inherited leukaemia syndromes indicate that within the context of 

underlying preconditions of a specific genetic background or disease history, accumulations 

of more genetic abnormalities is necessary for disease progression to AML.  A prime 

example is the familial platelet disorder with predisposition to AML (FPD/AML), an 

autosomal dominant preleukaemic disorder which is characterised by inherited mono-allelic 

mutations in RUNX1.  These mutations are present in the germline and render affected 

individuals to substantially high risk of leukaemia development.  Overt AML is not 

manifested until later in life, with acquisition of secondary genetic lesions in BM cells.  

Although it is difficult to conduct large-scale mutational studies due to the rarity of 

FPD/AML samples, a small number of FPD/AML patients with AML has been reported for 

acquired somatic mutations in CDC25C, DNMT3a, TET2, U2AF1, BCOR, PHF6, SMC3 

(Yoshimi et al., 2014; Churpek et al., 2015; Antony-Debré et al., 2016).      

Consistent with the data using animal models and studies from inherited leukaemia 

syndromes, taken together, the development of human AML necessitates at least two 

complementation groups of mutations.  This has led to the proposal of a two-hit model of 

leukaemogenesis, which states that most acute leukaemias are the result of co-occurrence or 

collaboration of two different types of mutations needed for the malignant transformation of 

myeloid progenitors (Kelly and Gilliland, 2002).  Indeed, functional complementation 

between different sets of leukaemia-associated genes has been observed in numerous cases.  

For instance, among these, an earlier study conducted on acute promyelocytic leukaemia 

(APL) shows that at least 30% of APL patients that contain a t(15;17) translocation are found 

to contain activating mutation in FLT3-ITD while in another study, among the AML patients 

with RUNX1 mutations, 63% harbour FLT3-ITD of FLT3-D835 mutations.  Recent genetic 

and mutational analyses of patients with sporadic AML have also confirmed that a 

substantial number of patients harbour several recurring genetic abnormalities, for example, 

as particularly documented in the aforementioned TCGA project.  The application of the 

most sophisticated genomic sequencing technologies has uncovered patterns of mutational 

cooperativity and multiple relationships of biological and functional importance and has also 

identified a pattern of mutual exclusivity between certain mutational classes.  One of the 

seminal studies conducted by Patel and colleagues reveals significant association between 

NPM1 mutation and IDH1 and IDH2 mutations and of mutation in DNMT3A with FLT3, 

NPM1 and IDH1 mutations (Patel et al., 2012) while in the AML TCGA project, one of the 
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most prominent co-existence is found between mutations in NPM1 and FLT3 or in NPM1 

and DNMT3A in many analysed AML samples (Cancer Genome Atlas Research Network, 

2013).  These findings were generally consistent with the subsequent findings reported by 

Metzeler and colleagues to which they observed the most significant co-occurrence between 

mutated NPM1 and mutated FLT3 and DNMT3A and between DNMT3A and FLT3, KMT2A, 

IDH1 and IDH2 (Metzeler et al., 2016).  In addition, a comprehensive analysis on pairwise 

gene-gene interactions performed by Papaemmanuil and colleagues surprisingly revealed 

differential patterns of co-mutation for hotspots within genes.  Specifically, they could show 

that there is preferential association of NPM1 for NRASG12/13 and not NRASQ61 and significant 

correlation was also found between NPM1 with IDHR140, FLT3-ITD and FLT3-TKD.  There 

was significant preference of NRAS for bi-allelic CEBPA while inv(16) is preferentially 

associated with both NRASG12/13 and NRASQ61 (Papaemmanuil et al., 2016). 

 

 

1.4   AML with Genetic Alterations in Nucleophosmin (NPM1) 

 

1.4.1   The NPM1 Gene 

 

Nucleophosmin (NPM1), which is also known as B23, NO38 or numatrin, is a highly 

conserved and ubiquitously expressed nucleolar phosphoprotein belonging to the 

nucleoplasmin/nucleophosmin family of nuclear chaperones (Schmidt-Zachmann et al., 

1987; Eirín-López et al., 2006; Falini et al., 2007).  The human NPM1 gene maps to a 

genomic region of 23 kb on chromosome 5q35 and contains 12 exons, encoding a 294 amino 

acid protein (Chang and Olson, 1989) that is expressed in all tissues.  

Understanding the fundamentals of the structure of the NPM1 protein has allowed for the 

appreciation of the roles and functions NPM1 plays in leukaemogenesis.  The NPM1 protein 

contains several distinct regions that give rise to its unique structural, biochemical properties 

and pleiotropic functions (Figure 2).  The most conserved N-terminal hydrophobic core 

domain of NPM1 is essential for self-oligomerisation which allows the protein to exist as an 

oligomer in the nucleolus under normal conditions (Chan and Chan, 1995; Lee et al., 2007).  

This self-oligomerisation domain plays a vital role in facilitating binding of NPM1 to tumour 

suppressor p14ARF, leading to cell growth arrest and tumour suppression either through 

p53-Mdm2 pathway or p53-independent mechanism by inhibiting cell proliferation and 

ribosome biogenesis (Itahana et al., 2003; Brady et al., 2004).  The core motif also plays a 

vital role in the chaperone activity of NPM1 by preventing misfolding and aggregation of 

target proteins in the nucleolus while promoting histone and nucleosome assembly and 

enhancing acetylation-dependent transcriptional capability (Szebeni and Olson, 1999).  In 

addition, the N-terminal region harbours two leucine-rich nuclear export signal (NES) motifs 

that are targeted by nuclear export receptor Crm1/Exportin1 and are essential for facilitating 

nuclear and cytoplasmic shuttling of NPM1 (Wang et al., 2005; Maggi et al., 2008).  It has 
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also been shown that one of the two NES motifs binds to the centrosome and regulates 

centrosome duplication, thereby aids in maintaining genomic stability (Wang et al., 2005).  

The importance of this particular NES motif is further demonstrated by mutation or removal 

which causes NPM1 nuclear retention and leads to genome instability (Wang et al., 2005). 

 

 

 

 

 

 

 

 

Figure 2: Genomic and Protein Structure of NPM1.  A schematic representation of the protein structure of 

NPM1, which has an N-terminal core hydrophobic region (blue), an acidic domain (green), and a basic segment 

(red).  NPM1 also contains a C-terminal aromatic domain.  In addition, the NPM1 protein possess the respective 

Nuclear Export Signal, Nuclear Localisation Signal, Nucleolar Localisation Signal and the acidic clusters (A1, 

A2 and A3). Taken from Box et al., 2016. 

 

 

Following the N-terminal core region, the central acidic domain of NPM1 comprises of 

clusters of acidic aspartic and glutamic acid residues which act as binding sites, by 

mimicking negative charges of nucleic acids, for both nucleolar histones and ribosomal basic 

proteins to mediate chromatin remodelling and ribosome assembly (Swaminathan et al., 

2005; Gadad et al., 2011).  The domain between the acidic domains accounts for the 

ribonuclease activity of NPM1 as well as a bipartite nuclear localisation signal (NLS) which 

drives localisation of NPM1 from the cytoplasm to the nucleus.   

A 55 amino acid long basic domain is comprised of lysine and arginine residues and has 

been shown to contribute to the interaction of NPM1 with nuclei acids (Hingorani et al., 

2000).  Moreover, this domain is also known to harbour a second NLS and to mediate 

nucleocytoplasmic shuttling activities of peri-ribosomal particles.  It is responsible for the 

binding of ribosomal proteins such as RPL5, RPS9 and RPL23 and thus, play an essential 

role in ribosome processing and assembly (Yu et al., 2006; Lindström and Zhang, 2008; 

Wanzel et al., 2008).  Moreover, NPM1 is crucially involved in the cellular stress response 

through p53 interaction at the basic region and increases p53 stability and its tumour 

suppression capability that eventually lead to growth arrest (Colombo et al., 2002).   

The aromatic domain forms the C-terminal region unique to NPM1.  This region consists of 

the nucleolar localisation signal (NoLS) which contains two aromatic tryptophan residues at 

positions 288 (Trp288) and 290 (Trp290) that are critical for nucleolar localisation of NPM1 

(Hingorani et al., 2000; Nishimura et al., 2002). 
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1.4.2   Mutations of the NPM1 Gene 

 

Mutations of the NPM1 gene were first discovered and reported in adult AML (Falini et al., 

2005).  NPM1 mutations are found to be heterozygous with retention of a wild-type allele.  

While a few cases have documented mutations involving exon 9 and exon 11 (Mariano et 

al., 2006; Albiero et al., 2007), NPM1 mutations are mostly restricted to exon 12 (Falini et 

al., 2005).  The most frequent type of mutation in exon 12, known as mutation A, consists 

of tandem duplication of a TCTG tetranucleotide at positions 956–959, constituting 75-80% 

of NPM1-mutated AML cases (Falini et al., 2007) and is shown to be unique to the NPM1 

mutation occurring in AML (Liso et al., 2008).  The other two most frequent mutations, type 

B and D, account for 10% and 5% of cases respectively.  NPM1 mutations are characterised 

by aberrant localisation of the resulting mutated NPM1 proteins in the cytoplasm of AML 

blasts.  This is the consequence of two modifications at the C-terminal regions of the 

leukaemic mutants: (1) loss of Trp288 and Trp290 which causes decreased binding of NPM1 

to the nucleolus; and (2) creation of an additional leucine-enriched NES motif that enhances 

Crm1-mediated nuclear export of NPM1 mutant proteins (Nakagawa et al., 2005), both of 

which are essential in the perturbed nucleocytoplasmic traffic of NPM1 mutants (Falini et 

al., 2006).  The putative molecular mechanisms that lead to the cytoplasmic accumulation of 

NPM1 proteins in AML can be explained by two perspectives (Figure 3).  First, NPM1 

leukaemic mutants retain the highly conserved N-terminal oligomerisation region, enabling 

the formation of heterodimers with the wildtype NPM1 proteins and their consequent 

delocalisation to the cytoplasm.  Second, NPM1 leukaemic mutants also retain the NLS, 

allowing efficient movement from the cytoplasm to nucleoplasm but are unable to bind to 

the nucleolus (Bolli et al., 2007).  The NPM1 mutant proteins have a higher tendency to bind 

to Crm1 with their new additional NES motif, resulting in NES-Crm1-mediated nuclear 

export and aberrant accumulation of NPM1 proteins in the cytoplasm (Bolli et al., 2007). 
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Figure 3: A hypothetical scheme of the putative mechanisms of aberrant cytoplasmic delocalisation of 

NPM1 in AML with NPM1 mutation. Adapted from Falini et al., 2009.  (Top left) Mechanisms of 

nucleocytoplasmic movement of wildtype NPM1.  As shown, the nuclear import of wildtype NPM1 proteins, 

depicted by arrow, dictates over nuclear export of NPM1 indicated by dotted arrow.  As such, wildtype NPM1 

proteins are normally located in the nucleolus.  (Top right) Mechanisms of the disrupted nucleocytoplasmic 

traffic of NPM1 proteins (both wildtype and mutated NPM1) in NPM1-mutated AML.  As depicted, nuclear 

export of NPM1 proteins (thick arrow) predominates nuclear import (thin arrow).  Purple squares indicate 

Trp288 and Trp290 while black squares show either mutated or loss of the Trp288 and Trp290.  Turquoise 

rectangle represents NLS and the red circles indicate NES motifs. 

 

 

NPM1 mutations are one of the most prevalent genetic lesions in AML, accounting for 25-

35% of all adult AML cases and are significantly correlated to normal karyotype, with a 

recurrence rate of 45-64% in CN-AML cases (Schnittger et al., 2005; Boissel et al., 2005; 

Verhaak et al., 2005; Thiede et al., 2006; Rau and Brown, 2009).  In fact, 85% of patients 

with NPM1-mutated AML exhibit a cytogenetically normal karyotype (Haferlach et al., 

2009).  AML harbouring cytoplasmic NPM1 exhibits an array of distinct pathological, 

genetic and clinical characteristics.  It is observed that although NPM1-mutated AML shows 

a wide spectrum of morphology, NPM1 mutations are mostly associated with M4 and M5 

FAB categories, and involve extramedullary dissemination with gingival hyperplasia and 

lymphadenopathy (Falini et al., 2005; Schnittger et al., 2005; Döhner et al., 2005).  

Furthermore, involvement of several myeloid cell lineages are frequently seen in NPM1-

mutated AML (Pasqualucci et al., 2006). 

Several investigations conclude that NPM1 mutation is a founder genetic abnormality with 

the mutation detected in all leukaemic blasts and stable expression observed throughout the 

duration of the disease (Boissel et al., 2005; Suzuki et al., 2005; Chou et al., 2006).  Because 

stability of NPM1 mutation enables detection from the time of initial diagnosis to disease 

relapse, it has been employed in monitoring and evaluating minimal residual disease in CN-

AML patients (Schnittger et al., 2009; Krönke et al., 2013).  As a primary genetic lesion, 

NPM1 mutation displays a distinct gene expression profile, with the downregulation of 

CD34 and CD133/PROM1 genes and upregulation of several members of the homeodomain-
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containing family of transcription factors including HOX and TALE genes, some of which 

have been involved in the haematopoietic development, stem cell maintenance and AML 

pathogenesis (Alcalay et al., 2005; Becker et al., 2009; Brunetti et al., 2019).  The gene 

expression signature of NPM1-mutated AML is also characterised by a unique microRNA 

(miRNA) expression profile, indicating enhanced expression of miR–10a, miR–10b, miR–

196a, miR–196b and several family members of miR–29, let–7  (Garzon et al., 2008; Jongen-

Lavrencic et al., 2008; Coskun et al., 2011) as well as decreased expression of miR–204 and 

miR–128a (Garzon et al., 2008).  Interestingly, miR–10a, miR–10b, miR–196a, miR–196b 

are found to be situated within the genomic cluster of HOX genes.  How miRNA 

dysregulation contributes to pathogenesis of NPM1-mutated AML has been investigated in 

a number of studies.  For example, it was demonstrated that increased expression of miR–

10a in NPM1-mutated AML cells can result in the downregulation of MDM4, a known 

regulator of cellular stress, and interfere with p53 activation (Colombo et al., 2002; 

Ovcharenko et al., 2011) while decreased miR–204 expression is shown to deregulate and 

increase HOXA10 and MEIS1 gene expressions leading to a block in cellular differentiation 

in myeloid progenitors. 

Other than the founder genetic aberration, secondary cooperating genetic events are thought 

to contribute to NPM1 mutant-driven leukaemogenesis.  It is observed that 15% of patients 

with NPM1-mutated AML harbour minor chromosomal anomalies (Haferlach et al., 2009).  

Moreover, as previously been described, other molecular mutations have been identified in 

NPM1-mutated AML patients.  Mutations affecting FLT3, DNMT3A, IDH1, IDH2, CEBPA 

and TET2 have been prevalently found in NPM1-mutated AML cases (Nerlov, 2004; Boissel 

et al., 2005; Paschka et al., 2010; Balusu et al., 2015; Heath et al., 2017).  With respect to 

the clinical management of NPM1-mutated AML, most clinical studies have generally found 

that CN-AML patients harbouring mutated NPM1 exhibit a good response to induction 

therapy and achieve a higher rate of complete remission in comparison to AML patients 

without NPM1 mutation (Falini et al., 2005; Schnittger et al., 2005; Suzuki et al., 2005; 

Thiede et al., 2006).  However, this is not the case for patients carrying both NPM1 and 

FLT3-ITD mutations where they have shown the lowest rate of response and only NPM1-

mutated AML cases without the presence of FLT3-ITD indicate the best therapeutic 

responses (Döhner et al., 2005). 

 

 

1.4.3   Investigation of Cooperating Events Identifies New Important 

           Candidate Genes in NPM1-Mutated AML 

 

A gene mutational profiling of AML with mutation in NPM1 has recently been conducted 

by Papaemmanuil and colleagues utilising targeted resequencing of 111 genes in 435 NPM1-

mutated AML patient samples (Figure 4) (Papaemmanuil et al., 2016).   
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Figure 4: Targeted resequencing in 435 NPM1-mutated AML cases.  The results of the targeted 

resequencing analysis of 111 genes are shown.  The y-axis indicates the proportion of patients that exhibit a 

secondary event in NPM1-mutated cases.  The red bars show a significant correlation of a particular mutation 

with NPM1-mutated AML while bars in blue indicate no significant mutational enrichment in the NPM1-

mutated cohort.  The grey bars display the proportion of mutated cases in the unselected study population of 

1540 AML patients. 

 

 

The gene mutational analysis reveals that there is a significant association of NPM1 

mutations with known genes such as DNMT3A and IDH1, indicating these results are 

consistent with the findings previously documented in the AML TCGA project and in the 

study performed by Metzeler and colleagues (Cancer Genome Atlas Research Network, 

2013; Metzeler et al., 2016).  The study also found that there is significant correlation of 

NPM1 mutation with novel recurrent mutations in PTPN11, RAD21 and MYC.  Furthermore, 

deletion of chromosome 9q is detected in a number of NPM1-mutated AML patients. 

 

 

1.4.3.1   Deletion of the Long Arm of Chromosome 9q [Del(9q)] 

 

Deletion of the long arm of chromosome 9 [del(9q)] is a recurrent but rare cytogenetic 

abnormality occurring in myeloid malignancies including AML.  The overall frequency is 

reported to be ~2% in AML cases (Langabeer et al., 1998; Grimwade et al., 2010) and 

patients with del(9q) AML are considered as having intermediate risk according to the 

Medical Research Council (MRC) classification (Grimwade et al., 1998; Döhner et al., 

2010).  Del(9q) can occur as a single cytogenetic aberration or co-exist with other 

cytogenetic abnormalities.  For instance, del(9q) has been found to significantly correlate 

with t(8;21) (RUNX1-RUNX1T1) and t(15;17) (PML-RARA) (Langabeer et al., 1998; Döhner 

et al., 2010).  Furthermore, studies have revealed a frequent association with recurrent 

mutations in CEBPA, and NPM1 (Fröhling et al., 2005a; Herold et al., 2017).  

A comprehensive investigation of AML patient samples with del(9q) has mapped a minimal 

deleted region (MDR) within chromosome arm 9q which suggests that loss of function of 

several genes in this region may contribute to AML transformation and development 
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(Sweetser et al., 2005), however, further refinement of the corresponding minimally deleted 

region is warranted. 

 

 

1.4.3.2   Molecular Aberrations in MYC, RAD21 and PTPN11  

 

A number of seminal studies examining different mutations and co-mutations in AML, as 

previously described, have reaffirmed the results presented by Papaemmanuil and colleagues 

that the existence of at least one additional cooperating mutation including the identification 

of MYC, PTPN11 and RAD21 in AML with NPM1 mutation, is required for the full 

transformation or progression to AML (Patel et al., 2012; Cancer Genome Atlas Research 

Network, 2013).   

It is well-documented that overexpression of MYC is frequently observed in human cancers 

as well as in AML (Adhikary and Eilers, 2005; Hoffman et al., 2002).  However, the 

underlying molecular mechanisms of MYC in AML are not well understood.  In NPM1-

mutated cells, it is shown that NPM1 mutant proteins interacts with the γ-isoform of F-box 

E3 ubiquitin ligase, Fbw7γ which is normally localised to the nucleolus, resulting in its 

cytoplasm delocalisation and subsequent degradation (Bonetti et al., 2008).  As such, 

degradation of MYC is reduced and consequently leads to an increase in MYC proteins that 

are often seen in cells expressing cytoplasmic/mutant NPM1.  Recently, it has been 

demonstrated that MYC expression is upregulated in NPM1-mutated leukaemic cells from 

generated humanised mice with NPM1-mutated AML (Kaur et al., 2019).  Decreased MYC 

degradation, in turn, could cause upregulation of NPM1 gene transcription (Zeller et al., 

2001), suggesting that a positive feedback mechanism could promote leukaemogenesis.  This 

also strongly indicates that MYC is a cooperating factor in NPM1 mutant-driven AML 

transformation.   

The application of various sequencing technologies in somatic mutational analyses has 

recently led to the discovery of recurrent mutations in the cohesin genes in patients with de 

novo AML (Cancer Genome Atlas Research Network, 2013; Thol et al., 2014).  These 

cohesin mutations are common in AML and are shown to occur with other well-established 

mutations such as NPM1 and FLT3-ITD (Welch et al., 2012; Thota et al., 2014; Garg et al., 

2015).  RAD21 comprises one of four proteins that form a multimeric cohesin protein 

complex which plays a critical role in facilitating sister chromatid cohesion and separation 

during mitosis (Nasmyth and Haering, 2009).  Cohesin is also essential in regulating gene 

transcription by binding to the CCCTC-binding factor, a sequence-specific transcription 

factor known to associate with NPM1 (Zlatanova and Caiafa, 2009), and mediates distal 

genomic interactions (Wendt et al., 2008; Dowen et al., 2014).  Although cohesin is known 

for these functions, how mutated cohesin contributes to AML malignancy and also 

specifically in NPM1-mutated AML, is still unclear.  It has been identified that mutation in 

RAD21 is a specifically heterozygous nonsense and frameshift event that generates a 

truncated protein and seems to result in reduced function of the cohesin complex.  However, 

complete cohesin gene knockout leading to complete loss of function have shown an 
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embryonic lethal phenotype in knockout mice (Xu et al., 2010; Seitan et al., 2011; Remeseiro 

et al., 2012).  This suggests that haploinsufficiency for one cohesin subunit may be sufficient 

to contribute to myeloid transformation, while homozygous deletion is deleterious (Thota et 

al., 2014).  In fact, it has been demonstrated that knockdown of RAD21 leads to enhanced 

self-renewal of HSPCs through derepression of polycomb repression complex 2 target genes 

that include HOXA7 and HOXA9 (Fisher et al., 2017).  Furthermore, some studies have 

proven that decreased cohesin function due to cohesin mutations, causes increased cellular 

self-renewal and with the introduction of additional FLT3-ITD mutation, leads to 100% 

AML penetrance (Viny et al., 2015; Mullenders et al., 2015; Galeev et al., 2016). 

Protein tyrosine phosphatase, non-receptor type,11 (PTPN11) has been previously identified 

as one member of a cohort of signalling genes encoding kinases, phosphatases and RAS 

family members frequently mutated in AML (Cancer Genome Atlas Research Network, 

2013).  The PTPN11 (previously SHP2) gene encodes the Src-homology region 2-domain 

phosphatase-2 (SHP2) protein tyrosine phosphatase which belongs to a small sub-family of 

Src homology-2 domain-containing phosphatases.  PTPN11 plays a critical role in a 

spectrum of signal transduction pathways implicated in several growth factor-, hormone- 

and cytokine-mediated developmental processes and haematopoiesis (Tang et al., 1995; 

Saxton et al., 1997, 2000; Chen et al., 2000; Qu et al., 1997, 1998, 2001).  Because PTPN11 

contains indispensable functions in development, germline missense mutations in PTPN11 

have been reported in approximately 50% of affected individuals with Noonan Syndrome, a 

common autosomal developmental disorder with an increased risk of leukaemia onset 

(Tartaglia et al., 2001, 2004, 2005).  Similarly, germline PTPN11 mutations have been 

identified in individuals with the clinical related LEOPARD Syndrome (Digilio et al., 2002; 

Legius et al., 2002) with predisposition to cancer (Kratz et al., 2011; Martínez-Quintana and 

Rodríguez-González, 2012).  Importantly, somatic missense PTPN11 mutations are 

subsequently found in juvenile myelomonocytic leukaemias (JMMLs) with high frequency 

but are less prevalent in most haematological malignancies that include adult AML 

(Tartaglia et al., 2003; Loh et al., 2004; Bentires-Alj et al., 2004).  PTPN11 mutations may 

require other cooperative mutations for complete disease penetrance.  In support of this 

notion, mutations in PTPN11 have been concurrently found with leukaemia-associated 

cytogenetic abnormalities (Christiansen et al., 2007) and functional studies demonstrate that 

PTPN11 mutations cooperate with HoxA10 overexpression to induce AML (Wang et al., 

2009).  To date, the pathophysiological mechanisms underlying PTPN11 mutations 

identified in NPM1-mutated AML by Papaemmanuil and colleagues are unknown and 

should require further investigation. 
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1.5   Aims of this Study 

 

Mutations in the NPM1 gene have emerged as one of the most recurrent genetic anomalies 

in AML and as such, AML with NPM1 mutation represents a distinct disease entity in the 

latest WHO classification of myeloid neoplasms and acute leukaemias.  NPM1-mutated 

AML is characterised by broad heterogeneity as observed by its wide spectrum of distinct 

biological, genetic and clinical features and outcomes.  This NPM1 mutant-driven disease 

heterogeneity can be attributed to additional cooperating events, but the role and function of 

these secondary genetic events are not known and render further examination and 

investigation.  A series of comprehensive genomic analyses of candidate genes in NPM1-

mutated AML patient samples has led to the identification of recurrent mutations in PTPN11, 

and del(9q) as important cooperating events.  Therefore, this study aims to specifically 

investigate and characterise the impact of del(9q) and PTPN11 in NPM1 mutant-driven 

AML. Based on a comprehensive analysis of a cohort of Del (9q) the relevant gene in that 

region shall be delineated and together with PTPN11 studied by performing a series of 

functional genomic analyses in AML cell lines models. 
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2   Materials and Methods  

 

2.1   Materials 

 

2.1.1   Cell Lines and Primary AML Patients Derived Samples 

 

The cell lines were obtained from the DSMZ-German Collection of Microorganisms and 

Culture. 

 

 

 

Diagnostic samples of n=101 AML patients were obtained through the biobank of the 

German and Austrian AML Study Group (AMLSG). Samples chosen based on the 

underlying cytogenetic and genomic aberrations. The samples were derived from patients 

enrolled in the AMLSG BiO Registry study (NTC 01252485). Informed patient consent was 

obtained for the study in accordance with the principles of the Declaration of Helsinki and 

ethical approval was obtained from the local ethics committee. 

 

  

Cell Lines Origin 

OCI-AML3 

Established from the peripheral blood of 

a 57-year old man with AML (AML 

FAB M4) at diagnosis; cells carry an 

NPM1 gene mutation (Type A) 

OCI-AML5 

Established from the peripheral blood of 

77-year old man with AML (AML FAB 

M4) in relapse. 

HEK 293T 

Highly transfectable derivative of the 

human embryonic kidney (HEK) cell 

line 293 that contains the temperature 

sensitive mutant SV-40 T-antigen. 
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2.1.2   Biochemical and Chemical Reagents 

 

Reagents Manufacturer 

2-Mercaptoethanol Sigma Aldrich, Saint Louis, USA 

2-Propanol, ≥99.7% 
VWR Chemicals,  

Darmstadt, Germany 

Ammonium persulphate (APS) Carl Roth, Karlsruhe, Germany 

Ampicillin sodium salt Sigma Aldrich, Saint Louis, USA 

Ampuwa® Plastipur® Fresenius Kabi, 

Bad Homburg, Germany 

Blotto, non-fat dry milk 
Santa Cruz Biotechnology, 

Dallas, USA 

BlueJuiceTM Gel Loading Buffer, 10× 
Invitrogen, Thermo Fischer Scientific, 

Carlsbad, USA 

Buffer Tango (with BSA), 10× 
Thermo Fisher Scientific, Rockford, 

USA 

Bovine Serum Albumin (BSA) Sigma Aldrich, Saint Louis, USA 

Dimethyl sulfoxide Sigma Aldrich, Saint Louis, USA 

dNTP Set, PCR Grade QIAGEN, Hilden, Germany 

EDTA 
PanReac AppliChem,  

Darmstadt, Germany 

Esp3I (BsmBI), 10U/µL 
Thermo Fisher Scientific, 

Rockford, USA 

Ethidium bromide solution, 0.025% Carl Roth, Karlsruhe, Germany 

FastAP Buffer, 10× 
Thermo Fisher Scientific, 

Rockford, USA 

FastAP Thermosensitive Alkaline 

Phosphatase (1U/µL) 

Thermo Fisher Scientific, 

Rockford, USA 

Glycerol Sigma Aldrich, Saint Louis, USA 

Glycine Sigma Aldrich, Saint Louis, USA 

HaltTM Protease and Phosphatase Inhibitor 

Single-Use Cocktail  

(100×), 100 µL 

Thermo Fisher Scientific, Rockford, 

USA 

HotStarTaq® DNA Polymerase QIAGEN, Hilden, Germany 
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LB Broth (Miller) – Powder microbial 

growth medium 
Sigma-Aldrich, Saint Louis, USA 

LE GeneticPure Agarose 
Biozym Scientific, Hessisch Oldendorf, 

Germany 

Methanol Sigma Aldrich, Saint Louis, USA 

NuPAGETM LDS Sample Buffer, 4× Invitrogen, Carlsbad, USA 

Nuclease-free Water 

(not DEPC-treated) 
Ambion, Austin, USA 

Polybrene® Santa Cruz Biotechnology, 

Dallas, USA 

Precision Plus ProteinTM KaleidoscopeTM 

Standards 
Bio-Rad, Carlsbad, USA 

Rotiphorese® Gel 30 (37.5:1) Carl Roth, Karlsruhe, Germany 

SDS, ≥99%, Blotting grade Carl Roth, Karlsruhe, Germany 

S.O.C Medium Invitrogen, Carlsbad, USA 

Sodium chloride (NaCl) 
Merck Millipore,  

Darmstadt Germany 

SuperSignalTM West Pico PLUS 

Chemiluminescent Substrate 

Thermo Fischer Scientific, Rockford, 

USA 

T4 DNA Ligase Buffer, 10× 
Thermo Fischer Scientific, 

Rockford, USA 

T4 Polynucleotide Kinase, 10U/µL 
Thermo Fischer Scientific, 

Rockford, USA 

TEMED Carl Roth, Karlsruhe, Germany 

TrackItTM 1 Kb Plus DNA Ladder 
Invitrogen, Thermo Fischer Scientific, 

Carlsbad, USA 

Tricine®, ≥99% Carl Roth, Karlsruhe, Germany 

Tris hydrochloride (Tris-HCl), ≥99% Carl Roth, Karlsruhe, Germany 

Trizma® base, ≥99.9% Sigma-Aldrich, Saint Louis, USA 

Tween® 20 Sigma-Aldrich, Saint Louis, USA 

XL1-Blue Competent Cells 
Agilent Technologies, 

West Cedar Creek, USA 
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2.1.3   Cell Culture Materials and Reagents 

 

 

2.1.4   Kits 

Kit Manufacturer 

AllPrep DNA/RNA Mini Kit, 50 Preps QIAGEN, Hilden, Germany 

AllPrep DNA/RNA/miRNA Universal Kit, 

50 Preps 
QIAGEN, Hilden, Germany 

PierceTM BCA Protein Assay Kit 
Thermo Fischer Scientific, Rockford, 

USA 

PureYieldTM Plasmid Miniprep System, 100 

Preps 

Promega Corporation,  

Madison, USA 

PureYieldTM Plasmid Midiprep System, 100 

Preps 

Promega Corporation,  

Madison, USA 

Reagents Manufacturer 

Blasticidin solution InvivoGen, San Diego, USA 

Dulbecco’s Modified Eagle Medium 

(DMEM) 

Gibco, Life Technologies,  

Paisley, UK 

Dulbecco’s Phosphate Buffered Saline 

(DPBS), 10× 

Gibco, Life Technologies,  

Paisley, UK 

Fetal Bovine Serum (FBS) Superior 
Biochrom GmbH,  

Berlin, Germany 

L-Glutamine, 200 mM 
Merck Millipore,  

Darmstadt, Germany 

Opti-MEM® I Reduced  

Serum Medium 

Gibco, Life Technologies, 

Grand Island, USA 

Penicillin/Streptomycin  

(Pen Strep) solution 

Gibco, Life Technologies,  

Grand Island, USA 

Puromycin solution (10 mg/mL) InvivoGen, San Diego, USA 

RPMI 1640 Medium Biochrom, Berlin, Germany 

TransIT®-LT1 Transfection Reagent Mirus Bio, Madison, USA 

Trypan Blue solution, 0.4% Sigma-Aldrich, Saint Louis, USA 

Trypsin-EDTA solution Biochrom, Berlin, Germany 
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QIAquick PCR Purification, 50 Preps QIAGEN, Hilden, Germany 

QIAshredder QIAGEN, Hilden, Germany 

RNase-Free DNase Set QIAGEN, Hilden, Germany 

Wizard SV Gel and PCR Clean-Up System, 

250 Preps 

Promega Corporation,  

Madison, USA 

 

 

2.1.5   Antibodies 

Antibody Manufacturer 

Primary Antibodies:  

Anti-β-Actin (AC-15, sc-69879) 
Santa Cruz Biotechnology,  

Dallas, USA 

Anti-hnRNP K (D-6, sc-28380) 
Santa Cruz Biotechnology,  

Dallas, USA 

Anti-SHP2 Antibody (#3752) 
Cell Signaling Technology, Danvers, 

USA 

  

Secondary Antibodies:  

Anti-rabbit IgG, HRP-linked Antibody 

(#7074) 

Cell Signaling Technology, Danvers, 

USA 

m-IgGκ BP-HRP (sc-516102)  
Santa Cruz Biotechnology,  

Dallas, USA 

 

 

2.1.6   Plasmids 

Vector 
DNA Oligonucleotide 

Insert 
Features Origin 

pLKO5.sgRNA.EFS.PAC ----- 
Puromycin 

resistance 

Kindly provided 

by Dr. Jan 

Krönke 

pLKO5.sgRNA.EFS.PAC. 

HNRNPK.Ex4.1 

sgRNA No.1 targeting 

HNRNP K Exon 4 

Puromycin 

resistance 
This Study 
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pLKO5.sgRNA.EFS.PAC. 

HNRNPK.Ex4.2 

sgRNA No.2 targeting 

HNRNP K Exon 4 

Puromycin 

resistance 
This Study 

pLKO5.sgRNA.EFS.PAC. 

HNRNPK.Ex5.1 

sgRNA No.1 targeting 

HNRNP K Exon 5 

Puromycin 

resistance 
This Study 

pLKO5.sgRNA.EFS.PAC. 

HNRNPK.Ex5.2 

sgRNA No.2 targeting 

HNRNP K Exon 5 

Puromycin 

resistance 
This Study 

pLKO5.sgRNA.EFS.PAC. 

HNRNPK.Ex6.1 

sgRNA No.1 targeting 

HNRNP K Exon 6 

Puromycin 

resistance 
This Study 

pLKO5.sgRNA.EFS.PAC. 

HNRNPK.Ex6.2 

sgRNA No.2 targeting 

HNRNP K Exon 6 

Puromycin 

resistance 
This Study 

pLKO5.sgRNA.EFS.PAC. 

HNRNPK.Ex7.1 

sgRNA No.1 targeting 

HNRNP K Exon 7 

Puromycin 

resistance 
This Study 

pLKO5.sgRNA.EFS.PAC. 

HNRNPK.Ex7.2 

sgRNA No.2 targeting 

HNRNP K Exon 7 

Puromycin 

resistance 
This Study 

pLKO5.sgRNA.EFS.PAC. 

PTPN11.Ex1 

sgRNA No.1 targeting 

PTPN11 Exon 1 

Puromycin 

resistance 
This Study 

pLKO5.sgRNA.EFS.PAC. 

PTPN11.Ex2 

sgRNA No.1 targeting 

PTPN11 Exon 2 

Puromycin 

resistance 
This Study 

pLKO5.sgRNA.EFS.PAC. 

PTPN11.Ex8 

sgRNA No.1 targeting 

PTPN11 Exon 8 

Puromycin 

resistance 
This Study 

pCMVdeltaR8.91 (psPAX2) ----- 
Lentivirus 

packaging 

Kindly provided 

by Dr. Jan 

Krönke 

pMD2.6 VSV-G 
Lentivirus 

packaging 

Kindly provided 

by Dr. Jan 

Krönke 

 

 

2.1.7   Primers for On-Target Site (OTS) PCR Amplification 

Name of Primer Sequence (5’→3’) 

HNRNP K Ex 4 OTS Fwd CAGTTCTGCTCTGCAAGGAT 

HNRNP K Ex 4 OTS Rev AAAGCAGCGAAGTCTCCAAA 

HNRNP K Ex 5 OTS Fwd AACGCCCTGCAGAAGATATG 

HNRNP K Ex 5 OTS Rev CAGGCCAAAACCAAACCAAA 
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HNRNP K Ex 6 OTS Fwd TTTGGTTTGGTTTTGGCCTG 

HNRNP K Ex 6 OTS Rev TTTAACCAGCCACCTGCAAT 

HNRNP K Ex 7 OTS Fwd AGCCTGCTACTGAAACATCG 

HNRNP K Ex 7 OTS Rev GGCAGTGAGGCATAAACTGT 

PTPN11  Ex 1 OTS Fwd GCGATTTGTGGAACGAA 

PTPN11 Ex 1 OTS Rev CACCATGAGGCAATTCTC 

PTPN11 Ex 2 OTS Fwd CATTGACCAAGGAGAAGAGG 

PTPN11 Ex 2 OTS Rev GCTGCTGTAAGCTGTGAT 

PTPN11 Ex 8 OTS Fwd CCTTCTCTGAGCTTCCTAT 

PTPN11 Ex 8 OTS Rev TCCTCTCTCCACTTCTTTC 

 

 

2.1.8   Primers for Sequencing 

 

 

2.1.9   Buffers 

Buffers Components 

Anode buffer, 1 Litre 

100 mM Trizma® base 

920 mL dH2O 

pH 8.9 

Blocking buffer, 5% 
5% BSA or non-fat milk powder 

1× TBS-T solution 

Name of Primer Sequence (5’→3’) 

HNRNP K Ex 4 Seq AAAGCAGCGAAGTCTCCAAA 

HNRNP K Ex 5 Seq CAGGCCAAAACCAAACCAAA 

HNRNP K Ex 6 Seq TTTAACCAGCCACCTGCAAT 

HNRNP K Ex 7 Seq GGCAGTGAGGCATAAACTGT 

PTPN11 Ex 1 Seq CAAGGATGCTTTGGACAC 

PTPN11 Ex 2 Seq CAGGGAAGGTCTTGATTTG 

PTPN11 Ex 8 Seq GGACATGAGGAAGGATTTA 



                                                                                                                           Materials and Methods   
 

28 
 

Cathode buffer, 1 Litre 

100 mM Tricine® 

100 mM Trizma® base 

1 g SDS 

920 mL dH2O 

Gel buffer, 3× 

3 M Trizma® base 

0.3% SDS 

pH 8.45 

Pierce IP Lysis buffer 

25 mM Trizma® base 

150 mM NaCl 

1 mM EDTA 

1% NP-40 

5% Glycerol 

Separating gel (10%), 16 mL 

3× Gel buffer, 5.34 mL 

Rotiphorese® Gel 30 (37.5:1), 5.34 mL 

50% Glycerol, 3.36 mL 

Ampuwa® Plastipur®, 1.86 mL 

APS (11%), 100 μL 

TEMED, 13 μL 

Stacking gel (4%), 8 mL 

3× Gel buffer, 2.66 mL 

Rotiphorese® Gel 30 (37.5:1), 1.06 mL 

Ampuwa® Plastipur®, 4.23 mL 

APS (11%), 50 μL 

TEMED, 8 μL 

TAE buffer 

40 mM Tris-HCl 

1 mM EDTA 

pH 7.5  

TBS-T 

150 mM NaCl 

25 mM Tris-HCl 

0.1% Tween® 20 

TE buffer 

10 mM Tris-HCl 

1 mM EDTA 

pH 8.0 

Transfer buffer, 10× 
192 mM Glycine 

25 mM Trizma® base 

Transfer buffer, 1× 

10× Transfer buffer 

20 % Methanol 

0.1% SDS 

pH 8.3 

 



                                                                                                                           Materials and Methods   
 

29 
 

2.1.10   Consumables 

Consumables Manufacturer 

AmershamTM HybondTM P PVDF Western 

Blotting Membranes, 0.45 µm 
Merck, Schnelldorf, Germany 

ARTTM 20 Barrier Pipette Tips, 20 μL 

Filtered, Sterile 

Thermo Fischer Scientific, Rockford, 

USA 

ARTTM 20E Barrier Pipette Tips,  

0.5-20 μL, Filtered, Sterile 

Thermo Fischer Scientific, Rockford, 

USA 

BD Luer-Lok Tip Syringes,  

3 mL and 10 mL 

Becton Dickinson,  

Franklin Lakes, USA 

Cell culture plates, Multiwell,  

6-/12-/24-/48-well 
VWR, Radnor, USA 

Cell culture plates, 96-well, Flat bottom VWR, Radnor, USA 

Cell culture plates, 96-well, U-bottom 
Corning Life Sciences, 

Corning, USA 

Costar® Stripette® Disposable Serological 

Pipettes, 5 mL and 50 mL 
Corning, Kennebunk, USA 

epT.I.P.STM Pipettor Tip Reloads,  

20-200 μL 
Eppendorf, Hamburg, Germany 

epT.I.P.STM Pipettor Tip Reloads,  

50-1000 μL 
Eppendorf, Hamburg, Germany 

Extra Thick Western Blotting Filter Papers, 20 

cm × 20 cm 

Thermo Fischer Scientific, Rockford, 

USA 

Falcon® 15 mL High Clarity PP Centrifuge 

tube, Conical Bottom 

Corning Life Sciences, 

Corning, USA 

Falcon® 50 mL High Clarity PP Centrifuge 

tube, Conical Bottom 

Corning Life Sciences, 

Corning, USA 

Immobilon®-P PVDF Transfer Membranes, 

0.45 µm 
Merck Millipore, Cork, Ireland 

L-shaped Spreader VWR, Radnor, USA 

MF-MilliporeTM MCE Membrane,  

0.025 µm 
Merck Millipore, Cork, Ireland 

Microplate, 96-well,  

non-tissue culture treated 

Greiner Bio-One, Frickenhausen, 

Germany 

NuncTM CryoTubeTM Vial, 1.8 mL Thermo Fischer Scientific,  
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Roskilde, Denmark 

NunclonTM Delta Dish, 60 cm × 15 cm 
Thermo Fischer Scientific,  

Roskilde, Denmark 

NuncTM EasYFlaskTM NunclonTM Delta treated 

flasks, 25/75/125 cm2 

Thermo Fischer Scientific,  

Roskilde, Denmark 

PCR Tube Strips, thin walled, 0.2 mL Eppendorf, Hamburg, Germany 

Petri dish 
Greiner Bio-One, Frickenhausen, 

Germany 

Safe-Lock Tubes,  

1.5 mL and 2 mL 
Eppendorf, Hamburg, Germany 

SafeSeal SurPhob® Spitzen, 

10/20/100/200/1000 μL, steril 

Biozym Scientific, Hessisch 

Oldendorf, Germany 

Serological pipette PS, 5 mL and 50 mL Nerbe Plus, Winsen, Germany 

Surgical Disposable Scalpels Aesculap, Tuttlingen, Germany 

 

 

2.1.11   Equipment/Instruments 

Instrument Company 

Centrifuge 5415D Eppendorf, Hamburg, Germany 

Centrifuge 5415R Eppendorf, Hamburg, Germany 

Centrifuge 5810 Eppendorf, Hamburg, Germany 

ChemiDocTM XRS+ System Bio-Rad, Carlsbad, USA 

GeneAmp PCR System 9700 
Applied Biosystems,  

Foster City, USA 

HERAcell® 240 CO2 Incubator 
Thermo Fischer Scientific, Wyman, 

USA 

HERAcell® 240i CO2 Incubator 
Thermo Fischer Scientific, Wyman, 

USA 

Mini Protean® Tetra System Bio-Rad, Carlsbad, USA 

NanoDropTM 2000c Spectrophotometer 
Thermo Fischer Scientific, Rockford, 

USA 

Neubauer-improved Counting Chambers with 

V-slash 

Paul Marienfeld, Lauda-Königshofen, 

Germany 
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PerfectWestern Containers  

medium, black 

WAK-Chemie Medical, Steinbach, 

Germany 

POLARStar Omega BMG LabTech 

Thermomixer 5436 Eppendorf, Hamburg, Germany 

 

 

2.1.12   Software and Tools 

Name of Software/Tools Company/Source 

CLC Genomic WorkBench  

Version 7.9 
QIAGEN, Hilden, Germany 

GeneSnap Version 7 Syngene, Cambridge, UK 

GraphPad Prism® Version 7 GraphPad, La Jolla, USA 

ImageLabTM Version 7 Bio-Rad, Carlsbad, USA 

Synthego ICE Analysis V2.0 Synthego, Menlo Park, USA 

TIDE Analysis Brinkman et al., 2014 
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2.2   Methods 

 

2.2.1   Evaluation of Publicly Available Omics Data Sets  

 

For further evaluation of the minimally deleted region on chromosome 9q, we used both 

previously published single nucleotide polymorphism (SNP) microarray data of our group 

(Gene Expression Omnibus GEO accession numbers: GSE19101 and GSE46951) as well as 

unpublished SNP microarray data of our group (kindly provided by PD Dr. Frank G. 

Rücker).  SNP microarray based genotyping data incorporated in this study was performed 

on Affymetrix GeneChip human mapping 250k NspI and 250k StyI (500k) microarrays 

(Affymetrix, Santa Clara, CA). Bioinformatic evaluation of copy number alterations (CNAs) 

was performed using dChipSNP and circular binary segmentation based on an optimized 

data normalization procedure. 

Gene expression data was reanalysed using previously published Affymetrix U133plus2 

microarray data (Gene Expression Omnibus GEO accession number: GSE70124) as well as 

unpublished gene expression group (kindly provided by Prof. Dr. Lars Bullinger). 

For publicly available mutational data in AML, a comprehensive data collection was 

assessed on October 2020 using cBioPortal for Cancer Genomics, an open access online 

resource (http://cbioportal.org/) (Cerami et al., 2012; Gao et al., 2013).  The query 

parameters for the analyses that were performed included the terms HNRNPK, PTPN11, 

NPM1, mutation and copy number alterations. 

 

 

2.2.2   Cell Line Based Cell Culture Experiments 

 

2.2.2.1   Generation of AML Cell Lines with Cas9 Expression 

 

Using the OCI-AML3 and OCI-AML5 cell lines purchased from the DSMZ-German 

Collection of Microorganisms and Culture, the laboratory of Dr. Jan Krönke had previously 

generated cell lines that possess stable expression of Cas9.  Briefly, 2 × 105 OCI-AML3 or 

OCI-AML5 cells were seeded onto 48-well plates in RPMI-1640 medium containing 2 

µg/mL polybrene.  The cells were transduced with viral supernatant containing the 

pLKO5d.SFFV.SpCas9.P2A.BSD lentiviral vector and were incubated for 24 hours.  To 

dilute the lentivirus, equal volumes of fresh medium was then added to the transduced cells.  

Selection for pLKO5d.SFFV.SpCas9.P2A.BSD using 10 µg/mL blasticidin commenced 

after 48 hours and blasticidin treatment continued until the non-transduced control cells 

treated with blasticidin were completely killed.  The stably infected cells were tested for the 
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presence of FLAG-tagged Cas9 by Western blot.  The functionality of Cas9 was determined 

using pLKO5.hU6.sgRNA.dTom sgRNA vectors targeting essential genes POLR2A and 

RPL15 in human cell lines. 

 

 

2.2.2.2   Cell Culture Conditions 

 

AML cell lines modified to express Cas9 nuclease protein, OCI-AML3-Cas9 and OCI-

AML5-Cas9 (see 2.2.2.1), and the human embryonic kidney (HEK) 293T cell line were 

kindly provided by Dr. Jan Krönke, who had initially obtained them from the DSMZ-

German Collection of Microorganisms and Culture.   

The OCI-AML3-Cas9 and OCI-AML5-Cas9 cells were grown in RPMI-1640 medium 

supplemented with 10-20% (v/v) heat-inactivated fetal bovine serum (FBS), 2 mM L-

Glutamine, 100 IU/mL penicillin and 10 µg/mL streptomycin.  In addition, 10 µg/mL 

blasticidin was added to the cells to maintain the expression of Cas9.   

The adherent HEK 293T cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% (v/v) FBS, 2 mM L-Glutamine, 100 IU/mL penicillin and 

10 µg/mL streptomycin.  Once the HEK-293T reached 70-80% confluence, the culture 

medium was removed and the cells were washed with 1× phosphate buffered saline (PBS) 

solution.  Trypsin-EDTA solution was added to the cells and the tissue culture flask was 

incubated for several minutes at 37ºC until the cells were detached from the surface.  The 

cells were then added with DMEM medium and one-tenth of the cells was transferred to a 

new tissue culture flask with culture medium.  All cells were maintained at 37ºC in a 

humidified atmosphere with 5% CO2. 

 

 

2.2.3   Nucleic Acid Preparations 

 

2.2.3.1   Extraction of Plasmid DNA 

 

Plasmid DNA from transformed bacterial cultures were extracted using the PureYieldTM 

Plasmid Miniprep System or the PureYieldTM Plasmid Midiprep System (Promega) in 

accordance to the manufacturer’s protocol.  The concentration and purity of the plasmid 

DNA were measured by the NanoDropTM 2000c Spectrophotometer. 

 

 



                                                                                                                           Materials and Methods   
 

34 
 

2.2.3.2   Isolation of Genomic DNA 

 

Genomic DNA was isolated using the AllPrep DNA/RNA Mini Kit (QIAGEN) or 

alternatively, the AllPrep DNA/RNA/miRNA Universal Kit (QIAGEN) in accordance to the 

manufacturer’s protocol.  The isolated genomic DNA concentration and purity were 

measured using the NanoDropTM 2000c Spectrophotometer. 

 

 

2.2.3.3   Agarose Gel Electrophoresis 

 

Analysis or detection of DNA fragments and PCR products were carried out by agarose gel 

electrophoresis.  A 1% LE GeneticPure agarose gel was prepared by dissolving 1.5 g of LE 

GeneticPure Agarose powder in 150 mL 1× TAE buffer supplemented with 3 drops ethidium 

bromide.  The DNA samples to be analysed were added with 1× BlueJuiceTM Gel Loading 

Buffer and the TrackItTM 1 Kb Plus DNA Ladder was applied as the reference standard.  The 

gel was run at 120 V for 1 hour and DNA bands were visualised under UV light at 260 nm. 

 

 

2.2.3.4   Micro-Dialysis of DNA 

 

MF-MilliporeTM Membranes were placed floating in NunclonTM Delta dishes (60 × 15 mm) 

were filled with purified water (Ampuwa® Plastipur®).  A maximum of 10 μL of DNA 

sample was carefully loaded onto each membrane and incubated at room temperature for 10 

minutes.  This procedure ensures any salts present in the DNA are removed.  The purified 

DNA samples were removed from the membranes and transferred to new 1.5 mL tubes.  

 

 

2.2.3.5   Sanger Sequencing 

 

80–100 ng/µL plasmid DNA or PCR products at a concentration of 8–18 ng/µL were added 

to 5 µL primer with a final concentration of 5 µM in 1.5 mL tubes.  The template DNA-

primer mix was added with nuclease-free water to a total volume of 10 µL.  Each DNA 

sample was affixed with a barcode and sent to GATC (currently Eurofins Genomics) for 

sequencing.  The sequencing results were downloaded and analysed using CLC Main 

Workbench 7 and the National Center for Biotechnology Information (NCBI) Nucleotide 

Basic Local Alignment Search Tool (BLASTN). 
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2.2.4   Generation of Clustered Regularly Interspaced Short Palindromic  

           Repeat (CRISPR)/Cas9 Plasmids for Gene Knockout 

 

2.2.4.1   Design of Single-Guide RNAs (sgRNAs) 

 

To assist the design of single-guide RNAs (sgRNAs) targeting the HNRNP K and the 

PTPN11 genes, several online sgRNA design software were used, namely, the 

Massachusetts Institute of Technology CRISPR design website (http://crispr.mit.edu), the 

Broad Institute Genetic Perturbation Platform (GPP) sgRNA Designer: CRISPRko 

(http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design), and CRISPOR 

(http://crispor.org).  These online sgRNA design tools require input of a target DNA 

sequence and which then identify and rank suitable 19–25 bp target sites, facilitating the 

selection of optimal Cas9 guide RNA sequences of the highest efficiency and with the 

minimal off-target effects to target the genomic region of interest.  In order to clone the guide 

sequence oligos into the pLKO5.sgRNA.EFS.PAC backbone, the single strand DNA oligos 

were designed to include BsmBI restriction sequences (highlighted blue) to ensure cloning 

compatibility in the form of: 

 

      5’ – CACCGNNNNNNNNNNNNNNNNNNNN     – 3’ Sense 

      3’ –     CNNNNNNNNNNNNNNNNNNNNCAAA – 5’ Anti-sense 

                

 

The single base C (highlighted red) was added to the 3’ end of the anti-sense oligos to 

facilitate annealing of the anti-sense oligos to the G base of the sense oligos.  The sgRNA 

sequence oligos were purchased from Integrated DNA Technologies as 25 nmol of DNA 

oligos prepared with standard desalting. 

 

 

2.2.4.2   Cloning one sgRNA into the pLKO5.sgRNA.EFS.PAC Vector  

 

2.2.4.2.1   Preparation of sgRNA Oligos Inserts 

 

To phosphorylate and anneal the sense and anti-sense sgRNA oligos, the following reaction 

mixture was prepared per annealing reaction: 
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The annealing of sgRNA oligos samples was performed using the following conditions: 37ºC 

for 45 minutes; 95ºC for 2.5 minutes; incubation at room temperature for 30 minutes.  Each 

annealed sample (oligo duplex) was diluted 1:250 by adding 5 μL annealed oligos to 1245 

μL nuclease-free H2O and stored at -20ºC for later use.     

 

 

2.2.4.2.2   Vector Digestion 

 

The following reaction was set up for the digestion of pLKO5.sgRNA.EFS.PAC: 

 

 

 

The vector digestion mix was incubated at 37ºC for up to 3 hours with gentle shaking.  1 μL 

FastAP Thermosensitive Alkaline Phosphatase and 3 μL of 10× FastAP buffer were added 

to the digested vector and incubated at 37ºC for 10 minutes with gentle shaking.  The 

digested vector was run on a 1% (wt/vol) LE GeneticPure agarose gel at 120 V for 1 hour 

after which the digested vector band was extracted using a disposable scalpel.  This was 

Component Amount (μL) 

Sense sgRNA Oligos (100 µM) 1 

Anti-sense sgRNA Oligos (100 µM) 1 

T4 DNA Ligase Buffer, 10× 1 

T4 Polynucleotide Kinase 0.5 

Nuclease-free H2O 6.5 

Total Volume 10 

Component Amount 

pLKO5.sgRNA.EFS.PAC Vector 2  μg 

Tango Buffer, 10× 3 μL 

Esp3I (BsmBI) 1 μL 

Nuclease-free H2O X μL 

Total Volume 30 μL 
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followed by purification using the Wizard® SV Gel and PCR Clean-Up System (Promega).  

Micro-dialysis was performed to remove salts for 10 minutes and the purified digested vector 

was measured by the NanoDropTM 2000c Spectrophotometer.  The digested vector sample 

was stored at -20ºC for later use. 

 

 

2.2.4.2.3   Vector Ligation 

 

A ligation reaction for each sgRNA insert was prepared as follows: 

 

The ligation reaction was incubated at room temperature for 90 minutes.  The T4 DNA ligase 

was heat-inactivated at 70ºC for 5 minutes with gentle shaking and a 10-minute micro-

dialysis was conducted before transformation.  

 

 

2.2.4.2.4   Transformation of XL1 Blue Competent Cells 

 

The competent cells were thawed on ice and 25 μL of the competent cells were aliquoted 

into pre-chilled 1.5 mL tubes.  2.5 μL of the ligated vector was next added to the cells and 

the tubes were gently tapped to mix.  The cells were incubated on ice for 30 minutes, heat-

shocked at 42ºC for 45 seconds and returned to incubate on ice for 3 minutes.  100 μL of 

S.O.C Medium was added to the cells and incubated at 37ºC for 1 hour with gentle shaking.  

The competent cells were plated onto the LB agar plates containing 100 μg/mL ampicillin 

and incubated overnight at 37ºC.  The plates were inspected on the following day for colony 

growth.  To verify for the correct insertion of the sgRNA, 2 single colonies per plate were 

selected and each inoculated into each of 5 mL culture of LB medium with 50 μg/mL 

ampicillin.  The cultures were incubated overnight with vigorous shaking at 37ºC.    

Component Amount (μL) 

Digested pLKO5.sgRNA.EFS.PAC 1 

Oligo Duplex (1:250) 0.5 

T4 DNA Ligase Buffer, 10× 1 

T4 DNA Ligase 0.4 

Nuclease-free H2O 7.1 

Total Volume 10 
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2.2.4.2.5   Sequence Validation of CRISPR Plasmids 

 

The plasmids from the 5 mL bacterial cultures was extracted using the PureYieldTM Plasmid 

Miniprep System (Promega) according to the manufacturer’s instructions.  To confirm for 

single clones, each reaction mix to digest 1 μg plasmid was prepared in the following: 

 

 

 

The validation digestion reactions were incubated at 37ºC for 90 minutes with gentle 

shaking.  The plasmid DNAs were analysed by running on a 1% (wt/vol) LE GeneticPure 

agarose gel at 120 V for 1 hour.  Plasmids which were not cut by the Esp3I enzyme were an 

indication that the sgRNA oligo duplex was correctly inserted and were consequently 

verified by sequencing from the U6 promoter using the U6 forward primer (see 2.2.2.5). 

 

 

2.2.5   Transfection of HEK-293T Cells and Production of Lentivirus  

           Particles 

 

HEK-293T cells were plated onto 6-well plates at a density of 4 × 105 cells per well in a 

total volume of 2 mL DMEM medium 24 hours prior to transfection.  On the day of 

transfection, transfection reagent-DNA complexes were prepared by diluting 1 μg sgRNA 

plasmid along with 1000 ng of the pCMVdeltaR8.91 (psPAX2) packaging plasmid and 200 

ng of the pMD2.6 (VSV-G) envelope plasmid in 150 μL Opti-MEM® I Reduced Serum 

Medium and an appropriate volume of the TransIT®-LT1 Transfection Reagent.  The 

transfection mix samples were incubated at room temperature for 30 minutes after which 

they were carefully added dropwise to the HEK-293T cells.  After incubation for 18–24 

hours, the medium was removed and replaced with 2 mL fresh DMEM medium 

supplemented with 30% FBS per well and the transfected cells were incubated for another 

24 hours.  The medium containing the lentiviral particles was harvested using a 3 mL syringe 

Component Amount 

Isolated Plasmid DNA 1 μg 

Tango Buffer, 10× 1 μL 

Esp3I (BsmBI) 0.5 μL 

Nuclease-free H2O X μL 

Total Volume 10 μL 
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and filtered through a Filtropur S 0.45 syringe filter into a 1.8 mL Nunc CryoTubeTM vial.  

The viral supernatant was used directly or stored at -80ºC for later use. 

 

 

2.2.6   Infection of Cell Lines with Lentiviral sgRNA Particles 

 

Cas9 nuclease-expressing OCI-AML3 or OCI-AML5 cells were seeded at a density of 1–2 

× 105 cells per well onto 48-well plates in 200 μL RPMI-1640 medium supplemented with 

4 μg/mL polybrene and 10 µg/mL blasticidin (addition of blasticidin was recommended to 

maintain selection for pLKO5d.SFFV.SpCas9.P2A.BSD which was easily silenced).  Equal 

volumes of lentiviral sgRNA particles (ratio of lentiviral particles to targeted cells was 1:1) 

was added to the cells and incubated for 24 hours.  400 μL of fresh RPMI-1640 medium was 

then added to dilute the lentivirus.  Depending on the cell line used, at 48 hours post viral 

infection, puromycin antibiotic selection was applied at a concentration ranging from 2–10 

μg/mL and selective medium containing blasticidin and puromycin was replenished every 

2–3 days for a total of 10–14 days.  After the completion of puromycin selection, the cells 

were used for downstream applications or experiments. 

 

 

2.2.7   Generation of Single Cell-Derived CRISPR Clones by Dilution  

           Plating 

 

Puromycin-selected OCI-AML3-Cas9 cells were harvested and transferred to a 15 mL 

Falcon tube.  The cells were counted and serially diluted in RPMI-1640 medium to a final 

concentration of 1 cells per 100 μL.  200 μL of the diluted cells was plated into the first row 

of a 96-well plate using a multi-channel pipette.  An appropriate amount of culture medium 

was pipetted into the remaining wells of the plate.  100 μL of cells from the first row was 

taken and mixed with 100 μL of the culture medium in the second row such that this led to 

a 2-fold dilution of cells.  This 2-fold dilution was repeated by taking 100 μL of cells from 

the second row and added to the third row containing 100 μL of culture medium.  A final 5-

fold dilution of cells was performed by pipetting 40 μL of cells from the third row to 160 μL 

of culture medium in the fourth row.  Overall, this would generate a proportion of wells that 

harbours a single cell.  The plate was incubated for 24 hours to allow the cells to settle to the 

bottom of the wells before the wells were inspected for a single cell by microscopy.  Wells 

with a single cell were marked.  The single/monoclonal cells were allowed to expand for 2–

3 weeks or until the number of cells were sufficient to be collected for validation 

experiments. 
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2.2.8   Assessment of CRISPR/Cas9-Induced Genomic Modification by  

           Polymerase Chain Reaction (PCR) and Sanger Sequencing 

 

For the detection and analyses of insertions and deletions (indels), OTS-Forward and OTS-

Reverse primers were designed to anneal and amplify an approximately 400–900 bp region 

around the sgRNA cut site.  Each polymerase chain reaction (PCR) of 25 μL was set up in a 

0.2 mL PCR tube to amplify a specific OTS region.  A total of 25 ng (5ng/μL) template DNA 

was used per reaction.  If the template DNA was found to contain GC-rich regions, 5 μL of 

5× Q-Solution® provided by the manufacturer was added to the reaction mix. 

 

The PCR was run on the GeneAmp PCR System 9700 thermal cycler using the following 

optimised cycling conditions: initial heat activation at 95ºC for 15 minutes followed by 40 

cycles comprising of denaturation at 94ºC for 40 seconds, annealing at 55ºC for 40 seconds 

and extension at 72ºC for 1 minute.  A final extension was performed at 72ºC for 10 minutes 

and the PCR products were cooled and placed on hold at 8ºC.  The PCR samples were either 

used immediately or stored at -20ºC. 

To confirm that the PCR fragments were of the correct size, 3–5 μL of the PCR samples 

were run on a 1% agarose gel (see 2.2.2.3).  With the verification of the right sized PCR 

products, the PCR samples were purified using the Wizard® SV Gel and PCR Clean-Up 

System (Promega) and recovered in 25 μL nuclease-free water.  Purified PCR products 

ranging 25–80 ng/μL were sent for Sanger sequencing (see 2.2.2.5).  The sequencing results 

were downloaded and analysed for indels and CRISPR editing frequencies using Tracking 

of Indels by Decomposition (TIDE) and Synthego Inference of CRISPR Edits (ICE) 

Analysis online software.  

Component Amount (μL) per Reaction 

Isolated Genomic DNA 5 

10× PCR Buffer (contains 15 mM MgCl2) 2.5 

dNTP Mix (10 mM) 0.5 

OTS Forward Primer (10 μM) 0.5 

OTS Reverse Primer (10 μM) 0.5 

HotStarTaq® DNA Polymerase  

(5 units/ μL) 
0.125 

Nuclease-free H2O 15.875 

Total Volume 25 
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2.2.9   Western Blot Analysis for the Detection of Proteins in  

           CRISPR/Cas9-Edited Cells 

 

2.2.9.1   Preparation of Total Protein Lysates  

 

OCI-AML3-Cas9 or OCI-AML5-Cas9 cells were harvested and centrifuged at 2300 rpm for 

5 minutes in a bench-top centrifuge.  The culture media was removed after which the cells 

were rinsed once with sterile 1× PBS solution.  The cell samples were centrifuged and 

supernatant was aspirated.  The cell pellets (freshly prepared or stored at -80ºC beforehand) 

were lysed in appropriate volumes of ice-cold Pierce IP cell lysis buffer (50 μL lysis buffer 

per 1 × 106 cells) supplemented with 1× HaltTM Protease and Phosphatase Inhibitor Single-

Use Cocktail (100 μL inhibitor cocktail per 10 mL NP-40 cell lysis buffer).  The cell lysates 

were centrifuged at 13,200 rpm for 10 minutes at 4ºC to clear.  The protein lysates were 

transferred to a new 1.5 mL Eppendorf tube and the protein samples were stored at -80ºC. 

 

 

2.2.9.2   Quantification of Protein Concentration 

 

The concentration of protein in each protein lysate sample was determined using PierceTM 

BCA protein assay.  A series of protein standards was prepared according to the 

manufacturer’s instructions by performing serial dilutions of BSA in nuclease-free water.  

This generated a set of known protein concentrations which would be later used to construct 

a 7-point protein standard curve.  Furthermore, BCA working reagent was prepared by 

adding 50 parts of Reagent A to 1 part Reagent B and mixed well.  Specifically, 2 μL of each 

protein standard and 2 μL of each protein sample were added in triplicate to a 96-well plate 

pre-added with 98 μL plastipur water per well.  100 μL of the pre-made BCA working 

reagent was added to wells containing both the protein standards and protein samples.  The 

96-well plate was covered with a lid and incubated at 37 ºC for 45 minutes.  The absorbance 

of the protein samples was measured at 562 nm on a POLARStar Omega plate reader.  The 

unknown protein concentration of each protein sample was determined using a protein 

standard curve generated from the average of each protein standard. 
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2.2.9.3   Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis  

              (SDS-PAGE) 

 

A 10% (protein size of 15-100 kDa) sodium dodecyl sulfate (SDS) polyacrylamide gel was 

made in a mini format (8.6 × 6.7 cm) SDS-PAGE gel casting glass frame (see Materials 

section).  The 10% separating gel was left to polymerise after which a 4% stacking gel (see 

Materials section) was prepared on top of the separating gel with the insertion of a 10-well 

comb.  The gel was allowed to set and stored overnight at 4 ºC. 

20–30 g of each protein sample was added with an appropriate amount of 4× lithium dodecyl 

sulfate (LDS) sample loading buffer (180 μL 4× LDS Sample Buffer was mixed with 20 μL 

of β-mercaptoethanol prior to use) and diluted as necessary with nuclease-free water to 

obtain a final concentration of 1× LDS Sample buffer.  The protein samples were denatured 

by boiling at 70 ºC for 10 minutes and used immediately for SDS-PAGE. 

The pre-cast 10% separating gel was assembled into the Bio-Rad Mini-PROTEAN Tetra 

Cell.  The inner and outer chambers were filled with cathode and anode buffers respectively.  

30 μg of each denatured protein sample, along with 15 μL of the Bio-Rad Precision Plus 

ProteinTM KaleidoscopeTM Standards, were loaded into the wells.  Gel electrophoresis was 

initially performed at 80 V for 20 minutes to enable the protein samples to run through the 

stacking gel.  This was followed by the separation of proteins at 120-140 V until suitably 

resolved as determined by the visualisation of the prestained protein markers. 

 

 

2.2.9.4   Protein Transfer 

 

Prior to protein transfer, a polyvinylidene difluoride (PVDF) membrane was activated in 

100% methanol for 30 seconds and equilibrated in 1× transfer buffer.  Filter papers and foam 

pads were pre-wet in 1× transfer buffer before use.  The gel was unloaded from the 

electrophoresis cell after which the stacking gel was removed using a plastic spatula.  The 

gel was equilibrated with 1× transfer buffer for 10 minutes.  A ‘transfer sandwich’ was 

sequentially assembled in the order of foam pad-filter paper-gel-PVDF membrane-filter 

paper-foam pad within the gel holder cassette.  The sandwich cassette and a blue cooling 

unit were placed into the transfer tank and filled with 1× transfer buffer.  The transfer of 

proteins to the PVDF membrane was performed under cooling conditions at a constant 

current of 180 mA for 70 minutes or 360 mA for 90 minutes when the protein transfer was 

conducted using 2 membranes. 
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2.2.9.5   Incubation with Primary and Secondary Antibodies 

 

After the protein transfer, the membrane was rinsed briefly with 1× Tris buffered saline with 

Tween® 20 (TBST) solution.  The membrane was then blocked with 5% BSA or 5% non-fat 

milk in TBST solution at room temperature for 1 hour which was followed by washing the 

membrane with 1× TBST solution for 5 minutes.  The membrane was incubated with the 

required primary antibody against the protein of interest diluted in 1× TBST solution 

containing either 5% BSA or 5% non-fat milk overnight at 4 ºC.  The membrane was also 

re-probed with anti-β-actin antibody to confirm equal loading.  The membrane was washed 

with 1× TBST solution for 10 minutes to remove the primary antibody.  This wash step was 

repeated for another 2 times for a total of 3 washes.  The membrane was incubated with 

horseradish peroxidase (HRP)-conjugated secondary antibody diluted in 5% non-fat milk in 

1× TBST solution at room temperature for 1 hour.  The membrane was washed again with 

1× TBST solution for 10 minutes in a total of 3 washes. 

 

 

2.2.9.6   Detection/Imaging 

 

The protein of interest was detected using ECL Plus chemiluminescent system.  Specifically, 

ECL substrate reagent was prepared according to the manufacturer’s recommendation.  1.5 

mL of the ECL substrate reagent was applied per membrane and incubated at room 

temperature for 5 minutes.  The membrane was drained of excess developing solution, placed 

in plastic wrap and developed using the Bio-Rad ChemiDocTM XRS+ System.  

 

 

2.2.10   Cell Proliferation by Trypan Blue Exclusion 

 

To examine the impact of CRISPR/Cas9-mediated knockdown/knockout of the protein of 

interest on cell proliferation, OCI-AML3-Cas9 monoclonal cells harbouring either wildtype 

HNRNP K or HNRNP K protein knockout were plated in a 24-well plate in quadruplicate at 

a density of 5 × 105 cells per well in 1 mL of culture medium.  To preliminarily determine 

the effects of sgRNA-mediated editing on PTPN11, OCI-AML3-Cas9 or OCI-AML5-Cas9 

bulk/polyclonal cells containing either wildtype PTPN11 protein or PTPN11 protein 

knockdown were seeded in 24-well plates in quadruplicate at 2 × 105 cells per well in 1 mL 

culture medium.  The cells were counted every 24 hours.  At each stipulated time point, the 

amount of culture medium was measured and the cells were resuspended gently by pipetting.  

20 μL of the cells were taken for cell count and added with an equal volume of trypan blue 

(20 μL).  500 μL of fresh culture medium was added to each well once at 72 hours of the 

cell count assay to maintain cell growth.  The cells were counted for a total of 5 days.     
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2.2.11   Statistical Analysis  

 

Differences between groups were analysed for any statistical significance by an unpaired t-

test.  All tests were two-sided. An effect was considered significant if the (adjusted) P-value 

was 0.05 or less. The statistical analyses were performed using GraphPad Prism® Version 7. 
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3   Results 

 

3.1   Genomic and Functional Analyses of Del(9q) Heterogeneous  

        Nuclear Ribonucleoprotein K (HNRNPK) and in AML 

 

3.1.1   Analyses of Del(9q) in Primary AML Patient Samples using  

           Comprehensive Omics Datasets 

 

A recent study performed on AML patients using cytogenetic banding analysis and/or single-

nucleotide polymorphism (SNP) array profiling has revealed the presence of a deletion in 

9q21 in 6 of the 48 patient samples analysed at the time of diagnosis and has been identified 

as a recurrent aberration (Krönke et al., 2013).  In addition, 50% of these 9q21 deleted cases 

have been identified to show persistence of del(9q) at relapse.  It has been previously 

established that recurrent mutations in NPM1 are frequently and exclusively found in AML 

patients with del(9q), indicating that del(9q) may occur as a cooperating event in 

prognostically favourable NPM1-mutated AML subgroups (Fröhling et al., 2005a; Herold et 

al., 2017). 

As such, we aimed to further elucidate cooperating events in NPM1-mutated AML and 

uncover additional genetic abnormalities with the loss of chromosome 9q21 in AML by 

utilising an integrated genomics approach combining SNP array analysis, gene expression 

profiling (GEP) and next-generation sequencing (NGS).  Using SNP microarray profiling, 

an analysis of additional NPM1-mutated AML patient samples including additional 9q21 

deleted cases (Figure 5A), indicated the detection of a MDR from 9q21.32-9q22.33 that 

comprises of 7 genes, GKAP1, KIF27, HNRNPK, miR7-1, NTRK2, RMI1 and SLC28A3.  

This was consistent and was in accordance with the previously published finding which had 

identified a commonly deleted region in 9q21 harbouring these 7 genes (Krönke et al., 2013). 

Moreover, our first targeted re-sequencing of 50 AML patient samples using a gene panel 

that comprised the above mentioned genes, identified mutations in the HNRNPK gene in two 

NPM1-mutated AML cases.  For example, one patient with NPM1 mutant disease had 

acquired a somatic mutation in HNRNPK (Figure 5B), whereas no mutations were seen in 

any of the other genes contained in the critical region.  

Next we mined publicly available sequencing data that were recently reported in the TCGA 

project.  This analysis putatively suggests that HNRNPK may be one of the most important 

candidate genes in the MDR, as only HNRNPK was the only gene from the critical region 

that was also found recurrently mutant in AML (see also 3.1.2).  Notably, one copy of 

HNRNPK seems to either be lost by del(9q) or an inactivating mutation, thereby suggesting 

haploinsufficiency as a potential pathomechanism. 
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To better understand and characterise the biology of AML with del(9q), we reanalysed 

available gene expression data on 9 NPM1-mutated AML cases with del(9q) and 92 cases of 

NPM1-mutated AML without del(9q).  This analysis revealed that NPM1-mutated AML 

with del(9q) possessed a unique gene expression signature in comparison to NPM1-mutated 

AML cases without del(9q) (Figure 5C).  This gene expression profile was characterized by 

higher expression values of e.g. DVL1, BCL2, DNMT3A, and IKZF1, whereas many genes 

linked to energy metabolism were showing lower expression levels such as PGK1, PKM1, 

and ENO1.  

Notably, del(9q) deleted NPM1 cases did also show significantly lower HNRNPK expression 

values (Figure 5D), thereby further supporting our hypothesis of HNRNPK 

haploinsufficiency as potential factor contributing to NPM1 mutation driven leukaemic 

transformation. 
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Figure 5: Characterisation of the del(9q) MDR and identification of HNRNPK as potential driver genes.  

(A) List of additional del(9q) cases analysed by SNP microarray profiling to confirm the MDR.  (B) Sequencing 

reads supporting a somatically acquired HNRNPK mutation in an AML with NPM1 mutation and no del(9q).  

(C) Clustering visualizing the results of a supervised analysis based on differentially expressed genes 

comparing NPM1 mutant AML with a del(9q) (pink, n=9) versus cases without del(9q) (orange, n=92).  

Upregulated genes are colour coded in red, downregulated genes in blue.  (D) Differential expression of 

HNRNPK between del(9q) positive (pink) and negative (orange) cases. 

 

 

3.1.2   Alterations in the Genomic Landscape of HNRNPK in AML based  

           on cBioPortal Database 

 

While our findings indicated that del(9q)-associated HNRNPK deletion and HNRNPK 

mutations were frequently and consistently detected in AML patients with NPM1 mutations, 

much is still unknown about the pathobiological and clinical consequences of HNRNPK 

alterations in AML.  Consequently, we wanted to further understand the genetic aberration 

landscape of HNRNPK in AML by assessing mutational frequency, copy number alterations 

(CNAs) and gene expression alterations in the cBioPortal database. 

We initially conducted a comparative assessment of the alteration frequency of HNRNPK in 

AML and various cancers involving a collection of 25,894 cancer patient samples in 99 

cancer studies (Figure 6).  The survey results indicated that genetic alterations of HNRNPK 

was highly prevalent in colon adenocarcinoma with 3.77% of cases followed by 

esophagogastric carcinoma and melanoma with 2.92% and 2.84% respectively.  With respect 

to AML, alterations in HNRNPK accounted for 1.17% of the 1193 leukaemia cases analysed 

which completely composed of AML patient samples in five AML studies [datasets from 

C D 
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TCGA, Washington University (WashU) and Oregon and Health Science University 

(OHSU)].   

 

 

 

 

Figure 6: Genetic alteration and mutational distribution and frequency of HNRNPK in leukaemia and 

in various cancer types.  A histogram showing the frequency of HNRNPK genetic alteration in different types 

of cancers derived from 99 studies and was represented by mutations (green), deletions (blue), amplification 

(red) and fusion (purple) according to cBioPortal data.  Alteration frequency of leukaemia, highlighted in a red 

box, represented mostly AML patient cases. 

 

 

 

A further in-depth examination of patients with myeloid neoplasm in general showed 

HNRNPK alterations with an occurrence rate of 2–2.5% in a total of 600 AML samples 

investigated from the TCGA studies after taken into consideration that the TCGA studies 

have overlapping data (Figure 7A).  The only exception was the OHSU AML study in which 

HNRNPK mutation had an alteration frequency of 0.16% in 622 AML patient samples 

examined.  Interestingly, HNRNPK mutations were documented in two cases (0.19%) of 

myelodysplastic syndrome (MDS) in a study of 1026 MDS patients.  An examination of the 

Kaplan-Meier plot showed that AML patients with alterations in HNRNPK showed no 

significant overall survival (OS) differences in comparison to AML patients who displayed 

no alterations in HNRNPK [median OS, 10.2 months versus 14.97 months, respectively; 

p=0.874] (Figure 7B).  In the AML patients that showed a HNRNPK abnormality, 

aberrations in HNRNPK were concentrated at the first KH domain of the hnRNP K protein 

at amino acid position 68, 71 and 73 and the mutations are of splicing and frameshift 

insertion or deletion in nature (Figure 7C). 
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An analysis of the HRNRPK mRNA gene expression across 519 available AML patient 

samples confirmed our own findings that HNRNPK copy number is affecting the mRNA 

expression of HNRNPK (Figure 7D).  Heterozygous gene deletion (shallow deletion, light 

blue circles) result in an overall reduction of HNRNPK mRNA expression and complete gene 

ablation (deep deletion, dark blue circles) caused decrease of HNRNPK gene expression in 

greater magnitude as compared to the mean HNRNPK expression of all samples queried.  

Truncating mutations (grey circles) did not impact on HNRNPK copy number and gene 

amplification (light red circles) did not appear to result in an increase of gene expression. 

  

A B 

C 
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Figure 7: Genetic alteration and mutational landscape of HNRNPK in AML.  (A) A histogram depicting 

the distribution and frequency of HNRNPK genetic alteration in AML and myeloid neoplasms [mutations 

(green) and deletions (blue)].  (B) Kaplan-Meier survival analysis of HNRNPK alteration in 1185 AML 

patients.  (C) A schematic diagram showing the type and frequency of somatic mutations identified in the 

HNRNPK gene in AML patients.  Black colour-filled circles indicated the position of truncating mutation.  The 

horizontal axis represented the located position of mutations in the hnRNP K protein sequence and the vertical 

axis showed the frequency of each HNRNPK mutation.  fs, frameshift mutation.  (D) Scatter plots 

demonstrating overall relative HNRNPK mRNA expression in AML patients (left panel) and HNRNPK gene 

expression relative to its copy number alterations (right panel). 

 

 

 

We next examined if genomic abnormalities in NPM1 and HNRNPK were concomitantly 

present and prevalent in a cohort of 1408 AML patient samples across five AML studies.  

As shown in Figures 8A and 8B, prevalence rate of NPM1 anomaly in AML patients was 

24% and composed mainly of truncating NPM1 driver mutation.  A small number of patients 

also demonstrated missense mutation and biallelic deletion of NPM1.  Furthermore, many 

patients with NPM1 aberrations did not have gene alterations in HNRNPK (Figures 8A and 

8C).  However, 12 AML patients displayed a HNRNPK abnormality and among these 

patients, co-existence of a truncating NPM1 driver mutation with a truncating HNRNPK 

mutation as secondary genetic aberration was observed in three AML patients suggesting 

that mutations in HNRNPK are rare co-mutational events in patients that harbour NPM1 

mutations (Figures 8A and 8D).  It was also observed that a decrease in HNRNPK mRNA 

D 



                                                                                                                                                   Results   
 

51 
 

expression, in general, could be seen in patients with HNRNPK mono- or biallelic deletion.  

In AML cases that demonstrated copy number gains or deletions in HNRNPK, there was 

absence of mutations in NPM1 (Figure 8E). 
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Figure 8: Genetic alterations of both NPM1 and HNRNPK in AML.  (A) An OncoPrint diagram 

demonstrating the relationship between genetic aberrations in NPM1 and mutational events in HNRNPK in five 

AML studies.  Grey bars in columns represent individual AML cases and rows indicate individual genes.  (B) 

A scatter diagram showing distribution patterns of NPM1 gene disruption in AML patients.  (C) A scatter plot 

illustrating the types of HNRNPK gene disruption in AML patients in relation to NPM1 mutational status.  (D, 

E) Scatter diagrams demonstrating the status of co-occurrence between NPM1 mutations and HNRNPK 

abnormalities and the impact on their gene expressions.  

D 

E 



                                                                                                                                                   Results   
 

53 
 

3.1.3   Establishment and Validation of CRISPR/Cas9-Mediated  

           Knockout of the HNRNPK Gene in OCI-AML3-Cas9 Cells 

 

We next sought to investigate the impact of generating a permanent knockout of HNRNPK 

on cell proliferation of OCI-AML3 cells by using the CRISPR/Cas9 gene editing system.  

We first adopted a plasmid-based CRISPR knockout strategy that utilises a single lentiviral 

vector, pLKO5.sgRNA.EFS.PAC, consisting mainly of a sgRNA driven by the U6 promoter 

and a puromycin selection marker (Figure 9A).  Expression of a sgRNA facilitates targeting 

and binding of any genomic locus of interest or target DNA sequence (protospacer) by means 

of Cas9 endonuclease recognition to a protospacer adjacent motif (PAM) located 

downstream of the protospacer.  Consequently, this enables non-homologous end joining 

(NHEJ)-mediated loss-of-function disruption of the target gene through Cas9-induced 

double-stranded break (DSB) within the target sequence.  To obtain gene knockout rates 

with high efficacy, we designed four protospacer sequences of 20–21 bp that target exons 

encoding the K homology 1 (KH1) protein domain, which is located at the N-terminus of 

the HNRNPK gene (Figure 9B).  We then introduced the sgRNAs into OCI-AML3 cells that 

stably express Cas9 (OCI-AML3-Cas9) by lentiviral transduction and subsequently 

performed single cell isolation followed by expansion of single cell clones (Figure 9C).  

Sanger sequencing and the application of TIDE or Synthego ICE analyses to determine 

genome editing efficiencies indicated that 7 of the 11 single cell-derived clones derived from 

the parental cells confirmed the presence of 1 bp insertion and deletions in the range of 1–

21 bp (Figure 9D).  Western blot analysis revealed complete ablation of the functional 

hnRNP K protein in three different single cell-derived clones in comparison to empty vector-

transduced control cells containing the wild-type hnRNP K protein and the CRISPR/Cas9-

edited control cells which demonstrated minute genomic modification leading to the hnRNP 

K protein remaining intact (Figure 9E). 
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Figure 9: Establishment and validation of HNRNPK knockout in OCI-AML3 using CRISPR/Cas9 

system.  (A) Schematic depiction of a lentiviral vector for the expression of sgRNA from a U6 promoter with 

a puromycin selection marker driven by a EFS promoter.  HIV-1 Ψ, psi packaging element; EFS, elongation 

factor-1α short promoter; PAC, puromycin acetyl transferase resistance gene; WPRE, post-transcriptional 

regulatory element.  (B) Upper panel shows an overview of the 4 sgRNAs (dark purple bars) designed to target 

the human HNRNPK locus which consists of 17 exons.  Protospacers/target sequences (blue) and PAMs (red) 

with the sites of Cas9-mediated cleavage shown by dark red triangles.  (C) Overview of HNRNPK knockout in 

OCI-AML3 cells with stable expression of Cas9.  Single cell clones are screened for HNRNPK knockout by 

sequencing and Western blot.  (D) Left panel, DNA sequences confirm the presence of indel mutations at the 

respective target sites for HNRNPK sgRNAs.  Wild-type DNA sequences are outlined in the top line with the 

sgRNA binding site highlighted in green.  The corresponding CRISPR-induced changes are shown below.  

Blue triangles and blue dotted lines, cleavage sites by Cas9; red dashes, deleted nucleotides; red bases, 

insertions.  Right panel, summary of indel frequencies at the HNRNPK locus.  (E) Western blot analysis 

demonstrates loss of the hnRNP K protein in single cell-derived clonal populations of HNRNPK-targeted OCI-

AML3-Cas9 cells.  The controls included empty-vector-transduced cells with wild-type hnRNP K protein and 

genomic-edited cells which have low CRISPR editing efficiency and as a result, retained the hnRNP K protein.  

The Western blot was also probed for Beta (β)-Actin as a loading control.  
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3.1.4   Knockout of HNRNPK Leads to Decrease in Cell Proliferation in  

           OCI-AML3 Cells 

 

With the generation of a CRISPR/Cas9 gene modification system to abolish the HNRNPK 

gene, we next investigated the effect of the CRISPR-mediated loss of HNRNPK on cell 

proliferation of OCI-AML3 cells.  We performed a cell proliferation assay on HNRNPK 

knockout cells and empty vector-transduced cells as a control.  This was done by counting 

viable cells through trypan blue exclusion every day for a duration of 5 days.  As expected, 

we found that loss of HNRNPK in all three OCI-AML3 single cell clones resulted in a 

significant decrease in cell proliferation as compared to empty vector-transduced cells 

harbouring the wild-type HNRNPK protein (Figures 10A–10C).  In particular, Clone D6 

displayed the most prominent reduction in cell numbers as compared to empty vector-

transduced cells (Figure 10C).  This consistently verifies the findings from the HNRNPK 

shRNA models, concluding that either a complete knockdown or knockout of HNRNPK 

leads to marked reduction in proliferation of OCI-AML3 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Effects of CRISPR/Cas9-mediated knockout of HNRNPK on cell proliferation of OCI-AML3-

Cas9.  (A-C) Three single cell-derived clones harbouring HNRNP K knockout or empty vector were plated in 

24-well plates and counted once every 24 hours for consecutive 5 days.  Data are represented by mean ± SD 

which are determined by 3 independent experiments.  Statistical significance was determined by unpaired t-

tests; ** P < 0.01; *** P < 0.001; **** P < 0.0001.  
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3.1.5   Knockdown of HNRNPK Leads to Decrease in Cell Proliferation in  

           OCI-AML3 Cells 

 

While the HNRNPK knockout using CRISPR/Cas9 technology further supported our 

hypothesis of haploinsufficiency, as it was hard to generate knock-out cells. Thus, we further 

investigated the impact of short hairpin RNA (shRNA)-mediated knockdown of HNRNPK 

in OCI-AML3. 

Following a ~50% knockdown of HNRNPK (Figure 11A), our findings indicated that a 

decrease in HNRNPK seems to confer an initial growth advantage to the leukaemia cells 

(Figure 11B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Effects of shRNA-mediated knockdown of HNRNPK on cell proliferation in OCI-AML3.  (A) 

Impact of individual shRNAs on HNRNPK mRNA expression and protein expression.  Bar graphs 

demonstrating the results of qPCR analyses (left panel) performed in triplicate and an exemplary Western blot 

analysis (right panel) showing 3 shRNAs with varying degrees of knockdown efficiency.  (B) MTT assay was 

conducted in triplicate and showed that HNRNPK-mediated knockdown leads to an initial growth advantage 

in comparison to a scramble control.  The results are illustrated as mean ± SD and unpaired t-test was performed 

for statistical significance; *** P < 0.05. 
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3.2   Genomic Analyses and Functional Characterisation of  

        PTPN11 in AML 

 

3.2.1   Genomic Landscape of PTPN11 Mutations in AML using  

           cBioPortal Database       

 

In the previous genomic profiling of 418 AML patients that harboured an NPM1 mutation, 

Papaemmanuil and our group could show that PTPN11 is one of the most frequently mutated 

genes and accounts for 15% in these NPM1-mutated AML cases (Papaemmanuil et al., 

2016).  In order to gain better insights and understanding into PTPN11 aberrations, we first 

surveyed the prevalence of PTPN11 abnormalities in myeloid malignancies in comparison 

to the frequency of PTPN11 disruption in other cancers.  The assessment in 99 cancer studies 

involving a total of 25,894 patient samples indicated that colon adenocarcinoma displayed 

the highest frequency of PTPN11 abnormalities with 8.49% and this consisted mainly of 

homozygous deletion and mutation (Figure 12).  PTPN11 was also frequently altered in non-

melanoma skin cancer with a mutational frequency of 6.37%.  Mutation in PTPN11 was 

found to be the sole genetic aberration occurring among the 1193 leukaemia cases which 

prevailed at a frequency of 4.69% while 1.41% of the not-otherwise-specified cases in blood 

cancer (Blood Cancer, NOS) contained a PTPN11 mutation. 

Figure 12: The types of PTPN11 genetic alterations in leukaemia and in non-haematological cancers.  A 

diagram depicting the frequency of PTPN11 genetic alterations in leukaemia and other cancers assessed from 

a total of 99 cancer studies.  Genetic abnormalities of PTPN11 were represented by mutations (green), 

amplifications (red) and deletions (blue) according to cBioPortal data.  PTPN11 mutations, highlighted by a 

red box, constituted 56 cases out of the total 1193 leukaemia patient cases.  
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A detailed assessment of five myeloid malignancy studies encompassing 1408 adult patient 

samples indicated that PTPN11 mutations occurred most frequently in patients with MDS 

with the highest incidence rate of 5% (Figure 13A).  A closer examination of AML patient 

cases from OHSU and three TCGA studies showed that PTPN11 was mutated at an average 

frequency of 4.5–5%.  On the other hand, only one patient was found to have a PTPN11 

mutation among the 71 AML cases investigated in the WashU study. 

An analysis of AML patient survival outcomes showed that even though patients with 

PTPN11 mutations initially displayed a better median survival [median OS, 16.3 months] 

when compared to patients with no PTPN11 mutations [median OS, 14.95 months], PTPN11 

mutations, surprisingly, had a more detrimental effect on patient OS than that exhibited by 

patients without PTPN11 alterations (Figure 13B).  Moreover, PTPN11 mutations were 

associated with a poorer disease-free survival (DFS) in comparison to patients with no 

PTPN11 mutations [median DFS, 10.2 months among AML patients with PTPN11 

mutations and 17.3 months among AML patients without PTPN11 anomalies, p=0.368] 

(Figure 13C).   

An investigation into the nature of PTPN11 alterations in AML patients revealed that all of 

the aberrations were missense mutations (Figure 13D).  Some of the PTPN11 mutations were 

deemed recurrent hotspots and located in the first SH2 domain and the phosphatase catalytic 

domain.  Specifically, mutational hotspots occurred at amino acid positions 60, 61, 71, 72 

and 76 within the first SH2 domain and at amino acid positions 285, 502, 503 and 510 in the 

phosphatase catalytic domain.  An examination of the 519 AML patient samples indicated 

that most of the patients did not exhibit a mutation in PTPN11 and only a small number of 

patients showed a missense PTPN11 mutation and an occasional heterozygous deletion in 

PTPN11 (Figure 13E, left panel).  Furthermore, a missense mutation or a single copy 

deletion in PTPN11 did not appear to affect the level of its gene expression (Figure 13E, 

right panel). 
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Figure 13: Genomic and mutational landscape of PTPN11 in AML.  (A) A diagram demonstrating the 

distribution and frequency of PTPN11 mutations in AML and other myeloid neoplasms taken from five studies.  

The data was represented by mutations (green). (B, C) Kaplan-Meier survival curves depicting (B) OS and (C) 

DFS of 1185 AML patients with PTPN11 mutations in five AML studies.  In both circumstances, AML patients 

with PTPN11 mutations had a tendency to show a relatively shorter OS and disease free survival as compared 

to patients whom demonstrated no alteration in PTPN11. (D) A diagram showing the different PTPN11 

missense mutations and their incidence rates identified in the PTPN11 gene in AML patients.  Green colour-

filled circles indicated the position of the missense mutation.  The horizontal axis displayed the located 

positions of mutations in the SHP2 protein sequence and the vertical axis highlighted the frequency of each 

PTPN11 mutation. (E) Scatter plots illustrating the overall relative PTPN11 gene expression in AML patients 

(left panel) and PTPN11 mRNA expression relative to the nature of mutation (right panel).  

 

 

As mutations in PTPN11 were observed to be highly prevalent in NPM1-mutated AML 

cases, we next determined if there was also a high incidence rate of PTPN11 mutations 

among the NPM1-mutated AML patient samples found in all five AML studies.  As depicted 

in Figure 14A, the OncoPrint data indicated that missense mutations in PTPN11 alone 

accounted for approximately 5% of the 1202 available samples investigated and a proportion 

of the AML patients with detected PTPN11 mutations were simultaneously found to possess 

a truncated mutation in NPM1 (Figure 14A and 14B).  Importantly, NPM1 was found as the 

most frequently mutated cooperative gene in PTPN11-mutated samples, constituting 55.17% 

or 32 out of all 58 samples that were profiled to contain a PTPN11 mutation (Figure 14C, 

left panel).  Furthermore, a volcano plot confirmed that among the 53 gene mutations which 

were significantly enriched in PTPN11-mutated samples, NPM1 mutation had the strongest 

co-occurrence with PTPN11 mutation (p-Value = 8.03e-8) (Figure 14C, right panel).  The 

Kaplan-Meier survival analyses indicated that AML patients with both NPM1 and PTPN11 

mutations exhibited the most dismal OS (upper panel) and DFS (lower panel) in comparison 

to patients that harbour either an NPM1 or PTPN11 mutation alone (Figure 14D). 
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Figure 14: Mutational cooperativity of NPM1 and PTPN11 in AML. (A) An OncoPrint diagram illustrating 

the correlation between genetic aberrations in NPM1 and mutations in PTPN11 in five AML studies 

investigated.  Grey bars in columns represent individual AML cases and rows indicate individual genes. (B) 

Scatter plots demonstrating a small number of AML patients displaying co-existence of NPM1 and PTPN11 

mutations. (C) A histogram (left panel) and a volcano plot (right panel) indicating NPM1 was among the ten 

genes with the highest frequency of mutation found in AML patient samples with PTPN11 mutation. (D) 

Kaplan-Meier survival plots showing the OS (upper panel) and DFS (lower panel) of AML patients that 

possessed NPM1, PTPN11 or both NPM1 and PTPN11 mutations.  The results indicated that the existence of 

both NPM1 and PTPN11 mutations in patients led to relatively shorter OS and DFS. 

 

 

3.2.2   Generation and Validation of CRISPR/Cas9-Mediated  

           Knockout of the PTPN11 Gene in AML Cell Lines 

 

It is well-established that the non-receptor type protein tyrosine phosphatase (PTP) SHP2 

plays a crucial role in normal haematopoietic cell development and HSC function.  

Additionally, given the importance and significant occurrence of PTPN11 mutations 

recently reported in NPM1-mutated AML patients in a number of major studies, we 

preliminarily sought to examine the effects and consequences of a CRISPR-induced 

knockout of PTPN11 on OCI-AML3 cells.  To facilitate a comparative analysis with the 

NPM1-mutated OCI-AML3, we chose to use the OCI-AML5 cell line that harbours the wild-

type NPM1 gene.  In addition, like the OCI-AML3-Cas9 cells, the OCI-AML5 cell line has 

been modified to induce stable expression of Cas9 (OCI-AML5-Cas9).  Again, we utilised 

a plasmid-based CRISPR knockout methodology as reported above.  To achieve possible 

high efficiency in genomic editing, we designed three sgRNA sequences targeting DNA 

sequences that encode either the N-terminus region (exon 1 or exon 2) or the PTP domain 

(exon 8) of the SHP2 protein (Figure 15A).  PTPN11 sgRNAs were introduced into OCI-

AML3-Cas9 or OCI-AML5-Cas9 cells by lentiviral infection and the lentivirally transduced 

cells subsequently underwent selection by puromycin.  The magnitude of the PTPN11 

genomic modification in these whole cell populations was examined by Sanger sequencing 

and Western blot (Figure 15B).  DNA sequence analyses indicated that sgRNA targeting 

exon 1 or exon 2 displayed moderate gene disruption efficiency in OCI-AML3-Cas9 cells 

(exon 1 sgRNA, 34%; exon 2 sgRNA, 29%) (Figure 15C).  Strikingly, the same sgRNA that 

targeted exon 1 led to high efficiency of disrupting PTPN11 (exon 1 sgRNA, 97%) with the 

accrual of small indels ranging between 9 bp deletion and 1 bp insertion while sgRNA 

targeting exon 8 showed only an indel frequency of 19% in OCI-AML5-Cas9 cells (Figure 

15D).  Furthermore, in comparison to genomic editing mediated by exon 1 sgRNA, a 

combination of using exon 1 sgRNA and exon 8 sgRNA were equally highly efficient in 

facilitating indel formation in the OCI-AML5 cells (exon 1 sgRNA and exon 8, 85% and 

33% respectively).   

Western blot analysis to assess the level of PTPN11 (SHP2) protein in OCI-AML3-Cas9 

cells demonstrated a substantial reduction of PTPN11 (SHP2) protein in bulk cells that had 

been targeted by PTPN11 exon 1 sgRNA and sgRNA targeting exon 2 is shown to be 

relatively less efficient in causing effective loss of the PTPN11 (SHP2) protein  (Figure 15E).  
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Examination of the PTPN11 (SHP2) protein level in OCI-AML5-Cas9 cells indicated an 

overall prominent decrease of PTPN11 (SHP2) protein level within the whole cell population 

irrespective of cells that were targeted by either exon 1 sgRNA, exon 8 sgRNA or both.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A 

B 

C 



                                                                                                                                                   Results   
 

64 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

E 

D 



                                                                                                                                                   Results   
 

65 
 

Figure 15: Generation of PTPN11 knockdown in OCI-AML3-Cas9 and OCI-AML5-Cas9 bulk cells 

using CRISPR/Cas9 system.  (A) Upper panel shows a schematic depiction of the human PTPN11 locus.  

Lower panel indicates the locations of the 3 protospacers/target sequences (blue) and PAMs (red) targeting 

Exon 1, 2 and 8 with the cleavage sites of Cas9 nuclease shown by dark red triangles.  (B) A schematic overview 

illustrating the steps for generating CRISPR-induced knockdown of the PTPN11 gene in OCI-AML3 or OCI-

AML5 bulk/heterogeneous cells that stably expressed Cas9. PTPN11 knockdown in bulk/heterogeneous cells 

are examined by Sanger sequencing and Western blot.  (C) Left panel showing Sanger DNA sequencing 

analyses of OCI-AML3-Cas9 bulk cells that depict alignment of reference DNA sequence (top) and mutated 

DNA read sequences with acquired indel mutations (below) facilitated by PTPN11 sgRNAs.  Right panel 

shows tabulation of total percentage CRISPR efficiency at the targeted PTPN11 locus of the OCI-AML3-Cas9 

cells.  (D) Top panel illustrating Sanger DNA sequencing analyses of OCI-AML5-Cas9 bulk cells represented 

by wild-type DNA sequence (top) and altered DNA sequences with accrued indels (below) mediated by either 

PTPN11 exon 1 sgRNA or PTPN11 exon 8 sgRNA.  Middle panel shows sequencing results as a consequence 

of combinatorial use of PTPN11 exon 1 and exon 8 sgRNAs in OCI-AML5-Cas9 cells.  (Both C and D) Binding 

sites of PTPN11 sgRNAs are highlighted in green while blue triangles and blue dotted lines indicate cutting 

site of Cas9 nuclease.  The corresponding CRISPR-induced changes in the DNA sequences are presented as 

red dashes (deleted nucleotides) and red bases (insertions). (E) Western blot analyses confirm the reduction of 

PTPN11 (SHP2) protein in heterogeneous/polyclonal populations of PTPN11-targeted OCI-AML cell lines 

after subject to CRISPR-induced genome editing.  The Western blots were also probed for β-Actin as a loading 

control. 

 

 

3.2.3   CRISPR/Cas9-Mediated Knockdown of PTPN11 Results in  

           Decreased Cell Proliferation in Bulk Population of OCI-AML Cell  

           Lines        

         

The establishment of CRISPR/Cas9 genomic editing system to abrogate PTPN11 gene had 

rendered initial and preliminary assessment of the impact of PTPN11 deletion on the 

phenotypes of the OCI-AML bulk cells.  We first examined the consequence of the extent 

of PTPN11 disruption on cell proliferation by conducting a cell proliferation assay by cell 

counting on PTPN11 knockdown and empty vector-transduced cells.  Total cell number was 

determined every day for a period of 5 days.  We found that there was an overall significant 

reduction of cell number in OCI-AML3-Cas9 cells with only 34% disruption of PTPN11 

induced by exon 1 sgRNA as compared to empty vector-transduced cells (Figure 16A).  

Decrease in cell proliferation was less prominent in OCI-AML3-Cas9 cells targeted by 

PTPN11 exon 2 sgRNA which resulted in 29% indel frequency (Figure 16B).  Meanwhile, 

PTPN11 exon 1 sgRNA was shown to greatly reduce cell growth of OCI-AML5-Cas9 cells 

(Figure 16C) while decreased cell proliferation was much less pronounced in cells targeted 

by exon 8 sgRNA (Figure 16D).  However, the use of both exon 1 and exon 8 sgRNAs 

appeared to result in an additive effect of markedly decreasing cell growth in OCI-AML5-

Cas9 cells compared to cells that were targeted by exon 1 sgRNA alone (Figure 16E).  
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Figure 16: Impact of PTPN11 knockdown on the proliferation of heterogeneous OCI-AML3-Cas9 and 

OCI-AML5-Cas9 cells.  Following the confirmation of PTPN11 knockdown by Sanger sequencing and 

Western blot analyses, cell proliferation assay by cell counting of OCI-AML3-Cas9 (A, B) or OCI-AML5-

Cas9 (C-E) cells targeted by PTPN11 sgRNAs or empty PAC vector performed by initially plating the cells in 

quadruplicate in 24-well plates (Day 0).  The cells were counted once every day for a duration of 5 days.  The 

results illustrated are presented as mean ± SD in 3 independent experiments.  Statistical significance was 

determined by unpaired t-tests, ns, not significant P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 

0.0001. 
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4   Discussion 

 

4.1   The Putative Functional Roles of Del(9q) and Its Associated  

        HNRNPK Gene in Myeloid Malignancies 

 

4.1.1   Commonly Deleted Region on Chromosome 9q 

 

Cytogenetic analyses in AML had revealed that recurrent interstitial deletions frequently 

involve sections of chromosome arms 5q, 7q and 20q and exist at a frequency of 1–2% 

(Grimwade et al., 1998).  Likewise, interstitial 9q deletion has also emerged as a recurrent 

karyotypic anomaly, prevailing in 2% of adult AML patients, but it is rarely found in MDS 

and non-myeloid malignancies such as bipheno-typic T lymphoid leukaemia.  In our 

previous gene mutational profiling study, Papaemmanuil revealed in collaboration with our 

study group that 3% of all AML patients harboured a chromosomal 9q deletion 

(Papaemmanuil et al., 2016).  In the present study, we examined additional AML patient 

samples with NPM1 mutation by SNP microarray analysis and we have confirmed 

chromosomal 9q deletion as recurrent genomic aberration in NPM1-mutated AML cases. 

Interestingly, deletion of 9q in AML was first discovered in co-existence with other genetic 

anomalies, particularly with t(8;21), where it was considered a secondary event (Kaneko et 

al., 1978).  Subsequently, the association of t(8;21) with del(9q) in AML had been 

documented in other studies (Hagemeijer et al., 1979; Hossfeld et al., 1980; Shiraishi et al., 

1982; Mecucci et al., 1984).  In recent years, it is apparent that the co-existence between 

del(9q) and t(8;21) is highly specific, to which 26–50% of del(9q) AML cases contain t(8;21) 

while approximately 7–14% of t(8;21) AML samples harbour del(9q) (Schoch et al., 1996; 

Grimwade et al., 1998, 2001; Raimondi et al., 1999). 

In a similar manner, previous studies showed that NPM1 mutation driven AML can be 

associated with del(9q) (Fröhling et al., 2005a; Herold et al., 2017) and taken together with 

our data, strongly suggest that the association of del(9q) with NPM1 mutation may also be 

highly specific.  Pathogenesis evolving around NPM1 mutation or t(8;21) in AML has been 

relatively well investigated and reported in numerous studies, but to our best knowledge, 

little is still known regarding how del(9q) could contribute to AML development.  

Furthermore, questions remain as to how del(9q) and/or its associated genes cooperate with 

other genetic abnormalities to promote AML pathogenesis and maintenance. 

Sweetser and colleagues were the first to identify a commonly deleted region (CDR) of 

chromosome arm 9q in del(9q) AML (Sweetser et al., 2005).  While their analyses indicated 

that most del(9q) AML patient samples exhibited large 9q deletions of an average size of 32 

Mb, all of the del(9q) samples analysed contained a minimal CDR segment of 2.4 Mb that 

mapped to the 9q21.32–9q21.33 region.  Very importantly, the CDR segment was revealed 
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to consist mainly of seven genes, FRMD3, GKAP42, KIF27, UBQLN1, HNRNPK, SLC28A3 

and NTRK2.   

Sweetser and colleagues also showed a down-regulation of genes located in the CDR. 

Genomic aberrations, such as inactivating mutation, were not found in the remaining 

adjacent alleles, indicating that haploinsufficiency of genes at the CDR site may be 

implicated in the pathogenesis of del(9q) AML.   

Subsequent studies had uncovered this CDR segment in chromosome 9q21 of AML patients 

which increasingly demonstrates its pathological importance (Krönke et al., 2013; Gallardo 

et al., 2015; Naarmann-de Vries et al., 2019).  Our in-depth examination of del(9q) 

abnormality confirmed the presence of a MDR in 9q21 that contains these seven genes, 

GKAP1, KIF27, HNRNPK, miR-7-1, RMI1, SLC28A3 and NTRK2.  Our results reaffirm the 

previous findings, indicating that the hemizygous loss of 9q21 might critically contribute to 

the disease progression of AML.   

Among the genes at the MDR, HNRNPK has emerged as one of the most important candidate 

gene for further investigation.  Quantitative gene analyses have demonstrated that HNRNPK 

gene expression is significantly reduced in patients with del(9q) when compared to normal 

healthy controls or CN-AML (Gallardo et al., 2015; Naarmann-de Vries et al., 2019).  

Furthermore, in our NPM1-mutated cases with absence of 9q deletions, HNRNPK was the 

only gene found to be also inactivated by gene mutations, whereas among the other genes 

implicated in the del(9q) MDR cluster none was showing recurrent aberrations.  

Collectively, these studies point to HNRNPK as one of the most important genes that might 

contribute to leukaemogenesis. 

 

 

4.1.2   HNRNPK – Structure and Function 

 

HNRNPK protein belongs to a family of heterogeneous nuclear ribonucleoproteins that plays 

a vital role in an array of key biological processes which include regulation of transcription 

and translation, pre-mRNA splicing, cellular signal transduction, chromatin remodelling and 

DNA damage repair (Bomsztyk et al., 2004).  It is shown to be ubiquitously expressed where 

it has been found to localise in the nucleus, cytoplasm and mitochondria.  To date, four 

isoforms of the protein are known which are derived from alternative splicing in the C-

terminal exons or splicing leading to an internal exon skipping (Dejgaard et al., 1994; 

Leopoldino et al., 2007; Kimura et al., 2010).  The protein itself comprises of different 

regions that give rise to its distinct characteristic roles.  The HNRNPK  protein contains three 

65–70 amino acid-long K homology (KH) domains with two KH domains, KH1 and KH2, 

located near the N-terminus and the third KH3 positioned at the C-terminus.  These domains 

are responsible for specific recognition and binding of RNA and both single- and double-

stranded DNA motifs (Siomi et al., 1993; Makeyev and Liebhaber, 2002).  Besides the three 

KH regions, it possesses an N-terminus bipartite NLS motif that not only enables its 

translocation from the cytoplasm to the nucleus but it has also been reported recently to play 
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an important role in maintaining stability of the HNRNPK protein (Bomsztyk et al., 1997; 

Hutchins et al., 2016).  Furthermore, it harbours a K nuclear shuttling domain, which allows 

for bi-directional movement across the nuclear pore complex (Michael et al., 1997; 

Bomsztyk et al., 1997) and a K protein interactive region that has been demonstrated to act 

as a docking platform for most of the interactions between HNRNPK and other proteins 

(Taylor and Shalloway, 1994; Van Seuningen et al., 1995; Makeyev and Liebhaber, 2002; 

Ostareck-Lederer et al., 2002).  Also importantly, the multi-functional capabilities of 

HNRNPK are attributed to post-translational modifications (PTMs) such as phosphorylation, 

methylation and sumoylation at different regions that are critical for modulating and 

regulating HNRNPK functions. 

Because of its ability to bind to diverse groups of factors or molecules, HNRNPK has been 

well documented to involve in multiple cellular functions and processes.  Herein, key 

functions of HNRNPK will be highlighted and particularly in the context of its putative roles 

in oncogenesis.  In cellular signalling, due to the fact that HNRNPK contains multiple 

modules that enable itself to serve as a docking platform, it has been shown as an essential 

intermediate in integrating signals and mediating cross-talk from multiple signal 

transduction cascades involving arginine methyltransferase PRMT1, tyrosine kinases (SRC, 

LYN, FYN, LCK, ITK) and serine-threonine kinases (PKCα/δ/ε, ERK1/2, JNK) that are 

required in nuclei acid directed processes (Bomsztyk et al., 2004).   

HNRNPK has also been demonstrated for its genome-wide interaction with gene loci and 

appears to possess a dual role in chromatin remodelling.  HNRNPK can act as a scaffold 

protein that binds to DNA matrix attachment regions or scaffold attachment factor-B, leading 

to stability of the chromatin complex and thus, promoting global transcriptional activities 

(Samuel et al., 1998; Barboro et al., 2009, 2012).  At the same time, HNRNPK can also bind 

to polycomb group protein EED and regulate polycomb repressive complex which 

consequently can have a repressive impact on global gene expression (Denisenko and 

Bomsztyk, 1997; Cao et al., 2002).  Gene transcription, studies have found that HNRNPK 

might induce gene expression through direct binding to CT-rich regions of gene promoters 

of SRC, MYC, HDM2, CDKN1A and EIF4E (Bomsztyk et al., 2004; Barboro et al., 2014; 

Gallardo et al., 2016).  Alternatively, it can also positively regulate transcriptional activities 

by direct interaction with TATA box-binding protein, TBP.  Conversely, it has been shown 

to facilitate gene repression through binding and interaction with zinc finger transcriptional 

repressor ZIK1, thymidine kinase gene promoter and lincRNA-21 (Denisenko et al., 1996; 

Lau et al., 2000; Huarte et al., 2010).   

Similar to its dual role observed in chromatin remodelling and in gene transcription, 

HNRNPK can initiate or inhibit translational processes of mRNA transcripts.  For instance, 

HNRNPK acts in cooperation with HNRNPE1/2 to facilitate activity of MYC internal 

ribosome entry site and activates translation of MYC mRNA (Evans et al., 2003).  However, 

it also suppress translational activities by binding to 3’ untranslated region (UTR) of target 

mRNA transcripts.  A classic example is provided during erythroid cell differentiation where 

HNRNPK is shown to bind the differentiation control element located in the 3’-UTR of 

reticulocyte-15-lipoxygenase mRNA, thus blocking recruitment and assembly of the 

60S/80S ribosomal machinery (Ostareck et al., 1997, 2001).   
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Taken together, HNRNPK seems to adopt contrasting and opposing mechanisms and 

oscillating between its roles in genomic regulation and translation.  Hence, any modulation 

in HNRNPK may result in significant cellular effects and outcomes. 

 

 

4.1.3   HNRNPK Haploinsufficiency – Potential Driver of  

           Leukaemogenesis 

 

Often, recurrent chromosomal deletions greatly impact upon the affected deleted regions that 

usually harbour tumour suppressor genes.  Typical examples include deletions of 13q14 and 

17p, causing loss of one allele of retinoblastoma (RB1) and tumour protein 53 (TP53) tumour 

suppressor genes respectively (Friend et al., 1986; Yu et al., 2017).  In accordance with the 

classical tumor suppressor gene concept, we do frequently loss of one of the tumor 

suppressor gene copies, whereas the other copy is inactivated by mutations. 

Similar to RB1 and TP53, it is postulated that a tumour suppressor resides at the 9q21 locus, 

suggesting that HNRNPK located within this region may contain a potential tumour 

suppressor function.  In order to investigate if HNRNPK is a putative tumour suppressor, 

Gallardo and colleagues had generated a first Hnrnpk haploinsufficient (Hnrnpk+/-) mouse 

model to closely recapitulate the hemizygous loss of 9q21 in AML patients (Gallardo et al., 

2015).  The authors observed that mice born with Hnrnpk+/- genotype exhibited 

developmental defects with pronounced runtedness and facial deformities, and showed 

significant decrease in overall survival or neonatal lethality.  Furthermore, homozygous loss 

of Hnrnpk (Hnrnpk-/-) caused embryonic lethality prior to mouse embryonic day 13.5 

(E13.5), indicating that Hnrnpk is crucial for embryonic development and survival. 

Hnrnpk+/- mice that survived exhibited prominent myeloid hyperplasia by showing marked 

increase in neutrophils, basophils and platelets in the PB and significant elevated level of 

mature granulocytes in the BM and PB.  Hnrnpk haploinsufficiency also conferred a 

proliferation advantage to mouse embryonic fibroblasts isolated from Hnrnpk+/- embryos. 

At the genomic level, Hnrnpk+/- BM cells displayed chromosomal abnormalities in the form 

of genomic fusions and breaks and as much as 30% of these BM cells exhibited polyploidy, 

demonstrating that hemizygous loss of Hnrnpk causes genomic instability and subject these 

mice to greater susceptibility to leukaemogenesis.  Furthermore, isolated Hnrnpk+/- HSCs 

showed engraftment capacity and significant myeloid cell propagation in secondary recipient 

mice, indicating that Hnrnpk+/- HSCs possess replicative potential and ability to induce 

myeloproliferative malignancies.  Investigations into the molecular mechanisms 

underpinning Hnrnpk+/--induced haematological disorders first showed that reduced Hnrnpk 

caused a decrease in p53 levels and reduced p53-dependent transcriptional activation of p21 

in Hnrnpk+/- tissues.   

Decreased Hnrnpk expression was also shown to negatively impact upon the expression of 

vital myeloid differentiation factors C/EBP-α and -β in the BM and liver of Hnrnpk+/- mice 
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and in particular, C/EBP-α p42 isoform, a critical myeloid tumour suppressor that regulates 

myelopoiesis, was downregulated.  Furthermore, there was increased activation of STAT3 

in Hnrnpk+/- BM cells, an important intermediate molecule in the JAK/STAT signalling 

pathway which is also frequently activated in myeloproliferative neoplasms.  Examination 

of the cytokine profile of Hnrnpk+/- mice indicated that there were significant elevation of 

serum interleukin (IL)-3, IL-6, granulocyte-macrophage colony stimulating factor and 

granulocyte colony stimulating factor, all of which are known to drive myeloproliferation 

and myeloid lineage propagation.  In this case, aberrant levels of cytokines were specifically 

found in the Hnrnpk+/- BM microenvironment and enhanced proliferation and differentiation 

potential of Hnrnpk+/- HSCs.  Overall, these results strongly support the notion that hnRNP 

K acts as a previously uncharacterised tumour suppressor. 

 

 

4.1.4   HNRNPK Knock-Down in Human Leukaemia Cell Lines and  

           Mouse Models 

 

In our shRNA model, the observation that shRNA-induced haploinsufficiency of HNRNPK 

conferred an initial proliferative advantage to NPM1-mutated OCI-AML3 cells, has been 

generally consistent with the myeloproliferative phenomenon observed by Gallardo and 

colleagues.  However, there are some fundamental differences in our experimental approach 

in comparison to that of Gallardo and colleagues that need to be taken into consideration. 

Notably, the cell type and the developmental stage of the cells can come with intrinsic 

cellular disparities which could impact upon the outcome derived from the HNRNPK 

disruption.  Indeed, the disruption of HNRNPK in somatic haematopoietic cells in which 

AML has already been established would differ from the germline disruption of HNRNPK 

in embryonic cells.  In our hands, it is clearly observable that almost complete abolishment 

of HNRNPK in OCI-AML3 cells through CRISPR-mediated gene knockout caused 

significant decrease in cell proliferation, but did not result in massive cell death similar to 

the one seen in Hnrnpk-/- embryonic cells.   

In fact, unpublished data from our laboratory indicated that there was little or no effect on 

apoptosis in OCI-AML3 cells.  Because OCI-AML3 cells can survive HNRNPK deletion 

against the backdrop of other additional mutations existing in the already established 

leukaemic state, this strongly suggests that underlying compensatory or epistatic 

mechanisms could be at work to sustain leukaemic cell survival.  For instance, OCI-AML3 

cells are also found to harbour a DNMT3A mutation, which is known to cause epigenetic 

dysregulation in AML (Tiacci et al., 2012). This DNMT3A mutation could synergise with 

mutated NPM1 to compensate some of the deleterious effects of a full HNRNPK ablation. 

Alternatively, the ability of only a small population of HNRNPK-ablated OCI-AML3 cells 

to survive our selection can be an indication that leukaemia cells may possibly be dependent 

upon very low level of HNRNPK for basal cell survival and this render more investigations.  



                                                                                                                                              Discussion   
 

72 
 

Lastly, it is also important to note that the use of two-dimensional in vitro cell culture would 

have vastly different effects on cellular behaviours in terms of cell proliferation, 

differentiation and apoptosis when compared to the in vivo model which presents a more 

physiologically relevant microenvironment to examine any disease state.  Varying outcome 

may ensue and needs to be taken into account when designing experiments. 

Many studies suggested that HNRNPK adopts a dichotomous and conflicting role in 

tumourigenesis.  Besides having a haploinsufficient tumour suppressor function, there is 

increasing evidence to suggest that HNRNPK contains a potential oncogenic role.  Already, 

clinical studies have revealed that HNRNPK overexpression has a dismal clinical prognosis 

and outcome in a wide range of cancers including breast, colorectal, lung, melanoma, 

prostate, chronic myeloid leukaemia and lymphoma (Mandal et al., 2001; Pino et al., 2003; 

Carpenter et al., 2006; Perrotti and Neviani, 2007; Wen et al., 2010; Barboro et al., 2014).  

In AML, clinical analyses of AML patients that do not harbour a 9q21 deletion indicated 

that HNRNPK gene amplification and the corresponding HNRNPK overexpression led to 

significant increase in leukaemic blasts and concomitant decrease in median OS (Gallardo 

et al., 2013, 2014).  Within this study cohort that showed high HNRNPK levels, AML 

patients with prognostically favourable NPM1-mutated/FLT3-wild-type genetic profile 

exhibited extremely poor outcome, with 90% of patients succumbing to the disease within 1 

year of diagnosis.   

In vivo studies proved that transgenic mice that expressed mutant Npm1 and HNRNPK 

overexpression (Npm1Mut/ HNRNPK Tg) rapidly developed myeloid hyperplasia and 

HSCs isolated from these mice showed significant increase in colony and cell numbers, 

indicating that mutant Npm1 and enhanced HNRNPK expression cooperate and synergise 

to drive progression of AML.  A further examination into the underlying molecular processes 

in primary AML patient samples demonstrated that elevated HNRNPK levels resulted in 

increased expression of histone modifiers such as ASH2L and TRIM24, regulators of 

ribogenesis such as nucleolin and EBP1 and oncogenes such as MYC (Hornbaker et al., 

2016).   

Although overexpression of HNRNPK led to myeloproliferation phenotypes very similar to 

the haematological neoplastic phenotypes observed in HNRNPK haploinsufficiency, it is 

apparent that both of these genomic aberrations facilitate the development and progression 

of AML through distinct and unique underlying molecular mechanisms.  Collectively, it is 

deduced that expression of HNRNPK has to attain a certain threshold level to assume a 

tumour-suppressing role in normal haematopoietic cells while a fall in its expression below 

another particular threshold level causes gene haploinsufficiency and leads to myeloid 

neoplasms.  On the contrary, any enhanced expression of HNRNPK in haematopoietic cells 

which have undergone transformation would further drive development and progression of 

AML through dysregulation of a different set of cellular pathways. 
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4.1.5   HNRNPK – Future Aspects 

 

All things considered, several strategies or future trajectories can be undertaken to further 

decipher the complex interplay of molecular mechanisms or networks that regulate the 

different phases of HNRNPK-facilitated AML disease development.  In a first instant, 

further work can be carried out through performing RNA sequencing studies to examine the 

impact on gene expression in OCI-AML3 cell samples that show complete CRISPR/Cas9-

mediated ablation of HNRNPK.  These experiments are currently ongoing.  In addition, our 

laboratory currently focuses on conducting proteomic analyses of shRNA-mediated 

HNRNPK knockdown in other leukaemia cell lines.  This is of importance and interest as 

many studies have demonstrated that gene transcriptional profile may not always be reflected 

at the proteome level (Vogel and Marcotte, 2012; Liu et al., 2016).  This is particularly the 

case for HNRNPK since the protein itself has always been known to subject to many PTMs. 

In the aforementioned HNRNPK haploinsufficiency model, the fact that neonatal mice 

developed haematological malignancies due to haploid HNRNPK expression strongly 

suggest that HNRNPK plays an important role in early haematopoiesis.  Taken collectively 

with our CRISPR/Cas9 data suggesting that basal level of HNRNPK may possibly be 

required for leukaemia cell survival, these mounting evidence clearly point to HNRNPK as 

possibly a critical regulator of normal haematopoiesis and AML pathogenesis. 

On this basis, we can undertake a number of new approaches.  Firstly, new insights may be 

gained through further examination into the role and/or functions HNRNPK plays in normal 

haematological conditions and this can be done through a series of experiments aimed at 

introducing gene deletion or overexpression in normal adult HSCs in in vitro and in vivo 

models.  Secondly, many studies that utilise transgenic mouse models have major limitations 

in which they often result in embryonic lethality or developmental defects and are restricted 

to germline alleles which do not address the evolutionary or temporal circumstances where 

sporadic genomic aberrations frequently occur at the somatic stage rather than at the 

germline.   For instance, Gallardo and colleagues attempted to generate double heterozygous 

NPM1+/-/HNRNPK+/- mice in order to recapitulate the disease status in NPM1-mutated AML 

with 9q deletion.  However, they showed that double haploinsufficiency always led to 

synthetic lethality (Gallardo et al., 2013).  Moreover, in other studies, while the authors had 

successfully demonstrated that Npm1Mut/ HNRNPK Tg transgenic mice can rapidly 

developed myeloid hyperplasia (Gallardo et al., 2013, 2014), this transgenic model does not 

consider the timing of genomic disruptions that is critical in disease development. 

In all considerations, these drawbacks can be overcome by adopting conditional models that 

utilise inducible recombinase enzyme technology, enabling gene modifications to be 

induced at specific times upon addition of a drug such as doxycycline or tetracycline.  

Specifically, we can utilise an inducible, dual-recombinase system combining the use of 

flippase-FRT and Cre-loxP technologies (Loberg et al., 2019).  It is then feasible, with this 

dual system, to sequentially induce a recurrent NPM1 frameshift mutation, replicating the 

human NPM1 mutation type A, and subsequently, a HNRNPK mutation, which can be based 

on the HNRNPK mutation reported in the cBioPortal database, or a HNRNPK 

haploinsufficiency.  This facilitates better investigation of sequential cooperativity between 
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NPM1 and HNRNPK mutations in AML evolution or development with little or no 

repercussions on embryonic lethality or developmental abnormalities.  Lastly, as 9q deletion 

are frequently found in t(8;21) AML patient cases, we can study the effects and 

consequences of HNRNPK haploinsufficiency in AML cells that harbour the AML-ETO 

fusion gene generated by t(8;21).  A previous study examining TLE1 or TLE4, genes which 

are located immediately adjacent to the CDR of 9q21, could already provide some cues 

(Dayyani et al., 2008).  In the study, knockdown of TLE1 or TLE4 by shRNAs had shown 

to confer a proliferative advantage to AML-ETO expressing Kasumi-1 cells that possess a 

t(8;21).  Conversely, forced expression of TLE1 or TLE4 slowed cell proliferation and 

induced apoptosis and cell death in these Kasumi-1 cells.  We deduce that inducing 

HNRNPK haploinsufficiency would very likely to result in a similar proliferative advantage 

phenomenon in t(8;21) AML but this hypothesis requires validation through performing a 

number of experiments in a similar approach.  Knockdown of HNRNPK by shRNA will first 

be performed to assess the impact of reduced HNRNPK expression on Kasumi-1 cells.  We 

could then investigate the consequences of HNRNPK haploinsufficiency in vivo in mice by 

applying an inducible dual recombinase system with the aim of first inducing AML-ETO 

expression followed by secondary induction of reduced HNRNPK expression to determine 

any synergistic effects in promoting AML. 

 

 

4.2   The Functional Roles of PTPN11 Mutations in Myeloid  

        Malignancies 

 

4.2.1   PTPN11 (SHP2) – Structure and Function 

 

Protein tyrosine phosphatases belong to a superfamily of proteins that serve as fundamental 

regulators of signal transduction cascades.  Together with protein tyrosine kinases, they 

critically modulate the reversible phosphorylation of protein tyrosine residues through 

tyrosine dephosphorylation and consequently play fundamental roles in proliferation, 

cellular differentiation, survival, cell cycle and migration (Tonks and Neel, 2001; Andersen 

et al., 2004).  Therefore, it comes as no surprise that disruption or interference with protein 

tyrosine phosphatases can contribute to the onset of human diseases ranging from cancer to 

autoimmune, neurological and metabolic disorders (Hendriks et al., 2013).  The PTPN11 

gene, which is located on chromosome 12q24, is known to encode the ubiquitous 

cytoplasmic PTP, SHP2, and is mainly involved in the PI3K, RAS/MAPK and JAK/STAT 

pathways (Neel et al., 2003; Chan et al., 2008; Pandey et al., 2017).   

Genetic anomalies in PTPN11 were first discovered as heterozygous germline mutations in 

approximately 50% of individuals with congenital disorder Noonan Syndrome (Tartaglia et 

al., 2001) and in subsequent studies, germline PTPN11 mutations were also reported in 

almost all patients with LEOPARD Syndrome (Digilio et al., 2002; Legius et al., 2002).  
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More recent studies indicated that heterozygous somatic PTPN11 mutations were 

predominately present in sporadic JMMLs with a high recurrence rate of 35% while they 

recurred at a lower frequency in childhood MDS at 10% and in other paediatric leukaemias, 

including 7% of B-cell acute lymphoblastic leukaemia and 4% of paediatric AML cases 

(Tartaglia et al., 2003, 2004; Loh et al., 2004).  In adults, somatic mutations in PTPN11 were 

less common in AML patients with a prevalence rate of 5–8% (Bentires-Alj et al., 2004; 

Alfayez et al., 2021) and were occasionally present in solid malignancies (Bentires-Alj et 

al., 2004).  In our survey of 99 cancer studies deposited in the cBioPortal database, we had 

found that somatic PTPN11 mutations occurred at an average incidence of 4–5% in myeloid 

malignancy cases including AML, which was consistent with the findings from the earlier 

studies.  On the other hand, since the 2004 study that had been performed by Bentires-Alj 

and colleagues, more PTPN11 mutations had been identified and were found to recur at 

higher frequencies in solid tumours, suggesting that PTPN11 lesions, on the whole, have 

increasingly significant biological and clinical impact on cancer development. 

The PTPN11 (SHP2) protein consists of two tandemly organised N-terminal SH2 domains, 

a catalytic phosphatase domain and a C-terminal tail containing tyrosyl phosphorylation sites 

(Barford and Neel, 1998; Neel et al., 2003).  At basal conditions, PTPN11 (SHP2) is 

inhibited by adopting an inactive conformation through the intramolecular interaction 

between the N-SH2 domain and the phosphatase domain (Barford and Neel, 1998; Hof et 

al., 1998).  Stimulation from cytokines or growth factors leads to the recruitment and binding 

of SHP2, through its SH2 domains, to phosphorylated tyrosyl residues on receptor tyrosine 

kinases and/or adaptor proteins such as growth factor receptor-bound protein 2 (GRB2)-

associated binding protein 1 or 2 [GAB1 or GAB2].  This causes the resultant conformation 

change which alleviates the auto-inhibition, thereby exposing the catalytic sites of the 

phosphatase domain and Shp2 activation (Hof et al., 1998; Barford and Neel, 1998; Neel et 

al., 2003).   

Numerous studies have revealed that PTPN11 (SHP2) plays an indispensable role not only 

in embryonic development but also in normal haematopoiesis and HSC function.  It was first 

shown that homozygous germline knockout of Shp2 in mice, resulted from a targeted 

deletion of exon 3 which encodes residues 46–110 in the N-terminal SH2 domain, were 

embryonic lethal due to multiple defects in the gastrulation process (Saxton et al., 1997).  

Subsequently, it was also found that a null mutation of Ptpn11 caused Shp2 null mouse 

embryos to die peri-implantation and the loss of Shp2 led to increased cell death of 

trophoblast stem cells, indicating that Shp2 is critically required for proliferation and 

survival of embryonic stem cells (ESCs) (Yang et al., 2006).  Furthermore, targeted deletion 

of Ptpn11 exon 3 in mouse ESCs had been demonstrated to exhibit severe impairment in 

both the in vitro and in vivo development of erythroid and myeloid progenitors (Qu et al., 

1997, 1998) while another study had shown that chimeric mice derived from blastocysts 

deficient in both Shp2 and Rag-2 displayed differentiation blockade of lymphoid cell 

lineages at a very early development stage prior to the precursor stages (Qu et al., 2001).  

Interestingly, Shp2 mutant ESCs were shown to possess the capacity to substantially give 

rise to other organs or tissues in chimeric animals, strongly indicating that even though Shp2 

is widely expressed, it is more stringently required for normal haematopoietic development 

(Qu et al., 1998).  Because germline deletion of Shp2 always leads to embryonic lethality, 
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conditional targeting of Ptpn11 have been employed to examine the induction of Shp2 

ablation in Shp2flox/flox:Mx1-Cre-expressing haematopoietic cells of transgenic mice upon 

administration with polyinosinic-polycytidylic acid (polyI:polyC) (Chan et al., 2011; Zhu et 

al., 2011).  Induced loss of Shp2 indicated that these polyI:polyC-treated mice exhibited 

severe cytopenia in BM and PB with significant attrition of Lin-Sca1+Kit+ cells and most 

myeloid progenitors.  Consistent with the data from mouse models, experiments using 

human CD34+ haematopoietic cells demonstrated that complete shRNA knockdown of 

SHP2 led to decreased cell proliferation and viability of CD34+ progenitors and significant 

blockade of differentiation towards erythroid and myeloid lineage cells (Li et al., 2011).  

These observations attributed to the reduction of growth factor-activated ERK, AKT and 

JAK/STAT signalling and the decrease in expression of BCLXL and MCL-1 anti-apoptotic 

genes. 

A series of animal transplantation studies were also undertaken in recent years to examine 

the effects and impact of Shp2 on HSCs.  When polyI:polyC-treated Shp2flox/flox:Mx1-Cre-

expressing BM cells were competitively transplanted into lethally irradiated mice, Shp2 

knockout HSC demonstrated failure or very low level of haematopoietic reconstitution and 

gave rise to few blood cells (Zhu et al., 2011).  Chan and colleagues further showed that 

competitive transplantation of recipient mice with BM cells harbouring heterozygous 

removal of Shp2 (Mx1-Cre:Ptpn11+/flox) resulted in intermediate chimerism in comparison 

to transplantation with wild type control and homozygous cells, clearly showing that Ptpn11 

or Shp2 essentially maintains HSCs in a gene-dose-dependent manner (Chan et al., 2011).  

As lack of Shp2 in HSCs has been shown to cause transplantation failure, it was postulated 

that loss of Shp2 may impact upon the homing and engraftment of HSCs. 

Indeed, Shp2 deficiency in lineage negative BM cells that were labelled with CDFA-SE 

displayed profound reduction of donor lineage negative BM cells in recipient mice and 

further demonstrated production of significantly lesser colonies in CFU assays and marked 

impairment of chemotactic response to SDF-1α in cell migration assays (Zhu et al., 2011).  

Zhu and colleagues further demonstrated that the reduced capacity of Shp2-deficient HSCs 

to home and engraft was attributed to reduced quiescence with decreased number of HSCs 

in the G0/G1 cell cycle stage and resulted in probable HSC exhaustion.  Moreover, this loss 

of Shp2 in HSCs is cell autonomous and does not require Shp2 in the BM microenvironment 

to modulate HSC function as mouse models involving transplantation of wild-type BM cells 

into polyI:polyC-administered Shp2flox/flox:Mx1-Cre-positive or Shp2flox/flox:Mx1-Cre-

negative irradiated lethally mice produced similar level of haematopoietic reconstitution 

(Zhu et al., 2011).   

In summary, experimental data from animal transplantation studies and studies using human 

CD34+ cells strongly indicated that PTPN11 (SHP2) is vitally required for normal 

haematopoietic process and HSC maintenance and survival.   
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4.2.2   PTPN11 Mutations 

 

Almost all of the somatic PTPN11 mutations in AML patients specifically impact residues 

on N-SH2 and PTP domains which are implicated in the basal inhibition of PTPN11 (SHP2).  

These mutations are mostly activating gain-of-function (GOF) mutants with the exception 

of mutant Q510H/L which is likely known to contain a loss-of function role.  From our 

findings in the cBioPortal database, D61, F71, A72, E76 and G503 were identified among 

the hotspot mutations that contained the highest frequency in a large number of adult AML 

patient cases investigated.  These mutations are known to contribute to constitutively 

activated phosphatase activity of PTPN11 (SHP2) through either reduced interaction 

between the N-SH2 and the catalytic domain (A72, E76) or alteration of the active site 

(G503) (Tartaglia et al., 2006).  In particular, GOF mutations affecting amino acids 61 

(D61Y) and 76 (E76K) have been established as the two most common leukaemia-associated 

mutants and are shown to encode aberrant PTPN11 (SHP2) with dysregulated and highest 

degree of phosphatase activity (Keilhack et al., 2005; Niihori et al., 2005; Tartaglia et al., 

2006).   

Data from experimental models indicated that transplantation of either D61Y- or E76K-

transduced BM cells into irradiated recipient mice resulted in the development of 

leukocytosis and splenomegaly with majority of the transplanted mice eventually succumbed 

to fatal MPD (Mohi et al., 2005).  Moreover, studies utilising conditional knock-in 

expression of Ptpn11D61Y demonstrated that the affected mice developed MPD with 

characteristic leukocytosis and hepatosplenomegaly (Chan et al., 2009) and in a similar 

manner, conditional activation of Ptpn11E76K in mice also led to MPD with complete 

penetrance (Xu et al., 2011).  Overall, these in vivo results indicate that PTPN11 (SHP2) 

mutants possess strong transforming ability, causing deregulated signal transduction 

pathways and enhanced proliferation that ultimately result in lethal myeloid expansion.  

Interestingly, the induced expression of Ptpn11E76K that led to the initial manifestation of 

MPD in mice eventually progressed to AML and other various leukaemias (Xu et al., 2011). 

Consequently, it is deduced that additional genetic lesions are involved and work in 

cooperation with PTPN11 mutations to cause the onset of acute leukaemias.  In addition, 

since mutations in PTPN11 always lead to altered signal transduction pathways and 

unregulated enhanced proliferation, any additional genetic lesions involved would be 

implicated in the reprogramming of cells that confer self-renewal capacities to sustain 

leukaemia growth.  Indeed, co-expression of MLL-AF10 fusion oncogene with Ptpn11G503A 

were shown to facilitate myeloid leukaemia progression compared to MLL-AF10 alone (Fu 

et al., 2017) while another study demonstrated that co-occurrence of Ptpn11E76K and another 

fusion oncogene MLL-AF9 accelerated AML development due to increased frequency of 

leukaemic stem cells and upregulation of anti-apoptotic protein Mcl-1 (Chen et al., 2015). 

An earlier study had already indicated that as much as 15% of NPM1-mutated AML patients 

was found to contain a mutation in PTPN11 (Papaemmanuil et al., 2016).  In a recent new 

study, PTPN11 and NPM1 mutations were reported to possess the highest co-mutational 

frequency in 29% of newly diagnosed adult AML patients (Alfayez et al., 2021).  This new 

report, together with our findings from the cBioPortal database, collectively suggest that the 
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co-existence of PTPN11 and NPM1 mutations are most likely to be specific and contribute 

to a particular AML clone or phenotype.  Furthermore, our findings from the cBioPortal 

database were in line with the results from the screening study performed by Alfayez and 

colleagues, indicating that patients with PTPN11-mutated AML often have more adverse 

prognosis, clinical outcomes and shorter OS as compared to patients with no PTPN11 

mutations.  As observed in Figure 14D, PTPN11 mutations also had the worst impact on the 

OS of patients with NPM1-mutated AML among all other patients that contained either 

NPM1 or PTPN11 single mutation.  Overall, PTPN11 mutations are most likely to associate 

with adverse outcomes and this render PTPN11 (SHP2) mutants an attractive therapeutic 

target. 

 

 

4.2.3   PTPN11 Knock-Down in Human Leukaemia Cell Lines and 

           PTPN11 Inhibition 

 

In our preliminary studies, we have employed CRISPR-mediated gene knockout in OCI-

AML3 and OCI-AML5 cells and show that PTPN11 knockout resulted in a high degree of 

cell growth inhibition in OCI-AML5 cells in comparison to that of the OCI-AML3 cells.  

We have uncovered that PTPN11 is found to be mutated in the OCI-AML5 cell line 

according to the Harmonizome database (Rouillard et al., 2016).  We deduce that OCI-

AML5 cells, to a certain extent, may be dependent upon PTPN11 mutations to sustain 

leukaemic cell proliferation and survival.  As such, gene abrogation in PTPN11 would exert 

a substantial negative impact on the cell fitness of the OCI-AML5 cells contrary to the lesser 

magnitude of cell growth inhibition displayed by the OCI-AML3 cells which contain a wild-

type PTPN11. 

Given that PTPN11 (SHP2) is an important signalling mediator in multiple signalling 

pathways and may therefore constitute a common resistance node, inhibition of PTPN11 

(SHP2) mutants has been extensively explored in solid tumours but has not been fully 

investigated in AML.  For instance, the recent use of a novel SHP2 inhibitor, SHP099 

(Novartis Pharmaceutical), was described and had shown efficacy in decreasing cell 

proliferation in breast, melanoma and oesophageal and colorectal cell lines (Chen et al., 

2016).  Chen and colleagues further demonstrated that SHP099 caused marked reduction in 

tumour growth in mouse xenograft model established by using a KYSE520 oesophageal cell 

line. 
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4.2.4   PTPN11 – Future Aspects 

 

Several immediate strategies can be undertaken to continue examining the effects and impact 

of PTPN11 mutations in AML.  In the first instance, the next possible step is to perform a 

gene expression study such as RNA sequencing on the existing CRISPR-mediated knockout 

OCI-AML3 and OCI-AML5 cells to further examine changes in expression of any genes or 

gene clusters affected by the PTPN11 knockout.  While the corresponding gene expression 

analyses are ongoing, a proteomic study should be carried out to investigate PTPN11-

induced proteomic changes and to identify novel proteins that are linked with PTPN11 

function.  These could reveal vulnerabilities of PTPN11 mutant AML that can be further 

exploited to design novel therapeutic targeting.  

Previously, as CRISPR/Cas9 method was utilised to knockout wild-type PTPN11 in OCI-

AML3 cells which might not accurately recapitulate the disease nature of NPM1-mutated 

AML patients that co-express PTPN11 mutations.  To closely mimic the co-expression of 

PTPN11 mutations in NPM1-mutated AML, lentiviral vectors that express PTPN11 

mutations can first be generated and GOF and phenotypic studies can subsequently be 

conducted in OCI-AML3 cells.  Moreover, with the expression of PTPN11 mutations in 

OCI-AML3 cells, it is then possible to introduce CRISPR/Cas9-induced PTPN11 knockout 

and perform a series of experiments to examine the impact on various phenotypic parameters 

including cell growth, apoptosis and survival in these cells. 

Similar investigations adopting the GOF approaches can also be used in primary AML 

patient samples with NPM1 mutations to determine if the results are consistent with the in 

vitro studies.  Lastly, using similar strategies of investigating HNRNPK mutations in in vivo 

mouse models, we could use the inducible flippase-FRT and Cre-loxP system to initially 

introduce a NPM1 mutation followed by the induction of a PTPN11 mutation in mouse 

models to elucidate the roles of sequential cooperativity between NPM1 and PTPN11 

mutations in the development and maintenance of AML. 
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5   Summary  

 

Single genetic aberrations are often not sufficient to cause the onset of cancer, but they 

contribute to the transformation of normal cells into cells with neoplastic phenotypes and as 

demonstrated in animal cancer models, they can possibly lead to proliferative diseases and 

neoplasms.  The involvement of at least one additional or multiple additional stochastic 

genetic mutations is then required for the progression to a tumorigenic state or development 

into a full-fledged malignancy.  Mutations in nucleophosmin (NPM1) affect at least one-

third of all adult acute myeloid leukaemia (AML) patients and the disease exhibits broad 

heterogeneity.  Numerous studies have already shown that additional cooperative events in 

NPM1-mutated AML are needed for its diverse biological and molecular features and 

variable clinical outcomes.  In a seminal study published in 2016, Papaemmanuil and 

colleagues in collaboration with our group have identified a significant association of protein 

tyrosine phosphatase, non-receptor type,11 (PTPN11) mutations and 9q deletion with 

NPM1-mutated AML.  In this study, we chose to further examine deletions of the long arm 

of chromosome 9 [del(9q)]/heterogeneous nuclear ribonucleoprotein K (HNRNPK) and 

PTPN11 and investigate their functional cooperativity with NPM1 mutations in AML. 

Through single-nucleotide polymorphism (SNP) microarray profiling of a relatively large 

cohort of AML patients, we validated the co-occurrence of interstitial chromosomal 9q 

deletion and NPM1 mutation.  Consistent with the findings from previously published 

studies, we were able to confirm a minimal deleted region (MDR) on chromosome 9q21 that 

harbours seven genes including HNRNPK.  In NPM1 mutated AML patients showing no 

del(9q), we uncovered recurrent HNRNPK mutations as co-occurring events in NPM1-

mutated AML.  As these results collectively pointed to an important role of HNRNPK in the 

pathogenesis of NPM1-mutated AML, we aimed to further characterise the functional role 

of HNRNPK by performing Clustered Regularly Interspaced Short Palindromic Repeat 

(CRISPR)/Cas9-induced knockout of HNRNPK in the NPM1-mutated OCI-AML3 cell line.  

Results from our CRISPR/Cas9 experiments further confirmed our hypothesis that 

haploinsufficiency might be the mechanism of action, as cell harbouring a complete knock-

down of HNRNPK were very hard to generate.  In contrast, our short hairpin RNA (shRNA)-

based knock-down experiments showed that shRNAs displaying an approximately 50% 

knockdown of HNRNPK initially conferred a proliferative advantage to the OCI-AML3 

cells.  While this cell growth advantage could not be sustained in our model, an almost 

complete knockdown shown by other shRNAs directly resulted in marked reduction in cell 

growth, in line with our CRISPR/Cas9 knock-outs, which also led to a significant decrease 

in proliferation of these leukaemia cells. 

Next, we also studied the impact of PTPN11 gene disruption on NPM1-mutated AML cells 

by performing a preliminary CRISPR/Cas9-induced knockout of PTPN11 in OCI-AML3 

cells and compared the experimental outcome to that of a PTPN11 knockout in OCI-AML5 

cells containing a wild-type NPM1.  We revealed that CRISPR-mediated knockout of 

PTPN11 in OCI-AML3 cells led to significant decrease in cell proliferation, but this 

CRISPR-mediated inhibition of cell growth was relatively more prominent and of greater 
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magnitude in OCI-AML5 cells due to probable dependence on its inherent PTPN11 

mutations for cell proliferation and viability. 

 

In summary, our comprehensive genomic analyses combined with functional studies using 

well established cell line models, we have further increased the evidence that mutations 

affecting HNRNPK and PTPN11 most likely act in concert with NPM1 mutations in 

leukaemia pathogenesis.  Future studies will have to unravel whether these genes are mainly 

relevant for tumour initiation or whether they are also crucial for leukaemia maintenance.  

Ongoing transcriptomics and proteomics studies are underway for both HNRNPK and 

PTPN11 to uncover molecular mechanisms underlying NPM1-mutated AML.  These 

insights might hopefully help to unravel tumour vulnerabilities that can be further clinically 

exploited by targeting the corresponding synthetic lethality.  In accordance, our findings 

might help to establish biomarker profiles that can predict respective vulnerabilities, which 

ultimately will lead to improved AML patient outcomes. 
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